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S u m m a r y :

The research, presented in this thesis, concerns the application o f a spray-drying method to produce 

nanoporous/nano-particulate m icroparticles (N PM Ps) o f  proteins, stabilising excipients and 

com posites. The proposed method, involves spray-drying a solution or suspension o f  the 

com pound(s) plus possibly a process enhancer (for example, ammonium carbonate) from a co­

solvent system consisting o f  at least two volatile solvents. The potential o f  NPMPs for inclusion in 

dry powder formulations for pulmonary delivery o f  proteins or peptides was explored. Particles 

were visualised by scanning electron microscopy. Process stability was assessed by a selection o f 

thermal analysis, solid-state characterisation (by powder x-ray diffraction), fourier transform  

infrared spectroscopy, SDS-PAGE and biological activity assays. Storage stability studies were 

also undertaken under different tem perature and relative hum idity conditions. M icrom eritic 

characteristics o f  NPMPs, i.e., specific surface area, particle size, bulk and tapped densities were 

assessed. In-vitro deposition o f  powders was evaluated using an Andersen cascade impactor 

method.

The model protein, lysozyme, was initially investigated and spray-dried as NPM Ps from a feed 

system comprising methanol;water or ethanol:water co-solvent systems with ammonium carbonate 

or an alternative ammonium salt, as a process enhancer. Phase separation in the feed system, prior 

to spray-drying, was identified as a required step in the production o f NPMPs o f lysozyme from 

these systems. Particle morphology and NPM P production depended on the concentration and type 

o f  alcohol and process enhancer. Ethanol and ammonium carbonate were selected for further 

studies because less process enhancer was required to produce NPMPs with this combination and 

because ammonium carbonate has a low volatilisation tem perature and was thus expected to be 

volatilised during the spray-drying method. Process stability investigations o f  NPMPs o f  lysozyme 

spray-dried from ethanol:water;am m onium  carbonate system s suggested some perturbation in 

protein folding and secondary structure in the dried state. NPM Ps showed excellent recovery o f 

activity and secondary structure, however, on dissolution, suggesting that these were reversible 

perturbations. A series o f mass ratio com posite NPM Ps o f  lysozym eitrehalose (9:1 -  1:1) and 

lysozyme:altemative excipient were spray-dried using an ethanol:water:ammonium carbonate feed 

system. All lysozyme composites studied also showed excellent retention o f biological activity on 

dissolution.

NPM Ps o f sugars -  trehalose and raffm ose were spray-dried alone from methanol:n-butyl 

acetate;(water) systems using different solvent ratios. The powders were amorphous, as assessed 

by XRD analysis. These NPM Ps potentially represent a carrier system for peptide or protein or 

other drug compounds. Non-porous spherical particles o f  lysozyme with a rough surface were 

spray-dried from methanol;n-butyl acetate systems. Com posite NPM Ps o f  Iysozyme:trehalose,



lysozyme:raffinose or lysozyme:hydroxypropyl-B-cyclodextrin were spray-dried in mass ratios of 

1:4 and 3:7 (protein:excipient) from methanol:n-butyl acetate systems. Lysozyme:excipient 

composites from these systems showed excellent retention o f biological activity on dissolution. 

NPMPs showed favourable storage stability for twelve weeks at temperatures of 4 °C or 25 “C with 

desiccant, in terms of physical stability o f the particles and biological activity of lysozyme.

NPMPs of trypsin were spray-dried using the ethanol:water:ammonium carbonate feed system, 

although higher concentration o f ethanol and ammonium carbonate were required than for 

lysozyme, and trypsin suffered a greater loss o f activity than lysozyme. Inclusion o f trehalose and 

raffmose with trypsin in composites spray-dried from these systems showed an improvement in 

biological activity but particle morphology was affected by the inclusion o f the sugar, suggesting a 

less robust system . C om posite NPM Ps o f trypsin:trehalose, trypsin :raffinose, and 

trypsin:hydroxypropyl-fi-cyclodextrin were spray-dried from methanol:n-butyl acetate:water 

systems in mass ratios o f 1:9, 1:4 and 1:1, with excellent retention of biological activity on 

dissolution. These NPMPs showed favourable storage stability for twelve weeks at temperatures of 

4 “C or 25 “C with desiccant, in terms o f physical stability o f the particles and at 4 °C in terms of 

biological activity of trypsin.

NPMPs o f catalase were not produced on spray-drying from an ethanol:water:ammonium 

carbonate system and the near complete loss o f activity observed from the low concentrations of 

ethanol and ammonium carbonate used compared to lysozyme or trypsin systems, discouraged 

further work with this system. NPMPs of catalase:excipient were produced using methanol:n-butyl 

acetate:water systems but showed almost complete loss of catalase activity, suggesting irreversible 

denaturation.

A methanol:n-butyl acetate solvent feed system was used to spray-dry NPMPs o f salmon 

calcitonin:trehalose (mass ratio of 1:19), and suggests potential for future work and development of 

this system, as a therapeutically used peptide drug suitable for pulmonary delivery.

Particle characterisation of all NPMPs produced, showed favourable characteristics for pulmonary 

delivery including particle size, bulk and tapped density, surface area and in-vitro deposition, 

compared to spray-dried non-porous particles.
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ORIGIN AND SCOPE

The inhaled route is w idely used to deliver low m olecular weight drugs to treat lung disease such as 

asthma, chronic obstructive pulm onary disease and infections. M ore rcccntly the potential o f  the 

pulm onary route for local and systemic delivery o f  biological m acrom olecules has been explored, 

and this is the focus o f  this thesis. Systemic delivery o f  proteins or peptides via inhalation m ay be 

a m ore patient-friendly and cost-effective alternative to the parenteral route. Factors determ ining 

successful inhalation therapy include physicochem ical aspects o f  the form ulation, biological 

aspects o f  the active ingredient(s) and the perform ance o f  the delivery device (inhaler/nebuliser). 

This thesis is concerned with form ulation aspects, and in particular dry pow der form ulation. Dry 

pow der inhalers offer advantages over other delivery system s in term s o f  stability, and delivery 

efficiency and are the most popular studied m ethod o f  protein delivery to the lungs (A gu et al., 

2001; Cryan, 2005). Significant form ulation challenges exist however, in term s o f  m aintaining 

adequate protein stability during processing and storage, and ensuring efficient and reproducible 

delivery to the lungs. Efficient delivery o f  dry powders to the peripheral lung for systemic 

delivery, requires aerodynam ic diam eters o f  -  1-3 |_im (Lee, 2002a). Spray-drying is a w idely 

applied method for producing fine pow ders o f  proteins. N on-reducing sugars or other stabilising 

excipients may be added to  the form ulation to im prove the process and storage stability o f  proteins 

(Lee, 2002a). Excipients may also be em ployed as carriers in DPI system s, to im prove lung 

delivery either in a passive or an active capacity (Cryan, 2005). Porous particles represent a 

particle engineering solution to im proving lung deposition. They may have sm aller aerodynam ic 

diam eters than represented by their geom etric diam eters, as a result o f  low particle densities due to 

void spaces. Advantages o f  porous particles for pulm onary delivery have been extensively 

described in the literature, principally im proved dispersibility and reduced inter-particulate 

interactions com pared to non-porous particles (Edw ards et al., 1997; Vanbever et al., 1999; M aa et 

al., 1999; Hirst et al., 2002; N ewhouse et al., 2003).

A one-step spray-drying m ethod for producing nano-porous/nano-particulate m icroparticles 

(N PM Ps) o f  low m olecular weight drugs was initially described by T ajber (2005). Li (2005), M e 

Donald (2005), and Nolan (2008) subsequently continued this work, developing the m ethod for 

drugs or excipients. The spray-drying m ethod, involved spray-drying a solution o f  one or m ore 

com pounds o f  interest, with in some cases, a volatile process enhancer (am m onium  carbonate) 

from  a co-solvent system  consisting o f  at least two (volatile) solvents. The m ethod represented an 

advantage over other methods for producing porous particles, in that it was a sim ple one-step 

m ethod producing substantially pure m icroparticles (m icroparticles w ith no or only trace am ounts 

o f  any additional processing excipient). The spray-drying m ethod was successfully used for spray- 

drying NPM Ps o f  low m olecular weight drugs including several thiazide, steroid and sulfa- 

com pound drugs (Tajber 2005, M cDonald 2005, Nolan 2008), for excipients including the larger 

cyclodextrins, and polym er polyvinylpyrollidone (Li 2005). Dependence o f NPM P production on



spray-drying conditions (for exam ple the operational m ode o f  the spray-dryer, inlet drying 

tem perature, drying gas) and feed conditions (for exam ple, solvent selection, co-solvent 

com position, amount o f  process enhancer, and total solid concentration) were described and 

optim al conditions were worked out on a casc-by-case basis, w ith some general trends identified. 

N PM Ps produced were characterised in term s o f  pow der density, surface area, particle size, in-vitro 

deposition, solubility and stability, and show ed favourable characteristics m aking them  suitable for 

inhaled drug delivery.

The scope o f  this thesis was:

•  To assess the feasibility o f  the proposed spray-drying m ethod to produce N PM Ps o f 

proteins and to exam ine process and storage stability o f  the spray-dried protein. To 

investigate different spray-drying and feed conditions. To investigate particle 

characteristics that m ay be relevant when considering inhaler delivery (i.e., particle size, 

bulk and tapped density, surface area and in-vitro deposition).

•  To spray-dry N PM Ps o f  hydrophilic excipients (non-reducing sugars and polyols) and to 

investigate different spray-drying and feed conditions. Rationale for investigation o f  

hydrophilic excipients include: the literature described use as protein stabilisers, potential 

use as a carrier NPM P system or in co-spray-dried com posite system s with proteins or 

peptide, and to com plem ent existing know ledge regarding the use o f  the m ethod with low 

m olecular weight hydrophilic com pounds. To investigate process stability and particle 

characteristics o f  NPM Ps.

•  To spray-dry com posites o f  protcin:excipient or peptide:excipient at different mass ratios, 

using spray-drying and feed conditions identified from  the earlier studies with proteins and 

excipients alone. To investigate potential production o f  com posite NPM Ps, proccss and 

storage stability, and particle characterisation.
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C h a p t e r  1: I n t r o d u c t i o n

1.1 P u l m o n a r y  d e l i v e r y  o f  p r o t e i n s  a n d  p e p t i d e s

Significant developm ents in the fields o f  m edicinal chem istry and biotechnology in the last ~ 25 

years, have resulted in the discovery o f  m any novel protein and peptide drugs, and enabled 

production o f  large quantities o f  high purity com pounds (Patton, 1997; Scheuch et al., 2006). 

A ccording to a survey by the Pharm aceutical Research and  M anufacturers o f  Am erica in 2006 

(PhRM A, 2006) there w ere 418 biotechnology m edicines in developm ent and 125 already FDA 

approved and available to patients. This sector grow th has prom pted considerable research in the 

area o f  drug delivery o f  m acrom olecular drugs.

Protein and peptide drugs are generally poorly absorbed across biological m em branes. Reasons for 

this include their large size, ionisation, high surface charge, and enzym atic and chem ical instability 

(Adjei and Gupta, 1997). The m ajority o f  proteins and peptides arc thus form ulated as parenterals 

(intravenous, intram uscular and subcutaneous). The parenteral route has several disadvantages 

however, including patient discom fort, potential high cost (reconstitution, equipm ent and 

requirem ent for health professional input) and the risk o f  needle-stick injuries (Patton, 1997; 

Shoyele and Caw thorne 2006). The issue o f patient discom fort is not trivial as protein drugs are 

often used in chronic conditions, requiring frequent adm inistration and this may impact on 

com pliancc to the dosage regimen. Less invasive and m ore patient-acceptable routes have been 

sought, and the oral, pulm onary, nasal, buccal, transderm al and ocular routes have been 

investigated. Conventional oral delivery o f  proteins is extrem ely challenging, because o f  the harsh 

acidic and enzym atic conditions encountered in the digestive system  and rcduced bioavailability 

due to the first pass effect. A lthough research is ongoing, including, for exam ples, the use o f  

penetration enhancers and enzyme inhibitors, liposomal form ulations, and chem ical m odifications, 

an oral protein form ulation is yet to be developed (G oldberg and G om ez-O rcllana, 2003; Shoyele 

and Cawthorne, 2006; des Ricux et al., 2006). The nasal route has show n som e succcss for the 

delivery o f  peptides and vaccines, and several nasal peptide products are on the m arket including 

oxytocin, vasopressin analogues, salm on calcitonin and luteinising horm one-releasing hormone 

analogues (Ilium  and Fisher, 1997). However, most peptide and protein drugs are not significantly 

absorbed through the nose w ithout the use o f  absorption enhancers (Ilium  and Fisher, 1997). The 

buccal, transderm al and ocular routes have also show n very limited success for systemic delivery 

o f  proteins and peptides and may represent less socially acceptable delivery routes (Adjei and 

G upta, 1997; Shoyele and Slowey, 2006). The pulm onary route has em erged as a particularly 

interesting and viable alternative. A dvantages o f  the pulmonary' route include a very large 

absorptive surface area ( -8 0 -I4 0  m “), dccrcased m etabolism  and efflux transporter activity
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compared to the oral route, avoidance of first pass effect and potential for rapid onset of action 

(Adjei and Gupta, 1997; Scheuch et al., 2006; Patton, 2004).

The inhaled route is commonly used to deliver low molecular weight drugs to treat local lung 

disease such as asthma, chronic obstructive pulmonary disease and infections. Recombinant 

human deoxyribonuclease (rhDNase, with molecular weight ~33 kDa) (Pulmozyme®'), was the first 

protein drug approved for lung delivery (Okamoto et al., 2002). Pulmozyme® is used to reduce 

lung sputum viscoelasticity in the treatment of cystic fibrosis (CF) patients (by hydrolysing DNA 

found in very high concentrations in the pulmonary secretions of these patients) (Roche, 2006). 

The site o f action o f inhaled rhDNase is thought to be the airways (local action). Neither short­

term nor long-term (24 weeks) exposure to rhDNase aerosols were shown to result in significant 

elevation o f scrum concentration o f DNase in CF patients (Gonda, 1997). The formulation o f 

Pulmozyme* is an unbuffered aqueous solution intended for nebulisation, and is packaged in 

ampoules o f 2500 U (2.5 mg) in a 2.5 ml volume (Roche, 2006). Other examples o f proteins or 

peptides investigated for lung delivery to treat local disease are shown (Table 1.1).

Table 1.1 Examples o f  candidate macrom olecules studied for inhalation for local effects adapted from Cr^'an 

(2005), with molecular weight where available, 'www.sigm aaldrich.com , ‘Hubbard, 1997, ’Carp et al., 1982, 

■'Bingle and Tetley, 1996, 'Maquin ct al., 1991.

P e p t id e /P ro te in C on d it ion IVIolecular weight

A lpha-1 -antitrypsin Emphysema/ Cystic fibrosis -5 2  kDa -
Alpha 1 proteinase inhibitor Emphysema/ Cystic fibrosis - 5 0  kDa'
Secretory Icukoprotease 
inhibitor

Emphysema/ Cystic tibrosis - 1 2  kDa"

Cyclosporin A Prophylaxis or treatment o f  
rejection follow ing lung 
transplant

1.2 kDa '

Interferon-Y Cancer/Pneumocystis cam ii - 1 7 k D a '
lnterleukin-2 Cancer/Pneumocystis cam ii -1 5 .5  kDa -
Interleukin-IR Asthma
Anti-IgE Mab Asthma
Muramyl dipeptide Anti-TB vaccine 492 Da ‘
Catalase Oxidative stress -2 5 0  kDa '
Superoxide dismutasc Oxidative stress -3 2  kDa ‘

Numerous studies have shown the feasibility o f the pulmonary route for the systemic delivery o f 

proteins and peptides. The first protein for systemic delivery via inhalation to be marketed was 

insulin (Exubera*), for the treatment o f type 1 and type 2 diabetics. Exubera* insulin was launched 

in January 2006. The formulation is a dry powder o f recombinant human insulin (60%) spray-dried 

with excipients (mannitol, glycine, sodium citrate, sodium hydroxide) to produce a glassy 

amorphous material (White et al., 2005). Pfizer withdrew Exubera® from the market in Octobcr 

2007 however, due to quoted failure to meet customer needs or financial expectations 

(www.cxubera.com; Mack, 2007). Other proteins/peptides currently in development for pulmonary
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delivery include interleukin-1 for asthma, interferons for m ultiple sclerosis or hepatitis and 

calcitonin for osteoporosis (M ansell, 2007). A pulm onary form o f calcitonin inhaled by m outh has 

been proposed to have several advantages com pared to the com m ercially available nasal or 

subcutaneous form ulations, including reduction o f  sidc-effects with the potential for patients to 

adjust the delivered dose (Patton, 2000). The lung bioavailability o f  a particular protein/peptide 

will im pact on its suitability for system ic delivery by the inhaled route. H igher bioavailability may 

be advantageous in term s o f  decreasing cost and possibly increasing reproducibility o f  the dose 

delivered to the  systemic circulation and o f  the response (Edw ards et al., 1998). The absolute 

bioavailability (F) is defined as the percentage o f  the adm inistered dose absorbed intact into the 

systemic circulation. It is expressed relative to the sam e dose delivered by intravenous bolus 

injection (100%  bioavailability), and calculated using equation 1.1 (Ashford, 2002). In the context 

o f  drug delivery by inhalation, differences in interpretation regarding the delivered dose exist, w ith 

some researchers defining bioavailability in terms o f  the actual adm inistered dose (nominal dose), 

whereas others account for losses o f  drug in the inhaler, m outh and throat and define bioavailability 

in term s o f  the dose delivered to the lungs only (Edw ards et al., 1998). Bioavailability may also be 

quoted as the relative bioavailability, for exam ple relative to  the subcutaneous route instead o f  the 

intravenous route. Relative bioavailability may represent an overcstim ation o f  bioavailability, but 

m ay be useful in com parison studies, particularly in the case w here a subcutaneous product is 

available.

F = (A U C /A U C iv )  X (dosCiv/dose) xlOO Equation 1.1

(where AUC is the integrated area under the curve of systemic plasma concentration of the drug with time for 

a particular dose and AUCiv is the comparable area after intravenous injection of the same drug at dosCiv).

Examples o f  m acrom olecules studied for pulm onary delivery to achieve system ic effects are 

presented in Table 1.2.
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Table 1.2 Examples o f  candidate macromolecules studied for inhalation to achieve systemic effects, adapted

from Cryan (2005) and Shoycle & Slowey (2006) with molecular weight where available. 'Qiu et al., 1997, 

’www.sigmaaldrich.com, ^Martindale (2007), '’absolute pulmonary bioavailability (from animal studies) 

adapted from Patton (2000)

Peptide/Protein Condition M olecular
weight

Tmax' (hr) Pulmonary
bioavailabiiity'^

Salmon Calcitonin 
Human Calcitonin

Paget’s disease, 
Osteoporosis

-3 .5  kDa- 0.25 17%

Parathyroid hormone Osteoporosis ~4.l kDa' 0.25 > 20%
Human growth hormone Growth deficiency -2 2  kDa' 0.75 9%
Interferon-p Multiple sclerosis
Insulin Diabetes mellitus -  

type 1 and type 2
-5 .8  kDa- 0.25 57%

Amylin Diabetes mellitus -  
type 1

-3 .9  kDa-

Luteinising hormone releasing 
hormone analogues

Cancer -1.1 kDa' 1.0 95%

Interferon-a Viral infection, 
cancer

-  19 kDa' 6.0 > 56%

Ribavirin Viral infection 244 Da '
Granulocyte colony stimulating 
factor

Neutropenia -1 8 .6  kDa' 1.5 62%

Erythropoeitin Anemia -3 4  kD a’
Heparm Anticoagulation
dDAVP ( l-deaminocysteine-8- 
D-arginine vasopressin

Diabetes insipidus -1 .2  kD a‘ 0.5

1.1.1 M ethods o f  P u lm on arj D elivery

F acto rs d e term in ing  succcssflil inha la tion  the rapy  and  op tim al b io av a ilab iiity  u sin g  aeroso ls 

inc ludc ph y sico ch cm ica l aspcc ts o f  the fo rm u lation , b io log ica l aspcc ts o f  the  ac tiv c  ing rcd icn t(s) 

and  the p e rfo rm ance  o f  the inha ler o r delivery  dev icc , as  sum m arised  in F ig u re  1.1. T h e  

fo rm ulation  o f  d ry  pow ders  is the focus o f  th is thesis, thus the  fo rm ulation  factors w ill b e  b riefly  

d iscussed .

Inhaler performance

Inhalation therapy

Active ingredient(s):
•  Permeability and metabolism
• Safety

•  Immunogenicity

Formulation:
Aerodynamic diameter 
Interparticulate forces 
Chemical and physical stability

Figure 1.1 Factors determining successful inhalation therapy with dry powders adapted from Okamoto et al., 

2002 .
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Three m ain delivery systems are used for aerosol delivery - pressurised metered dose inhalers 

(pM D ls), dry powder inhalers (D Pls) and nebulisers. The deviees currently on the market were 

predom inantly developed to achieve local delivery o f  sm all m olecule drugs to the lungs, and 

require som e m odifications so that they can be used for systemic delivery o f  proteins and peptides. 

In the case o f  pM D ls the use o f  propellants to atom ise the drug solution and the large air-liquid 

interfaces generated during aerosolisation may adversely affect protein stability (Agu et al., 2001). 

Similarly, the solution state and high shear stress exerted during nebulisation can lead to 

denaturation o f  many proteins (Agu et al., 2001). Droplets produced by nebulisation m ay also have 

a heterogenous size and resulting poor delivery to the lower respiratory tract (Agu et al., 2001). 

M odifications o f  devices including the AERx system  (Aradigm ) and Respimat (Boehringer), have 

been developed to m inim ise these difficulties. Dry pow der inhalers offer advantages over pM DI 

and nebuliser delivery system s in terms o f  stability (as proteins are generally more stable in the 

dried state com pared to the solution state) and delivery efficiency, and arc the m ost popular studied 

method o f  protein delivery to the lungs (Agu et al., 2001; Cryan, 2005). A large selection o f 

passive (breath-driven) and active (power-driven), single or m ultiple-dose devices are available, to  

optim ise stability and delivery efficiency (Cryan, 2005).
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1.2 D r y  p o w d e r  f o r m u l a t i o n s

1.2.1 Aerodynamic diameter and interparticulate forces

The aerodynamic particle diameter (da) is a key determinant o f aerosol performance, and unlike the 

physical particle diameter is influenced by the size, shape and density o f the particles. It is defined 

as the physical diameter of a unit density sphere with the equivalent settling velocity through the 

air, as the particle, and for roughly spherical particles is described by equation 1.2. (Shoyele and 

Cawthome, 2006; Taylor, 2002). This relationship does not hold for non-spherical particles, 

although it can be modified in some cases by applying a shape factor (s) as in equation 1.3. This 

shape factor parameter is defined as the ratio o f the drag force on a particle to the drag force on the 

volume equivalent sphere at the same velocity. It has also been found, for elongated or needle-like 

particles that the aerodynamic diameter is controlled principally by the short axis (Shoyele and 

Cawthorne, 2006).

d„ = dp X ( p / p o ) ” "̂  Equation 1.2

d a  =  dp  X [(p/p„)* 1/i]”  ̂ Equation 1.3

(w here dp is the physical diam eter, p is the particle density  and p„ is unit d e n s i t y , i s  a shape factor).

Dry powders for inhalation are generally poly-disperse, and particle size distribution may be 

described by a log normal distribution. The log o f the particle diameter is usually plotted against 

mass (other possibilities are particle number, or surface area) on a linear or probability scale. The 

experimental mass median aerodynamic diameter (MMAD), which is the particle diameter that has 

50% of the aerosol mass above it and 50% below it is read from a cumulative distribution curve. 

The geometric standard deviation (GSD) describes the size variability and is calculated from the 

ratio of the particle diameter at the 84.13% point on the cumulative distribution curve to the 

15.87% point, as in equation 1.4 (USP, 2008). A mono-dispersed aerosol would have a GSD o f 1, 

and a poly-dispersed aerosol > 1.2 (Labiris and Dolovich, 2003; Codrons ct al., 2003).

GSD = [size 84.13%/size 15.87%]"^ Equation 1.4

1.2.2 Pulmonary deposition

It is generally accepted that particles with an aerodynamic particle size of 1-5 pm  are required to 

avoid deposition in the mouth or throat and reach the lungs. Larger particles (aerodynamic 

diameters > ~6 pm) may impact in the mouth or throat and be swallowed, and smaller particles (<1 

pm but greater than a few hundred micrometers) may be exhaled on the next breath unless they are 

aggregated, or sufficient time is available to allow migration to the lung walls (for example by slow
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deep breathing and breath holding) (Lee, 2002a; Edwards et al., 1998; Chow et al. 2007). In order 

to understand the nature o f  particle deposition in the lungs, the structure o f  the upper and lower 

respiratory tracts com ponents should be considered as their shapes and dim ensions affect the 

deposition profiles o f  particles (Figure 1.2). The lower respiratory system may involve ~23 levels 

o f  branching. These arc som etim es classified in term s o f  generation num bers as in Figure 1.2 

(A nnapragada et al., 1997). Surface areas increase m arkedly in the lower alveolar areas com pared 

to the airways. The three main physical m echanism s and contributing forces leading to deposition 

o f  aerosol particles in the lungs are inertial impaction, sedim entation by gravity, and brow nian 

diffusion (Labiris and Dolovich, 2003) (Figure 1.2). The best areas to target the lungs for 

absorption are not com pletely understood (Patton and Byron, 2007). Sm all peptides and insulin 

appear to be best absorbed in the lowest stages (higher generation number) (Patton et al., 1997; 

Patton and Byron, 2007). Particles with aerodynam ic diam eters o f  1-3 |.tm may thus be considered 

optim al, because they are sufficiently small to reach the deep lung and alveoli.

Partic ic  d iam c lo r

iihiu) tMuml.)

Figure 1.2 Schematic showing (a) structure o f  pulmonary system , (Hussain et al., 2004) and (b) branching in 

the lower respiratory tract according to the Weibel model with the primary mechanism o f  particle deposition 

occurring (adapted from Annapragada et al., 1997 and Patton and Byron, 2007).
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1.2.3 Porous particles

Low aerodynamic diameters can be achieved by the use o f physically small particles, porous 

particles, elongated particles, and particles o f rough surface (to increase the drag force on the 

particles thus reducing settling velocity) (Chan, 2006). This can be seen from examination of 

equation 1.3 as decreasing dp, p or increasing the shape factor s, will all lead to an increased da.

Physically small particles have the disadvantage of strong interparticulatc cohesive forces and poor 

dispersibility, however, and may also exhibit poorer flow properties than larger particles (French et 

al., 1996; Li et al., 1996; Zeng et al. 2001). Forces involved in interparticulatc interactions include 

van der Waals forces, electrostatic forces, capillary forces and mechanical interlocking (Zeng et al., 

2001). The relative and overall magnitude o f forces involved for a particular powder varies, 

depending on many complex factors including the nature o f the drug and particle factors including 

size, shape and surface energetics. Direct experimental determination of aggregate strength is 

technically difficult. The following general conclusions have been made, however, based on 

theoretical analyses o f particle surface energy o f fme powders: aggregate strength decreases with 

increasing geometric diameter, low powder bulk density gives rise to loose and weak aggregates, 

decreased particle surface energy promotes dispersion, and particles with an irregular surface have 

a smaller aggregate strength than a smooth particle o f the same geometric diameter, because o f 

reduced contact area and reduced interparticulate forces (Chow et al., 2007).

Porous particles represent a particle engineering solution to improving lung deposition and 

potentially bioavailability of dry powder drugs. They have low aerodynamic diameters as a result 

o f low particle densities due to void spaces. Advantages of porous particles have been extensively 

described in the literature, principally improved dispersibility and reduced inter-particulate 

interactions compared to non-porous particles. A ftirther possible advantage to using large porous 

particles may be a decreased phagocytic clearance in the lungs and subsequent increased 

bioavailability (Edwards et al., 1997). Porous particles have been produced by a number o f 

different processes including double solvent emulsion evaporation methods, spray-drying methods 

including spray-drying emulsions with pore-forming agents, spray-freeze drying and supercritical 

fluid processing. Proprietary methods include the PulmoSphere™ (Nektar Therapeutics) and 

Acusphere (Acusphere Inc.), both methods involving spray-drying. A selection o f studies showing 

the advantages o f porous particles and these methods will be briefly discussed.

Large porous particles (LPPs) produced by a double cmulsification solvent evaporation method 

were described and characterised by Edwards et al. (1997, 1998). Particles containing insulin, or 

testosterone were produced by encapsulation in a biodegradable copolymer (poly(lactic-co- 

glycolie) acid polymer) using a double emulsification solvent evaporation method (to produce large 

porous particles) or a single emulsification solvent evaporation method (to produce small non-
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porous particles), with sim ilar aerodynainic diam eters. [The double em ulsification solvent 

evaporation m ethod involved the following -  an  aqueous solution was em ulsified w ith a 50:50 

PLGA solution in m ethylene chloride on ice. This em ulsion was poured into 1% aqueous 

polyvinyl alcohol solution, hom ogenised and stirred for 3 hours. M icrospheres w ere collected by 

centriftjgation, washed with water, and freeze-dried into a free-flow ing pow der (Edw ards et al. 

1997).]. Large porous particles had low densities (< 0.4 g/cm^) and large mean geom etric 

diam eters (> 5 j^m) and resulted in higher respirable fraction, than small non-porous particles. 

These effects were observed despite sim ilarity o f  aerodynam ic diameters, and were attributed to the 

sm aller surface-to-volum e ratio o f  the large porous particles, leading to less aggregation and hence 

improved dispersibility. Edwards et al. (1997) also show ed a prolonged action (~ 96 hours) for 

large porous particles containing insulin, and postulated that this was due to the larger geom etric 

size o f  the particles avoiding phagocytic clearance from the lungs.

V anbever et al. (1999) prepared large porous particles o f  com binations o f  excipients w hich were 

generally regarded as safe (lactose and dipalm itoylphosphatidylcholine (D PPC)) and drug (insulin, 

albuterol or estradiol) by a standard spray-drying process. W ater soluble excipients and/or drug 

were dissolved in an aqueous com ponent and w ater insoluble excipients and/or drug were dissolved 

in 95%  EtOH, and com bined to give an overall 87% EtOH feed m aterial with a total solid content 

o f  0.1 % w/v. Form ulation and spray-drying param eters were varied and found to have an affect on 

the overall particle m orphology. Increasing DPPC concentration resulted in increase in volum e 

diam eter and decrease in density o f particles, potentially as a result o f  the surface activity o f  DPPC 

and its tendency to adsorb on the droplet surface (Chow  et al., 2007). Particles produced had 

geom etric diameters o f  3 — 15 |.im and tapped densities o f  0.04 — 0.6 g /c m \ Particles w ith high 

porosity, large geometric size and theoretical MM AD values (calculated from the geometric 

diam eter and tapped density) o f  1 - 3 |am showed excellent em itted dose o f -9 6 %  when aerosolised 

from a Spinhaler* device, and respirable fractions o f  49 -  92% depending on the m ethod o f 

analysis (Andersen cascade im pactor or Aerosizer data respectively).

The Pu lm oS phere '^  process is also currently used to producc porous particles with low  density for 

use in pM D l or DPI. Production involves tw o steps, firstly preparation o f  an em ulsion o f  

fluorocarbon (for example, perfluorooctyl brom ide) in water, stabilised by phopholipid (for 

example, distearoylphophatidylcholine), with the drug either dissolved or dispersed in the external 

aqueous phase w hich m ay also contain excipients, followed by spray-drying. The fluorocarbon 

acts as a pore-form ing agent. Porous particles produced are hollow, w ith geom etric diam eters < 5 

|im , and low tapped densities (< 0.1 g/cm^) (H irst et al., 2002). Excellent aerosolisation 

efficiencies have been described in-vitro, with high respirable fractions o f  > 60%  (D ellam ary et al., 

2000; Duddu et al., 2002). Prom ising in-vivo results in healthy hum ans have also been reported, 

for example, N ew house et al. (2003) reported a nine-fold im proved lung deposition o f  tobram ycin
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Pulm oSphercs delivered from  a passive DPI com pared to the com m ercial nebulised product over a 

15-minute adm inistration period. Duddu et al. (2002) also show ed that in-vivo delivery o f  a 

budesonide Pulm oSphere form ulation was more efficient and m ore reproducible (postulated to  be 

due to lower dependence on patient airflow) com pared to standard m icronised drug.

Straub et al. (2005) also used a spray-drying m ethod to produce porous PLG A  m icroparticles as a 

prelim inary step in the production o f  A l-700 (investigated as an intravenously adm inistered 

ultrasound contrast agent). These studies involved spray-drying an em ulsion o f  PLGA and DPPC 

in m ethylene chloride, and am m onium  bicarbonate (pore-form ing agent) in water. This approach 

has been used in A cusphere Inc. patented porous m icroparticle technology, HDDS (hydrophobic 

drug delivery system ) and PDDS (pulm onary drug delivery system).

Maa et al. (1999) produced porous particles by spray-freeze drying and com pared their 

aerodynam ic properties (fine particle fraction via m ulti-stage liquid im pinger) to non-porous 

dim pled spherical particles produced by conventional spray-drying. The authors concluded that the 

high surface area low density porous particles dem onstrated a significantly higher fine particle 

fraction com pared to non-porous particles, and attributed this to better aerodynam ic properties.

N on-porous particles w ith corrugated or rough surfaces have sim ilarly show n im provem ents over 

non-porous sm ooth spherical particles in term s o f  fine particle fraction and in-vitro deposition. 

Chew  and Chan (2001) investigated this for spray-dried bovine scrum album in. Particles were 

sim ilar in terms o f  chem ical entity, and non-surface m orphology related solid-state characteristics 

including particle size distribution, water content, and am orphous nature. Significantly higher fine 

particle fraction was m easured for the corrugated particles com pared to the sm ooth spherical 

particles. Less dependence o f  fine particle fraction on flow rate was also observed for the 

corrugated particles. These data imply that the corrugated particles exhibited less cohesion and 

greater dispersibility, and this was postulated to be due to a lower true surface area o f  contact 

between particles.

12



1.3 C h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  o f  p e p t i d e  a n d  p r o t e i n  d r u g s

Proteins and peptides are polymers o f  the twenty com m on am ino acids, or chem ical m odifications 

or derivatives o f  these. Several am ino acids have ionisable functional groups in the side chains. 

The ionisation o f  these groups as a function o f  changes in the solution pH is responsible for the 

overall charge on a given peptide or protein. M ost proteins or peptides have a net charge o f  zero at 

som e pH, called the isoelectric point (Porter, 1997). Proteins arc generally larger than peptides. 

The distinction between them  may be based on the fact that physical chem ical behaviour (for 

exam ple, solubility) o f  peptides is generally predicted from the behaviour o f  the consituent am ino 

acids, whereas the properties o f  the larger proteins also depend on three-dim ensional

conform ational effects (Porter, 1997). Four levels o f  structure m ay be described for proteins

(Stryer, 1995):

•  Prim ary structure refers to the am ino acid sequence.

•  Secondary structure refers to  the spatial arrangem ent o f  neighbouring am ino acid residues

in a sequence, which m ay constitute a periodic structure for exam ple the a-helix  and P- 

strand.

•  Tertiary structure refers to the spatial arrangem ent o f  am ino acids that are far apart in the 

linear sequence and to the pattern o f  disulfide bonds.

• Q uaternary structure refers to the spatial arrangem ent o f  subunits and the nature o f  their 

contacts, found in some proteins.

Protein drugs differ from low m olecular weight drugs in that they can undergo various degradation 

reactions at the level o f  prim ary structure (chem ical degradation) or higher order structures 

(physical degradation). Cheinical degradation reactions may include deam idation and peptide bond 

isom erisation, reaction o f  disulfides and thiols, proteolysis and hydrolysis, and oxidation. Physical 

degradation m ay involve partial unfolding, aggregation and precipitation. Com plete unfolding is 

rarely seen, unless, for exam ple all disulfide bonds in a protein arc broken. Proteins can be 

unfolded by envirormiental changes such as in solution pH, addition o f  a strong hydrogen bond 

disrupting (chaotropic) agent, addition o f  surface active agents or by heating. Unfolding can be 

reversible or irreversible, resulting in recovery o f  native state and activity or perm anent dam age 

and loss o f  activity. Reversal o f  denaturation m ay be observed for most small proteins, if  the 

environm ental changes are done reversibly and the prim ary structure o f the protein is not dam aged 

by the process. Reversal o f  denaturation is generally not as successful for larger proteins however 

(Porter, 1997).
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1.4 S pr a y -D r y in g

Spray-drying has several advantages over other powder processing techniques, particularly for the 

production o f dry powders o f proteins and protein-excipicnt composites. It is a well-established 

and well-studied method in the pharmaceutical, food, chemical and other industries, with industrial 

application since the 1920s. Requirements o f fmal product, capacity and safety differ between 

industries and products, and spray-drying has been extensively adapted to satisfy these 

requirements (Masters, 1991; Maa and Prestrelski, 2000). Regarding proteins, it is a realistic and 

commercially used (for example in the case o f Exubera* insulin) alternative to air-jet milling, 

which is most commonly used to produce micron sized particles o f low molecular weight drugs for 

pulmonary delivery. Air-jet milling is generally unsuitable for protein processing due to physical 

instability (Lee, 2002a). Freeze-drying, which is the most established drying process used for 

proteins, results in poor particle size and shape control and would generally require a further size 

reduction step to ensure suitable particle characteristics for pulmonary use (Maa and Prestrelski, 

2000). Another advantage o f spray-drying is that it can be used to form composites o f proteins 

with stabilising excipients or carriers (Lee, 2002a). Other newer techniques such as spray-freeze 

drying, and supercritical fluid processing have also shown promising results for production of 

protein particles in suitable size ranges, but these techniques are yet to be established commercially 

for drying protein pharmaceuticals.

Spray-drying is a one step atomisation/drying technique that involves rapid conversion o f a liquid 

feed to a particulate product. The ability to control particle size by careful selection of spray- 

drying and feed conditions has been well documented. However, the control of particle 

morphology (shape, surface and internal structure characteristics) has been studied more recently 

(Maa and Prestrelski, 2000; Vehring, 2007).

1.4.1 Overview of spray-drying process

The physical flow o f a simple spray-drying process is shown in Figure 1.3, and proceeds as 

follows: the liquid feed (1) is heated (2) and atomised (3) as it passes through a nozzle, and mixes 

with heated drying gas in the drying chamber (4) and the solvent is evaporated. Powder mixed 

with gas passes through to the cyclone separator (5), where they are separated. The separated 

powder is collected in the collecting vessel (6). Gases and very fine powder pass to the filter, 

where fmes are retained (7), and gases are removed to atmosphere through an exhaust (8). This 

configuration describes an open mode system. In the case where explosive/flammable solvents or 

materials are used or where an explosive reaction of the dried product on contact with drying 

medium within the spray-dryer is possible, an inert drying gas is used instead o f air and spray- 

drying is carried out in a closed cycle. In closed mode drying, drying gas passes through a cooler 

unit, where solvent condenses and is collected, and drying gas is recycled.
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Figure 1.3 The physical flow o f  a typical co-current laboratory bench-top spray-dryer operating in the open 

m ode (Biichi, 2003).

The com plete spray-drying process can be divided into four stages as described by M asters, (1991). 

These include atom isation o f  the feed material, spray-gas contact, drying o f spray m aterials and 

separation o f  dried product from the drying medium. Each stage o f  the drying process m ay 

influence the final particle and stability characteristics.

1.4.1.1 Atomisation

The atom isation stage creates a spray for optim um  evaporation and is achieved by the use o f  a 

rotary atom iser, pressure nozzle or tw o-fluid nozzle, depending on the nature o f  the feed and final 

product requirem ents (M asters, 1991). The spray-dryer utilised in this work is equipped w ith a 

tw o-fluid nozzle, which is m ost com m on in small scale and pilot scale spray-dryers. In this type o f  

nozzle the feed and drying gas arc passed separately to the nozzle head, where high air velocities 

break up the feed into a spray o f  fine droplets. Adjustm ent o f  the air flow controls the degree o f  

atoinisation at constant feed rate. The viscosity o f  the feed may affect the particle size o f  the 

droplets and subsequent dried particles with m edium  coarse powders produced from high viscosity 

feeds, and fine powders (m ay be agglom erated) produced from  low viscosity feeds. The 

diincnsions o f  the nozzle may also affect the particle size (Elversson et al., 2003).

1.4.1.2 Spray-gas contact

Spray-gas contact occurs in the drying cham ber and can be co-current (spray and drying gas are 

introduced to  the drying cham ber in the same direction), counter-current (spray and drying gas arc 

introduced from  and in opposite directions) or m ixed arrangeinent. For heat sensitive m aterials 

such as pharm aceuticals the co-current arrangem ent is generally em ployed as it imparts a lower 

therm al load to the particles (M asters, 1991).
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1.4.1.3 Droplet drying

The drying o f  the droplet involves two phases (1) a constant drying rate period (2) a steadily 

decreasing drying rate period (M asters, 1991; Lee, 2002a). During the first period, as evaporation 

takes place, m oisture/solvent difftises from within the droplet and maintains the saturated surface 

conditions and the tem perature o f  the surfacc is equivalent to the wet bulb tem perature (Twb), 

which is considerably lower than the inlet or outlet drying tem perature. As the drying continues, 

critical m oisture/solvent content is reached and this becom es insufficient to diffuse to the surface 

and m aintain saturated conditions. This may coincide with a shell forming at the droplet surface. 

Evaporation is controlled by  diffusion through this outer shell, which bccom cs thicker as drying 

continues (as such the drying rate decreases) and the product experiences an increase in 

tem perature above this Twb. Energy is required for vaporization and so the tem perature does not 

reach the tem perature o f  the surrounding gas until all the free m oisture/solvent has been rem oved 

(M asters, 1991; Lee, 2002a). Maa et al. (1997) showed that the tem perature at 3 different locations 

in the drying cham ber (5, 17, 33 cm below  the nozzle) o f  a Biichi-190 spray-dryer corresponded 

most closely to the outlet drying tem perature, and that this outlet drying tem perature (rather than 

the inlet drying tem perature) is the m ost useful param eter for determ ining droplet drying speed 

M orphology o f particles may appear as solid or hollow  spheres or irregular in shape including 

deviations from sphericity for exam ples dim ples, holes, w rinkled or collapsed particles, depending 

on the nature o f  the shell form ed and the rate o f  droplet drying. Tsapis et al. (2002) described two 

characteristic tim es as critical in the drying process leading to particles different m orphology -  the 

time required for a droplet to dry (xj), and the time required for a solute or a nano-particle to 

diffuse from  the edge o f  the droplet to its centre (R “/D, w here R = radius o f  the droplet and D is the 

solute or nano-particle diffusion coefficient). A Peclet num ber (Pe) was defined as the ratio o f  

these characteristic tim es as Pe = R"/(Xd D).

1.4.1.4 Separation and collection

Separation o f  dried product from  the drying gas occurs at the end o f the process, once drying is 

completed. Prim ary separation may take place in the drying cham ber follow ed by separation 

equipm ent - a cyclone as a dry collector (powder) and a wet scrubbcr (gas/cvaporated 

m oisture/solvent), or alternatively the total separation takes place in the separation equipment. In 

the benchtop spray-dryer the second system  is used. Separation occurs in the cyclone by m eans o f  

inertial deposition o f  the particles from  the gas stream. The pow der and gas enter the cyclone 

tangentially, producing centrifugal forces w hich greatly exceed the gravitational force. The 

particles move tow ards the wall and the base o f  the cyclone, driven by the centrifugal force, while 

the gas spirals upwards to the gas outlet at the top o f  the cyclone. The dim ensions o f  the cyclone 

will impact on the efficiency o f  this separation (Brandenberger, 2003).
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1.4.2 Spray-drying of proteins and associated stresses

Selection o f  spray-drying and feed conditions can affect the residual m oisture content o f  the 

powders, and the process and storage stabilities o f  the protein (Lee, 2002a). Residual m oisture 

content o f spray-dried powders is determ ined by  the nature o f  the spray-dried material and the 

interaction o f  w ater with the protein or excipients and by the relative hum idity o f  the drying 

conditions (as an equilibrium  exists between the m oisture content o f  the powders and the 

environm ental humidity) (M aa and Prestrelski 2000). Spray-dried protein powders generally have 

higher residual m oisture contents (~7% ) than freeze-dried pow ders (-3 % ), owing to the m uch 

shorter drying times (M aa et al., 1998). Residual m oisture may be decreased by increasing the 

outlet drying tem perature but this may pose an unacceptable therm al stress to the protein. 

A lternatively secondary vacuum  drying can be perform ed post spray-drying (M aa et al., 1998). 

Increased residual m oisture may negatively influence the storage stability. It has been found in 

spray-drying experim ents o f  oxyhaem oglobin/sucrose and lactate dehydrogenase/trehalose that 

high inlet and outlet tem peratures can reduce the process stability but increase storage stability o f  

the protein, possibly as a result o f  decreased residual m oisture (A dler and Lee, 1999; Labrudc et al., 

1989).

Spray-drying o f an aqueous solution o f  protein w ithout excipients can lead to structural instability, 

aggregation or ultim ately inactivation for m any proteins. Stresses potentially encountered by 

proteins during the spray-drying process include shear, thermal, and air-liquid interfacial stresses 

(Figure 1.4). Significant thermal denaturation o f  proteins is not generally anticipated during spray- 

drying because the tem perature encountered by the droplet is significantly lower than the inlet 

drying tem perature, and drying contact times are short (Lee, 2002a). M any proteins for exam ple P- 

galactosidase (M aa et al., 1997), oxyhaem ogloin (Labrude et al., 1989), insulin (Stahl et al., 2002) 

and lactate dehydrogenase (A dler and Lee, 1999) have shown increased aggregation with increased 

inlet tem perature however, and as such use o f  a low inlet tem perature m ay be prudent (M aa and 

Prestrelski, 2000). A ir-liquid interfacial stresses may be encountered during the atom isation stage 

o f  spray-drying. Proteins are am phiphilie polyelectrolytes and as such may adsorb to surfaces or 

interfaces. This can lead to unfolding as the protein orients hydrophobic am ino acids towards the 

non-aqueous (air) side (Tzannis and Prestrelski, 1999). Several studies have identified the air- 

liquid interface as a cause o f  aggregation, for exam ple hum an grow th horm one, bovine serum  

albumin, lactatc dehydrogenase, |3-galactosidase, while other proteins, for exam ple rhDNase, may 

be less affected by this stress (M aa and Prestrelski, 2000).
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Figure 1.4 A summary schematic o f the possible stresses experienced by a protein/peptide during the spray- 

drying process from Lee (2002b).

1.4.2.1 Use o f  excipients in protein form ulation

The use o f  cxcipicnts to stabilise proteins during drying was initially adopted from freeze-drying 

data, and has show n considerable success also in spray-drying experim ents (Lee, 2002a). Sugars 

(particularly disaccharides), polyols, am ino acids or organic salts have been used to protect native 

protein structure during drying processes, including spray-drying, and also on storage. Tw o 

hypotheses arc described for the m echanism  o f  stabilisation -  the glassy im m obilisation hypothesis 

and the water replacem ent hypothesis. The glassy stabilisation hypothesis states that stabilisation is 

achieved by form ation o f an  am orphous glass during drying. In the glassy state, structural changes 

are significantly delayed and only m inor m olecular motions for exam ple rotational m otions o f  side 

chains and vibrations occur (Lee, 2002a). Glass stabilisation was introduced to  spray-dried 

m icroparticles com m ercially by Nektar therapeutics, under the tradem ark Pulmosol*, and forms the 

basis o f  the Exubera insulin spray-dried product. In the water replacem ent hypothesis, stabihsation 

is attributed to the form ation o f  H -bonding between the sensitive com ponent and the excipient, 

when water is removed, thus m aintaining the structural integrity o f  proteins, and membranes. An 

am orphous state may be im portant to allow  m axim al H-bonding betw een the excipient and protein 

(A rakaw a ct al., 2001).

Lactose, sucrose, trehalose and raffinose have been investigated as exam ples o f  stabilising sugars 

in spray-drying and other process drying experim ents and against specific experim entally-induced 

stresses for exam ple liquid-solid interfacial stress (Lee, 2002a; Liao ct al., 2002, W cndorf ct al., 

2004). Sucrose, trehalose and raffinose are non-reducing sugars and as such have the advantage 

that they will not undergo the M aillard brow ning reaction with proteins. These sugars tend to form  

am orphous glasses on spray-drying, and have been shown to stabilise proteins during processing 

and also on storage below  the Tg o f  the form ulation. Sucrose has a low er glass transition 

tem perature (~ 74 "C), com pared to  either trehalose or raffinose however (Lee, 2002a). M annitol 

is the polyol most com m only studied for stabilisation o f  proteins in solution and in the dried state

18



(Singh and Singh, 2003; Lee, 2002a). Its abihty to  stabiUse proteins in the dried state may be 

inversely related to its tendency to crystallise however (Izutsu et al., 1993, 1994). Fully or partially 

am orphous form s o f  mannitol may be present in certain form ulations depending on the type and 

ratio o f other excipients and on the method o f preparation (Yu ct al. 1998, Kim ct al. 1998). Poyols 

m ay also im prove dispersibility o f  powders due to low  hygroscopicity. The large cyclodextrin -  

hydroxypropyl-6-cyclodextrin (HP-B-CD) has also been investigated as a stabiliser o f  proteins or 

peptides in solution and in the dried state, and during spray-drying (Irie and Uekama, 1999, 

Branchu et al., 1999). The cyclodextrin may interact locally with hydrophobic side-chains o f  the 

protein/peptide and inhibit interm olecular association o f  proteins/peptides. Cyclodcxtrins are 

further interesting as excipients because o f  the reported application o f  som e as transm ucosal 

penetration enhancers (DM-I3-CD) (Schipper et al., 1993; Hussain et al., 2003), and release 

m odifiers from  PLGA m icroparticles prepared by spray-drying, due to  com plexation with proteins 

(HP-B-CD) (D e Rosa et al., 2005). No one excipient represents all desirable attributes and as such 

an anticipated dry powder protein form ulation may include a com bination o f  excipients.

Stabilising effects depend on the selection o f  an optimal concentration o f  appropriate excipient(s). 

Sub-optim al cxcipicnt conccntration(s) may not adequately stabilise the protein, while excessive 

cxcipicnt can lead to destabilisation (Tzannis and Prcstrelski, 1999). Excipients may also be 

em ployed as carriers in DPI systems, to im prove lung delivery either in a passive or an active 

capacity (Cryan, 2005). Regulatory approval for all excipients intended for lung delivery is a 

consideration. Lactose is licensed for pulm onary applications, but it is not intended to enter the 

lungs, and its size is large enough to be deposited in the oropharyngeal region (Cryan, 2005). 

M annitol has also been approved for use in pulm onary formulation, as a com ponent o f  the Exubera 

form ulation (W hite, 2005).

1.4.3 Background to the spray-drying method used in this thesis

Initial work on developing the spray-drying m ethod for producing nanoporous/nano-particulate 

m icroparticles (NPM Ps) was carried out by Tajber (2005). NPM Ps o f budesonide, 

bcndroflum cthazide or sulphadim idinc w ere produced by spray-drying a solution feed o f  the 

com pound w ith the process enhancer am m onium  carbonate (AC) in ethanol/w ater co-solvent mixes 

(Tajber, 2005). Li (2005), Me Donald (2005), and N olan (2008) subsequently continued this work, 

developing the m ethod for drugs or excipients, using different solvent com binations and with or 

w ithout the process enhanccr, and characterising N PM Ps produced in term s o f  pow der density, 

surface area, particle size, in-vitro deposition, solubility and stability. The spray-drying m ethod was 

successfully used for spray-drying N PM Ps o f  small m olecule drugs including several thiazide, 

steroid and sulfa-com pound drugs (Tajber 2005, M cD onald 2005, Nolan 2008) for excipients 

including the larger cyclodextrins, and polym ers chitosan, and polyvinylpyrollidone (PVP) (Li 

2005). A dependence o f NPM P production on a num ber o f  factors including spray-drying
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conditions (for examples the operational mode of the spray-dryer, inlet drying temperature, drying 

gas) and feed conditions (for examples solvent selection, co-solvent composition, amount of 

process enhancer, and total solid concentration) was noted and optimal conditions were worked out 

on a ease by case basis, with some general trends identified. One such trend is the 

hydrophilicity/hydrophobicity of a compound, which aids solvent selection. The hydrophobic sulfa 

and steroid compounds were spray-dried as NPMPs from alcohol/water systems, whereas the 

hydrophilic HP-p-CD, and PVP were spray-dried as NPMPs from methanol/butyl acetate systems. 

NPMPs produced were found to have excellent in-vitro deposition compared to non-porous spray- 

dried samples, high surface areas, and low bulk and tapped densities making them suitable for oral 

inhalation (Nolan, 2006). Not all drugs and excipients that were studied, have been successfully 

formulated as NPMPs to date. Where relevant, details of previous research are referenced in the 

text of this thesis.

Based on results from these previous studies, a hypothesis was proposed for the formation of 

NPMPs. This hypothesis assumes that the more volatile solvent o f the co-solvent mix should be a 

good solvent for the drug, and the less volatile solvent a poor solvent for the drug (Corrigan, 2005).

The evaporation rate o f  a solvent will depend on its vapour pressure at the processing temperature, 

the boiling point, specific heat, enthalpy and heat o f  vaporisation of the solvent, the rate of heat 

supply, the degree o f association between solvent molecules and between solvent and solute 

molccules, the surface tension of the liquid, the rate o f air movement above the liquid surface, and 

humidity of air surrounding the liquid surface (Wypych, 2001).

During the atomisation stage of the spray-drying process, droplets are formed containing the 

drug/excipicnt in the co-solvcnt mix, rapid drying o f these droplets proceeds on contact with the 

warm drying gas and the more volatile solvent phase may evaporate to a greater extent, resulting in 

the droplet becoming richer in the less volatile solvent component. The fall in solubility of the 

drug/excipient may be dramatic and they may condense out initially as a nano-sized liquid phase 

within the droplet. The drug becomes in efifect the dispersed phase in an external phase. As drying 

proceeds and further solvent loss occurs, the drug phase droplets become less fluid and come closer 

together and they will need to fall below the Tg as or before they touch to avoid complete fusion. 

The hypothesis excludes a role for the process enhancer AC, except that it may cause a salting out 

cffect and as such lower solubility (Corrigan, 2005). Alternatively the salt may have an effect on 

the relative volatility o f solvents in a co-solvcnt mix. The effect o f  a salt may be relevant as when 

the salt is readily soluble in one constituent o f a mixture but not in another, the volatility of the 

constituent in which it is soluble is decreased and the other constituent is unaffected. This issue 

may be further complicated in the case o f the process enhancer ammonium carbonate however, as
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the salt is expected to be volatilised (volatilisation temperature 59 "C) during the spray-drying 

proccss.

Another issue that may be pertinent when considering this proposed mechanistic hypothesis is 

where two solvents form an azcotropic mix. Ethanol and water form a well-known example o f a 

positive azeotrope, comprised of 95.6% w/w EtOH, 4.4%  w/w water (azcotropic ratio), where 

ethanol boils at 78.4 °C, water boils at 100 °C, and the azeotrope boils at 78.1 °C. Azeotropes are 

generally described in terms of distillation experiments. Data from such experiments cannot be 

dircctly related to the very fast drying in the droplet seen in the spray-drying proccss, but would 

agree with the hypothesis that the droplet becomes richer in the less volatile water component as 

drying proceeds for ethanol/water ratios at least for all EtOH/H^O ratios below the azeotropic ratio. 

Examination of literature data on azeotropes o f other solvent combinations, used to produce 

NPMPs, shows that methanol does not forni an azeotrope with water. It does however form a 

positive azeotrope with methyl acetate and ethyl acetate (www.chemeng.cd.ac.uk). No information 

was available on formation of azeotropes with butyl acetate in the literature.

Spray-drying of macromolecular biological compounds (proteins/peptides) using the novel method 

has not been attempted previously. These compounds differ from the compounds previously 

examined in their large size and higher order structure. They can undergo a variety o f degradation 

reactions at the level of the primary structure and higher order structures. One major consideration 

is the fact that the proposed spray-drying method involves the use o f organic solvents. This raises 

concerns regarding the solubility and stability o f proteins

Considering solubility, hydrophilic proteins generally exhibit very poor solubility in alcohols and 

most non-aqueous solvents, with the exception o f glycerol and DMSO (Stevenson, 2000). 

Solubility for some proteins (for examples lysozyme, insulin, myoglobin), particularly in McOH, 

but also in other organic solvents, can be increased by freeze-drying a protein from aqueous 

solution at a pH remote from its isoelectric point, or ahernatively by complexation with neutral 

polymers (Bromberg and Klibanov, 1995; Chin et al., 1994).

Regarding stability concerns, alcohols have been used to both denature proteins and increase the 

structural stability (by stabilisation of a-hclical structures). Alcohols may also alter the ratio of 

secondary structure or inducc non-native conformations that may be reversible or irreversible 

depending on the protein and the conditions. Peptides arc usually less adversely affectcd by non- 

aqucous conditions than proteins (Stevenson, 2000). It has been found that formulation in neat 

organic solvents (non-aqueous) conditions may increase the thermo-stability o f protein, but even a 

small amount of water in the system may reverse this effect (Volkin et al., 1991). Bromberg and 

Klibanov (1995) reported no loss o f activity o f lysozyme on dissolution in MeOH or EtOH, and
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concliidcd that no irreversible dam age was caused to the protein. The use o f  EtO H /aqueous 

system s w ith anti-solvent precipitation have been investigated in supercritical fluid processing o f 

proteins, with good retention o f  biological activity o f  several different proteins, and significant loss 

o f  activity o f  others (Jovanovic et al., 2004).
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1 .5  B a c k g r o u n d  t o  p r o t e i n s /p e p t i d e  u s e d

1.5.1  L y s o z y m e

L ysozym e is a globular, com pact protein com p osed  o f  129 am ino acids, arranged as a single  

polypeptide chain, and crosslinkcd with 4 d isulfide bridges. It has a m olecular w eight o f  - 1 4 .3  

kDa and an isoelectric point (p i) o f  11.35 and is active over a broad pH range (6.0 to 9.0). 

Lysozym e preferentially hydrolyses the B-1, 4  g lycosid ic  linkages between A^-acetylmuramic acid  

and yV-acetyl-D-glucosaminc residues (N A M -N A G ) in peptidoglycan and betw een /V-acetyl-D- 

glucosam ine residues in chitodextrin. Pcptidoglycan residues arc particularly present in the ce ll 

w all o f  ccrtain m icro-organism s, notably gram -positive bacterial ce lls m aking them  m ost 

susceptible to this hydrolysis. This is exploited as the basis o f  a convenient activity assay, in w hich  

lysis o f  M icrococcus lysodeik ticu s  ce lls by the enzym e, is measured by a turbidimetric rate 

determination m ethod (w w w .sigm aaldrich.com , Shugar, 1952). L ysozym e is a com m ercially  

valuable protein, used as a food additive in m ilk products, for extraction o f  bacterial intracellular 

products, as a com ponent in artificial saliva products and in a variety o f  other oral preparations to  

treat minor painful viral infections e.g. Herpes zoster (G hosh and Cui, 2000; Martindale, 2007). It 

is also w idely  used in research as a model protein for biochem ical and biophysical studies (Ghosh  

and Cui, 2000).

1.5 .2  TRYPSIN

Trypsin is com prised o f  a single chain polypeptide o f  223 am ino acid residues. It is a member o f  

serine protcasc SI fam ily, is activated from trypsinogen (proenzym e form, 229  am ino acids) and 

produced in the pancreas. It has m olecular w eight o f  23 .5  kDa and pi 10.1-10.5 and is revcrsibly  

denatured at high pH (>11). This native form  o f  trypsin is referred to as p-trypsin. Tryspin can se lf­

digest (autolysis) and P-trypsin is cleaved at L y s l3 I -S e r l3 2  in the bovine sequence and results in 

a-trypsin -  tw o chains held together by d isulfide bridges. A utolysis is slow  in solutions o f  1 m M  

HCl (pH 3), stored at -20 °C, and is further retarded by the presence o f  Ca"‘ (20 mM ) 

(w w w .sigm aaldrich.com ). Trypsin w ill c leave peptides at the C-terminal side o f  lysine and 

arginine residues and w ill also hydrolyse ester and am ide linkages o f  synthetic derivatives o f  am ino  

acids, for exam ple benzoyl L-arginine ethyl ester (B A E E ), w hich is the basis o f  the enzym atic 

activity assay. The pH for optimal activity is 7 -9 .6  (w w w .sigm aaldrich.com ).

1 .5 .3  CATALASE

Catalase from bovine liver is a large protein with M W  - 2 5 0  kDa and pi 5.4. It is com posed o f  4  

identical subunits, each containing iron bound to a protohem e IX group. Catalase catalyses the 

destruction o f  H 2O 2, by two reaction pathways: catalytic reaction and peroxidative reaction, w hich  

is exploited  as a basis for the activity assay. It acts as a natural antioxidant. It is soluble -1  m g/m l 

in 50 mM potassium  phosphate buffer at pH 7 (w w w .sigm aaldrich .com ).
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1.5.4 S a l m o n  C a l c it o m n

Calcitonins arc peptide horm ones involved in the com plex system  o f  calcium  regulation, found in 

the thyroid glands o f m ammals or the uhim obranchial gland in am phibians. Salmon calcitonin 

(sCT) has a M W  o f  ~3.5 kDa, shares ~ 50%  hom ology w ith hum an derived calcitonin (hCT), and 

has m ore potent biological activity. In com m on with the other calcitonins, SCT has 32 am ino acids 

and the follow ing features; - a disufide bridge betw een cysteine residues (position 1 and 7), 

forming a seven am ino acid residue ring at the N -term inal, with a free am ino group and a proline 

am ide group at the C term inal. These features are considered essential for activity (Azria, 1989). 

Salmon calcitonin has a higher pi (10.4) than hum an calcitonin (8.7), w hich m ay be responsible for 

the increased solution stability o f  sCT around neutral pH com pared to hCT (Baudys et al., 1996). 

Potency, expressed in term s o f  international units (lU), is defined as the quantity o f  calcitonin 

which will produce a fall in blood calcium  level after 1 hour when given to young rats com pared to 

an international reference standard. Potency for sCT is -6 0 0 0  lU/mg. SCT has very high 

solubility in water o f -1 0 0  mg/ml, and in 70%  EtO H  -5 0  m g/m l (Stevenson and Tan, 2000).

Salmon calcitonin is currently form ulated as a sterile solution for intram uscular or subcutaneous 

injection or as a nasal spray (M iacalcic*). The bioavailability o f  the nasal form ulation com pared to 

the parenteral route varies from  -2 -1 5 % , and the product is given as a once daily dose o f 200 lU ( -  

0.167 |ag) (N ovartis, 2007). Bioavailability o f salm on calcitonin via the pulm onary route has been 

assessed in animal and in human studies. Rat studies have show n an absolute bioavailability o f  

17% following intratrachcal adm inistration (Patton et al., 1994). Bioavailability in humans (n=10) 

o f  a dry pow der form ulation o f  sCT showed relative bioavailability com pared to  the intram uscular 

route o f  -  28% , and a bioactivity o f  -  66% (Deftos et al., 1997).
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1 .6  B a c k g r o u n d  t o  m a i n  e x c i p i e n t s  u s e d

Excipients were selected based on literature use (in spray-drying or other drying processes) as 

stabilisers o f  proteins and peptides (Section 1.4.2.1, and Chapters 4 , 5). Other desirable aspects o f  

the excipients were, in the case o f  trehalose and raffinose and hydroxypropyU p-cyclodcxtrin - a 

high Tg (to m axim ise physical stability on storage) and methanol solubility (to d isso lve in the 

proposed M cO H :BA solvent system  o f  the spray-drying m ethod, for hydrophilic com pounds), and 

in the case o f  mannitol and m yo-inosito l a non-hygroscopic charactcr.

1.6.1 T r e h a l o s e  (d ih y d r a t e ;

Trehalose is a disaccharide com prised o f  tw o glucose m olecules connected via an a , a - l , l  linkage 

(Figure 1.5). It is a non-reducing sugar, w hich can be explained by exam ination o f  its structure (the  

reducing end o f  one glucosyl residue is connected with the other). It does not therefore react with  

the am ino acids o f  proteins to cause the Maillard brow ning reaction. It is w id ely  found in nature, 

where it is used as a sourcc o f  energy and as a stabiliser o f  membranes and other m acromolecular 

assem blies under extreme environm ental conditions (for exam ple dryness, freezing and 

osm opressure). It has a high therm o-stability and w ide pH -stability range. N o degradation was 

observed when 4% trehalose solutions at pH 3 .5 -10  were heated at 100 °C for 24  hours 

(H igashiyam a, 2002). It exists in the crystalline form as a stable dihydrate. Trehalose undergoes 

phase transitions, e.g. m oisture-induced transition Irom an amorphous to crystalline phase, or from  

crystalline to amorphous or a-anhydrous crystalline form during fast or s lo w  dehydration, 

respectively (K ilbum  et al., 2006). The m elting point o f  the dihydrate is quoted as 95 -  97 °C 

(fusion enthalpy 57.8 kJ m ol '), although there is debate regarding its thermal behaviour in the 

literature, with som e evidence o f  transformation to the anhydrous form which has m elting point o f  

-2 0 3 /2 1 0  “C (fusion enthalpy 53.4  kJ m ol ') (H igashiyam a, 2002; Pharmaceutical Excipients, 

2006). Dry amorphous trehalose undergoes a glass transition (Tg) at ~ 1 18 - 120 “C (H igashiyam a, 

2002). Trehalose is soluble in water (68 .9  g/lOOml H2O at 20 ”C ), and slightly soluble in 95%  

EtOH (Higashiyam a, 2002; Pharmaceutical Excipients, 2006).

OHC H ;O H

CH ,O H

OH

OH

Figure 1.5 Schematic structure o f trehalose dihydrate 

1.6.2 R a f f i n o s e  (p e n t a h y d r a t e >

R affinose is a non-rcducing trisaccharide, com prised o f  the m onosaccharidc m oieties galactose, 

glu cose and fructosc (Figure 1.6). It is found frequently naturally occurring in plants. It com m only  

exists as a pcntahydrate crystal but there is evidence that it m ay form low er hydrates (tri-, tctra-) as
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m ctas tab le  c ry sta llin e  fo rm s on  dch y d ra tio n /reh y d ra tio n  o f  pcn tahydrate  cry sta lline  o r am orphous 

form s respec tive ly . N o  ev idence  o f  ex istence o f  an  anhydrous crysta lline  fo rm  has b een  found 

although  an  anh y d ro u s c ry sta llin e  m ethano l so lv a te  form  has been  p roduced  by  rec rysta llisa tion  

from  a sa tu ra ted  m ethano l so lu tion  at 50 °C  (H o g an  and  B uckton , 2001 , S a lek i-G erhard t et al., 

1995). T he g lass transition  tem p era tu re  o f  the dry  am orphous form  has been  de term ined  from  D SC 

experim en ts to  be 109 "C (hea ting  scan  ra te  o f  5 ”C /m in ) (M oura R am os et al., 2005 ), 116 “C 

(hea ting  scan  ra te  2 °C /m in) (M ille r an d  L echuga-B allestero s, 2006) and 103 °C (hea ting  scan  ra te  

20 °C /m in) (S a lek i-G erh ard t et al., 1995). T he T g  decreases w ith  increasing  w ater co n ten t an d  is 

repo rted ly  equal to  ~25 °C a t abou t 43%  R H , and  ~ 1 1 °C at abou t 53%  RH at w hich 

rec rysta llisa tion  beg ins to  b e  d e tec ted  from  X R D  (M ille r an d  L echuga-B alleste ro s , 2006). H eating  

o f  th e  p en tah y d ra te  to  ~ 80  °C leads to  dehydra tion . T h is has som etim es been  rep o rted  as the 

m elting  te m p era tu re  o f  th e  p en tah y d ra te  (M oura R am os et al., 2005; S alek i-G erhard t et al., 1995). 

S o lub ility  o f  ra ffm o se  has been  repo rted  as 1 in 10 in M eO H , 1 in 7.1 in w ater, and s lig h tly  so lub le  

in E tO H  (95% ) (P harm accu tical E xcip ien ts , 2006).

Figure 1.6 Schematic structure o f raffmose pcntahydrate.

1.6.3 M a n m t o l

M annito l is a po lyo l (F igu re  1.7), used  in pharm aceu tica l fo rm u lations, p articu la rly  as a  d iluen t in 

tab le t fo rm u lations an d  in lyoph ilized  p repara tions, and  has also  been  investiga ted  to  enhance  

d ispers ib ility  in D PIs (C ryan , 2005). It has an  ad v an tag e  ov er sugars in tha t it is non -hyg roscop ic , 

bu t it can  have a  p la stic is in g  effect in  a co -sp ray -d ried  system  due to  a low  T g  o f  - 1 3  °C, and 

m elting  tem p era tu re  o f  ~  167 "C (P harm aceu tica l E x cip ien ts , 2006). M ann ito l has b een  sh o w n  to  

reduce  the g lass tran sitio n  tem pera tu re  w hen  freeze  d ried  w ith  various d isaccharides inc lud ing  

trehalose , co m p ared  w ith  the  d isacch arid e  alone, in a  m anner w ell p red ic ted  by  the  G o rd o n -T ay lo r 

equation  (K im  et al., 1998). It is ch em ica lly  stab le  and does no t u ndergo  hyd ro ly sis  at e ither h igh  

or low  pH , no r does it undergo  the M ailla rd  b row n ing  reac tio n  w ith  p ro teins.

HO,
N

HO' H

HO' ■H

H- OH

H- OH

Figure 1.7 Schematic structure of mannitol.
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1.6.4 M y o - in o s it o l

M yo-inositol is a low-iiygroscopic polyol (Figure 1.8). It has a m elting point o f  225 "C (W att ct al., 

2004). No inform ation on experim entally derived glass transition tem perature could be found in 

the literature. M osen (2003) spray-dried m yo-inositol, and found it to be crystalline. Sievers ct al. 

(2007) investigated m yo-inositol as a stabilizer during drying w ith a CO^-Assisted nebulisation 

with a bubble dryer (CA N -BD ) process and described m yo-inositol based powders as am orphous 

by XRD, w ith a residual m oisture content o f  < 0.5% . O ther com ponents dried with m yo-inositol 

how ever included gelatin, arginine-HCl, alanine, histidine, lactalbum in hydrolysate and tricine, 

w hich likely influenced the solid state o f  the powder.

HO OH

OHHO

DHHO

Figure 1.8 Schem atic structure o f  m yo-inositol

1.6.5 2 - H y d r o x v p r o p y l - b - c y c l o d e x t r i n  (HP-fi-CD)

C yclodextrins (CDs) are a family o f  cyclic oligosaccharides com prising either 6 (a-C D ), 7 (P-CD) 

or 8 (v-CD) glucopyranose units, linked by a  1-4 glycosidic bonds. Cyclodextrins have been 

described as nearly perfectly circular in shape, approxim ating a truncated cylindrical cone, w ith the 

prim ary hydroxyl groups at the C6 positions outlining the narrow er rim o f  the cone, and secondary 

hydroxyl groups at the C2 and C3 positions outlining the w ider rim  o f the cone. The interior walls 

arc outlined by  the hydrophobic hydrogen atom s at the C3 and C5 positions, and thus a relatively 

hydrophobic m icro-cnvironm ent exists in the inner core (Y ong et al., 2008; Davis and Brewster, 

2004) (Figure 1.9). Chemical m odifications o f  C D s are by etherification or substitution o f  other 

functional groups at the C2-, C3-, and C6- hydroxyl groups o f  glucose residues. Pharm aceutical 

uses o f  CDs include solubility, bioavailability or stability enhancem ents, odour/taste m asking and 

prevention o f  adm ixture incom patabilities (D avis and Brew ster, 2004). The m echanism  o f  

solubility enhancem ent o f  lipophilic drugs may be by inclusion com plcxation, within the m ore 

hydrophobic cavity o f  the cyclodextrin.
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Figure 1.9 Schematic of B-CD showing (a) arrangement of glucopyranose units, with arrows marking 

hydroxyl groups at the C2-, C3- and C6- positions (b), (c) showing truncated cylindrical cone shape of the 

moleculc (Davis and Brewster, 2004).

2-Hydroxypropyl-l3-cyclodcxtrin (HP-B-CD) is m odified from the naturally occurring cylcodcxtrin 

B-CD through substitution o f  hydroxypropyl groups. M odification im proves the water solubility 

and the toxicity profile o f  the cyclodextrin. It is produced by treating a base-solubiliscd solution o f  

B-CD with propylene oxide. Different degrees o f  substitutions are possible, with the 

pharm aceutical grade norm ally averaging -0 .6 5  hydroxypropyl groups per glucose residue. (The 

sample used in this thesis has an average degree o f  substitution o f 0.67). H ydroxypropyl groups 

may occur at different positions in batches o f  HP-B-CD with sim ilar degrees o f  substitution, 

depending on the reaction conditions. This may im pact on the physicochem ical properties, 

including com plexation abilities, and contribute to differences seen in HP-B-CD from different 

suppliers or even betw een batches from  the sam e supplier (Loftsson and Duchene, 2007).
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C h a p t e r  2: M a t e r i a l s  a n d  M e t h o d s

2.1 M a t e r i a l s

Supplier Product no. Lot

Acetic acid glacial Riedel-de-Haen, Gennany 27225 -

Ammonium Acetate Fluka, U.S.A. 17836 1180445

Ammonium Carbonate Sigma, Ireland A8045 092K01I3

Ammonium Fomiate Fisher, U.K. A 15080126 0086558

Ammonium Hydrogen Carbonate Rectapur -  FYoiabo, France 21218.298 90164

Ammonium Persulfate Sigma, Ireland A3678 98H0750

Na-Bcnzoyl-L-arginine ethylester 

hydrochloride
Fluka. Switzerland 12880 12222932

Brilliant Blue R (Coomassie Blue) Sigma, Ireland B7920 073K3789

2-Butanol Riedel-de-Haen, Germany 33066 S290500

n-Butyl Acetate, extra pure Merck, Gennany - -

Calcitonin (Salmon) Ph Eur

(as Calcitonin acetate; 5149 lU/mg)
Polypeptide, Denmark - 204029-01

Catalase Sigma, Ireland Cl 345
035K7037

036K7008

Compressed Air
Haug Kompressoren, 

Switzerland
- -

Coumarin-6, laser grade Polysciences, Inc., U.S.A. 8037L 543680

Ethanol
Solvent stores -  Cooley 

distillery, Ireland
- -

Glycerol (sterile) 5 Prime, Inc. U.S.A. - IJI72A

Glycinc Sigma, Ireland G8898 055K0I89

Hydrochloric Acid 

37%

32% extra pure

Riedel-de-Haen, Germany 

Ricdcl-dc-Hacn, Germany

07102

07155

021090

S070694

Hydrogen Peroxide solution 30% Merck, Germany - K35043897539

Hydroxy-propyl-B-cyclodcxtrin Sigma, Ireland C0926 044K I766

Inulin Sigma, Ireland 12255 49F7175

Lysozyme

d ia ly sed  lyoph ilised  pow der, 

-5 0 ,0 0 0  units/m g.
Sigma, Ireland

L765I salt-free 

L6876

-5 %  salts as 

sodium acetate, 

sodium chloride

I03K7044

016K I189

094K I454

016K II89

d-Mannitol Sigma, Ireland M9546 042K007I
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2-Mercaptoethanol Sigma, Ireland M7I54 45H0508I

Methanol
Lab Scan Analytical 

Sciences, Ireland
- -

Methanol, HPLC grade
Lab Scan Analytical 

Scicnccs, Ireland
- -

Micro BCA protein assay kit
Piercc Biotechnology Inc., 

U.S.A.
23235

GI98670 

HD 103662

Micrococcus lysodeiklicus Sigma, Ireland M3770 5IK8613

Myo-inositol Sigma-Aldrich, Ireland I5I25 I06K00I9

liquid Nitrogen Air products, Ireland - -

Nitrogen gas (high purity, oxygen free) BOC Gases, Ireland - -

Polyvinylpyrolidonc PVP-kl5 

-  Ave. MW 10,000
Aldrich, U.S.A. 81390 1199370

Polyvinylpyrolidonc PVP-40 

-  Ave. MW 40,000
Sigma, Ireland PVP-40 I8H0044

Potassium Bromide 

- Spcctranal

Sigma Aldrich, Ireland 

Ricdel dc Hacn, Germany

22,186-4

34919

S44777-487

30190

Potassium Dihydrogen Phosphate Merck, Germany - A651773524

Potassium Hydroxide pellets Merck, Germany - B545632 432

Prestained protein marker, broad 

range, premixed for SDS-PAGE

Cell Signaling 

Technology, U.S.A.
7720S 33-8

Protogel Ultra Pure

30% w/v Acrylamide : 0.8% w/v Bis
National Diagnostics, U.K. - -

Sigma 7-9

(Tris[hydroxymethyl]aminomethanc)
Sigma, Ireland TI378 87H5407

Silica gel 

self-indicating

with moistxire indicator (blue gel)

Avonchcm, U.K. 

Merck, Germany

A76655-N 3858-162 

K35894825 622

Sodium Bromide Fluka, U.S.A. 71329 440459/1

Sodium Chloride Aldrich, Ireland 43,320-9 U0I86I

Sodium Dihydrogen Phosphate 

anhydrous
Riedel dc Hacn, Germany 04270 21760

Sodium Hydroxide pellets Riedel de Haen, Germany 30620 60500

Sodium Dodecyl Sulphate Sigma, Ireland L377I
043K00I3

II6K0039

Sulforhodamine 101, free acid Fluka, U.S.A. 86184 1300985

d-Raffinose Pentahydrate Aldrich, U.S.A.
20,667-9

R0250

LO 02324BI 

08K0072

d-(+)-Trehalose Dihydrate Sigma, Ireland

18,835-2

T953I

00519 Batch 1 

1I2K7029 Batch2 

076K650 Baich3
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T 3 2 5 1 16H3816 Batch4

N, N, N ,’N ,’

Tctramcthylcthylcnediamine

(TEMED)

Sigma, Ireland T928I II2K 0586

Trypsin from Bovine Pancreas 

ly o p h ilised  p ow der, sa lt free 

-9 0 0 0  un its /m g

Fluka, U.S.A.
93610 S37763-396

S32904-I46

W ater grade 1, 2 Purite Prestige Analyst - -
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2.2  M e t h o d s

2 .2.1 Spr a v - d r y in g

A Biichi mini spray-drycr B-290 (Biichi Labortcchnilc AG, Sw itzerland) was used to  spray-dry all 

systems. Spray-drying was carried out using either the open suck m ode (negative pressure) or 

closed blow ing m ode (positive pressure) configuration. An inert loop B-295 accessory (Biichi 

Laboratorium s-Technik AG, Switzerland) was attached and used for system s spray-dried in the 

closcd mode configuration. The drying gas used, was either com presscd air (oil-free) supplied by 

an attached com pressor unit (H aug Kom prcssoren AG, Sw itzerland) or nitrogen gas (BOC gases, 

Ireland) supplied by an attached cylinder in the open m ode, or exclusively nitrogen gas in the 

closed mode. E ither a regular cyclone separator or a high perform ance (high efficiency) cyclone 

separator was used, as indicated in Appendix 1. The regular cyclone may be lim ited in its capacity 

to collect particles sm aller than 2 |am leading to product losses into the filter. The high 

perform ance cyclone has a sm aller diam eter than the regular cyclone (Figure 2.1), leading to better 

separation and collection o f  sm aller particles, and thus resulting in a higher collectable yield. 

Spray-drying with a high perform ance cyclone may result in a slightly lower outlet tem perature and 

a higher pressure drop through the cyclone, m easured during spray-drying (Brandenberger, 2003). 

A nozzle tip o f  0.7 m m  and nozzle screw cap o f  diam eter 1.5 mm were used, unless indicated 

otherwise in the text or in A p p en d k  1.

(a) (b)

A ' 
* .  
r - I  4.  I

V .  -

Figure 2 .1 Photographs of (a) regular cyclone, (b) high performance cyclone used

All conditions used for spray-drying are listed in A ppendix 1. The B-290 spray-dryer allows the 

inlet drying tem perature to be controlled, the outlet drying tem perature how ever is dependant on a 

com bination o f  settings and is m easured. Systems were spray-dried as solutions or suspensions as 

indicated, from  single or mixed solvent systems. A m m onium  carbonate (AC), am m onium
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hydrogen carbonate (AHC), ammonium formate (AF), or ammonium acetate (AA) were included 

in some of the systems and the quoted % represents the % of total solid content which was the 

ammonium salt. Systems which were spray-dried from a mixture o f alcohol and dc-ionised water 

are described in terms o f the % alcohol content (volume %) e.g., 80% EtOH represents 80% EtOH, 

20% H2O.

Feed solutions/suspension for spray-drying, were prepared using the following order o f addition of 

components, depending on the particular system: In the protein/excipient systems spray-dried from 

alcohol/water/ammonium salt systems, the protein with or without excipient was first dissolved in 

the water component with stirring using a magnetic stirrer, followed by addition o f the ammonium 

salt, before addition, with stirring, o f the alcohol component. Samples spray-dried from methanol 

and n-butyl acetate (MeOH:BA) systems involved first dissolving the protein/excipient in the 

MeOH component with stirring, followed by addition of the BA component. Samples spray-dried 

from MeOHiBAiHiO systems involved first dissolving the protein/excipient in the H2O 

component, followed by addition o f the MeOH component with stirring, before addition of the BA 

component. Samples which were spray-dried as suspensions (on visual inspection) were 

occasionally stirred during the spray-drying process, and a nozzle cleaning setting of 2 or 3 (with 

the higher setting allowing cleaning at shorter intervals) was used, depending on the nature o f the 

precipitate - fine or coarse respectively. Spray-dried product was collected from the collecting 

vessel of the spray-dryer using a small synthetic bristle brush. A static gun (Zerostat 3; Aldrich) or 

a static controller (Stat Attack; Static Solutions ltd., MA, USA) were used as needed, depending on 

the static nature of the powder. Collected samples were stored in amber or clear glass screw cap 

jars or clear glass sample tubes in a sealed desiccator containing silica gel, at either 4 °C (sugars) or 

-20 “C (proteins/protein-excipient composites), until further analysis. The collectable product yield 

(expressed as%) was calculated as (mass of product collected/mass o f product spray-dried -  mass 

of AC/AHC if applicable)* 100. Collectable product yield % was not calculated for systems 

including AF/AA due to the likelihood o f residual contamination by the process enhancer because 

of higher decomposition temperatures, and is expressed as amount o f powder collected. 

Collectable product yield was also not calculated for systems requiring early stoppage o f spray- 

drying due to nozzle blockage or other technical difficulty.

2.2.2  F r e e z e - d r v i n g

Aqueous solutions (10 mg/ml -  lysozyme/trypsin; 20 mg/m! myo-inositol) were prepared and 

adjusted to the desired pH value using 0.1 M NaOH or HCl as required. Solutions were placed in 

40 ml or 75 ml tlasks (VirTis Ltd, NY, USA) to a maximum half tlask capacity as instructed by the 

manufacturer, and flash frozen by immersion and swirling in liquid nitrogen. Freeze-drying was
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carricd out in a single step cyclc using a VirTis Bcnchtop 6k frcezc-dryer (VirTis Ltd, NY, USA) at 

an initial temperature o f ~ -80 °C, and vacuum ~100 mTorr for a suitable time period (generally 24- 

48 hours). Freeze drying was deemed to be complete when no moisture was evident on the outside 

o f the flasks and the product appeared to be dry, as per manufacturer’s instructions. Freeze-dried 

product was collected and stored in amber glass screw cap jars in a sealed desiccator, at -2 0  ”C 

(protein) or 4 “C (myo-inositol). The collected product yield % was calculated as (mass of product 

collected/mass o f product freeze dried)* 100.

2.2.3 S c a n n i n g  e l e c t r o n  m i c r o s c o p y  (SEM )

Powder samples were visualised using a Hitachi S-4300 field emission scanning electron 

microscope (Hitachi Scientific Instruments Ltd., Japan). Samples were initially fixed on 

aluminium stubs using double-sided adhesive tabs. Samples were then sputter-coated with gold. 

Samples were visualised at 5 kV. SEM micrographs were taken from at least 2 different areas of 

sample, and at different magnifications. Mean particle diameter was estimated in some cases from 

SEM micrographs. Particle diameters were measured manually from micrograph printouts and 

sized using the provided scale.

2.2.4 T H ER M A L ANALYSIS

2.2.4.1 Differential scanning calorim etry (DSC)

Differential scanning calorimetry measurements were carricd out under nitrogen purge using a 

Mettler Toledo DSC 82 T (Mettler Toledo Ltd., U.K.) calorimeter. Samples (approximately 4 - 1 0  

mg) were accurately weighed using a Mettler MT50 mierobalance into 40 |il aluminium pans, 

which were hermetically scaled with a lid with three vent-holes. A heating rate o f 10 °C/min and 

temperature range o f 25 -  200 °C or 25 - 300 °C, was used for all measurements not requiring a 

heating cooling step. In some cases a heating/cooling step was carried out either to eliminate 

overlapping solvent evaporation effects, and involved heating to 100 °C followed by cooling to 70 

“C before heating to 200/300 °C as previously, or to check the reversibility o f a thermal event by 

heating above, cooling below and reheating through the thermal event, using a heating rate o f 10 

°C/min. Mettler Toledo STAR‘S software was used for capture and analysis o f data.

2.2.4.2 Therm ogravim etric analysis (TG A)

Residual moisture/solvent in the powder samples was calculated using TGA, from the measured 

mass loss as a function o f temperature. TGA measurements were carricd out on a sample under 

nitrogen gas purge, using a Mettler TG50 module with attached Mettler MTS balancc (Mettler 

Toledo Ltd., U.K.). Samples (approximately 4 - 1 2  mg) were accurately weighed, using a Mettler
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M T50 m icrobalancc, into 40 alum inium  pans or lids. A lum inium  pans or lids were left open for 

the duration o f  the analysis. A heating rate o f  10 °C/min and tem perature range o f  25-200/300 °C, 

was used for all TG A  experim ents. M ettler Toledo STAR'’’ software was used for capture and 

analysis o f  data.

2.2.4.3 M oisture uptake (raffinose)

Powder sam ples (approxim ately 4 - 1 0  mg) w ere weighed into 40 )il alum inium  pans and placed on 

the upper balance o f the M ettler M T50 m icrobalance o f  the M ettler TG 50 m odule and the increase 

in weight m easured for 30 minutes. The am bient tem perature and relative hum idity were m easured 

using a therm ohygrom eter (CJH clocks, UK). Sam ples w ere run at least in duplicate, and follow ed 

by TGA analysis from 25-200/300 °C. To investigate the effect o f  sam ple size, a larger volum e 

pow der (approxim ately 100 mg) was placed on a plastic dish on the balance and the process was 

repeated. Follow ing the experim ent the pow der sam ple was collected and stored in a desiccator in 

a cold room (tem perature 2-8 °C), prior to XRD and SEM analysis.

2.2.5 Po w d e r  X -rav  d iffr a c t io n  (XRD)

The crystalline/am orphous nature o f  the pow der was ascertained by pow der XRD, using either a 

Siemens D -500 diffractrom eter or a Philips XRD In the case o f  the Siemens XRD, this 

diffractrom eter consisted o f  a DACO MP wide-range goniom eter with a 1.0“ dispersion slit, a 1.0“ 

anti-scatter slit and a 0.15“ receiving slit. The Cu anode X -ray tube was operated at 40 kV and 30 

mA in com bination with a Ni filter to give m onochrom atic Cu K a X-rays. The Philips XRD 

consisted o f  a P W 1050/80 goniom eter with a C u fmc focus tube (1.5 kW ) and 1.0“ dispersion slit, a 

1.0“ anti-scatter slit and a 0.2“ receiving slit, operated at 40 kV and 20 mA. Powder samples were 

analysed in a low background small volum e sam ple m ounts, o f  cavities 0.2 mm deep and 0.4 mm 

diameter. M easurements in all cases w ere taken from  5“ to 40“ on a theta 2 scale at a step size o f 

0.05“ per second for qualitative analysis. Data were captured using XRD Com m ander softw are 

(Siem ens D-500) or HBX H iltonbrooks X RD  Link (Philips XRD).
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2 .2 .6  P a r t ic l e  s iz e  a n a l y s is

M easurem ents o f  particle size distributions w ere undertaken using a laser diffraction particle sizer - 

M astersizer 2000 (M alvern Instrum ents, UK). Dry powders were dispersed using a Scirocco dry 

pow der feeder attachm ent, using 2 - 3  bar pressure setting and vibration feed rate o f  50 - 80% as 

indicated for each sam ple, to achieve obscuration w ithin the limits o f  0.5%  - 6%. Refractivc and 

absorption indices w ere chosen appropriate for the material m easured. These indices were chosen 

such as to optim ise the fit o f  the model based on the M ie theory, and m inim ise w eighted residuals. 

These arc listed in the tabic below. Samples w ere run in triplicate, unless otherw ise indicated. 

Results are expressed as the particle diam eter at 10% - d(O .l), 50% - m edian volum e diam eter or 

d(0.5) and 90% - d(0.9) o f  the cum ulative volum e distribution. The shape o f  the distribution was 

also considered, - being sym m etrical, skewed, m ono-m odal, bimodal etc. The span o f  the volum e 

distribution, (a m easure o f  the width o f  the distribution relative to the m edian diam eter), was 

calculated by the softw are according to the equation: Span = [d(0.9) - d(0.1)]/d(0.5) (M aa et al., 

1997), with a large span indicative o f  a heterogeneous size distribution.

Table 2 .1 Refractive and absorption indices o f  materials used in particle sizing determinations

M aterial R efractive Index A bsorption Index

Trehalose 1.538 0.01

Raffinosc 1.538 0.01

Lysozym c 1,5 1

Lysozymc;Trchalosc (1:1) 1.5 0.1

2 .2 .7  B u l k  a n d  t a p p e d  d e n s i t y  m e a s u r e m e n t s

The bulk density (bp) was calculated by determ ining the weight o f  pow der required to occupy a 

1 ml volum e in a graduated glass syringe (Lennox Laboratory supplies, D ublin 12, Ireland), by 

pouring under gravity. The tapped density (tp) o f  the powders was determ ined by vertically 

tapping this sample onto a level bench-top surface from a height o f  5 cm x 100 times. The tapped 

density was calculated as the ratio o f  the m ass to the tapped volum e o f the sample. M easurem ents 

w ere perform ed in trip licate unless indicated, and are expressed as an average ±  standard deviation. 

C arr’s Index (C l)%  values were calculated, according to the equation:

C arr’s Index (CI)%  = [(tp - bp)/tp] x 100

This sim ple index can be used to give an indication o f  the powder flow  (Table 2.2) (de Villiers, 

2005).
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T able 2.2 Cl values indicative o f  pow der flow behaviour (de V illiers, 2005).

C arr’s Index (% ) Pow der flow ability
5-15 cxccllcnt
12-16 good
18-21 fair to passable
23-25 poor
33-38 very poor
>40 extremely poor

2.2.8 S u r f a c e  a r e a  a n a l y s i s

Surfacc area analyses were perform ed using a M icrom erities Gem ini 2370 analyser, with nitrogen 

gas (BOC) as the analytical (adsorptive) gas and helium  (BOC) as the reference gas for free space 

m easurem ents, as required. Prior to analysis, samples were degassed under nitrogen gas, using a 

M icrom erities FlowPrep 060 degasser for 24 hours at 25 °C, to rem ove residual m oisture and 

contam inants. Sample weights m easured before and after degassing were recorded. These m ild 

degassing conditions were chosen because o f  the strong dependence o f  physical stability o f  

particles containing sugars, on tem perature and relative hum idity, and were sim ilar to degassing 

conditions (25 °C for 16 hours) used by Maa et al. (1999). SEM analysis taken after degassing 

ensured that particle morphology was unaffected by the degassing process. Free space 

m easurem ents (particularly when the m easured surfacc area was < 25 m‘/g) w ere perform ed using 

glass beads o f  negligible surface area in the reference tube. The num ber o f  glass beads used was 

such that approxim ate volume balance was achieved, i.e., the m easured free space was betw een 

-0.5 and + 0.5 c m \ In cases where the m easured surface area was < 1.0 m"/g, filler rods with bulb 

tubes w ere used to optim ise accuracy and BET fit. Saturation pressure was determ ined periodically 

between analyses. The evacuation conditions used were as follows: rate o f 500 m m Hg/m in, tim e 1 

minute. Equilibration time for adsorption was 10 s. The am ounts o f  nitrogen gas adsorbed at the 

relative pressures o f  0.05, 0.1, 0.15, 0.2, 0.25 and 0.3, were determ ined and the BET m ultipoint 

surface area was calculated. W here it im proved the correlation coefficient for the BET plot, the 

first or last points were omitted. All analyses w ere perform ed in duplicate and are expressed as the 

average and range, unless indicated otherwise.

2.2.9 A e r o d y n a m i c  a s s e s s m e n t  o f  f i n e  p a r t i c l e s

Aerodynam ic assessm ent o f  fine particles was carried out using apparatus D (Andersen cascade 

im pactor) o f  the European Pharm acopoeia 6.0 (Ph. Eur. 6.0). This is an 8-stage device as shown in 

Figure 2.2 (a). Each stage contains a series o f  holes, and stages are assem bled in order o f  

decreasing diam eter holes, with a collection plate or filter arranged under each stage. Cascade 

impactors classify particles on the basis o f  aerodynam ic diam eters. The aerosol passes through 

each stage, particles having enough inertia will impact on that particular stage collection plate, 

while smaller particles will follow  the stream lines and pass to the next im paction stage (Figure 2.2
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(b)) (Copley, 2007; USP, 2008). The effective cut-off diameter of each stage is the rninimum size 

of the particle that will be retained on the collection stage and associated plate. The standard 

Andersen cascade impactor is designed for use at a flow rate of 28.3 1/min. Modified 

configurations for operation at higher flow rates are also available. Effective cut-off diameters o f 

stages will depend on the particular flow rate used (Copley, 2007).

Figure 2.2 (a) A ssem bly o f  an Andersen cascade impactor, from Ph. Eur. (6.0), (b) schematic representation 

o f  the principle o f  operation o f  a cascade impactor, from USP (2008)

A modified 60 1/min Andersen cascade impactor (ACl) apparatus (Copley Scientific Ltd. UK) was 

used. A size 3 hard gelatin capsule (Farillon Ltd., U.K.) was filled with approximately 25 mg 

powder, and placed in a Handihaler device (Boehringer Ingelheim, Germany). The pre-separator of 

the ACl was not used, as the particle size was < 5 |im (as estimated from SEM/particle sizing). 

The preseparator may be omitted depending on the product characteristics (Ph. Eur. 6.0), and is 

used to collect large masses of non-inhalable powder (USP, 2008). Collection plates were 

uncoated. A pressure drop o f 4 kPa was established over the Handihaler device using a Critical 

Flow Controller Model TPK (Copley Scientific Ltd. UK) and sample collection tube. Flow rate 

stability was ensured by measuring the absolute pressure on either side o f the flow control valve 

(p2, p3), with a ratio o f p3/p2 < 0.5 indicating sonic flow. The flow rate, Q, required to produce a 

pressure drop o f 4 kPa, was measured by attaching a flow meter model DFM2 (Copley Scientific 

Ltd. UK) in place o f the inhaler. A 4 1 inspiration volume was achieved by setting the timer so that 

t = [4*60/Q] s. Two actuations were used to empty the capsule from the Handihaler device, as per 

the inhaler manufacturer’s instructions (Boehringer Ingelheim; USP, 2008). Effective cut-off 

diameters (ECD) o f the stages o f the ACl, at a given flow rate (Q), were calculated using the 

equation: E C D q = ECDq6o(Q6c/Q) where: E C D q = effective cut-off diameter at flow rate Q, and 

with standard effective cut-off diameters at Q = 60 1/min (Qbo) as detailed by Copley (2007). The 

average measured flow produced by the Handihaler device arrangement used was ~50 1/min. Table

A e ro so ; P c rr ic ie s

CollRCtion ^ la te

C o lld c tio n  P i a 'e

In tervening  i j to g e s

lo lle c fio n  P la te
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2 .3  g iv e s  th e  ECD (;(,()and E C D qso (u m )  fo r th e  s ta g e s  o f  th e  A C I. M in o r  v a r ia tio n s  in  f lo w  ra te  

m a y  h av e  b e e n  th e  re s u lt o f  sm a ll in te r-ru n  d if fe re n c e s  in  in h a le r  p e r fo rm a n c e  o r  e q u ip m e n t se t-u p  

in c lu d in g  th e  sea l b e tw e e n  th e  in h a le r  a n d  th e  m o u th p ie c e  o f  th e  im p a c to r .

Tabic 2.3 Effcctivc cu t-o ff d iam eters (pm ) for stages o f  the A CI m odified 60 1/min apparatus operated at a 

flow  ra te  o f  60 1/min (Copley, 2007), and calculated  effective c u t-o ff  diam eters (^m ) for stages o f  the sam e 

apparatus operated at a flow  rate o f  50 L/min

Stage o f  im pactor ECD q6« (um ) EC D qso (um )

Stage -  1 9.0 9.86

S tage -  0 5.8 6.35

Stage 1 4.7 5.15

Stage 2 3.3 3.61

Stage 3 2.1 2.30

Stage 4 I . l 1.20

Stage 5 0.7 0.77

Stage 6 0.4 0.44

Filter 0.2 0.22

A fte r  th e  e x p e rim e n t, re ta in e d /d e p o s ite d  p o w d e r  w a s  c o lle c te d  fro m  th e  c a p s u le  sh e ll, d e v ic e , 

m o u th p ie c e , in d u c tio n  p o rt, an d  each  in d iv id u a l s ta g e  p lu s  th e  im p a c tio n  p la te /f il te r  b e lo w  it, b y  

r in s in g  an d  m a k in g  up  to  su ita b le  v o lu m e  w ith  so lv e n t. M a ss  d e p o s ite d  w as  c a lc u la te d  fro m  th e  

m e a su re d  c o n c e n tra tio n  a n d  a  p re p a re d  s ta n d a rd  c u rv e , u s in g  an  a p p ro p r ia te  m e th o d  o f  a n a ly s is  

(T a b le  2 .4 ).

T able 2.4 Sum m ary o f  collecting  solvents and m ethods o f  analysis used for the d ifferent spray-dried 

m aterials analysed by ACI

M aterial C ollecting solvent M ethod o f analysis

Lysozym e H 2 O Pierce m icro  B CA  protein assay kit

L ysozym e/T rypsin:T rehalose

L ysozym e/T rypsin:R atfinose

Lysozym e/Trypsin:H P-B -C D

H .O Pierce m icro BCA protein assay kit

T rehalose/R affinose + coum arin-6 80%  EtOH
Fluorescence detection;

=  485 nm  = 520 nm

Trehalose/R affm ose + 

sulforhodam ine 101 H 2 O
Fluorescence detection:

= 584 nm ; Xcm =  612 nm

T h e  “ re c o v e re d  d o s e ” , b e in g  th e  to ta l a m o u n t o f  p o w d e r  c o lle c te d  fro m  th e  d e v ic e , c a p su le  a n d  

im p a c to r  w a s  c a lc u la te d , a n d  th e  a n a ly s is  w a s  a c c e p te d  i f  th is  fe ll w ith in  7 5 %  - 125%  o f  th e
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nominal loaded dose (USP, 2008). A table o f cumulative mass% (as% o f the total recovered 

emitted dose) vs effective cut-off diameter for each stage o f the impactor was constructed. Fine 

particle fraction (traction of the emitted dose having aerodynamic diameter < 5 |.im) and particle 

fraction with aerodynamic diameter < 3 )im were calculated by interpolation from the linear portion 

of the log normal graph o f this data, by plotting in Microsoft Excel the inverse o f the standard 

normal distribution of the cumulative mass% against the natural logarithm o f the effective cut-off 

diameter. Experimental mass median aerodynamic diameter (MMAD) and geometric standard 

deviation (GSD) were similarly determined by interpolation from the linear portion of the log 

normal plot of cumulative mass% (as% of the total dose recovered from the impactor stages) versus 

effective cut-off diameter. MMAD was determined from the intercept of this plot on the x-axis 

(50% mark) and the GSD was determined from the slope o f the line (Ph. Eur., 6.0, USP, 2008). 

Analyses were run in triplicate and expressed as mean ± standard deviation, or in duplicate and 

expressed as mean and range.

2 .2 .1 0  F l u o r e s c e n c e  d e t e c t i o n

For ACl analyses o f trehalose and raffinose powders, a fluorescent marker was incorporated at a 

low load (+ 0.2% by weight o f sugar content) during spray-drying, to enable subsequent 

quantitation of powder. For porous particles, produced from non-aqueous systems, the tluorescent 

dye coumarin-6 was used. For non-porous particles, produced from aqueous systems, 

sulforhodamine 101 was used because of increased water solubility of this marker. Fluorescence 

measurements were carried out using either an RF 1501 spectrofluoremeter with attached sipper 

unit, or a Fluostar optima microplate reader (BMG Labtech, Germany) using black 96 well tlat- 

bottomed plates (Sarstedt, Inc., Germany) and a 200 ^1 sample volume, with excitation and 

emission wavelengths as detailed in Table 2.4. All sample and standard measurements were 

carried out in duplicate. Calibration curves were prepared in triplicate on each apparatus, with the 

same spray-dried batch of powder and collecting solvent as used in the ACI analysis, and was 

either freshly prepared or checked simultaneously with each analysis.

2 .2 .1 1  P r o t e i n  QUANTITATION

Protein quantitation was carried out using a Pierce Micro BCA protein assay kit® (Pierce, 

Rockford, IL, USA). Standards were prepared using the same protein/peptide and solvent system 

as for the test samples and dilutions for at least 2 standard curves were prepared (range 0.04 -  

0.005 mg/ml). The assay was performed following the plate assay protocol recommendations, as 

provided by the manufacturer. Briefly, 150 ^1 o f appropriately diluted solutions o f test/standard 

were transferred into a clear flat-bottom 96 well micro-plate (Sarstedt, Inc) in duplicate. 150 (il o f
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the working reagent [prepared by m ixing 25 parts o f  Micro BCA reagent A (sodium  carbonate, 

sodium  bicarbonate, and sodium  tartrate in 0.2 N NaOH), 24 parts o f  reagent B (4%  

bicinchonininic acid in water and 1 part o f  BCA reagent C (4% cupric sulfate pentahydrate in 

water)] was added to each well. Plates were covered, m anually shaken and incubated in an oven 

(Econom y incubator with fan size I, Gallenkam p) for 2 hours at 37 ”C, and allowed to  cool to  room  

tem perature. The samples were analysed for a colorimetric change m easured as the optical density 

(O .D .) at 562 nm  using a UV plate reader (M icroplate Autoreader EL3I I, B io-Tek Instruments, 

U .S.A.). RS232 Data Logger software (Eltima®, Germ any) was used to capture the data and all 

data were processed in M icrosoft Excel. The O.D. o f  each sam ple was com pared to the average 

standard curve, and the concentration o f  the protein/peptide was extrapolated from  this standard 

curve.

2.2.12 F o u r i e r  TRANSFORM i n f r a r e d  s p e c t r o s c o p y  ( F T I R )

Secondary structural changes in the processed proteins were investigated by fourier transform  

infrared (FTIR) spectroscopy in the solid or in the solution state. O ther methods that may be used 

to exam ine the secondary structure o f  proteins including circular dichroism, (lim ited to clear 

protein solutions), ram an spectroscopy, nuclear m agnetic resonance (lim ited to proteins o f  < -2 0 0  

am ino acids), and X-ray crystallography (Singh, 2000), were not considered in the this thesis. Each 

m ethod has specific advantages and limitations, but FTIR was considered the most suitable because 

o f  the potential to exam ine solid and solution states. Solid state FTIR was also used to com pare 

batches o f  trehalose dihydrate exhibiting different thermal and solubility properties (Section 

4.2.1.4.1).

2.2.12.1 Solid samples

Solid state sam ples were prepared as KBr disks. Protein, excipient or protein:excipient com posite 

samples were mixed with K Br at a ratio o f  1:100 or 1:200 using an agate m ortar and pestle. D isks 

w ere com pressed at 8 tonnes pressure for 2 m inutes using a 13 mm K B r die set (A pollo scientific, 

U.K.). FTIR spectra were obtained using a N icolet M agna 560 Spectom eter and Om nic softw are

4 .1. 64 scans were run for each sample at resolution o f  2 cm

2.2.12.2 Interpretation o f protein spectra -  solid samples

The spcctrum  was baseline corrected, and sm oothed using autom atic functions in O m nic softw are

4 .1. The areas between 1720 — 1600 (am ide I ), 1600 — 1500 (am ide 11) and 1350 — 1200 (am ide 

111) were truncated as described by Van De W eert et al. (2001) and exported into Origin software. 

Baselines o f  isolated peaks were corrected by subtraction o f  a straight line or left as exported, as 

indicated in the text. Areas o f  com parative peaks were norm alised to 100 by integration and sim ple 

m ath functions. The absolute difference spectrum  o f two area-norm alised peaks was calculated and
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stored in a new  colum n using the form ula [abs (col(x) - col(y))]. Integration o f this absolute 

difference spectrum  gave the area o f  non-overlap betw een tw o area-norm aliscd spectra (G riebenow 

et al., 1999). A rea o f  overlap was then calculated from  100 -  area o f  non-overlap, giving a semi- 

quantitative m easure o f  the sim ilarity o f  the shape o f  the peaks.

2.2.12.3 Liquid samples

Aqueous solutions (50 mg/ml protein) w ere analysed under continuous nitrogen purge in a 

dem ountable liquid FTIR  cell (SpectraTech, U.S.A.), with 32 mm C aFi w indow s, separated by 

0.006 m m  m ylar spacers (Specac Ltd., U.K.). 256 scans were run for each sam ple at a resolution o f  

4 cm  '. Solvent background was subtracted from each run. The spectrum  was baseline-corrected, 

sm oothed and the am ide 1 peak was isolated using Om nic Softw are and spectra were analysed as 

w ith the solid samples. The criterion used for accepting that water and vapour were successflally 

subtracted, was a flat baseline betw een 2000-1750 cm  '(Jackson, 1995).

2.2.13 SDS-PAGE

Gel electrophoresis was carried out using an SDS-PAGE cham ber (A TTO  corp., Tokyo, Japan) 

where the runs w ere controlled by a Labnet Pow erstation 300 (Labnet International Inc., U.K.). 

Sam ple buffer (non-reducing) was prepared by com bining the following; 3.55 ml HiO, 1.25 ml 

0.5M  Tris-H Cl pH 6.8, 2.5 ml glycerol, 2.0 ml 10% w/v SDS, 0.2 ml 0.5%  w/v brom ophenol blue. 

Reducing sam ple buffer was prepared by adding 0.05 ml 2-m orcaptocthanol to 0.95 ml o f this 

m ixture im m ediately before use. Pow der sam ples were dissolved in phosphate buffer (0.5 - 1 

mg/ml protein in phosphate buffer, pH 6.24 for lysozym e sam ples, pH 7.6 for trypsin sam ples or 

pH 7 for catalase sam ples) and mixed with prepared sam ple buffer in volume ratios o f  4:1 protein 

solution:sam ple buffer. Samples were im m ediately mixed by  inversion and heated to 85 °C  for 

three m inutes in water. Protein m arker and sam ples (approximiately 10 - 25 |^1) were introduced 

into the sam ple wells o f  the gel (12%  polyacrylam ide + tris/SD S buffer), using a m icro-syringe. 

The sam ples were then separated according to  their m olecular weight under reducing conditions 

(sam ple buffer including m ercaptoethanol) or non-reducing conditions (sam ple buffer w ithout 

m ercaptoethanol). O utput settings o f  150 m A  and 80 V  were set and electrophoresis was allow ed 

to continue until the protein m arker had com pletely resolved on the gel sheet by visual inspection. 

The gel was rem oved and stained by im m ersing in a 0.25%  w/v solution o f  Coom assie blue dye in 

50%  v/v m ethanol and 10% v/v acetic acid, and placed in a Precision reciprocal shaking w ater bath 

(Precision Scientific, U.S.A.) at 25 "C overnight w ith gentle agitation (speed 30 r.p.m .). D estaining 

was carried out sim ilarly with agitation in tw o steps, firstly im m ersion in a 50% v/v m ethanol, 10% 

v/v acetic acid solution for approxim ately 2 hours (with one change o f  solvent), follow ed by 7% 

v/v m ethanol, 10% v/v acetic acid for approxim ately 3 hours (with one change o f  solvent). Bands 

observed for test solutions were com pared to the standard protein marker, to estim ate m olecular
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weight. Gels were placed on dear plastic backing support and either scanned or photographed 

using a Gel Doc gel documentation system (Bio-Rad Laboratories Inc, USA).

2.2 .14  L y s o z y m e  a c t iv it y  a s s a y

Activity o f lysozyme samples was assessed by a turbidimetric rate determination assay proposed by 

Shugar (1952), and described by Sigma Aldrich. This method is based on the rate of lysis of a 

suspension o f Micrococciis lysodeikticiis cells by lysozyme enzyme. Measurements were carried 

out at 25 "C, pH 6.24, using a hcA,ios UV/Vis spectrometer, with attached Thermo Spectronic 

Single Cell Peltier (Thermo Electron Corp., U.S.A.). Substrate for the assay (0.015% w/v 

Micrococcus lysodeikticiis suspension in 66 mM phosphate buffer pH 6.24), was freshly prepared 

daily, and stored in a water bath at 25 "C until use. Lysozyme enzyme solution (200-400 units; 

0.008 mg/ml) in cold 66 mM phosphate buffer pH 6.24, was prepared immediately before use. 2.5 

ml substrate was transferred by pipette to a quartz cuvette and allowed to equilibrate to 25 “C in the 

spectrometer for 3-4 minutes. 0.1 ml of buffer (blank run)/enzymc solution (test run) was pipetted 

into the cuvette, capped and mixed by inversion. Absorbance at A. = 450 nm (A 450) was recorded 

every 30 s for 5 min 30 s. The A A 450/minute was obtained from the average decrease in A 450 

/minute for the linear portion of the plot of A 450 against time. The biological activity (Units/mg 

solid) of the lysozyme sample was then calculated by the following: [df = dilution factor; 0.001 = 

change in absorbance as per unit definition; 0.1 = volume (in millilitre) o f  enzyme solution used]

Units/ml test solution = (A A 450/minute Test- A A 450/minute Blank)(df)

(O.OOD(O.l)

Units/mg solid = units/ml test solution

mg solid/ml test solution

Protein concentration in the test solution was assessed by BCA protein quantitation using a Pierce 

Micro BCA protein assay kit (Section 2 .2 .11). Lysozyme standard samples were prepared and used 

to create a standard curve. These data were used to calculate specific biological activity (Units/mg 

protein):

Units/mg protein = units/ml test solution

mg protein/ml test solution

2.2 .15  CATALASE ACTIVITY ASSAY

Enzymatic activity of catalasc samples was assessed by a continuous spectrophotomctric rate 

determination assay as described by Sigma. Measurements were carried out at 25 “C, pH 7, using a
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hc^ios U V /V is spcctromctcr, with attached Therm o Spcctronic Single Cell Peltier to maintain the 

temperature (Therm o Electron Corp., U .S .A .). This m ethod is based on the rate o f  reduction o f  

hydrogen peroxide by catalase as below;

2 H.O, -  > 2 H,0 + O.

50 mM phosphate buffer was freshly prepared and pH adjusted to 7 using 1 M KOH and stored at 

room  temperature (buffer A). Substrate for the assay (0.036%  w /w  H :0 : in buffer A ) was prepared 

using 30% w /w  H 2 02(0 .12g  o f  30% w /w  H 2 O 2 in lOOg total weight solution), and the absorbance A, 

=  240  nm (A  240) w as checked. This A 240 was adjusted to betw een 0 .520  and 0 .550  using either 

H 2O 2 or phosphate buffer as necessary. Catalase enzym e solution (50-100  units; 0 .04  m g/m l) in 

cold  buffer A was prepared im m ediately before use. 2 .9  ml substrate (3 ml for the blank run) was 

transferred using a p -5000  m icro-pipctte to a quartz cuvette and allow ed to equilibrate to 25 ”C in 

the spectrometer for 3 -4  minutes. 0.1 ml o f  enzym e solution (test run) was pipetted into the 

cuvette. The contents o f  the cuvette w ere im m ediately m ixed by inversion and the tim e required 

for A 240 to decrease from 0 .450  to 0 .400  w as recorded. B iological activity (U nits/m g solid) was 

calculated using the formula; [ d f =  dilution factor; 3 .45 corresponds to the decom position o f  3 .45  

m icrom oles o f  hydrogen peroxide in a 3 .0  ml reaction m ixture producing a decrease in the A 240  

from 0 .450  to 0 .400  absorbance units; min =  tim e in m inutes required for the A 240 to decrease  

from 0 .450  to 0 .400  absorbance units; 0.1 =  volum e (in m illiliter) o f  enzym e solution used]

U nits/m l test solution = (3.45)(dO

(m in)(0.1)

U nits/m g solid =  units/m l test solution

m g solid/m l test solution

Protein concentration in the test solution w as assessed  by B C A  protein quantitation using a P ierce 

M icro B C A  protein assay kit (Section  2 .2 .11 ). Catalase standard sam ples w ere prepared and used  

as a standard curve. A ll test sam ples were diluted 1 in 2 to fall within range o f  the standard curve. 

These data were u sed  to calculate the specific b io logical activity (U nits/m g protein), using the 

equation;

U nits/m g protein =  units/m l test solution

m g protein/m l test solution
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2.2.16 T r y p s in  a c t i v i t y  a s s a y

Activ ity  o f trypsin samples was assessed by a continuous spectrophotometric rate determination 

assay as described by USP (2008) for crystallised trypsin and by Sigma. This assay is based on the 

reaction below. Measurements were carried out at 25 °C, pH 7.6, using a he>.ios UV/Vis 

spectrometer w ith attached Thermo Spcctronic Single Cell Peltier (Thermo Electron Corp., 

U.S.A.).

No- B e nzoyl- L- A i gin in e Ettiyl fe te  r B e ^  gj^ |n g

Substrate for the assay (0.25 mM Na-Benzoyl-L-arginine ethyl ester hydrochloride in 67 mM  

Sodium phosphate buffer pH 7.6) was prepared. 1 mM HCl solution was freshly prepared in grade 

I water, and used within 2 hours o f preparation (blank). Trypsin enzyme solution (-500 BAEE 

units/ml; 0.044 mg/ml) in cold 1 mM HCl solution, was prepared immediately before use. 3.0 ml 

substrate was transferred by pipette to a quartz cuvette and allowed to equilibrate to 25 “C in the 

spectrometer for 3-4 minutes, until the absorbance at X = 253 nm (A 253) was constant. 0.2 ml o f  1 

mM HCl solution (blank run) or enzyme test solution (test nm) was pipetted into the cuvette, which 

was capped and immediately mixed by inversion. A  253 was recorded every 30 s for 

approximately 5 minutes or until A  253 plateaued. The A A  273/minute was obtained from the 

average increase in A 273 /minute for the linear portion o f maximal increase in the plot o f A 253 

against time. The biological activity (Units/mg solid) o f the trypsin sample was then calculated by 

the following: [d f = dilution factor; 0.001 = change in absorbance as per the unit definition; 0.20 = 

volume (in m illilitre ) o f enzyme solution used]

Units/ml test solution = (A A  253/minute Test-A A  253/minute Blank)(dt)

(0.001)(0.20)

Units/mg solid = units/ml test solution

mg solid/ml test solution

Protein concentration in the test solution was assessed by BCA protein quantitation using a Pierce 

M icro BCA protein assay kit (Section 2.2.11). Trypsin standard samples were prepared and used as 

a standard curve. A ll test samples were diluted 1 in 2 to fall w ithin range o f the standard curve.
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These data were used to calculatc the sp ecific  b io log ica l activity (U nits/m g protein), using the 

equation:

U nits/m g protein =  units/m l test solution

mg protein/m l test solution

2.2.17  S a l m o n  c a l c it o n in  a c t iv it y  a s s a y  (Dr Sinead  R yan, UCD)

The cA M P-secrcting activities o f  sC T and sCT:trehalose com posite w ere assessed  using T 47D  

(human breast cancer cells). B ioactivity was quantified b y  incubating sam ples with the breast 

cancer cell line T 47D , which over-expresses calcitonin  receptors and results in intracellular cAM P  

release upon activation. Briefly, human breast cancer ce lls  (T 47D ) were m aintained in a RPMI- 

1640 culture m edium  (G ibco) containing 1% pen icillin -streptom yein  (G ibco), 10% foetal bovine  

serum (G ibco) and insulin (0.2 lU /m l). The cells were plated at an initial density o f  1.0 x 10  ̂

ce lls /w ell and incubated in a 95%  air and 5% C O 2 atm osphere at 37 °C for 2 days. After washing  

with Hank's balanced salt solution (Sigm a), the ce lls  w ere pre-incubated with the sam e m edium  

supplem ented with 0.2 M  3-isobutyl-1-m ethyl-xanthine (ISB M ) and a phosphodiesterase inhibitor 

at 37 °C for 30  min. The ce lls were then incubated with the test sam ples o f  different concentrations 

o f  sCT and sC T:Trehalose at 37 °C for 15 min. After rem oving the supernatant, the intracellular 

cAM P was extracted from the cclls by cell ly sis and measured by ELISA (R & D  System s). 

Concentration response curves were performed on sCT and sCT:trchalose com posite. The 

concentrations o f  sCTitrehalose used were based on the concentration o f  SCt present in the 

sCT;trehalose sam ple on ly  so  it was com parable with the unprocessed SCt. B ioaetivity was plotted  

against concentration on a logarithm ic scalc and data were fitted using non-linear regression, and a 

variable slope according to the S S log is m odel (parameters defined  in A ppendix 7). The parameters 

o f  the m odel are presented, with 95%  confidence intervals.

Data were a lso  fitted independently using GraphPad Prism5 software (30 day trial) non-linear 

regression, dose response curve (variable slope) option (M odel is defined in Appendix 7). The 

parameters o f  the m odel are presented, w ith 95%  confidence intervals.

2.2.18 pH m e a s u r e m e n t

pH m easurements w ere carried out using an Orion 42 0 A +  (Therm o Electron Corp., U .S .A .) pH- 

meter. The pH-m eter w as calibrated daily using standard buffer solutions (Orion) o f  pH 4 , 7, 10 (±  

0 .0 1 ) sufficient to cover the desired pH range.
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2 .2 .1 9  S t a t is t ic a l  a n a l y s is

C om parison o f  means was done by one way ANO V A  and by tw o sample t-tests using M initab v l4  

software. A difference or effect was considered to be significant at a significance level o f  a  = 0.05. 

The assum ption o f norm ality o f  data was checked by constructing a norm al probability plot o f  the 

calculated residuals. Residual values versus fitted values were plotted to check that there was no 

trend in the variability o f  the data.

2 .2 .2 0  S t o r a g e  s t a b il it y  s t u d y

Storage stabilities o f  porous and non-porous spray-dried and unprocessed lysozym e and porous 

com posites o f  lysozym e:trehalose (weight ratio 1:1) were assessed under tem perature and relative 

hum idity storage conditions -  long-term  and accelerated stability - as defined by the ICH (2003) 

for a period o f  20 weeks. Samples w ere placed in screw cap ja rs  that were left open during the 

study and placed in a glass cham bcr at the required relative hum idity, in an incubator oven 

(Gallenkam p, UK) set at the desired tem perature. Conditions studied were: 4 "C/desiccant, 

25 "C/60% R.H. (achieved by inclusion o f  a saturated solution o f  N aBr in the glass cham ber), and 

40 ”C/75%  R.H. (achieved by inclusion o f a saturated solution o f NaCl in the glass chamber). 

Lysozym eitrehalose com posites were rem oved from the study conditions o f  40 °C/75% R.H. before 

the week 5 tim e-point due to collapsc o f  the pow der into a sticky mass. Sam ples were rem oved at 

appropriate time intervals and analysed as outlined in Table 2.5 and Table 2.6.

Table 2.5 Layout o f  storage stability study for lysozym e [P = porous spray-dried lysozym e; NP = non-porous 

spray-dried lysozyme; Unp = unprocessed lysozym e]

SEIVI TGA DSC XRD FTIR (Solid) ASSAY s d s - p a g e

Day 0 P/NP/Unp P/NP/Unp P/NP/Unp P P/NP/Unp P/NP/Unp P/NP/Unp

Day 1 P/NP

Week 1 P P P P

Week 2 P/NP P/NP P/NP/Unp P/NP/Unp

Week 5 P P P P

Week 9 P/NP P/NP P/NP/Unp P/NP/Unp

W eek 12 P P P P

W eek 16 P/NP P/NP P/NP/Unp P/NP/Unp

Week 20 P/NP P/NP P/NP P P/NP/Unp P/NP/Unp P/NP/Unp
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Table 2.6 Layout o f  storage stability study for lysozym e:trehalosc (1:1) spray-dried composite, produced 

using different spray-drying conditions

SEM TGA DSC XRD FTIR (Solid) ASSAY SDS-PAGE

Day 0 V V V V V V
Day 1 V

Week 1 V V V
Week 2 V V V V V V
Week 5 V V V V V V
Week 9 V V V V V V

Week 12 V V V ■  V V V
W eek 16 V V V V V V
W eek 20 V V V V V V

Storage stabilities o f  porous com posites o f  lysozym eicxcipient and trypsinicxcipient (weight ratio 

1:4) spray-dried from M e0H :B A ;(H 20) systems, w ere assessed under desiecant conditions and 

storage tem peratures 4 “C and 25 “C for a period o f  12 weeks. Sam ples were placed in screw  cap 

ja rs  that were left open during the study and placed in a glass cham ber with desiecant in an 

incubator oven (Gallenkam p, UK) set at the desired tem perature. Samples were rem oved at 

appropriate time intervals and analysed as outlined in Table 2.7 below.

Table 2.7 Layout o f  storage stability study for lysozym c:trchalosc (1:1) spray-dried composite, produced 

using ditTerent spray-drying conditions.

SEM T G A DSC XRD ASSAY

Day 0 V V V V V

Day 1 V V

W eek 1 V V V
W eek 4 V V V
W eek 8 V V V V

W eek 12 V V V V V
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C h a p t e r  3:  S p r a y - d r i e d  l y s o z y i m e  s y s t e m s

3.1 In t r o d u c t i o n

L ysozym e w as chosen  as a m odel p rotein  because it is w ell-charac terised , w ith  in fo rm ation  

regard ing  sp ray-d ry ing  and o ther d ry ing  processes ava ilab le  in  the literature , and b ecau se  o f  the 

ava ilab ility  o f  a conven ien t ac tiv ity  assay , and  low  co st fo r in itial s tud ies  co m p ared  to  

therapeu tica lly  used  p ro teins. It is qu ite  a stab le  pro tein , and can  repo rted ly  w ith stand  the  various 

stresses o f  sp ray-d ry ing , w ith  little loss o f  b io log ica l ac tiv ity  on re-hydra tion . P ertu rba tions in 

secondary  structu re  have b een  described  in the so lid  sta te  afte r sp ray-d ry ing  how ever an d  ascribed  

to dehyd ra tion  and to  p rocessing  stresses (E lko rdy  et al., 2002 ; L iao et al. 2002 , 2005; B ogelein, 

2007). S om e exam ples o f  sp ray -d ried  lysozym e found  in the literature , inc lude the fo llow ing ; 

E lkordy  et al. (2002) sp ray-dried  lysozym e from  aqueous so lu tion  on a B iichi B -190  sp ray -d ryer at 

a to ta l so lid  concen tra tion  o f  1% w /v an d  inlet an d  ou tle t tem p era tu re s  o f  120 ±  2 “C an d  52 ±  3 “C, 

respectively . B iological ac tiv ity  m easured  fo llow ing  sp ray -d ry in g  w as repo rted  as 84 .9  ± 4 .1 %  o f  

orig inal activ ity . D eterio ra tion  o f  secondary  s truc tu re  o f  sp ray -d ried  lysozym e in the  so lid  sta te  

w as found  b y  so lid -s ta te  FT R am an bu t w as not reported  un d er re -h y d ra tio n  cond itions. L iao et al. 

(2002 , 2005) reported  sim ila r b io log ical ac tiv ity  o f  87.2 ±  2 .1%  and 86.8 ±  2 .4 5 %  o f  o rig inal 

ac tiv ity  w hen  sp ray -d ried  from  5 mM  p h o sp h a te  bu ffe r (pH 7.0) also  on a B iichi B -190  spray- 

d ryer, a t inlet tem pera tu res  95 °C and  120 °C  w ith  pertu rbation  in secondary  structu re  in the dried  

sta te  assessed  by F TIR . B ogelein  (2007) sp ray -d ried  lysozym e from  aqueous so lu tion  at d iffe ren t 

inlet tem peratu res (90 - 220  "C) on a B iichi B -290 sp ray -d ryer equ ipped  w ith  e ither a reg u la r or a 

high effic iency  spec ia lly -co n stru c ted  cyc lone w ith  sm aller rad iu s  and  g rea ter co llec tab le  y ie ld  

com pared  to  the  reg u la r cyclone. B io log ical ac tiv ity  w as rep o rted  as 94.3 -  91 .5%  o f  original 

ac tiv ity  for sam ples sp ray -d ried  u sing  the reg u la r cyclone, and  87 -  78 .3%  o f  orig inal ac tiv ity  for 

sam ples sp ray-d ried  u sing  the  h igh effic iency  cyclone. M orpho logy  o f  partic lcs w as a  com bination  

o f  spherical and  d o n u t-shaped  partic les w ith  sm ooth  surfaces.

T he b ackg round  to  the sp ray -d ry ing  m ethod  u se d  in th is thesis , and d ifficu lties an tic ip a ted  w ith  its 

app lica tion  to  sp ray -d ry ing  p ro te ins, have been  d iscussed  p rev io u sly  (C hap ter 1). T his m ethod  has 

not been  p rev iously  app lied  to  m acrom olecu les, and as such the w ork  in this section  is largely  

em pirica l in  nature. L ysozym e w as in itia lly  freeze-d ried  fro m  aqueous so lu tion  in w h ich  the  pH  

had been  a lte red  aw ay from  the p ro te in ’s isoe lectric  po in t (11 .35), to  inc rease  its so lub ility  in 

m ethano l, as d escribed  by  C hin  et al. (1994) and  by  B rom berg  an d  K libanov (1995). T h is was 

undertaken  as a p re lude for fu tu re  inco rpo ration  into a lcohoL w ater and  non -aqueous m e th an o k n - 

bu ty l ace ta te  system s. P re lim inary  charac terisa tion  o f  the frccze-d ried  m ateria l w as u n d ertak en  to  

estab lish  s im ilarity  w ith  the unprocessed  m aterial. S pray -d ry ing  o f  freeze-d ried  ly sozym e and 

unp rocessed  lysozym e from  a leoho l:H 20 :A C  system s w as exam ined , w ith p articu la r considera tion
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given to the m orphology o f spray-dried particles. The influence o f  solvent ratio and AC content on 

feed material and spray-dried particle m orphology was examined. Different spray-drying 

param eters were also  investigated. A lternative process enhancers being am m onium  hydrogen 

carbonate (AHC), am m onium  acetate (AA) and am m onium  form ate (AF) were considered. 

Lysozyme was spray-dried from  w ater w ith/w ithout AC as com parison systems. Finally fi'eeze- 

dried lysozyme was spray-dried from  a non-aqueous (M eO H :BA ) system, prior to later form ulation 

o f  such systems with excipients (Chapter 5). Some spray-dried system s, representative o f  different 

m orphologies and spray-drying conditions, w ere selected for further characterisation in term s o f 

process and storage stability. Particle characterisation and in-vitro deposition o f  different particle 

m orphologies was carried out to assess the potential aerodynam ic properties o f  spray-dried 

particles and suitability for form ulation in a dry pow der inhaler.
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3 .2  F r e e z e - d r y i n g  s t e p  t o  i n c r e a s e  m e t h a n o l  s o l u b i l i t y

Lysozym e was frcczc-dricd from aqueous solution at a solid concentration o f  1% w/v and pH 6 (pH 

adjusted using 1 M NaOH; initially pH ~4.6) in a m ethod sim ilar to that described by Chin et al. 

(1994) and Brom berg and K libanov (1995). Freeze-dried lysozym e was XRD am orphous, showing 

a broad difftise halo pattern with absence o f  any sharp distinguishing peaks. Unprocessed material 

was also am orphous by XRD analysis (Figure 3.1). Residual m oisture contents o f ~  4-6%, 

(calculated from  mass loss over the tem perature range 25-100 "C by therm ogravim etric analysis) 

were determ ined for freeze-dried and unprocessed lysozym e (Figure 3.2 (a), (b)). DSC showed a 

sim ilar pattern to unprocessed material w ith a broad endotherm ic peak from 25— 160 °C, partially 

com prising m oisture loss, and a sharp endotherm ic peak at -2 0 4  “C indicative o f  the apparent 

denaturation tem perature (Tm), sim ilar to published data (Elkordy et al., 2004) and slightly higher 

than unprocessed inaterial at ~ 200 “C (Figure 3.2 (c), (d)). The freeze-drying process did not alter 

the solid-state characteristics o f lysozym e, analysed by these methods.
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Figure 3.1 XRD tracc of (a) frccze-dried (b) unprocessed material (Prod. No. L7651) (c) unprocessed 

inaterial (Prod. No. L6876).

Peak

Figure 3.2 TGA (traces shown in red) and DSC traccs (shown in black) of (a), (c) freeze-dried lysozyme; (b), 

(d) unprocessed lysozyme (L7651).
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T he freeze-d ried  p o w d er had very low  bulk  (b p ) and  ta p p ed  densities ( tp ) o f  0 .0332  ±  0 .0042  

g /c m \  (n  =  3) an d  0 .0586  ±  0 .0019  g/cm^ (n =  3) respec tive ly , w ith  a ca lcu la ted  h igh  C a rr ’s index  

o f  43 .3  (ind ica tive  o f  ex trem ely  poorly  flow ing  pow der (de V illiers , 2005)). T he m ateria l ap p eared  

as th in  flakes as v isu a lised  by SE M , typ ical o f  lyoph ilised  m ateria l (F ig u re  3.3 (a)). T h ese  

co m p ared  to  h igher m easu red  bu lk  and tapped  density  values, and  low er ca lcu la ted  C a rr’s indices 

for u n p ro cessed  m ateria l, (2 batchcs o f  ly sozym e p roducts L 765I and L 6876) (T ab ic  3.1). SEM  

analysis  show ed  la rge and irregu lar shaped  partic les, s im ila r for the tw o u n p ro cessed  p roducts, as 

show n  under tw o  m agn ifica tions (F igu re  3.3 (b), (c)).

Table 3.1 Bulk and tapped density measurements for different batchcs o f unprocessed lysozyme.

Product No. bp (g/cm ’) tp (g/cm^) C arr’s index

L765I 0.453 ± 0.099 0.504 0.019 10.1
0.488 ± 0.0046 0.609 ± 0.006 19.9

L6876 0.528 ± 0.006 0.622 ± 0.008 15.1
0.497 ±0.0013 0.609 ± 0.020 18.4

Figure 3.3 SE micrograph of (a) freeze-dried lysozyme (b) unprocessed lysozyme (L7651) high 

magnification (c) unprocessed lysozyme (L6876) low magnification.

B io log ical ac tiv ity  o f  freeze-d ried  lysozym e w as w ell re ta ined  w ith no  sta tis tica lly  s ign ifican t loss 

o f  ac tiv ity  m easu red  b y  enzym atic  ac tiv ity  assay  fo llow ing  freeze-d ry ing  (n  =  6), re la tive  to  

u np rocessed  m ateria l (con tro l) (n =  3) (at s ign ificance level a  = 0 .05). R esults a rc  show n b e lo w  in 

tab le  3 .2 an d  ex p ressed  as %  o f  con tro l ac tiv ity  (ca lcu la ted  from  the  u n its /m g  so lid ) an d  %  specific  

ac tiv ity  (ca lcu la tcd  fro m  un its /m g  p ro te in  as assessed  from  m icro  B C A  ana lysis  o f  test so lu tions), 

to  accoun t for any  d iffe ren ce  in p ro te in  con ten t o f  test so lu tions.

Table 3.2 Summary o f  biological activity assay results for freeze-dried lysozyme; *± pooled stdev % (in the 

case o f % activity and % specific activity) is calculatcd from the pooled standard deviation o f all samples run 

for the daily assay as a % of control solution.

Units/ml
test

Units/mg
solid protein/test

Units/mg
protein

% Activity

(*± 4.9%)

% Specific 
activity

(*± 4.5%)
Freeze-dried 326 ± 16.7 40781± 2085 8.4 ± 0.26 38937± 2026 93.2 99

Control 350 ± 18.5 43750 ± 2312 8.9 ± 0 .4 39323±855 100 100
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Solubility o f  lysozyme, (frcczc-dricd from aqueous solution (pH 6)) in m ethanol has been reported 

as > 5 mg/ml (Brom berg and Klibanov, 1995) and > 10 m g/m l (Chin et al., 1994) and for 

unprocessed lysozym e in m ethanol -0 .011  m g/m l (Brom berg and  K libanov, 1995). M eOH 

solubility o f  freeze-dried and unprocessed lysozym e was prelim inarily checked by visual 

inspection, to check sim ilarity with these published reports. 10 mg o f  freeze-dried lysozyme was 

dissolved in 2 ml MeOH (5 mg/ml) with manual agitation, yielding a clear solution. 10 mg o f  

unprocessed lysozym e was not observed to dissolve in up to 10 ml M cOH (< I mg/m l). These are 

sim ilar to reported findings.
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3 .3  S p r a y - d r i e d  l v s o z y m e  s y s t e m s

3.3.1 Spray-dried lysozym e from  m ethanol:w ater system s with am m onium  carbonate

S pray-d ry ing  lysozym e from  a m ethano l:w ate r plus A C  system  w as first considered  based  on  th e  

w ork  o f  M cD ona ld  (2005) as  a sta rting  po in t for p re lim inary  research  w ith the  pro tein . Initial feed  

cond itions o f  75%  v/v M eO H , 0 .3%  w /v  to ta l so lid  concen tra tion  (t.s .c .), 16.67%  w /w  o f  t.s .c . 

being  A C  w ere  se lected . T he low  t.s.c . o f  0 .3%  w /v  w as chosen  b ased  on th e  low  so lub ility  o f  

u np rocessed  ly sozym e in M eO H . T he in le t tem pera tu re  o f  90 “C w as chosen , based  on the w ork  o f  

M e D onald  (2005). S p ray-d ry ing  w as ca rried  out in the  c lo sed  m ode con figu ra tion , w ith  N 2  as 

d ry ing  gas, as d ic tated  b y  safe ty  considera tions w hen  sp ray -d ry ing  w ith  M eO H . O ther re levan t 

sp ray -d ry ing  cond itions arc g iven  in A ppend ix  1. T hese  resu lted  in ou tle t d ry ing  tem peratu res, 

s im ilar to  E lkordy  et al. (2002) o f  app rox im ate ly  53 "C. F reeze-d ried  (S ection  3 .2) o r unp rocessed  

lysozym e w as in itially  d isso lved  in  the H 2 O co m p o n en t, fo llow ed  by the ad d itio n  o f  A C  and finally  

add ition  o f  M eO H , w ith  stirring. In a th ird  system , the  pH  o f  the so lu tion  o f  unp rocessed  lysozym e 

in w ater w as ad ju sted  to  pH  6, s im ila r to  the  pH  from  w hich  lysozym e w as freeze-dried , and  

p repared  s im ilarly . A fine c lo u d in ess/p h ase  separation  w as found  to  occu r on add ition  o f  M eO H  to 

lysozym e and  A C in th e  H iO  com ponen t, regard less o f  the in itial pH  o f  the  lysozym e so lu tion  or 

w hether a freeze-d ry ing  step  w as used  to  increase  the m ethano lic  so lub ility  o f  lysozym e. T his 

ind icated  th a t the  rep o rted  im provem en t in M eO H  so lub ility  from  the freeze-d ry ing  step w as no t 

m ain ta ined  u nder these  feed conditions.

S p ray-d ried  p artic lcs consis ted  in all cases o f  non -po rous spheres, being  <  3 |im  in d iam eter from  

SEM  estim ations. T h ese  spheres had an in te resting  su rface  m orpho logy  w hen  v iew ed  using a high 

m agn ifica tion  in SE M , being  ap paren tly  rough  in tex tu re  w ith som e tin y  p o res/g ap s in the su rface  

(m arked  by  a red  a rro w  in F igure  3.4). T his w as m ore no ticeab le  at a low er m agn ifica tion  in the  

sam ple in itially  freeze-d ried  at a ltered  pH  (F igure  3 .4  (a)). P artic lc  m orpho logy  w as not co n sid ered  

su ffic ien tly  d iffe ren t how ever, to  m erit th e  ad d ed  step  o f  freeze-d ry ing . T his step  w as th e re fo re  

o m itted  in all fu tu re  a lco h o liH iO iA C  system s. C o llec tab le  p o w d er y ie lds w ere  ex trem ely  low  ( <  ~  

3% ).

Figurc 3.4 SE micrographs o f lysozyme (a) initially freeze-dried (from solution pH 6), (b) unprocessed and 

spray-dried as received (c) unprocessed (pH o f water component adjusted to 6), all spray-dried from 75% v/v 

MeOH, 16.67% o f t.s.c. AC, inlet temperature 90 "C (note magnifications differ).
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M cDonald (2005), Nolan (2008) reported a strong dependence o f  NPM P production on spray- 

drying and feed conditions, including inlet drying tem perature, m ode o f  spray-drycr (open or 

closed), and solvent choice or concentration and am ount o f  AC process enhancer. The m ode o f  the 

spray-dryer and type o f  drying gas could not be altered due to safety considerations while spray- 

drying with MeOH in the feed material. The effect o f  changing inlet drying tem perature was 

therefore initially considered. The inlet tem perature was changed to 110 “C and 70 °C, m aintaining 

all other conditions as in initial experim ents, resulting in outlet tem peratures o f  64 °C and 40 °C, 

respectively. Spray-dried particles were spherical and non-porous. A lteration o f  inlet drying 

tem perature in this range was not found to m arkedly im pact on particle shape or size, as observed 

from SE m icrographs (Figure 3.5).

Figure 3.5 SE micrographs of lysozyine spray-dried from 75% v/v MeOH, 16.67% (t.s.c.), with change in 

inlet temperature (a), (c) 110 "C (b), (d) 70 "C.

Alteration o f  solvent ratio (55 - 80% ) and am ount o f  AC (0 - 40% ) were considered and effects on 

particle m orphology and phase separation were sim ultaneously investigated. All system s in this 

study were spray-dried at an inlet tem perature o f  90 °C for uniform ity and to ensure adequate 

drying occurred especially in the higher water content sam ples, and also to m inim ise therm al stress 

to the protein. A t.s.c. o f  0.3%  was em ployed in the case o f the lower AC content (0% , 16.67%, 

33.33% ), and a t.s.c. o f  0.4%  for higher (40% ) AC content.

Three distinct particle m orphologies were found and a relationship with phase separation o f  the 

feed m aterial was noted. N on-porous collapsed/irregular particles were produced from system s 

spray-dried from 55%  or 60%  MeOH, 16.67% AC; 75% MeOH, 0%  AC and 60%  M eOH, 40%  AC 

(Figure 3.6). This particle m orphology has been described as “donut” shaped and postulated to 

occur when the outer crust form ed during droplet drying collapses due to vapour pressure within 

the droplet, and is more com m on during rapid droplet drying (M aa et al., 1997). These systems.
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with the cxccption o f  a slight cloudincss in the ease o f  60%  McOH, 40%  o f t.s.c. AC, were spray- 

dried as elear solutions.

Figure 3.6 SE micrographs showing lysozyme spray-dried from (a) 55% MeOH, 16.67% of t.s.c, AC; (b) 

60% MeOH, 16.67% of t.s.c. AC; (d) 75% MeOH; (e) 60% McOH, 40% of t.s.c. AC.

Non-porous intact spheres, w ere observed in SE m icrographs o f  lysozym e spray-dried from 65% , 

70% , 80% M eOH with 16.67%  AC and 80%  M cOH with 33.3%  AC (Figure 3.7). All these 

systems were spray-dried as cloudy suspensions.

MD14.4aa S.OkV xlBk 2-Sua

Figure 3.7 SE micrographs showing lysozyme spray-dried from (a) 65% McOH; 16.67%> AC; (b) 70%> 

MeOH,16.67% AC; (c) 80% MeOH,16.67% AC; (d) 80% McOH, 33.3% AC.

Spherical porous particles w ere produced from  systems spray-dried from  65-80%  M eO H  w ith 40%  

o f  t.s.c. AC, w hich w ere sim ilar in size (diam eter < 3 ^m  from  SEM estim ations) and in 

m orphology, as observed form  SEM  analysis (Figure 3.8 (a) - (d)). Particle surface resem bled
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fused irrcgular-shapcd nano-particlcs or highly folded m orphology with som e holes in the surface 

as m arked by the red arrow  in Figure 3.8 (e). Shattered or broken partieles, useful for assessing 

hollow /solid nature o f  particles, w ere difficult to find. One broken particle m arked by a red arrow  

in Figure 3.8 (f), appeared to com prise internal voids or a honeycom b structure rather than being 

hollow  particles with w ell-defined outer walls. All these system s w ere spray-dried as cloudy 

suspensions.

ND13.8nBn S.O kV  x 9 .0 k  S un

Figure 3.8 SE micrographs showing lysozym e spray-dried from (a) 65% McOH; 40% o f  t.s.c. AC, (b) 70%  

McOH; 40% o f  t.s.c. AC, (c) 75% McOH; 40% o f  t.s.c. AC, (d) 80% McOH; 40% o f  t.s.c. AC, (e) Higher 

magnification show ing holes in particle surface o f  system in (d), (0  Example o f  broken particle show ing  

internal voids/honeycom b structure o f  system in (c).

From these experim ents, conditions resulting in cloudiness/phase separation in the feed material 

w ere essential to produce spherical particles and ultim ately NPM Ps, as this was found in all 

systems producing N PM Ps (Figure 3.9).
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Figure 3.9 Particle morphology and feed material appearance with % MeOH /% o f t.s.c. AC.

Collectable product yield varied from  < 0.5%  - 18.3%, with the higher yields being obtained for the 

non-porous particles than for the porous particles. A num ber o f  factors may have contributed to
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this. A dcpcndcncc o f  collcctablc yield on spray-dried volum e has been noted elsewhere in this 

work (Scction 4.2.1.3), and porous particlcs were spray-dried from  50 ml volum es com pared to 100 

ml volumes for non-porous particlcs in this study, exccpt in one ease as show n (Figure 3.10). 

Porous particles also com prised a greater %  o f t.s.c. being AC which is postulated to  be volatilised 

during the spray-drying process (due to  the low volatilisation tem perature o f  AC); therefore % o f 

total protein content in the feed material should be considered as a lower total protein content may 

also affcct the yield. [In the case o f  40%  AC (0.4%  t.s.c.), this represented a total protein content 

o f  0.24%  com pared to 0.25%  in the case o f  16.67% AC (0.3%  t.s.c.) and 0.2%  in the case o f  

33.33%  AC (0.3 % t.s.c.)]. Porous particles and intact spherical non-porous particles were spray- 

dried as cloudy suspensions (displaying some degree o f  phase separation), with some material 

deposited in the feed container and as such unavailable for spray-drying. This may have further 

contributed to the lower yields noted in these sam ples (Figure 3.10).
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Figure 3.10 Relationship between collectable yield and (a) feed conditions and (b) volume spray-dried and 

morphology.
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3.3.2 Spray-dried lysozyme from ethanoliwater systems with ammonium carbonate

It was dccidcd to investigate the use o f  ethanol as an alternative alcohol. Ethanol is a m ore 

pharm aceutically acceptable solvent, classified by the ICH (2005) as a solvent w ith low toxic 

potential (class 3 solvent) com pared to  methanol which should be limited in pharm aceutical 

products because o f  inherent toxicity (class 2 solvent). It is also possible to spray-dry ethanol 

systems in the open mode configuration due to a higher flash point and thus less stringent safety 

requirem ents. This may potentially lead to increased product yield, as a contributory to the low 

yield in the closed m ode drying may have been pow der loss from  glassw are connections when the 

spray-dryer was operated at positive pressure (Section 4.2.1.3). An increase in product yield w ould 

allow further characterisation o f  spray-dried powders. Ethanol m ay also be a stronger precipitating 

alcohol due to increased hydrophobicity com pared to M eOH (Brom berg and Klibanov, 1995). 

Phase separation was identified from Section 3.3.1 as necessary for NPM P production, with 

NPM Ps produced from  system s spray-dried as cloudy suspensions. Phase separation and NPM P 

production may potentially be achieved at lower alcohol (EtOH) and/or AC concentrations than for 

M eOHiHiOiAC, because o f  the greater hydrophobicity o f  EtOH. It was considered desirable to 

m inim ise the AC content in order to m inim ise any residual contam ination o f  the spray-dried 

product, after volatilisation o f  the process enhancer.

Feed conditions that did not produce NPM Ps from M eO H :H iO ;A C  system s w ere initially 

attem pted with EtOHiH iO iA C systems. Lysozyme was spray-dried from 75% EtOH w ithout AC, 

0.3%  t.s.c., inlet tem perature 90 "C, in the closed mode sim ilar to a com parable system  with 

MeOH. The feed m aterial was spray-dried as a clear solution and spray-dried particles were 

com prised o f  collapsed spheres and donut-shaped particles (Figure 3.11 (a)), sim ilar to those 

produced with MeOH. Lysozym e was then spray-dried from  60% EtOH with 16.67% o f  t.s.c. 

being AC, 0.3%  t.s.c., inlet tem perature 90 ”C in the open m ode with N t as drying gas. This system 

was spray-dried as a cloudy suspension, unlike the equivalent MeOH system, and spray-dried 

particles had a wrinkled, raisin-like m orphology (Figure 3.11 (b)).

Figure 3. II SE micrographs showing lysozyme spray-dried from (a) 75% EtOFI, no AC; (b) 60% EtOFI. 

16.67% of t.s.c. AC.
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Further alteration o f  E t0H :H 20:A C  was considered to produce NPM Ps and lysozym e was spray- 

dried from  75% and 80% EtOH; 10% o f  t.s.c. AC; 0.3%  w/v t.s.c. in the open mode. The % EtOH 

and % o f  t.s.c. AC were chosen based on previous studies using these system s for low m olecular 

weight drugs by Tajber (2005) and Nolan (2008). These system s were spray-dried as cloudy 

suspensions. The inlet drying tem perature used was 78 ”C. This lower inlet tem perature com pared 

to the standard 90 °C  used in M e0H ;H 20;A C  system s, was selected based on experience by Tajber 

(2005) w ith spray-drying various EtOHiH^O solvent system s in the open mode, and also to 

m inim ise therm al stresses to the protein. N PM Ps were produced under these conditions (Figure 

3.12). C ollectable product yields were low how ever at 6.0%  (from 75%  EtO H ) and 4.9% , 7.7%  

(from 80%  EtOH, results from  two different runs), with 50 ml volum es spray-dried.

n D 1 3 . 4 m m  5 . 0 k V x l 2 k  2 . Su b

Figure 3.12 SE micrographs showing lysozyme spray-dried from (a) 75% and (b) 80%> EtOH with I0%> of 

t.s.c. being AC.

Strategies considered for increasing the collectable yield included increasing the t.s.c. and 

increasing the volum e spray-dried. Selecting the system  spray-dried from  80% EtOH, 10% o f  t.s.c. 

AC, as an example, t.s.c. was increased to 0.4%  w/v, 0.5%  w/v, 1% w/v and 2%  w/v. V olum es 

spray-dried w ere m aintained at 50 ml. Increasing t.s.c. resulted in an increase in collectable 

product yield to  24.6%  (0.4%  w/v t.s.c); 32.8% , 20.2%  (0.5%  w/v t.s.c, results from tw o different 

runs); 35.8%  (1%  w/v t.s.c.); 53.4% (2%  w/v t.s.c.). Particle m orphology was sim ilar w here t.s.c 

was increased up to 1% w/v (Figure 3.13). Further increase o f  the t.s.c. to 2%  w/v resulted in m ore 

non-porous particles produced (one exam ple m arked by red  arrow  in Figure 3.13 (d)), than were 

seen for the lower t.s.c. suggesting a concentration related effect on m orphology. H igher t.s.c. o f  

1% w/v and 2%  w/v also resulted in a m ore extensive phase separation, necessitating a higher 

nozzle cleaning setting (setting 3) and interm ittent stirring o f  the feed suspension, during spray- 

drying. The t.s.c. o f  0.5%  w/v was thus selected for future experim ents, as this resulted in an 

acceptable yield w ithout these additional requirem ents. Increasing the volum e spray-dried (t.s.c. 

0.5%  w/v) increased the collectable yield to 35.4%  (250 ml), and 38.9% , 52.3% , 58.8%  (500 ml, 

results from  three different runs).
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Figure 3.13 SE micrographs showing lysozym c spray-dried from 80% EtOH, 10% o f  t.s.c. AC, inlet 

temperature 78 “C, (a) 0.4% t.s.c. (b) 0.5% t.s.c. (c) 1% t.s.c. (d) 2% t.s.c.

From  initial experim ents the concentrations o f  E tO H  and AC in the feed m aterial were observed to 

have a m ajor effect on particle m orphology with N PM Ps produced using 75% and 80% EtOH; 10% 

o f  t.s.c. AC. In order to exam ine this in m ore detail, ftirther concentrations o f  EtOH (50, 60, 65, 

70%) were considered with a standard AC content o f  10% o f  t.s.c.. Lysozymc was also spray-dried 

from  80% EtOH, with a reduced AC content o f  5%  and 0%  o f t.s.c.. It was found that in system s 

including 10"o o f t.s.c. AC, EtOH concentration o f 7 0"o v/v produced NPM Ps. This system 

involved phase separation in the feed material prior to spray-drying and spray-drying o f  a cloudy 

suspension feed material. Lower EtOH concentrations o f  50%), 60% , 65%  with 10% o f  t.s.c. AC 

were spray-dried as clear solutions and spray-dried product resem bled collapsed non-porous 

particles (Figure 3.14). Spray-drying from 80% EtOH, 5% o f t.s.c. AC (cloudy suspension) resulted 

in spherical non-porous particlcs, v/hich had a roughened surface (Figure 3.14). Spray-drying from  

80%  EtOH, no AC (clear solution) resulted in collapsed, non-porous particles (Figure 3.14). These 

results are sum m arised in the graph in Figure 3.15.

(50% EtOH; 10% o f t.s.c. AC) (60% EtOH; 10% o f  t.s.c. AC) (65% EtOH; 10% o f t.s.c. AC)
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(70% EtOH; 10% o f t.s.c. AC) (80% EtOH; 5% t.s.c. AC) (80% EtOH; no AC)

Figure 3.14 SE micrographs showing lysozyme spray-dried at different % EtOH; % AC as shown; inlet 

temperature 78 "C.

Figure 3.15 Particle morphology and feed material appearance with % EtOH and % t.s.c. AC.
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Higher magnification SE micrographs o f NPMPs spray-dried from 70% and 80% EtOH, 10% AC, 

are shown (Figure 3.16). Evidence that NPMPs spray-dried from 70% EtOH may be hollow was 

suggested from the broken particle, marked by the red arrow in Figure 3.16 (a). Surface 

morphology was seen to extend through the particle wall, with the inside of the particle similar to 

the external surface morphology. Surface tnorphology appeared to consist o f fused irregular 

shaped nano-particles and was similar for the two EtOH feed concentrations.

Figure 3.16 SE micrographs showing spray-dried porous lysozyme from (a) 70% and (b) 80% EtOH, 10% of 

t.s.c. AC.
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An cffect due to  increasing inlet tem perature was not anticipated considering previous experience 

w ith spray-drying form  M eO H iH iO iA C system s but was investigated by increasing the inlet 

tem perature o f  the system  spray dried from  80%  EtOH with AC to 85 "C and the system  spray- 

dried from 70% EtOH with AC to 90 "C. This latter system  was interesting for future experim ents 

spray-drying lysozyme in a com posite with trehalose, as these conditions were found to be 

favourable for producing discrete am orphous particles o f  the sugar (Section 4.2.1.2). No distinct 

effect on particle m orphology was observed on increasing inlet drying tem perature, although a 

higher prevalcncc o f  non-porous particles w ere observed in the system  spray-dried from 80% EtOH 

with AC spray-dried at 85 “C (Figure 3.17).

HDIS.Omn S.OkV xd.Ok Sun

Figure 3 . 17 SEM micrographs showing eft'ect o f  changing inlet temperature on particle morphology (a) 80% 

EtOH, 10% o f t.s.c. AC, inlet temperature 85 “C (b) 70% EtOH, 10% o f  t.s.c. AC, inlet temperature 90 “C.
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3.3.3 Investigation of phase separation conditions

Precipitated m aterial was collected from  the feed system  - 80%  EtOH, 10% o f  t.s.c. AC, 90%  o f  

t.s.c. lysozyme, 0.5%  t.s.c., on a 0.2 jam filter by filtering the suspension under vacuum , and dried 

at 40 “C with desiccant overnight. SE m icrograph o f the collected material showed large irregular 

shaped particles m orphologically sim ilar to unprocessed material (Figure 3.18).

Figure 3.18 SE micrograph of collected and dried precipitate from 80% EtOH, 10% of t.s.c. AC, 90% of t.s.c. 

lysozyme, 0.5% t.s.c.

Phase separation o f  a protein in solution (precipitation), can be described as a reduction in 

solubility such that most o f  the m olecules can no longer stay in solution (M aa and Prcstrclski, 

2000), and is classified as reversible (in w hich the protein structure is recovered on dissolution) or 

irreversible (in w hich the protein structure is dam aged and not recoverable on dissolution). In their 

native (solution) state, globular proteins have non-polar am ino acid side chains oriented tow ards 

the interior o f  the protein and polar side chains oriented outwards. The stability o f  this 

conform ation is influenced by hydrophobic interactions within the interior o f  the m olecule, the  

electrostatic interactions and hydrogen bond interactions at the protein-w ater interface. D isruption 

o f  these interactions may alter the balance between the intra- and intcrm olecular interactions. 

Protein-protein contact increases and this can lead to aggregation and ultim ately precipitation or, 

depending on the conditions, crystallisation (Pingoud et al., 2002). Phase separation can be 

induced by adjusting the pH o f  a solution tow ards the pro te in ’s isoelectric point, by change in 

tem perature, by addition o f  an anti-solvent, or by addition o f  a salt.

Isoelcctric precipitation is based on the fact that proteins exhibit minimal solubility at their 

isoelectric point. This is not a strong precipitation technique alone, because o f the lim ited pH range 

at which proteins may be stable and also because m any proteins may still show solubility even at 

the pi (M aa and Prestrelski, 2000).

C onsidering the case o f  salt-induced precipitation, this m ay depend on the type o f  protein, type o f  

salt and concentration o f  salt. D ifferent anions or cations are found to have different effectiveness
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for “ salting out”  proteins and these have been arranged in a series, referred to as the Hofmeister 

series (Figure 3.19) (Zhang and Crcmcr, 2006). From this series the ions contributed by AC would 

be expectcd to have a strong protein precipitating power.

HOFMEISTER SERIES

Cations

NH4* K* Na* L i* Mg Ca^* guanidmium*

C03^' SO,^- HPO,^- acetate-

r surface tension 

harder to make cavity 

i solubility hydrocarbons 

Salt out (aggregate)

1 protein denaturation 

r protein stability

citrate- Cl - NO3- 

Anions

¥4
CIO3- I- CIO4- SCN-

I surface tension 

easier to make cavity 

T solubility hydrocarbons 

Salt in (solubilize)

T protein denaturation 

I protein stability

Figure 3.19 Summary o f  Hofmeister scries — relative effectiveness o f cations or anions to precipitate proteins, 

adapted from Zhang and Crcmcr (2006), www.tinyurl.com /cd5gj.

Addition o f miscible organic solvent -  primarily methanol, diethyl ether, acetone and ethanol are 

also used to precipitate protein from solution. The organic cosolvent decreases the solvation power 

o f water, and also decreases the dielectric constant (Porter, 1997; Maa and Prestrelski, 2000).

Phase separation o f lysozyme from the alcohol:H20:AC systems has been observed to depend on 

the concentration o f alcohol and AC in this work, and was thus postulated to be achieved by a 

combination o f effects being addition o f salt, and addition o f anti-solvent (alcohol). The effect o f 

change in solution pH by the addition o f AC may also be important however and it was decided to 

look in more detail at these effects.

The effect on the pH o f aqueous lysozyme solution by the addition o f AC was investigated by 

measuring solution pH at different concentrations o f lysozyme and AC (Figure 3.20). Addition o f 

AC to lysozyme solution (pH ~ 4) resulted in a pH o f ~ 8 - 8.5 (towards the isoelectric point o f 

-11.35) in the aqueous component, sim ilarly for all concentrations o f AC and lysozyme (product 

no.: L6876, L7651) investigated. [The pH o f the aqueous solution component only was considered 

as pH relates to purely aqueous conditions w ith considerable d ifficu lty associated with 

interpretation and theoretical meaning o f pH in non-aqueous or co-solvcnt solution (Stevenson, 

2000).]
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Figure 3.20 pH o f solutions containing different concentrations o f lysozyine and AC.

T he c ffcc t o f  pH  changc, w ithou t the  add ition  o f  th e  AC salt, on ph ase  separation  and sp ray-dried  

m orpho logy  from  80%  E tO H  w as investiga ted , by ad justing  the pH  o f  lysozym c d isso lved  in H :0  

com ponen t to  ~8  u sing  IM  K O H , p rio r to  the add ition  o f  E tO H  (to 80%  v/v) and  sp ray-dry ing  

(in le t tem p era tu re  78 °C). N o phase  separation  w as found  in this system  and sp ray -d ry ing  resu lted  

in non -po rous spherical o r partia lly  co llap sed  spheres (F igu re  3 .21), s im ilar to  partic les p roduced  

from  these  feed  cond itions w ithou t pH  ad justm en t (S ection  3 .3 .2 , F igure  3.14). T his suggested  that 

a  pH effect s im ila r to  the add ition  o f  A C and  an ti-so lven t effect by add ition  o f  E tOH (80% ) w ere 

not su ffic ien t to  p roduce a phase separation , w ithou t the salt.

Figure 3.21 SE micrograph of lysozyme spray-dried from 80% EtOH, inlet temperature 78 "C, pH o f water 

component adjusted to pH 8 using IM KOH.

In o rder to  ftirther p ro b e  the effect o f  th e  sa lt and  pH effects, o ther am m on ium  sa lt p repara tions - 

am m onium  hyd ro g en  ca rbonate  (A H C ), am m o n iu m  fo rm ate  (A F ), am m onium  aceta te  (A A ), w ere  

investiga ted  in  p la ce  o f  AC, as all these  p repara tions resu lt in low er so lu tion  pH , have d iffe ren t 

p hy sico ch em ical p roperties, con ta in  d iffe ren t an io n  species an d  con tain  d iffe ren t p roportions o f  

am m onia . A H C  is m ost c lo sely  re la ted  to  A C in tha t A C is a m ix o f  variab le  p ropo rtions o f  A H C 

and  am m o n iu m  carbam ate , co m p ris in g  at least 30%  by  w eigh t N H 3 (w w w .sig m aald rieh .co m ). 

A H C  a lone  co m p rises  ~  22%  by w eigh t N H 3 .  It is a  s ligh tly  w eaker b ase  than  th e  m ix am m onium  

carbonate , w ith  a pH  o f  O .IN  aqueous so lu tion  at 25 “C o f  7 .8 (w w w .sig m aald rich .co m ). It is
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sim ilarly volatile in solution and releases am m onia and CO 2 on decom position, and is sim ilar also  

in that it is insoluble in EtOH. AHC was considered as an alternative process enhancer to 

investigate whether this sm all difference in pH and am m onium  content in a very similar 

preparation impacted on NPM P production. L ysozym e was spray-dried from 80%  EtOH with 5% 

and 10% o f  t.s.c. AHC, inlet drying temperature 78 °C, as com parison to sim ilar system s using AC 

as the process enhancer. These particles had a sim ilar m orphology, assessed  by SEM analysis 

(Figure 3 .22), to com parative particles spray-dried using AC (Figures 3.13 (b), 3 .14 ) in that 10% o f  

t.s.c o f  process enhancer resulted in NPM Ps and 5% resulted in spherical particles with a rough 

non-porous surface. In the exam ple o f  10% o f  t.s.c. A H C , there appeared to b e slightly  m ore non- 

porous large (>  5 jim) particles present than for AC. Measured pH o f  lysozym e w ith  10% AHC in 

water was 7.4, and with 5% AHC was 7.2.

Figure 3,22 SE micrographs o f lysozyme spray-dried from 80% EtOH, 0.5% t.s.c, inlet temperature 78 "C 

with (a), (b), (c) \0%  o f t.s.c. AHC, taken at different magnifications; (d), (e) 5% o f t.s.c. AHC, taken at 

different magnifications.

A m m onium  formate and am m onium  acetate are m ore acidic than AC with reported pH (1 M in H 2O 

at 25 ”C) o f  5.5 - 7.5 and 6.2 - 7 .5 , respectively (w w w .sigm aaldrich .com ). They a lso  have higher 

m elting points o f  119 - 121 “C and 110 -  112 “C, respectively, and are m ore soluble in alcohol 

(w w w .sigm aaldrich.com ). AF com prises ~  27% , and AA com prises ~  18% by w eight ammonia. 

They may not be com pletely volatilised  during the spray-drying process with inlet drying 

temperatures o f  78-90  °C and there is a potential for residual contam ination o f  form ic or acetic acid  

in the spray-dried product. They were thus not considered as desirable process enhancers but were  

exam ined to g ive som e information on the conditions o f  phase separation and N PM P formation. 

Inlet drying temperatures were increased to 90 °C  and 80% EtOH solvent system  w as chosen. A  

higher quantity o f  AF or A A  were predicted to be required to produce phase separation and
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NPM Ps, based on their low er solution pH and low er precipitating power o f  the contributed anions 

from the H ofm eistcr series (Zhang and Crcmer, 2006; www.tinyurl.com/ed5gj). Lysozym e was  

initially spray-dried with 27.3%  (pH o f  lysozym e and AF  in H^O com ponent 5 .45), 40% , 50% and 

60%  w /w  o f  t.s.c am m onium  formate. A il system s were spray-dried as cloudy suspensions, 

indicating phase separation. N on-porous spherical particles w ere obtained with the low est AF  

content in feed material. These particles appeared to be sm aller than any o f  the other system s  

spray-dried (Figure 3.23 (a)). Spray-dried system s including 40%  AF content resulted in spherical 

particles with a m ore brain-like or h ighly folded surface m orphology (Figure 3.23 (b)) rather than 

the fused irregular shaped nano-particulate surface seen with 80%  EtOH/10%  AC system s. Spray- 

dried system s including 50% and 60%  AF displayed sim ilar m orphology with som e holes  

identified in the surface (Figure 3.23 (c), (d)).

Figure 3.23 Lysozyme spray-dried with AF from 80% EtOH, inlet temperature 90 “C (a) 27.3% o f t.s.c. AF 

(b) 40% o f t.s.c. AF (c) 50% of t.s.c. AF (d) 60% o f t.s.c. AF.

Based on the results w ith AF, lysozym e w as spray-dried with 40%  (pH o f  A A  and lysozym e in 

H 2 O com ponent 6 .21 ), 50% (pH o f  A A  and lysozym e in H 2 O com ponent 6 .6 ), and 60% w /w  o f  

t.s.c. am m onium  acetate (pH o f  A A  and lysozym e in H 2 O com ponent 6 .76 ) from 80% EtOH. A ll 

feed material show ed phase separation prior to spray-drying. N on-porous spherical particles w ith a 

rough surface w ere obtained with the low est A A  content in feed  material (Figure 3 .24  (a)). Spray- 

dried system s including 50%  A A  and 60%  A A  content resulted in spherical particles with a brain- 

likc or h ighly folded surfacc m orphology sim ilar to 40% AF (Figure 3 .24  (b), (c)).
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Figure 3.24 SE micrographs showing lysozymc spray-dried with AA from 80% EtOH, inlet temperature 90 

”C (a) 40% of t.s.c. AA (b) 50% of t.s.c. AA (c) 60% of t.s.c. AA (d) Higher magnification of system spray- 

dried with 50% o f t.s.c. AA.
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3.3.4 Spray-dried lysozyme from water

Lysozym e w as spray-dried from H2O with or without AC, as com parison spray-dried system s for 

stability and particle characterisation, and to investigate the cfi'ect o f  AC on the protein spray-dried 

from sim ple aqueous system s. Spray-drying was carried out in the open m ode configuration with  

air as drying gas. An intermediate inlet drying temperature o f  120 °C w as chosen, to ensure 

adequate drying o f  the powder under these conditions and to m inim ise thermal stresses to  the 

protein. L ysozym e was in itially spray-dried from aqueous solution at a t.s.c. o f  0.3%  and 16.67%  

o f  t.s.c. being AC, sim ilar to initial studies involving spray-drying from M eO H iH iO iA C  system s. 

This was then increased to a t.s.c. o f  0.5%> and either 20%> AC or no AC in subsequent spray-drying  

experim ents to increase collectab le product yield , and for the purpose o f  further characterisation. 

A ll system s w ere spray-dried as clear solutions.

Inclusion o f  AC had an effect on the m orphology o f  the particles as noted from  SEM  analysis. 

Inclusion o f  AC, particularly at the higher 20%  o f  t.s.c. level resulted in a greater amount o f  

collapsed particles and indentations (marked by red arrows) in particle surface compared to  the 

relatively uniform  spherical shape o f  lysozym e spray-dried without AC under sim ilar conditions 

(Figure 3.25). Particles appeared to be h ollow  as noted from these co llapsed  particles. A ll 

particles spray-dried from  aqueous solution had a sm ooth non-porous surface.

Figure 3.25 SE micrograph o f lysozyme spray-dried from aqueous solution at inlet drying temperature 120 “C 

(a) 0.3% t.s.c., 16.67% of t.s.c. AC (b) 0.5% t.s.c., 20% of t.s.c. AC (c) 0.5% t.s.c. no AC.
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3.3.5 Spray-dried lysozyme from methanol:n-buty l acetate (non-aqueous)

S p ra y -d ry in g  lysozym e from  M cO H :B A  non -aqueous system s w as considered  b ased  on resu lts  b y  

Li (2005) w ith  the w ater so lub le exc ip ien ts po lyv in y lp y ro llid o n e  (PV P) an d  hyd rox y p ro p y l-p - 

cyc lodex trin , an d  in this p resen t w ork  w ith  sugar exc ip ien ts -  treha lose  an d  raffin o se  (C hap ter 4). 

L ysozym e w as in itially  freeze-d ried  from  aqueous so lu tion  (pH ~6) to  inc rease  so lub ility  in 

m ethano l (Section  3.2). R eported  so lub ilities for s im ila rly  prepared  freeze-d ried  lysozym e are  >  10 

m g/m ! in M eO H  or >  5 m g/m l, an d  < 0.05 m g/m l in  n-butyl aceta te  (C hin  et al., 1994; B rom berg  

and  K iibanov , 1995). U nlike the  a lcoho l:w ater;A C  system s th is so lven t sy stem  m ore accu ra te ly  

sa tisfies the hypothesis o f  the m echan ism  u nderly ing  the m ethod  fo r p roducing  N P M P s (based  on  

observa tions for low  m olecu lar w eight com pounds), in tha t the  drug  should  be so lub le in  the m ore 

vo la tile  so lven t (m ethano l -  b.p . 65 °C) and less so lub le  in  the  less vo la tile  com ponen t (n -bu ty l 

ac te ta te  -  b.p. 126 “C) (C orrigan , 2005).

F reeze-dried  lysozym e w as d isso lv ed  in the  M eO H  com ponen t w ith  stirring , befo re  the BA  

com ponen t w as added. S o lvent ratios o f  80:20 and  1:1 w ere  se lec ted  based  on  p rev ious stud ies 

w ith  non -p ro te in  exc ip ien ts (L i, 2005; C h ap te r 4). Low  to ta l so lid  concen tra tion  o f  0 .2%  and  

0 .15%  w /v w ere  se lec ted  because  o f  the very  low  so lub ility  o f  lysozym e in BA. T he so lven t ra tio  

system  o f  80 :20  w as sp ray-d ried  as a solution. S om e phase separation  w as no ted  on add ition  o f  th e  

BA  so lvent in the  so lven t ra tio  o f  1:1 and w as sp ray -d ried  as a fine suspension . S pray -d ry ing  w as 

carried  out in the c losed  m ode configu ration  (cond itions deta iled  in A ppend ix  I ), w ith an  in let 

d ry ing  tem pera tu re  o f  100 °C .  Porous p artic les w ere not p roduced  u sing  either so lven t ratio , bu t 

particles w ere  m ainly  spherical and  had a rough  su rface  m orpho logy  (F igu re  3.26).

Figure 3.26 SE micrographs showing lysozyme spray-dried from (a) 80:20 MeOH:BA, (b) 1:1 McOH:BA; 

inlet temperature 100 “C.
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3 .4  P r o c e s s  s t a b i l i t y

3.4.1 Solid-state characterisation and therm al analysis

Spray-dried porous particlcs (from 80%  EtOH, 0.5%  t.s.c., 10% o f t.s.c. AC, inlet tem perature 78 

“C, Figure 3.13 (b)) and non-porous particles (from  H iO , 0.5%  t.s.c., inlet tem perature 120 "C with 

20%  o f t.s.c. AC or w ithout AC Figure 3.25 (b), (c)) o f  lysozym e were com pared in term s o f  XRD, 

DSC and TGA. All spray-dried pow ders were am orphous by XRD, with an absence o f  

characteristic sharp peaks and a halo pattern, as was found for freeze-dried and unprocessed 

lysozym e (Section 3.2). The shapes o f  the XRD  traces w ere sim ilar for all spray-dried particle 

m orphologies (Figure 3.27).
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Figure 3.27 XRD o f (a) Porous lysozym c (b) Non-porous lysozyinc spray-dried without AC (c) Non-porous 

lysozym e spray-dried v/ith AC.

DSC traces (Figure 3.28) show ed a slight difference for the porous protein particles com pared to 

the non-porous spray-dried and unprocessed material. All spray-dried sam ples showed broad 

endotherm s from  25-160 °C  and apparent denaturation endotherm s at ~ 200 ”C. This was smaller 

and less sharp in the porous sam ple com pared to the other samples however. All spray-dried 

sam ples showed a subsequent broad endotherm  with a peak ~ 220-225 ”C, which was slightly later 

than an equivalent peak seen in the unprocessed m aterial (~210 °C). This endotherm  appeared to 

be most pronounced in the porous sample. DSC analyses o f  proteins are quite com plicated and 

generally require m odulated DSC to separate overlapping thermal events. Apparent thermal 

degradation tem perature (Tm) can be identified from  conventional DSC how ever and may give 

inform ation on protein structure, as a change in or lack o f  a Tm  peak has been associated with 

changes in native protein structure or denaturation (Hill et al., 2005; Elkordy et al., 2002, 2004). 

The change in shape o f  the Tm  peak and in the area o f  decom position in the porous sam ple may 

thus suggest som e change in the protein structure.
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Figure 3.28 DSC o f (a) Porous lysozyme (b) Non-porous lysozyme spray-dried without AC (c) Non-porous 

lysozyme spray-dried with AC (d) Unprocessed lysozyme.

T he shapes o f  T G A  plo ts w ere  s im ila r for all sp ray-d ried  sam ples. M ass loss over 25-100  “C 

ca lcu la ted  from  T G A  w as s im ila r for all sp ray -d ried  lysozym e sam ples, show ing  an  in itial one-stcp  

m ass loss o f  ~  4-5% , ind icative  o f  residual m o is tu re  loss from  am orp h o u s sp ray -d ried  m ateria l 

(F igu re  3 .29). F urther m ass loss o ccu rred  at a slow er ra te  until ~  200 °C, w hen m ass loss increased  

from  200-300  °C  (~  17%), co rrespond ing  to  decom position  in the D SC  scan.
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Figure 3.29 TGA of (a) Porous lysozyme (b) Non-porous lysozyme spray-dried without AC (c) Non-porous 

lysozyme spray-dried with AC (d) Unprocessed lysozyme.

D SC  an d  T G A  o f  the  co llec ted  p rec ip ita te  (S ec tio n  3 .3 .3 ) and  o f  lysozym e sp ray-dried  from  

d iffe ren t E t0 H :H 2 0 :A C  system s w ere fu rthe r investigated . T he D SC  and T G A  o f  the co llec ted
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precipitate was unlike the model porous lysozyme system (Figures 3.28 (a), 3.29 (a)), particularly 

in the temperature area o f decomposition (Figure 3.30). DSC showed a broad endotherm between 

25-140 *’C followed by a second endotherm beginning at ~ 206 “C, similar but broader than the 

corresponding Tm peak seen in unprocessed lysozyme, and followed by an exothermic (-240 ”C) 

and disordered pattern. The TGA plot also showed a difference in shape compared to spray-dried 

or unprocessed material. A continuous mass loss was observed from 25 — 200 °C, until a sharp 

step decrease in mass, at the same temperature as the beginning of this endothcrmic decomposition 

peak. This data suggested that the collected precipitate also showed some change in the folding of 

the protein, but not directly comparable to the model porous lysozyme system examined. Changes 

in the DSC and TGA of the precipitate may have been influenced by the feed conditions and also 

by exposure to vacuum during collection or temperature during drying, whereas changes in the 

DSC o f the model porous system may have been influenced by the feed conditions and by spray- 

drying stresses.
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Figure 3.30 TGA (in red) and DSC (in black) traccs of the collectcd precipitate (Scction 3,3.3).

Analysis o f the DSC o f spray-dried lysozyme from different Et0H:Fl20:AC systems (Figure 3.31) 

showed that lysozyme spray-dried from 50% EtOH; 10% o f t.s.c. AC, inlet temperature 78 "C 

showed a large distinct endotherm at ~ 200 °C. All the other systems investigated showed smaller 

peaks in the same area or evidence o f an endothermic peak super-imposed on a following larger 

broad endotherm, similar to the model porous system investigated. Changes in the Tm and pattcms 

o f decomposition seen in DSC were found to depend on feed conditions, although a direct 

relationship with phase separation in the feed or production o f NPMPs was not found. TGA data 

(Figure 3.32) were similar to spray-dried porous and non-porous lysozyme (Figure 3.29) showing 

an initial area of mass loss from 25-100 °C followed by a slower mass loss, and finally a more rapid 

mass loss due to decomposition from 200 -  300 °C.
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Figure 3 .3 1 DSC o f  lysozym e spray-dried from (a) 50% EtOH; 10% o f t.s.c. AC (b) 60% EtOFI; 10% o f t.s.c. 

AC (c) 65% EtOH; 10% o f t.s.c. AC (d) 70% EtOH; 10% o f t.s.c. AC (e) 75% EtOH; 10% o f  t.s.c. AC, at 78 

T  and from (f) 80% EtOH 5% t.s.c. AC at 85 T .
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Figure 3.32 TGA o f lysozym e spray-dried from (a) 50% EtOH; 10% o f t.s.c. AC (b) 60% EtOH; 10% o f  t.s.c. 

AC (c) 70% EtOH; 10% o f t.s.c. AC, at 78 °C and from (d) 80% EtOH 5% t.s.c. AC at 85 “C.

DSC and TGA data of lysozyme spray-dried with the alternative process enhancers AF (60%), AA 

(60%) were examined to ascertain whether any contamination by these process enhancers could be 

identified fi'om the shapes of these scans (Figure 3.33). DSC scans showed initial broad 

endotherms from 25 - ~120 “C, followed by a second broad endothcrm from 120 - ~ 160 °C (which 

was not found in other spray-dried lysozyme samples without AF or AA). TGA o f the samples, 

showed an initial mass loss from 25 - ~ 80 ”C, followed by a second step o f mass loss to ~ 180 °C, 

before decomposition above 200 ”C. The magnitude of these mass losses were not equivalent to
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the ammonium salt contcnt (60%) in the total solid contcnt o f the feed system prior to spray-drying 

however, indicating that some o f the process enhancer was removed during spray-drying or that 

contamination in the sample was not removed over the temperature range studied in DSC and TGA 

experiments (25 -  300 °C).
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Figure 3.33 DSC (in black) and TGA (in red) of (a), (c) lysozymc spray-dried with 60% AA, and (b), (d) 

lysozyme spray-dried with 60% AF.

DSC and TGA of lysozyme spray-dried from non-aqueous MeOH:BA solvent systems (Figure 

3.34) were examined. DSC showed initial broad endotherms from 25-140 "C followed by a second 

broad endotherm beginning at ~ 200 “C with a peak at ~ 217-220 "C. No sharp cndothermic peak 

at Tm could be identified due to this overlapping peak. TGA data showed an initial mass loss, 

followed by larger more gradual mass loss in the second stage of mass loss than seen for other 

spray-dried samples before a rapid mass loss due to decomposition. Calculated residual solvent or 

moisture losses were 2.8, 5.1% over the temperature range of 25 -  100 “C, respectively for 

lysozymc spray-dried from the solvent ratios o f 80:20 and 1:1 MeOH:BA.
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Figure 3.34 DSC and TGA of lysozymc spray-dried from (a), (c) 80:20 MeOH:BA, and (b), (d)) 1:1 

MeOH:BA; inlet temperature 100"C.



3.4.2 Secondary structure

Solid state FTIR was used to  assess changes in protein secondary structure. Spectra were collected 

as dcscribcd (Section 2.2.12). Com parison o f  spectra was carried out in order to investigate 

changcs in the spray-dried versus the native state. Visual com parison may sufficc to  detect 

deviations, although to give a sem i-quantitative m easure o f  this, the area overlap m ethod or the 

correlation coefficient m ethod have been proposed (Van de W eert et al., 2005). These can be 

calculated using raw  spectra or band-narrow ed spectra (for exam ple by applying second derivation 

or fourier self-deconvolution functions). In this work, raw  spectra were used as they essentially 

contain the sam e structural inform ation and are less affected by operator bias, signal/noise ratio 

and/or water vapour contributions (Van de Weert et al., 2001).

Intcr-run repeatability was checked by replicatc FTIR m easurem ents o f  unprocessed material, 

showing good repeatability w ith area o f  overlap o f  am ide 1, 2, 3 peaks ~ 95 -  99.7%  although one 

run in the am ide 3 peak area show ed an apparently different shape that was not retlected in the high 

% area o f  overlap (95% ) (Figure 3.35). Inter-batch reproducibility for the am ide 1 band was 

checked by analysis o f  3 batches o f  porous spray-dried lysozym e com pared to unprocessed 

material (Figure 3.36). Results show ed a high level o f reproducibility with a standard deviation in 

area o f  overlap com pared to unprocessed material o f  0.72%.
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Figure 3.35 Inter-run repeatability for 4 runs of unprocessed lysozyme (L765I), each run represented by a 

different colour (a) amide I, (b) amide 2, (c) amide 3 areas using spectra processing/calculation method I .

77



\
1 0

3
o
5 
<

<3.5

o n   - - - - - - - - - - -     1-- - - - ,- - - - - - - - - - - - -       1- -------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
■ m  i>i)o "WO i6o : ii>iO '<n-: k o o

W avenum ber -Icin-I)

Figure 3.36 Inter-batch reproducibility for 3 batches of porous spray-dried lysozyme (coloured lines) vs 

unprocessed material (black line) using spetra processing/calculation method I .

The % area o f  overlap between the area-norm alised am ide 1 peak o f  spray-dried porous or non- 

porous and unprocessed lysozym e w ere calculated (Table 3.3). All spray-dried sam ples show ed a 

change in the shape o f  the am ide 1 peak, as reflected in the area o f  overlap calculations.

On analysis o f  the data, the difference in the baseline o f  the isolated am ide peak between sam ples 

processed differently in this work is hkely to have contributed to the m easurem ent o f  area o f  non­

overlap. The data w ere thus recalculated w ith initial m anual correction o f  the individual peak 

baseline by subtraction o f  a straight line in Origin softw are across the base o f  the peak (dotted line 

shown in Figure 3.36) prior to area norm alisation, and calculation o f  the absolute difference 

spectrum  and area o f  non-overlap as before. This calculation m ethod is sim ilar to that described by 

van de W eert (2001) in that baseline correction o f  the individual isolated peaks was perform ed.

Using this calculation m ethod (calculation m ethod 2), inter-run repeatability calculated for 

unprocessed m aterial for the am ide 1 peak show ed good repeatability in the am ide 1 area (area o f  

overlap 98-99% ) and in the amide 3 peak area for 3 o f  the m ns (-99% ) (Figure 3.37). The am ide 3 

area o f  a fourth run show ed a difference in peak shape, sim ilar to that obtained by the previous 

calculation m ethod. In this m ethod o f  calculation the difference was more apparent in the %  area 

overlap how ever w ith overlap with the other runs o f  ~  82%. This suggested different sensitivities 

o f  the tw o calculation methods. Because o f the high inter-run repeatability o f  the am ide 1 region 

and the preponderance o f  analyses in the literature using this peak, this area was chosen for 

characterisation o f  spray-dried samples.
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Figure 3.37 Intcr-run repeatability for 4 runs of unprocessed material (a) amide 1, (b) amide 2, (c) amide 3 

peak areas, using spetra proccssing/calculation method 2.

Average area o f  overlap between porous particles and unprocessed material in the am ide 1 region 

was 91.5 ±  0.52%  (n=3) (Figure 3.38 (a)). Visual inspection o f  norm alised peaks confirm ed a 

differcncc betw een the shapes o f  the spcctra. Results arc presented for porous and non-porous 

lysozym e spray-dried w ith/w ithout AC vs unprocessed m aterial in the am ide 1 region (Figure 3.38, 

Table 3.3). This calculation m ethod resulted in higher % area overlap for spray-dried vs 

unprocessed m aterial, com pared to the previously used autom atic baseline correction o f the entire 

spectrum, but sim ilarly showed change in the shape o f  the am ide 1 peak area, suggesting som e 

change in the secondary structure. Data could also be m ore intuitively visually com pared by this 

calculation method.
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Figure 3.38 Area-normalised, baseline-corrected amide I peaks o f  spray-dried vs unprocessed material and 

absolute difference peaks (a) porous lysozyme (b) non-porous lysozyme spray-dried with AC (c) non-porous 

lysozyme spray-dried without AC.

Table 3.3% Area overlap o f area-nonnalised amide I peaks o f  spray-dried with unprocessed lysozyme (at 

different spray-drying conditions), using calculation method I (whole spcctrum baseline correction) or 

calculation method 2 (individual peak baseline correction).

Lysozyme system Calculation method 1 

% Area overlap of Amide 1 peak

Calculation method 2 

% Area overlap of Amide 1 peak

Porous 82.7 ± 0.72% 91.3 ±0 .52%

Non-porous with AC 77.4% 83.6%

Non-porous without AC 84.1% 88.7%

Van de Weert et al. (2001) cautioned against the interpretation o f spectra of materials with different 

levels of hydration i.e. very dry lyophilised protein spectra vs unprocessed material spectra as 

different levels of hydration may affect spcctra. Spray-dried samples did not show higher 

dehydration compared to unprocessed material from TGA data however. As such dehydration 

effects were not considered the only contributor to change in spectra, seen in this work. The amide 

1 peaks o f porous and non-porous lysozyme spray-dried without AC were compared to each other 

to exainine spray-dried samples with similar levels of hydration and different methods o f 

preparation. A difference between these spray-dried samples was observed visually (Figure 3.39 

(a)), with a calculated area o f overlap o f 93.6%. Analysis of the collected precipitate, dried 

overnight at 40 °C (Section 3.3.3) showed deviation from unprocessed material and an area of 

overlap o f 87.8%. This diffcrcnce, as well as the difference between spray-dried porous/non- 

porous samples, suggests a role in feed conditions in the change seen.
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Figure 3.39 Area-normalised, baseline-corrected amide I peaks and absolute difterence spectra (a) porous vs 

non-porous spray-dried lysozyme (b) collected precipitate vs unprocessed material.

L iqu id  FT IR  analysis was carricd out on porous lysozyme to compare the amide 1 peak shape to 

unprocessed material in solution. Peak shape has been observed to be d ifferent in  the solution and 

solid state (Van de Weert et al., 2001). 50 mg/ml protein solution was prepared and analysed in a 

liqu id  cell using a path-lcngth o f  0.006 mm. Unprocessed protein, was used as a standard and heat 

denatured protein (prepared by exposing protein solution to 40 “C temperature overnight in an 

oven) was used to check the a b ility  o f  the method to detect change in structure in a heat-denatured 

protein. Porous lysozyme showed a visually s im ilar peak to unprocessed protein and an area 

overlap o f  94.2%, suggesting s im ila rity  o f  secondary structure in solution. Heat denatured protein 

showed a sh ift in  the amide 1 peak (Figure 3.40) and % area o f overlap o f  57% w ith  unprocessed 

protein.
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Figure 3.40 Arca-normaliscd amide 1 peaks showing unprocessed protein, heat denatured protein, porous 

lysozyme and absolute difference spcctra -  I (unprocessed-hcat denatured sample). — 2 (unprocessed- 

porous).
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3.4 .3  B io log ica l activ ity  assay

Spray-dried porous particles (from 80% EtOH, 0.5% t.s.c., 10% o f t.s.c. AC, inlet temperature 78 

°C) and non-porous particlcs (from H2O, 0.5% t.s.c., inlet temperature 120 °C with 20% of t.s.c. AC 

or without AC) o f lysozymc were compared in terms of biological activity using a turbidimetric 

rate determination assay based on the lysis o f a Micrococcus lysodeikticm  suspension. Micro 

BCA protein analysis was carried out on test solutions to correct for any difference in protein 

content, as a result o f solution preparation, residual moisture, solvent or AC contamination in the 

powders. Unprocessed lysozymc (control) was assayed with the spray-dried samples. ANOVA 

was carried out on assay results to assess differences between spray-dried samples and control. 

Activity is expressed as % o f the activity o f the control and % o f the specific activity of control 

(samples corrected for protein content o f test solution), considering the pooled standard deviation 

from the data. Excellent retention o f activity was found for these spray-dried powders produced, 

with no statistically significant differences in either activity/specific activity compared to the 

control solution. Micro BCA analysis o f the amounts o f protein in test solutions also showed no 

statistically significant difference between batches. Similarity between test solution protein 

concentrations suggests protein content in the spray-dried powders were similar. The results from 

one batch o f each spray-dried material are presented below (Table 3.4). Inter-batch variability was 

found to be good, with results from other batch assays giving similar specific activity of 102.8, 

100.8 ± 6.97% and activity of 95.6, 102.9 ± 21.9% for porous and non-porous lysozymc spray- 

dried with AC, respectively. The standard deviation for activity (calculated from units/mg solid) 

was particularly high in this assay. Residual analysis was carried out to further investigate this. 

Residuals were found to be similarly distributed around means, and no outlier was identified from 

the normal probability plot of residuals (p = 0.136). Micro BCA analysis o f  the amount o f protein 

in each test solution was examined. Although a large variation was noted, no statistically 

significant difference was found between batches (p = 0.903), suggesting that protein content was 

similar in all cases and that experimental conditions in the preparation of solutions were likely to 

have influenced the variability seen.

Table 3.4 Biological activity assay results for porous, non-porous particles spray-dried with/without AC; 

(n=3, *± pooled standard deviation).

Units/ml
test

Units/mg
solid

Hg
protein/test

Units/mg
protein

% Activity*
(± 11.1%)

% Specific 
activity *

(± 4.6%)

Porous 301 ± 26 .9 37656 ± 3362 7.6 ± 0 .66 39633 ± 328 101.3 97.1

Non-porous

(SD without AC)
323 ±23.1 40313 ± 2894 8.5 ± 1.07 37981± 2579 108.4 93.1

Non-porous
(SDwith AC) 334 ± 28 .2 41719±  3532 8.1 ± 0 .70 41401± 1794 112.2 101.5

Control 298 ± 48 .3 37188 ±6035 7.3 ±0.85 40796 ± 2095 100 100
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[As a chcck on ability to dctcct loss o f  activity, lysozym c solution was exposed to boiling 

conditions (98 °C) for 20 minutes, < 50% biological activity  was retained; prelim inary experim ents 

show ed that the filter collectcd precipitate and oven-dried (Section 3.3.3) retained 96% activity 

com pared to control solution (n= l)].

Exam ination o f  all the data from process stability studies, suggested that som e perturbation was 

apparent in the solid state for the spray-dried porous lysozym c (DSC, solid state FTIR), which was 

not observed to the sam e degree in the solution state (biological activity assay, solution state 

FTIR). Liao et al. (2002) reported sim ilar findings for spray-dried lysozym e from  aqueous solution 

in that perturbation o f  secondary structure o f lysozym e was found, assessed by exam ination o f  the 

intensity o f  the  a-helix  band in solid state FTIR. This was only equivalent to 60%  o f  unprocessed 

or native state lysozym e for the spray-dried lysozymc. S im ilar loss in activity w as not observed. 

Dehydration stress was concluded to be the main factor responsible for this perturbation, Elkordy 

et al. (2002), also postulated that the lower w ater content in the spray-dried protein produced 

changes in the solid but not in the (re-hydrated) solution state, and concluded that this anom aly 

represented a lim itation to  the use o f  lysozym e as a m odel protein in that it is a stable protein and 

able to revert to its active state, and that the solution studies may not reflect the conform ational 

damage that may have occurred during solid processing.

Differences between porous and non-porous spray-dried lysozyme found in this work, and unique 

patterns seen in the DSC and FTIR o f  the collected precipitate, suggested that different stresses 

may contribute to changes seen in the porous lysozym e. These stresses may stem  from the 

precipitation step and from exposure to organic solvents. Exam ination o f studies in the literature 

involving exposure o f  lysozym e to solvents and solvent interfaces include the following: Van de 

W eert et al. (2000) studied the effect o f  a w atcr/m ethylenc chloride interface during an 

em ulsification process, and found some precipitation at the solvent interface. Recovery and 

lyophilisation o f  this precipitate was analysed for any difference com pared to unprocessed material. 

FTIR was carried out in the dried state and a decreased a-helical content and evidence o f  

interm olecular P-sheet form ation was reported by analysis o f  the inverted second derivative o f  the 

am ide 1 region. A decreased a-helical content was also found in a lyophilised control lysozym e 

sample but this was to a lesser extent. Re-dissolved sam ple in IM  guanidine FlCl, showed no 

change in secondary structure by circular dichroism . in specific activity or in SD S-PAGE or size 

exclusion chrom atography. The authors concluded that lysozym e precipitate consisted o f  non- 

covalent aggregates that refolded into their native form  on dissolution. Goda ct al. (2000) 

exam ined am yloid protofilam ent form ation o f  hen egg lysozym e in highly concentrated ethanol 

solution. In this study the a-helical contcnt o f  lysozym c was found to increase with ethanol 

concentration up to 80%, but decreased at 90% and content o f  P-structure increased, as assessed by 

circular dichroism. Addition o f 10 mM NaCl to a solution o f  lysozym e in 90% EtOH resulted in
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precipitation, which had the characteristics o f  am yloid protofilam cnt from staining with C ongo red, 

electron m icroscopy and XRD  analysis. Collection and rc-dissolution o f  this precipitate was 

carried out and circular dichroism  show ed native secondary structure was recovered. It was 

concluded that the lysozym e precipitates could recover the native conform ation and enzym atic 

activity by rem oval o f  ethanol. A sim ilar m echanism  may explain the results in the present study, 

showing changes in the DSC and solid state FTIR o f  spray-dried lysozym e from  E t0H :H 20:A C  

systems but less change from liquid FTIR and biological activity assay.
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3 .5  S t o r a g e  s t a b il it y

The storage stabilities o f  porous (spray-dried from 80%  EtOH, 0.5%  t.s.c. including 10% A C , inlet 

temperature 78 °C, Figure 3.13 (b)) and non-porous lysozym e particles (spray-dried from  H 2O, 

0.5%  t.s.c. inlet temperature 120 “C, Figure 3.25 (c)) were assessed  under different temperature and 

relative hum idity conditions during a 20-w eek  storage period. Particles w ere analysed by SEM, 

TG A, FTIR and b iological activity assay at regular tim e points during the study (Section 2 .2 .20). 

D SC  was carried out on porous/non-porous particles and X R D  was also carried out on porous 

particles at the end o f  the study period. SD S-PA G E analysis w as carried out on all protein powders 

at the end o f  the study period and compared to unprocessed lysozym e and spray-dried powders 

stored in a desiccator at - 2 0  “C, and is considered separately (Section  3 .5 .4 ). Unprocessed material 

w as sim ilarly investigated on stability in terms o f  b iological activity, FTIR and SD S-PA G E only.

3 .5 .1  S torage at 4 “C / D esiccan t

Particle m orphology o f  porous/non-porous particles was unaffectcd by storage under these 

conditions as can be seen from  SEM  photo-m icrographs taken after 24 hours and 20 w eeks storage 

under 4 ”C / desiccant conditions (Figure 3.41).

Figure 3.41 SE micrographs showing porous/non-porous lysozym e (a)/(c) after 24 hours (b)/(d) after 20 

weeks storage at 4  “C/desiccant.

M ass loss from 25 - 100 “C calculated from TG A, show ed that the m oisture content o f  powders 

was not markedly changed during storage. Porous lysozym e show ed  a starting residual m oisture 

loss o f  4.6% , a moisture loss o f  5.1%  at week 20 and a range o f  2 .8 -  5.1% over all the study
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m easurem ents. N on-porous lysozym e show ed a com paratively sim ilar starting residual m oisture 

loss o f  4.3% , a m oisture loss o f  2.9%  at week 20 and a range o f  2.9 — 4.9%  over all m easurem ents 

(Figure 3.42). X RD  (Figure 3.43) and DSC (Figure 3.44 (a)) o f  porous m icroparticles show ed no 

change com pared to starting porous material following storage for 20 weeks. DSC o f non-porous 

lysozym e also show ed no change in the DSC trace com pared to starting non-porous spray-dried 

material (Figure 3.44 (b)).
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Figure 3.42 Moisture content (calculated from mass loss 25-100 ”C from TGA) per week, for porous and 

non-porous spray-dried lysozyme, during 20 weeks storage at 4 “C/desiccant conditions, n = l.
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Figure 3.43 XRD of porous lysozyme stored at 4 "C/ desiccant for 20 weeks (solid line), freshly prepared 

porous lysozyme stored in a desiccator at -20  °C (broken line).
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Figure 3,44 DSC of (a) porous, (b) non-porous spray-dried lysozyme following 20 weeks storage at 4 

“C/desiccant conditions (solid line), broken line shows freshly prepared material.

Solid state FTIR showed no change in the shape of the amide 1 peak compared to the respective 

starting material following 20 weeks storage (i.e. porous vs porous; non-porous vs non-porous; 

unprocessed vs unprocessed material), suggesting that secondary structure did not changc further 

on storage following changc as a result of processing (Figure 3.57).

There was no statistically significant changc (determined by ANOVA analysis; significance level a 

= 0.05) in biological activity or specific biological activity seen for spray-dried porous/non-porous 

or unprocessed lysozyme after 20 weeks storage at 4“C/desiccant compared to unprocessed control 

(stored at -20"C/dcsiccant). Table 3.5 shows results o f the assay carried out at week 20. Figures 

3.45, 3.46 show biological activity and specific biological activity with time.

Table 3.5 Biological activity assay results for porous, non-porous, unprocessed lysozyme after 20 weeks 

storage at 4 "C/desiccant conditions (n=2, *± pooled standard deviation).

Units/ml
test

Units/mg
solid

Hg
protein/test

Units/mg
protein

% Activity*

(± 6.4%)

% Specific 
activity *
(± 7.0%)

Porous 311 ±35.4 38863 ±4358 8.55 ± 1.2 364 3 6 ± 1045 96.8 100.2

Non-porous 354 ± 9.9 4 4 2 5 0 ± 1237 9.75 ± 0.07 3 6 312± 1278 110.3 99.9

Unprocessed 354 ± 2.8 44222 ± 3 1 4 9.2 ±0 .14 3 84 6 1 ± 865 110.2 105.8

Control 321 ± 18.4 40111 ±2318 8.85 ± 0 .92 363 4 6 ± 1680 100 100
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Figure 3.45 Biological activity o f  spray-dried porous/non-porous and unprocessed lysozyme as % of 

corresponding control solution activity. Error bars shown represent ± pooled standard deviation for the 

samples.
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Figure 3.46 Specific biological activity o f  spray-dried porous/non-porous and unprocessed lysozyme as % o f 

corresponding control solution activity. Error bars shown represent ± pooled standard deviation for the 

samples.
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3.5.2 Storage at 25 “C / 60% R.H.

Particlc morphology of porous/non-porous particlcs was unchanged by storage under these 

conditions over 20 weeks, as can be seen from SE photo-micrographs (Figure 3.47).

K C l4 .la n  5 .0 k V ji5 .C k  lO ua

Figure 3.47 SE micrographs showing porous/non-porous lysozyme (a), (c) after 24 hours (b), (d) after 20 

weeks storage at 25 "C/60% R.H..

Mass loss from 25 - 100 “C calculated from TGA analysis, showed that the moisture content of 

powders was increased slightly during storage (Figure 3.48). Variability was increased compared 

to storage at 4 °C/desiccant conditions, as seen from the increase in the range from all 

measurements taken. A moisture loss o f 5.0% was calculated for porous lysozyme stored for 20 

weeks, and a range o f 3.3 -  7.3% was calculated over all time-point measurements. A moisture loss 

o f 7.3% was calculated for non-porous lysozyme stored for 20 weeks, and a range of 3.5 -  7.3% 

was calculated over all time-point measurements. XRD (Figure 3.49) and DSC (Figure 3.50 (a)) o f 

porous microparticles showed no change compared to starting porous material following storage 

for 20 weeks. DSC of non-porous lysozyme also showed no change in the DSC trace compared to 

starting non-porous spray-dried material (Figure 3.50 (b)).
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Figure 3.48 Moisture content (calculated from mass loss 25-100 “C from TGA) per week, for porous and 

non-porous spray-dried lysozyme, following 20 weeks storage at 25 "C/60% R.H., n=l .
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Figure 3.49 XRD o f porous lysozyme stored at 25 "C/ 60% R.H. for 20 weeks (solid line), freshly prepared 

porous lysozyme stored in a desiccator at -2 0  “C (broken line).

*6X0

Figure 3.50 DSC o f (a) porous, (b) non-porous spray-dried lysozyme following 20 weeks storage at 25 

“C/60% R.H. (solid line), broken line shows freshly prepared material.
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S olid  sta te  F T IR  show ed  no change  in th e  shape o f  th e  am id e  1 peak  co m p ared  to  the resp ec tiv e  

sta rting  m ateria l fo llow ing  20 w eeks sto rage (i.e . po rous vs porous; non -po rous vs non -porous; 

u np rocessed  v s un p ro cessed  m ateria l), suggesting  tha t secondary  s truc tu re  d id  no t ch an g e  fu rther 

on  sto rage fo llow ing  ch an g e  as a resu lt o f  p rocessing  (F igu re  3.57).

T here  w as no sta tis tica lly  sign ifican t change  (de te rm ined  by  A N O V A  analysis; a  =  0 .05 ) in 

b io log ica l ac tiv ity  seen  fo r sp ray -d ried  p o ro u s/n o n -p o ro u s or un p ro cessed  lysozym e co m p ared  to  

con tro l a fte r 20  w eeks storage. N o n -po rous sp ray -d ried  lysozym e sh o w ed  a s ta tis tica lly  sign ifican t 

h igher specific  ac tiv ity  from  A N O V A  analysis  bu t th is w as likely  to  be an  a rtifac t o f  one low  B C A  

resu lt, as no  such  trend  w as no ted  in o ther w eeks. T h is ev idence suggests th a t the b io log ica l 

ac tiv ity  o f  sp ray -d ried  po ro u s, non -po rous or un p ro cessed  lysozym e w as not ad v e rse ly  affec ted  b y  

sto rag e  under these  cond itions fo r 20  w eeks. T ab le  3 .6  show s resu lts  o f  the assay  ca rried  ou t at 

w eek 20. F igures 3.51 and 3.52 show  b io log ical ac tiv ity  and  specific b io log ica l ac tiv ity  w ith  tim e.

Table 3.6 Biological activity assay results for porous, non-porous, unprocessed lysozyme after 20 weeks 

storage at 25 “C/60%  R.H. (n=2, *± pooled standard deviation).

Units/ml
test

Units/mg
solid protein/test

Units/mg
protein

% Activity* 

(± 5.2%)

% Specific 
activity * 
(± 4.0%)

Porous 342 ± 12.7 427 8 7 ± 1583 9.1 ± 0 .2 8 37611 ± 223 106.7 103.5

Non-porous 344 ± 3 .5 42925 ± 380 7 .9 ± 0 .1 4 43472 ± 393 107.0 119.6

Unprocessed 327 ± 2 4 40903 ± 3045 9.6 ± 1.34 34426 ±2293 102.0 94.7

Control 321 ± 18.4 40111 ±2318 8.85 ± 0 .9 2 3 6 346± 1680 100 100

Biological activity of lysozyme sto red  a t 25°C/60°/o RH

120

2  1 1 0  - 
C

“  100  -
0t. 90  -

1  80 - 
■■c
™ 70 -
a u
Di 60 -o 
o
o  50-1- 

0

Figure 3.51 Biological activity o f spray-dried porous/non-porous and unprocessed lysozyme as % o f 

corresponding control solution activity. Error bars shown represent ± pooled standard deviation for the 

samples.
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Figure 3.52 Specific biological activity o f  spray-dried porous/non-porous and unprocessed lysozyme as % o f 

corresponding control solution activity. Error bars shown represent ± pooled standard deviation for the 

samples.
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3.5.3 Storage at 40 “C / 75% R.H.

Particlc morphology was considerably affcctcd by these storage conditions. Loss o f porous surface 

morphology was noted after 24 hours and particle fusion was considerable from 1 week onwards 

for porous lysozyme particles. Non-porous particles also showed a change in surface morphology 

after 24 hours with some particle fusion and indents to the surface. Storage for 20 weeks resulted 

in less fusion for non-porous than for porous particles however. SE micrographs (Figure 3.53) 

show particle morphology following 24 hours, 2 weeks and 20 weeks storage.

Figure 3.53 SE micrographs showing porous (top), non-porous (bottom) lysozyme (a), (d) after 24 hours (b), 

(c) after 2 weeks (c), (f) after 20 weeks storage at 40 “C/75% R.H..

Mass loss from 25 - 100 ”C calculated from TGA analysis, showed that the moisture content of 

powders was increased during storage (Figure 3.54). Moisture content showed a maximum after 

storage for 2 weeks, with mass losses of 11.0 and 11.5%, respectively for porous and non-porous 

particlcs at this time point. Variability was increased compared to storage at 4 “C / desiccant and 

25 "C / 60% R.H. conditions, as seen from the range of all ineasurements of 4.6 - 11% (mass loss o f 

7.9% calculated after 20 weeks storage) for porous lysozyme and 4.3 - 11.5% (mass loss o f 9.6% 

calculated after 20 weeks storage) for non-porous lysozyme. XRD of porous microparticles 

remained amorphous after 20 weeks storage (Figure 3.55). DSC o f porous lysozyme showed a 

change in the area o f decomposition and Tm peak following storage under these conditions (Figure 

3.56 (a)). The Tm peak was larger than in the freshly prepared porous sample and more similar to 

the unprocessed sample. This suggests some change in folding compared to the freshly prepared 

spray-dried samples. DSC of non-porous lysozyme was not changed compared to the freshly 

prepared sample (Figure 3.56 (b)).
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Figure 3.54 Moisture content (calculated from mass loss 25-100 “C from TGA) per week, for porous and 

non-porous spray-dried lysozyme, following 20 weeks storage at 40 “C/75% R.H., n=l.
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Figure 3.55 XRD o f porous lysozyme stored at 40 “C/ 75% R.H. for 20 weeks (solid line), freshly prepared 

porous lysozyme stored in a desiccator at -20 "C (broken line).
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Figure 3.56 DSC o f (a) porous, (b) non-porous spray-dried lysozyme following 20 weeks storage at 40 

“C/75% R.H. (solid line), broken line shows freshly prepared material.
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Solid state FTIR showed no change in the shape o f  the am ide 1 peak com pared to the respective 

starting materia! for spray-dried porous lysozym e, follow ing 20 weeks storage. Interestingly non- 

porous and unprocessed m aterial did show  a change in the shape o f  the am ide 1 areas com pared to 

respective starting m aterials (Figure 3.57). Calculation o f  area o f  overlap betw een this peak and 

the respective starting peaks showed an area o f  overlap o f  92.1%  (unprocessed m aterial: starting vs 

stability), and 94.8%  (non-porous material: starting vs stability).
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Figure 3.57 A rea-norm alised, baseline-corrected am ide 1 peak for unprocessed (b lack tracc)/non- 

porous/porous lysozym e (coloured traces) stored under stability  conditions as indicated in the legend for each 

o f  the graphs (20 w eeks).

Biological activity o f  spray-dried sam ples was found to decrease on storage with a statistically 

significant decrease com pared to control. This was significantly greater in the case o f  porous 

spray-dried lysozyme. Decrease in biological activity was associated with a decrease in solubility 

o f  the protein, as observed from  the decrease in |ig  protein/test from  m icro BCA  analysis (Table 

3.7). This suggests that the decrease in activity was related to form ation o f  insoluble aggregates. 

No decrease in specific activity was found because this m easurem ent involved correction for 

protein content. Unprocessed material also show ed a decrease in %  activity, although there was a 

large variability observed at week 20, resulting in a high standard deviation. The trend observed 

over 20 weeks resem bled that for the porous spray-dried sam ple (Figures 3.58, 3.59).
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Table 3.7 Biological activity assay results for porous, non-porous, unprocessed lysozyme after 20 weeks 

storage at 40 ‘’C/75% R.H. (n=2, *± pooled standard deviation).

Units/ml
test Units/mg solid protein/test

Units/mg
protein

% Activity*

( '± 3 .9 ;
^±28.0)

%  Specific 
activity *
(' ±3.6 
-±2 .5 )

Porous 206 ±7.1 25757± 874 5.35 ±0.21 38520 ±220 64.2 ‘ 106 ‘

Non-porous 270 ±8.5 33750± 1105 6.3 ± 0.42 42907 ± 220 84.1 ' 118.1 '

Control 1 32! ±18.4 40111 ± 2318 8.85 ±0.92 36346 ±1680 100 ‘ 100 ‘

Unprocessed 211 ± 119.5 26328± 14916 4.5 ±2.5 46485 ± 528 67.4- 119.0-

Control 2 313 ±33.2 39063 ±4198 8.0 ±0.57 39061 ± 1295 O o O O

Biological activity of lysozyme stored at 40°C /75°/o RH
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Figure 3.58 Biological activity o f spray-dried porous/non-porous and unprocessed lysozyme as % o f 

corresponding control solution activity. Error bars shown represent + pooled standard deviation for the 

samples.



Specific b iological activity o f  ly sozym e stored  at 
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Figure 3.59 Specific biological activity o f  spray-dried porous/non-porous and unprocessed lysozyme as % o f 

corresponding control solution activity. Error bars shown represent ± pooled standard deviation for the 

samples.
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3.5.4 SDS-PAGE

Reducing SDS-PAGE was carried out on spray-dried porous, non-porous (without AC) stored at - 

20 °C, and stored under 4 "C/desiccant, 25 "C/60% R.H., 40 "C/75% R.H. stability conditions for 20 

weeks and unprocessed lysozyme stored at -20 ”C, and stored under 4 “C/desiccant, 25 "C/60% 

R.H., stability conditions for 20 weeks (Figure 3.60). Gel sheet analysis showed that no 

appreciable soluble covalent protein aggregation took place following spray-drying and storage at - 

20 "C in a desiccator. However, a weak higher molecular weight band (~32 kDa by comparison to 

the standard), indicating the presence o f amounts o f aggregated protein (dimer), was identified for 

spray-dried (porous and non-porous) stored at 4 "C/25 “C and 40 "C under stability study conditions 

and unprocessed samples stored at 25 "C under stability study conditions.

25kD aj ^

46k D a l I n s

58kD a

8()kDa

175kDa

Figure 3.60 SDS-PAGE carried out under reducing conditions: picture taken using gel documentation system  

under UV light (left) and scanned im age (right). [Unp =  unprocessed; P = porous; NP = non-porous, 

temperature labels correspond to stability conditions - 2 0  "C/desiccant; 4 "C/desiccant; 25 "C/60% R.H.; 40  

°C/75% R.H.]

To further investigate this, SDS-PAGE was carried out under non-reducing conditions on the 

spray-dried porous lysozyme samples (Figure 3.61). A small amount of aggregation was again 

evident from a higher molecular weight band, particularly for samples stored under the more 

challenging conditions o f 25 "C/60% R.H. and 40 "C/75% R.H..
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Figure 3.61 SDS-PAGE carried out under non-reducing conditions: scanned image. [Unp = unprocessed; P  ̂

porous; temperature labels correspond to stability conditions-20  "C/desiccant; 4 “C/desiccant; 25 °C/60% 

R.H.; 40 “C/75% R.H.]

Stability, as assessed by SEM , TGA, DSC, FTIR and biological activity, were sim ilar for porous 

and non-porous m aterial, stored at 4 “C/desiccant and 25 “C /60%  R.H.. The stability o f  non-porous 

lysozym e was better than porous lysozym e stability, stored at 40 “C/75%  R.H. as noted from a 

greater biological activity o f  non-porous particles stored under these conditions for sim ilar lengths 

o f  time. Evidence o f  aggregation from SDS-PAGE for porous and non-porous and unprocessed 

lysozym e and changes in DSC traces o f  porous lysozym e (but not non-porous lysozyme) stored 

under these more challenging conditions also suggests loss o f  stability.
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3 .6  P a r t ic l e  c h a r a c t e r is a t io n  o f  s p r a y -d r ie d  l y s o z y m e

O bservation o f  the surface m orphology o f  the porous spray-dried particles suggested a high surface 

area, because o f  the fused nano-particular appearance. Particle diam eter appeared to be favourable 

for pulm onary delivery from  SEM analysis (less than ~  3 |am). In order to exam ine these and to 

assess aerodynam ic properties, surface area, bulk and tapped densities, particle size distribution and 

in-vitro drug deposition using an A ndersen cascade im pactor were undertaken. The m odel porous 

system lysozym e spray-dried from 80% EtOH with 10% o f  t.s.c. (0.5%  w/v) AC, inlet tem perature 

78 °C was choscn (Figure 3.13 (b)). Lysozym e spray-dried from w ater w ithout any AC and with 

20%  o f t.s.c. AC (t.s.c. 0.5% , inlet tem perature 120 “C) w ere chosen as model non-porous system s 

with different m orphology (Figure 3.25).

Average particle diam eter was initially estim ated from  SE m icrographs (Table 3.8). The sizes o f  

three batches o f  porous lysozym e were estim ated before further analysis and to examine inter-batch 

variation. All spray-dried samples (porous/non-porous) appeared to  have sim ilar particle size. One 

batch o f  spray-dried porous lysozyme -  batch 3 had the sm allest estim ated particle size and 

standard deviation. Statistical significance was not established due to the crude nature o f  these 

estim ates, how ever variation o f  this batch from  other batches was suspected as a result o f  small 

changes in spray-dryer perform ance noted by the research group and necessitating nozzle 

replacem ent, shortly after this batch was spray-dried. Particle sizing using laser diffraction and in- 

vitro drug deposition was carricd out on this batch -  referred to as ‘porous lysozym e -  small 

particle size b atch ’ as a com parison but the suspected atypical nature o f  this batch should be noted. 

Results o f  ‘porous lysozym e -  regular batch’ represent spray-dried lysozyme particles that w ere 

spray-dried well before or after nozzle replacem ent was required.

Table 3.8 Average particle diameter and standard deviation estimated from SEM analysis.

Average particle diameter ± standard deviation (^m) 
[number of particles considered)

Porous lysozyme -  batch 1 2.16 ±0.87 [150]

Porous lysozyme -  batch 2 1.65 ±0.73 [162]

Porous lysozyme -  batch 3 1.54 ±0.45 [351]

Non-porous lysozyme SD with AC 1.92 ±0.82 [73]

Non-porous lysozyme SD without AC 1.70 ± 1.07 [123]

Particle size distribution was estim ated using laser diffraction particle sizing at the standard 

operational settings o f  2 bar air pressure and 50%  vibration feed rate for porous particles. A higher 

vibration feed rate o f  70 -  80% was required to  adequately d isperse non-porous particles. This did 

not influence the m easured particle size distribution o f  these particles, as observed from replicate 

runs at 50%, 70% , 80%  vibration feed rates. Porous particles and non-porous particles spray-dried
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with AC showed a m ono-modal, highly rcproduciblc intra-batch size distribution. Non-porous 

particles spray-dried w ithout AC, show ed a skewed distribution (on the log scale) w ith some tailing 

in the particle size distribution below 1 |im  diameter. The narrow est size distribution was found for 

the porous lysozym e -  small particle size batch, with a span averaging 1.018 com pared to 1.523 for 

the regular batch o f  porous lysozyme, 1.605 for non-porous lysozym e spray-dried with AC and 

1.847 for non-porous lysozym e spray-dried w ithout AC. The two spray-dried batches o f  porous 

particles show ed sm aller m edian volume diam eters than non-porous particles w ith the sm allest 

d(0.5) m easured for the porous lysozym e -  small particle size batch (Table 3.9). The percentage o f  

particles in the nanom eter size range was sim ilar for porous particles and non-porous particles 

spray-dried w ithout AC, but significantly less for the non-porous particles spray-dried with AC.

6

4

2

0,
100 600

Partic le  S ize/u m ^

100 600
Partic le  S ize

100 600
P y l i r le  S ize

100 600
Partic le  S ize  (|jm)

Figure 3.62 Particle size distributions of (a) spray-dried porous lysozyme, (b) spray-dried porous lysozyme -  

small particle size batch, (c) spray-dried non-porous lysozyme (spray-dried with AC), (d) spray-dried non- 

porous lysozyme (spray-dried without AC), n = 3 (different colour traces represent different runs).
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Bulk and tapped densities were similar for the porous lysozyme and non-porous lysozymc particles 

spray-dried without AC (Table 3.9). These were higher than expeeted for the porous lysozyme, 

compared to bulk and tapped densities of other porous particles produced by the method (Section 

4.2.3, Me Donald (2005), Nolan (2008)). Bulk and tapped densities were lower for the non-porous 

lysozyme spray-dried with AC (Table 3.9). Non-porous lysozyme particles spray-dried with AC 

were hollow, with evidence o f collapsed particles from SEM analysis. The calculated C arr’s index 

for porous particles was 35.7% which is indicative o f a very poor flowing powder. Values for non- 

porous particles spray-dried without AC and with AC were 53.1% and 22.2% indicative o f 

extremely poor and poor flowing powders, respectively. The extremely poor flow of non-porous 

particles spray-dried without AC may have contributed to the low dispersibility of the powder 

during particle sizing measurements.

Surface area measurements of porous particles were approximately twice those of non-porous 

spray-dried particles spray-dried with/without AC (Table 3.9). The increase in surface area was 

smaller than expected, particularly considering the approximately 40-fold increase in surface area 

of porous trehalose and raffinose particles compared to non-porous particles (Section 4.2.3).

Tabic 3.9 Particlc sizing (n = 3; mean ± standard deviation), surface area (n = 2 mean (range); *n = 1;) and 

bulk and tapped densities (n = 3 mean ± standard deviation; *n = I ;) for porous lysozyme, porous lysozyme 

(small particle size batch), non-porous lysozyme (spray-dried without AC), non-porous lysozymc (spray- 

dried with AC).

Porous 
Lysozyme —
regular batch

Porous Lysozyme
-  small particlc size 

batch

Non-porous 
Lysozyme 

(SD without AC)

Non-porous 
Lysozyme 

(SD with AC)
Particle sizing

d(O.I) (pm) 
d(0.5) (pm) 
d(0.9) (pm)

% < 1 pm

0.786 ±0.052 
1.785 ±0.011 
3.505 ±0.112

17,93± 1.83

0.872 ± 0.023 
1.442 ±0.010 
2.340 ±0.048

17.80± 1.40

0.632 ±0.013 
2.22! ±0.162 
4.725 ±0.219

18.62± 1.84

1.187 ±0.004 
2.660 ±0.013 
5.457 ±0.035

5.95 ± 0.052
Surface area
(m"/g)

6.7867 [6.5457, 
7.0277]

N/d 2.7223 [3.6781, 
1.7665]

*3.3270

Bulk density
(g/cm^)

0.27 ±0.011 N/d 0.23 ±0.014 ♦0.14

Tapped density
(g/cm^)

0.42 ±0.017 N/d 0.49 ± 0.003 *0.18

Andersen cascade impactor (ACI) data showed that porous lysozyme particles had a higher fine 

particle fraction (< 5 }^m) and particle fraction < 3 |.tm than non-porous particles. Due to the large 

variability however, there was not a statistically significant difference between this batch and non- 

porous particles spray-dried with AC (< 5 |im  p = 0.061; < 3 |am p = 0.119), but there was 

statistically significant difference between this batch and non-porous particles spray-dried without 

AC (< 5 i^m p = 0.014; < 3 |im  p = 0.016). The batch o f porous lysozyme with a small particle 

size, gave the highest fine particle fraction and particlc fraction < 3 |am. Mass median aerodynamic



diam eters for porous and non-porous particles spray-dried w ith AC w ere alm ost identical. A larger 

MM AD was found for non-porous particles spray-dried w ithout AC. Edwards et al. (1997) 

described a case involving large porous and non-porous PLG A  particles, w here differences w ere 

noted in respirable fraction but not in M M AD. They attributed the advantage o f  porous particles, 

to decreased aggregation on leaving the inhaler and decreased im paction in the non-respirable 

stages o f  the AC!. In this study porous particles also show ed less deposition in the m outhpiece 

adaptor and induction port than non-porous particles w ith AC (Figure 3.63). The average em itted 

dose (expressed as % o f nominal dose emitted from the inhaler) was sim ilar for all systems with no 

statistically significant difference betw een particle m orphologies.

Table 3.10 Summary of results from Andersen cascade impactor analysis; mean ± s.d.; n = 3.

% < 5 (im % < 3 (xm MMAD
(Hm)

GSD % emitted
(of nominal 

dose)
Porous lysozyme 57.98 ±4.48% 32.55 ±3.72% 2.83 ±0.23 2.01 ±0.48 88.4 ± 11.4

Porous lysozyme
-small particic size batch

72.30 ± 5.05% 48.08 ± 4.93% 2.05 ± 0.04 1.91 ±0.07 73.1 ±9.9

Non-porous lysozyme
-spray-dried with AC 

Non-porous lysozyme
-spray-dried without AC

46.31 ±5.25% 

37.60 ±5.13%

25.38 ±4.38% 

19.50 ±2.73%

2.83 ±0.21 

4.79 ±0.75

2.08 ±0.2 

2.46 ± 0.44

71.3 ± 13.0

75.4 ± 7 .0

50 00

?  45.00

40.00
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30.00
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S  10.00

5.00

Stage 5 Stage 6Mouth
piece

adaptor,
Induction
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oNorvporous (SD with 20% AC)
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□ Porous - small particic size batch
□ Non-porous

Figure 3.63 Deposition patterns on the stages of the ACI apparatus showing differences between product 

morphologies. Calculated as % of recovered emitted dose (mouth -  filter), used to calculate fine particic 

fraction.
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3.7  C o n c l u s io n s

Porous particles o f lysozyme were produced from a range of alcoholiH^O;AC systems. The 

importance o f the concentration o f alcohol and AC and o f phase separation o f the feed prior to 

spray-drying was observed. The fact that inlet temperature did not affect surface morphology was 

noted on two occasions. The deviation o f the solvent system from the hypothesis proposed for 

NPMP production by the method involving solvent selection was also noted. These may indicate 

that a slightly different mechanism of NPMP production is involved in these systems than in the 

systems spray-dried by other researchers in the group using the method, and than seen for 

hydrophilic systems spray-dried from the non-aqueous systems in this work. Alternative proccss 

enhancers ammonium formate and ammonium acetate were considered and required higher 

concentrations o f salt to be used to produce porous particles from an 80% EtOH solvent system. 

Their lower efficacy by weight o f salt, compared to AC and AHC were proposed to be due to a 

lower precipitating power for the protein.

Process stability determinations suggested that porous lysozyme produced from an EtOHiHiOiAC 

system experienced some perturbations in folding/secondary structure in the dried state, with 

recovery o f activity on re-hydration. Comparison with non-porous lysozyme spray-dried from 

water and collected precipitate (not spray-dried), suggested different stresses imposed by the 

method. Storage stability determinations also suggested a slightly different behaviour for spray- 

dried porous versus non-porous particles with greater loss o f activity seen for the porous system 

after 20 weeks storage at 40 "C/75% R.H..

Porous lysozyme showed favourable aerodynamic characteristics compared to non-porous spray- 

dried lysozyme. Specific surface area and bulk and tapped density measurements deviated from 

expected outcomes as compared to porous particles of other materials produced by the method.
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C h a p t e r  4:  S p r a y - d r i e d  e x c i p i e n t  s y s t e m s

4.1 In t r o d u c t io n

This scction involves spray-drying excipients, to investigate whether NPMPs can be produced. 

These studies are conductcd as a prelude to spray-drying excipients with a protein or peptide in 

composite systems. The rationale for using excipients in dry powder protein formulations, has 

been introduced in Chapter 1. The non-reducing sugars trehalose and raffmose, and polyols 

mannitol and myo-inositol are investigated. A significant amount of work was previously carried 

out by Li (2005) in producing NPMPs of HP-B-CD, so it is not considered further in this section, 

with regard to preliminary research. It is however considered as a model cyclodextrin component 

in composite systems with proteins in Chapters 5 and 6, and in one composite system in this scction 

with trehalose. Table 4.1 provides a summary, from the literature, o f some of the physicochemical 

and solid-state characteristics following spray-drying, o f the excipients used in this chapter.

Previous research in developing the spray-drying method, particularly for the water soluble 

saccharides, include lactose spray-dried from water with AC as process enhancer by McDonald 

(2005), and HP-p-CD spray-dried from mixed organic solvents by Li (2005). McDonald (2005) 

spray-dried lactose;AC in different mass ratios, from water. These experiments suggested an 

interesting morphology for the particles spray-dried in a mass ratio of 75:25 lactose:AC. Surface 

morphology of spray-dried particles was dissimilar to other NPMPs produced using the spray- 

drying method (for example the fused nano-particulate appearance of NPMPs o f lysozyme from 

Et0H :H :0:A C  (Chapter 3), and some thiazide and steroid compounds produced by Tajber (2005), 

McDonald (2005), Nolan (2008)) and consisted o f hollow thin-walled particles with pores or blow 

holes through the surface. These particles had high surface area and low bulk and tapped densities. 

They were described as porous particles o f “poor quality” (Corrigan, 2005). Li (2005) spray-dried 

HP-B-CD from a selection o f different solvent systems and conditions. NPMPs were not produced 

from any o f the alcoholiH^O: AC systems. NPMPs were however produced from mixed organic 

solvent systems for example MeOH;BA (1:1), MeOH:IPA (1:1), M e0H:BA:H20 (15:15:1 and 

6:6:1) (inlet temperatures 100-120 °C) using the Biichi B-290 spray-dryer in the closed mode 

configuration (Li, 2005). These previous studies are considered when spray-drying excipients in 

this chapter.

Particle properties, including particle size, shape, surface morphology, residual moisture/solvent 

content, sohd-state characteristics and thermal behaviour are the main criteria for formulation 

evaluation. Applicability of the spray-drying conditions for future incorporation o f proteins is also 

assessed. Each excipient is considered separately regarding spray-drying and thermal analysis and 

solid-state characteristics. Particle characterisation including micromeritics and in-vitro deposition
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is considered together for N PM Ps o f  trehalose and raffinose, because o f  sim ilarities betw een the 

NPM Ps produced, in term s o f  m orphology and feed conditions. Prelim inary exam ples o f  

com posites o f  excipients are also considered at the end o f  the chapter.

Table 4.1 (“Elversson and Millqvist-Fureby, 2005; '’Bouchard, 2007b; “̂ Lechuga-Ballesteros et al., 2003, ‘*Yu 

et al., 1998; '■'Higashiyama, 2002, *Pharmaccutical excipients, 2006; ^Surana, 2004; ''Moscn, 2003; 'Miller and 

Lcchuga-Ballesteros, 2006; ^Li, 2005).

Name
(Number of
saccharide
units)

Hydrate (s) M w '’

Tg
("o M P (°C)

Solid state 
after spray- 
drying Solubility^

T r e h a lo se
(2 )

D ih y d r a te

3 7 8 .3 3
(d ih y d r)
3 4 2 .3 1
(a n h y d )

117'’

9 5  9 7  °C  '  
(D ih y d r a te  - 
d e h y d r a tio n )

2 0 3 - 2 1 0  “C  
(A n h y d r id e )

Amorphous*^

6 8 . 9 g / 1 0 0 m l i n H ; 0 ( 2 0  ”C )  
S lig h t ly  s o lu b le  in 9 5 %  E tO H

R a f im o s e
(3 )

P en ta h y d ra te , 
M e ta -s ta b le  
terra- and  tri- 
h y d ra tes

5 9 4 .5 2
(p en ta -)
5 0 4 .4 4
(a n h y d )

US'* 
1 1 3 '

8 0
(P en ta h y d ra te  
- d e h y d r a t io n )

A m o rp h o u s' 0 .1 4 g ^ m l in  H 2O  

O .lO g /m l in  M e O H  

S lii ih lly  s o lu b le  in 9 5 %  E tO H
C y c lo d e x tr in ;
H P -R -C D
( 7 )

1 3 8 0 250" A m orphous'' H : 0 >  1 in 2  ( 2 0  '^C)

M a n n iio l - 1 8 2 .1 7 12.6** 1 6 7 - I 7 0 ° C ^
C r y s ta llin e
(8 9 -1 0 0 % )“

1 in  5 .5  H 2O  
1 in  8 3  E tO H

M y o - in o s i io l - 1 8 0 .1 6 2 2 2 - 2 2 7 C r y s ta llin e 5 0  m g /m L  in  H : 0
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4 .2  N o n - r e d u c i n g  s u g a r s

4.2 .1  T r e h a l o s e

M aa et al. (1997), described trehalose as having a “ sticky” nature and spray-dried com posite 

particles from aqueous solution, with a high ratio  o f  trehaloseiprotein (3:2, 7:3) as highly 

agglomerated. They concluded that concentrations o f  trehalose greater than 50%  w/w w ere not 

appropriate for aerosol applications. SEM  pictures presented, showed fiised spherical particles. 

Spray-drying in this study was carried out using a Biichi B -190 spray-dryer, equipped with a two- 

fluid nozzle (0.5 mm). The follow ing conditions w ere em ployed: inlet tem perature 90 °C, drying 

air flow rate 0.6 mVmin, atom izing air flow rate 0.9 m^/hr, liquid feed rate 5 ml/min. These 

conditions resulted in an outlet drying tem perature o f  approxim ately 53 "C. Spray-drying 

conditions may not have been optim al however, and this may have contributed to the poor quality 

o f  the particles obtained, rather than stickiness on spray-drying being an inherent property o f  the 

spray-dried sugar. The inlet tem perature o f  90 "C and resulting outlet tem perature appear quite low 

for spray-drying from aqueous solution, and m ay have resulted in slow or incom plete particle 

drying. It may have been chosen however, to m inim ise degradation o f  the protein in the study.

Subsequent to this work, Adler and Lee (1999) investigated the effect o f  increasing inlet drying 

tem perature on spray-dried trehalose. Spray-drying in this study was carried out from aqueous 

solution, also on a Btichi B-190 equipped with a pneum atic nozzle (0,7 mm) driven at 6 bar air 

pressure. Spray-drying conditions included: drying inlet tem peratures o f  110, 130 and 150 “C, 

atom izing air flow rate 0.7 mVhr, and liquid feed rate 4 ml/min. No evidence o f  agglom eration was 

found in the SEM s presented, although the use o f  the lower inlet tem perature o f  110 ”C may have 

resulted in agglom erated particles which, while not collected, were deposited on the walls o f  the 

drying cham ber or cyclone separator, resulting in the lower pow der yield obtained (A dler and Lee, 

1999).

4.2.1.1 Sp r a y -d r ie d  f r o m  w a t e r

The influence o f  inlet tem perature on spray-dried trehalose from  w ater (2%  t.s.c., 75:25 

trehalose:AC), using the Biichi B-290 spray-dryer in the open m ode configuration, was 

investigated. The feed conditions w ere chosen based on the results o f  M cD onald (2005), for spray- 

drying lactose from  water. This spray-dryer was equipped with a tw o-fluid nozzle o f  diam eter 0.7 

mm, with nozzle screw  cap 1.5 mm, and with air as drying gas (gas flow setting 40 mm, equivalent 

to  473 Norm litre/hour). Liquid feed rate o f  9 m l/m in was used. Different inlet tem peratures o f  

100, 110, 130 and 150 °C were investigated, resulting in outlet tem peratures o f  56-51, 64-61, 69 

and 80 “C, respectively.
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Product rccovcrcd from spray-drying at the lower inlet temperatures of 100 “C and 110 “C had a 

“sticky” consistency on collection. Collectable yields were low at 20.4% (25 ml spray-dried) and 

8.5% (50 ml spray-dried), respectively, with visible deposition of the material on the walls of the 

drying chamber and cyclone separator. Particles were fused when viewed under SEM, with 

particles spray-dried at 100 ”C most affected (Figure 4.1 (a), (b)). The lower inlet temperatures of 

100 °C and 110 °C appeared to be unsuitable for spray-drying trehalose from water. Inlet 

temperatures o f 130 °C and 150 “C were more successfiil, however. Collectable powder yields 

were higher at 36.2% (50 ml spray-dried) and 41.3% (50 ml spray-dried), respectively, with more 

of the powder deposited in the collecting vessel, and visibly less deposition on the walls of the 

drying chamber and cyclone separator. Discrete particles were collected as seen from SEM 

analysis (Figure 4.1 (c), (d)). Particles were spherical, and appeared to be hollow, with thin walls, 

as noted from some shattered particles and blow holes through the surface of the particles (marked 

by red arrows in Figure 4.1). They did not display the porous morphology o f lactose particles 

spray-dried by McDonald (2005) however.

■D12.CM S.OKVaS.Ok lOu*

Figure 4.1 SE micrographs showing trehalose spray-dried from water, 2% w/v t.s.c., 25% of t.s.c. AC, inlet 

temperature (a) 100 “C, (b) 110“C, (c) 130“C, (d) 150 “C.

McDonald (2005) observed an increase in particle fusion under SEM and rapid visible 

deliquescencc o f spray-dried lactose powders, with increasing AC content. To investigate this 

effect regarding spray-dried trehalose powders, spray-drying was carried out with no AC and with 

increased AC (40% of t.s.c.), at an inlet temperature o f 130 "C. Spray-drying without AC resulted 

in spherical particles with no evidence, observed from SEM, o f shattered or fractured particles 

(Figure 4.2 (a)). Spray-drying with 40% of t.s.c. AC showed shattered particles in SE micrographs 

(Figure 4.2 (b)). No evidence o f increased hygroscopic behaviour during preparation for SEM was 

found with trehalose samples on increasing AC contcnt.
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Figure 4.2 SE micrographs, showing trehalose, spray-dried from water, inlet temperature 130 "C with (a) no 

AC, (b) 40% oft.s.c. AC.

4 .2 .1 .2  S p r a y - d r i e d  f r o m  e t h a n o l :w a t e r  s o l u t i o n s

Trehalose: AC w ere initially spray-dried from 80%  and 90%  (v/v) ethanol at an inlet tem perature o f  

78 °C and from 80% EtOH at a higher inlet tem perature o f  85 “C. These conditions were choscn 

considering the E t0H :H 20;A C  system s used to produce N PM Ps o f  lysozyme (C hapter 3). It was 

not expected that these system s would produce N PM Ps o f  trehalose alone, considering the 

hydrophilic nature o f  the sugar, and the hypothesis that production o f  NPM Ps depended on solvent 

selection, as introduced in C hapter 1. It was considered desirable, however, that discrete 

am orphous particles could be produced using these spray-drying conditions, for incorporation into 

com posites with protein NPM Ps (Chapters 5, 6).

Collected products from these system s had a ‘sticky ' consistency, making further characterisation 

difficult. SE m icrographs showed fused particles, an exam ple o f which is shown below (Figure 

4.3). The sticky nature o f  the product on collection appeared unsuitable for form ulation w ith a 

protein, and so these sam ples were not characterised further.

Figure 4.3 SE micrograph showing fijsed particles spray-dried from 80% EtOH, 10% of t.s.c. AC; inlet 

temperature 85 "C.

Strategies considered to overcom e this problem  w ere alteration o f EtOH concentration, and the use 

o f  higher inlet tem peratures as this had shown success with spray-drying trehalose from water. 

Total solid concentration was increased to 1% w/v to increase the product yield. AC was not 

expected to affect the production o f  fused particles based on results from  spray-drying trehalose
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from water, but was altered from 10-25% o f  t.s.c. to exam ine any effect on particle morphology. 

(10%  was chosen because this had been used to produce NPM Ps o f  lysozyme from an 

E t0H :H 20:A C  system , 25%  was choscn to  com pare to the results from  the aqueous system s.) 

EtOH concentrations o f  60-80% , AC content (10-25% ) and inlet tem peratures (90-95 °C) w ere 

varied.

Spray-dried pow ders, produced using the higher inlet tem peratures o f  90-95 “C, w ere not 

noticcably “sticky” on collection and com prised non-porous spheres and shattered particles sim ilar 

to those spray-dried from  water, when viewed under SEM  (Figure 4.4). Fusion between particles 

was reduced com pared to the lower inlet tem peratures o f  78 and 85 °C used. Shattering and 

fracture o f  particles was more evident from  SE m icrographs o f  trehalose spray-dried with the 

higher AC content o f  25%  o f  t.s.c.. Particles appeared to be hollow  and consisted o f  thin walls, as 

observed from  these shattered particles.

The EtO H iH iO iA C system  did not produce NPM Ps o f  the hydrophilic sugar alone. C om posite 

lysozym citrehalose NPM Ps may be possible, however, considering the optimal spray-drying 

conditions to m inim ise fusion o f  the sugar, and to produce N PM Ps o f lysozym e alone.

(60% EtOH, 25% AC, 90 "C) (60% EtOH, 25% AC, 95 "C) (70% EtOH, 25% AC, 90 "C)

(60% EtOH, 10% AC, 90 ”C) (70% EtOH, 10% AC, 90 T )  (80% EtOH, 10% AC, 90 "C)

Figure 4.4 SE micrographs of trehalose spray-dried from EtOHiH^OiAC systems, all 1% t.s.c., % EtOH, % 

of t.s.c. AC, inlet drying temperature as shown.
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4.2.1.3 SPR.W -DRIED FROM METHANOL:N-BUTYL ACETATE

T he u se  o f  a non -aqueous m ethano l:n -bu ty l aceta te  (M eO H :B A ) so lven t system , as had  been  

successfu lly  used  by  L i (2005) to  p roduce N P M P s o f  H P-C -C D , w as co nsidered  for treha lo se  

b ecause o f  the hydroph ilic  natu re  o f  the sugar sim ilar to HP-B-CD .

T rehalose  w as in itially  sp ray -d ried  from  M eO H :B A  in so lven t ratios o f  50 :50  an d  80:20 an d  a t.s.e . 

o f  0 .5% . S p ray-d ry ing  w as ca rried  out in  the c losed  b lo w in g  m ode configuration , u sing  N t as 

d ry ing  gas, due to  safe ty  requ irem en ts w h ile  sp ray -d ry in g  w ith  these  o rgan ic  so lvents. T he so lven t 

ra tio  o f  50 :50  w as chosen  sim ilar to L i (2005), and  the so lven t ra tio  o f  80 :20  w as chosen  b ecau se  

o f  the increased  so lub ility  o f  the sugar in the M eO H  com p o n en t com pared  to  the BA  com ponent. 

An inlet tem p era tu re  o f  100 °C  w as chosen . S p ray-dry ing  resu lted  in N P M P s as  show n below  

(F igu re  4.5). N P M P s spray-dried  from  bo th  so lven t ra tio  sy stem s show ed a sim ilar m orpho logy , 

w h ich  resem bled  fused  spherical nano-partic les. T here  w as a p rob lem  w ith  an ex trem ely  low  

co llec tab le  p roduct y ie ld  (<  2% ) lim iting  ch a rac terisa tio n  o f  partic les to  SEM  analysis . 

C on tribu to ries to  this low  y ie ld  m ay have inc luded  the  sm all vo lu m e sp ray -d ried  (50 m l), low  to ta l 

solid  concen tra tion  (lim ited  b y  the  so lub ility  in M eO H ) and  ineffic ien t trapp ing  or escape o f  

sm aller partic les to  the filter an d  from  the  connections o f  g lassw are  o f  the sp ray -d ryer in the 

b low ing  m ode. (E v idence  for th is inc luded  the g rea ter than  usual v isib le  p resence o f  pow der on  the  

filter afte r sp ray -d ry in g  and p artic les seen to  escape  in a w hite  c loud  be tw een  the cyc lone sep ara to r 

and the co llec ting  vessel during  dry ing). T his suggested  the  need  for p rocess op tim isa tion , in o rder 

to  have a u sab le  system , an d  for opera to r safety. V ariab le  fac to rs , being the to ta l so lid  

concen tra tion  (t.s .e), vo lum e sp ray -d ried  an d  the type o f  cy c lo n e  sep ara to r used w ere considered . 

P re lim inary  experim en ts show ed  th a t increasing  these  fac to rs and use o f  a h igh  perfo rm ance  (H P) 

cyclone, increased  the  co llec tab le  yield.

Figure 4.5 SE micrograph showing trehalose spray-dried from MeOH:BA from a solvent ratio o f (a), (b) 

80:20; (c) 50:50; 0.5% t.s.e., inlet temperature 100 "C.

T he t.s.e . w as m ain ta ined  at 0 .5% , because  o f  lim ited  so lu b ility  o f  treha lo se  in the non-aqueous 

system , and  the  vo lum e sp ray -d ried  w as increased . A  h igh  p erfo rm ance  (H P) cyc lone w as used  in  

p lace  o f  the  regu la r (R E G ) cyclone. U se o f  th e  HP cyc lone w as found to  resu lt in sp ray -d ry ing  

being  ca rried  out at a low er p ressu re  (~20 m bar com pared  to  ~ 30  m b ar) and a sligh tly  low er ou tle t 

tem perature . N P M P s w ere p ro d u ced  u sing  the  tw o cyc lone se p ara to r types, irrespective  o f  these
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diffcrcnccs (Figure 4.6). The particlcs produced were sim ilar, although the spherical shape 

appeared to be slightly looser in the ease w here the HP cyclone was used. Yield was increased to 

-1 0 %  for the regular cyclone (200 ml spray-dried) and ~50%  (200 ml spray-dried) for the HP 

cyclone, enabling further characterisation o f the powder. O n collection, the product spray-dried 

using the HP cyclone, appeared m ore static, which may have been due to the lack o f  grounding o f  

the collecting vessel o f  the HP cyclone. Because o f  the increased yield, the HP cyclone was 

generally used for future spray-drying o f  N PM Ps o f  trehalose, unless indicated.

Figure 4.6 SE micrograph showing trehalose spray-dried from McOHiBA (80:20 solvent ratio) using the (a) 

REG cyclone or (b) HP cyclone.

The effect o f  changing the solvent ratio on particle m orphology was investigated by spray-drying 

from  90:10, 70:30, 60:40 (M eO H :BA ) ratios (see A ppendix 1 for details). It was found that spray- 

drying from a 90:10 solvent ratio gave porous particles w hich w ere irregular in shape, w hile spray- 

drying from 70:30, 60:40 ratios produced porous spheres (Figure 4.7). There was no trend seen in 

the collectable product yield, with yields o f  32.9%  (50 ml spray-dried), 26.7%  (50 ml spray-dried) 

and 35.9%  (50 ml spray-dried) obtained, respectively, for one batch each o f  trehalose spray-dried 

from M eOH:BA ratios 90:10, 70:30 and 60:40.

Figure 4.7 SE micrograph showing trehalose spray-dried from MeOH:BA in solvent ratios of (a) 90:10, (b) 

70:30, (c) 60:40.

The effect o f introducing a small am ount o f  w ater into the M eO H :B A  solvent system  was 

investigated by spray-drying trehalose from  80:20:10, 49:49:2 and 15:15:1 M e0H :B A :H 20  solvent 

ratio system s (see Appendix 1 for details). This was desirable, when considering possible future 

com posite system s with proteins, to aid dissolution o f  a w ater soluble protein or peptide
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com ponent. Li (2005) had succcssfiilly spray-dried N PM Ps o f  HP-B-CD from the 15:15:1 solvent 

ratio system  and from the higher water content solvent ratio o f  6:6:1 (M e0H :B A :H 20). Non- 

porous slightly fused particles were spray-dried from  the 80:20:10 ratio using both the REG and the 

HP cyclone. Fusion between particles was m ore extensive w here the HP cyclone was used, and 

particle size was observed to be sm aller from SEM analysis (Figure 4.8 (a), (b)). Particles 

appeared to  be hollow, as noted from several shattered particles and holes in particle walls (one 

exam ple is indicated by a red  arrow  in Figure 4.8 (b) below). A phase separation  precipitation was 

found on addition o f  BA for the 49:49:2 and 15:15:1 M e0H :B A :H 20 solvent ratio systems. This 

appeared to be m ore extensive and coarser in the higher water content o f  the 15:15:1 ratio, 

necessitating early stoppage o f  spray-drying due to nozzle blockage. This precipitation may have 

contributed to the mixed particle m orphology o f  N PM Ps and large rods seen in SEM analysis for 

this system  (Figure 4.8 (c)). NPM Ps were produced from  the 49:49:2 solvent ratio system, using 

both the REG and the HP cyclones (Figure 4.8 (d), (e)). The particles produced using the REG 

cyclone appeared to have a larger particle size, as observed from SEM analysis, w hich may be a 

reflection o f  the greater trapping efficiency for small particles o f  the HP cyclone. A lower t.s.c. o f  

0.3%  was tried in the production o f  NPM Ps using the HP cyclone (Figure 4.8 (f)), in order to 

m inim ise precipitation in the feed prior to spray-drying. M orphology o f  the particles was very 

sim ilar to the higher 0.6%  t.s.c., although the collectable product yield was lower at only ~10%  (30 

ml spray-dried) com pared to ~24%  (50 ml spray-dried) for the higher 0.6%  t.s.c..

Figure 4.8 SE micrographs showing trehalose spray-dried using the indicated cyclone, solvent ratios 

(Mc0H:BA:H20) and t.s.c., inlet drying temperature 100 “C (a) HP cyclone, 80:20:10, 0.45% t.s.c. (b) REG 

cyclone, 80:20:10, 0.45% t.s.c. (c) REG cyclonc, 15:15:1, 0.48% t.s.c. (d) REG cyclone, (49:49:2), 0.6% 

t.s.c. (e) HP cyclone, (49:49:2), 0.6% t.s.c. (f) HP cyclone (49:49:2), 0.3% t.s.c..
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4.2 .1 .4  So l i d - s t a t e  c h a r a c t e r i s a t i o n  a n d  t h e r m a l  a n a l y s i s

4.2.1.4.1 LInprocessed M aterial: Trehalose dihydrate

Four different batches o f a,a-trehalose dihydrate were used in the course o f this thesis. (These are 

labelled batch 1-4 here for simplicity, see Materials (Chapter 2) for details o f the batch and product 

numbers.) Batch 3 was found to behave differently to the other batches in spray-drying 

experiments. It was not possible to dissolve this batch of trehalose dihydrate in the MeOH 

component, and subsequently spray-dry it as a solution from non-aqueous systems, even at a 

reduced total solid content o f 0.3% w/v and despite sonication. Spray-drying as a suspension 

produced a crystalline material as indicated by XRD analysis. Spray-drying this batch o f trehalose 

dihydrate from water was possible and resulted in non-porous particles, similar to those produced 

using other batches o f trehalose dihydrate. The powder was found to be extremely static on 

collection however. Differences between spray-drying and dissolution behaviour o f batches were 

surprising, particularly between batches 2 and 3, since these batches had the same product number 

and thus preparation method and origin. Batch 3 was not used further for spray-drying experiments 

because o f these problems, but solid-state, thermal, FTIR, SEM and laser diffraction particle size 

analysis were carried out to investigate possible reasons for these differences in behaviour, with 

particular attention to any differences between batches 2 and 3.

DSC scans (Figure 4.9) showed endothermic peaks - the first at -91-97 “C and the second at ~206- 

211 "C. The first endotherin, at ~91-97 “C, can be attributed to loss o f the dihydrate, the second 

endotherm at 206-211 “C to melting o f the anhydrous 13 crystal form (Ohashi 2007, Taylor and 

York. 1998). Batch 4 differed from the other three batches in that a second peak was found 

immediately after the first endotherm. A non-specific endothermic area occurring after -1 3 0  “C 

was noted in some batches. This may correspond to a melting transition o f the a  crystal form 

(Jones et al., 2006). Comparison o f batches 2 and 3 showed that this area was greater with batch 3, 

in duration and also in amplitude relative to the other two peaks. Resolution between peaks was 

also poorer with batch 3.
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Figure 4.9 DSC scans of trehalose dihydrate batches 1-4 as numbered.

M ass losses o f  -9 .5 %  were calculatcd from  TGA, occurring in one stage for batchcs 1, 2, 4 and in 

tw o stages for batch 3 (Figure 4.10). This level o f  m ass loss was close to the theoretical value o f  

9.5%  for the dihydrate sugar in all batches.
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Figure 4.10 TGA scans of trehalose dihydrate, batches 1-4 as numbered.

FTIR spectra were sim ilar for all the batches (Figure 4 .1 1). XRD  analysis show ed that all batches 

had peaks in sim ilar positions, and characteristic peak positions (-9 ° , 24") were consistent with 

published peak positions for the dihydrate crystal form  (8.7“, 23.8“) (K ilbum  et al. 2006, Furuki et 

al., 2005, Ohashi et al., 2007) (Figure 4.12). Relative peak heights differed betw een batches. 

These results supported the dihydrate nature o f  all trehalose batchcs.
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Figure 4.11 FTIR of trehalose dihyclrate batches 1-4 as numbered.
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Figure 4.12 XRD traces o f  trehalose dihydrate batches 1 -4 as numbered.
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Despite the fact that FTIR and XRD confirm ed the dihydrate nature o f  all batches, there were 

differences in thermal behaviour o f  batches as observed in DSC and TGA scans -  particularly in 

the area o f  dehydration. Sim ilar differences were noted by Taylor and Y ork (1998) for different 

particle size fractions o f  trehalose dihydrate. The authors com pared sam ples using hot stage 

m icroscopy, DSC, TGA, and XRD. DSC studies show ed that the onset and com pletion o f  

dehydration occurred at lower tem peratures, with greater peak resolution, for the smaller com pared 

to the larger particlc size fractions. The TGA o f the dehydration transition also occurred earlier 

and in one step for the sm aller particle sizes and at a later onset and in tw o steps for the larger 

particle sizes. They concluded that the larger surface area to volum e ratio and potentially increased 

crystal lattice defects o f  the sm aller particles may have facilitated water rem oval and im pacted on 

dehydration kinetics. Arm strong et al. (1996) also reported differences in thermal behaviour 

studied by  DSC for three alpha, alpha-trchalose dihydrate batches, which persisted despite milling 

and concluded that sample origin and crystallisation history could affect crystal texture and therm al 

behaviour.

SEM analysis was carried out on the four batches and photo-m icrographs arc shown below  (Figure 

4.13). Batch 3 appeared to have the largest particle size. Particles from this batch also had a rough 

surface com pared to the sm ooth surface o f  the crystals from  the other batches. The size and shape 

o f  particles (for particles in the m icrom etre range) can affect solubility (M artin, 1993). From SEM 

analysis batch 3 did appear to be com posed o f  larger crystals than the other batches, although all 

particles were relatively large and not in the fine particle m icrom etre range.

Figure 4 .13 SE m icrographs show ing trehalose dihydrate batches I -4 as num bered.

117



The particlc size distributions o f  batches 2, 3 were investigated. Particle sizing was carried out at 2 

bar pressure, 50%  vibration rate and 2.5 bar pressure, 60%  vibration rate. One analysis only was 

carried out for each sam ple due to scarcity o f  material. Particle size d(O.l), d(0.5), d(0.9) arc 

shown in Table 4.2. The particle size distributions are also show n (Figure 4.14). Both batches had 

a bimodal size distribution. The results show ed that at the lower pressure and vibration settings, 

batch 3 appeared to have a slightly larger particle size, w hich agreed with observations from  SEM 

analysis. This difference was not apparent in the higher pressure and vibration setting how ever 

with both batches displaying a very sim ilar particle size distribution. These higher settings may 

have created a m illing cffect however, and resulted in fracture o f  larger crystals.

Table 4.2 Particlc sizes of trehalose dihydratc batches 2, 3

d(O.l) d(0.5) d(0.9)
C onditions: 2 bar/50%

Batch 2 39.676 299.263 896.451
Batch 3 59.228 445.555 1080.593

C onditions: 2.5 bar/60%
Batch 2 32.205 276.916 917.269
Batch 3 33.709 278.871 873.452
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Figure 4.14 Particle size distributions of batches 2, 3.
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These results suggest that a higher particle size and difference in crystal texture may have 

influenced dehydration behaviour and solubility o f  batch 3, although an in-depth study o f  these 

phenom ena was outside the scope o f  this thesis.

4.2.1.4.2 Spray-dried trehalose from water

The “sticky” consistency o f  pow der sam ples spray-dried from  inlet tem peratures 100 and 110 °C 

did not enable sam ple preparation for XRD analysis, and crystallinity could not therefore be 

established. The DSC and TG A  scans o f  the sam ple spray-dried at inlet tem perature 100 “C w ere 

exam ined for inform ation about the solid state o f  the sugar however (Figure 4.15). The initial DSC 

scan, taken im m ediately after sam ple collection (Figure 4.15 (a)) showed an exotherm  at onset ~52 

"C (peak ~67 “C), followed by tw o endotherm ic peaks at ~94 “C, and at ~211 “C. The second 

endotherm  was preceded by a disordered pattern on the DSC. The initial exotherm  may correspond 

to a recrystallisation transition, based on the presence o f  the tw o subsequent endotherm s. The first 

endotherm  may be indicative o f  loss o f  the dihydrate, and the second endotherm  may correspond to 

m elting o f  the anhydrous trehalose, on com parison to  sim ilar peaks in trehalose dihydrate. The 

DSC scan was repeated on another sam ple o f  the sam e spray-dried batch, after the first DSC scan 

had finished (-4 5  minutes). The repeat scan (Figure 4.15 (b)) showed sim ilar but smaller 

endotherm s, and no evidence o f  an initial exotherm  or disordered area before the second 

endotherm. TGA show ed a one-step mass loss o f  -1 0 .4 %  which is slightly higher than the 

unprocessed material (-9 .5% ), consistent with mass loss o f  2 moles o f  dihydrate w ater (Taylor and 

York, 1998). These data, particularly the difference betw een the tw o runs on the DSC, suggest that 

trehalose was in a m etastable state and in the process o f  crystallisation.
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Figure 4 .15 DSC initial (a), repeat (b) scans and TGA scan of trehalose spray-dried from aqueous solution at 

inlet temperature 100 “C.

All pow ders spray-dried from  higher inlet tem peratures o f  130 or 150 "C were am orphous, as 

assessed by XRD, which were characterised by the absence o f  any sharp distinguishing peaks 

(Figure 4.16). DSC and TGA data were sim ilar for all these system s (Figure 4.17). A broad 

endotherm  was seen from 25— 100 “C in DSC scans, indicative o f  m oisture loss. A transition 

ascribed to the Tg was identified at -1 2 0  "C on the DSC scans. Tw o o f the samples (spray-dried at 

25%  AC, inlet 130 "C or 150 “C additionally show ed an earlier transition at -1 0 0  "C, which may
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correspond to a small am ount o f  dihydratc m aterial. A rccrystallisation peak was not identified in 

any case. The m elting endothcrm  o f  anhydrous trehalose at ~210 °C was cither not identified or 

was considerably sm aller than the unprocessed material. M ass loss over the tem perature range 25- 

100 ”C from  TG A  (~3-5% ), for these system s, was consistent with residual m oisture or solvent 

loss.
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Figure 4.16 XRD scans of trehalose spray-dried from aqueous solution (a2) inlet temperature 130 "C, 25% 

t.s.e. AC, (a3) inlet temperature 150 °C, 25% t.s.c. AC, (b) inlet temperature 130, °C 0% t.s.c. AC, (c) inlet 

temperature 130 "C, 40%> t.s.c. AC.
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Figure 4.17 DSC and TGA scans of trehalose spray-dried from aqueous solution (a2) inlet temperature 130 

“C, 25% t.s.c. AC, (a3) inlet temperature 150 “C, 25% t.s.c. AC, (b) inlet temperature 130, "C 0% t.s.c. AC, 

(c) inlet temperature 130 "C, 40%i t.s.c. AC.
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4.2.1.4.3 Spray-dried trehalose from ethanol:water solutions

Fused particlcs spray-dried from  the lower inlet tem peratures o f  78 or 85 °C were not examined due 

to the sticky nature o f  the powders. The results presented relate to trehalose samples spray-dried 

from E t0H :H 2 0  solutions at the higher inlet tem peratures o f  90-95 ”C. Powders were mainly 

am orphous as confirm ed by XRD, although one sample (Figure 4.18 (b)) show ed a small peak at 

~24 indicative o f  the dihydrate form o f  trehalose. This sam ple had been spray-dried from 60%  

EtOH, with 25%  o f t.s.c. AC and at the higher inlet tem perature (95 °C). DSC traces (Figure 4.19) 

were sim ilar for all system s, except for the samples spray-dried from 80% EtOH, inlet tem perature 

90 "C. G lass transitions were identified at -1 2 0  "C, no recrystallisation exotherm s and sm all or 

absent m elting endotherm s were noted. Trehalose spray-dried from 60%  EtOH with 25%  o f  t.s.c. 

AC (inlet tem perature 95 °C), additionally showed an earlier small endotherm  in the DSC super­

im posed on the broad endotherm  at ~88 °C. This small depression and the evidence from  XRD  

analysis suggest an am ount o f  dihydrate m aterial present in the mainly am orphous sam ple (for 

which a Tg was detectable). This may have occurred as a result o f  processing or following 

conversion on exposure to am bient tem perature and hum idity conditions during sam ple 

preparation. The sample spray-dried from 80% EtOH, inlet tem perature 90 °C, showed a 

disordered area betw een 120-140 “C and a considerably larger m elting endotherm  at ~210 “C in the 

DSC scan.

Residual m oisture or solvent contents o f  5-8%  were calculated from TGA data (Figure 4.19). 

Samples, spray-dried from 70-80% EtOH, 10% of t.s.c. AC, inlet temperature 90 "C, showed a further 

small mass loss from  100 -  125 "C.
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Figure 4.18 XRD scans of trehalose spray-dried from following conditions % EtOH, % AC of t.s.c., inlet 

temperature (a) 60%, 25% AC, 90 “C (b) 60%, 25% AC, 95 °C (c) 70%, 25% AC, 90 “C (d) 60%, 10% AC, 

90 “C (e) 80%, 10% AC, 90 “C (f) 70%, 10% AC, 90 “C. Note (a)-(d) scans taken using Siemens XRD; and 

(e), (f) scans taken using Philips XRD.
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Figure 4.19 DSC (top), TGA (bottom) scans of trehalose spray-dried from following conditions % EtOH, % 

of t.s.c. AC, inlet temperature (a) 60%, 25% AC, 90 “ C (b) 60%, 25% AC, 95 “C (c) 70%, 25% AC, 90 T  

(d) 60%, 10% AC, 90 T  (e) 80%, 10% AC, 90 T  (f) 70%, 10% AC, 90 "C.

4.2.1.4.4 Spray-dried trehalose from methanol:n-butyl acetate systems

XRD analysis showed that NPMPs of trehalose were amorphous (Figure 4.20). DSC and TGA 

data were similar for trehalose spray-dried from 80:20 MeOH:BA solvent ratio, using either the HP 

or the REG cyclone (sample batches shown in Figure 4.21). A broad endothcrm was observed 

from 25—120 °C, indicative of solvent or moisture loss. Tg could be determined from DSC data at 

-1 2 0  “C in most cases but in some batches was obscured due to the broad endotherm. A 

recrystallisation exothermic peak occurred slightly later in the sample that was spray-dried using 

the regular cyclone in the sample batches shown. However, this could not be attributed to the 

choice o f cyclone, because o f a difference between onset of recrystallisation between batches (from 

-144-180 °C) (see Appendix 2). Mehing endotherms consistent with anhydrous trehalose at ~218 

“C were identified. Residual solvent or moisture contents o f -3-4%  were calculated from TGA.
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Figure 4.20 XRD scan of trehalose NPMPs spray-dried from 80:20 MeOH:BA.
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Figure 4,21 DSC and TGA scans of trehalose spray-dried from 80:20 MeOH:BA using (a), (c) HP cyclone 

(b), (d) REG cyclone.

An interesting behaviour was noted in the DSC scans o f  tiie N PM Ps spray-dried from 49:49:2 

M e0H :B A :H 20 using the REG cyclone (t.s.c. 0.6% ), or HP cyclone (t.s.c. 0.6%  or 0.3% ) (Figure 

4.22). No rccrystallisation cxothcrm  or m elting endotherm  was found in the system  that had been 

spray-dried using the REG cyclone, but these were apparent in both cases w here the HP cyclone 

was used to spray-dry trehalose from  this system. Trehalose spray-dried from  the lower t.s.c. o f 

0.3%  using the HP cyclone, showed a later recrystallisation exotherm , im m ediately before melting. 

Sim ilar residual m oisture/solvent contents were calculated for all three sam ples spray-dried from 

49:49:2 M c0H :B A :H 20  (Figure 4.22) and as such the difference in DSC could not be attributed to 

a difference in residual m oisture or solvent.
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Figure 4.22 DSC and TGA scans of trehalose spray-dried from 49:49:2 Me0H:BA:H20 using (a), (d) REG 

cyclone, 0.6% t.s.c.; (b), (c) HP cyclonc, 0.3% t.s.c.; (c), (t) HP cyclone, 0.6% t.s.c..

The differences between thermal behaviour o f batches and more significantly spray-drying 

conditions, as evident from DSC data, were interesting, considering the similarity between XRD 

and TGA analyses. Examination o f the literature also showed some examples of amorphous 

trehalose with different crystallisation or thermal behaviour, as assessed by DSC. Surana at al. 

(2004) showed differences in the DSC scan for amorphous trehalose produced by different 

methods. A similar thermal behaviour for spray-dried trehalose, described by DSC analysis, was 

found in this paper as in the present work, in that freshly prepared spray-dried trehalose (from 

water) did not crystallise readily and no recrystallisation peak or melting endotherm of the 

anhydrous form was found. This was unlike amorphous trehalose produced by other methods, for 

example freeze dried, dehydrated, or melt-quenched (Surana et al. 2004), which resembled the 

trehalose samples spray-dried from MeOHiBA in this work, with recrystallisation and melting 

endotherms observed in the DSC scans.

The effect that the feed concentration in water had on the crystallisation tendency o f spray-dried 

amorphous trehalose, was investigated by Moran and Buckton (2007). DSC studies were not 

presented in this publication and crystallisation was instead studied by a combination o f dynamic 

vapour sorption and near infrared analysis. The samples spray-dried from the highest feed 

concentration were found to reproducibly and readily recrystallise when exposed to water vapour, 

whilst the samples spray-dried from the lower feed concentrations exhibited greater variability 

between batches and required a larger amount o f water to be absorbed before crystallisation 

occurred. Differences in the drying rates o f  trehalose, spray-dried from different feed 

concentrations, was suggested by Moran and Buckton (2007) as influencing packing in the 

amorphous trehalose and as such diflferences in local or short-range order, despite the lack o f long- 

range order. A similar explanation may be involved in the differences in thermal behaviour and 

recrystallisation tendencies of amorphous trehalose spray-dried from different spray-drying 

conditions, in the current work.
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Tajbcr (2005) reported no recrystallisation o f  am orphous trehalose spray-dried from w ater (2.5%  

t.s.c., inlet tem perature 110 °C) on a Buchi 190 spray-dryer. Bogelein (2007) reported DSC scans 

showing a lower Tg at ~80 "C, a rccrystallisation exotherm  at -1 4 0  ”C and decom position above 

175 ”C, follow ing spray-drying from a concentrated aqueous solution (35%  w/w) on a Biichi 190, 

and from a 10% w/w solution from a Biichi 290 spray-dryer (inlet tem peratures o f  130, 138 ”C, 

respectively). The lower Tg m easured com pared to published values in his work was attributed to 

the water content o f  the powders (~3% ), and correlated with the predicted value using the Gordon 

Taylor equation Bogelein (2007). This decrease in Tg w as not observed in this w ork, despite 

sim ilarity in residual m oisture/solvent calculated from  TGA. This discrepancy betw een the values 

o f  Tg, and the decom position or melting peak may be explained by different DSC sampling 

techniques, however. In the current work, DSC studies w ere carried out in pans w ith three pinholes 

in the lid, thus allowing residual m oisture or solvent to escape, whereas in B ogelein’s work 

com pletely closed DSC pans were used w ith a heating cooling reheating scan to elim inate 

interference with enthalpic relaxation.
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4.2.2 R a f f in o s e

4 .2 .2.1 S p r a y - d r i e d  f r o m  m e t h a n o l :n - b u t \  l  a c e t a t e

Given the positive results with trehalose, it was decided to investigate spray-drying o f  the 

trisaccharide - raffinose from  sim ilar non-aqueous M cOH:BA solvent systems. Raffinosc was 

observed to be m ore soluble in m ethanol than trehalose, and as such a higher t.s.c. o f  1% w/v was 

selected for spray-drying experim ents, initially from  a 80:20 M eO H :BA  solvent ratio system. 

Increasing the t.s.c. was desirable because this was found to increase the collectable product yield, 

from  prelim inary experim ents w ith trehalose. The regular cyclone was used, unless indicated, as 

this had the advantage o f  producing a less static pow der and easier collection. (Sec Appendix 1 for 

full spray-drying conditions). A variable collectable yield was found with spray-drying different 

batches o f  raffinose from this solvent system  and conditions, ranging from 2.5-27%  (50 ml 

volumes spray-dried) and 44.12%  (500 ml volume spray-dried).

N PM Ps o f  raffinose were produced from  the 80:20 M eO H :B A  solvent ratio system, with sim ilar 

m orphology as trehalose particles. M icroparticles were com posed o f  a collection o f  spherical 

nano-particles as can be seen clearly from the SE m icrograph taken at high m agnification (Figure 

4.23 (a)). The question as to whether particles w ere hollow was exam ined by considering all SE 

m icrographs. Evidence o f shattered or broken particles was scarce, and particles were generally 

observed to be intact. One exam ple o f  a broken particle is show n in Figure 4.23 (b), m arked by a 

red arrow. From  this evidence particles did not appear to be hollow, but were com prised o f  fused 

spherical nanoparticles throughout the microparticle.

HD12 3nn 5-OkV x l5 k

Figure 4.23 SE micrographs of raffinosc spray-dried from 80:20 MeOH:BA; inlet temperature 100“C; 1% 

t.s.c..

The effect o f  changing solvent ratio on the m orphology o f the particles was exam ined, and solvent 

ratios o f  90:10, 70:30, 60:40, 50:50 M eOH:BA w ere investigated (see Appendix 1 for conditions). 

Addition o f  BA to raffinose in the M eOH com ponent in the system s o f  solvent ratios 60:40 and 

50:50 (M eO H :BA ) resulted in a phase scparation/precipitation o f raffinose, and w ere spray-dried as 

suspensions w ith nozzle cleaning set at level 2. The other solvent ratio system s (90:10, 70:30)
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were spray-dried as solutions. As was found with sim ilar experim ents involving spray-drying  

trehalose, irregular-shaped N PM Ps were produced from the 90:10 solvent ratio system s (Figure 

4 .24  (a)), and spherical N PM Ps were produced from the 70:30, and 60:40 solvent ratio system s  

(Figure 4 .24 , (b), (e) respectively). The presence o f  som e fused and non-porous m icroparticles 

am ongst NPM Ps was noted in the case o f  raffinose spray-dried from the 60:40 solvent ratio system . 

This was found to a much greater degree in the 50:50 solvent ratio system , as shown in Figure 4 .24  

(d). The fusion  betw een particles could not be attributed to temperature and R.H. conditions during 

preparation for SEM  coating (Section  4 .2 .5 ), as a sam ple spray-dried from  the 80:20 M eO H :BA  

solvent ratio system  prepared sim ilarly did not show  any particle fusion.

Figure 4.24 SE micrographs showing raffmose spray-dried from McOH:BA solvent ratios (a) 90:10, (b) 

70:30, (c) 60:40, (d) 50:50; all I % t.s.c., inlet drying temperature 100 °C.

The effect o f  using a sm aller n ozzle screw  cap o f  1.4 mm (com pared to 1.5 mm routinely used) on  

NPM P production w as investigated. The low er nozzle screw  cap size is rccom m cndcd to m inim ise  

gas consum ption and associated operating costs (B iichi, 2003 ), and resulted in a lower gas tlow  

setting o f  - 2 0  mm (246 Normlitre/hour) com pared to the usual 40  mm (473 Normlitre/hour), with  

all other conditions being similar. M anual reduction o f  the gas tlow  setting to 20 mm using the 

larger 1.5 mm nozzle screw  cap w as also tried as a com parison system . Problems with high O 2 

during drying were encountered with this set-up however, necessitating early stoppage o f  the spray- 

drying experiment. The problem o f  high O 2 did not occur with the sm aller n ozzle diameter and 

lower gas flow  setting o f  1.4 mm/20  m m  used. N PM Ps were produced in all cases and show n in 

Figure 4 .25 . Particle size  appeared to be largest in the case o f  raffm ose spray-dried using the 

nozzle screw  cap diameter o f  1.5 mm and gas flow  setting o f  20 mm, and sm allest for raffinose 

spray-dried using the n ozzle screw  cap diameter o f  1.4 mm and gas flow  setting o f  20  mm, from  

SEM  analysis. These results agree with data reported by Elversson and M illqvist-Fureby (2005), in
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that particlc size o f  spray-dried carbohydrate solutions was increased following reduction o f  gas 

flow and increase in nozzle orifice diameter.

i014  S.OkV iiS.Ok lOua

Figure 4.25 SE micrographs showing NPMPs of raffmose spray-dried from 80:20 MeOH:BA solvent system, 

inlet drying temperature 100 "C, 1 % w/v t.s.c., nozzle screw cap diameter/gas flow setting as indicated (a) 1.5 

mm/40 mm; (b) 1.5 mm/20 mm; (c) 1.4 mm/20 mm.

A small amount o f  water was introduced into the 80:20 MeOH:BA system, giving a 79:19:2 

Me0 H;BA:H2 0  solvent ratio, to facilitate inclusion o f a water soluble peptide or protein in future 

composite systems. Particles had a nano-particulate appearance and were slightly irregular in 

shape. Some evidence o f  fusion between particles was also noted from SEM analysis (Figure 

4.26).

H D 1 3 .3 aa  5-OliV x S .O k  lO u a

Figure 4.26 SE micrograph showing raffmose spray-dried from 79:19:2 Me0H:BA:H20, inlet temperature 

100”C, I % t.s.c..

4.2 .2 .2  S p r a y - d r i e d  f r o m  w a t e r

Raffmose was spray-dried from H^O (t.s.c. o f  2.5%) at different inlet temperatures (110,  120, 130 

°C) to produce non-porous comparative particles and to investigate the influence o f  drying 

temperature on this sugar (see Appendix 1 for conditions). Morphologies o f  the spray-dried 

particles were similar from SEM analysis (Figure 4.27), and were independent o f  inlet temperature. 

Particles were spherical and had a smooth non-porous surface. Unlike trehalose, no fusion o f  

particles was noted from SEM, even at the lowest inlet temperature. The lowest inlet temperature 

o f  110 “C resulted in deposition, visible as a sticky material, on the walls o f  the drying chamber and
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cyclonc separator however. This was also reflected in the collectable yield, with collectable yield 

increasing with inlet tem perature (Appendix I ).

Figure 4.27 SE micrographs showing rafTinosc spray-dried from HiO, t.s.c. 2.5% and inlet temperatures (a) 

H O T  (b) 120 “C (c) 1 3 0 T .

4 .2 .2 .3  So l id  s t a t e  c h a r a c t e r is a t io n  a n d  t h e r m a l  a n a l y s is

4.2 .2 .3 .1  U n p ro c essed  m a te r ia l :  R a ffin o se  p e n ta h y d ra te

XRD  analysis confirm ed the crystaUine pentahydrate nature o f  the unprocessed material on 

com parison o f  peaks to published XRD scans (distinct peaks were identified at 10.75, 13.65 and

21.1 shown m arked by red arrows, in Figure 4.28) (Bates ct al., 2007; Lcinen and Labuza, 2006).
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Figure 4.28 XRD scan o f  raffinose pentahydrate.

TG A  show ed a large step decrease in mass over the tem perature range 25— 130 "C o f -1 4 %  

(Figure 4.29). (M ass loss considering the tem perature range o f  25-100 ”C was ~ 12%.) The 

theoretical stochiom etric mass loss from dehydration o f  the pentahydrate form is 15%). A sharp 

endothcrm  was found in DSC analysis at ~84 “C corresponding to dehydration. This was followed
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by  an area  o f  d iso rd ered  pattern , s ta rtin g  at ~ 1 1 0  “C , suggestive  o f  structu ra l co liapsc  or 

ca ram clisa tio n  o f  tiie sugar. N o clear endo therm ic  m elting  peak  w as o bserved  from  DSC (F igure 

4 .29 ). M oura  R am os et al. (2005), rep o rted  a sim ila r p a tte rn  in  the  D SC  o f  c rysta lline  ra ffm ose  

pen tahyd rate , and  ex p la in ed  that ra ffm o se  p en tah y d ra te  d eh y d ra ted  at - 8 0  °C, causing  co llapse  into 

an  am orphous form , an d  thus no endo therm ic m elting  peak  w as observed. T hey  a lso  found that no 

crysta llisa tion  w as found  on coo lin g  ra ffm o se  in the  m etas tab le  liquid form .

i t e q r a l  - 1 7 5 2 . 1 8  mJ
r o t n a l i z e d  - 1 5 2 . 4 7  J q * - 1

80 1 2 0 160 180 200 260 280

Figure 4.29 TGA (in red) scan and DSC scan (in black) o f raffmose pentahydrate.

4.2.2.3.2 Spray-dried raffmose from methanohn-butyl acetate systems

N P M P s o f  raffm ose, sp ray -d ried  from  the 80 ;20 M eO FI:B A  so lvent sy stem  w ere  am orphous by 

X R D , as d em o n stra ted  by th e  absence  o f  any  d istingu ish ing  peaks an d  a b road  d iffu se  halo pattern . 

F used  particles p ro d u ce d  from  the 50 :50  M eO FI:B A  so lven t ratio  sy stem  w ere  a lso  am orphous, 

show ing  a very  s im ila r pattern  (F igu re  4 .30). D SC  show ed  sim ila r p a tte rn s  for bo th  system s w ith  

an  in itial b road  end o th erm ic  p eak  and  g lass transition  at - 1 2 0  "C (F igure 4 .31). A  sm all exo therm  

w as also  no ted  im m ed ia te ly  afte r the g lass transition , particu la rly  ev iden t in the D SC  scan in F igure 

4.31 (b). T his ca n  b e  a ttrib u ted  to  en thalpy  re laxation , on  sto rag e  be low  th e  Tg. T G A  show ed  

m ass losses o f  -  4% , consisten t w ith  residua l m oistu re /so lven t loss, w ith  an  onse t occu rring  earlier 

than  for hyd rate  w a te r  loss (>  -  83 ”C ) on com parison  to  u np rocessed  m aterial.
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Figure 4.30 XRD scan of (a) raffinose spray-dried from 80:20 MeOH:BA, (b) raffinose spray-dried from 

50:50 MeOH:BA.

Step -4 .250%
-0.220 mgOnset 120.95 *C 

Midpoint 120.76 ®C
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Figure 4.31 DSC and TGA scans (a), (c) raffinose spray-dried from 50:50 MeOH:BA, (b), (d) raffinose 

spray-dried from 80:20 McOH:BA.

4.2.2.3.3 Spray-dried raffinose from water

XRD analysis demonstrated that raffinose, spray-dried from water (inlet temperature of 130 “C), 

was amorphous. DSC analysis (heating scan 25-300 “C) showed a broad endothcrmic peak from 

25— 130 “C followed by decomposition at -2 2 0  °C (Figure 4.32 (b)). The broad endotherm 

obscured the possible identification o f a glass transition temperature expected at ~ 115-120 "C. 

Heating to 100 “C (~15 °C below the glass transition temperature, to try to remove some o f the 

residual moisture) followed by cooling to 70 “C and reheating to 300 "C, showed a glass transition 

at ~ 1 15 °C (Figure 4.32 (a)). Residual moisture was similar for this sample and those spray-dried 

from inlet temperatures 110 “C and 120 °C with 3.7 - 4.2% mass loss over the temperature range 

25-100 “C (Figure 4.33).

131



'^exo

Onset 109.61 
Midpoint 115.13 "C

220 2 6 8 10 12 16 Id 20 24 26 23 304 14 'i min

Figure 4.32 DSC o f  raffinose spray-dried from water, inlet temperature 130 “C, (a) 25-100-70-300 “C at 10 

"C/min, (b) 25-300 "C at 10 "C/min.
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Figure 4.33 TGA o f raffinosc spray-dried from water, inlet temperatures (a) 130 “C, (b) 120 “C, (c) 110 “C.

D ifferences in  the rm al behav iour, from  D SC  analyses, w ere  not obse rved  be tw een  batches o f  

ra ffin o se  sp ray -d ried  from  sim ila r o r d iffe ren t so lven t system s. T his is in co n trast w ith  d iffe rences 

seen  in the therm al beh av io u r o f  sp ray -d ried  treha lo se  in th is  w ork. M oura R am os et al. (2005) 

concluded  in  a study  o f  m o lecu lar m o b ility  in am orphous ra ffinose  p roduced  b y  d iffe ren t m ethods 

(freeze-d ry in g , an n ea lin g  at 90 °C  under v acu u m  for 1 hour, an d  heating  above the  T g  to  140 "C 

un d er inert a tm o sp h ere ) tha t d iffe ren t am orph isa tion  p rocedures d id  not generate  g la sses  w ith  

d iffe ren t p roperties.
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4 .2 .3  P a r t ic l e  C h a r a c t e r is a t io n  o f  s p r a y - d r ie d  s u g a r s

N PM Ps o f  the sugars, spray-dried from M eO H :BA  system s, were expected to show  favourable 

aerodynam ic and microm eritic properties for pulm onary delivery, and to  be superior to non-porous 

particles, spray-dried from water, from experim ents with other N PM Ps and non-porous m aterials 

(M cD onald, 2005; Nolan, 2008). NPM Ps (spray-dried from  80:20 M eOH;BA) and non-porous 

particles (spray-dried from  H :0 )  o f  trehalose and rafiTmose w ere thus com pared in terms o f  particle 

size distribution via laser diffraction particle sizing, surfacc area, and bulk and tapped density and 

in-vitro deposition using the Andersen cascade im pactor apparatus.

Particle size distribution, estim ated using laser diffraction particle sizing at the standard operational 

settings o f  2 bar air pressure and 50% vibration feed rate, suggested that N PM Ps w ere slightly 

sm aller than non-porous particles. The significantly sm allest particle size was found for the batch 

o f  trehalose N PM Ps studied (significance level a=0 .05). This difference in particle size may have 

been influenced by  the choice o f  cyclone used, as this sam ple was spray-dried using the HP 

cyclone, w hich may have a higher trapping efficiency for sm aller particles, whereas all the other 

batches w ere spray-dried using the regular cyclone. D(0.5) value arc show n in Table 4.3, 

expressed as mean ± standard deviation. D (0.1), and d(0.9) values are also included. The particle 

size distributions are show n in Figure 4.34. All spray-dried sugar sample batches show ed a mono- 

modal, highly reproducible intra-batch size distribution. Inter-batch variation was greater as 

dem onstrated by the replicate single run o f  another batch each o f  NPM Ps and non-porous trehalose, 

show n itahciscd in red in Table 4.3.

N PM Ps o f  the two sugars had sim ilar and very low bulk and tapped densities, w hich were 

significantly lower than the respective non-porous particles, by a factor o f  at least 2. Specific 

surface area m easurem ents o f  the two sugars were also significantly higher than the non-porous 

spray-dried sugar particles, by ~ 40 times. The low bulk and tapped density and h igh specific 

surface area values o f  NPM Ps were anticipated from  exam ination o f  the particle m orphology, 

com prised o f  fused nano-particles with voids between these nano-particles. Specific surface area 

values m easured for N PM Ps were approxim ately half o f  those reported by Nolan (2008) for 

N PM Ps o f  sodium  crom oglicate. This differences m ay be som ew hat explained by the reported 

hollow  nature o f  sodium crom oglicate NPM Ps, and the fact that no evidence o f  hollow  particles 

was found for the sugar NPM Ps.
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Table 4.3 Particle sizing (n = 3; mean ± standard deviation), values in red italic represent one analysis o f  a 

different spray-dried batch, surface area (n = 2; mean (range)) and bulk and tapped densities (n = 3; mean ± 

standard deviation) for NPMP and non-porous trehalose and raffmose.

NPM Ps of 

trehalose

Non-porous

trehalose

NPMPs of 

raffinose

Non-porous

raffinose

Particle sizing

d(O.I) (),im) 
d(0.5) (nm) 
d(0.9) (),im)

1.21± 0.QQ[0.988J 

2.48 ± 0 .0 4 12.078!

5.28 ± 0 .17 /5 .0777

1.35±0.00 [1.534] 

3.17 ± 0 .0 3 /2.«7<?y

7.07 ±0.09 [5.188]

1.46 ± 0.03 

2.96 ± 0.053

5.85 ± 0 .2 7

1.53 ±0.11 

3.32 ± 0.23

6.77 ± 0.47

Surface area (m '/g) 44.4854

(44.8366,44.1342)

1,0963

(1.1551, 1.0374)

44.3023

(43.1865,45.4180)

1.0681

(0.9312, 1.2049)

Bulk density (g /cm ’) 0.075 ±0.001 0.225 ±0 .012 0.080 ± 0.003 0.342 ± 0.007

Tap density (g /cm ’) 0.124 ±0.001 0.445 ± 0.021 0.122 ± 0 .004 0.587 ±0,024
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Figure 4.34 Particlc size distributions o f (a), (b) NPMPs of trehalose and non-porous particles o f trehalose, 

(c), (d) NPMPs o f raffm ose and non-porous particles raffmose.



4 .2 .4  iN -V lT R O  DEPOSITION VIA ANDERSEN CASCADE IM PACTOR ANALYSIS

Sugar moieties pose difficulties in quantification, as they lack suitable chrom ophoric groups. 

M ethods used to  quantify sugars traditionally involve HPLC analysis on an am ino column with 

retractive index detection or low UV detection. These m ethods lack sensitivity however - with 

published concentrations m easured using refractive index detection, in the literature ranging from  

0.11-71 g/L for the m ajor sugars (M ontero et al„ 2004). The am ino colum n may also lack 

ruggcdness and be degraded by  the use o f  aqueous m obile phases required for sugar analyses. 

A lternative m ethods o f  saccharide quantification include the m egazym e enzym e assay kits 

(M egazym e International Ireland Ltd.). This com pany provides specific trehalose and raffinose 

assay kits having linear test ranges o f  20-400 |ig/m l and 60-1250 ^ig/ml respectively. These 

sensitivities may suffice for ACI analysis although the lower lim its o f  these ranges (particularly for 

the raffinose kit) may be high, leading to problem s particularly in quantifying the am ount o f  sugar 

deposited on the lowest stage 6 and filter o f  the im pactor (judging by ACI results on protein 

NPM Ps). N on-specific m ethods o f pow der quantification in ACI analysis were therefore 

considered. Two sim ple methods identified in the literature w ere m easuring the increase in m ass o f 

a glass filter placed on each stage (Bosquillon et al., 2004) and inclusion o f  a small am ount o f  

fluorescent material (-0 .2 %  by w eight) with the spray-dried particles followed by fluorescence 

detection and quantification by com parison to a prepared calibration curve (Bosquillon et al., 2001 

a, b; Codrons et al., 2003).

Initial attem pts found the filter w eighing m ethod to be unreliable using the analytical laboratory 

balance. Inaccuracies were suspected w ith extremely low recovery o f  powder following analysis, 

despite em ptying o f  the capsule and visible powder collected on filters, in some cases a lower post- 

anlaysis vs pre-analysis mass o f  the filter was recorded. A m ore sensitive gravim etric balance may 

have enabled increased accuracy w ith this analysis. The second m ethod as described by Bosquillon 

et al. (2001 a, b) was thus considered. N PM Ps o f  trehalose and raffinose were spray-dried w ith the 

fluorescent dye coum arin-6, by incorporating a low dye load (0.2%  w/w o f sugar content) with the 

sugar in the 80:20 M eOH;BA feed solution, followed by spray-drying. Coumarin-6 is a lipophilic 

m olecule, w ith negligible w ater solubility, and as such could not be dissolved in the aqueous 

solution used for production o f  non-porous particles o f  trehalose or raffinose. An alternative feed 

system  was initially considered to allow  the use o f  the coum arin-6 dye and spray-dry non-porous 

sugar particles. Coum arin-6 was thus incorporated with raffinose in a feed solution o f  60%  EtOH 

and spray-dried. Resultant particles had a fiised m orphology and appeared to have a mixed particle 

size from  SEM  (Figure 4.35). These particles were unlike standard spray-dried sugar particles and 

as such were considered unsuitable as com parators to the NPM Ps. Sulforhodam ine 101 fluorescent 

dye is a hydrophilic dye (Codrons et al., 2003) and was used subsequently to incorporate with non- 

porous particles, and spray-dried from  water.
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Figure 4.35 SE micrograph showing raffinose spray-dried with coumarin-6 from 60% EtOH.

Sim ilarity o f  particlcs spray-dried with or w ithout fluorcsccnt m arkers was ascertained by SEM 

analysis and by laser diffraction particle sizing. SE m icrographs o f particles including the 

fluorescent m arker, showed them  to be very sim ilar to N PM Ps or non-porous particles spray-dried 

w ithout the fluorescent marker (Figure 4.36). Particle sizing by laser diffraction was carried out on 

one replicatc o f  the NPM Ps or non-porous particlcs containing the fluorcsccnt marker. Although 

m easured particle sizes w ere statistically  significantly different to the m easured batch in triplicate, 

a sim ilar difference was noted betw een batches and the difference was likely sim ilar to inter-batch 

variation.

Figure 4.36 SE micrographs showing spray-dried (a) trehalose NPMPs with coumarin-6, (b) trehalose 

NPMPs without coumarin-6, (c) non-porous trehalose with sulforhodamine 101, (d) non-porous trehalose 

without sulforhodamine 101; (e) raffinose NPMPs with coumarin-6 (f) raffinose NPMPs without coumarin-6, 

(g) non-porous raffinose with sulforhodamine 101, (h) non-porous raffinose without sulforhodamine 101.

Table 4.4 Particlc size of NPMPs and non-porous parficles o f trehalose and raffmosc including fluorescent 

marker (single run).

d(O.l) )im d(0.5) |im d(0.9) |im

Trehalose NPMPs + c6 1.069 2.198 4.917

Non-porous trehalose + 
sulflOl 1.640 3.473 6.830

Raffinose NPMPs + c6 1.386 2.636 4.983

Non-porous raffinose + 
sulflOl 1.607 3.613 7.435



A ndersen caseade im pactor analysis was carried out using a Handihaler®  as a delivery device, and 

a flow rate o f  ~50 l/min, dictated by the requirem ents o f  a pressure drop o f  4 kPa over the inhaler 

devicc. The two sugars exhibited a sim ilar pattern, with N PM Ps having statistically higher particle 

fraction < 5 |^m and < 3 (calculated as % o f the em itted dose accounted for), and lower M M AD 

and GSD values, com pared to non-porous particles. The difference in M M AD values between 

N PM Ps and non-porous particles did not agree with the m uch smaller difference between median 

d iam eter by volum e distribution, and m ay also be affected by the density, shape and dispersibility 

and aggregation o f  the powder. NPM Ps and non-porous particles both showed a higher M M AD 

than m easured d(0.5), but N PM Ps showed a sm aller difference. This may suggest decreased inter- 

particular interactions and aggregation between particles for NPM Ps com pared to non-porous 

particles. The G SD value gives an indication o f the variability o f  the aerodynam ic diam eter o f  

particles. From this data, NPM Ps were less variable than non-porous particles. Em itted dose 

(expressed as % o f  nom inal dose from the inhaler), was slightly higher for N PM Ps but this was not 

statistically significant, due to  the large standard deviations seen. Analysis o f  deposition patterns 

showed that all particles deposited prim arily in the m outhpiece adaptor and induction port. After 

this, NPM Ps showed higher deposition on the lower stages 3, 4 and non-porous particles show ed 

higher deposition on the upper stages -1 ,0 , 1.

Table 4.5 Summary o f results o f ACI analysis; expressed as mean ± standard deviation; for NPMPs (n = 

4)/non-porous particles (n = 4) of trehalose and NPM Ps (n = 6) and non-porous particles (n = 3) o f ratTmose.

% < 5 nm % < 3 nm MMAD (urn) GSD
% emitted
(of nominal 

dose)
Trehalose
NPMPs

40.17 ±6 .76 24.17 ± 4 .86 3 . !4 4 ± 0 .6 I 6 2.358 ±0.32 80 .6±  16.1

Trehalose
Non-porous

16.24±2.7 7.97 ± 1.88 12.43 ± 2 .3 3.453 ±0.398 66.5 ±32 .7

Raftlnose
NPMPs

54.8 ± 11.5 33.56 ±8.82 2.676± 0.800 2 . I I 8 ±  0.171 81.2 ± 11.0

Raffinose
Non-porous

17.66± 1.9 9.51 ± 1.91 9.154 ±0 .806 3.555 ±0.352 76.23 ±7 .5 !
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Figure 4.37 Deposition patterns on the stages of the ACI apparatus showing dift’crcnces between product 

morphologies. Calculated as % of em itted recovered dose (mouth -  filter), used to calculate fine particlc 

fi'action. MA -  mouthpiece adaptor, IP -  induction port.
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4 .2 .5  H y g r o s c o p ic it y  o f  s p r a y - d r ie d  s u g a r s

A problem  was encountered w ith spray-dried powders o f  trehalose and raffinose, w hich was 

apparent on high hum idity (> 60%) and high tem perature days (> 25 °C) as seen during the sum m er 

months. Particles were found to visibly absorb m oisture when m ounted on alum inium  stubs prior to 

sputter coating in SEM , changing from a pow der surface to a translucent mass. This was not found 

during the rest o f  the year (lower am bient hum idity and tem perature). Subsequent SE m icrographs 

showed com plete particle collapse, with a fused mass visible as shown in Figure 4.38, w hich is 

characteristic o f  deliquescence. This behaviour was noted for N PM Ps o f the two sugars regardless 

o f  batch o f  sugar or solvent used, drying conditions (inlet tem perature 100 °C vs 120 °C, nozzle 

screw cap diameter, total solid content 0.3%  vs 0. 6%, type o f  cyclone), and storage time prior to 

SEM analysis. This was partly, overcom e by a faster preparation (-2 0  mins) o f  stubs for SEM 

analysis, and m inim isation o f  tim e betw een preparation and coating. A  sim ilar behaviour was 

described and photographed by Van Den Berg et al. (1993), in the case o f  freeze-dried sucrose, 

w here - 2 0  min exposure to am bient conditions o f  50% R.H. and 20 ”C im m ediately prior to sputter 

coating on EM stubs, resulting in structural collapse.

Figure 4.38 SE micrograph of spray-dried trehalose particles showing deliquesence.

Evidence that the loss o f  particle stability occurred during preparation o f  sam ples for SEM  rather 

than on storage at 4 "C in a desiccator, was obtained from  com paring SEM  o f the sam e sam ple 

taken on tw o different days, w here deliquescence was seen in the first SEM but not on the second. 

Evidence that trehalose was affected m ore than raffinose was obtained w here N PM Ps o f  raffinose 

and trehalose prepared sim ilarly and SEM taken on the sam e day resulted in less visible 

deliquescence o f raftlnose com pared to trehalose. The chem istry o f  the sugar (hydrophilicity, and 

m olecular weight), the strength o f  interactions betw een the sugar and w ater and the greater ability 

o f  raffinose over trehalose to absorb m oisture before crystallisation (5-hydrate vs 2-hydrate) are 

also likely to affect hygroscopic behaviour. Although trehalose and raffinose are considered to 

have low hygroscopicity, am orphous sugars usually have a much stronger tendency to take up 

water vapour (Hancock and Sham blin, 1998).
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It was dccidcd to examine in more detail the hygroscopieity o f spray-dried raffinose NPMPs. 

Water uptake o f raffinose NPMPs under lower ambient temperature and humidity conditions of 

-20 .8  “C, and R.H. o f 37% (measured ambient lab conditions using a hygrometer) was carried out 

by placing a small amount (~ 8 mg) o f raffinose powder on a gravimetric balance and monitoring 

the increase in mass over 30 minutes, followed by TGA. This short time frame was selected based 

on a similar time scale for SEM sample preparation, to compare these milder ambient conditions 

with those producing deliquescence during SEM sample preparation. Good repeatability was 

found for the 2 runs with a very small increase in mass (< 1 %) after 30 minutes exposure to these 

ambient conditions. Mass losses over the temperature range 25-100 “C of -4 .5%  were determined 

from TGA, following this exposure, which are similar to losses determined for freshly spray-dried 

sample (Figure 4.39). A larger powder sample (-100 mg) was similarly examined and found to 

demonstrate a similar small increase in mass of -0 .72%  after 30 minutes. SEM, XRD and DSC 

were also carried out on the larger volume sample and no changes were noted compared to freshly 

spray-dried material, with retention o f amorphous character and NPMP morphology.

step -4.316%
-0.298 mg

Run lb
Step -4.736%

-0.385 mg Run 2b

mg
Step 0.963%

77.Q86e-03 mg
Run 2 a

Step 0.639%
______53.053e-03 mg_ Run
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40  60 80  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  ‘ C
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Figure 4.39 Water uptake o f  raffinose NPM Ps ( la , 2a) (ambient conditions o f  20.8 “C, 37% R.H.), followed  

by TGA (lb , 2b), 2 runs shown.

Literature studies involving amorphous spray-dried raffinose have examined the influence of 

temperature and relative humidity on stability. Miller and Leehuga-Ballesteros (2006) found that 

spray-dried raffinose remained as discrete sphcrical particles following storage at 25 °C and R.H. 

up to 38% for 8 weeks. Storage at higher R.H. o f 43.2% resulted in liquid bridging of particles and 

at a high R.H. o f -6 9 %  resulted in recrystallisation with SE micrographs showing angular 

crystalline material. Saleki-Gerhardt et al. (1995), also showed that amorphous raffinose prepared
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by tw o different methods exhibited struetural collapse and crystallisation at tem perature 30 “C and 

R.H. > 4 5 % .

To ascertain if  a difference was apparent betw een N PM Ps and non-porous spray-dried sam ples, 

pow der sam ples o f  raffinose w ere placed at 25 °C, 60% R.H. for 24 hours, followed by visual 

inspection and SEM analysis. Significant m oisture uptake and collapse o f  structure were observed 

sim ilarly in both cases. Visual inspection o f  sam ples revealed that samples had the appearance o f  a 

“paste” and a ftised mass as seen from SEM analysis (Figure 4.40). These results do not show  a 

difference betw een N PM Ps and non-porous spray-dried particles but the conditions and the time 

fram e studied may have been unsuitable to allow  diflferentiation between the two.

Figure 4.40 SE micrographs showing raffinose spray-dried as (a) NPMPs, (c) non-porous, and following 

storage at 25 "C / 60% R.H. for 24 hrs (b) NPMPs, (d) non-porous.
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4 .3  POLYOLS

4.3.1 M a n m t o l

Mannitol is generally crystalline on spray-drying, although amorphous material may be found on 

spray-drying in a composite system for example in mass ratio of up to 30% w/w with protein 

(rhuMabE25) depending on drying conditions (Maa et al., 1997).

Mannitol was spray-dried from a MeOHiBAiH^O (7:2:1) system, because o f solubility problems in 

MeOH:BA system. The addition o f BA to mannitol dissolved in the M e0H:H20 component 

however resulted in some precipitation o f the polyol. Further precipitation was seen on spray- 

drying, with blockage of the nozzle requiring early discontinuation of drying. Recovered product 

was a mix o f spherical, rough or porous particles and rods (Figure 4.41 (a)). This mixed 

morphology may be due to some mannitol being in solution and some in suspension. The system 

was repeated with filtering through a 0.45 ^m  filter prior to spray-drying. Precipitation in feed 

tubes and around the nozzle was again noted, and spray-drying had to be prematurely stopped and 

the spray-dryer cleaned. Recovered product comprised of aggregates and larger rods (Figure 4.41 

(b)).

This M c0H :BA :H20 system may be unsuitable for spray-drying mannitol alone, and was not 

considered further, except for thermal and XRD analysis.

Figure 4.41 SE micrographs showing mannitol spray-dried from M eOH:BA:HiO (7:2:1), (a) unfiltered, (b) 

fihcred prior to spray-drying.

4 .3 .1.2 S o l id - s t a t e  c h a r a c t e r is a t io n  a n d  t h e r m a l  a n a l y s is

XRD data showed that spray-dried mannitol samples (Figure 4.41 (a), (b)) were crystalline but not 

identical to each other or to mannitol unprocessed material. XRD of unprocessed material 

compared to the XRD data o f Burger et al. (2000), suggests that it is in the mod 1, (also known as 

the P-), polymorphic form. The XRD o f spray-dried samples showed some discrepancies with this 

unprocessed material XRD trace however, in terms o f peak positions and also relative peak
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in tensities, and  cou ld  not be specifically  assigned  to  e ither the m od II ( a - )  o r m od 111 (5-) 

p o lym orph ic  form s (F igure  4 .42). It is likely  that im pure  m ixes o f  c ry sta llin e  (po lym orph ic  form s) 

and  am orp h o u s m ateria ls a re  p resen t in these  sam ples. A  m ix ed  pop u la tio n  m ay be cxpected  from  

the feed  cond itions resu lting  in p rec ip ita tio n  and  from  the  m ixed  m orpho logy  seen  in  SEM . N o 

d iffe rence  w as no ted  in the D SC data, w hich show ed  m elting  peaks at 165-167 °C, s im ilar to  th e  

u n p rocessed  m ateria l and litera tu re  value. M ass losses over the tem pera tu re  ran g e  25-100 °C  w ere  

low  a t ~ 0 .5-0 .7%  from  T G A , s im ilar to  u np rocessed  m ateria l (F igure  4 .43).
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Figure 4.42 XRD scans o f (a) unprocessed mannitol. (bj mannitol spray-dried from M e0H ;B A :H :0 (7:2:1), 

untlltcred, (c) filtered prior to spray-drying.
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Figure 4.43 DSC (in black) and TGA (in red) scans o f  (a), (d) unprocessed mannitol, (b), (c) mannitol spray- 

dried from MeOH.BAiHiO (7 :2 :1) - unfiltered, (e), (f) filtered prior to spray-drying.
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4.3.2 M y o -in o s it o l

There is a hm itcd am ount o f  inform ation available on spray-drying m yo-inositol alone in the 

literature. It has been spray-dried by M osen (2003), and found to be crystalline on processing. 

Regarding other processing techniques, it has been form ulated with other com pounds in C O 2 - 

assisted nebulisation with a bubble dryer (CAN-BD) drying producing an am orphous non- 

hygroscopic com posite (Sievers, 2007). Prelim inary work in this thesis therefore involved spray- 

drying m yo-inositol from H iO  and from  EtO H iH iO  system s w ith/w ithout the polym er PVP to 

assess its particle m orphology and solid-state characteristics and thus potential use in a com posite 

with a model protein. Insolubility in the M eOH:BA system  (sim ilar to m annitol) did not enable 

exam ination o f  this solvent com bination with regard to spray-drying m yo-inositol alone. The 

M eO H iBA iH iO  system  was also not successfully used for spray-drying mannitol alone, and also 

caused problem s with nozzle blockage and as such was not attem pted for m yo-inositol.

4 .3 .2.1 S p r a y - d r i e d  FROM WATER

M yo-inositol was initially spray-dried from  water using different inlet tem peratures o f  130 “C and 

150 “C, and a t.s.c. o f  2% w/v (See Appendix 1 for details). Spray-dried particles had a very 

sim ilar m orphology from SEM analysis, consisting o f  fused spheres, w ith a non-porous rough 

surface. Collectable product yield was increased with the higher inlet tem perature o f  150 "C, w ith 

a yield o f  58.3%  (100 ml spray-dried) com pared to 31.4%  (100 ml spray-dried) w ith an inlet 

tem perature o f  130 °C. Incorporating small am ounts o f  PV P-kl5  and the higher m olecular weight 

PVP-40, as used by Tajber (2005), w ere considered to investigate whether am orphous m aterial and 

discrete particles could be produced. PV P -k l5  was initially included in a mass ratio  with m yo­

inositol o f  1:9 and spray-dried from  H 2 O at an inlet tem perature 150 “C. The product was found to 

have a pliable “ sticky” consistency that rapidly solidified form ing hard “rock-like” aggregates 

during collection and short-term  exposure to am bient conditions. Inlet drying tem perature was 

decreased to 130 ”C and PVP-40 was used in place o f P V P-kl5  at the sam e mass ratio o f  1:9, and 

in the third sam ple the am ount o f  PV P-kl 5 was increased to a mass ratio o f  1:4. Som e fusion was 

noted in all systems. The mass ratio o f  1:9 PV P-kl5:m yo-inosito l spray-dried at the higher 

tem perature o f  150 “C appeared to be m ost affected however. SE m icrographs o f  particles are 

shown in Figure 4.44.
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Figure 4.44 SE micrographs of spray-dried myo-inositol (alone/with PVP-k 15/with PVP-40) from HiO, inlet 

temperature as detailed (a) alone; 130 “C (b) alone; 150 °C, (c) myo-inositol:PVP-kl5 [9:1]; l50"C (d)m yo- 

inositol;PVP-kl5 [4:1]; 130 "C (e) myo-inositol:PVP-40 [9:1]; 130 “C.

4.3.2.2 SP R vW -D R IE D  f r o m  e t h a n o l :v v a t e r  s o l u t i o n s

M yo-inositol was spray-dried from sim ilar EtOHiH^OiAC system s, as were used with 

lysozym c:exeipient com posites (Chapter 5), to investigate its use as an alternative carrier. It was 

not expected that porous particles would be produced from these system s, due to the hydrophilic 

nature o f  m yo-inositol, but discrete particles and either a reduction in crystallinity or am orphous 

material w ere considered desirable characteristics. The feed conditions - 70% EtOH, 10% o f t.s.c. 

AC and inlet tem perature 90 '̂ C were initially chosen, based on results from spray-drying trehalose, 

and lysozym e:excipient com posites (Chapter 5). SE m icrographs (Figure 4.45) showed fused 

spheres, with a rough surface in the case o f  the system  incorporating AC, and a sm oother surface 

w here no AC was used. Particles showed a high degree o f fusion. The presence o f  AC in the feed 

m aterial, may have contributed to a slightly different surface morphology.

Figure 4.45 SE micrographs of myo-inositol spray-dried from 70% EtOH; inlet temperature 90 “C (a) 10% of 

t.s.c.AC, (b) no AC.
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The use o f  PVP, having been included to investigate production o f am orphous product spray-dried 

from w ater, w as considered for E t0H :H 20  system s. PV P-kl5  was successfiilly incorporated with 

lysozym e spray-dried from  80% EtOH at inlet tem perature 78 “C, retaining the porous m orphology 

o f  the spray-dried protein (C hapter 5), and as such a com posite system involving lysozyme:myo- 

inositol:PVP was envisaged, spray-dried under sim ilar conditions. As prelim inary studies, myo- 

inosito l:PV P-kl5  w ere spray-dried, in proportions o f  4:1 and 3:2 both with 10% AC from 80% 

EtOH, inlet tem perature 78 °C. M orphology o f  the powders view ed under SEM showed a high 

degree o f  ftision, particularly w ith the lower P V P -k l5  content.

Figure 4.46 SE micrographs o f  myo-inositol spray-dried with PVP from 80% EtOH; inlet temperature 78 “C 

(a) m yo-inositol:PV P-kl5 (3:2), (b) myo-inositol:PVP-k 15 (4:1).

4.3.2.3 S o l i d - s t a t e  c h a r a c t e r i s a t i o n  a n d  t h e r m a l  a n a l y s i s  

4.3.2.3.1 Unprocessed material: M yo-inositol

XRD data showed that the material was crystalline (Figure 4.47). The DSC scan showed a sharp 

m elting endotherm  at ~223 °C consisted with literature published m elting point o f -2 2 5  °C, with no 

other thermal events detectable (Figure 4.48 black trace). M ass loss from 25-100 "C, calculated 

from  TGA (Figure 4.48 red trace), was low at -0 .5 % , w hich is also indicative o f  a crystalline, 

anhydrous non-hygroscopic material.
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Figure 4.47 XRF) o f  m yo-inositol unprocessed material.
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Figure 4.48 DSC (black trace) and TGA (red trace) o f  m yo-inositol unprocessed material.

4.3.2.3.2 Spray-dried and freeze-dried myo-inositol from water

Spray-dried samples o f myo-inositol alone from HiO, were crystalline by XRD showing a very 

similar pattern as unprocessed material (Figure 4.49). DSC showed one sharp endothermie peak at 

the melting temperature of -2 2 4  “C, and TGA showed low residual moisture content, as for 

unprocessed material. In order to investigate a different processing method on solid state 

characteristics and becausc o f the paucity of literature data, myo-inositol was freeze-dried from 

water at a solid concentration of 2% w/v. The rationale for this was to compare solid state 

characteristics of myo-inositol prepared by two different methods, used to produce amorphous 

material (freeze-drying or spray-drying). Crystalline material was again produced, which was 

noted from XRD and DSC. Although the amplitudes o f the peaks for freeze-dried material from 

XRD were lower, this may have been due to a lower density of material resulting in less material in 

the cavity mount, rather than a reduction in crystallinity.
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Figure 4.49 XRD of myo-inositol spray-dried from water at inlet temperature (a) 130 "C, (b) 150 "C and (c) 

freeze-dried myo-inositol.

Myo-inositol:PVP-kl5 (9:1) spray-dried from H2O at 150 °C resulted in crystalline material by 

XRD analysis (Figure 4.50 (a)), although the relative peak heights were different to the 

unprocessed material. The material may have been in itia lly  amorphous and rapidly recrystallised, 

on exposure to room temperature and humidity. Evidence for this was the visual observation o f 

powder change on collection. M yo-inosito l:PVP-kl5 (4:1) spray-dried from HiO at 130 °C, 

resulted in prim arily amorphous material by XRD analysis (Figure 4.50 (b)). The DSC scan 

showed an in itia l broad endotherm followed by two sharp exothermic peaks, followed by a sharp 

melting endotherm, and was indicative o f an amorphous material (Figure 4.51 (a)). Sharp 

symmetrical exothermic peaks may represent rccrystallisation exotherms. The presence o f two 

such peaks is unusual however and was investigated by using heating/cooling/re-heating cycles. 

DSC scans o f 25-160-120-300 °C (in itia l heating beyond the first cxotherm (~146 °C) but before 

the second exotherm (~176 °C), and reheating over the range o f the two exotherms) and 25-190- 

120-300 “C (in itia l heating beyond the second exotherm, and reheating over the range o f the two 

exotherms) were used. These data showed that the exotherms were irreversible, as both exotherms 

disappeared on reheating, fo llow ing in itia l heating to 190 °C. The thermal events were exclusive o f 

each other however, and the second exotherm was found on reheating in the 25-160-120-300 °C  

DSC scan. Myo-inositol:PVP-40 (9:1) spray-dried from H iO  at 130 “C, also resulted in primarily 

amorphous material by XRD  although a small amount o f crystallinity may be apparent from small 

peaks at -19.7 and 22 ° (Figure 4.50 (c)). The DSC scan was similar to the system in which 20% 

PVP-kl5 was used, showing two exothermic peaks although these peaks were shifted to higher 

temperatures (Figure 4.51 (b)).
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Figure 4.50 X RD  analysis o f  spray-dried  (a) m yo-inosito l:PV P-kl 5 9:1, (b) m yo-inosito I:PV P-kl5  4:1, (c) 

m yo-inosito l:PV P-40 9:1.
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Figure 4.51 D SC  (in black) and TG A  (in red) o f  (a), (d) m yo-inosito l:P V P -k l5 4:1, (b), (c) myo- 

inositol:PV P-40 9:1 (c), (t) m yo-inosito l:P V P -k l5  9:1.

4 .3 .2 J .3  Spray-dried m yo-inositol from ethanohw ater solutions

All myo-inositol samples spray-dried from E tO H iH iO  system s were crystalline by XRD analysis 

(Figure 4.52). DSC data for myo-inositol spray-dried alone also supported the assertion o f  

erystallinity from XRD, with the presence o f  a single sharp melting endotherm  at ~224  "C. TGA 

showed sm all mass losses over the tem perature range o f  25-100 “C, analogous to unprocessed 

material. The use o f  PV P-kl5  and altered drying conditions, did not enable production o f  

am orphous product by XRD analysis, despite the high proportion o f  PVP used (ratio 3:2). TGA 

showed higher mass losses in samples containing PVP however (Figure 4.53 (a), (b)) and in the 

high PVP content sam ple (3:2 m yo-inosito l:PV P-kl5) an early recrystallisation peak was noted at ~ 

40 "C from DSC analysis (Figure 4.53 (d)), suggesting the presence o f som e am orphous material.
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Figure 4.52 XRD o f myo-inositol spray-dried (a) including 10% AC o f t.s.c.; 70% EtOH, inlet temperature 

90 "C, (b) no AC; 70% EtOH, inlet temperature 90 “C, (c) m yo-inositol:PVP-kl5 4:1; including 10% AC o f 

t.s.c.; 80% EtOH, inlet temperature 78 "C, (d) myo-inositol:PVP-kl5 3:2; including 10% AC o f t.s.c.; 80% 

EtOH, inlet temperature 78 "C.
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Figure 4.53 TGA (in red) and DSC (in black) o f spray-dried (a)/(c) myo-inositol:PVP-kl5 4:1; including 

10% AC of t.s.c.; 80% EtOH, inlet temperature 78 °C, (b)/(d) myo-inositol:PVP-kl5 3:2; including 10% AC 

o f t.s.c.; 80% EtOH, inlet temperature 78 "C.
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4 . 4  S p r a y - d r i e d  e x c i p i e n t  c o m p o s i t e s

Trehalose was spray-dried with m annitol and w ith HP-I3-CD in com posite system s (mass ratio 9:1 

trehalose:m annitol, and 1:1 trehalose:HP-B-CD), from the 80:20 M eOH:BA system that had 

produced N PM Ps o f  trehalose alone. C om posite system s m ay be desirable to ensure optim al 

particle and solid-state properties, to com bine the advantages and m inim ise the disadvantages o f  

the individual components.

Mannitol can rcducc the w ater content o f  a com posite particle because o f  its non-hygroscopic 

character. It may plasticise owing to its low  Tg however. It has been shown to reduce the Tg when 

freeze-dried with various disaccharides including trehalose, com pared with the disaccharide alone, 

with the Tg o f am orphous trehalose:m annitol (9:1 m ass ratio) m easured at ~ 81.8 °C and calculated 

by the G ordon-Taylor equation at 77.1 “C (K im  et al., 1998). Trehalose has a high Tg and good 

protein stabilising potential but is a soft hygroscopic m aterial in the am orphous, spray-dried state. 

Bogelein (2007) found that spray-drying trehalose:dextran:m annitol in increasing mannitol ratios 

up to 3:4:3 resulted in an am orphous m aterial, and a reduction in water content o f  the powders with 

increasing mannitol content up to 22%  w/w. Reduction in the Tg o f  the com posite pow ders was 

also found as expected with an increase in mannitol content.

The eft'ect o f  adding a small am ount o f  m annitol to trehalose in N PM P com posite particles was 

thus considered. The trehalose:m annitol com posite pow der had a sticky consistency and 

deliquescence on collection under ambient relative hum idity (visual observation). SEM analysis 

showed a fused mass, com pared to  NPM Ps o f trehalose spray-dried alone and prepared sim ilarly 

(Figure 4.54). The small am ount o f  mannitol (10% ) was likely to have exerted a considerable 

plasticising effect on trehalose during spray-drying and during handhng. The com posite was 

am orphous by XRD (Figure 4.55). A Tg was not identified by DSC, but the DSC scan show ed an 

early recrystallisation exotherm  at - 7 0  “C followed im m ediately by a small endotherm  w hich may 

correspond to dehydration. A sm all endotherm  betw een 120-140 “C m ay represent m elting o f  the 

anhydrous crystalline a-fo rm  o f  trehalose (Jones et al., 2006). Two sharp cndothcrms at 159 "C 

and at 202 °C were also noted (Figure 4.56). These are slightly lower but likely due to melting 

peaks o f  mannitol and anhydrous trehalose. Inclusion o f  m annitol w ith trehalose, w ithout another 

high Tg adjuvant, in a ratio o f  1:9 was found to be disadvantageous to particlc stability.



Figure 4.54 SE micrographs showing (a) trehalose:mannitol (9; 1) and (b) trehalose alone, spray-dried from 

80:20 MeOH:BA, inlet temperature 100 "C.
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Figure 4.55 XRD of trchalosc:mannitol (9:1) spray-dried from 80:20 McOH:BA, inlet temperature 100 ‘̂ C.
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Figure 4.56 DSC (in black) and TGA (in red) scans o f trehalose:mannitol (9:1) spray-dried from 80:20 

MeOH:BA, inlet temperature 100 "C.
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HP-B-CD has a high Tg o f  -2 5 0  °C, and has shown protein stabihsing cffccts on spray-drying 

distinct from those shown by the disaccharidc sucrosc (Branchu ct al., 1999). NPM P composites o f  

protein and HP-B-CD were found to be less hygroscopic than NPM P com posites com prising 

protein and trehalose or raffinose (Chapters 5, 6). A com posite o f  trehalose and HP-B-CD was thus 

considered.

SEM analysis show ed that trehalose:HP-B-CD com posite powders w ere NPM Ps, sim ilar to 

trehalose spray-dried alone from this system  (Figure 4.57). DSC showed a broad endotherm  

indicative o f  m oisture loss, a possible Tg at ~130 "C and no recrystallisation or melting peaks 

(Figure 4.58), sim ilar to trehalose spray-dried alone from  w ater or using the regular cyclone from  a 

M eO H iBA iH :©  system. The absence o f  a recrystallisation peak and m elting o f  anhydrous 

recrystalliscd trehalose m ay indicate increased therm al stability o f  the com posite, com pared to 

N PM Ps o f  trehalose spray-dried under sim ilar conditions alone, and as such m ay offer a m ore 

physically stable form ulation. Im provem ent in stability and hygroscopic behaviour o f  this 

com posite m ay w arrant further investigation.

Figure 4,57 SE micrograph of Trehalose:HP-B-CD (ratio 1:1) spray-dried from MeOH:BA 80:20, inlet 

temperature 1 GO “C.
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Figure 4.58 DSC (in black) and TGA (in red) of trehalose:HP-B-CD (ratio 1:1) spray-dried from MeOH:BA 

80:20, inlet temperature 100 "C.
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4 .5  C o n c l u s io n s

N PM Ps o f  trehalose and raffinosc were spray-dried from  M eO H :BA  and from M cOHiBAiH^O  

solvent system s. Particles had a surface m orphology resem bling fused spherical nanoparticles, and 

did not appear to be hollow , as seen from  SEM  analysis. NPM Ps were amorphous as assessed  by  

XRD. Thermal properties o f  trehalose, assessed  by D SC , were found to depend on spray-drying 

conditions. T his was not found with raffm ose, with sim ilar DSC patterns for raffm ose spray-dried  

from different conditions. N PM Ps (spray-dried from 80:20 M eO H :B A  solvent system ) displayed  

favourable aerodynam ic and m icrom critic characteristics com pared to non-porous particles (spray- 

dried from  H2O ), suggesting potential suitability for pulmonary delivery. H ygroscopicity was 

noted for spray-dried powders o f  the two sugars on high temperature and high hum idity days. This 

was m ore pronounced in the case o f  trehalose and m ay represent a disadvantage for formulation in 

a dry powder for inhalation, potentially requiring further form ulation in a com posite with non- 

hygroscopic excipients or inclusion o f  a desiccant in the delivery device.

A com posite particle com bining the advantageous properties o f  the different com ponents m ay offer 

the best alternative for protein stabilisation. M annitol is a non-hygroscopic com ponent. It w as not 

su ccessfu lly  spray-dried as N PM Ps from a M e0H :B A :H 20  solvent system  alone. Spray-drying  

with trehalose in a com posite particle resulted in increased hygroscopicity and lower thermal 

stability by D SC , probably due to a p lasticising effect o f  mannitol. Spray-drying trehalose with 

H P-p-C D  appeared more prom ising and m ay represent a more stable formulation.

M yo-inositol w as spray-dried alone and with PVP from E t0 H :H :0  solutions for formulation in a 

com posite particle with lysozym e N PM Ps. Spray-dried particles did not appear prom ising in terms 

o f  particle m orphology, assessed  by SEM analysis, or in terms o f  solid-state characteristics by  

X R D  and D SC . Form ulation w ith protein (strong glass former) in a com posite may further 

influence these characteristics however (Chapter 5).
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C h a p t e r  5 :  S p r a y - d r i e d  l y s o z y i v i e : e x c i p ! e n t  c o m p o s i t e s

5.1 I n t r o d u c t io n

As previously discussed (Chapters 1, 4), proteins arc generally form ulated with one or more 

stabilising cxcipient(s) in the solid state. There are num erous reports in the literature regarding the 

use o f  stabilisers with various proteins in spray-drying and other drying processes. Reports 

specifically concerning spray-drying lysoyzm e with excipients include articles by Liao et al. (2002, 

2003), and Suihko et al. (2005). In the studies by Liao et al. (2002, 2003) lysozyme was spray- 

dried with sucrose, trehalose and m ixtures o f  these tw o with dextran, resulting in im proved process 

stability com pared to the protein spray-dried alone. A dependence on spray-dried mass ratio  was 

reported with different excipients conferring different advantages. Suihko et al. (2005) exam ined 

m olecular m obility and phase separation in co-spray-dried lysozyme: trehalose and 

lysozym e;sucrose com posites o f  different mass ratios on storage under 0%  and 75% relative 

hum idity for 5-6 days, and described phase separation and crystallisation (considered undesirable 

for protein stability) o f  high sugar content com posites stored under high relative humidity. This 

present work involves using processing m ethods that have not been previously applied to 

com posite protein;excipient materials. As such, particle m orphology and the ability to produce 

porous particles are o f  interest as well as any effects on process/storage stability and particle 

characteristics o f  com posites. These data may be useful when adapting the m ethod for other 

protein/peptide com posites (Chapter 6).

The stabilising excipients investigated in this chapter include sugars (spray-dried alone Section 

4.2), polyols (spray-dried alone Section 4.3), and the cyclodextrin HP-B-CD (spray-dried alone, Li 

(2005)). The hydrophilic polym er PV P is also considered for incorporation in a ternary system  

with m yo-inositol and lysozyme. Two general feed system s o f the spray-drying m ethod arc 

considered separately -  the EtO H iH iO iA C system  which was previously used to produce NPM Ps 

o f lysozym e alone and the non-aqueous M eOH:BA system, w hich was previously used to  produce 

NPM Ps o f sugars alone.

The E t0H :H 20:A C  system  was used to produce N PM Ps o f  lysozym e (Section 3.3.2) and to 

produce non-porous particles o f  trehalose (Section 4.2.1.2). These studies suggested that the EtOH 

and AC concentrations were important factors in the production o f  NPM Ps o f lysozym e alone. 

Low inlet drying tem peratures o f  78 and 85 “C, although suitable for spray-drying the protein 

alone, resulted in sub-optim al drying o f  trehalose alone and a sticky mass on collection. 

Considering these experiences, lysozym e:trehalose com posite system s were initially spray-dried at 

a m ass ratio o f  1:1, from  70-80%  EtOH, 10-25% o f t.s.c. AC and inlet tem peratures 78 and 90 °C. 

Different mass ratios w ere further investigated with effects on surface m orphology and process
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stability examined. Storage stability and particle characterisation o f com posites o f  m ass ratio 1:1 

w ere investigated for com parison to lysozym e spray-dried alone. Spray-dried lysozym c:raffm ose 

and lysozym e:inuhn were prelim inarily investigated as alternative saccharide excipients at a mass 

ratio o f  1:1. The non-hygroscopic polyol excipient m yo-inositol was considered and lysozym e was 

spray-dried with m yo-inositol, with PVP and with a m ixture o f  myo-inositol;PVP to investigate the 

possible production o f  an am orphous com posite including myo-inositol.

The non-aqueous M eOH:BA system  was used to producc NPM Ps o f  trehalose (Section 4.2.1.3), 

raffm osc (Section 4.2.2.1) and HP-B-CD (Li, 2005) and to produce non-porous spherical particles 

o f  lysozym e (Section 3.3.5). Following from these studies, and as presented in this chapter, 

com posites o f  freeze-dried lysozym e (Section 3.2) and excipients trehalose, raflTinose and HP-B-CD 

w ere investigated at low protein concentration (mass ratio 1:4 lysozym e:excipient, and further mass 

ratios 3:7 and 1:1 lysozym e:raffm ose). Particle m orphology and process stability o f  com posites 

w ere investigated. Prelim inary particle characterisation and storage stability o f  mass ratio 1:4 

com posites at two different tem peratures (desiccant conditions) were investigated.
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5 .2  E t h a n o l :w a t e r :a m iv io m u iv i c a r b o n a t e  f e e d  s y s t e m s

5.2.1 S p r a y - d r ie d  l y s o z y m e :t r e h a l o s e  c o m p o s it e s

T he sp ray -d ry in g  cond itions 80%  E tO H , 10% o f  t.s.c . A C, inlet tem p era tu re  78 ”C (hereafte r 

re ferred  to  as  cond itions 1); 70%  E tO H , 10% o f  t.s .c . A C, inlet tem p era tu re  78 °C; 70%  E tO H , 

10%  o f  t.s.c . A C , inlet tem p era tu re  90 °C (hereafte r referred  to  as conditions 2); and  70%  EtO H , 

25%  o f  t.s .c . A C, in let tem p era tu re  90 °C, w ere  se lec ted  for sp ray -d ry ing  lysozym e:treha lo se  

com posites at a m ass ra tio  o f  1:1. A  to ta l so lid  concen tra tion  o f  0 .5%  w /v  w as u sed  in all cases as 

for ly sozym e system s sp ray -d ried  alone, except in the  h ig h e r A C contcn t (25%  o f  t.s .c .) sam ple in 

w hich  a t.s.c . o f  1% w /v  w as used. A ll o ther sp ray -d ry in g  cond itions and  %  y ie lds are p resen ted  in 

A ppend ix  1. All system s show ed  a phase  separation  in the  feed  m aterial on add ition  o f  the E tO H  

co m ponen t p rio r to  sp ray-dry ing , resu lting  in inc reased  tu rb id ity  o f  the feed  so lu tion , and w ere 

sp ray -d ried  as suspensions. S om e ev idence o f  fu sion  o f  particles w as found  for the sy stem  sp ray- 

d ried  from  cond itions 1 (F igure  5.1 (a)). P artic le  m orpho logy  w as o therw ise  sim ila r to  lysozym e 

sp ray -d ried  a lone  from  these  cond itions (S ection  3 .3 .2  F igure 3 .13, 3 .16). C om posite  particles 

sp ray-d ried  from  70%  E tO H , 10%  o f  t.s.c . A C , inlet tem pera tu res  78 °C  and 90  °C d id  not show  

fusion  o f  partic les on  SEM  analysis. S u rface  m orp h o lo g y  o f  partic les w as h igh ly  fo lded  (F igu re

5.1 (b), (c)) ra the r than the n ano -particu la te  appearance  o f  porous particles o f  ly sozym e sp ray -d ried  

alone. P artic les w ere ho llow  w ith  th in  partic le  w alls as observed  from  som e sha tte red  p artic les and  

b lo w  holes th rough  the p artic le  su rface  (F igu re  5.1 (d)). C om posite  partic les sp ray-dried  from  70%  

E tO H , 25%  o f  t.s.c. A C , in let tem p era tu re  90 ”C , show ed a m ixed m orpho logy  o f  spherical n an o ­

particu la te /po rous partic les and  co llap sed  fo lded  p artic les (F igu re  5.1 (e)).

Figure 5.1 SE micrographs showing lysozyme:trehalose com posite particles, spray-dried at a mass ratio o f  

1:1, % EtOH, % o f  t.s.c., inlet drying temperature as (a) 80%, 10% AC, 78 T ,  (b) 70%, 10% AC, 78“C (c), 

(d) 70%, 10%, 90 T  (c) 70%, 25%, 90 "C; Note magnifications differ.
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Spray-drying conditions 2 w ere chosen for investigation o f  different mass ratio composites. 

Lysozyme was spray-dried with trehalose, in respective mass ratios o f  9:1, 4:1, 7:3, and 1:4. 

C om posite particles spray-dried from mass ratios 9:1, 4:1, 7:3 w ere found to have a folded/porous 

surface m orphology with som e shattering o f  particles (Figure 5.2 (a), (b), (c)). Spray-dried 

particles having a mass ratio o f  1:4 lysozym e:trehalose, consisted o f  mainly collapsed “ raisin-like” 

particles with som e folded/porous particles also present (Figure 5.2 (d)).

Figure 5.2 SE micrographs showing lysozyme:trehalose spray-dried in m ass ratios o f  (a) 9:1, (b) 4 : 1, (c) 7:3, 

(d) 1:4, from 70% EtOH, 10% AC, 90 “C; Note: magnifications x 9 k, x 10 k are presented.
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5.2.1.1 Process St a b il it y

5.2.1.1.1 Solid-state characterisation and thermal aniaysis

Lysozyme:trehaIose composites (mass ratios 9:1 -  1:4) spray-dried from conditions 2 were 

amorphous by XRD showing the characteristic halo pattern (mass ratio 9 : 1 - 1 : !  shown Figure 5.3 

(a), (c), (d)). The lysoyzme:trehalose composite spray-dried from conditions 1, was also XRD 

amorphous (Figure 5.3 (b)), despite the fiision apparent in SEM analysis, suggesting sub-optimal 

drying o f the sugar.

fM d )

— I— —̂ I ■— I— ' I— ' 1— ' I • I

10 15 20 25 30 35 40

2 theta (degrees)

Figure 5.3 XRD o f lysozyme:trehalose spray-dried in mass ratios o f (a) l : l , ( c ) 4 : l  ( d ) 9 : l  from conditions 2, 

and(b) t : l  firom conditions I.

DSC o f composites showed initial broad endothermic peaks from 25 -  120/140 °C, indicative o f 

residual moisture/solvent loss and were sim ilar to lysozyme spray-dried alone under these 

conditions. No sharp endotherms at ~ 200 “C corresponding to the apparent denaturation 

temperature o f lysozyme (Section 3.4.1) were identified in any o f the samples, even in the high 

lysozyme content sample, spray-dried as mass ratio 9:1. Similar difficulties in identifying this peak 

were encountered for lysozyme spray-dried alone from 70% - 80% EtOH/10% o f t.s.c. AC (Section 

3.4.1), and may be due to the processing conditions employed and folding o f the protein. A  broad 

endotherm was observed at -220 "C in the sample spray-dried at a mass ratio o f 9:1 

lysozyme:trehalose, similar to lysozyme spray-dried alone and attributed to decomposition. This 

peak was shifted downwards on increasing trehalose content and was not found in the highest 

trehalose content o f spray-dried mass ratio 1:4 (lysozyme:trehalose). There was also no evidence o f 

recrystallisation or the sharp melting endothcrmic peak (-212 ”C) o f trehalose. No distinct glass 

transitions could be identified in the samples o f lower sugar content (mass ratios 9:1 -  1:1) due to 

obscuration by the in itia l broad endotherm. A  transition was identified at -155 "C in composites 

spray-dried as mass ratio 1:1 and 1:4 lysozyme:trehalose, and another at -130 ”C for the 1:4 ratio 

composites (Figure 5.4 -  marked by red boxes). The higher transition at -155 “C may represent a
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m elting transition o f  the a-crysta l form  o f trehalose (Jones et al., 2006), and the transition 

identified at ~ 130 "C may represent a glass transition, from  data with spray-drying trehalose alone 

(Section 4.2.1.4). A heating/cooling/reheating DSC cyclc (25-130-70-200 "C) was attem pted for 

the 1:1 m ass ratio com posite to try to dift'erentiate betw een overlapping events, due to the 

reversible nature o f  the glass transition tem perature, and to identify a glass transition in this sample. 

Transitions at ~ 1 18 “C (sim ilar to a transition for trehalose spray-dried alone) and also at -1 5 5  “C 

w ere identified (Figure 5.5) on the second heating run. The identification o f  a glass transition in 

pure proteins or o f  sugar:protein m ixes o f  low sugar ratio is usually not possible or is difficult using 

conventional DSC (Hill et al., 2005; Katayam a et al. 2008). Katayama et al. (2008) exam ined the 

glass transition o f  pure lysozym e using high ram p DSC (H RR-D SC) (heating scan o f  100 “C/m in) 

and by extrapolation o f  the Tg from m easured lyophilised m ixtures o f  lysozym e:sucrose in varying 

m ass ratios (heating scans o f  20 “C /m in and 100 “C/min). These studies identified a glass transition 

at ~ 199 °C for the pure protein by HRR-DSC and ~  168 °C by extrapolation from  

lysozym e:sucrose com posites, with a clear anti-plasticising effect on sucrose and increasing Tg 

with increasing lysozym e content. Liao et al. (2003) recorded glass transition tem peratures for 

spray-dried com posites o f  lysozym e:trehalose and lysozym e;sucrose at different mass ratios. The 

lysozym e:trehalose mass ratio was not found to have a statistically significant effect on the Tg, but 

in contrast to K atayam a’s work a statistically significant decrease in the Tg for spray-dried sucrose- 

containing com posites was reported w ith increasing lysozym e content. Liao et al. (2003) 

com m ented that this trend m ay be partly or w holly attributed to  the interplay betw een the anti- 

plasticising effect o f  lysozym e and the plasticising effect o f  water, as the m oisture content 

increases with increasing lysozym e in the lysozym e:sugar com posites. DSC conditions were not 

reported in this paper.

exo
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Figure 5.4 DSC of lysozyme:trchalose spray-dried in mass ratios of (a) 1:4, (c) 1:1 (d) 7:3 (e) 4:1 (f) 9 :1 from 

conditions 2, and (b) 1:1 from conditions 1.
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Figure 5.5 DSC of lysozyme:trehalose spray-dried in mass ratios of 1:1 (conditions 2) showing a possible 

glass transition at 118 “C and a further transition at -155 “C.

A residual m oisturc/solvcnt loss was calculatcd for all com posite samples o f  3.38 — 4.80%  over the 

tem perature range 25 -1 0 0  “C from TGA. Higher contents were calculated for the higher lysozym e 

content sam ples, although the difference between sarnples was small. Suihko et al. (2005) reported 

higher m oisture content with increased lysozym e content in spray-dried com posites stored at ~ 0% 

R.H., and attributed this to a higher affinity o f  water to lysozym e than to the am orphous sugar. 

This was also observed by Liao et al. (2002) although only small decreases in m oisture content was 

found with further increases in sugar concentration above a mass ratio o f  1.1. A further smaller 

step o f  mass loss (100-140 °C) was observed for samples having high trehalose content (m arked 

with a red box in Figure 5.6). These m arked m ass losses were > 2%  w/w (for spray-dried 

lysozym eitrehalose mass ratio 1:1 as 2.0%  for the com posite spray-dried from conditions 1, and 

2.4%  for the com posite spray-dried from conditions 2 and spray-dried lysozym e:trehalose mass 

ratio 1:4 calculatcd mass loss o f  2.9% ). Calculated mass losses over this tem perature range for the 

lysozym e:trchalose 7:3, 4:1. 9:1 mass ratio com posites were lower, respectively 0.95% , 0.87%  and 

0.94% , and a distinct step was not observed from the TGA scan. A mass loss step was observed in 

this tem perature range for trehalose powders spray-dried alone from 70 and 80% EtOH, 10% AC, 

90 °C (Section 4.2.1.4.3), with a determ ined mass loss o f  2.58 and 3.40%  respectively but was not 

observed for lysozym e spray-dried alone (Section 3.29) w ith a determ ined mass loss o f  0.59%  for 

lysozyme spray-dried from conditions 1 and 0.72%  for lysozym e spray-dried from conditions 2.
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Figure 5.6 TGA of lysozyme:trehalose spray-dried in mass ratios of (a) 1:4, (c) 1:1 (d) 7:3 (e) 4:1 (f) 9 :1 from 

conditions 2, and (b) 1:1 from conditions 1.

5.2.1.1.2 Secondary structure and biological activity assay

Solid state FT IR  studies were carried out for different m ass ratios o f  lysozym e:trehalose at a 

protein:K Br ratio o f  1:200. A slightly lower % area o f  overlap with unprocessed protein was 

calculated for the com posites, com pared to lysozym c spray-dried alone from these conditions 

(Table 5.1). No protection against perturbation in secondary structure, with increasing trehalose 

content was thus observed. Liao et al. (2002) observed that trehalose partially stabilised the native 

a -h e lica l structure (assessed by FTIR) o f  spray-dried lysozyme in the range o f  mass ratio 

(lysozym c:trchalose) o f  10:1 -  1:1, but was less effective com pared to sucrose, and further increase 

in trehalose content did not enhance preservation o f  lysozyme structure. Different processing 

stresses involved in the current m ethod may explain this difference in stabilisation o f secondary 

structure by trehalose.

Table 5.1 Lysozyme:trehalose spray-dried systems (from conditions 2) with % area overlap with unprocessed 

lysozyme of area normalised amide I peaks cither using whole spcctrum bascline-corrcction or isolated peak 

baseline correction. [*‘ HP cyclone used instead of regular cyclone; "  spray-dried from conditions 1]

Lysozyme:trehalose Area overlap amide 1 peak
(whole spectrum baseline-corrected)

Area overlap amide 1 peak
(peak baseline-corrected)

10:0 83.9% 92.9%

9:1 81.3% 91.1%

4:1 80.7% 89.6%

7:3 81.0% 80.3% 89.5%*'; 89.2%

1:1 81.9% 90.5%; 91.8%*-

1:4 80.3% 85.8%
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Biological activity assays were carried out for lysozym c:trchalosc com posites o f  mass ratios 9:1, 

4:1, 7:3, 1:1, 1:4 and presented below  with controls run on the sam e day o f  analysis as samples. 

Lysozym e spray-dried alone from  sim ilar conditions (conditions 2) is also presented for 

com parison (Table 5.2). Test samples were prepared containing 0.008 mg/ml solid for spray-dried 

com posites o f  mass ratios up to 7:3. For higher mass ratios o f  1:1 and 1:4, the solid content in test 

solutions was increased such that protein content was ~  0.008 mg/ml. All show ed good retention 

o f  biological activity with no statistically significant difference com pared to control in specific 

activity, (test solutions were corrected for protein contcnt using a m icro BCA assay) (significance 

level a  = 0.05). The % activity o f  the solid was sim ilar to the spray-dried ratio o f  protein:sugar 

also suggesting good retention o f activity and that the mass ratio in the spray-dried com posites was 

sim ilar to the initial mass ratio in solution prior to spray-drying.

Table 5.2 Summary o f  biological activity assay results for lysozyme:trehalosc composites o f  different mass  

ratios spray-dried from conditions 2; *all 0.008 mg/ml solid, ** adjusted solid concentration based on spray- 

dried ratio to give -0 .0 0 8  mg/mi protein, n =  3 for each batch; pooled stdev % (in the case o f  % activity and 

% specific activity) is calculated from the pooled standard deviation o f  all samples run for the daily assay as 

a % o f  units o f  control solution.

Units/ml test Units/mg
solid

(ig protein/ml 
test

Units/mg
protein

% Activity

(± pooled 
stdev %)

%  Specific 
activity

(± pooled 
stdev %)

*10:0 300.7 ±  18.7 37597 ± 2308 8.43 ± 0 .2 5 3 5 6 4 4 ± 1164 100.4 ± 4 . 2 9 7 . 0 ± 7 . 5

*9:1 259.3 ± 11.6 3 2 4 1 8 ± 1462 7.23 ± 0 .1 2 35868 ± 1926 85.6 ± 4 . 2 97.6 ± 7 .5

*4:1 238.3 ± 7 .2 29799 ± 9 5 1 6.3 ± 0 .5 3 38046 ±  3873 79.6 ± 4 .2 103.6 ± 7 .5

*7:3 212.7 ±  15.0 2 6 5 7 0 ± 1851 5.93 ± 0.49 36031 ± 4 4 0 9 70.9 ± 4 .2 98.1 ± 7 .5

*7:3 (HP) 204.3 ±2 .1 2 5 5 2 8 ± 239 5.87 ± 0.06 34815 ± 6 2 9 68.2 ± 4 .2 94.8 ± 7 .5

* Control 300.0 ± 13.2 3 7 3 0 5 ± 1756 8.17 ± 0 .2 9 36733 ± 2 3 7 7 100 ± 4 .2 100 ± 7 .5

I . j 360.3 ± 9 .5 22521 ± 6 1 3 8.43 ± 0.75 42884  ± 2696 5 1 .4 ±  1.5 97.8 ± 5 . 0

* *  j 342.3 ± 13.6 8562 ±  329 7.87 ± 0 .0 6 43545 ± 2002 1 9 .5 ±  1.5 99.3 ± 5 . 0

** Control 350.5 ± 9 .2 43843 ± 1132 8.00 ± 0.00 4 3 8 4 3 ± 1132 100 ±  1.5 100 ± 5 .0
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5.2 .1 .2  S t o r a g e  S t a b il it y

The storage stabilities o f  lysozym e:trehalosc com posites, spray-dried as mass ratios o f  1:1 fi'om 

conditions 1, and from conditions 2 were assessed under different tem perature and relative 

hum idity conditions during a 20-week storage period, in a com parative study to lysozym e spray- 

dried alone from conditions 1 (Section 3.5).

Storage at 4 ”C / Desiccant

Particle m orphology, (from  SEM ), o f  com posite particles w ere not affectcd by storage at 4 °C 

under desiccant for 20 weeks (Figure 5.7 (b), (d)), com pared to freshly prepared m aterial (Figure 

5.1 (a), (c), (d)). Powders rem ained am orphous for the duration o f  the 20-w eek study as 

determ ined by XRD analysis (Appendix 2). There was also no change in DSC or in the shape o f  

TG A  traces during storage (Appendix 2). Mass loss from 25 -  100 °C calculated from  TG A  ranged 

from  2.88 -  4.71%  (week 20 -  2.96% ) for the sam ple spray-dried from conditions 1 and from  2.78 

-  5.01%  (week 20 -  4 .27% ) for the sam ple spray-dried from conditions 2 (Figure 5.8).

Figure 5.7 SE micrographs showing lysozyme:trehalose 1:1 composite spray-dried from conditions I, (a) 

after 24 hours (b) after 20 weeks, and from conditions 2 (c) after 24 hours (d) after 20 weeks.

0 4 8 12 16 20
Time (week)

Figure 5.8 Moisture content (calculated from mass loss over temperature range 25-100 "C from TGA, n=I) 

for lysozyme:trehalose (1:1) spray-dried from conditions 1, 2, during 20 weeks storage at 4 "C/desiccant.

—♦— c o n d it io n s  2 
—■— c o n d it io n s  1
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There was no change in the shape o f  the am ide 1 peak on storage at 4 “C/desiccant for 20 weeks, 

with an area o f  overlap o f  area-norm alised individually baselinc-correeted peaks (calculated using 

m ethod 2 and freshly prepared com posite) o f  97.8%  (conditions 1) and 97.9%  (conditions 2), 

which is sim ilar to the intra-run repeatability values for the sam e batch (98 -  99%) (Section 3.4.2). 

There was also no statistically significant change in the biological activity (units/m g solid) or 

specific activity (units/m g protein, corrected for protein content using micro BCA protein assay) o f  

the com posites on storage under these conditions for 20 weeks (Table 5.3, Figure 5.9). There was 

no observable decrease in solubility o f  samples when preparing test solutions.

Table 5.3 Summary of biological activity assay results for spray-dried composites of lysozymeitrehalose 

(spray-dried mass ratio 1:1) after 20 weeks storage at 4 °C/desiccant. (n=2, *± pooled standard deviation).

Units/ml
test Units/mg solid protein/ml

test

Units/mg
protein

% Activity*

(± 6.4)

% Specific 
activity *

(± 2.7)
Conditions 1 364.5 ±7.8 22774 ± 497 9.40 ±0.14 38784± 1267 58.3 99.3

Conditions 2 356.0 ± 17.0 22227± 1050 8.85 ±0.35 40205 ± 354 56.9 102.9

Control 3 12.5 ±33.2 39063 ±4198 8.00 ±0.57 39061 ± 1295 100 100

Biological activ ity  of ly so zy m e:treh a lo se  co m p o sites  s to re d  
a t  4**C/deskxant

110

90 -

70

50 - I

- C o n d i t io n s  2 
C o n d i t io n s  1 
C o n t ro l

-.1 u c
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Specific biological activity of lysozyme:trehalose 
composites stored a t 4°C/desiccant
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Figure 5.9 Biological activity and specific biological activity o f spray-dried composites of 

lysozyme;trehalose (spray-dried mass ratio 1:1) as % of corresponding control solution activity. Error bars 

shown represent ± pooled standard deviation for the samples.
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Storage at 25 "C / 60% R.H.

Particlc m oq^hology o f com posite particles was affected by storage under these conditions as can 

be seen from  SE photo-m icrographs (Figure 5.10). Fusion betw een particles was increased, and 

phase separation o f a com ponent o f  the com posite was observed (m arked by red arrows). Powders 

spray-dried from  conditions I and 2, displayed crystallinity by XRD by the first m easurem ent tim e- 

point in the study (week 1) (Figure 5.11). Peaks at 2 theta equal to ~ 23.9” and 8.7" are 

characteristic o f  the trehalose dihydrate. This peak at position 8.7° is relatively small com pared to 

the peak at ~ 23.9° in the fully crystalline raw  trehalose depending on the batch (Section 4 .2 .1.4.1) 

and may not be detectable in the diluted com posite sample. Crystallisation was also suggested 

from DSC analyses, with a sharp endotherm ic peak observed to develop, super-im posed on the 

initial broad endotherm  at ~ 80 °C. At the week 2 tim e-point, in the sam ple spray-dried from  

conditions 1, this peak was initially observed at the higher tem perature o f  -  100 °C but shifted to ~ 

80 "C in later weeks. N o m elting endotherm  o f anhydrous trehalose was observed (Figure 5.12). 

The mass loss over the tem perature range 25 -  100 °C from  TGA was increased on storage 

com pared to  freshly spray-dried material (Figure 5.13, Figure 5.14). This increase in w ater content 

with crystallisation was expected because trehalose absorbs w ater and recrystallises as a dihydrate 

which contains ~ 9.5%  water (Suihko et al., 2005). The second mass loss step from  100 - 140 °C 

identified for the freshly-prepared 1:1 com posites was not identified in the TG A  scans taken during 

the stability study (Figure 5.13).

Figure 5.10 SE micrographs showing lysozyme:trehalose composites spray-dried: from conditions I after (a) 

24 hours (b) 5 weeks (c) 20 weeks, and from conditions 2 after (d) 24 hours (e) 5 weeks (t) 20 weeks storage 

at 25 '’C/60% R.H..
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Figure 5,11 XRD o f lysozyme:treiialose (1:1) spray-dried from conditions I (left) and spray-dried from 

conditions 2 (right) after (a) week 1 (b) week 2 (c) week 9 (d) week 16 (e) week 20, , storage at 25 °C/60% 

R.H..

i

Figure 5.12 DSC o f lysozyme:trehalose (1:1) spray-dried from conditions 1 (left) and spray-dried from 

conditions 2 (right), broken line -  freshly prepared material, solid line after (a) 2 weeks (b) 9 weeks (c) 16 

weeks and (d) 20 weeks, storage at 25 °C/60% R.H..

Figure 5.13 TGA of lysozyme:trehalose (1:1) spray-dried from conditions 1 (left) and spray-dried from 

conditions 2 (right), broken line -  freshly prepared material, solid line after (a) 2 weeks (b) 9 weeks (e) 16 

weeks and (d) 20 weeks, storage at 25 ”C/60% R.Fl..
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M oisture con ten t of com posites sto red  a t 25 °C /6 0  %  
RH
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Figure 5.14 Moisture content (calculated from mass loss over the temperature range 25-100 “C from TGA, 

n = l), lysozymeitrehalose (1:1) spray-dried from conditions I, 2, during 20 weeks storage at 25 "C/60% R.H..

There was no change in the shape o f  the am ide 1 peak on storage at 25 “C /60%  R.H., with an area 

o f  overlap o f  area-norm alised individually baseline-corrected peaks (calculated using m ethod 2) 

with freshly prepared com posite o f  98.0%  (conditions 2) and 98.4%  (conditions 1), which is sim ilar 

to the intra-run repeatability calculated values o f  98 - 99%  for the sam e batch (Section 3.4.2).

Reducing SD S-PA G E was carried out on spray-dried com posites, from  conditions 1 and 2, stored 

under 4 “C/desiccant, or 25 “C/60%  R.H. stability conditions for 20 weeks. Gel sheet analysis 

showed that no appreciable soluble covalcnt protein aggregation took place for any o f  the 

com posite samples, w ith no evidence o f  high m olecular weight bands identified for any o f  the 

samples.

There was also no statistically significant change in the biological activity or the specific activity 

and no decrease in solubility observed for the com posites on storage at these conditions for 20 

weeks (Table 5.4, Figure 5.15).

Table 5.4 Summary o f biological activity assay results for spray-dried composites o f lysozymertrehalose 

(spray-dried mass ratio 1:1) after 20 weeks storage at 25 “C/60% R.H. (n=2, *± pooled standard deviation).

Units/ml
test Units/mg solid protein/ml

test

Units/mg
protein

% Activity*

(±8.1%)

% Specific 
activity *
(± 5.4%)

conditions 1 336.0 4.2 20977 276 8.25 0.50 40825 1739 53.7 104.5

conditions 2 323.5 55.9 20195 3480 7.85 1.91 41663 2931 51.7 106.7

Control 312.5 33.2 39063 4198 8.00 0.57 39061 1295 100 100

12

Time (W eek)
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Figure 5.15 Biological activity and specific biological activity o f  spray-dried composites o f 

lysozyme:trehalose (spray-dried mass ratio 1:1) as % o f corresponding control solution activity. Error bars 

shown represent ± pooled standard deviation for the samples.
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Storage at 40 “C / 75% R.H.

Particle morphology o f composite particles, spray-dried from conditions 1 and 2, was severely 

affected by storage under these conditions as can be seen from SE photo-micrographs (Figure 5.16) 

taken after 24 hours. Collapse o f particle structure was evident. Composite powders, spray-dried 

from the two conditions, showed similar crystallinity by XRD taken at the first measurement time- 

point (week 1) (Figure 5.17). TGA data were also similar for the two composites at the week 1 

time-point with calculated mass losses from 25 - 100 °C o f 8.9% and 9.0% (Figure 5.18 (a)). A 

difference was observed in moisture content and TGA data between the composites at the week 2 

time-point however (Figure 5.18 (b)). A larger mass loss on heating was calculated for the 

composite spray-dried from conditions 2, o f 12.4% from 25 -  100 °C and a further 10.5% from 100 

-  160 °C compared to a smaller mass loss of 6.3%> (25 -  100 °C) for the composite spray-dried 

from conditions I . DSC taken at the same time-point (week 2) also showed differences between 

the samples (Figure 5.19). DSC showed a sharp endotherm super-imposed on the broader 

endotherm for the sample spray-dried from conditions I . This was not apparent for the sample 

spray-dried from conditions 2. Both samples showed a later sharp endotherm at ~ 170-176 "C, 

possibly a melting endotherm o f the sugar. The reason for the difference between the composites 

at the week 2 time-point was not identified but may be related to a ditTerence in the propensity of 

the composites to crystallise forming a dihydrate.

W D13.2nn S.O kV  x 2 .5 k  :;Ou]n

Figure 5.16 SE micrographs showing lysozyme:trehalosc 1:1 com posite spray-dried from (a) conditions I 

and from (b) conditions 2, after 24 hours storage at 40  “C/75% R.H..
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Figure 5.17 XRD o f  lysozym e:trehalose 1:1 com posite spray-dried (a) from conditions 1 and (b) from 

conditions 2, after I week storage at 40  “C/75% R.H..
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Figure 5.18 TGA of lysozyme:trehalose (1:1 spray-dried from conditions 1 (left) and spray-dried from 

conditions 2 (right) (a) week 1 (b) week 2 storage at 40 “C/75% R.H., broken line freshly prepared material.

*exo ''exo

Figure 5.19 DSC of lysozyme:trehalose (1:1) spray-dried from conditions 1 (left) spray-dried from conditions 

2 (right) -  solid line week 2 storage at 40 "C/75% R.H., broken line freshly prepared material.

T here w as a changc  in the shape o f  the am id e  I peak  on  sto rage , under these  cond itions, w ith  an  

area  o f  overlap  o f  area-no rm alised  ind iv idually  baseline-co rrected  peaks (ca lcu la ted  using  m ethod 

2) w ith fresh ly  p repared  com posite  o f  91 .2%  (w eek I) and 94 .3%  (w eek  2) fo r the com posite  

sp ray-dried  from  cond itions 2 and 90 .1%  (w eek 1) and  88 .9%  (w eek 2) for the com posite  spray- 

d ried  from  cond itions 1.

T here  w as a decrease  in  the b io log ica l ac tiv ity  and  specific  ac tiv ity  o f  the com posites sp ray-d ried  

from  cond itions 2 b u t not from  cond itions I on sto rage un d er these  cond itions fo r 2 w eeks (T able 

5.5).

Table 5.5 Summary o f  biological activity assay results for spray-dried composites o f  lysozyme:trehalose 

(spray-dried mass ratio 1:1) after 2 weeks storage at 40 “C/75% R.H. (n=2, *± pooled standard deviation).

Units/ml
test

Units/mg
solid

Jig
protein/ml

test

Units/mg
protein

% Activity*

(± 4.4)

% Specific 
activitv *

(±4 .3)
conditions 1 357 ±32.5 22305 ± 2044 10.05 ± 0 .92 3 5 5 1 0 ± 6 53.4 93.7

conditions 2 265 ± 21 .2 16563± 1326 8.70 ± 0 .14 30444± 1943 39.6 80.3

Control 334.5 ± 16.3 41797 ± 2099 8,85 ±0.92 37888 ± 2038 100 100
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The pow ders w ere observed to collapse into a sticky mass on storage, and w ere rem oved from  the 

study before the week 5 tim e-point and thus no further analysis was undertaken.

Com parison o f  the results o f  the full stability study (4 ‘’C/desiecant; 25 °C/60% R.H. and 40 

°C/75%  R.H .) to a sim ilar study for lysozym e spray-dried alone from conditions 1 (Section 3.5), 

suggests a sim ilar FTIR and biological activity stability stored at 4 °C/desiccant and 25 °C/60% 

R.H.. Inclusion o f  trehalose resulted in crystallisation and change in particlc m orphology stored at 

25 °C/60%  R.H. and also collapse o f  pow ders to a sticky mass at 40 °C/75% R.H. however, 

suggesting a disadvantage in the physical stabiUty o f these form ulations, com pared to lysozym e 

alone. Interestingly an increased stability o f  biological activity o f  spray-dried lysozym e:trehalose 

spray-dried from  conditions I (but not conditions 2) com pared to lysozym e spray-dried alone 

stored at 40 “C /75%  R.H. after 2 weeks was noted. This was despite crystallisation o f  the sugar 

and changes in appearance o f  the material.
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5 .2 .1 .3  P a r t i c l e  C h a r a c t e r i s a t i o n

Lysozym e:trchalosc spray-dried at a m ass ratio o f  1:1 from  conditions 2, was choscn for fiirthcr 

characterisation in term s o f  surface area, M alvern particle sizing, bulk and tapped density and in- 

vitro deposition via Andersen cascade im pactor analysis. These particular spray-drying conditions 

w ere chosen, because the particles produced had a different m orphology -  i.e. a more corrugated or 

folded surface (Figure 5.1 (c), (d)) com pared to  the fused nano-particulate surface appearance o f  

lysozym c particlcs spray-dried alone and lysozym e:trehalosc com posites spray-dried from  

conditions 1 (Figure 5.1 (a)).

Particle size distribution was determ ined using laser diffraction particle sizing at the standard 

operational settings o f  2 bar air pressure and 50%  vibration feed rate (Figure 5.20). Particles had 

an average d(0.5) o f  2.278 ±  0.052 )im, average d(0.9) o f  4.496 ± 0.098 nm, and average d(0.1) o f  

1.131 ±  0.027 |im, which was slightly larger than the porous particles o f  lysozym c spray-dried 

alone and sim ilar to non-porous spray-dried particles o f  lysozym e alone. The particles had a 

narrow  size distribution with an average span o f 1.476 ±  0.009.

Particlcs were found to have a surface area between that o f  N PM Ps o f lysozym e and non-porous 

lysozym e particlcs spray-dried alone (Section 3.6 Table 3.9) with an average value o f  4.756 m “/g. 

Bulk and tapped density were lower than NPM Ps o f  lysozym e alone at 0.211 ± 0.011 g /c m \ and 

0.30 ±  0.015 g/cm^ respectively, which may be influenced by the hollow  nature and thin particle 

walls, as noted from SEM analysis. C arr’s index, calculated from density data, gave a value o f 

29.7, indicative o f  a poorly flowing pow der (de Villiers, 2005).

Table 5.6 Particle sizing (n = 3; mean ± standard deviation), surface area (n = 2; mean (range)) and bulk and 

tapped densities (n = 3, mean ± standard deviation) for lysozymertrehalose spray-dried as a mass ratio of 1:1 

from condidons 2.

L y s o z v m e : T r e h  \LOSE (1:1)

Particle Sizing

d(O.l) ((.im) 1.131 ±0.027

d(0.5)(nm) 2.278 ±0,052

d(0.9) (|am) 4.496 ± 0.098

% < 1 |im 6.27± 0.62

Surface Area (mVg) 4.756 (47575,4.7542)

Bulk Density (g/cm’) 0.211 ±0.011

Tapped Density (g/cm^) 0.300 ±0.015
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Figure 5.20 Particle size distribution for lysozyme:trehalose spray-dried as a 1:1 mass ratio composite, from 

conditions 2.

Fine particle fraction (< 5 jim ) and particle fraction < 3 |xm estimated from  Andersen cascade 

impactor analysis were favourable, compared to NPMPs o f  lysozyme spray-dried alone (Section 

3.6). The in -v itro  deposition p ro file  also showed deposition m a in ly  in the m id and lower stages 

(stages 3, 4), and less deposition in the mouthpiece adaptor/induction port as compared to either the 

NPMPs or the non-porous lysozyme (Figure 5.21). The M M  A D  o f  2.72 ±  0.05 )im is w ith in  the 

desirable range fo r systemic delivery. A  GSD o f 1.99 ±  0.09, indicative o f  the spread o f  the data 

and distribution o f  aerodynamic particle size was caiculatcd, s im ila r to porous lysozyme spray- 

dried alone.

Table 5.7 Summary o f results fi'om Andersen cascade impactor analysis lysozyme:trehalose (1:1 mass ratio 

composite, spray-dried from conditions 2); mean ± stdev; n = 3.

% < 5 fim %  < 3 Jim M M A D  (nm) GSD % emitted 
(o f nominal dose)

Lys:trch (1:1) 63.98 ±2.75 39.15 ± 1.99 2.72 ±0.05 1.99 ±0.09 83.8 ±6.0

% 35.00
o

30.00 i

25.00 ^

20.00

15.00

10.00

0.00
(U k_0)CO

0O) 0
O)

m
Q)
O)

CD
CD
O)

oI CN
0O)

I
<DO)■5.00 (DO) U_O)

I Porous Lysozyme 
□ Non-porous Lysozyme 
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Figure 5.21 Deposition patterns on the stages o f the ACI apparatus for lysozymeitrehalose (1:1 mass ratio 

composite) spray-dried from conditions 2, shown comparative to NPMPs o f lysozyme and non-porous 

lysozyme (Chapter 3). Calculated as % o f recovered emitted dose (mouth -  filter), used to calculate fine 

particle fraction.
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5 .2 .2  S p r a y - d r i e d  l y s o z y i v i e :r a f f i n o s e , l y s o z y m e m n u l i n  c o m p o s i t e s

Lysozyme was spray-dried with raffinose as an alternative sugar to trehalose, at mass ratio 1:1 from 

conditions 1 and from conditions 2. Particlcs spray-dried from  conditions 1 were observed to be 

discrete, and spherical, with a non-porous rough surface m orphology as determ ined by SEM 

analysis (Figure 5.22 (a)). Particlcs spray-dried from  conditions 2 were observed to be discrete, 

and spherical with a folded to porous surface m orphology as was evident from SEM analysis 

(Figure 5.22 (b)). Lysozyme:inulin (mass ratio 1:1) was spray-dried from conditions 2. Particles 

w ere observed to be collapsed with a m inority o f spherical particles and had a folded to  porous 

surface m orphology from  SEM  analysis (Figure 5.22 (c)).

IR

Figure 5.22 SE micrographs showing lysozyme:raffinosc spray-dried in a mass ratio of 1:1 from (a) 

conditions 1 (b) conditions 2; and (c) lysozyme:inu!in spray-dried in mass ratio I : I from conditions 2.

Lysozym e:raftlnose and lysozym e:inulin com posites, spray-dried from conditions I and 2, were 

am orphous by XRD. A similar residual m oisture or solvent loss was calculated for 

lysozym e:raffm osc com posite samples (3.8 -  4.0% ) over the tem perature range 25 -1 0 0  °C from 

TG A  data with a further sm aller step o f  m ass loss observed over the tem perature range 100-140 “C 

(Figure 5.23). A higher residual m oisture or solvent loss over the tem perature range 25 -1 0 0  °C 

was determ ined from TG A  data for the inulin com posite ~  6.7%  (Figure 5.24). DSC data (Figure 

5.23, 5.24) showed an initial broad endotherm  for all com posites and a second broad cndothcrm  

corresponding to protein decom position at >  ~ 200 “C. N o glass transitions were identified in any 

o f  the com posites. The inulin com posite additionally show ed a sharp endotherm  at -1 7 3  “C, 

attributed to the m elting peak o f  inulin (151.4 -  186.5 “C depending on the polym erisation degree 

o f  the inulin sam ple) (Bleeker et al., 2003). This endotherm  was also seen in the DSC scan o f  

unprocessed inulin.
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Figure 5.23 DSC (shown in black) and TGA (shown in red) of (a), (c) lysozymeiraffmose (1:1) spray-dried 

from conditions 2, (b), (d) lysozymciraffmosc (1:1) spray-dried from conditions 1.
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Figure 5.24 DSC (shown in black) and TGA (shown in red) of lysozymerinulin (1:1) spray-dried from

conditions 2.

Biological activity assay was carricd out on lysozyme:raffinose composite spray-dried from 

conditions 2 (Figure 5.22 (a)), and showed no statistically significant decrease in specific activity, 

compared to unprocessed material (Table 5 .8 ).

Table 5.8 Summary of results from biological activity assay of lysozyme:raffmose spray-dried in a mass ratio 

of 1:1 from conditions 2 (n=3).

Units/ml
test Units/mg solid protein/ml

test

Units/mg 
protein

% Activity

(± 2.6%)

% Specific 
activity
(± 4.9%)

L y s:r a ff(l: l) 321.0± 18.3 20056± 1151 7.17 ±0.80 44961 ± 2524 45.7 102.6

Control 350.5 ±9.2 43843 ± 1132 8.0 ± 0.0 43843± 1132 100 100
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5 .2 .3  S p r a y - d r ie d  l y s o z y m e :m y o -in o s i t o l ( :p v p ) c o m p o s it e s

Lysoz>’mc:myo-inositol (mass ratio 1:1) was spray-dried from conditions 2 at a t.s.c. o f 0.5%  \v/v. 

Resultant particles were spherical and had a folded morphology. Particles appeared to be hollow 

with thin particle walls (Figure 5.25). XRD analysis showed crystallinity o f  the com posite, with 

peak positions sim ilar to unprocessed myo-inositol (Figure 5.26). Analysis o f  DSC data identified 

the melting endotherm o f m yo-inositol at 224 ”C (Figure 5.27), as com pared to ~  223 °C 

unprocessed m yo-inositol alone (Section 4.3.2.3). A broad endotherm was also detected from 25- 

120 “C. A residual moisture or solvent content o f ~  4.3%  was calculated from 25 -  100 "C from 

TGA (Figure 5.27). Spray-drying myo-inositol w ith lysozyme in this mass ratio and from these 

conditions did not appear promising, due to the soHd-state characteristics o f  the com posite. Further 

characterisation o f  this system was thus not undertaken.

Figure 5.25 SR micrographs showing lysozyme:myo-inositol spray-dried in mass ratio 1:1, 70% RtOII, 10% 

oft.s ,c , AC, inlet temperature 90 “C.
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Figure 5.26 XRD of (a) lysozymc:myo-inositol composite (spray-dried mass ratio 1:1), (b) myo-inositol 

(unprocessed material).
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Figure 5.27 DSC (shown in black) and TGA (shown m red) o f  lysozyme:myo-mositol spray-dried in mass 

ratio 1:1, 70% Eton, 10% of t.s,c, AC, inlet temperature 90 “C.

PVP has been previously used to inhibit cry stallisation and promote production of an amorphous 

composite by spray-dry ing (Tajbcr, 2005). Lysozymc was initially spray-dried with PVP-kl5 

(MW 10,000) in a ratio of 9:1 from conditions 1 (used to producc NPMPs o f lysozymc alone — 

chaptcr 3) to investigate any adverse effects on the morphology of the powder, prior to spray- 

drying in a ternary system with myo-inositol. Particle morphology was observed to be spherical 

and porous/nano-particulatc from SEM analysis (Figure 5.28).

Figure 5.28 SE micrographs showing lysoz}TOe:PVP kl 5 spray-dried in mass ratio 9:1, from conditions 1.

PVP-kI5 or PVP-40 were included with lysozyme:myo-inositol and spray-dried from conditions 1, 

at mass ratios of 5:3:2 (k-15), and 5:4:1 (k-15,40) lysozyme:myo-inositol:PVP. Spray-dried 

particles consisted of collapsed spheres and spherical particles with a rough surface, as evident 

from SEM analysis (Figure 5.29).
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Figure 5.29 SE micrographs showing (a) lysoz)'m e:m yo-inositol:PVP-kl5 spray-dried in mass ratio 5:4:1, (b) 

lysozym c:m yo-inositol:PVP-40 spray-dried in mass ratio 5:4:1, and (c) lysozyTne:myo-inositol:PVP-kl5  

spray-dried in mass ratio 5:3:2, all from conditions 1.

Lysozyme:myo-inositol:PVP samples were amorphous by XRD (Figure 5.30). DSC scans 

displayed the following: (1) broad endotherms from 25 — 120 "C in DSC scans attributed to 

moisture loss, (2) exotherms starting at ~  155 - 160 “C corresponding to recry stallisation and (3) 

sharp endothermic peaks at ~  224 "C corresponding to melting of myo-inositol (Figure 5.31). 

Residual moisture/solvent contents of all lysozy me:myo-inositol:PVP composites, calculated from 

TGA. were 4 -  4.2% (Figure 5.32). Presence of both protein and PVP enabled an amorphous my o­

inositol composite to be produced.
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Figure 5.30 XRD o f  (a) lysozym e:m yo-inositol:PVP-kI5 spray-dried in mass ratio 5:3:2, (b) lysozyme:m yo- 

inositol:PVP40 spray-dried in mass ratio 5:4:1, (c) lysozym e:m yo-inositol:PVP-kl5 spray-dried in mass ratio 

5:4:1; all spray-dried from conditions 1.
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Figure 5.31 DSC of (a) lysozymeimyo-inositoliPVP-klS spray-dried in mass ratio 5:3:2, (b) lysoz^ine:myo­

inositol :PVP-40 spray-dried in mass ratio 5:4:1, (c) lysozyme:myo-inositol:PVP-kl5 spray-dried in mass 

ratio 5:4:1; all spray-dried from conditions 1.
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Figure 5.32 TGA of (a) lysozyme:myo-inositol:PVP-kl5 spray-dried in mass ratio 5:3:2, (b) lysozyme:myo- 

mositol:PVP-40 spray-dried in mass ratio 5:4:1, (c) lysoz}Tnc:myo-inositol:PVP-kl5 spray-dried in mass 

ratio 5:4:1; all spray-dried from conditions 1.
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5.3 METHAN0L;N-BUTYL ACETATE SOLVENT SYSTEMS

5.3.1 Sp r a y -d r ie d  l y s o z y m e :h p -c-c d  c o m p o s it e s

Lysozyme was frccze-dried to increase its solubility in m ethanol (Section 3.2), and spray-dried 

with HP-6-CD from a non-aqueous M eOH:BA system  (solvent ratio 1:1, inlet tem perature 100 “C). 

Spray-dr)'ing was carried out in the closed m ode configuration, using the regular cyclone 

arrangement. These conditions had been successfully used by Li (2005) to produce NPM Ps o f HP- 

B-CD alone. Feed solutions were prepared by first dissolving lysozyme in the M eOH component, 

followed by addition o f  HP-B-CD, and finally the BA component. Lysozymc:HP-B-CD mass ratios 

o f  4.8:95.2 and 1:4 w ere prepared. A total solid concentration o f  2.1%  w/v was used for the 

4.8:95.2 mass ratio sim ilar to that used by Li (2005) (2%  w/v). A lower t.s.c. o f  1% w/v was used 

for the 1:4 mass ratio in order to a\ oid problem s w ith the solubilit> o f frcczc-dried 1\ sozy me in the 

MeOH com ponent (1%  w7v t.s.c. =  0.4%  w/v lysozym e in the MeOH com ponent) (from Section 

3.2 - 0.5%  w/v lysoz>mc should be soluble in the M cOH component).

Some phase separation was noted in the feed m aterial on addition of BA, with a small am ount o f 

deposition o f  material on the walls o f the conical flask and the feed material was spray-dried as a 

suspension. Spray-dned particles were spherical and porous with absence o f broken or shattered 

particles, as observed from SEM analysis (Figure 5.33). Collectable product yields were ~  40%  

(mass ratio 4.8:95.2, volume spraj -dried 50 ml) and ~  26%  (mass ratio 1:4, volume spray-dried 40 

ml).

Figure 5.33 SE micrographs showing lysozyme:HP-B-CD spray-dned m mass ratios (a) 4.8:95.2, (b)/(c) 1:4 

from a 1:1 McOH:BA solvent system, inlet dr^dng temperature 100 °C, under different magnifications.

The com posite o f  spray-dried mass ratio o f 1:4 lysozyme:HP-fi-CD was chosen for further 

investigation because o f  a favourable particle m orphology and higher lysozym e content. The 

regular cyclone was replaced with a high perfom ianee cyclone and spray-drj ing was repeated. 

Spra>-dried particles had sim ilar morpholog> as CMdent from SEM anaKsis (Figure 5.34 (a), (b)). 

being spherical and porous. Collectable product yield was high with a yield o f  ~  69%  (volume 

spray-dried 75 ml). HP-B-CD (originally spray-dried from a M eOH:BA system by Li (2005)), was 

spray-dried using sim ilar conditions as for the lysozyme:HP-B-CD 1:4 mass ratio com posite (sec
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Appendix 1) and the HP cyclone. No phase separation was found in the feed material of HP-6-CD 

spra>’-dried alone and the feed material was spray-dried as a clear solution. Collectable product 

yield was ~  63% (volume spray-dried 75 ml). Particle morphology was spherical and nano-porous, 

as observed from SEM analysis (Figure 5.34 (c), (d)). A large variation in particle size was also 

evident from SE micrographs particularly for the HP-6-CD spray-dried alone.

Figure 5.34 SH micrographs showing (a)/(b) lysozynie:HP-C-CD spray-dned in mass ratios of 1:4 and (c)/(d) 

HP-C-CD spray-dried alone from a 1:1 McOH:BA solvent system, inlet drying temperature 100 °C, using a 

IIP cyclone.

5 .3 .2  S p r a y - d r ie d  l y s o z y m e :t r e h a l o s e  c o m p o s it e s

Frecze-dried lysozyme (Section 3.2) was spray-dried with trehalose dihydrate at a mass ratio o f 1:4 

(lysozyme:trehalose dihydrate), from an 80:20 MeOH:BA solvent system, as was used for 

producing NPMPs of trehalose alone (Section 4.2.1.3, Figure 4.6) and a t.s.c. of 0.5%. (See 

Appendix 1 for details.) A HP cyclone was used. Phase separation/precipitation was not observed 

to the same extent on addition of BA. as in the lysoz\'me:HP-B-CD system described above and the 

appearance of the feed was a clear solution to slightly turbid suspension depending on the batch. 

Contributories to this diflfcrcncc in solubility relative to the HP-6-CD composite system may have 

included a lower total solid concentration and thus lower total protein concentration, and a lower 

concentration o f the more hydrophobic BA used in this feed system. Spray-dried material 

consisted of porous spheres as seen from SE micrographs (Figure 5.35). The pores were smaller 

(approximately < 90 nm) compared to trehalose spray-dried alone which had a looser nano­

particulate appearance, with surface gaps/pores between nano-particles approximately < 300 nm 

(Section 4.2.1.3 Figure 4.6). Collectable product yields were high at ~ 54 and ~  64% (volume 

spray-dried 150 ml) for two replicate batches spray-dried.
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Figure 5.35 SE micrographs showing lysozymc:trchalosc spray-dried at a mass ratio of 1:4, from MeOH:BA 

(80:20 solvent ratio), inlet temperature 100 “C.

5 .3 .3  S p r a y - d r i e d  l y s o z y m e :r a f f i n o s e  c o m p o s i t e s

Frcczc-dricd lysozym c (Scction 3.2) was spray-dried w ith raffm ose pcntahydratc at a mass ratio o f  

1:4, in a sim ilar system as produced porous particles o f  raffm ose alone (Section 4.2.2.1). The total 

solid concentration used was 0.5%  com pared to 1% for the sugar spray-dried alone, to  try to 

m inim ise precipitation, as for the trehalose com posite system  (Section 5.3.2). A  regular cyclone 

was used to allow  com parison with the sugar spray-dried alone. Spray-dried particles were 

spherical and porous (Figure 5.36 (a), (b), (c)). As was observed for the lysozym e:trehalose 

com posite system s, surface gaps/pores were smaller, than for the sugar spray-dried alone (Section 

4.2.2.1 Figure 4.23). Collectable yields were ~ 28%  and ~ 26%  for two different batches spray- 

dried (volum es spray-dried: 150 ml and 200 ml respectively). Replacing the regular cyclone with a 

high perform ance cyclone did not significantly affect the particle m orphology as observed in SEM 

analysis (Figure 5.36 (d), (c)). C ollectable yield was approxim ately doubled to ~ 54%  (volum e 

spray-dried 150 ml).

Figure 5.36 SE micrographs showing lysozymc:raffmose pcntahydratc spray-dried at a mass ratio of 1:4 from 

MeOH:BA (80:20 solvent ratio), inlet temperatiu-e 100 "C (a), (b), (c) using regular cyclone, and (d), (e) 

using HP cyclone under ditTerent magnifications.
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In order to examine different mass ratios of lysozymeirafifinose, ratios o f 3:7 and 1:1 were 

prepared. SEM analysis o f particles spray-dried from a 3:7 mass ratio showed some pores on the 

surface although these appeared more fused than with the lower mass ratio of 1:4 (Figure 5.36 (a)). 

Particles spray-dried from a mass ratio o f 1:1 lysozyme:raffmose had a fused roughened non- 

porous surface (Figure 5.37 (b), (c)).

Figure 5.37 SE micrographs showing lysozym eiraffm osc spray-dried at a mass ratio o f  3:7 (a) using a regular 

cyclone (b) using a HP cyclone, and at a mass ratio o f  1:1 (c) using a HP cyclone.
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5 .3 .4  P r o c e s s  s t a b il it y

5.3.4.1 Solid-state characterisation and therm al analysis 

H P-P-CD com posites

Spray-dried composites of mass ratio 1;4 lysozyme:HP-B-CD were chosen for fiarther 

charactcrisation, due to favourable particle morphology and higher lysozyme content. The 

composite material was amorphous by XRD, similar to HP-C-CD spray-dried alone (Figure 5.38). 

DSC and TGA of HP-B-CD spray-dried alone were compared to two batches o f composite (Figures 

5.39, 5.40). A broad endothermic peak was observed for all samples from 25-120 “C by DSC. A 

glass transition was detected at 226.5 “C for HP-B-CD spray-dried alone. A small endothermic 

peak at -220  "C for the composites may be due to a decomposition peak of lysozyme, which was to 

be expected in this temperature region from DSC studies on lysozyme spray-dried alone from 

MeOH;BA (Figure 3.32, Section 3.4.1). Thermal decomposition was observed in the composites at 

~ 280 °C, accompanied by mass loss in the TGA scan. This decomposition was not observed in 

DSC or TGA scans of HP-B-CD spray-dried alone in the temperature range studied. Mass loss over 

the temperature range of 25-100 “C was 4.8% and 5.6% for the composite samples and shghtiy 

higher for HP-B-CD spray-dried alone at 6.3%.

I • - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - ' - - - - - - - - - 1- - - - - - - - - ' - - - - - - - - - 1- - - - - - - - - ' - - - - - - - - - 1- - - - - - - - - - ' - - - - - - - - - 1- - - - - - - - - ' - - - - - - - - - 1
5 10 15 20 25 30 35 40

2 theta (degrees)

Figure 5.38 XRD o f  (a) HP-B-CD spray-dried alone (b) lysoyzme;HP-B-CD composite dried at mass ratio 

1:4.
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Glass Transition 
Onset 223.02 'C 
Midpoint 227.60 "C
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Figure 5.39 DSC scans o f  (a), (b) 2 batches o f  lysozymc:HP-B-CD composite dried at mass ratio 1:4 (c) HP- 

fi-CD spray-dried alone.
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Figure 5.40 TGA scans o f  (a), (b) 2 batches o fIy so 2yme:HP-B-CD composite dried at mass ratio 1:4 (c) HP- 

B-CD spray-dried alone.

Trehalose composites

Spray-dried composite (mass ratio 1:4) was amorphous by XRD (Figure 5.41). DSC and TGA data 

o f two batches of composite are shown, compared to trehalose spray-dried under similar conditions 

alone (Figure 5.42, 5.43). A glass transition at ~120 °C was identified for one batch o f the 

composite lysozyme:trehalose material, similar to trehalose spray-dried alone. A recrystallisation 

exotherm and subsequent melting o f the crystalline sugar (at ~ 2 13 “C) observed in the DSC scan o f 

trehalose spray-dried alone was not observed in the DSC scan of this batch of composite however.

An endothermic decomposition of the protein at ~ 220 °C identified for the protein spray-dried

alone from similar conditions (Figure 3.32 Scction 3.4.1) was also not identified in the DSC o f this 

composite batch, although a later endotherm at ~265 "C was identified. A second batch showed a
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high temperature recrystallisation exotherm immediately prior to an endothermic peak similar to 

the melting peak of anhydrous trehalose at 213 °C, and also showed a later endotherm at ~265 "C. 

This is a similar situation to trehalose spray-dried alone, in which recrystallisation was identified in 

the DSC scans of some batches, occurring at different temperatures, or in other cases was absent 

depending on spray-drying conditions and within a set o f conditions depending on the batch 

(Section 4.2.1.4.4, Appendix 2). The second endotherm identified at ~265 “C showed a 

corresponding mass loss in TGA suggesting decomposition o f the protein. Residual moisture or 

solvent contents of 4.6% and 4.2% were calculated for the two batches of lysozyme:trehalose 

composite.

2C0

(O

I- - - - - - - - - - - - - - - . - - - 1- - - - - - - - - 1- - - - - - - - - - - - - 1- - - - - - - - - - - - r-- 1- - - - - - - - - - - - - -   1- - - - - - - - -   1- - - - - - - - - - 1- -- 1- - - - - - - - - 1- - - - - - - - - - 1

5 10 15 20 25 30 35 40

2 theta (degrees)

Figure 5.41 XRD of (a) trehalose spray-dried alone (b) lysozyme:trehalose (1 :4) composite.
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Figure 5.42 DSC scans o f (a) (b) 2 batchcs o f lysoyzmertrehalose composite dried at mass ratio 1:4 (c) 

trehalose spray-dried alone.
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Figure 5.43 TGA scans of (a) (b) 2 batchcs of lysozymc:trehalose composite dried at mass ratio 1:4 (c) 

trehalose spray-dried alone.

Raffinose composites

The com posites (m ass ratios 1:4, 3:7. 1:1 lysozym e:raffinose) w ere am orphous by XRD (Figure 

5.44). DSC (Figure 5.45) and TGA (Figure 5.46) scans o f  tw o batches o f  com posite spray-dried in 

a mass ratio o f  1:4 arc presented, together w ith raffm ose spray-dried alone. Glass transitions were 

noted in the tw o system s at -1 2 0  "C. An endotherm ic decom position peak at -2 1 5  "C was 

observed in the DSC scans o f the com posites, with corresponding inass losses at similar 

tem peratures in the TG A  scans. A later endotherm ic decom position ( -  230 °C) was observed in the 

raffinose sam ple spray-dried alone. Residual m oisture or solvent was calculated from TGA as 

4.7%  and 4.1%  for two batches o f  com posite material.

I 1-------- 1-------- '-------- 1-------------   1----1-------- 1-------- '-------- 1---------  1--------   1
5 10 15 20 25 30 35 40

2 theta (degrees)

Figure 5.44 XRD of (a) raffinose spray-dried alone (b) lysozyme:raffinose 1:4 (c) lysozyme:raffinose 3:7 (d) 

Iysozyme:raffinose 1:1.
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Figure 5.45 DSC scans of (a) (b) 2 batches of lysozyme:raffinose composite dried at mass ratio 1:4 (c) 

raffmose spray-dried alone.
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Figure 5.46 TGA scans of (a) (b) 2 batchcs of lysozyme:raffmose composite dried at mass ratio 1:4 (c) 

raffmose spray-dried alone.

S.3.4.2 Secondary structure and biological activity assay

No protection o f  secondary structure was observed with the inclusion o f  any o f  the excipients 

com pared to  freeze-dried lysoyzm e spray-dried alone from M eOHiBA. The area o f  overlap with 

unprocessed lysozym c was 85.0%  for the lysozymc:HP-B-CD (1:4) com posite, 86.4%  for the 

lysozym e:trehalose (1:4) com posite and 84.4%  for the lysozym e:raffinose (1:4) com posite. These 

com pared to 89.0%  for lysozym c spray-dried alone from the 80:20 M eO H :BA  solvent ratio system  

and 89.9%  from  the 1:1 M eO H :BA  solvent ratio system.
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Biological activity assay carricd out on com posite particles showed excellent retention o f  activity, 

with specific activity o f  the com posite particle sim ilar to the original starting material. Table 5.9 

shows the results o f  one batch cach o f  spray-dried com posites. The specific activity o f  all 

com posites was sim ilar and not statistically significantly different from the control (at a 

significance level o f  a=0 .05). M icro BCA analysis showed that the lysozym e:raffinose batch had a 

slightly higher than expected protein content in the test sample, than w ould have been predicted 

from the ratio o f  com ponents spray-dried in the com posite particle (i.e. assum ing a 20%  lysozyme 

loading in the com posite particle). This was also reflected in a higher calculated activity for 

units/ml o f  test sam ple and for units/m g solid com pared to the other com posites. This slight 

discrepancy may be influenced by small errors in w eighing/preparation but also may be 

theoretically influenced by  the loss o f  5-hydrate w ater from  the starting crystalline raffm osc in the 

feed com pared to the spray-dried am orphous anhydrous raffm ose in the com posite. Even taking 

into account a potential increased mass from  unbound w ater w ith the m ore hygroscopic am orphous 

raffmose, this could lead to an estim ated -1 0 %  loss in mass for the raffm ose com ponent which 

may alter the lysozym exaffm ose m ass ratio in the final spray-dried com posite material from that 

added to the initial feed (1:4). (From  TG A  analysis a m ass loss o f  4-5%  was calculated for 

am orphous raffm ose vs 15% mass loss for crystalline raffm ose over tem perature range 25-100 "C). 

Loss o f  2-hydrate w ater from trehalose com posite would be expected to influence the ratio to a 

lesser extent, when taking into account the am ount o f unbound water in the am orphous trehalose 

(from TG A  analysis a mass loss o f  4-5%  is calculated for am orphous trehalose vs 9.5%  mass loss 

for crystalline trehalose over tem perature range 25-100 °C). HP-B-CD also does not lose bound 

hydrate w ater on spray-drying (w ater content in the unprocessed batch used was 3.4%, assessed by 

Karl Fischer w w w .sigm aaldrich.com ). Activity assay, and m icro BCA analysis o f  test solutions o f  

replicate batches (Table 5.10) did not show an increased protein content in the raffm ose com posite 

however suggesting difficulty in predicting deviations from  the mass ratio spray-dried in the final 

composite.

Tabic 5.9 Summary of results from biological activity assay of lysozyme:excipicnt composites spray-dried at 

a mass ratio of 1:4 (n=3, *pooled standard deviation shown).

Units/ml
test

Units/mg 
solid

protein/ml
test

Units/mg
protein

% Activity

*(± 3.7%)

% Specific 
activity
*(± 4.4%)

Lys:HP-B-CD 337.9 ±0.72 8448±18 8.8 ±0.3 38429± 1310 19.3 97.7

Lysrtrehalose 352.9 ± 11.6 8823 ± 290 8.63 ±0.23 40874 ± 282 20.2 103.9

Lys:raffinose 376.7 ±25.3 9417±631 10.3 ± 1.25 36763 ± 2624 21.5 93.5

Control 350.0 ± 18.5 43750±2312 8.9 ± 0.4 39323 ± 855 100 100
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S.3.4.3 SDS-PAGE

SD S-PA G E analysis (under reducing and non-reducing conditions) showed no increase in covalent 

aggregation for the com posite materials or freeze-dried lysozym e com pared to the starting m aterial 

with sim ilar appearance o f  the stained gel and no strong higher m olecular w eight bands visible on 

the gel sheets (Figure 5.47).

(a) (b)

F d L  L:H \  Unp
L:R L:T M M Fd L

Figure 5.47 (a) Reducing and (b) non-reducing SDS-PAGE o f  freeze-dried lysozym e (Fd L), 

lysozyirie:ratTmose (L:R), lysozyme:HP-B-CD (L:H), lysozym eitrehalose (L:T) composites all spray-dried at 

a mass ratio o f  1:4 from MeOH:BA systems, unprocessed lysozym e (Unp), and standard marker (M).
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5 .3 .5  S t o r a g e  s t a b i l i t y

In order to assess the physical stability o f  the lysozym c:excipient com posites (spray-dried mass 

ratio 1:4) from  non-aqueous system s a stability study was carried out. The high efficiency cyclone 

was used to spray-dry all samples. From previous work with spray-dried raffinose, the conditions 

25 “C/60%  R.H. (Section 4.2.5), were found to be unsuitable for stability studies, as particles 

absorbed m oisture and dissolved into a sticky substance with com plete particle collapse (view ed 

under SEM ) after 24 hours. A small am ount o f  the com posite materials w as stored under these 

conditions, for 24 hours w hereupon SEM and DSC analysis were perform ed. The conditions 

25“C/desiccant; 4"C/desiccant were selected for a 12-week stability study.

Storage under desiccant conditions at 4 "C and at 25 “C

Particle m orphology o f  com posite particles was not affectcd by  storage for 12 weeks under 

desiccant conditions at 4 “C and at 25 “C, as can be seen by com parison o f  SE m icrographs taken at 

week 12 (Figure 5.48), with those o f  the freshly spray-dried material (Figures 5.34, 5.35, 5.36 (d), 

(e)). All com posites rem ained am orphous during the 12-week stability study at these conditions 

(Appendix 2). DSC and TGA (A ppendix 2) showed no changes, indicating no crystallisation or 

increased m oisture uptake for any the com posites stored under desiccant conditions at 4 “C, or 

lysozyme:HP-B-CD stored under desiccant conditions at 25 "C for 12 weeks. Com posites o f  

lysozym e:trehalose and lysozym e:raffm ose stored under desiccant conditions at 25 °C for 12 w eeks 

displayed som e sm all changes in the DSC with small endotherm s (~ 70 °C) superim posed on the 

initial broad endotherm s in later weeks. M oisture content, calculated from TGA, rem ained at ~4- 

5%  during 12 weeks o f  the study (Figure 5.49).

Figure 5.48 SE micrographs of composite particles stored at 4 “C/desiccant (top), 25 ”C/desiccant (bottom) 

after 12 weeks (a) lysozymertrchalose (1:4) (b) lysozymc:raffmose (1:4) (c) lysozymc:HP-p-CD (1:4).
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M oisture c o n te n t of ly so zy m e:treh a lo se  (1 :4 ) 
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Figure 5.49 Moisture content (calculated from mass loss 25-100 “C from TGA, n=l)  for spray-dried 

lysozymexxcipient composites (spray-dried mass ratio 1:4), during 12 weeks storage at 4 "C/desiccant and 

25 "C/desiccant.

Biological activity assay showed good retention o f specific activity on storage at 4  “C/desiccant for 

12 weeks, with no statistically significant changc compared to freshly spray-dried material. 

Storage at 25 “C for 12 weeks showed that activity was well retained for trehalose and raffmose 

composites but less well retained for the HP-B-CD composite, although again this was not 

statistically significant due to a large pooled standard deviation.
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Table 5.10 Summary o f  biological activity assay results for spray-dried composites o f  lysozyme;excipient, 

starting and after 12 weeks storage at 4 “C/desiccant and 25 “C/desiccant {* pooled standard deviation, n=2 

for each batch).

Units/ml
test Units/mg solid

^g protein/ml 
test

Units/mg
protein

%
Activity % Specific 

activity

Starting

Lys:trehalose

Lys:raffinose

Lys:HP-p-CD

Control

287.5 ± 47 .4

361.5 ± 67 .2  

445 ± 65.1

349.5 ± 34 ,7

7188 ± 1193 

9 0 3 2 ± 1679 

1 1 I25±  1635 

43672 ± 4309

6.25 ±0 .495

8.05 ± 1.768 

10.00 ± 1.414

8.05 ±0 .354

45653 ± 3799 

4 4 9 0 6 ± 1292 

44482 ± 406 

43304 ± 2063

16.5 ± 5.8* 

20.7 ± 5.8*

25.5 ± 5.8*

100 ± 5 .8*

105.4 ± 5 .2*

103.7 ± 5 .2*

102.7 ± 5 .2*

100 ± 5 .2*

4 “C/des. W12 

Lysrtrehalose 

Lys:raffinose 

Lys:HP-p-CD

Control

257 ± 5 .7  

319.5 ± 5 .0  

3 1 3 ±  14.1 

300 ± 14.1

6422 ± 154 

7985 ±111 

7813 ± 3 0 9  

37500 ± 1768

6.55 ±0.071 

8.1 ±0.000 

8.6 ±0 .000  

7.5 ±0.283

39112± 281  

39471 ± 779 

36445 ± 1515 

39825 ± 453

17.1 ± 1.9* 

21.3 ± 1.9* 

20.8 ±  1.9*

100 ±  1.9*

98.2 ± 7 .1*  

99.1 ± 7 .1*  

91.5 ± 7 .1*

100 ± 7 .1*

25 “C/des. W12 

Lysitrehalose 

Lys:raffinose 

Lys:HP-p-CD

Control

251 ± 14.1

302.5 ± 10.6

307.5 ± 12.0 

300 ± 14.1

6281 ± 154 

7563 ± 265 

7688 ± 309 

37500 ± 1768

8 .0 ±  1.414 

8.35 ± 0.495 

9.6 ± 1.556 

7.5 ±0.283

36846 ± 3086 

3 6 1 6 0 ± 924 

32437 ± 6565 

39825 ± 4 5 3

16.7 ± 1.9* 

20.2 ± 1.9* 

20.5 ± 1.9*

100 ± 1.9*

92.5 ± 7 .1*  

90.8 ± 7 .1 *  

81.4 ± 7 .1*

100±7.1*
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Storage at 25 “C / 60% R.H.

Storage at 25 °C / 60% R.H. for 24 hours for lysozymc:raffinose (1:4) and lysozymc:trchalose (1 :4) 

composites resulted in particle collapse when viewed under SEM (Figure 5.50 (a), (b)). This was 

not observed with composite particles o f lysozyme;HP-P-CD (1:4), which retained their porous 

morphology after 24 hours (Figure 5.50 (c)) as evident from SEM analysis. DSC analysis 

suggested presence of a hydrate for the trehalose composite stored under these conditions for 24 

hours, with a sharp endothermic peaks at 80 and 100 “C (Figure 5.51 (a)). A recrystallisation 

exotherm occurred, as in the freshly prepared material, iminediately before the cndothermic 

melting peak o f anhydrous trehalose at ~213 °C. This peak suggests the presence of some 

amorphous sugar and agrees with an observation by Suihko et al. (2005), that crystallisation and 

phase separation occurred on exposure of high trehalose content (lysozyme:trehalose) composite to 

high humidity (75% R.H.) but part o f the sugar in the phase-separated formulations remained 

amorphous and in close association with lysozyme. Composite particles o f protein:raffinose and 

protein:HP-P-CD (Figure 5.51 (b), (c)) did not exhibit changes in DSC scans compared to freshly 

prepared material.

Figure 5.50 SE micrographs o f  com posite particles taken after 24 hour storage at 25 “C/60% R.H. o f  (a) 

lysozym e:trehalose (1:4) (b) Iysozyme:raffmosc (1:4) (c) lysozym c:H P-P-CD (1:4).

'^exo ''exo

X X
eo .60
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Figure 5.51 DSC scans of composite particles (a) lysozyme:trehalose (1:4) (b) lysozymeiraffinose (1:4) (c) 

lysozyme:HP-p-CD (1:4) taken after 24 hour storage at 25 “C/60% R.H.; broken line shows freshly spray- 

dried material.

196



5 .3 .6  P a r t i c l e  c h a r a c t e r i s a t i o n

Bulk and tapped density measurements showed that the composite NPMPs had low densities but 

these were higher than the excipient NPMPs spray-dried alone (values shown italicised in red for 

comparison). The highest density values were calculated for the HP-6-CD system, this was true 

both for the composite system and for the excipient spray-dried alone. Calculated C arr’s index, 

indicate that all were very/extremely poor flowing powders. Specific surface area values were high 

although they were lower than for the excipients spray-dried alone for the lysozyme;HP-P-CD and 

lysozyme:raffmose composite. Siinilar surface area results were measured for the 

lysozyme:trehalose composite as for trehalose NPMPs spray-dried alone. The highest surface area 

values were measured for the lysozyme:HP-B-CD composite system, which were two-fold higher 

than the lowest, namely the lysozyme:raffinose composite system.

Table 5.11 Summary of density and specific surfacc area measurements for lysozymerexcipient composites 

of mass ratio 1:4 ['*n=3; average ± standard deviation “*n=2; average (range) '^*calculated from average bp 

and tp]. Values shown, italicized in red represent the results for the NPMPs of excipient spray-dried alone 

(see also Section 4.2.3).

‘*Bulk Density  

(g/cm^)

'*Tapped  

Density (g/cm^)

’*C arr’s

Index

^*Surface Area (mVg)

Lys:HP-p-CD

IHP-fi-CDJ

0.2374 ±0.0124

[0.I92H ±0.0064]

0.3560 ±0.0035 

[0.2892 ± 0.0031]

33.3

33.3

54.5729 (54.2213, 54.9245) 

[75.2253 (74.8092. 75.6413)]

Lys:Treh

/ Trehalose]

0.1428 ±0.0081 

[0.075 ±0 .001]

0.2447 ±0.0018 

[0.124 ± 0 .0 0 1]

41.6

39.5

43.7426 (45.9236.41.5615) 

[44.4854 (44.1342. 44.8366)]

Lys;Raff 

/ Raf/hioseJ

0.1575 ±0.0101 

lO.OS ± 0.0025]

0.2779 ± 0.0064 

[0.122 ±0.004]

43.3

34.4

25.4586 (25.3166,25.6006) 

[44.3023 (43.1865. 45.4180)]

Aerodynamic assessment of fine particle showed that the composite NPMPs had good in-vitro 

deposition properties (Table 5.12, Figure 5.52). Deposition within the impactor was mainly in the 

mid and lower stages (stage 3 and 4). High deposition was also observed in the mouthpiece 

adaptor/induction port. The lysozyme:raffinose composite had a lower fine particle Iraction than 

the other composites (but this was not statistically significant) and a statistically significantly lower 

particle fraction < 3 |im. This may have been influenced by the spray-drying conditions and m 

particular the choice of cyclone used for the studied batch (regular cyclone vs HP cyclone for the 

others), which may have affected the particle size of the particles collected. GSD values, indicative 

o f the spread o f the aerodynamic diameter, were similar for all three NPMP composites. 

Estimation of particle size from SE micrographs was carried out for the three composites by 

measuring 150 particles (Table 5.13). The results o f  these estimates support a possible particle size 

effect on the lower particle fraction < 3 fim calculated for the lysozyme:raffinose composite. The
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low est average %  em ission  w as observed  for the lysozym e:treha io se  eom posite . T his w as 

s ta tis tiea lly  s ign ifican t (a t level a  = 0 .05).

45.0 

" 40.0

■ Lysozyme:Trehalose 
□ Lysozyme:Raffinose
■ Lysozyme:HP-b-CD

IWVIP stage- Stage Stage Stage Stage Stage Stage Stage Filter
1 -0 1 2 3 4 5 6

Figure 5.52 Deposition patterns on the stages o f the ACl apparatus. Calculated as % of recovered emitted 

dose (mouth -  filter), used to calculate fine particle fraction.

Table 5.12 Summary o f  results from Andersen cascade impactor analysis; mean ± stdev; n = 3.

Composite

(mass ratio 1:4) %  < 5 Jim %  <  3 m n
MIVIAD

(urn)
G SD

% emitted
(of nominal 

dose)
Lys;HP-P-CD

LysrTrch

Lys:Raff

59.81 ± 2 .1 6  

62 .34  ± 3 .9 1  

50.05 ± 5 .2 1

35.98  ±  1.42 

37 .20  ± 3 .5 1  

2 7 .47  ± 2 .8 2

2.47 ± 0 .4 2  

2.77 ± 0 .3 5  

2.92 ± 0 .1 5

2.01 ± 0 .2 8

2.03 ± 0 .0 6

2 .04  ±  0.02

87.3 ± 2 .0

79.2 ± 0 .8

84.2  ± 0 .5

Table 5.13 Particle size estimates from SEM analysis -  measurement of 150 particles.

Composite
Particle size (^m)

(mass ratio 1:4)
Lys:HP-P-CD 1.02 ±0.58

Lys:Treh 0.98 ± 0 .64

LysiRaff 1.58 ±0.63
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5 .4  C o n c l u s io n s

C om posite NPM Ps o f  lysozym e:sugar excipient were produced from the tw o solvent feed systems 

at varying mass ratios. Lysozym e;trehalose com posites spray-dried using the EtOHiHiOiAC 

solvent system  (conditions 2), were hollow and had a spherical porous or highly folded appearance 

for mass ratios 9:1 -  1:1, sim ilar to Iysozyme spray-dried alone from these conditions. A higher 

trehalose content com posite (mass ratio 1:4) produced m ainly collapsed particles. Lysozyme was 

also spray-dried with raffm ose and with inulin from  a m ass ratio o f  1:1. Particlcs had a highly 

folded surface m orphology. Lysozym e:m yo-inositol w ere spray-dried as N PM P com posites, 

how ever powders were crystalline from XRD  analysis. Inclusion o f  PVP with lysozyme and m yo­

inositol resulted in am orphous material although the conditions used did not result in NPM Ps. This 

solvent system  may be suitable for spray-drying lysozym c:sugar com posites in lower sugar content 

com posites. Lysozym e:trehalose, lysozym e:raffinose and lysozym e:H P-p-C D  spray-dried using 

the M eO H :BA  solvent system  in mass ratios o f  1:4, resulted in porous particles with a fused nano- 

particulate appearance sim ilar to the excipient spray-dried alone. Lysozym e:raffm ose com positcs 

spray-dried from  a mass ratio o f  3:7 were porous but from  a mass ratio o f  1:1 had a fused surface 

m orphology. This solvent system  may be m ore suitable for high sugar/excipient content 

com posites. These data suggest different usefulness depending on the choice o f  excipient and on 

w hether a high or a low' excipient content in the com posite w as required. The m orphology o f the 

particlcs appeared to be influenced by the m ajority com ponent o f  the com posite, and was sim ilar to 

the m orphology o f this com ponent spray-dried alone using the same spray-drying conditons.

A ll lysozyme com positcs studied showed good retention o f biological activity, although as 

observed in Chapter 3, biological activity assay o f  lysozym e spray-dried alone also show ed good 

retention o f  activity. Bogelein (2007) com m ented that lysozym e was unsuitable for studying the 

effects o f  stabilising agents due to only m arginal inactivation assessed by biological activity assay, 

during spray-drying and subsequent storage (4 "C/25 ‘’C, ~0%  R.H.). A pplication to other less 

robust proteins or peptides may further test the stabilising effect o f  the excipients with regard to 

spray-drying using the described methods.

Sample com posites chosen for particle characterisation -  lysozym e:trehalose mass ratio 1:1 (from 

E t0H :H 20:A C ) and lysozym e:excipient (trehalose, raffinose or HP-B-CD) mass ratio 1:4 (from 

M eOH:BA) had favourable particle characteristics for pulm onary drug delivery w ith a high fme 

particle fraction and particic fraction < 3 |am. Storage stability o f  sugar containing composites 

w ere dram atically affected by relative hum idity conditions however.
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C h a p t e r  6: S p r a y - d r i e d  t r y p s i n , c a t a l a s e  a l o n e  a n d  t r y p s i n :e x c i p i e n t ,

CATALASE:EXCIPIENT, SALMON CALCITONINCTREHALOSE COMPOSITES

6.1 In t r o d u c t io n

Processing methods for proteins and peptides are generally developed on an individual case basis, 

depending on their suitability to the process and the need for stabilising or other excipient(s). The 

m ethods hitherto described in this thesis are based on experim ents with lysozyme, excipients and 

lysozym e:excipient com posites, and involve spray-drying using either an alcohohH iO iam m onium  

salt (nam ely EtOHiH^OiAC) feed system  or a M c0H :B A :(H 20) solvent feed system. The 

applicability o f  these m ethods to other proteins or peptide and com posites o f  these with excipients 

is the focus o f the current chapter. Each protein or peptide is discussed separately under the 

headings o f  the solvent system  used.

In the first method, involving spray-drying from  EtOHiH^OiAC feed system, protein precipitation 

(observed as a phase separation) is postulated to be im portant in the process, with N PM Ps o f 

lysozym e being prepared following phase separation in the feed material and spray-drying (Section 

3.3). Factors hypothesised to  be important in the case o f  lysozyme, include the p ro tein’s isoelectric 

point (11.35) and the pH o f the solvent system  (~ 9), concentrations o f  EtOH (organic solvent) and 

the salt ions contributed to by AC (salting-out effect). Two other proteins are considered w ith this 

processing m ethod in the present work. T rypsin has a sim ilar size (23.5 kDa) and isoelectric point 

(10.3-10.5) to lysozym e and sim ilar reported activity follow ing spray-drying (Forbes et al., 2007). 

C atalase is a much larger protein (~250 kDa) with an isoelectric point o f  5.4 and lower reported 

activity following spray-drying (Liao et al., 2005). The use o f  stabilising sugars -  trehalose or 

raffm ose to protect the proteins against process stresses is also investigated.

The second method, involving spray-drying from a M eOH:BA solvent feed system, has been used 

in form ulation o f  lysozym e with excipient, to produce com posite NPM Ps (Section 5.3). It is 

postulated (from  experim ents w ith lysozym e) to be suitable for low protein:high excipient 

com posites, with the m orphology o f the com posite particles sim ilar to the excipient spray-dried 

alone. A requirem ent o f  this system  may be that the protein or peptide should be soluble in the 

MeOH com ponent, as for lysozyme com posites. The use o f  a small am ount o f  w ater in the feed 

system  to aid dissolution is also considered in this chapter as an alternative MeOFIiBAiFIiO. 

Com posites o f  trypsin:excipient (trehalose, raffm ose or HP-B-CD) are investigated from 

M e0H ;B A :(H 20) systems. The M cOHiBAiH^O system  is developed for different mass ratios o f  

trypsin;excipient, and process and tem perature-dependant storage stability studies and prelim inary 

particle characterisation are undertaken for spray-dried trypsin:excipient (1 :4 mass ratio)
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com posites. Prelim inary studies on the use o f  these m ethods with catalase and with the therapeutic 

peptide salm on calcitonin (sCT) are introduced.

Literature data concerning spray-drying trypsin, catalase and salm on calcitonin give an indication 

o f  their lability to spray-drying stresses (from  aqueous or aqueous buffer solution), but w ithout the 

additional stresses o f  the proposed methods (i.e., organic solvent and salt-induced precipitation).

Trypsin has been spray-dried from aqueous solution at an inlet tem perature 127 ±  4 “C resulting in 

activity -8 9 .7  ±  4.1%  o f  original unprocessed trypsin (Forbes et al., 2007). This is sim ilar to 

reported activity o f  lysozym e after spray-drying (Elkordy et al., 2002; Liao et al., 2002, 2005). 

Trypsin was also spray-dried with various carbohydrates at a low protein load (0.2:99.8, 1:99, 5:95) 

from aqueous solution (pH 7) at inlet tem perature 180 °C (M illqvist-Fureby et al., 1999). Residual 

activity was in all cases > 82% o f  original unprocessed trypsin, which was significantly  better than 

the residual activity for the sim ilar ratio o f  freeze-dried trypsin:earbohydrate.

C atalase appears to be m ore susceptible to degradation during the spray-drying process. L iao et al. 

(2005) reported a residual activity o f  54.4 ±  4.1%  follow ing spray-drying (from  5 mM  phosphate 

buffer, pH 7 at inlet tem perature 95 ”C). Bogelein (2007) reported higher residual activities for 

spray-dried catalase samples from  aqueous solution, and a dependancy o f  biological activity  on the 

inlet tem perature, for exam ple residual activities (com pared to original unprocessed catalase) o f  

88.8%  (inlet tem perature 137 “C), 57% (inlet tem perature 190 "C) and 32.8%  (inlet tem perature 

220 "C).

Information regarding stability o f  salmon calcitonin on spray drying includes a study by Chan et al. 

(2004) show ing no aggregation on spray-drying either alone or in the presence o f  m annitol from  

aqueous solution (pH 7), with inlet and outlet tem peratures o f  125 "C and 70 “C, respectively.
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6 .2  S p r a y - d r i e d  t r y p s i n  a n d  t r y p s i n  c o m p o s i t e s

6.2.1 E t h a n o l : \v a t e r :a m iv io n iu m  c a r b o n a t e  f e e d  s y s t e m s

6.2 .1 .1  Spray-dried trypsin alone

Trypsin was initially spray-dried using tiie follow ing conditions - 80% EtOH, 10% o f  t.s.c. AC, 

0.5%  t.s.c., inlet tem perature 78 °C. These conditions produced NPM Ps o f  lysozyme (Section 

3.3.2). Phase separation occurred on addition o f  EtOH to the feed m aterial w ith an increase in 

turbidity o f  the feed material, which was subsequently spray-dried with interm ittent stirring to 

avoid settling o f  the suspension. Spray-drying was carried out in the open mode using the regular 

cyclone arrangem ent (see Appendix 1 for conditions). Spray-dried particles were non-porous and 

consisted o f  collapsed spheres, as was evident from SEM analysis (Figure 6.1 (a)). Collectable 

yield was low  at ~12%  (25 ml spray-dried). Figure 6.1 (b) shows unprocessed trypsin for 

com parison.

Figure 6 .1 SE micrographs of (a) trypsin spray-dried fi'om 80% EtOH, 10% of t.s.c. AC, 0.5% t.s.c., 78 "C (b) 

unprocessed trypsin. Note difterent magnifications.

From studies involving spray-drying lysozym e (Section 3.3), an association between alcohol and 

AC concentrations in the feed m aterial, phase separation and spray-dried particle m orphology was 

observed. E tO H  and AC content were thus increased to 90%  EtOH, 20%  o f  t.s.c. AC; 98%  EtO H , 

40%  o f  t.s.c. AC; and 95% EtOH, 40%  o f  t.s.c. AC; 50% o f t.s.c. AC; and 60%  o f t.s.c. AC. No 

significant effect was expected from changing inlet drying tem perature (on the basis o f  experim ents 

with spray-drying lysozyme), and as such this was m aintained at 78 ”C. T.s.c. was m aintained at 

0.5%  for consistency with previous experim ents, and spray-drying was carried out in the open 

m ode using the regular cyclone arrangem ent (see Appendix 1 for conditions). Samples are ftirther 

referred to by the%  EtOH/%  o f t.s.c. AC used in the feed m aterial. A ll feed systems show ed phase 

separation on addition o f  EtOH to the trypsin and AC solution with an increase in turbidity and 

deposition o f  m aterial on the walls o f  the feed vessel, and were spray-dried as suspensions with 

interm ittent stirring. Some porous particles am ongst predom inantly non-porous particles w ere 

observed in SE m icrographs o f  trypsin spray-dried from 90%  EtOH, 20%  o f t.s.c. AC (Figure 6.2
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(a)). Large (> 10 |im ) and irrcgular-shapcd porous aggregates w ere observed in SE m icrographs o f  

trypsin spray-dried from  98%  EtOH and 40%  AC (Figure 6.2 (b)). Trypsin spray-dried from 95%  

EtOH, 40%  o f t.s.c. AC content resulted in a m ixture o f  non-porous collapsed spherical particles 

and some porous spherical particles as was evident from  SEM analysis (Figure 6.2 (c)). A m ixture 

o f  large irregular-shaped and spherical porous particles w ere observed from  SEM analysis o f  

trypsin spray-dried from 95%  EtOH, 50%  and 60%  o f  t.s.c. AC (Figure 6.2 (d), (e)). The higher 

concentrations o f  EtOH and AC required to produce porous particles, suggested that this m ethod 

was less efficient for producing NPM Ps o f  trypsin com pared to lysozyme. The porous particles 

produced were less uniform  in shape and size com pared to lysozym e NPM Ps. Collectable yields 

(all volum es spray-dried 50 ml) w ere low (Table 6.1), particularly for trypsin spray-dried from the 

higher EtOH and AC contents. The increased turbidity indicating phase separation and deposition 

o f  m aterial onto the feed vessel walls prior to spray-drying o f  these system s m ay have contributed 

to the lower yields.

Figure 6.2 SE micrographs of trypsin spray-dried from% EtOH/% AC systems (a) 90%/20% (b) 98%/40% 

(c) 95%/40% (d) 95%/50% (e) 95%/60%, all t.s.c. 0.5%.

Table 6.1 Collectable yield for trypsin spray-dried from% EtOH/% of t.s.c. AC as shown.

% EtOH/% of t.s.c. AC % Collectable yield

(a) 90% / 20% 24.9 (50 ml)

(b) 98% / 40% 18.4 (50 ml)

(c) 95% / 40% 22.9 (50 ml)

(d) 95% / 50% 13.6 (50 ml)

(e) 95% / 60% 6.0 (50 ml)
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6.2.1.1.1 Process stability

Therm al characterisation

Broad endotherms were observed in DSC scans o f spray-dried trypsin (25 -  120-150 ”C) and 

unprocessed trypsin (25 - -170  °C). A decrease in Tm (apparent denaturation temperature) was 

noted in the DSC o f spray-dried trypsin samples ( - 2 1 4 - 2 1 8  °C) compared to unprocessed trypsin 

samples (-227  °C) (Figure 6.3), suggesting a decreased thermal stability. Residual moisture or 

solvent losses were calculated from TGA, and were between 2.8 - 6.6% for spray-dried trypsin 

samples, and 4.3% for unprocessed trypsin (Figure 6.4). No trend in increasing mass loss (over the 

temperature range 25 -  100 °C) with increasing AC in feed material (10 -  50% of t.s.c.), and no 

significant further mass loss steps before decomposition above 200 “C, were observed from TGA, 

suggesting no significant residual contamination by AC (volatilisation temperature 59 “C).

exo

l i i s e d  - 3 . 0 2  J q ' - l

j. j .J. X J.Tf  •  » •  t  * '  •  T *  '  •  I ‘  * t  •  '  ‘ I  ‘ •  I ‘ * r  •  » * I * '  ‘  I * «" -  I ‘ ‘ I  ‘ ‘ ‘ ‘ I '  » •
0 2 4 6 8 10 12 14 16  19 20  22  24 26  m in

Figure 6.3 DSC scans of unprocessed trypsin (a), and spray-dried trypsin from% EtOH/% AC conditions (b) 

80%/10%, (c) 90%/20%, (d) 98%/40%, (e) 95%/40%, (f) 95%/50%.

S t e p  - 5 . 5 9 6 1  
- 0 . 4 3 9  mq

- 0 . 1 4 2  mq

S t e p  - 6 . 2 3 0 1  
- 0 . 1 9 6  mq

’C4!J HO 1 2 0 14 0 2 !)0 2 2 0 2 8 0
 ̂ 1  ̂ ,  1  ̂ , I  ̂  ̂ I  ̂ _ I  ̂ _ I  ̂ , I  ̂ ,  I  ̂ ,  I  ̂ I  ̂ _ I  ̂  ̂  ̂ ^

0 2 4 6 3 10 12  14 16  18 20  22  24 26  m in

Figure 6.4 TGA scans o f (a) unprocessed trypsin, and spray-dried trypsin from% EtOFiyo AC conditions (b) 

80%/10%, (c) 90%/20%, (d) 98%/40%, (e) 95%/40%, (0 95%/50%.
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Secondary structure and biological activity assay

Solid state FTIR studies suggested perturbations in the secondary structure o f spray-dried trypsin 

compared to unprocessed material, with % area o f overlap values in the normalised amide 1 region 

ranging from 78.6 -  81.9% (calculation method 1), or 81.7 -  84.7% (calculation method 2). % area 

o f overlap values were similar for trypsin spray-dried from all conditions, considering the inter­

batch variation - with an area o f overlap o f two batches o f unprocessed material o f 97% 

(calculation method 1), or 97.5% (calculation method 2). % area o f overlap values, were lower than 

values for NPMPs of lysozyme vs unprocessed material (82.7% calculation method 1; and 91.3% 

calculation method 2).

Table 6.2 % area overlap of area normalised amide 1 peaks o f  spray-dried trypsin and unprocessed trypsin 

either using whole spcctrum baseline-correction (Calculation method 1) or isolated peak baseline correction 

(Calculation method 2). Inter-batch value represents the calculated%  area of overlap between two different 

batches o f unprocessed trypsin.

% EtOH/% AC
% area overlap amide 1 peak

(whole spectrum baseline-corrected) 
Calculation method 1

“/o area overlap amide 1 peak
(peak baseline-corrected) 

Calculation method 2

80% / 10% 78.6 84.0

90% / 20% 79.1 83.3

98% / 40% 78.9 81.7

95% / 40% 80.3 84.7

95% / 50% 81.9 83.4

95% / 60% 80.2 83.5

Inter-batch 97.0 97.5

Biological activity assays o f spray-dried samples were carried out and compared to unprocessed 

trypsin (all test or control solutions prepared to concentration ~ 0.044 mg/ml). Activity o f spray- 

dried powders (units/mg solid) and specific activity (units/mg protein) were calculated. Results arc 

expressed in terms o f units and % of activity o f control solution (Table 6.3). Samples were 

compared using ANOVA and statistical significance was assessed at a significance level o f a  = 

0.05. Trypsin spray-dried from 80% EtOH, 10% of t.s.c. AC; 90% EtOH, 20% of t.s.c. AC and 

95% EtOH, 40% of t.s.c. AC, had statistically significantly lower activities calculated from 

units/mg solid than the control solution. A statistically significant difference was also found in the 

amount o f protein in the test solution (|ig  protein/ml test) for these samples compared to control, 

calculated from micro BCA analysis, which may have been due to preparation, or difference in the 

amount o f soluble protein in the test solutions. Residual amounts o f the process enhancer (AC) 

were not indicated from TGA analysis. Specific biological activity was calculated, correcting for 

protein content in the test solutions, and although a similar reduction in activity was seen for all 

spray-dried samples this was statistically significant only for trypsin spray-dried from 90% EtOH,
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20%  o f  t.s.c. AC. Assay o f  trypsin spray-dried from  98%  EtOH, 40%  o f  t.s.c. AC gave sim ilar 

results w ith a statistically significant decrease in biological activity and a decrease in specific 

activity com pared to control solution, w hich was not statistically significant because o f a large 

pooled standard deviation. Assay o f  trypsin spray-dried from  95% EtOH, 50%  o f  t.s.c. AC showed 

the greatest decrease in biological activity and specific biological activity com pared to control, 

w hich w ere statistically significant. Biological activity and specific biological activity for this 

sam ple w ere approxim ately halved com pared to unprocessed trypsin. Biological activity assay was 

not carried out on trypsin spray-dried from 95% EtOH, 60%  o f t.s.c. AC because o f scarcity o f  

m aterial and  the poor activity m easured for trypsin spray-dried from  95%  EtOH, 50% o f t.s.c. AC.

Tabic 6.3 Summary of biological activity assay for trypsin spray-dried from % EtOH/% of t.s.c. AC as 

shown; n=2; results expressed as average (range); *pooled stdev % (in the ease o f  % activity and % specific 

activity) is calculated fi'om the pooled standard deviation o f  all samples run for the daily assay as a % of units 

o f control solution.

Units/m l
test

U nits/m g solid
ĝ

protein /m l
test

Linits/mg
protein

% A ctivity
% Specific  

activity

80% /10% 363
(366, 359)

8239
(8324,8153)

38.0
(37.8,38.2)

9540
(9391,9689)

79.1 ± 3 .4* 98.7  ±  3 .2*

90% / 20% 324
(314, 334)

7358
(7585, 7130)

39.0
(39.1 ,38.9)

8302
(8580, 8024)

70.7 ±  3 .4* 85.9 ±  3 .2 *

95% / 40% 346
(328, 364)

7855
(7443, 8267)

39.8
(38.7 ,40.9)

8679
(8894, 8463)

75.4 ±  3 .4* 89.8 ±  3 .2 *

Control 458
(465,451)

10412
(10568, 10255)

47.5
(49.2 ,45.7)

9663
(9874, 9451)

100 ± 3 .4* 100± 3.2*

98% /40%

Control

318
(328,308)
450
(445, 454)

7216
(7443, 6989) 
10223
(10133, 10313)

43.4
(42.9,43.9)
47.5
(49.2,45.7)

7320
(7634, 7005) 
9487
(9045, 9929)

70.6 ±  2 .4*

100 ±2.4*^

77.2 ±  5.7 *

100 ± 5 .7*

95% / 50% 188
(195, 180)

4262
(4091,4432)

38.4
(40.5,36.3)

4887
(4851,4959)

43.5 ± 1.7* 53.7 ±  7.7 *

Control 431
(428,435)

9801
(8689, 9886)

47.5
(49.2,45.7)

9104
(8689, 9519)

100 ± 1.7* 100 ± 7 .7*

Reducing SD S-PA G E was carried out on spray-dried and unprocessed trypsin. A strong band was 

observed at ~25 kDa com pared to the m arker standard (expected m olecular weight o f  trypsin 23.5 

kDa) -  (Figure 6.5 m arked by red ring). Low m olecular weight bands were also present -  (Figure 

6.5 marked by black ring). These were also present in the SDS-PAGE patterns o f  purified trypsin 

presented in papers by Peng Khng et al. (1998), and W inters et al. (1999). As no differences were 

noted betw een the unprocessed and the spray-dried sam ples and no higher m olecular weight bands 

were detected, no covalent aggregation could be detected.
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Figure 6.5 Reducing SDS-PAGE, for trypsin spray-dried from% EtOH,% of t.s.c. AC as shown, Unp = 

unprocressed trypsin, M = standard marker.
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6.2.1.2 Spray-dried trypsin composites

Trehalose was investigated as a possible stabiliser o f  trypsin. Two feed conditions were chosen for 

prelim inary investigation. These were 98% EtOH, 40% o f  t.s.c. AC and 95% EtOH, 50% o f t.s.c. 

AC. These conditions were used to produce non-spherical porous aggregates for trypsin spray- 

dried alone (Figure 6.2 (b)) with som e loss o f  activity (Table 6.3), and porous particles o f  trypsin 

alone (Figure 6.2 (d)), with significant loss o f  trypsin activity (Table 6.3).

Trypsin:trehalose were initially spray-dried in a m ass ratio o f  1:1 from 98%  EtOH, 40%  o f  t.s.c. 

AC, t.s.c. 0.5% , and inlet tem perature 78 “C (hereafter referred to as “c o m p l”). See Appendix 1 

for conditions. The spray-dried com posite material had a m ixed m orphology as was evident from  

SEM analysis (Figure 6.6), including spherical non-porous particles, sm aller aggregated particles or 

porous aggregates and a large fused mass (all m arked with red arrows). Fusion was noted betw een 

the particles, suggesting non-optim al drying conditions. The pow der had a slightly sticky 

consistency on collection. C ollectable yield was sim ilar to trypsin spray-dried alone at 17.2% (50 

ml spray-dried).

Figure 6.6 SE micrograph of trypsin :trehalose spray-dried in a mass ratio of !;! from 98% EtOH, 40% of 

t.s.c. AC, inlet temperature 78 ”C -  compl.

T rypsin:trehalose were spray-dried from a mass ratio o f  4:1 from 95% EtOH, 50%  o f t.s.c. AC 

(0.5%  t.s.c.), and inlet tem perature 78 °C (hereafter referred to as “eom p2”). The inlet tem perature 

o f  78 °C was chosen to m inim ise thermal stresses because o f the lability o f  trypsin spray-dried 

alone. Particle m orphology was mainly collapscd non-porous spheres with a sm all m inority o f  

porous particles as observed from  SEM analysis (Figure 6.7 (a)). No evidence o f  fusion was noted 

in this system  from  SEM analysis. Trypsin:trehalose were also spray-dried in a m ass ratio o f  9:1 at 

inlet tem perature 85 “C (“com p3”). M orphology o f  particles (Figure 6.7 (b)) was very sim ilar to 

the comp2 with a m inority o f  porous particlcs as was evident from SEM analysis. C ollectable 

yields (Table 6.4) w ere slightly higher than trypsin spray-dried alone from 95% EtOH, 50% o f  t.s.c. 

AC (Table 6.1)
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Figure 6.7 SE micrographs of trypsin;trehalose spray-dried from 95% EtOH, 50% of t.s.c. AC (0.5% t.s.c.), 

in mass ratios (a) 4:1; inlet temperature 78 “C -  comp2 (b) 9:1; inlet temperature 85 "C -  comp3.

Addition o f  trehalose to trypsin was thus found to have a m arked effect on the m orphology o f the 

spray-dried particles even at low trehalose contents. This effect was not observed with 

lysozym e:trehalose com posites spray-dried from EtO H iH jO iA C system s, with retention o f  porous 

or folded m orphology up to a lysozym c:trehalosc mass ratio o f  1:1 (Section 5.2). The 

E t0H :H 20:A C  system  for spray-drying N PM Ps o f  trypsin appears to be less robust, w ith regard to 

particle m orphology.

Comp3 (9:1 trypsin:trchalosc m ass ratio com posite, spray-dried from from 95% EtOH, 50% o f 

t.s.c. AC at 85 *’C) was repeated at a higher t.s.c. o f  1% w/v in the feed solution (protein content in 

the feed solution 0.9%  w/v) (hereafter referred to as “com p4"), to investigate if  this had an cffcct 

on the m orphology o f  the spray-dried com posite. Spray-dried particles were a mixed population o f  

porous spherical or irregular-shaped and non-porous particles as observed from SEM analysis 

(Figure 6.8 (a)). Trypsin was sim ilarly spray-dried with raffinose instead o f  trehalose (“com p5” ). 

SEM analysis show ed a sim ilar mix o f  particles with som e porous spherical and irregular-shaped 

and some non-porous particles (Figure 6.8 (b)). Collectable yields were higher than for comp2, or 

comp3 (Table 6.4). This trend in increasing collectable yield w ith t.s.c. was previously seen for 

spray-drying lysozym e (Section 3.3.2).

Figure 6.8 SE micrographs of (a) trypsin;trehalose -  comp4 (b) trypsin:raffmose -  comp5 spray-dried in mass 

ratios 9:1 from 95% EtOH, 50% of t.s.c. AC, inlet temperature 85 "C (1% t.s.c.).
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Tabic 6.4 Collectable yield for trypsin composites as shown (volume spray-dried ml).

Composite system % Collectable yield

Comp2 17.3% (50 ml)

Comp3 22.8% (50 ml)

Comp4 43.7%  (50 ml)

Comp5 29.6% (50 ml)



6.2.1.2.1 Process stability

Thermal characterisation

Broad endotherm s from 25 - -1 0 0  or 140 °C were identified from DSC scans o f  all trypsin;sugar 

com posites (Figures 6.9, 6.11). Distinct endotherm ic peaks attributed to the Tm  o f trypsin were 

difficult to  determ ine. W here they w ere determ ined (m arked by a red box) these were lower than 

for unprocessed trypsin and, sim ilarly to  spray-dried trypsin alone, suggested a rcduccd therm al 

stability com pared to the unprocessed trypsin. No glass transitions, distinct sugar rccrystallisation 

exotherm s or m elting endotherm  corresponding to  anhydrous trehalose or raftm ose were identified. 

This was sim ilarly found for lysozym e:sugar com posites at spray-dried mass ratios up to 1:1 

(Section 5.2.1.1.1). M ass losses o f  ~  5.3%  - 7.9%  were calculated over the tem perature range 25 -  

100 °C from TGA scans (Figures 6.10, 6.11). Further m ass loss steps (m arked by red boxes) were 

also observed from  100 - ~140 "C for com pl (determ ined mass loss 2.8% ) and comp3 (determ ined 

mass loss 3.3% ). These were not observed for trypsin spray-dried alone, but w ere observed for 

lysozym e:trehalose com posites (Section 5.2.1.1.1) and for trehalose spray-dried alone from 

E t0H :H 20:A C  systems (Section 4.2.1.4.3).

5
mW

12 18 20 2 2

Figure 6.9 DSC scans of trypsin:trehalose spray-dried from mass ratio, conditions: (a) 1:1, 98% EtOH, 40% 

AC, 78 T ,  t.s.c. 0.5% - compl (b) 8:2, 95% EtOH, 50% AC, 78 ^C, t.s.c. 0.5% - comp2 (c) 9:1, 95% EtOH, 

50% AC, 85 X  t.s.c. 0.5% -comp3 (d) 9:1, 95% EtOH, 50% AC, 85 "C, t.s.c. 1% - comp4.
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Figui e 6.10 TGA scans of trypsin: trehalose spray-dried from mass ratio, conditions: (a) 1:1, 98% EtOH, 40% 

AC, 78 "C, t.s.c. 0.5% - comp I (b) 8:2, 95% EtOH, 50% AC, 78 "C, t.s.c. 0.5“/« - comp2 (c) 9:1, 95%. EtOH, 

50% AC, 85 “C, t.s.c, 0.5% -comp3 (d) 9:1, 95% EtOH, 50% AC, 85 “C, t.s.c. 1% - comp4.
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Figure 6.11 DSC (in black) and TGA (in red) scans of trypsin:raffinosc spray-dried from mass ratio 9:1 from 

95% EtOH. 50% AC, inlet temperature 85 "C, t.s.c. 1% - comp5.

Secondary structure and biological activity analysis

No increase in % area o f  overlap values in the norm alised am ide 1 region with unprocessed trypsin 

were found for trypsinitrehalose or tryspiniraffm ose com posite (Table 6.5) com pared to trypsin 

spray-dried alone (Table 6.2), suggesting no im provem ent in secondary structure preservation. 

This was sim ilarly noted for lysozym e com posites spray-dried from EtOHiH^OiAC system s. The 

lowest%  area o f  overlap value was calculated for com pl (trypsinitrchalosc mass ratio 1:1, spray- 

dried from  98% EtOH, 40%  o f t.s.c. AC). This was sim ilar to the trend seen for trypsin spray-dried 

alone from  different%  EtOH/%  A C , with the lowest%  area o f  overlap value with unprocessed 

trypsin calculated for trypsin spray-dried alone from the conditions 98% / 40%.
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Table 6.5% area overlap o f area normalised amide 1 peaks o f  spray-dried trypsin and unprocessed trypsin 

using isolated peak baseline correction (Calculation method 2).

Composite
% area overlap amide 1 peak

(peak baseline-corrected) 
Calculation method 2

Compl 80.2

Comp2 82.4

Comp3 82.6

CompS 83.2

Biological activity assays o f spray-dried trypsin:excipient composites were carried out and 

compared to unprocessed trypsin (all test solutions were prepared to contain a protein concentration 

o f ~ 0.044 mg/ml, based on the mass ratio added to the initial feed system prior to spray-drying). 

Activity of spray-dried powders (units/mg solid) and specific activity (units/mg protein) were 

calculated. Results arc expressed in terms of units and% of activity of control solution (Table 6.6). 

Statistical significance was assessed at a significance level o f a  = 0.05, and samples were 

compared to control solution, using ANOVA, as for trypsin spray-dried alone. The amounts of 

protein in the test solutions (|ig  protein/ml test), calculated using micro BCA protein analysis, were 

lower than expected from the trypsin:excipicnt mass ratios in the composites (based on the mass 

ratio in the initial feed prior to spray-drying) for all composites cxcept comp4. A deviation in the 

ratio of trypsin:excipient in the spray-dried composites compared to that expected from the mass 

ratio in the initial feed, may be due to loss of protein material as a result o f phase separation and 

deposition of material on the walls o f the feed vessel. Lower than expected amounts of protein in 

test solutions were also seen from micro BCA analysis o f test solutions of trypsin spray-dried alone 

from Et0H:H20:AC. % activity of spray-dried test solutions (calculated from the Units/mg solid 

compared to control solution) were lower than the spray-dried ratio as a result o f the lower amount 

o f protein in test solution and also as a result o f  loss o f activity as seen from the resuhs for specific 

activity (corrected for protein content). The highest % specific activity was calculated for com pl, 

with almost complete retention o f activity compared to unprocessed control solution. This 

represents an improvement in specific biological activity compared to trypsin spray-dried alone 

from these conditions (98% EtOH, 40% of t.s.c. AC) (Table 6.3). Considering the composite 

systems spray-dried from 95% EtOH, 50% of t.s.c. AC -  comp2, 3, 4, 5, a statistically significant 

decrease in % specific activity compared to control was not calculated for comp2, although a 

similar average decrease was calculatcd for comp5 (which was statistically significant decrease due 

to a smaller pooled standard deviation). Larger (statistically significant) decreases in specific 

activity were calculated for comp3 and comp4 compared to control. The % specific activity for all 

composites was better than for trypsin spray-dried alone from these conditions (Table 6.3). 

Comp2, comp3 and comp4 were spray-dried composites of trypsin:trehalose in mass ratios 8:2, 9:1 

(0.5% t.s.c.), 9:1 (1% t.s.c.), respectively. Comparison between the % specific activity o f these 

composites suggests a sugar concentration effect on the retention o f activity. Comp5 was a spray-
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dried com posite o f  trypsiniraffinosc in a mass ratio o f  9:1 sim ilar to comp4 (trypsin:trehalosc). 

Com parison between com p4 and comp5 thus m ay indicate a greater stabilising effect by weight o f  

raffm ose com pared to trehalose for spray-dried trypsin froin this system.

Table 6.6 Summary of biological activity assay for trypsin:excipicnt composites (see Section 6.2.1.2 for 

descriptions; n=2, results expressed as average (range); n=3, results expressed as average ± standard 

deviation; *pooled stdev % (in the case of % activity and % specific activity) is calculated from the pooled

standard deviation of all samples run for the daily assay as a % of units of control solution.

Units/ml test Units/mg solid
|Lig

protein/ml
test

Units/mg 
protein

% Activity % Specific 
activity

Com pl 295 (301,289) 3352 33.8 8788 34.2 ± 1 .7* 96.5 ± 7.7*
(3423, 3281) (31.6,35.9) (9533, 8043)

Control 431 (428,435) 9801 47.5 9104 100± 1.7* 100 ±7.7*
(8689, 9886) (49.2, 45.7) (8689, 9519)

C om pl 304 (299, 309) 6904 38.3 7941 65.6 ± 1.7* 81.5 ± 5 .0 *
(6790, 7017) (37.7,38.8) (7924, 7957)

Control 464 (458, 470) 10540 47.5 9742 100 ± 1.7* 100 ±5.0*
(10398, 10682) (49.2, 45.7) (9299, 10284)

Comp3 284 (285, 283) 5815 (5840, 40.4 (40.7, 7024 (7002, 58.3 ± 2.0* 70.1±3.2*
5789) 40.1) 7045)

Control 439 ± 10.9 9972 ± 248 43.8 ±0.3 10026 ±322 100 ±2.0* 100 ±3.2*
Comp4 251 ±3.8 5140 ±74 56.7±5.1 5026± 173 59.0 ± 4 .1* 74.2 ± 3.7*
Control 383 ±26.9 8703 ± 607 49.9 ±2.3 6770 ± 387 100±4.1* 100 ±3.7*
Comp5 326 ±23.3 6902± 198 39.4 ± 1.5 8273 ± 390 69.2 ± 2 .0* 82.5 ± 3 .2 *
Control 439 ± 10.9 9972 ± 248 43.8 ±0.3 10026 ±322 100 ±2.0* 100 ±3.2*

Reducing SDS-PAGE o f spray-dried trypsin com posites showed a sim ilar pattern to trypsin spray- 

dried alone and unprocessed trypsin w ith strong bands at -2 5  kDa com pared to the m arker standard 

(expected m olecular w eight o f  24 kDa) and presence o f  low m olecular weight bands (Figure 6.12). 

Soluble covalent aggregation was thus not detected in the com posite samples.

175kDa
80kDa
58kDa
46kDa

30kDa

25kDa

17kDa

w w

M : I Compl j Comp2 CompComp51 Comp3

Figure 6.12 Reducing SDS-PAGE, for trypsin composites as shown, M = standard marker.
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6 .2 .2  M e t h a n o l : n- b u t y l  a c e t a t e :( w a t e r ) s y s t e m s

6.2.2.1 Spray-dried trypsin:raffinose from m ethanol:n-butyl acetate

No published data on freeze-dt^ing trypsin at altered pH to increase m ethanolic solubility could be 

found. A sim ilar method as was previously used for lysozym e (Section 3.2) and as also reported by 

Chin et al. {1994), Bromberg & Klibanov (1995)) was thus attem pted, and trypsin was freeze-dried 

from aqueous solution at pH 3. This was a lower solution pH than was used for freeze-drying 

lysozym e (pH 6) and was chosen becausc o f  the lower pi o f  trypsin (10.1-10.5) com pared to 

lysozym e (11.35). Freeze-drying resulted in a recovered yield o f  93.9%.

Trypsin (initially freeze-dried from aqueous solution at pH 3) was spray-dried with raffm ose at a 

mass ratio o f  1:4, from  an 80:20 M eO H iBA  solvent system, inlet tem perature 100 °C, and t.s.c. o f 

0.5%  w/v. Spray-drying was carried out in the closed mode using the HP cylone. See A p p cn d k  1 

for details. These conditions w ere previously used to  spray-dry com posite NPM Ps o f 

lysozym e:raffm ose (Section 5.3.3). Freeze-dried trypsin could not be dissolved with manual 

agitation or with stirring in the initial MeOH com ponent (0.125%  w/v). The feed m ixture was 

spray-dried as a suspension. Resultant spray-dried m aterial com prised o f a m ixed m orphology o f 

flakes and sm all fused spheres w hen view ed under SEM  (m arked by red arrows, Figure 6.13 (a)). 

A lower trypsin:raffinose mass ratio o f  2:98 was attem pted. Freeze-dried trypsin could not be 

dissolved in the MeOH com ponent (0.0125%  w/v) however. The m orphology o f  the spray-dried 

m aterial (Figure 6.13 (b)) was sim ilar to the 1:4 m ass ratio system, as was evident from SEM 

analysis. This approach did not appear prom ising for spray-drying trypsin:excipient com posites 

even at a low protein load. Difficulty w ith the solubility o f  trypsin in the non-aqueous system was 

postulated to  be a factor.

NC12.6nsn 5 . OkV x 2 .5 )c  2 0un

Figure 6.13 SE micrographs showing trypsin:raffinose spray-dried from 80:20 MeOH:BA solvent system in a 

mass ratio of (a) 1:4 (b) 2:98.
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6.2.2.1.1 Process Stability

Preliminary process stability characterisation was carried out on trypsin:raffinose spray-dried from 

MeOH:BA, despite the unfavourable morphology from SEM analysis. The stability o f trypsin 

spray-dried from the non-aqueous system was o f interest because of the lack o f published data on 

spray-drying proteins from organic solvents.

Therm al characterisation

DSC o f the spray-dried trypsin:raffmosc samples (Figure 6.14 (b), (c)) showed initial broad 

endotherms from 25 -  120/140 °C, obscuring the identification of a glass transition temperature. 

Decomposition endotherms starting at ~ 180 °C (mass ratio 1:4) and 200 “C (mass ratio 2:98) were 

observed in the DSC o f spray-dried trypsin:raffmose. Corresponding mass loss steps beginning at 

these temperatures w'cre observed in TGA scans (Figure 6.15). This decomposition occurred at 

lower temperatures for the composites, than for raffmose spray-dried alone (~ 220 °C) or freeze- 

dried trypsin (Tm identified at ~ 225 °C). Mass losses over the temperature range 25 - 100 °C 

determined from TGA data were similar for raffmose spray-dried alone and for the spray-dried 

trypsin:raffmose sample mass ratio 2:98 (5.4 - 5.6%), slightly lower for the mass ratio 1:4 (4.3%), 

and higher for the freeze-dried trypsin, (9%). No further pronounced mass loss steps were 

observed until decomposition (> 180 °C depending on sample).

*exo

"C80 120 160 180 2 0 0 2 2 0 210 260 2 8 010 60 100 110

0 2 A 6 8 10 12 14 16  18  20  2 2  24  2 6  ni r '.

Figure 6.14 DSC of (a) frccze-dricd trypsin, (b) spray-dried trypsin:raffinose mass ratio 1:4, (e) spray-dried 

trypsin:ratTmosc mass ratio 2:98, (d) spray-dried raffmose alone.
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Figure 6.15 TGA (a) freeze-dried trypsin, (b) spray-dried trypsinrratTmose mass ratio 1:4, (c) spray-dried 

trypsin:rafRnose mass ratio 2:98, (d) spray-dried raffinose alone.

Secondary structure and biological activity

The% area o f  overlap o f  the norm alised am ide 1 region o f  trypsin:raffinose (spray-dried in m ass 

ratio 1:4) with unprocessed trypsin, was calculatcd using calculation m ethod 2 as 85.2% .

B io log ica l activity assay o f  frcczc-dricd trypsin, trypsiniraffm osc spray-dried in a m ass ratio o f  1:4 

(n =  3) and prelim inary investigation o f  trypsin:raffm ose spray-dried in a mass ratio o f  2:98 (n =  1) 

were undertaken, and compared to control solution (unprocessed trypsin). Test solutions w ere  

prepared such as to contain a protein concentration o f  ~  0 .044  m g/m l, based on the m ass ratio 

added to the initial feed  system  prior to spray-drying. M icro B C A  protein quantitation o f  test 

solutions show ed considerably (~ 2-fo ld ) higher than expected  protein content (for the spray-dried  

m ass ratio o f  1:4 - 0 .0813  ±  0 .0029  m g/m l and for the spray-dried mass ratio o f  2:98 - 0 .0841  

m g/m l). This is unlike the case with trypsin:excipient com posites or trypsin spray-dried a lon e from  

Et0 H:H2 0 :AC system s in which a low er than expected trypsin content w as calculated for the test 

solutions. This suggests that the protein and sugar w ere not present in the dried product in the 

sam e ratio as added to the formulation, m aybe as a result o f  differing cyclon e trapping effic ien cy  o f  

the different m orphologies - large flake particles and spherical particles. T hese test solutions w ere  

diluted 1 in 2 prior to activity assay to ensure that the sam ples were within the measurable linear 

region o f  the reaction (~  500 Units/m l). Comparison o f  % specific activity show ed excellen t  

retention o f  activity o f  frceze-dricd trypsin and spray-dried tryspin from a m ass ratio o f  1:4 

(trypsin:raffinose) in the initial feed material (Table 6.7). Similar retention o f  specific activity was 

seen from the prelim inary assay o f  spray-dried tryspin from a m ass ratio o f  2:98 (trypsin:raffiose) 

in the initial feed material (n =  1), w ith a % specific activity o f  102.0%  o f  control solution.
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Table 6.7 Summary o f  biological activity assay for trypsinlexcipient composites (1:4 mass ratio = 

trypsin:raftlnose spray-dried in a mass ratio o f  1:4 from MeOH:BA, FD trypsin = freeze-dried trypsin); n=3; 

results expressed as average ± standard deviation **micro BCA result for the prepared sample ; Spooled 

stdev % (in the case o f  % activity and % specific activity) is calculatcd from the pooled standard deviation of 

all samples run for the daily assay as a % o f units o f control solution.

Units/ml
test

Units/mg
solid

Mg
protein/ml

test

Units/mg
protein

% Activity

(*± 4.2%)

% Specific 
activity

(*± 5.5%)
1 ;4 mass ratio 401 ±23.1 3664 ± 209 *♦81.3 ± 2 .9 9856 ±211 34.6 105.9

FD Trypsin 433 ± 12.8 9839 ± 292 46.0 ± 1.0 9443 ± 102 92.8 101.4

Control 467 ± 30.0 10603 ±681 50.2 ± 2 .3 9309 ± 8 5 7 100 100
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6.2.2.2 Spray-dried trypsin:excipient from methanol:n-butyl acetate:water

A sm all am o u n t o f  w ate r w as added  to  the M eO H :B A  so lvent system  to  enab le  p ro te in  d isso lu tion  

in  th is com ponen t, p rio r to  ad d itio n  o f  th e  o rgan ic  so lven ts. S o lvent ratios fo r the M eO H iB A iH ^O  

system  varied  d ep en d in g  on w hether treha lo se , raffinose , o r H P-B-CD w ere u sed  as excip ien ts an d  

w as based  on p rev io u s experim en ts w ith  sp ray -d ry ing  the exc ip ien ts a lone from  a M e0 H :B A :H 2 0  

system .

6.2.2.2.1 Spray-dried trypsin:trehalose from methanol:n-butyI acetate:water

A so lven t ra tio  o f  49 :49 :2  (M e 0 H :B A :H 2 0 )  an d  a to ta l so lid  concen tra tion  o f  0 .3%  w /v w as 

se lec ted  fo r sp ray -d ry in g  try p sin :treh a lo se  com posites, based  on resu lts w ith  sp ray -d ry ing  treh a lo se  

a lone (Section  4 .2 .1 .3 ). All system s w ere  sp ray-dried  u sing  the  H P cyc lone in the c lo sed  m ode (see  

A ppendix  1 fo r details). T ry p sin ;treh a lo se  w ere sp ray -d ried  at m ass ratios o f  1:9, 1:4, 1:1 and  are  

hereafte r re ferred  to  b y  this m ass ratio . T rypsin  and  treha lo se  w ere  firs t d isso lv ed  in the H 2O 

com ponen t, fo llo w ed  by  add ition  o f  M eO H  an d  subsequen tly  BA, resu lting  in a p rec ip ita tion  in the 

feed for all system s. S pray -d ry ing  w as carried  ou t w ith  s tirring  o f  the feed  m ateria l to  avo id  

se ttling  o f  the suspension . P artic le  m orpho logy  fo r the 1:9 and  1:4 m ass ra tio  com posites as seen  

from  S E M  ana lysis  w as spherical nan o -p articu la te /n an o p o ro u s partic les (F igure  6.16 (a), (b)). 

P artic le  m orpho logy  fo r the m ass ra tio  1:1 com posite  w as a m ix tu re  o f  spherical nano- 

p a rticu la te /nanoporous particles an d  non -spherieal n ano -particu la te  agg regates (F ig u re  6 .16  (c)). 

T here  w as no  trend  in the co llec tab le  y ie ld  w ith  ch an g in g  m ass ra tio  o f  the com posite , w ith 

co llec tab le  y ie lds: 28 .7%  (100  m l sp ray-dried ) for the 1:9 com posite , 42 .4 %  (100  ml sp ray-d ried ) 

for the 1:4 co m p o site  and  36 .9%  (100  m l sp ray -d ried ) fo r the 1:1 com posite .

WD13.0IEIII S .O k V  x S .O k  lOuiD

W D 13.7aun S .O k V  k S .O Ic IC um

Figure 6.16 SE micrographs o f trypsin:trchalosc spray-dried in mass ratios (a) 1:9 (b) 1:4 (c) 1:1.
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6.2.2.2.2 Spray-dried trypsin:raffinose from methanol:n-buty! acetate:water

A solvent ratio o f  79:19:2 (M e0H :B A :H 20) was selected for spray-drying trypsin:rafrinose 

com posites, based on results w ith spray-drying raffm ose alone (Section 4.2.2.1). A slightly lower 

t.s.c. o f  0.5%  was chosen to  enable dissolution o f  trypsin and raffm ose in the small volum e water 

com ponent. All systems were spray-dried using the HP cyclone in the closed mode (see Appendix 

1 for details). T rypsin:rafflnose were spray-dried in mass ratios o f  1:9, 1:4, 1:1 and are hereafter 

referred to by this m ass ratio. Trypsin:raffinose w ere first dissolved in the H :0  com ponent, 

followed by addition o f  M eOH and subsequently BA resulting in a precipitation in the feed for all 

systems, w ith a m arked observable increase in turbidity o f  the feed. The 1:1 m ass ratio exhibited 

the greatest precipitation, resulting in a coarse suspension. Spray-drying was carried out with 

stirring o f the feed m aterial to avoid settling o f  the suspension. Particle m orphology for the 

com posites o f  mass ratios 1:9 and 1:4 and 1:1 w ere sim ilar, as seen from SEM analysis (Figure 

6.17) being a mix o f  spherical to slightly irregular nano-particulate/nanoporous particles and non- 

spherical nano-particulate aggregates. Collectable yields were sim ilar to the trypsin:trehalose 

com posite for the 1:9 mass ratio, with a collectable yield o f  31.3%  (100 ml spray-dried), a lower 

yield o f  24.9%  (100 ml spray-dried) for the 1:4 com posite and 20.7%  (50 ml spray-dried) for the 

1:1 com posite, although the lower volum e spray-dried is likely to have had an effect on this as 

previously described.

W C lS .O an S-OlcV x S .O k  lO u n

Figure 6.17 SE micrographs of trypsin:raftlnose spray-dried in mass ratios (a) 1:9 (b) 1:4 (c) 1:1.
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6.2.2.2.3 Spray-dried tr\psin:HP-B-CD from methanol:n-butyl acetate:water

A solvent ratio  o f  15:15:1 (M c0H :B A :H 20) was selected for spray-drying trypsin:HP-B-CD 

com posites, as this was used to produce porous HP-6-CD particles by Li (2005). A total solid 

concentration o f  1.61% w/v was selected for the 1:9 and 1:4 mass ratio sam ples (based on a total 

solid content o f  500 mg in 31 ml solvent mix), which was slightly lower than that used by Li 

(2005) o f  1.9% w/v. This total solid concentration was further decreased to  0.81 % w/v for the 1:1 

m ass ratio to  try to m inim ise precipitation and loss o f  protein m aterial o f  the wails o f  the feed 

m aterial as was considerable w ith the higher concentrations. All systems w ere spray-dried using 

the HP cyclone in the closed m ode (see A ppendix 1 for details). Trypsin and HP-B-CD were first 

dissolved in the H^O com ponent, addition o f  M eOH and subsequently BA resulting in a 

precipitation in the feed for all system s, resulting in a coarse suspension. Spray-drying was carried 

out w ith stirring o f  the feed m aterial to  avoid settling o f  the suspension. Particle m orphology was 

sim ilar for the three mass ratio com posites as evident from  SEM  analysis (Figure 6.18). Spherical 

nano-particulate/nanoporous particles and non-spherical nano-particulate aggregates were 

observed. Som e fusion/contact betw een sm aller particles was observed. High collectable yields 

were obtained with these system s (~ 2-fold higher than for the trypsin:trehalose or trypsin:raffm ose 

com posites) of: 58.6%  (31 ml spray-dried) for the 1:9 com posite, 63.1%  (31 ml spray-dried) for the 

1:4 com posite, and 43.6%  (31 ml spray-dried) for the 1:1 com posite. The higher t.s.c. used in these 

system s, despite the lower volum e spray-dried is likely to have contributed to this increased yield.

Figure 6 .18 SE micrographs of trypsin:HP-B-CD spray-dried in mass ratios (a) 1:9 (b) 1:4 (c) 1:1. 

6.2.1.2.4 P r o c e s s  s t a b i l i t y
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Solid-state characterisation and therm al analysis 

Trypsin:trehalose com posites

The spray-dried com posite (m ass ratio 1:4) was am orphous by XRD (Figure 6.19). DSC and TGA 

scans o f  com posites o f  mass ratio 1:9, 1:4, 1:1 are presented (Figures 6.20, 6.21). Broad 

endotherm ic peaks w ere observed from 25 - ~120 “C in DSC scans. G lass transitions w ere 

identified for mass ratio com posites 1:4, and 1:1 at -1 2 5  °C. This area was obscured in the 1:9 

mass ratio com posite by  the initial cndothcrm ic peak. Two cxothcrm s w ere identified in the DSC 

o f  the sam ple o f  m ass ratio 1:4 (sim ilarly identified in a rcpiicate batch used for stability study -  

see Section 6.2.2.2.5) and were also identified, though sm aller, in the 1:9 mass ratio com posite, 

before a sharp endotherm ic peak ( - 2 1 3  °C) attributed to m elting o f  anhydrous trehalose. These 

exotherm s m ay correspond to recrystallisation o f  the sugar. The presence o f  two exotherm s is 

unusual, but may represent m ixing irregularities w ithin the com posite resulting in two onsets o f  

recrystallisation, or may be contributed to  by decom position o f  trypsin and may warrant further 

investigation. The issue o f  am orphous/am orphous phase separation o f  sugars and globular proteins 

and experim ental lim itations to its detection have been discussed by Hill ct al. (2005). The authors 

argue that observations including those from  lyophilisation o f  polym er:sugar systems may give 

some insight into these phenom ena and that such studies suggest that there may be a greater 

tendency towards m icro-phase separation o f  trehalose or raffinose:protein than sucrose:protein 

system, and that this may contribute to the apparent advantage o f  sucrose rather than trehalose in 

stabilising the native structure o f  lysozym e during spray-drying in a study by Liao et al. (2002). 

Exotherm ic recrystallisation peak(s) or a m elting peak o f  anhydrous trehalose were not identified in 

the DSC scan o f  the com posite o f  mass ratio 1:1. Decom position was further noted in DSC scans 

as endotherm ic areas starting at -  225 -  240 ”C. Initial m ass losses over the tem perature range 25- 

100 ”C o f 4.5 -  6.7%  (repeat o f  a replicate batch mass ratio 1:4 used for stability study was 2.3%  - 

see section 6.2.2.2.5) were calculated and further m ass losses corresponding to decom position 

starting at -  220 “C were observed from  TGA.

O

T1 • I • F "  I  '  I '  I • I ■ I
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Figure 6.19 XRD scan o f trypsin :trehalose mass ratio 1:4 (taken using Philips XRD).
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Figure 6.20 DSC scans o f  trypsinrtrchalosc spray-dried in mass ratios o f  (a) 1:9 (b) 1:4 (c) 1:1.
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Figure 6 .2 1 TGA scans o f  trypsin :trchalose spray-dried in mass ratios o f  (a) 1:9 (b) 1:4 (c) 1:1. 

Trypsin:raffinose composites

The spray-dried composite (mass ratio 1:4) was amorphous by XRD (Figure 6.22). DSC and TGA 

scans o f compositcs o f  mass ratio 1:9, 1:4, 1:1 are presented (Figures 6.23, 6.24). Glass transitions 

were detected in the DSC scans o f mass ratio composites 1:9 and 1:4 at ~ 120 °C. No 

recrystallisation peaks were identified, similar to raffinose spray-dried alone (Section 4.2.2.3). An 

endothcrmic peak was identified in all samples at ~ 190 °C, attributed to decomposition, which is 

shghtly lower than for raftlnose spray-dried alone (~ 220 “C Section 4.2.2.3). Initial mass losses 

over the temperature range 25 - 1 0 0  °C o f ~ 4.2 -  4.6% (repeat o f a replicate batch mass ratio 1:4 

used for stability study was 3.9% - see section 6.2.2.2.5) were calculated. The shape o f these mass 

loss steps were similar to spray-dried raffinose alone (amorphous material), rather than the later 

step seen for raffmose pentahydrate (Section 4.2.2.3). Further mass losses corresponding to 

decomposition starting at ~ > 180 °C were observed from TGA.
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Figure 6.22 XRD scan o f trypsin :raffinose spray-dried in mass ratio of 1:4 (Philips XRD). 
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Figure 6.23 DSC scans of trypsiniraffmosc spray-dried in mass ratios of (a) 1:9 (b) 1:4 (c) 1:1.
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Figure 6.24 TGA scans o f trypsin:rafTinosc spray-dried in mass ratios of (a) 1:9 (b) 1:4 (c) 1:1.
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Trypsin:HP-B-CD composites

The spray-dried composite (mass ratio 1:4) was amorphous by XRD (Figure 6.25). DSC and TGA 

scans o f composites o f  mass ratio 1:9, 1:4, 1:1 arc presented (Figures 6.26, 6,27). Broad 

endothermic peaks were observed from 25 - -1 2 0  °C in DSC scans, followed by small endotherms 

at ~ 220 °C, which may correspond to the Tm o f the trypsin component. This peak enthalpy (J/g) 

increased with increasing trypsin content. Decomposition was further noted in DSC scans as 

cndothermic areas starting at ~ 255 -  260 ‘̂ C. Initial mass losses over the temperature range 25 - 

100 “C o f 5 -  6.6% (repeat of a replicate batch mass ratio 1:4 used for stability study was 4.4% - 

see section 6.2.2.2.5) were calculated, with further mass losses corresponding to decomposition 

starting at ~ 250 - 260 ”C observed from TGA.

I  '  f  '  r  “   1 ■ 1
5 10 15 20 25 30 35 40

2 theta (degrees)

Figure 6.25 XRD scan o f  trypsin:HP-B-CD spray-dried in a mass ratio o f  1:4 (Philips XRD). 
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Figure 6.26 DSC scans o f  trypsin:HP-B-CD spray-dried in mass ratios o f  (a) 1:9 (b) 1:4 (e) 1:1.
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Figure 6.27 TGA scans of trypsin:HP-B-CD spray-dried in mass ratios of (a) 1:9 (b) 1:4 (c) 1:1.

Secondary structure and biological activity

% area o f  overlap o f  the trypsin:trehalose mass ratio com posite 1:4 with unprocessed trypsin using 

calculation m ethod 2 was 81.9% , and 80.2%  for the trypsin:HP-B-CD 1:4 m ass ratio com posite and 

85.1%  for the trypsiniraffm ose 1:4 mass ratio com posite. This value obtained for the 

trypsin:raftinose com posite was very sim ilar to that obtained for trypsin:raffinose spray-dried from  

the non-aqueous M eOH:BA system  (Section 6.2.2.1.1).

Biological activity assays were carried out on the 1:9, 1:4 and 1:1 trypsin:excipicnt com positcs, and 

com pared to unprocessed trypsin. Activity o f  spray-dried powders (units/m g solid) and specific 

activity (units/m g protein) were calculated. Results are expressed in term s o f  units and %  o f  

activity o f  control solution (Tables 6.8). Statistical significance was assessed at a significance level 

o f  a  = 0.05, and sam ples w ere com pared to control solution, using ANOVA. Test solutions were 

prepared such as to contain a protein concentration o f  ~ 0.044 mg/ml. The amount o f  protein in the 

test solutions were quantified by m icro BCA protein analysis, and were sim ilar to the expected 

concentrations. There was no statistically significant dccrcase in specific activity com pared to 

control for any o f  the com posites, except for a slight decrease for the trypsin:raffinose 1:9 mass 

ratio com posite (92.0% ).
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Tabic 6.8 Summary o f  biological activity assay for trypsinrcxcipicnt compositcs (mass ratios as shown, 

spray-dried from MeOH:BA:HiO); n=3; results expressed as average ± standard deviation; *poolcd stdev % 

(in the case o f  % activity and % specific activity) is calculated from the pooled standard deviation o f all 

samples run for the daily assay as a % of units o f control solution.

1:9 mass ratio Units/ml
test

Units/mg
solid

fig
protein/ml

test

Units/mg
protein

% Activity % Specific 
activity

Tryp:trehalose 374 ± 9 .6 851 ± 2 2 40.6 ± 2 .2 9239 ± 333 8.5 ± 2 .1 * 95.4 ± 5.9*
Control 441 ± 15.8 10025 ± 358 45.7 ± 3 .6 9682 ± 525 100± 2 .1* 100 ±5.9*

Tryp:raffinose 480 ± 25 .2 1091 ± 5 7 54.3 ± 1.9 8841 ± 247 11.2 ±  1.7* 92.0 ± 2.9*
C ontro l 428 ± 14.0 9738 ± 3 1 9 44.6 ± 0.9 9606 ± 356 100±  1.7* 100 ±2.9*

Tryp:HP-P-CD 559 ± 12.8 1270 ± 2 9 59,0 ±4.1 9499 ± 763 12.7 ± 2 .1* 98.1 ± 5 .9*
C ontro l 441 ± 15.8 10025 ± 358 45.7 ± 3 .6 9682 ± 525 100±2.1* 100 ±5.9*

1:4 mass ratio
Units/ml

test
Units/mg

solid
protein/ml

test

Units/mg 
protein

% Activity
% Specific 

activity

Trypitrehalose 447 ± 14.0 2030 ± 65 49.0 ± 2 .7 9120 ± 2 6 0 20.8 ± 1.7* 94.9 ± 2.9*
Control 428 ± 14.0 9738 ± 3 1 9 44,6 ± 0.9 9606 ± 356 100 100

Trypiraffinose 373 ± 10.7 1696 ± 4 8 52.0 ± 0 .7 7181 ± 121 22.5 ± 1 .0* 100.8 ± 1 .5*
Control 332 ± 4 ,4 7546 ± 99 46,6 ± 0.9 7122± 41 100 100

Tryp:HP-p-CD 429 ± 13.6 1950 ± 6 2 46.1 ± 0 .4 9305 ± 2 1 8 20.0 ± 1.7* 96.9 ± 2.9*
Control 428 ± 14.0 9738 ± 3 1 9 44.6 ± 0.9 9606 ± 356 100 100

1:1 mass ratio Units/ml
test

Units/mg
solid

Jig
protein/ml

test

Units/mg
protein

% Activity
% Specific 

activity

Tryp:trehalose 350 ± 7 .4 3972 ± 84 48.0 ± 0 .2 7287 ± 170 52.6 ± 1.0* 102.3 ± 1 .5*
Tryp:raffinose 368 ±4.1 4180 ± 4 6 50.8 ± 0 .9 7238 ± 5 7 55.4 ± 1.0* 101.6 ±1.5*

Control 332 ± 4 .4 7546 ± 99 46.6 ± 0 .9 7122 ±41 100 100

Tryp:HP-p-CD 277 ± 1.7 3147 ± 2 2 43.3 ± 0 .3 6379 ± 88 36.2 ± 4 .1 * 94.2 ± 3.7*
Control 383 ± 26 .9 8703 ± 607 49.9 ±2 .3 6770 ±387 100 100
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6.2.2.2.5 Storage Stability

Trypsin:cxcipicnt NPM P com positcs (spray-dried mass ratio o f  1:4 from M eOHiBAiH^O -  section 

6.2.2.2) were selected for investigation o f  tem perature-dependant storage stability. The conditions 

4 °C/desiccant and 25 °C/desiccant were selected for a 12-week stability study. A small am ount o f  

the com posite materials was also stored at 25 ”C/60%  R.H., with SEM and DSC analysis after 

storage for 24 hours. This was a similar study as was carried out previously for lysozym e;excipient 

com posites spray-dried from a M eOH:BA system  (Section 5.3.5).

Storage under desiccant conditions at 4 ”C and at 25 "C

Particle m orphology o f trypsin:trehalose, trypsin:raffm ose and trypsin:H P-P-CD  particles were 

unaffected by storage for 12 weeks under desiccant conditions at 4 "C and at 25 °C, as can be seen 

from SE m icrographs taken at w eek 12 (Figure 6.28) and com pared to SE m icrographs o f  freshly 

spray-dried com posites (Figures 6.16 (b), 6.17 (b), 6.18 (b)).

Figure 6.28 SE micrographs composite particlcs (spray-dried ratio 1:4) after 12 weeks storage at 4 

“C/desiccant, at 25 “C/desiccant (a), (d) trypsin:trchalosc; (b), (c) trypsin:raffinosc; (c), (t) trypsin:HP-P-CD

Trypsin:trehalose, trypsin:raffm ose, and trypsin:H P-P-C D  com posites were predom inantly XRD 

am orphous after 12 weeks storage at 4 “C/desiccant and at 25 "C/desiccant (A ppendix 2). 

T rypsin:rafim ose com posite stored at 4 "C/desiccant show ed one small sharp peak at 16.6“. A 

peak was identified in crystalline raffm ose pentahydrate at 16.5" (Section 4.2.2.3.1). D istinctive 

peaks attributed to crystalline raffm ose pentahydrate at 10.75", 13.65" and 21.1 "(S ection  4.2.2.3.1) 

were not identified for this com posite sam ple stored at 4 "C on stability for 12 w eeks however. No 

changes indicating crystallisation or increased m oisture uptake were observed from DSC or TGA 

(Appendix 3, Figure 6.29) for any the com posites stored under desiccant conditions at 4 "C, or at 25 

"C for 12 weeks.
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Moisture content of trypsin:trehalose (1 :4) composites
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Figure 6.29 iVIoisture content calculated from TGA for spray-dried trypsin:excipient composites (1:4) during 

12 weeks storage at 4 “C/desiccant (blue diamond) and 25 °C/desiccant (pink square).

No decrease in % specific activity was observed for trypsin:excipient composites (1:4) stored at 4 

°C/desiccant for 12 weeks compared to control, (sim ilar to the freshly spray-dried starting material 

batches) (Table 6.9). A  decrease in % specific activity was observed for all composites stored at 25 

"C/desiccant for 12 weeks compared to control however, and this was statistically significant (p = 

0.002), w ith no excipient statistically significantly better than another. No associated decrease in 

solubility was observed in preparation o f these samples, and this was reflected by the relative 

amounts o f protein in test solutions compared to control (^g  protein/ml test), from micro BCA 

analysis. This suggests that loss o f activity was not as result o f decrease in solubility.
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T abic 6.9 Sum m ary o f  biological activ ity  assay for trypsin :cxcip icn t com posites -  freshly prepared, stored at 

4  ‘’C /desiccant or 25 “C /dcsiccant for 12 w eeks (1:4 m ass ratio , spray-dried from  M cO H iB A iH iO ); n=2; 

resu lts expressed as average (range); *pooled stdev %  (in the case o f  %  activ ity  and %  specific activity) is 

calcu lated  from the pooled standard  deviation o f  all sam ples run for the daily  assay as a %  o f  units o f  control 

solution.

% %
Lnits/ml test Units/mg solid protein/ml protein Activity Specific

Starting

Trypitrehalose

T rypiraffm ose

Tryp:H P-p-C D

C ontrol

341 (360,322) 

391 (399,382) 

339(328,350) 

357 (366, 347)

1550 (1636, 1464) 

1775 (1813, 1736) 

1541 (1491, 1591) 

8102 (8318, 7886)

42.6 (43.1,42.0) 

49.1 (50.3,47.9) 

44.3 (42.9, 45.7) 

45.8(46.2,45.3)

8012 (8353, 7671) 

7949 (7922, 7976) 

7650 (7646, 7653) 

7790(7919, 7661)

19.1 + 2.1 

2 I.9 ± 2 .1  

19.0+2.1

100+2.1

102.8 ±3.3 

102.013.3 

98.2 +3.3

100 +3.3

4 "C /d e s . W 12

Tryp: trehalose 

T ryp:raffinose 

T ryp:H P-P-C D  

C ontrol

341(359,323) 

406 (403, 409) 

342 (345, 339) 

376(385,366)

1549(1631, 1466) 

1844 (1830, 1858) 

1554 (1568, 1540) 

8537 (8750, 8324)

46.5 (46.4, 46.5)

54.3 (52.6, 56.0)

46.3 (46.0, 46.5) 

49.7 (50.1,49,3)

7339 (7740, 6938) 

7480 (7657, 7302) 

7398 (7503, 7292) 

7557 (7684, 7430)

18.1 + 1.9 

21 .6±  1.9 

18 .2+1.9

100+1.9

97.1 ± 4 .4  

99.0 ± 4.4 

97.9 ± 4.4

100 + 4.4

2 5 "C /d e s . VV12

T ryp:trehalose

T rypiraftlnose

T ryp:H P-P-C D

C ontrol

314(308, 320) 

328 (331,325) 

300 (311,289) 

376 (385, 366)

1427 (1398, 1455) 

1492 (1506, 1477) 

1364(1415, 1313) 

8537 (8750, 8324)

48.3 (47.4, 49.2) 

52.8 (52.4, 53.1) 

48.1 (49.1,47.0) 

49.7(50.1,49.3)

6499(6488, 6510) 

6221 (6318,6123) 

6243 (6345,6140) 

7557(7684, 7430)

16.7 ± 1.8 

17.5+ 1.8 

16.0+ 1.8

100± 1.8

86.0+ 1.8 

8 2 .3+ 1 .8  

82.6 ± 1.8

100 ± 1.8
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Storage at 25 "C / 60% R.H.

Storage o f tryspin:trchalosc and trypsin:raffinosc (1 :4) compositcs at 25 °C / 60% R.H. for 24 hours 

resulted in particle collapse -  loss o f particle structure and surface morphology when viewed under 

SEM (Figure 6.30 (a), (b)). Storage o f typsin:HP-p-CD (1:4) composite at 25 °C / 60% R.H. for 24 

hours did not exhibit this, with retention o f particle structure and shape and porous surface 

morphology when viewed under SEM (Figure 6.30 (c))

KD14.Sa«i S .O W a l.O k  &OuB

Figure 6.30 SE micrographs com posite particles after 24 hour storage at 25 “C/60% R.H. (spray-dried ratio 

1:4) (a) trypsin:trchalosc (b) trypsin:raffmose (c) trypsin:HP-P-CD,

Crystallisation of tryspin:trehalose and trypsin:raffmose (1:4) composites stored at 25 “C / 60% 

R.H. for 24 hours was indicated by sharp endothennic peaks observed in the temperature range 80 

-  100 "C, suggesting loss of hydrate water, in DSC scans (Figure 6.31 -  marked by red boxes). No 

change was observed in the DSC scan o f typsin:HP-P-CD (1:4) composite stored at 25 "C / 60% 

R.H. for 24 hours, compared to starting material.

(b)

60 83 100 120 140 ICC 220 240 2C0 280 *C

Jb n

Figure 6.31 DSC scans o f  com posite particles (mass ratio 1:4) (a) trypsin:trehalose (b) trypsin:raffmose (c) 

trypsin:HP-C-CD taken after 24 hours storage at 25 “C/ 60% R.H (solid  line), freshly prepared (broken line).

232



6 .2 .2 .2 .6  P a r t i c l e  c h a r a c t e r i s a t i o n

Trypsinxxcipicnt NPM P com positcs (spray-dried m ass ratio 1;4) were selected for prelim inary 

particle characterisation, in terms o f  bulk and tapped density and in-vitro deposition via Andersen 

cascade im pactor analysis.

Com posite powders had low m easured bulk and tap densities as shown in Table 6.10. The highest 

bulk density value was calculated for the trypsin:HP-I3-CD com posite and the lowest bulk density 

value calculated for the trypsin:raffinose com posite. Analyses were lim ited to  one run for 

trypsin:trehalose, and trypsin:raffinose com posites due to powder quantity, but the standard 

deviation calculated from 3 replicate m easurem ents o f  the trypsin:HP-I3-CD com posite, indicative 

o f  inter-batch sam ple variation, was low. Calculated C arr’s indices were indicative o f  extrem ely 

poorly flow ing powders (de Villiers, 2005).

Tabic 6.10 Bulk and tapped densities for composites as shown (spray-dried mass ratio 1:4); *n=3; average ± 

standard deviation, **n= I; result only

Composite 

(mass ratio 1:4)
Bulk Density (g/cm^) Tapped Density (g/cm^) C arr’s Index (%)

trypsin itrehalose **0.0878 **0.1596 45.0

trypsin iralTinose ** 0.0649 **0,118 45.0

trypsin:HP-fl-CD *0.0946 ±0.0015 *0.1523 ±0.0063 37.9

In-vitro deposition experim ents w ere conducted w ith tw o replicates on one batch each of 

trypsinitrehalose, trypsin:rafifinosc and trypsin:HP-B-CD. Results w ere com pared using ANOVA 

to determ ine statistical significance (significance level a  = 0.05). No statistically significant 

difference was determ ined between the trypsin:excipient com posites for any o f  the calculated 

param eters (Table 6.11). Average fine particle fractions (< 5 |im ) o f  41.55 -  44.82%  and average 

particlc fractions < 3 jam o f  26.21 -  29.60%  were calculated from ACI analysis (Table 6.11). 

B reakdow n o f  deposition by stage o f  the apparatus show ed high deposition in the m outhpiece 

adapter and induction port, and within the stages o f  the im pactor, deposition in the m id and lower 

stages -  particularly stages 3, 4, and 5 (Figure 6.32). A verage M M AD values o f  2.76 - 3.18 |j,m 

were calculated for the com posites. High average G SD  vales o f  2.29 -  2.65 w ere calculated, 

suggesting variation in aerodynam ic diameter.
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Figure 6.32 Deposition patterns on the stages o f the ACl apparatus for the composites as indicated (spray- 

dried mass ratio 1:4). Calculated as % of recovered emitted dose (mouth -  filter), used to calculate fine 

particle fraction.

Table 6.11 Summary o f results from Andersen cascade impactor analysis for trypsin;trehalose, 

trypsin:raffinose and trypsin:HP-B-CD NPMP composites spray-dried in a mass ratio o f 1:4; n = 2, mean 

(range).

Composite 

(mass ratio 1:4)
%  < 5 nm % < 3 ^m IVIMAD (nm ) GSD % emitted

(o f nominal dose)

trypsin:trehalose
42.71

(41.57,43.86)
26.21

(24.80,27.62)
2.83 

(2.92, 2.74)
2.29

(2.23,2.34) 77.6 (77.7, 77.4)

trypsin :rafTmose
44.82 

(39.96.49.68)
29.60

(25.53,33.68)
2.76 

(2.99, 2.52)
2.51

(2.56,2.46) 81.7 (85.0, 78.4)

trypsin:HP-B-CD 41.55 
(43.08, 40.02)

27.82 
(29.22, 26.42)

3.18 
(3.329, 3.031)

2.65
(2.55,2.76) 80.3 (79.8, 85.0)

Estimation o f  particlc size from SEM images (150 particles) showed a similar trend as observed in 

A C l results with the largest average particle size and standard deviation calculated for the 

trypsin:HP-6-CD composite (Table 6.12). The lower average particle size estimated from SEM  

analysis compared to MMAD suggests particle aggregation. Fusion was also observed in SEM 

analysis, between particles, which may also have contributed to the high deposition in the 

mouthpiece adaptor/induction port.

Table 6.12 Particlc size estimates from SEM analysis -  measurement o f 150 particles.

Composite Particle size ()im)
(mass ratio 1:4)

trypsin: trehalose 1.51 ± 0 .7 4

trypsin:raffmose 1 .79± 0 .8 I

trypsin :HP-I3-CD 1.84 ± 1.17

S 30.0 
0)

8  25.0 
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0
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■D

1  10.0- 
0)
•S 50  
S?

0.0



6 .3  S p r a y - d r i e d  c a t a l a s e  a n d  c a t a l a s e  c o m p o s i t e s

6.3.1 AQUEOUS AND ETHANOL:WATER:AMMONIUM CARBONATE SYSTEM

6.3.1.1 Spray-dried catalase alone

C atalase is poorly soluble in unbuffered aqueous solution, due to its pi o f  5.4, and in organic 

solvents. As such prelim inary experim ents with spray-drying catalase from buffered and then 

aqueous solutions with AC or AHC w ere attem pted prior to a m ixed ethanoliH iO : AC system.

C atalase was initially spray-dried from 50 mM phosphate buffer pH 7, at its quoted solubility o f  1 

mg/ml (0.1%  w/v) (w w w .sigm aaldrieh.com ), yielding a spray-dried product containing ~ 87.2%  

buffer salts (hereafter referred to as “ca ta lase l”)- This is a higher salt concentration in the final 

product than spray-dried by  either Liao et al. (2005), or Forbes et al. (1998). An inlet drying 

tem perature o f  120 "C was chosen to ensure adequate drying o f  the aqueous system , and also to 

m inim ise therm al stress. Spray-drying was carried out in the open m ode using the regular cyclone 

arrangem ent (see Appendix 1 for details). Particle m orphology was irregular shaped particles and 

aggregates (Figure 6.36 (a)), and was likely to be influcnccd by the high salt content o f  the 

formulation. C atalase was thus spray-dried from a lower salt content buffer - 5 mM phosphate 

buffer pH 7, at a total protein concentration o f  0.5%  w/w  in order to reduce the salt content o f the 

spray-dried product (spray-dried product theoretically containing ~ 12% w /w  buffer salts) 

(hereafter referred to as “catalase2”). O ther spray-drying conditions were sim ilar to those used for 

the catalasel sample. Particle m orphology o f this system  was collapsed particles with a smooth 

surface as evident from SEM analysis (Figure 6.33 (b)). SEM analysis o f  unprocessed m aterial is 

presented for com parison (Figure 6.33 (c)).

Figure 6.33 SE micrograph of catalase spray-dried from (a) 50 mM phosphate buffer pH 7; 0.1% w/v 

catalase; 120 “C; - catalasel (b) 5 mM phosphate buffer pH 7; 0.5% w/v catalase ; 120 "C; - catalasc2 and (c) 

unprocessed catalase, note difference in magnification

AC and AHC increase the pH o f  aqueous solution (Section 3.3.3) and as such w ere postulated to 

enable dissolution o f  catalase, w ithout additional buffer salts or pH adjustm ent. C atalase was thus 

dissolved in aqueous non-buffered solutions with either 10% o f  t.s.c. AC (hereafter referred to  as 

“catalasc3”) or AHC (hereafter referred to as “catalasc4”) at a t.s.c. o f  0.25%  and spray-dried in the 

open m ode with inlet tem perature 120 "C (see A ppendix 1 for conditions). Spray-dried product
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m orphology w as collapscd  raisin-likc particlcs with a sm ooth non-porous surfacc as evident from  

SEM  analysis (Figure 6 .34).

Figure 6.34 SE micrographs of catalasc spray-dried from aqueous solutions, (a) 10% AC, 120 “C, 0.25% 

t.s.c., - catalase3 (b) 10% AHC, 120 ”C, 0.25% t.s.c. -  catalase4

A ddition o f  EtOH to an aqueous solution o f  catalase and AC was attempted, and a system  

containing 50%  v/v  EtOH, 10% o f  t.s.c. AC, 0.125%  t.s.c. was prepared (hereafter referred to as 

“catalaseS”). Large fibrous aggregates w ere formed, v isib le on addition o f  EtOH and stirring o f  the 

solution. This was unlike the appearance o f  phase separation observed to occur for trypsin and 

ly sozym e system s in Et0 H:H2 0 :AC system s, w hich w ere characterised by sudden marked  

increases in turbidity. Spray-drying w as carried out in the open m ode at an inlet temperature o f  78 

°C  (sec  Appendix 1). The spray-dried product consisted  o f  a mixture o f  collapscd or folded  

particlcs and sphcrical particles with thin particle w alls as evident from SEM  analysis (Figure 

6.35).

Figure 6.35 SE micrographs o f catalase spray-dried from 50% EtOH, 10% of t.s.c. AC, 0.125% t.s.c., inlet 

temperature 78 “C -  catalaseS.

6.3.1.2 Spray-dried catalase composite

C atalase w as spray-dried with trehalose at a m ass ratio o f  1:1 to investigate stabilisation o f  the 

protein by the sugar and any effect on m orphology. Similar spray-drying conditions as catalase3  

w ere used -  w ith 10% o f  t.s.c. AC from water at inlet temperature 120 °C. A  higher t.s.c. o f  0.5%  

w /v  w as chosen due to the trehalose content. M orphology o f  the com posite was collapsed particles 

w ith som e fusion or bridging betw een particles (Figure 6.36).
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Figure 6.36 SE micrographs o f catalase: trehalose 1:1 spray-dried from aqueous solutions, 10% o f t.s.c. AC, 

120 T ,  0.5% t.s.c.
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6.3.1.3 Process stability

Solid-state and thermal characterisation

XRD analysis was carried out for the spray-dried sam ples - catalasel and catalase2 to determ ine 

the crystallinity o f  the catalase:buffer salt mix. C atalasel (F igure 6.37 (c)) was XRD crystalline 

with som e peak overlap with the buffer salt - potassium  dihydrogen phosphate. Catalasc2 (Figure 

6.37 (b)) was mainly am orphous or any crystallinity was below  the level o f  detection o f XRD 

analysis. The am orphous nature o f  unprocessed catalase (Figure 6.37 (a)) was confirm ed by XRD.
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Figure 6.37 XRD o f  (a) unprocessed catalase (b) catalase2 (c) catalasel (d) potassium dihydrogen phosphate

DSC analyses were carried out on unprocessed catalase and spray-dried catalase samples - 

catalase2-5 and the catalase:trehaiose com posite spray-dried in a mass ratio o f  1:1 (Figures 6.38, 

6.40). Unprocessed catalase show ed a very broad initial endotherm  from  25 -  170 “C, with a small 

sharp endotherm  at 125 °C  (Tm). A sim ilar pattern in the DSC scan was observed for catalasc2. 

No sharp peaks were identified in DSC scans o f  spray-dried samples -  catalasc3-5 or 

catalase:trehalose composite. These DSC scans were also quite flat in appearance com pared to 

unprocessed catalase or spray-dried catalase2, with no significant therm al events. This may imply 

a change in folding or unfolding o f  catalase in these samples. M ass losses calculated from TG A  

were sim ilar for spray-dried and unprocessed catalase as show n (Figure 6.39). M ass loss occurred 

in at least three steps and the first two 25 - 100 “C and 100 - 160 "C are quantified.
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Figure 6.38 DSC scans o f (a) unprocessed catalase and spray-dried (b) catalase2 (c) catalase3 (d) catalase4 

(e)catalasc5
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Figure 6.39 TGA scans o f  (a) unprocessed catalase and spray-dried (b) catalase2 (c) catalase3 (d) cataiase4
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Figure 6.40 DSC (shown in black) and TGA (shown in red) o f  spray-dried catalase: trehalose mass ratio 1:1
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Biological activity

Biological activity  assays (with m icro BCA protein quantitation) were carried out on catalase 

sam ples and used to calculate activity o f  spray-dried powders (units/m g solid) and specific activity 

o f  the protein (units/m g protein) in the powders. Results are expressed as units o f  activity and % o f 

original specific activity o f  unprocessed catalase and are sum m arised in Table 6.13.

C atalasel (spray-dried with a high quantity o f  buffer salts) showed a large (statistically significant) 

loss in % specific activity com pared to control solution o f ~ 35% . Specific activity was not 

calculated for catalase2 (spray-dried from  lower quantity buffer salts), but%  activity (per m g solid) 

suggested an im provem ent at 71.8%  o f  control solution. Catalase3 and catalase4 (spray-dried from  

unbuffered solution with, respectively, 10% AC or AHC) resulted in som e loss o f  % specific 

activity, w hich were statistically significant com pared to control solution. Inclusion o f  stabilising 

sugar trehalose in the mass ratio o f  1:1 in the system  using AC resulted in protection o f  this loss 

with full retention o f  specific activity (at 105%). A ttem pts to assay spray-dried catalase5 (spray- 

dried from  50%  EtOH, 10% o f t.s.c. AC) were unsuccessful as the solubility o f  the protein was 

significantly reduced. Although the A 240 o f  the H;02 substrate solution decreased very slow ly on 

addition o f  catalase5 test solution, it did not reach the assay starting absorbance o f 0.45 after 15 

minutes and so was not com pleted. This result suggests near com plete loss o f  activity o f  the 

protein and suggests that the process carried out under these conditions is highly unsuitable for 

spray-drying catalase.

Table 6.13 Summary of biological activity assay for spray-dried catalase and catalase:trehalose composite; 

n=3; results expressed as average ± standard deviation; Spooled stdcv % (in the ease of % activity and % 

specific activity) is calculatcd from the pooled standard deviation of all samples run for the daily assay as a 

% of units of control solution.

Units/ml
test Units/mg solid

^g Protein/ml 
test

Units/mg
protein

%
Activity

(± 5.8%*)

% Specific 
activity

(± 5.3%*)
Catalasel 38.8 ±0 .9 125 ±2.7 29.2 ±0.9 1333 ±56 5.5 63.6

Catalase2 73.0 ±9.2 162! ±203 N/d N/d 71.8 N/d

Catalase3 69.2 ±4 .6 1730± 116 38.1 ±0.8 1819± 119 76.6 86.7

Catalase4 63.6 ±5 .0 1591 ± 125 46.9 ±4.8 1590± 125 70.4 75.8

CatalaseS N/d N/d 22.2 ± 11.1 N/d N/d N/d

Catitreh 91 .4± 2 .4 1142.0 ±29 41 .6± 2 .0 2201 ± 164 50.5 105.0

Control 90.4 ±7.1 2259 ± 178 43.2 ±4.1 2097 ± 35 100 100.0
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6.3 .2  SPR.AY-DRIED CATALASE COMPOSITES FROM METHANOL:N-BUTYL ACETATElWATER

C atalasc was spray-dried with trehalose, raffinose or HP-B-CD from  M c0H :B A :H 20  solvent 

system s sim ilar to those used for trypsin:excipient com posites, as prelim inary experim ents. (See 

A ppendix 1 for details), A protein:excipient mass ratio o f  1:9 was selected. Catalase was 

dissolved in the water com ponent with the aid o f  0.1 M NaOH (pH o f w ater com ponent altered to  ~ 

10) prior to addition o f  organic solvents. Phase separation occurred on addition o f  organic solvents 

with increased turbidity o f the feed m aterial and also the appearance o f  large fibrous aggregates. 

SEM  analysis show ed porous particles, and also som e larger agglom erates -  one example m arked 

with a red arrow  (Figure 6.41).

Figure 6.41 SE micrograph o f  (a), (d) catalseitrehalosc, (b), (e) catalase:raffinose, (c), (f) catalase:HP-B-CD, 

all spray-dried in a mass ratio o f  1:9

No difference in DSC or TG A  scans were observed for the catalasc:excipient com posites com pared 

to excipient spray-dried alone. No Tm  peaks or decom position events o f  catalase were identified. 

This was not unexpected because o f the low protein load and the lack o f distinct events seen with 

the im processed catalase, but the lack o f  any characteristic therm al events including decom position 

events may also signify unfolding o f  the protein.

Biological activity assays on the catalase:excipient samples spray-dried from  M e0H :B A :H 20 

systems show ed alm ost com plete loss o f  activity o f  the samples (< 10% for all sam ples). Loss o f  

protein solubility was also observed, with the presence o f  insoluble aggregates on preparation o f  

test solutions and difference in protein content o f  filtered and unfiltered test solutions (protein 

contents in filtered test solutions were ~ ha lf those in unfiltered solutions) by  m icro BCA analysis. 

The loss o f  activity was likely contributed to  but could not be explained solely by the form ation o f
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insoluble aggregates. These data suggest irreversible unfolding and dcnaturation o f  the protein. 

The system  used was thus unsuitable for spray-drying catalase, even at a low load (10%).

The solution pH (~10) o f  catalase in the HjO com ponent may have been unsuitable however and 

contributed to this loss o f  activity. On consideration o f the experim ental conditions a high pH, 

although chosen to enable dissolution o f  catalase, may have been too high and adversely affected 

the stability o f  catalase by itself and also the stability o f  the protein towards thermal and organic 

solvent stresses. Prajapati et al. (1998) described alkaline unfolding o f  bovine liver catalase, 

incubated at high pH (~2 hours). Enzymatic activity was found to reduce rapidly for catalase 

sam ples incubated at a pH between pH 9.5 -  11 with a com plete loss o f  activity for catalase 

samples incubated at pH 11 and above.
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6.4  S p r a y - d r ie d  s a l m o n  c a l c it o n in  c o m p o s it e

6.4.1 Salmon calcitonin:trehalose com posite spray-dried from  m ethanol:n-butyl acetate

Salm on calcitonin (sCT) was spray-dried with trehalose in a mass ratio o f  5:95 (salm on 

calcitonin:trehalose dihydrate) from  an 80:20 M eOH:BA solvent system, at a t.s.c o f  0.5%  (see 

Appendix 1 for details). The use o f  the M eOH:BA system  was possible due to the observed 

solubility o f  sCT in MeOH. This was preferable to the M e0H :B A :H 20 system  due to  the 

favourable in-vitro deposition characteristics found with the lysozym e:excipicnt com posites spray- 

dried from  a M eO H :BA  system  com pared to trypsin:excipient com posites spray-dried from  the 

M e0H :B A :H 20 system. A low load o f peptide (5%  o f  total solids) was selected based on the 

peptide loading used by other researchers in spray-drying or other process production o f  

m icrospheres containing salm on calcitonin (Yang et al., 2007; Clark et al., 2008; Dani and DeLuca, 

2001), and consideration o f  pulm onary bioavailability (Deftos et al., 1997; Patton, 1994; Kom ada 

et al., 1994) and com parison with the intra-nasal dose (N ovartis, 2007).

M orphology o f  spray-dried particles w ere spherical porous and sim ilar to trehalose spray-dried 

alone as seen in SE micrographs. Surface m orphology consisted o f  fused nanoparticles (Figure 

6.42). Particle size was 1.36 ± 0.69 |im  estim ated from  m easurem ent o f  150 particles in SE 

micrographs.

KD13.4Rai S.OkV xS.Ok lOun

Figure 6.42 SE micrographs of sCT:trchalosc compositcs (spray-dried mass ratio 5:95) shown at different 

magnifications.

The DSC scan o f  the sCT:trehalose com posite was sim ilar to trehalose spray-dried alone w ith a 

glass transition detected at -1 2 3  °C. Sim ilar to lysozyme and trypsin:trehalose com posites, a 

recrystallisation exotherm ic peak occurred at a high onset tem perature (-1 9 0  °C onset). The 

presence o f  the glass transition tem perature and this recrystallisation peak suggest an am orphous 

form. A sharp symmetrical endotherm  at a tem perature o f  onset o f  ~212 “C (w ith an enthalpy o f  

fusion o f  -  37.7 J/g) was attributed to the m elting endotherm  o f  anhydrous trehalose. A  broad 

endotherm ic decom position peak at onset -2 5 5  °C, and a corresponding mass loss in the TGA was
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earlier than that in the DSC o f  trehalose spray-dried alone (~280  “C) and m ay include 

deeom position o f  calcitonin. M ass loss between 25 - 100 “C w as determined at ~  4.9%  consistent 

with residual solvent or m oisture loss, rather than stoichiom etric loss o f  hydrate or bound water. 

The shape o f  this m ass loss step in the TG A  was also consistent with loose ly  bound water, as 

opposed to m ass loss seen for trehalose dihydrate (later, more pronounced step).
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Figure 6.43 DSC (shown in red) and TGA (shown in black) scans o f SCtitrehalose composites (spray-dried 

in a mass ratio of 5:95).

Micro BC A  analysis o f  solutions o f  com p osite sam ples (0 .2  m g/0.5  ml buffer ~  20 |ig  sCT /m l) 

w ere carried out to check that the ratio o f  sCT:trehalose in the final com posite was sim ilar to the 

m ass ratio added to the feed material prior to spray-drying. A n average peptide content o f  20.45 ± 

4 .7  ng/m l (range 17.1-23.8 |ig /m l) w as calculated on com parison to a standard curve o f  sCT (5-40  

|ig /m l, R ” =  0 .9998). This suggested  that sCT in the fmal com posite particle was sim ilar to the 

spray-dried concentration o f  5% w /w  o f  total solid  content.

A ctivity o f  sCT in the com posite w as com pared by m eans o f  a concentration response curve to 

unprocessed sCT, assum ing a calcitonin  load o f  5% in spray-dried material, as described in Chapter 

2. The assay was undertaken by Dr Sinead Ryan, o f  Prof. David Braydon’s group, UCD. It was 

concluded that the sCT:trehalose com posite w as bioactive and quite com parable to unprocessed  

sCT (Figure 6.44). Data for the concentration response curve w ere fitted using a S S log is m odel 

(m odel and parameters in Appendix 7). These parameters are presented in Table 6 .14. EC 50 values 

w ere slightly higher for the sCT com posite than for unprocessed sCT and this was statistically  

significant (at a sign ificance level o f  a  =  0 .05). The EC 50 value o f  the sCT:trehalose com posite  

w as expressed as a percentage o f  the EC 50 o f  unprocessed sCT (as by Youn et al., (2006 ) as a 

m easure o f  b io logical activity) giv ing a b iological activity o f  54.1% . The scale factor (m easure o f
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the “steepness” o f  the curve) was also statistically significantly lower for the com posite, indicative  

o f  a steeper dose response curve for the sCT:trehalose com posite, which is a lso  relevant w hen  

considering the b iological activity. Explanation for this d ifference could not be found from these  

preliminary experiments.
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Figure 6.44 Concentration response curves o f  the sCT (o) and the sCTitrehalose (o) formulations.

Table 6.14 Parameters o f model expressed as average (95% confidencc interval).
E fficacy (% ) ECso (nM) Scale Factor

sC T ; trehalose 93,99 (91.47,96.51) 1.4699 (1,1322, 1.8075) 0,8934 (0,8130,0.9738)

sCT 99.83 (97.03, 102.63) 0.7962 (0,5837, 1,0087) 1.0970(1.0067, 1.1873)

The data was replotted in GraphPad Prism5 softw are using the dose-response curve (variable slope) 

option (Figure 6.45). This m odel uses the parameters “Top”, “Bottom" sim ilar to ‘‘E fficacy” in the 

S Slogis m odel, and “Hill s lop e” as a measure o f  the steepness o f  the curve (S ec A ppendix 7 for 

m odel and parameters). A  higher EC 5 0  was calculated for the sCT;trehalose, com posite com pared  

to the unprocessed sCT (giving a biological activity expressed as a %, o f  61.2% ) but this was not 

statistically significant at a significance level o f  a  =  0.05 (Table 6 .15 , Appendix 7). T he average 

Hill slop e was higher for the sCTitrehalose com posite compared to the unprocessed sC T , (which  

w ould  be indicative o f  a steeper dose-response curve), but this was also not statistically significant.
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Figure 6.45 Concentration response curves o f  unprocessed sCT (shown in red) and sCT:trehalose (shown in 

black) formulations.

Table 6.15 Parameters o f model, ex iressed as average (95% confidence interval).
Top (%) Bottom (% ) ECso (nM) Hill slope

sC T  itrehalose 94.76 

(92.34, 97.18)

-2.215 

(-4.458, 0.02764)

1.336 

(1.069, 1.671)

0.4556

(0.4096,0.5016)

sC T 100.9 

(95.63, 106.2)

-3.085

(-8.709,2.539)

0.8181 

(0.5027, 1.332)

0.3816 

(0.3058, 0.4574)
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6.5 CONCLLSIONS

Porous particlcs o f  trypsin were spray-dried using the E t0H :H 20:A C  feed system . Higher 

concentration o f  EtOH and AC were required, however, than were required for spray-drying 

N PM Ps o f  lysozym e. Porous trypsin particles produced w ere also less uniform  in size, shape and  

surface m orphology than NPM Ps o f  lysozym e, as observed from SEM analysis. N PM Ps o f  trypsin 

suffered a greater loss o f  activity. The use o f  stabilising sugars was considered. Trehalose and 

raffinose were included with trypsin and spray-dried from EtO H iH iO iAC system s. B iological 

activity w as som ewhat im proved compared to trypsin spray-dried alone. Particle m orphology was 

affected  by the inclusion o f  the sugar, however, even at low  sugar contents (4:1, 9:1 tryspin:sugar). 

T he use o f  M e0H :B A :(H 20) system s were investigated for spray-drying com p osites o f  

trypsin;excipients. The M eO H :BA system  was unsuccessful for spray-drying N PM P com posites 

and resulted in a m ixed m orphology o f  flake-like and spherical particlcs. The insolubility  o f  

freeze-dried trypsin in the M eO H  com ponent was postulated to be problematic in this system . The 

M e0 H :BA:H 20  system  was used to produce porous particles o f  trypsin:excipient (trehalose, 

raffinose and HP-B-CD) with excellent retention o f  b iological activity in mass ratios o f  1:9, 1:4 and 

1:1. Particle characterisation o f  the 1:4 m ass ratio trypsin:excipient system s show ed favourable 

bulk and tapped density and particle size  estim ated from SEM  analysis. In-vitro deposition  

experim ents show ed that the 1:4 m ass ratio com posites had good in-vitro deposition properties. 

This m ethod o f  spray-drying protein with excipient from a M e 0 H :B A :H :0  system  m ay represent 

an alternative m ethod for proteins/peptides which are insoluble in MeOH.

An attempt to produce N PM Ps o f  catalasc from an E t0H :H 20:A C  system  was unsuccessful. The 

near com plete loss o f  activity observed from the com paratively low  concentrations o f  EtOH and 

AC discouraged further work with this system . Spray-drying from aqueous solutions w ith AC and 

AHC resulted in collapsed particles with som e loss o f  activity. Catalase spray-dried with trehalose 

from an aqueous solution w ith AC resulted in protection o f  this activity. The use o f  

M c0 H :B A :H 20  system s were prelim inarily investigated for spray-drying com posites o f  catalase, 

and excipients trehalose, raffinose or HP-B-CD at a m ass ratio o f  1:9. On consideration o f  these 

experim ents, the pH o f  the water com ponent may have been high, and contributed to the loss o f  

stability o f  the catalasc com posites. Investigation o f  the effects on process stability o f  spray-drying  

catalasc:excipient from M e0H :B A :H 20 system s prepared using different pH o f  the water 

com ponent may be an interesting case for future research.

Salm on calcitonin (as a therapeutically used peptide) was prelim inarily spray-dried, from a 

M e0 H :B A  (80:20) system  in a mass ratio o f  5:95. N PM Ps were produced. SCT in these 

com posites lost som e b iological activity as assessed  by Dr Sinead Ryan, with a statistically  

significant increase in ECso.
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C h a p t e r ?: G e n e r a l  d i s c u s s i o n

7.1 In t r o d u c t io n

The research presented in this thesis, concerns the appUcation o f  a spray-drying m ethod, involving 

the use o f  a m ixed solvent feed system  and potentially a process enhancer (for exam ple am m onium  

carbonate), to produce nanoporous/nano-particulate m icroparticles (N PM Ps) o f  proteins, 

(hydrophilic) stabilising cxcipients and com posites o f  these. This method, recently proposed and 

developed for low m olecular weight drugs and excipients has advantages over current technologies 

in that it involves a simple one-step m ethod and produces substantially pure m icroparticles 

(m icroparticles with no or only trace am ounts o f  any additional processing excipient). The 

background to  the spray-drying method proposed has been described in C hapter 1. Spray-drying o f  

proteins or peptides using the m ethod had not been attem pted and investigations were thus initially 

em pirical. The model protein lysozym e was used for first studies (C hapter 3). D ifficulties 

anticipated with the proposed m ethod were poor solubility and stability o f  proteins in co-solvent 

system s including organic solvents. These difficulties w ere investigated by attem pting to increase 

the m ethanolic solubility o f  lysozym e by a freeze-drying method (Brom berg and Klibanov, 1995) 

and by assessm ent o f  process stability using FTIR, biological activity assay, SDS-PAGE and 

thermal analysis, following processing. Alternative proteins — trypsin and catalase w ere 

subsequently investigated (Chapter 6). H ydrophilic stabilising excipients, were investigated for 

tw o reasons - firstly because of their potential application in dry pow der form ulations o f  

m acrom olecules as stabilisers or carriers, and secondly to augm ent existing knowledge regarding 

the use o f  the m ethod with low m olecular weight hydrophilic com pounds. Prior to this research, 

the m ethod was prim arily developed for hydrophobic m olecules including steroids, thiazides and 

sulfa-drugs (Tajber, 2005; M cDonald, 2005; Nolan, 2008), with lim ited studies on hydrophilic 

excipients — cyclodextrins and PVP (Li, 2005). In the current project stabilising excipients - 

trehalose, raffinose, mannitol, and m yo-inositol were spray-dried using a range o f  conditions 

(Chapter 4). Com posite systems involving spray-drying lysozym e or other protein with excipient 

w ere also investigated (Chapters 5 and 6). Selected N PM Ps and non-porous particles o f  equivalent 

m aterial were characterised in term s o f  process stability, storage stability and particle 

characteristics, to determ ine advantages o f  N PM Ps for inhalation delivery.
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7.2 P r o d u c t i o n  o f  N P M P s

T w o solvcnt/fced  system s, nam ely alcohol:H20:am moniLim  salt and M e0H :B A :(H 20), were 

su ccessfu lly  used in this thesis to produce N PM Ps o f  proteins and excipients alone or com posites  

as outlined in Tabic 7.1. Attem pts to use the m ethod to spray-dry the large protein catalasc were  

unsuccessfu l in terms o f  obtaining NPM Ps (using the alcohol:H 20:am m onium  salt system ) and in 

terms o f  process stability with the protein exhibiting catastrophic loss o f  activity (using both 

solvent system s).

Table 7.1 Compounds spray-dried as NPMPs trom different solvent feed systems in the present work, and 

mass ratio o f NPMP composites.

Com pound Feed system IVIass ratio (composites)

Lysozyme MeOIIilljOiAC
ElOIMIjOiAC

E t0H :ll,0 :A llC
Et0H :H :0:AF
Et0H :H ,0:A A

T r>psin EtOH:H.O:AC
Trehalose McOII:BA

M e0H :BA :H ,0
Raffmose McOII:BA

M e0H :BA :H ,0
Trehalose:H P-3-CD MeOH:BA
Lvsoz> me: trehalose EtOII:II.O:AC 9:1,4:1,7:3, 1:1

MeOH:BA 1:4
L vsoz^' m e: raffinose Et01l:ll,0:A C 1:1

MeOH: BA 1:4, 3:7
Lysozyme: H P-P-CD McOII:BA 1:4

Lysozym e:inulin Et011:ll,0:AC 1:1
Lvsozvm e:m vo-inositol E t0 ll:ll,0 :A C 1:1

Lysozym e:? VP Et0ll:Il20:AC 9:1
Trypsin :trehalose MeOII:BA:H.O 1:9, 1:4, 1:1
Trypsin :raffi nose MeOH:BA:H.O 1:9. 1:4, 1:1
Trypsin:H P-3-CD MeOH:BA;H.O 1:9, 1:4, 1:1

Salmon calcitonin:trchalose MeOH:BA 5:95 (1:19)

7.2.1 NPIMPs o f lysozym e, trypsin from alcohol:H 20:am m onium  salt

The success in producing NPM Ps o f  the (hydrophilic) proteins from these system s, does not concur 

with the hypothesis for NPM P production using the proposed spray-drying method (based on  

experim ents with low  m olecular w eight com pounds), introduced in Chapter 1 and also described in 

scction  7 .2 .2 , in that the m ore volatile solvent (for exam ple EtOH or M eO H ) w ould be a poor 

solvent for the protein and the less volatile solvent (H 2O ) w ould be a good  solvent. A  different 

hypothesis for N PM P production is thus proposed for these system s, at the end o f  this section. The 

Et0 H:H2 0 :AC w as the predom inantly studied system , and as such is primarily discussed.

Addition o f  EtOH (in concentrations o f  70, 75, 80% v/v) and AC (in concentrations o f  5 and 10% 

o f  t.s .c .) to lysozym e in the aqueous com ponent o f  the feed, resulted in a phase separation in the 

feed  (Chapter 3). This was observed as a transition from  a clear solution to a fine w hite cloudy



suspension  appearance, w hich  occurred  a h n o s t im m ed ia te ly  fo llo w in g  add ition  o f  E tO H  and  AC 

(A ppend ix  8 ). T he suspension  w as stable , and did n o t se ttle  ou t u n d er g rav ity  fo r the  du ration  o f  

the sp ray -d ry ing  experim en ts (fro m  ~5 — 30 m inu tes, d ep en d in g  on  th e  vo lum e sp ray-dried ). 

P hase separation  in trypsin  feed system s, also  o ccu rred  q u ick ly  on add ition  o f  E tO H  (in 

concen tra tions o f  80, 90 , 95, 98%  v/v) an d  AC (in  concen tra tions o f  10, 20 , 50, 60%  o f  t.s.c .). T he 

suspension  had a sim ilar w hite  cloudy  appearance, a lthough  som e la rger and  co a rse r partic les w ere 

observed  and deposited  on the  w alls o f  the feed vessel (A ppend ix  8 ).

T hree  fac to rs o f  the feed system  con tribu ting  to  the phase  separa tion  o f  ly so zy m e from  the  

E tO H iH iO iA C  system , w ere  iden tified  in C hap te r 3 (S ection  3 .3 .3 ), being  th e  effec t o f  a lte ring  the 

pH  o f  the so lu tion  tow ards the isoelectric  point (iso e lec tric  p rec ip ita tio n /p h ase  separation ), a 

sa lting -ou t effec t as a resu lt o f  ca tions and  an ions (N H 4" an d  C 0 3 ‘ ‘ co n trib u ted  b y  am m onium  

carbonate), an d  the add ition  o f  an ti-so lven t (E tO H ). A ll o f  th ese  fac to rs m ay also  b e  resp o n sib le  

for the  p h ase  separation  seen in trypsin  feed  system s, and  in th e  ca se  o f  a lte rn a tiv e  am m onium  

salts, and  a lcohol used for lysozym e system s.

P hase  separa tion  o f  the p ro te in  from  the  a lco h o liH iO iam m o n iu m  salt system  w as requ ired  to  

p roduce  N P M P s on sp ray -d ry ing , a s  N P M P s w ere no t p ro d u ced  fro m  any feed  sy s tem  w hich d id  

not show  this. T he observa tion  o f  p hase  separation  in the feed  m ateria l, d id  not g u aran tee  N PM P 

production  on sp ray -d ry ing  how ever, w hich  depended  on the  co n cen tra tio n  and  type  o f  alcoho l and 

am m onium  salt, and on the p articu la r p ro te in  (T ab le  7.2). T he fo llo w in g  general o b se rva tions w ere 

m ade, based  on  sp ray -d ry ing  experim ents:

•  A h igher %  o f  AC w as required  w hen  M eO H  w as u sed  in p lace  o f  E tO H , to  spray-dry  

N P M P s o f  lysozym e. T his suggests that E tO H , (w hich  is a s tronger p rec ip ita ting  alcohol, 

as it is m ore hydrophob ic) m ay b e  a better choice, as less p rocess enhancer is required . 

A nother advan tage o f  E tO H  is tha t it is m o re  p h an n a ce u tic a lly  accep tab le  due to  a better 

safe ty  profile.

•  A m m onium  ca rb o n ate  w as iden tified  from  stud ies w ith  ly so zy m e as the best am m o n iu m  

salt to  use, because  it w as effec tive  fo r p roducing  N P M P s at low er concen tra tions than  th e  

o ther sa lts  (am m onium  fo rm ate  an d  am m o n iu m  aceta te ), an d  a lso  due to  th e  fac t th a t it is 

vaporised  a t a low er tem pera tu re  an d  thus rem o v ab le  du rin g  the  sp ray -d ry ing  process.

•  H igher concen tra tions o f  EtOH an d  AC w ere  requ ired  to  p ro d u ce  N P M P s o f  trypsin  

com pared  to  lysozym e.

•  L ysozym e and  try p sin  have m o lecu lar w eigh ts o f  resp ec tiv e ly  14.3 kD a, 23 .5  kD a, 

isoe lectric  po in ts o f  respectively  11.35, 10 .1-10.5 , and  te n d  to  be m onom eric , suggesting  

su itab ility  o f  the m ethod  fo r p ro teins w ith sim ila r p h y sico ch em ica l characteristics.

•  S pray -d ry ing  con d itio n s for exam ple  in le t d ry in g  tem p era tu re , type o f  d ry ing  gas, type o f  

cyc lone w ere found  to  have less im pact, than  feed co n d itio n s, on  the p roduction  o f  N PM Ps.
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Table 7.2 Selected feed conditions (alcoholiHiOiam monium salt) studied for lysozym e and trypsin producing 

NPMPs.

Protein Alcohol Ammonium  salt

Lysozym e EtOH -  70, 75, 80% AC -  10%

EtOH -  80% AA -  50%, 60%

EtOH -  80% AF -  40%, 50%, 60%

MeOH -  65%, 70%, 75%, 80% AC -  40%

Trypsin EtOH -  95%, 98% AC -  40%, 50%, 60%

Parallels betw een spray-drying o f  lysozym e or trypsin from  EtOHiHoOiAC feed system s and 

drying o f  proteins by som e supercritical fluid (SC F) processing m ethods for exam ple as described  

by Thiering et al. (2000), and Bouchard et al. (2007a), can be drawn based on the fact that phase 

separatioti/precipitation occurs in the tw o m ethods as a result o f  ethanol (organic solvent), and 

process enhancer (for the spray-drying m ethod am m onium  carbonate and for the SCF m ethods 

supercritical CO:). [Supercritical fluids are materials w hose temperatures and pressures are higher 

than the corresponding critical points (highest temperature and pressure at w hich a hquid phase 

may co-exist in equilibrium  with a separate vapour phase)]. Thiering et al. (2000) described the 

production o f  dry lysozym e powders from 95% EtOH:5% H :0  solution, using CO 2 as antisolvent. 

The m orphology o f  protein particles w as insensitive to changes in operating conditions such as 

temperature, and solute concentration, but were significantly affected by the solvent system . The 

predominant effect o f  feed  conditions on particle m orphology, com pared to very minor effects o f  

temperature change or cyclon e ch o ice w as noted when spray-drying lysozym e in the current work 

(Chapter 3). This was in contrast to marked cffects described by N olan (2008) and Me Donald  

(2005) w hen spray-drying low  m olecular w eight hydrophobic com pound using the E t0H :H 20:A C  

system.

Bouchard et al. (2007a) described lysozym e particle formation during supercritical fluid drying, 

from aqueous solution using ethanol (as co-solvent for C O 2 ) and CO 2 as supercritical fluid (as anti­

solvent to precipitate the protein). It w as found that under fast protein precipitation conditions 

(high EtOH flow  rates or high EtOHiCO: ratio) agglom erated nanopartieles w ere produced. 

M icrosphcres, or m icroparticles (w ith  nanoparticles in the shell or with a spongy core) were  

obtained using different conditions. The m icroparticles with nanopartieles described in this paper, 

also resem bled the fused nano-particulate outer appearance w ith h ollow  core o f  lysozym e particles 

produced from 80%  EtOH, 10% AC (Chapter 3).
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The following hypothesis for formation o f  NPM Ps o f lysozym e and trypsin from  E t0H :H 20:A C  

system s is proposed, based on the results o f  the present work, and exam ination o f  surface 

m orphology from  SEM  analysis (appearance o f  fused irregular shaped nanoparticles), and is shown 

schem atically in Figure 7.1. A sim ilar m echanism  may be involved in the case o f  other alcohol or 

am m onium  salt systems, except that for other am m onium  salts investigated (AA, and AF), the salt 

w ould not be expected to be com pletely volatilised during the spray-drying process and there is 

potential for residual contam ination o f  formic or acetic acid respectively in the dried particle.

• The protein separates in the feed solution, as a result o f  AC, isoelectric phase 

separation/precipitation and alcohol. This can occur either as a solid-liquid phase 

separation with form ation o f  am orphous prim ary particulates or a liquid-liquid phase 

separation resulting in a protein-rich phase and a protein poor phase.

•  The feed system  is atom ised producing high surface area droplets. In the case o f  solid- 

liquid phase separation, the droplet would contain prim ary particulates as suspended 

particles, and in the case o f  a hquid-liquid phase separation the droplet would contain areas 

o f  protein-rich phase and protein poor phase.

• Droplet drying continues and ethanol and water evaporate, and AC is vaporised, in the case 

that a solid-liquid separation was initially involved, the particlulates are already suspended 

in the droplet; in the case that a liquid-liquid phase separation was involved, the protein 

will condense out from  the protein-rich phase form ing suspended m aterial, also resulting in 

suspended prim ary particles.

•  Small am ounts o f  protein rem aining dissolved in the first case, or in the protein poor phase 

in the second case, will also precipitate out as drying continues and may form  a fragile 

netw ork, keeping the prim ary particles agglom erated to each other either at the particle 

surfacc or throughout the particle, and resulting in the fused nano-particulatc appearance of 

the spray-dried particles.

•  The evidence from  spray-drying experim ents with lysozym e suggests that NPM Ps were 

hollow  or with internal voids as noted from SEM  analysis o f  broken lysozym e particles 

(C hapter 3).
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Liquid-liquid Phase Separation

Atomisation

EtOH, Water. AC

’ rotein Poor Phase 
Proteirj Rich Phase

Solid-4iquid Phase Separation

Feed Material

EtOH, Water, AC

Primary Particulate

Figure 7.1 Schematic of porous particle formation in the case o f lysozyme or trypsin, spray-dried from 

EtOHiHiOiAC systems.

Attempts to estimate the particle size in the feed material using Malvern particle sizing (using the 

liquid ceO) were inconclusive, because o f difficulties in replicating the conditions in the feed 

material in the liquid cell, and may warrant further investigation to further explore this mechanism.

The formation o f crystalline structure requires specific solvent conditions and long periods o f time 

for the globular proteins to orient themselves in a crystalline structure (Thiering et al., 2000). A 

rapid non-specific aggregation process w ill conversely tend to form amorphous and irregular to 

spherical shaped particulates (Bouchard et al., (2007a); Krebs et al., (2007)). The rapid phase 

separation encountered in this research, would be expected to produce amorphous and irregular or 

spherical particulates. The amorphous nature o f spray-dried lysozyme and trypsin material (as for 

unprocessed lysozyme and trypsin) was confirmed by XRD studies.
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7.2.2 NPM Ps o f trehalose, raffinose from IV1e0H:BA:(H20)

S pray -d ry ing  o f  sugars is p redom inan tly  rep o rted  from  aqueous so lu tions in the literature . 

A m orphous fo rm s o f  treh a lo se  an d  raffin o se  fo llo w in g  sp ray -d ry in g  from  aqueous so lu tions have  

been  rep o rted  (M oran  and B uckton , 2007; M aury  et al., 2005; S urana ct a l ,  2004 , and L echuga- 

B allesteros ct a l., 2003). T he so lub ility  o f  sugars  in aqueous so lu tion  is g en e ra lly  very  high (e.g. 

treha lo se  68 .9g /100m l, ra ffinose  14g/100m l (P harm accu tica l excip ien ts, 2006), resu lting  in late 

p rec ip ita tion  from  the d roplet in  the  dry ing  process. T he m ctas tab le  zone  (th e  so lu te  concen tra tion  

ab o v e  the  so lub ility  but below  un stab le  su p e rstau ra tio n  cond itions w here  spon taneous 

c ry sta llisa tion  is p robab le) o f  sugars is a lso  norm ally  w ide an d  high levels o f  supersa tu ra tion  m ay 

be reach cd  b efo re  p rec ip ita tion  occu rs (B ouchard  et al., 2007b). T rehalose  and raffinose  a rc  

expected  to  have low er so lub ility  in M eO H :B A  system s than  aqueous so lu tions, and a lso  to  

undergo  faste r p rec ip ita tion  as a resu lt o f  ev ap o ra tio n  o f  M eO H  an d  drop  in  so lub ility  in  B A  

(acco rd in g  to  th e  hypo thesis  fo r N P M P  p roduction  — see b e low ) and  th u s the tim e requ ired  to  

ach ieve  sa tu ra tio n  w ill be reduced. D ifferences b e tw een  d ry ing  tim es, and tim e to  sa tu ra tion  in th e  

d rop le t d ep en d in g  on feed cond itions, are postu la ted  to  co n trib u te  to the  d iffe rences in m orp h o lo g y  

o f  the sugars sp ray -d ried  from  d iffe ren t cond itions, and  the the rm al b ehav iou r o f  sp ray -d ried  

treha lo se  sam ples (C hap ter 4).

P hysicochem ical p roperties o f  the  sugar, such as so lub ility , T g , nuc lca tion , cry sta llisa tion  and  

v iscosity  (o f  the so lu tion) a re  ex p ected  to  in fluence b eh av io u r du ring  p rocessing  (B ouchard  ct al., 

2007b ) and  thus sp ray-dried  p roduct charac teristics, in term s o f  m orpho logy  and so lid -s ta te  

ch aracteristics. T reh alo se  an d  raffinose  a re  c ry sta llin e  in the  u np rocessed  form  an d  ex ist as stab le 

hyd rates (treh a lo se  as  a d ih y d ra te  and ra ffin o se  as a pen tahydrate), a lthough  low er hydrates or 

anh y d ro u s m ctas tab le  c ry sta llin e  fo rm s h av e  been  describ ed  in the lite ra tu re  (K ilbum  et al., 2006; 

H ogan  and  B uckton , 2001 ; S a lek i-G crhard t et al., 1995). D SC  analysis  o f  bo th  u n p rocessed  

sugars, at a hea ting  ra te  o f  10 “C /m in , show ed  dehydra tion , at a sligh tly  low er tem p era tu re  for 

ra ffin o se  pen tah y d ra te  ( -8 4  "C) than  for treh a lo se  d ihy ra te  ( ~ 9 1 -97 °C, depend ing  on th e  b a tch  and  

w ith  a p ossib le  p artic le  size  effect). S p ray -d ried  su g a rs  as N P M P s or as  non-porous d isc re te  

partic les  sp ray -d ried  from  aqueous so lution  w ere  am orphous by  X R D . T g  o f  sp ray -d ried  

am orphous form s o f  the tw o sugars w ere h igh  and  s im ila r to  each  o ther -  from  the w ork  in  th is 

thesis these  w ere  ~  124 °C (trehalose) and  ~  120 °C  (ra ffinose). T he tw o  sugars w ere also  so lub le  in 

m ethano l (h igher for raffinose, allow ing  a h igher t.s.c . to be u sed  in sp ray -d ry in g  experim en ts), and  

cou ld  as such  b e  d isso lved  in the M eO H  com p o n en t o f  the M eO H :B A  system . S im ila rity  b e tw een  

the ch em ica l s truc tu res o f  the sugars arc a lso  ap p a ren t (S ection  1.6) as treha lo se  is co m p rised  o f  

tw o g lucose  m o iccu lcs, an d  ra ffin o se  is co m p rised  o f  galactose, g lucose  an d  fructosc. T h e  

fo llow ing  fea tu res m ay be im portan t in the  p roduction  o f  h igh T g  am orphous N P M P s o f  th e  sugars
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-  solubility in McOH or M c0H:H20 to allow dissolution in the feed system prior to the addition of 

BA, and poor solubility in BA.

The MeOH:BA solvent system or the M e0H ;B A :H :0 solvent system, was used to produce NPMPs 

o f trehalose and raffmose alone. The feed and spray-drying conditions required for production of 

NPMPs of the two sugars were similar and found to depend on solvent composition. Non- 

spherical, oblong or torroidal porous particles o f the two sugars were obtained on spray-drying 

from 90:10 MeOH:BA, and spherical porous particles were obtained on spray-drying from 80:20, 

70:30 and 60:40 MeOH:BA. Spherical porous particles of trehalose were spray-dried from 50:50 

MeOH:BA, whereas a mixture of spherical porous particles and fused particles of raffmose were 

spray-dried from this solvent ratio. Different solvent conditions were employed for the two sugars 

spray-dried from M e0H:BA:H20 (49:49:2 was used to produce NPMPs of trehalose, and 79:19:2 

was used to producc NPMPs of raffmose). Spherical NPMPs of trehalose were spray-dried, and 

slightly irregular shaped to spherical porous particles o f raftlnose were spray-dried. [A mix of 

some porous particles and some large non-porous rods o f mannitol were also spray-dried from 

Mc0H :BA :(H 20) systems. Filtering the feed material to attempt to remove some of the suspended 

material was unsuccessful. This system may require further modification to check whether NPMPs 

could be reproducibly spray-dried without the problems of mixed morphology, cither by using feed 

conditions or by formulation with other excipients compounds in a composite.]

Phase separation was not generally observed in MeOH:BA feed systems producing NPMPs of 

sugars alone (exccpt in one example o f raffmose spray-dried from MeOH:BA solvent ratio 60:40 

and to a greater extent from MeOH:BA solvent ratio 50:50, resulting in particles o f mixed 

morphology including some porous and some non-porous fused particles, following spray-drying), 

and was seen in varying degrees (from no phase separation and spray-drying o f clear solution to 

phase separation and spray-drying o f a slightly turbid or cloudy suspension) in some of the systems 

or batches producing lysozyme:excipient NPMP composites. Phase separation was observed in 

some systems or batches using the M e0H:BA:H20 systems to produce NPMPs o f the sugars and 

trypsin:excipient composites, and was also observed (to a greater extent) in systems (e.g., 15:15:1 

used for spray-drying trehalose) resulting in a mixed morphology of porous particlcs and non- 

porous material. Phase separation was thus not directly related to the formation of NPMPs from 

these systems.

The following hypothesis for formation o f NPMPs o f trehalose and raffmose fi'om 

M e0H:BA:(H20), based on the solubility o f the compound(s) and volatility o f solvents, and 

initially proposed by Corrigan (2005), Nolan (2008) based on experiments with low molecular 

weight drugs (see Chapter 1), is shown schematically in Figure 7.2. The more volatile solvents
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(M cOH and H 2O) arc better solvents for the sugar and the least volatile solvent (B A ) is a poor 

solvent.

•  During the atom isation stage o f  the spray-drying process, droplets are form ed containing  

the sugar in the co-solvent mix.

•  Rapid drying o f  these droplets proceeds on contact w ith the warm  drying gas and the m ore 

volatile solvent phase (M eO H  with a b.p. o f  65 °C, H2 O w ith  a b.p. o f  100 ”C) in w hich the  

sugar is more soluble, may evaporate to a greater extent, resulting in the droplet b ecom in g  

richer in the less volatile solvent com ponent (B A  w ith a b.p. o f  126 °C), in which the sugar 

is less soluble. The fall in the solubility o f  the sugar m ay be dramatic and it may condense  

out initially as a nano-sized liquid phase w ithin the droplet. The sugar becom es in effect 

the dispersed phase in an external phase.

•  As drying proceeds and further solvent loss occurs, the sugar phase droplets becom e less  

fluid and com e closer together, and the sugar may precipitate out as primary nanoparticles 

and agglom erate together cither at the particle surface or within the particle, leading to  

nano-particulate m icroparticle formation.

•  The evidence from spray-drying trehalose and raftlnose in this thesis (Chapter 4) suggests  

that particles were not hollow , and com prised o f  fused spherical nanoparticles, throughout 

the particlc.

MeOH, (H2O)

Atomisation

Feed Material

Figure 7.2 Schematic o f porous particle formation in the case o f  trehalose or raffmose spray-dried from 

M e0H:BA;(H20).

A m echanistic d ifference betw een production o f  N PM Ps from the tw o solvent system s (i.e ., 

trehalose or raffm ose from M c0 H :B A :(H 2 0 ) and lysozym e or trypsin from

alcohol:H 20:am m onium  salt, m ay be in terms o f  tim ing o f  phase separation during the drying 

process, either occuring before atom isation in ly sozym e or trypsin based system s spray-dried from  

alcohol:H 20:am m onium  salt system s or fo llow in g  atom isation and during droplet drying for the 

sugar or cyclodextrin based system s spray-dried from  M e0H :B A :(H 20) system s. There may be

BA
Primary Particulate

BA external phase
Sugar rich phasein MeOII, (Ih O )
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som e cross-ovcr betw een the m echanism  o f  NPM Ps using the two solvent feed systems, as was 

evident from the phase separation seen in som e o f the system s spray-dried from M e0H :B A :(H 20).

7.2.3 NPMP composites or co-spray-dried systems

Co-spray-dried NPM P system s m ay involve a m ore com plicated production m echanism  than single 

com ponent systems. The concept o f  the Peclct num ber was introduced in Chapter 1, and describes 

the ratio o f  characteristic times involved in the drying o f  a com pound from  a droplet. This is 

important when considering co-spray-dried system s because tw o com ponents may have different 

Peelet num bers, resulting in different diffusional velocities within an evaporating droplet, which 

m ay ultim ately lead to separation o f  com ponents within a m icroparticle (Vehring, 2007). For 

com pounds with high Peelet num bers (> 1), Xj (the time required for a droplet to dry) is small and 

the surface m oves faster than the dissolved or suspended com ponents (larger R‘/D - the time 

required for a solute or a nano-particle to diffuse from  the edge o f  the droplet to  its centre) and as 

such the surface becom es enriched w ith the com ponent associated w ith the high Peclct number. 

The resulting surface accum ulation and form ation o f  a thin shell are intuitive in this case (Tsapis et 

al., 2002; Vehring, 2007). For com pounds with low Peelet num bers (for exam ple saccharides dried 

from aqueous solutions at m oderate to low  drying gas tem peratures), surface enrichm ent is small 

and the characteristic tim e for the solutes to reach saturation at the surface is close to the droplet 

lifetime, resulting in solid particles (V ehring, 2007). The Peclct num ber associated with a 

com ponent, may change during drying, however, in particular in co-solvent systems w here one 

solvent evaporates faster than the other (Vehring, 2007). Surface activity (for exam ple in the case 

o f  a surface active protein) o f  one com ponent may also result in surface enrichm ent with that 

component. M illqvist-Fureby et al. (1999) spray-dried trypsin with various excipients, and 

observed that trypsin was over-represented at the particle surface. Another separation m echanism  

may be the sequential precipitation o f  com ponents based on different characteristic times to 

saturation (Vehring, 2007), which may be particularly pertinent in protein:sugar systems spray- 

dried in this thesis.

The Iysozym e:trehalose, lysozym c:raffinose and trypsin:trehalose com posites are used as 

examples, in discussing production o f  co-spray-dried com posites from  the two solvent feed 

systems. A sim ilar discussion may also describe production o f  other protein:excipient com posites 

using the spray-drying method.

Considering the lysozym e or trypsinitrehalose com posites spray-dried from  the E t0H :H 20:A C  

(Chapters 5 and 6), the protein w ould be expected to precipitate in the feed system  (from  

experim ents w ith spray-drying the protein alone). The hydrophilic sugar would not be expected to  

precipitate in the feed system  (from experim ents with spray-drying trehalose alone) and would also

258



not b e  cxpcctcd  to  p rcc ip ita tc  rap id ly  du ring  d rop let d ry ing  (on co n sid era tio n  o f  the hydroph ilic  

n a tu re  o f  the  sugar and the vo la tility  o f  the so lven ts). T he su g a r w ou ld  be expected  to  have a low er 

P ecle t num ber than  the p hase-separa ted  p ro te in  com ponen t, a lth o u g h  it m ay  also  have a h igh  P ec le t 

num ber as w as ev ident from  the  ho llow  th in  w alled  partic les  o f  treh a lo se  sp ray -d ried  from  

E t0 H :H :0 :A C . T he p ro te in  com ponen t o f  the co -sp ray -d ried  system  w ou ld  thus b e  expected  to  be 

the  m ain  shell form er, dep en d in g  on the  m ass ratio  o f  p ro te in ;exc ip ien t. S urface  m orpho logy  in th e  

case o f  lysozym c:treha lo se  co -sp ray -d ricd  system s up  to a ra tio  o f  1:1 w as s im ila r to lysozym e 

N P M P s spray-dried  alone. T h e  m o rp ho logy  o f  trypsin  N P M P s w as m uch  m ore s tro n g ly  a ffec ted  

by the  in c lu sio n  o f  sugar, w ith  loss o f  po rous m orpho logy  w ith  the  inc lusion  o f  low  m ass ra tio  o f  

treha lo se  how ever. T h e  d istribu tion  o f  the  com ponen ts in a co -sp ray -d ried  co m p o site  m ateria l m ay  

w arran t flirther investigation , for exam ple by e lec tron  spectro scopy  for chem ical ana ly sis  (to  p robe  

the elem en ta l com position  o f  the p ow der surface), as describ ed  b y  M illq v is t-F u reb y  et al. (1999). 

In th is paper the au thors ca lcu la ted  the  su rface  co v e rag e  o f  trypsin  in  try p sin :su g ar com posites, 

from  com parison  o f  the  n itrogen  con ten t o f  pu re  trypsin  as m easu red  by  E SC A  an d  the n itrogen  

con ten t o f  the sp ray-dried  co m p o site  sam ples.

hi th e  eases o f  ly sozym e;treha lo se  or ly so zy m e:ra ffin o se  system s sp ray -d ried  fro m  M eO H :B A , 

both the  p ro te in  and  the  exc ip ien t w ould  be ex p ected  to  show  rap id  p rec ip ita tio n  either be fo re  

a tom isa tion  due to  the  add ition  o f  hydrophobic so lven t (B A ) or du ring  d roplet d ry ing , as a resu lt o f  

a drop in so lub ility  in the BA  com ponen t fo llow ing  evaporation  o f  M eO H , and  as  such a less 

p ronounced  d iffe rence  in d istribu tion  o f  the sugar and  p ro te in  in the  particle , co m p ared  to  the 

E t0 H :H 2 0 :A C  system , m ay be expected . E x am in atio n  o f  p a rtic le  m orpho logy  sh o w ed  that the 

com posite  p artic le  had a sim ila r fused n an o p articu ia te  su rface  ap p earan ce  as sugars sp ray-d ried  

alone, up  to  a m ass ra tio  o f  3:7 (lysozym e:raffm osc), a lth o u g h  su rface  m orpho logy  ap p eared  m ore 

com pac t (w ith  sm alle r gaps/pores). This suggests th a t the  saccharide  and  p ro te in  in fluenced  the 

su rface  m orpho loy  in the h igher saccharide  con ten t com posites. SE m icrographs o f  m ass ra tio  

com posite  o f  1:1 resem b led  the spherical non -po rous partic les, w ith  a fu sed  rough  su face 

m orpho logy  s im ila r to  ly sozym e sp ray-d ried  a lo n e  fro m  M eO H :B A  so lven t system . F or 

try p sin :treh a lo se  com posites sp ray -d ried  from  M e 0 H :B A :H 2 0 , N P M P s w ere  p roduced  to  a h igher 

ratio  o f  1 :1 than  for the ly sozym e:exc ip ien t com posites sp ray-dried  from  M eO H :B A . N P M P s also  

had a looser appearance. A g rea ter ph ase  separa tion  in these  feed sy stem s com pared  to  

ly sozym e:exc ip ien t system s, particu larly  in the  h ighest p ro te in  co n ten t com posites (1 :1 ) m ay have 

in fluenced  the  m orpho logy  o f  the partic les. A m ore un ifo rm  d istribu tion  o f  sugar and  p ro te in  

th roughou t the co m p o site  p artic le  is hypo thesised , co m p ared  to  the E t0 H :H 2 0 :AC system .
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7.3 S u i t a b i l i t y  ofN P M P s p r o d u c e d  a s  a  p o t e n t i a l  d r u g  d e l i v e r y  s y s t e m

S uitab ility  o f  N P M P s produced , a s  po ten tia l novel dry  p ow der p ro te in  delivery  system s for 

inhalation , invo lves co nsidera tion  o f  the p rocess stab ility , s to rage s tab ility  and partic le  

charac teristics o f  investiga ted  p ro te in s, exc ip ien ts and  co -sp ray -d ricd  co m p o site  system s.

7.3.1 Process stability and storage stability of NPM Ps

T he am o rp h o u s o r  c ry sta llin e  natu re , the  therm al beh av io u r and  residual m oistu re  or so lvent 

con ten t o f  N P M P  pow ders m ay  affec t the physical s tab ility  o f  particles an d  also  the chcm ical 

s tab ility  o f  p ro te in s  or p ro te in :ex c ip ien t com posites, an d  have been described  in relevant sections 

o f  th is thesis. T h e  g lassy  stab ilisa tion  an d  the w ater rep lacem en t hypo thesis  for the stab ilisation  o f  

p ro te ins by exc ip ien ts favou rs am orp h o u s ch a rac ter o f  s tab ilising  excip ien ts in a com posite  pow der 

(Lee, 2002a; A rakaw a et a!., 2001). A ll p rotein  and  com posite  N P M P s, p roduced  in th is thesis, 

w ere  am o rp h o u s fo llow ing  sp ray -d ry ing  except fo r ly sozym c:m yo-inosito l sp ray-dried  from  

E tO H iH .O iA C .

H ygroscop ic ity  o f  sugar N PM P s w as observed  under high hum id ity  cond itions, a lone (C hap ter 4) 

and  in co m p o site  system s (C hap ters 5, 6). This m ay rep resen t a lim ita tion  to  the u se  o f  treha lose  or 

ra ffin o se  as  so le exc ip ien t, in te rm s o f  long-te rm  sto rage , w ithou t desiccation . Separation  an d  

c ry sta llisa tio n  o f  treha lo se  in  the  ly sozym e;treha lo se  (1 :1) com posites w as observed  in stab ility  

stud ies at 25 "C /60%  R .H . and co llapse  o f  p artic le  s truc tu re  w as o bserved  at 40  "C /75%  R.H .. A  

rap id  co llap se  o f  p artic le  s truc tu re  w as observed  for lysozym e:treha lo se  (1:4), lysozym e:rafT inose 

(1 :4), try p sin :treh a lo se  (1 :4) and trypsin :ra ffm ose  (1 :4 ) N P M P s stored  at 25 °C /60%  R.H. 

overn igh t, b u t not fo r ly sozym e:H P -P -C D  (1:4) o r trypsin :H P -P -C D  (1:4). N o crysta llisation  or 

loss o f  p artic lc  stru c tu re  and  m orpho logy  w ere id en tified  in ly sozym e:excip ien t o r trypsin :excip ien t 

( 1:4) N P M P  com posites sto red  at 4 °C or 25 °C  w ith des iccan t for 12 w eeks. M ain ta in ing  physical 

sto rage s tab ility  o f  co m p o site  N P M P s includ ing  treha lo se  or raffinose  m ay  b e  possib le , if  a 

desiccan t is in c lu d ed  in  the delivery  device.

P rocess s tab ility  o f  p ro te in s  w as p rim arily  assessed  by  b io log ica l ac tiv ity  assay , and  a lso  by  FTIR , 

S D S -P A G E  an d  therm al analysis. E xcellen t p rocess stab ility , from  investiga tion  o f  b io log ica l 

activ ity , w as observed  fo r lysozym e sp ray-dried  a lone o r as com posite  w ith  exc ip ien ts u sing  the 

tw o  so lven t sy stem s o f  the sp ray -d ry ing  m ethod . E v id en ce  that rev ersib le  struc tu ra l changes 

occu rred  inc luded  ev idence  o f  changes in so lid  sta te  F T IR  an d  D SC analysis o f  lysozym e spray- 

dried  alone, an d  no ch an g e  in  b io log ica l ac tiv ity  an d  so lu tion  sta te  FTIR .

T rypsin  N P M P s sp ray-d ried  from  E t0 H :F l2 0 :A C , show ed p o o re r p rocess s tab ility  from  ac tiv ity  

assay , and F T IR , w h ich  m ay  have been  in fluenced  by  d iffe rences in  the  h ig h e r E tO H  an d  A C
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concentration required to producc NPM Ps o f  trypsin, as w ell as the lability o f  the proteins to the 

stresses involved. Comparison o f  b iological activity o f  trypsin spray-dried alone or as com posites  

from EtO H iH iO iAC , to com posites o f  higher excipient content from M eO H iB A iH iO , show ed a 

higher retention o f  activity for the latter system s. R easons may be due to different stresses posed  

by the feed system s. An increased therm ostability o f  proteins d issolved or suspended in very low  

or non-aqueous system s has been described in the literature (W alsh, 2002). This may have 

contributed to the increased stability o f  trypsin spray-dried from the M eO H iB A iH iO . The higher 

stabilising excipient content used in these system s m ay also contribute to the increased stability. 

The high process stability o f  both lysozym e and trypsin in com posite particles spray-dried from  

M e0 H :BA;(H 2 0 ) suggests potential wider applicability o f  this method, than for the EtO H iH iO iA C  

method.

The process stability o f  N PM Ps o f  sCT:trehlaose was on ly  prelim inarily assessed, and as described  

in Chapter 6  show ed som e decrease in activity com pared to unprocessed sC T, as w as evident from  

a statistically significant reduction in the EC5 0 , using the S S logis m odel to fit the data. Re-plotting  

the data in Prism software using the dose-rcsponse curve (variable slope) option a lso  show ed a 

sim ilarly higher EC 5 0  for the sCT:trehalose, but this was not statistically sign ificant at a 

sign ificance level o f  a  =  0.05. A  higher H ill slope o f  the sCT:trehalose com posite w as calculated, 

this m ay also be relevant when com paring b iological activity. Literature data suggests that sCT  

can adopt different conform ations in a range o f  co-solvcnts and in particular a -h clica l structures 

with an N-term inal loop was observed in M eOH (M eadow s et al., 1991; Arvinte and Drake, 1993). 

Arvinte and Drake (1993) a lso  assessed  the reversibility o f  conform ation and found that 

fluorescence and circular dichroism  changes found in sCT and human calcitonin (hCT) in MeOH  

were reversible. In-vivo b iological activity fo llow in g  hCT exposure to 99%  M eOH show ed no loss 

o f  activity (Arvinte and Drake, 1993). Investigation o f  structural changcs as w ell as b iological 

activity assay, corrected for sCT content in test solutions, m ay allow  further elucidation  o f  the 

suitability o f  formulation o f  this peptide in NPM P com posites. The use o f  alternative feed  

conditions (such as different concentrations o f  M eOH or BA or different solvents for exam ple 

EtOH or propyl acetate) and stabilising cxcipient com binations (for exam ple trehalose and HP-P- 

C D , or raffinose and HP-P-CD) should also be considered.
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7.3.2 Particle characteristics and suitability for pulmonary delivery

NPMPs are proposed to be particularly suitable for pulmonary delivery and in particular dry 

powder inhaler formulation (Tajbcr, 2005; Nolan, 2008). The importance o f the aerodynamic 

behaviour of dry powder and the influence of physical size, density, shape and surface properties of 

particles and resulting interparticulate forces, on efficient inhaler delivery has been discussed in 

Chapter 1. Particle characteristics -  size, surface area, bulk and tapped density, and in-vitro 

deposition behaviour (fine particle fraction, particle fraction < 3 |im, MMAD and GSD) o f a 

selection of NPMPs produced were investigated, and in the case o f single component systems 

compared to examples o f non-porous spray-dried particles o f similar material (Chapters 3, 4). In- 

vitro deposition data showed the advantage o f NPMPs produced over non-porous comparison 

systems in terms of fine particle fraction and particle fraction < 3 |am. Higher specific surface area 

values (which may be indicative o f increased surface asperities (Zeng et al., 2001)) were also 

obtained for porous compared to non-porous particles of the same material, although these 

differences varied depending on the material (for example lysozyme NPMPs showed an increase 

~2-3 fold compared to non-porous lysozyme, whereas trehalose or raffinose NPMPs showed an 

increase o f ~ 40 fold compared to non-porous material). Bulk and tapped densities were lower for 

porous compared to non-porous sugars, but were higher for porous lysozyme compared to non- 

porous lysozyme spray-dried with AC. Particle characteristics and in-vitro deposition data o f all 

NPMPs produced are compared (Table 7.3), to ascertain whether any general trends could be 

observed in these data.

A strong linear correlation was observed between fme particle fraction (< 5 |im) and particle 

fraction < 3 |im  (R‘ = 92.6%, statistically significant). Otherwise, only weak or no correlations 

were observed when plotting fme particle fraction against MMAD (R‘ = 52.2%, statistically 

significant), bulk density (R ' = 25%, not statistically significant), tapped density (R‘ = 18.6%, not 

statistically significant) or surface area (R" = 0%, not statistically significant). Insufficient data 

was obtained to investigate any possible correlation with particle sizing as determined by laser 

diffraction (only 3 NPMP systems). The lack o f correlation in the case o f surface area and fme 

particle fraction is in contrast to a strong positive correlation described by Nolan (2008), with 

NPMPs of sulfa compounds, sodium cromoglicate and sulfa or sodium cromoglicate;PVP 

composites.

The lowest surface area measurements for NPMPs were obtained for lysozyme and 

lysozyme:trehalose (mass ratio 1:1) spray-dried from Et0H:H20:AC. These were significantly 

lower than NPMPs o f trehalose or raffinose or HP-P-CD alone or lysozyme:excipient (mass ratio 

1:4) composites, spray-dried from MeOH;BA. Inclusion o f lysozyme in composites with raflfmose 

and HP-P-CD (but not trehalose) also reduced the surface area compared to the excipient spray-
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dried alone, which may have been as a result of the more compact surface appearancc as dcscribcd 

in Chapter 5. Inclusion of lysozymc in these systems also resulted in increased bulk and tapped 

density compared to the excipients spray-dried alone.
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Table 7.3 Particle characteristics o f NPMPs produced; * HP-P-CD spray-dried as comparison system, originally spray-dried as NPMPs by Li (2005).

Particle size pm Surface area ni‘/g Bulk density Tapped density IMIVIAD jam Fine particle Particle fraction < 3

d(0.5)-M alvem g/cm^ g/cni'^ (GSD) fraction % l^m %

Average-SEM
Et0H:H20:AC

Lysozyme 1.785 ±0.011 
2.16 ± 0 .8 7

6.7867
[6.5457, 7.0277]

0.270 ±0.01 1 0.420 ±0.017 2.83 ± 0 .23  
(2.01 ±0.48)

57.98 ± 4 .48 32.55 ± 3 .72

Lysozyme:trehalose
1:1

2.278 ± 0 .052 4,756
[4.7575,4.7542]

0.211 ±0.011 0.300 ±0.015 2.72 ± 0 .05  
(1.99 ±0.09)

63.98 ± 2 .75 39.15 ± 1.99

MeOHiBA
Trehalose 2.48 ± 0 .0 4  

1.29 ± 0 .7 7
44.4854
[44.1342, 44.8366]

0.075 ±0.001 0.124 ±0.001 3 ,144± 0 ,616  
(2.358 ± 0.32)

40,17 ± 6 ,76 24,17 ± 4 ,86

Raffinose 2.96 ±0.053 44.3023
[43.1865,45.4180]

0.080 ± 0.003 0.122 ±0.004 2,676 ± 0,800 
(2.118 ±0.171)

54,8 ± 11,5 3 3 ,56± 8 ,82

*HP-P-CD - 75.2253
[74.8092, 75.6413]

0.193 ±0 ,006 0.289 ± 0.003 - - -

Lysozyme:trehalose
1:4 0.98 ± 0 .64

43.7426
[45.9236,41.5615]

0.143 ±0,008 0.245 ± 0.002 2,77 ± 0 ,35  
(2.03 ± 0.06)

62,34±3,91 37 ,20±3,51

Lysozyme:ratTniose
1:4 1.58 ± 0 .63

25.4586
[25.3166, 25.6006]

0 .158± 0 .010 0.278 ±0.006 2,92 ± 0 ,15  
(2.04 ±  0.02)

50,05 ±5,21 27.47 ± 2 .82

Lysozyme:HP-P-CD
1:4 1.02 ± 0 .5 8

54.5729
[54.2213,54.9245]

0.237 ±0.012 0.356 ±0.004 2,47 ± 0,42 
(2.01 ± 0.28)

59,81 ± 2 ,16 35.98 ± 1.42

Me0H:BA:H20
Trypsin :trehalose 1:4

1.51 ± 0 .74
- 0.088 0.160 2,83 [2,92, 2.74] 

(2.29 [2.23. 2.34])
42,71 (41,57, 43,86) 26,21 (24,80, 27.62)

Trypsin:raffmose 1:4
1.79 ±0.81

- 0.065 0.118 1.16 [2.99, 2.52] 
(2.51 [2.56, 2.46J)

44,82 (39,96, 49,68) 29.60 (25.53,33,68)

Trypsin:HP-P-CD 1:4
1.84 ± 1 .1 7

- 0.095 ± 0.002 0.152 ±0,006 3.18 [3.329,3,031] 
(2.65 [2.55, 2.76])

41,55 (43,08, 40,02) 27.82 (29,22, 26,42)



Fine particle fractions (FPF) o f  NPM Ps produced were com pared by ANOVA (Figure 7.3). The 

N PM Ps with the iiighcst FPF w ere lysozym c;trehaiose (1:4), lysozym e:H P-P-CD  (1:4) and 

raffm ose spray-dried from  M eO H :B A  and lysozyme and lysozym e:trehalose (1:1) spray-dried from 

E t0H :Fl20:A C . Low er FPFs were obtained for lysozym e:raffm ose (1 :4) and trehalose spray-dried 

alone from  M eOH:BA and for trypsin;excipient (1:4) spray-dried from M e0H :B A :H 20. The 

influence o f  the cyclone (regular cyclone) and effect on collected particle size o f  

lysozym e:raffm ose (1:4) com posite com pared to lysozym e:trehalose (1:4) or lysozym e:H P-P-CD  

(1 :4) spray-dried with the HP cyclone, has been previously noted (Chapter 5).

Individual 95“/o CIs For Mean Based on
Pooled StDev

Level — + -------- + ---------- 4
lysozymc:ratTinose 1:4 (------* - •
lysozyme (----
lysozyme:HPbCD 1:4 ( -
lysozyme:lrehalose 1:1 (-
lysozymc:trchalose 1:4 ( -
raffinosc
trehalose ( -----*- .___)

trypsin:HPbCD 1:4 ( - --------)
trypsin:raffinose 1:4 ( - ------ )
trypsin :trchalosc 1:4 (—.......*-------- )

36 48 60 72

Figure 7.3 ANOVA analysis of fine particle fraction of NPMPs produced.

AN O V A  uses a pooled standard deviation, and assum es a sim ilar variability for all data sets. ACI 

experim ents o f  NPM Ps involved tw o different m ethods o f  analysis -  the micro BCA assay for all 

systems including a protein, and fluorescence detection for sugars (including a fluorescent marker). 

In the event that these m ethods o f  analyses contributed to different variability, all ACI o f  NPMPs 

using m icro BCA  assay (i.e., protein or protein:cxcipient NPM Ps) were com pared (Figure 7.4). To 

take account o f  any differences in variability o f  particles as a result o f  m ethod o f  production, all 

N PM Ps produced from  M eOH:BA system s (i.e., trehalose, ratTinose and lysozym e:excipient 

com posites) w ere also com pared separately using ANOVA (Figure 7.5). These data suggest that 

the lysozym e com posite NPM Ps spray-dried from  M eOH:BA systems with the HP cyclone 

resulted in statistically significantly higher FPF than trypsin com posite NPM Ps spray-dried from 

M e0H :B A :H 20 system s also using the HP cyclone. Lysozyme and lysozym e:trehalose spray- 

dried from  E t0H :H 20:A C  also showed statistically significantly higher FPF than com posite trypsin 

NPM Ps spray-dried from  M e0H :B A :H 20. The looser surface m orphology and SEM evidence o f 

deviation from  sphericity and particle-particle contact o f trypsin com posite system s may have 

influenced the lower FPF calculated.
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Individual 95% CIs For Mean Based on 
Pooled StDev

Level -----+-------- +---------- +----------+—
lysozyme:rafTinosc 1:4 (— *— )
lysozyme (— *— )
lysozymcillPbCD 1:4 (— *— )
lysozymc:trchalosc 1:1 (— *— )
lysozyinc:trchalosc 1:4 (— *— )
trypsin:HPbCD 1:4 (-----*------ )
trypsinirafTinose 1:4 (----- *------ )
trypsin:trchalose 1:4 (-----*----- )

40 50 60 70

F igure 7.4 A N O V A  analysis o f  fine particle fraction o f  N PM Ps including protein  and analysed by m icro  

BCA analysis.

Individual 95% CIs For Mean Based on 
Pooled StDev

Level — +--------- +--------- +--------- +-----
1ysozyiTic:ratTinosc 1:4 (........... *-........ )
lysozyme:HPbCD 1:4 (------ *-------- )
lysozyme :trehalose 1:4 (------ *--------)
raffinose (------ *— )
trehalose (------ *------- )

-— + ----------+ --------------+ ----------- + ------

36 48 60 72

Figure 7.5 A N O V A  analysis o f  fine particle fraction o f  N PM Ps produced from M eO H :B A  system .

The issue o f  hygroscopicity o f  sugars may be relevant in the discussion o f  pulm onary delivery o f 

com posites o f  high sugar (trehalose and raffm ose) content. Edwards (1997) com pared two 

polym er form ulations o f  large porous particles in terms o f  respirable fraction determ ined in a 

cascade im pactor -  one type exhibiting hygroscopicity (consisting o f  poly(lactic acid-co-Iysine- 

^ra/?-lysine), and the other type no hygroscopicity (poly(iactic-co-glycolic acid)). The relative 

hum idity was not specified in this paper. No statistically significant difference was observed and 

the absolute particle mass density rather than particle chem istry or hygroscopicity was considered 

the prim ary determ inant o f  the relatively high respirable fractions observed. The lungs have a very 

high relative hum idity (~ 99.5%  at 37 “C) (Telko and Hickey, 2005) how ever, w hich is 

considerably higher than for exam ple the am bient relative hum idity in the laboratory at w hich ACI 

m easurem ents were carried out (generally ~  40%  R.H., higher in sum m er months). H ygroscopic 

particles may be subject to particle growth and loss o f particle structure follow ing inhalation, which 

m ay in turn affect lung deposition (Telko and Hickey, 2005). Form ulation o f  several excipients 

together for exam ple trehalose with HP-P-CD as proposed in Chapter 4 m ay take advantage o f  the 

qualities conferred by different excipients, and result in decreased hygroscopicity, and may w arrant 

further investigation.
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7 .4  M a i n  f i n d i n g s  o f  t h e  t h e s i s

■ N P M P s o f  lysozym e and trypsin  a lone  an d  co m p o site s  o f  ly sozym e w itii s tab ilis ing  

exc ip ien ts  w ere sp ray -d ried  from  E t0 H :H 2 0 :A C  system s. S ubstan tia lly  pure porous 

particles o f  p ro teins had not been  p rev iously  d escribed  in the litera tu re  by  a sp ray-dry ing  

m ethod. S uscep tib ility  to  stresses o f  the m ethod  depended  on  the p ro te in , w ith trypsin  

show ing  low er p rocess stab ility  than  lysozym e. T his so lven t feed  system  m ay be 

particu larly  su itab le  for p ro te ins w ith  low er m o lecu lar w eights ( ~  20  kD a) an d  h igh  p i ( -1 0  

- 1 1), s im ilar to  lysozym e and  trypsin  m odel p ro te ins, co nsidering  th e  p rocess stability .

■ N P M P s o f  treha lose  and raffin o se  w ere  sp ray -d ried  from  M eO H :B A  an d  M e 0 H :B A :H 2 0  

system s, po ten tia lly  rep resen ting  a carrie r system  fo r  pep tide  or p ro te in  o r o ther drug  

com pounds. N P M P s o f  pure, low  m o lecu la r w eigh t h yd roph ilic  sugars w ere  not p rev iously  

d escribed  in the literature. D ata ob ta ined  m ay also  be useful w hen  ad ap tin g  the sp ray- 

d ry ing  m ethod  to  o ther low  m o lecu lar w eight hydroph ilic  com pounds.

■ H ygroscop ic ity  o f  sp ray-dried  su g a rs  w as identified  as  a po ten tia l fo rm u la tion  d ifficu lty . 

C om posites o f  treha lo se :H P -P -C D  w ere  sp ray-dried  an d  m ay rep resen t a m ore stab le  

system .

■ N PM P  com posites o f  ly sozym e or trypsin  w ith  trehalo se , ra ffin o se  or H P -P -C D  w ere  

sp ray-d ried  from  M e 0 H :B A :(H 2 0 ). L ysozym e and  trypsin  in co m p o site  system s show ed  

excellen t p rocess  stability . S to rage  s tab ility  stud ies o f  co m p o site  system s (1 :4 m ass ra tios) 

show ed  reten tion  o f  partic le  m orpho logy , am orphous ch a rac ter and  therm al behav iour, 

s to red  at 4 °C and  25 “C w ith desiccan t for 12 w eeks. B io log ical ac tiv ity  o f  the  tw o  

p ro te ins in  these com posites w as u n changed  fo llow ing  sto rag e  at 4 °C w ith  desiccant. A 

sm all d ecrease  in  the  b io log ica l ac tiv ity  o f  trypsin , an d  no  sta tis tica lly  s ign ifican t loss o f  

b io log ica l ac tiv ity  o f  ly sozym e in these  com posites w ere observed , fo llow ing  sto rag e  under 

25 °C w ith  desiccan t. A d eq u a te  sto rage s tab ility  o f  co m p o site  N P M P s inc lud ing  treha lo se  

or ra ffinose  m ay  requ ire  a dcsiccan t to be included  in a po ten tia l delivery  device.

■ A  N P M P  com posite  o f  treha lose  w ith  the th e rap eu tica lly  u sed  pep tide  sa lm on  ca lc ito n in  

w as p roduced  using  a M eO H :B A  solvent feed system , suggesting  p o ten tia l for fu rther 

d eve lopm en t o f  th is system .

■ A ll N P M P s p roduced  d isp layed  favou rab le  p artic le  ch arac teris tics  an d  in -v itro  deposition  

ind icating  good po ten tia l fo r pu lm o n ary  delivery.
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7 .5  P r o p o s e d  f u t u r e  w o r k

■ Investigation o f  hygroscopic behaviour o f  sugar NPM Ps using dynam ic vapour sorption 

m easurem ents, to classify them  in term s o f  hygroscopicity and to investigate w hether they 

exhibit increased hygroscopicity com pared to  non-porous spray-dried particles, or 

depending on spray-drying and feed conditions. Investigation o f  im provem ent o f  

hygroscopicity  and stability o f  a com posites o f  cxcipients for exam ple trehalosc:HP-[3-CD.

■ D evelopm ent o f  the spray-dried catalase system s, and investigation o f  causes o f  failure to 

produce NPM Ps and loss o f  stability.

■ A pplication o f  the m ethod (for exam ple the M e0H :B A :H 20  system ) to  other candidate 

proteins or peptides and to potential therapeutic polysaccharides for exam ple heparin or 

low m olecular weight fragments.

■ Further developm ent o f  the salm on calcitonin;excipient system, including thorough 

analysis o f  process stability, and optim isation o f  excipient carrier system and feed 

conditions.

■ Investigation o f  distribution o f  com ponents in a co-spray-dried com posite system.
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A p p e n d ix  1: D e t a il s  o f  s p r a y - d r y in g  a n d  f e e d  c o n d it io n s

L y s o z y m e

Lysozyme -  Me0H:H20:(AC)
Title 

|lab book entry)
Notes

Solvent Process 
enhanccr 

(% of t.s.c.)

T.s.c.
(% w/v)

Mode
(drying

gas)/Cyclone

Inlet/Outlet 
temp ("C/“C)

Aspirator 
(®/o) /Gas flow 

(cm)

Pump 
setting (%)

Appearance 
of feed

Yield (volume 
spray-dried)

S 2 [l 7] 
*L6876

75% MeOH 16.67 AC 0.3 CM (NzVReg 90/53 100/4 30 cloudy 1.53% (60ml)

S 3 [l 8] 
L6876

75% MeOH 16.67 AC 0.3 CM (N2 )/Reg 90/53 100/4 30 cloudy 3.12% (100ml)

S 1 7 [l 40] 
L765I

75% MeOH 16.67 AC 0.3 CM (N2)/Reg 90/55 100/4 30 cloudy 6.56% (100ml)

SI [1 6] 
**L6876

75% MeOH 16.67 AC 0.3 CM (N2 )/Reg 90/53-56 100/4 30 cloudy N/d

S 9 [l 21]
L6876

75% MeOH 16.67 AC 0.3 CM (N2 )/Reg 110/64 100/4 30 cloudy 1.76% (100ml)

S 1 0 [l 23] 
L6876

75% MeOH 16.67 AC 0.3 CM (NzVReg 70/40 100/4 30 cloudy N/d

S 1 6 [l 36] 
L6876

55% MeOH 16.67 AC 0.3 CM (N2)/Reg 90/52 100/4 30 clear 16.76% (100ml)

S 1 2 [l 30] 
L6876

60% MeOH 16.67 AC 0.3 CM (N2)/Reg 90/52 100/4 30 clear 18.32% (100ml)

S 4 [l 11] 
L6876

75% MeOH - 0.25 CM (N2 )/Reg 90/56 100/4 30 clear 6.48% (100ml)

S46[2 11] 
L765I

60% MeOH 40 AC 0.4 CM (N2 )/Reg 90/50 100/4 30 cloudy 7.58% (50ml)

S 1 3 [l 31] 
L6876

65% MeOH 16.67 AC 0.3 CM (N2 )/Reg 90/57 100/4 30 cloudy 12.04% (100ml)

S 1 4 [l 32] 
L6876

70% MeOH 16.67 AC 0.3 CM (N2)/Reg 90/58 100/4 30 cloudy 13.8% (100ml)

S15 [1 35] 
L6876

80% MeOH 16.67 AC 0.3 CM (N2)/Reg 90/53 100/4 30 cloudy 3.36% (100ml)

S 8 [l 20] 
L6876

80% MeOH 33.33 AC 0.3 CM (N2)/Reg 90/57 100/4 30 cloudy 3.88% (100ml)
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S45 [2 10] 
L7651

65% MeOH 40 AC 0.4 CM (N 2 >/Reg 90/52 100/4 30 cloudy l% (50m l)

S44 [2 9] 
L7651

70% MeOH 40 AC 0.4 CM (N 2 )/Reg 90/53-56 100/4 30 cloudy 1% (50ml)

S43 [2 8] 
L7651

75% MeOH 40 AC 0.4 CM (N2 )/Reg 90/55-58 100/4 30 cloudy 0.5% (50ml)

S 3 4 [l 84] 
L765I

80% MeOH 40 AC 0.4 CM (N2 )/Reg 90/56 100/4 30 cloudy 3.75% (50ml)

♦ L6876 first lyophilised from solution at pH ~6 (adjusted using NaOH); ** pH o f L6876 in water component o f spray-drying feed system adjusted to pH6 (using NaOH)

Lysozym e- Et0H:H20:(AC or alternative ammonium salt)
Title 

|lab book entry]
Notes

Solvent Process 
enhancer  

(% o f t.s.c.)

T.s.c.
(%

w/v)

Mode (drying  
gas)/Cyclone

Iniet/Outlet
temp

(”C/"C)

Aspirator  
(®/o)/Gas flow  

(cm)

Pump  
setting (% )

A ppearance 
o f feed

Yield (volum e 
spray-dried)

S5 [1 12] 
L6876

75% EtOH - 0.3 CM (N 2 )/Reg 90/54 100/4 30 clear 7.24% (100ml)

S 7 [l 16] 
L6876

60% EtOH 16.67 AC 0.3 OM (N2)/Reg 90/53 100/4 30 cloudy 4.88% (100ml)

S23 [1 56] 
S 2 7 [l 64] 
L7651

80% EtOH 10 AC 0.3 OM (N2 )/Reg 78/46
78/49

100/4 30 cloudy 4.89% (50ml) 
7.7% (50ml)

S 29[l 66] 
L765I

75% EtOH 10 AC 0.3 OM (N2)/Reg 78/49 100/4 30 cloudy 6% (50ml)

S 3 0 [l 72] 
L7651

80% EtOH 10 AC 0.4 OM (N2)/Reg 78/48 100/4 30 cloudy 24.61% (50ml)

S31 [1 73] 
S 4 0 [l 144] 
S54 [2 48] 
S54b[2 116] 
S54c[3 65] 
S54d[3 89] 
L765I

80% EtOH 10 AC 0.5 OM (N 2 )/Reg 78/49
78/42
78/46-47
78/48
78/49-45
78/46-47

100/4 30 cloudy 32.8% (50ml) 
20.22% (50ml) 
35.4% (250ml) 
38.9% (500m!) 
52.3% (500ml) 
58,8% (500ml)

SI 17 [3 103]
L765I

80% EtOH 10 AC 1 OM (Air)/Reg 78/47 100/4 30% cloudy 35.8% (50ml)

SI 18 [3_104] 
L765I

80% EtOH 10 AC 2 OM (Air)/Reg 78/44-42 100/4 30% cloudy 53.4% (50ml)
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S 3 9 [l 143] 
L 765I

50%  EtOH 10 AC 0.5 OM (N2)/Reg 78/40-39 100/4 30 clear 7.51%  (50m l)

S 3 8 [ l  142] 
L765I

60%  EtOH 10 AC 0.5 OM (N2)/Reg 78/42 100/4 30 clear 10.76% (50m l)

S 4 2 [ l  147] 
L 765I

65%  EtOH 10 AC 0.5 OM (N2)/Reg 78/42 100/4 30 clear 14.89% (50m l)

S 3 7 [ l  141] 
L 765I

70% EtOH 10 AC 0.5 OM (N2)/Reg 78/40 100/4 30 cloudy 16.76% (50m l)

S33 [1 76] 
L765I

80% EtOH 5 AC 0.5 OM (N2)/Reg 78/49 100/4 30 cloudy 26.02%  (50m l)

S 2 4 [ l  57] 
S 2 8 [ l  65] 
L7651

80% EtOH 0.3 OM (N2)/Reg 78/48
78/49

100/4 30 clear 1.13% (50m l) 
21,33%  (50m l)

S 3 2 [ l  75] 
L7651

80% EtOH 10 AC 0.5 OM (NzVReg 85/53-55 100/4 30 cloudy 24.8%  (50m l)

S47 [2 23] 
L7651

70%  EtOH 10 AC 0.5 OM (N2)/Reg 90/50 100/4 30 cloudy 9.96%  (50m l)

S41 [1 146]
L7651

75%  EtOH 10 AC 0.5 OM (N 2)/Reg 78/42 100/4 30 cloudy 13.24% (50m l)

S63 [2 98] 
L765I
p H  in H 2 O 8.00 
using K O H

80% EtOH 0.5 OM (Air)/Reg 78/50-48 100/4 30 clear 28.96%  (50m l)

S62 [2 97] 
L7651

80%  EtOH 10 AHC 0.5 OM (Air)/Reg 78/47 100/4 30 cloudy 36.57%  (100m l)

S 6 5 [2  105] 
L765I

80%  EtOH 5 AHC 0.5 OM (Air)/Reg 78/41 100/4 20 cloudy 22.27%  (50m l)

S 6 9 [2  114] 
L6876

80%  EtOH 27.3 AF 0.55 OM (Air)/Reg 78/ 100/4 20 cloudy 0.0387g (50m l)

S68 [2 1 0 8 ]  
L6876

80% EtOH 27.3 AF 0.55 OM (Air)/Reg 90/59-57 100/4 20 cloudy 0.0226g (50m l)

S74 [2_123] 
L6876

80% EtOH 40 AF 0.5 OM (Air)/Reg 90/67-65 100/4 35 cloudy 0.0067g (50m l)

S 7 5 [2  124] 
L6876

80% EtOH 50 AF 0.5 OM (Air)/Reg 90/61-63 100/4 20 cloudy 0.0245g (100m l)

S 7 6 [2  125] 
L6876

80% EtOH 60 AF 0.5 OM (Air)/Reg 90/57 95/4 5 cloudy 0 .033 Ig  (100m l)





S87[2 157] 
L6876

80% EtOH 40 AA 0.5 OM (Air)/Reg 90/50-53 100/4 5 cloudy 0.0223g (100ml)

S93 [2_164] 
L6876

80% EtOH 50 AA 0.5 OM (Air)/Reg 90/55 100/4 5 cloudy 0.0705g (100ml)

S94[2 165] 
L6876

80% EtOH 60 AA 0.5 OM (Air)/Reg 90/57 100/4 5 cloudy 0.027g (100ml)

Lysozym e -  H2O
Title 

|lab book entry]
Notes

Solvent Process 
enhancer  

( % o f t.s.c.)

T.s.c.
(%

w/v)

Mode (drying  
gas)/Cyclonc

Inlet/Outlet
temp

(“€ /“€ )

Aspirator 
(% )/Gas flow  

(cm)

Pump 
setting (% )

Appearance 
of feed

Yield (volum e 
spray-dried)

S 6 [l 15] 
L6876

H2O 16.67 AC 0.3 OM (Air)/Reg 120/52 100/4 30 clear 17.8% (100ml)

S55 [2_52] 
S55b [3^77] 
S55c 13_127] 
L7651

H2O 20 AC 0.5 OM (Air)/Reg 120/56-55
120/53
120/59-55

100/-3
100/4
100/4

30 clear
clear
clear

36% (200ml) 
8.3% (100ml) 
34.5% (400ml)

S58 [2 70] 
S58b[3 67] 
S58c[4 112] 
L7651

H2O 0.5 OM (Air)/Reg 120/56-58
120/45
120/60

100/4 30 clear 41.4% (200ml) 
50.1% (200ml) 
48.7% (200ml)

Lysozym e -  M eO H :BA
Title 

|lab book entry]
Notes

Solvent T.s.c.
(% w/v)

M ode (drying  
gas)/Cyclone

Inlet/Outlet
temp

("c/°o
A spirator (% )/Gas 

flow (cm)
Pump
setting

(% )

A ppearance of 
feed

Yield (volum e 
spray-dried)

S96[2 170] 
*L7651

80:20 MeOH:BA 0.2 CM (N2)/HP 100/54 100/4 30 clear 18.4% (50ml)

S97[2 171] 
*L7651 
Nozzle 1.4mm

1:1 MeOH:BA 0.15 CM (N2)/HP 100/61 100/2 30 ~cloudy 24.9% (50ml)

* L7651 first lyophilised from solution at pH ~6 (adjusted using NaOH)





E x c i p i e n t s

T r e h a l o s e

Title 
|lab  book entry]

Notes (mass ratio)

Solvent Process 
enhancer 

( %  of t.s.c.)

T.s.c.
(%
w/v)

Mode (drying 
gas)/CycIone

Inlet/O utlet temp
(°C/"C)

A spirator (% ) 
/Gas flow (cm)

Pum p
setting

(% )

A ppearance 
of feed

Yield (volume 
spray-dried)

A1 [2 11 H2 O 25 AC 2 OM (Air)/Reg 100/56-51 100/4 30 clear 8.5% (50ml)
S 3 6 [l 1211 H2 O 25 AC 2 OM (Air)/Reg 110/64-61 100/4 30 clear 20.4% (25ml)
A 2f2  11 H 2 O 25 AC 2 OM (Air)/Reg 130/69 100/4 30 clear 36.2% (50ml)
A3 [2 21 H2 O 25 AC 2 OM (Air)/Reg 150/80 100/4 30 clear 41.3% (50ml)
S127[3 1761 H2 O - 2 OM (Air)/Reg 150/82-80 100/4 30 clear 9.4% (100ml)
B1 [2 131 
B 2[2  131 
B3 [4 951

H2 O 2 OM (Air)/Reg 130/66
130/67
130/67-65

100/4 30 clear 55%
N /d
IA.1%  (150ml)

S150(SS1)[4  941
+0.2%
Sulforhodamine 101

H2 O 2 OM (Air)/Reg 130/64 100/4 30 clear
(purple)

46.4% (100ml)

C [2  131 H2 O 40 AC 2 OM (Air)/Reg 130/66 100/4 30 clear 40.1% (50ml)
819 [1 50] 80% EtOH 10 AC 0.5 0M (N 2)/R eg 78/ 49 100/4 30 clear 20.17% (40ml)
820 [1 51] 90% EtOH 10 AC 0,5 OM (N 2)/R eg 78/48 100/4 30 clear 24.4% (40ml)
821 [1 531 80% EtOH 10 AC 0.5 OM (N 2 ) / Reg 85/51 100/4 30 clear 28.39% (40ml)
822 [1 541 80% EtOH 15 AC 0.5 OM (N 2)/R eg 78/47 100/4 30 clear 29.24% (40ml)
D [2  14] 60% EtOH 25 AC 1 OM (N 2)/R eg 90/ 49 100/4 30 clear 26.6% (50ml)
E [2  14] 60% EtOH 25 AC 1 OM (N 2)/R eg 95/54 100/4 30 clear 25.6% (50ml)
F [2  15] 70% EtOH 25 AC 1 OM (N 2)/R eg 90 /51-52 100/4 30 clear 28.1% (50ml)
G [2  15] 60% EtOH 10 AC 1 OM (N 2)/R eg 90/ 100/4 30 clear 30.3% (50ml)
8175 [4 182] 70% EtOH 10 AC 1 OM (Air)/Reg 90/ 56 100/4 30 clear 23.7% (25ml)
8174 [4 181] 80% EtOH 10 AC 1 OM (Air)/Reg 90/ 60-58 100/4 30 clear 36.3% (25ml)
850 [2 26] 
850c [2 168] 
8121 [3 117]

80:20
MeOH:BA

0.5 CM (N2 )/ Reg 100/65
100/61
100/65

100/4 30
35
30

clear 1.8% (50ml) 
1.5% (50ml) 
10.6% (200ml)

851 [2 29] [2 59] 
851r[3 142]

50:50
MeOH:BA

” 0.5 CM (N2 )/ Reg 100/64
100/64

100/4
100/4

30 clear N/d
2.9% (50ml)





S67[2 107] 
S67rl [2 180] 
S 67r2[i 13] 
S67r3 [3 21] 

Nz 1.4 mm 
S67r4[3 23] 
S67r6[3 43] 
S67r7[3 41] 
S67r8 [3 45] 
S67r9[3 107] 
S67rl0

80:20
MeOH:BA

0.5 CM (N2)/HP 100/63
100/64-60
100/61-59
100/62

100/64-62
100/63
100/61-57
100/61
100/58-56
100/58

100/2.5
100/4
100/4
100/2

100/2
100/4
100/4
100/4
100/4
100/4

30
30
30
30

30
30
25
25
30
30

clear 20.94% (100ml) 
43.3% (100ml) 
8.08% (50ml) 
17.44% (50ml)

21.4% (50ml) 
30.64% (50ml)
N/d
N/d
51.3% (200ml) 
39.9% (200ml)

SS2 [4_118]
+ 0.2% coumarin6

80:20
MeOH:BA

- 0.501 CM(N2)/HP 100/ 60 100/4 30 clear
(yellow)

42.4% (200ml)

S82[2 135] 
S82r[2 135]

60:40
MeOH:BA

- 0.6 CM (N2)/HP 100/58-57
100/59-56

100/4 30 clear 23.4% (50ml) 
35.9% (50ml)

S81 [2 134] 
S81r[2 1341

70:30
MeOH:BA

- 0.6 CM (N2)/HP 100/62-58
100/59-57

100/4 30 clear 25.1% (50ml) 
26.73% (50ml)

S80[2 133] 
S80r[2 133]

90:10
MeOH:BA

- 0.6 CM (N2)/HP 100/61-58
100/58-54

100/4 30 clear 24.8% (50ml) 
32.83% (50ml)

S72 [2 120] 80:20:10
M e0H:BA:H20

- 0.45 CM (N2)/HP 100/55 100/4 30 clear 51.3% (55ml)

S73 [2 1 2 1 ] 80:20:10
M e0H:BA:H20

- 0.45 CM (N2)/Reg 100/62 100/4 30 clear 29.8% (55ml)

S I22 [3_119] 15:15:1
M e0H:BA:H20

- 0.48 CM (N2)/HP 100/64 100/4 30 coarse
suspension

N/d

S83b
[3 106; 2 136]

49:49:2
M e0H:BA:H20

- 0.6 CM (Nj)/ Reg 100/61 100/4 30 suspension 6.5%

S83 [2 136] 
S120[3 116]

49:49:2
M e0H:BA:H20

- 0.6
0.6

CM (N2)/HP 
CM (N2)/HP

100/61
100/65

100/4
100/4

30
30

suspension 29.9%
24.1% (50ml)

SI 71 [4 1 5 3 ] 49:49:2
M e0H:BA:H20

- 0.3 CM (Nj VHP 100/53 100/4 30 clear 10.9% (30ml)

S137[4_71]
trehalose.mannilol
(9:1)

80:20
MeOH:BA

0.5 CM (N2)/HP 100/59 100/4 30 clear N/d

S I72 [4_154] 
trehalose: HP-fi-CD 
(1:1)

80:20
MeOH:BA

0.6 CM (N2)/HP 100/52 100/4 30 clear 26.6% (30ml)





R a f f in o s e

Title 
(lab book entry]

Notes

Solvent T.s.c.
(%  w/v)

Mode (drying 
gas)/CycIone

liilet/O utlet temp
Ccrc)

A spirator (% )/G as 
flow (cm)

Pump
setting

(% )

A ppearance of 
feed

Yield (volume 
spray-dried)

S70[2 117] 
S70b[2 158] 
S70rl[2 179] 
S70r2[3 12] 
S70r3 [3_20] 
Nz 1.4mm 
S70r4[3 22] 
S70r5[3 27] 
S70r6[3 29] 
S70r7[3 40] 
S70r9[3 61] 
S70rl0[4_6]

80:20
MeOH:BA

1 CM (N2)/Reg 100/63 
100/ 69 
100/64 
100/65 
100/64-65

100 /67 
100/ 68-66 
100 /66 
100/65 
100/65 
100/67

100/4
100/4
100/4
100/4
100/2

100/2
100/4
100/4
100/4
100/4
100/4

30
50
30
30
30

30
30
30
25
30
30

clear 2.5% (50ml) 
2.1% (50ml) 
9.4% (50ml) 
14.2% (50ml) 
26.4% (50ml)

24% (50ml)
N/d
27.06%(50ml)
N/d
N/d
44.12% (500ml)

S70c6[3 138] 
S70c6b [ 3151]
+ 0.2 % coumarin6

80:20
MeOH:BA

1.02 CM (N2 )/Reg 100 /64 
100/65

100/4
100/4

30 clear -  
yellow/green

12.1% (50ml)

S110[3_78] 90:10
MeOH:BA

1 CM (Nj)/ Reg 100 /59 100/4 30 clear N /d

S i l l  [3_79] 70:30
MeOH:BA

1 CM (Nj)/ Reg 100/67 100/4 30 clear 8.3% (50ml)

SI 12 [3_85] 60:40
MeOH:BA

1 CM (N2 )/ Reg 100/67 100/4 30 coarse
suspension

N /d  (stopped-nozzle 
blocking)

S71
[2 119]

50:50
MeOH:BA

1 CM (NsVReg 100/ 63 100/4 30 coarse
suspension

26.7% (50ml)

S88 [2_159] 80:20
MeOH:BA

1 CM (NjVHP 110/ 60 100/4 50 clear 17.4% (50ml)

S89 [ 2160] 80:20
MeOH:BA
(HPLC)

1 CM (N2)/Reg 110/61 100/4 50 clear 2.7% (50ml)

S159 [ 4131] 79:19:2
M e0H:BA:H20

0.5 CM (N2)/HP 100/ 58 100/4 30 clear 29% (100ml)
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S I04 f3-561 H 2 O 2.5 OM (Air)/Reg 110/56 100/4 30 clear 4.5% [25ml]
SlOl [3-531 H 2 O 2.5 OM (Air)/Reg 120/60-58 100/4 30 clear 22.0% [50mll
S103 [3-55] 
S103b [3-187] 
SI03c [4 7]
SI03d [4_13]

H 2 O 2.5 OM (Air)/Reg 130/70-68
130/66
130/58
130/68

100/4 30 clear 29.6% [25ml] 
35.3% [50ml] 
21.4% [200ml]
N/d

S103 sulflOl 
[3 185]
+0.2%
Sulforhodamine 101

H2 O 2.5 OM (Air)/Reg 130/66 100/4 30 clear 44.2% (50ml)

S I26 [3 J6 6 ]
+0.2 % coumarin-6

60% EtOH 1 OM (Air)/Reg 100/ 59 100/4 30 clear 25.7% (100ml)

POLYOLS

Title 
|lab  book entry)

Nates 
(mass ratio)

Solvent Process 
enhancer 
( ®/o of t.S .C .)

T .S .C .

(%
w/v)

Mode (dryin}» 
gas)/Cyclone

Inlet/O utlet temp
("C/"C)

A spirator (% )/G as 
flow (cm)

Pump
setting
(% )

A ppearance of 
feed

Yield
(volume
spray-dried)

S61 [2 93] 
mannitol

1:7:2
H20:M e0H:
BA

0.5 CM (N2)/HP 100/62-59 100/4 30 suspension N /d  (stopped-
nozzle
blocking)

S66 [2_106] 
mannitol 
filtered feed

1:7:2
H20:M e0H:
BA

0.5 CM (N 2 )/Reg 100/67 100/4 30 suspension N /d  (stopped-
nozzle
blocking)

S I40 [4_76] 
myo-inositol

H 2 O - 2 OM (Air)/Reg 130/64 100/4 30 clear 31.4%
(100ml)

S I47 [4_88] 
myo-inositol

H2 O - 2 OM (Air)/Reg 150/78 100/4 30 clear 58.3%
(100ml)

S I48 [4 89] 
myo­
inositol :PVP-kl 5 
(9:1)

H2 O 2 OM (Air)/Reg 150/78 100/4 30 clear 35.9% (50ml)





S149 [4_91] 
m yo­
inosito l :P  V P -kl 5 
(4:1)

H 2 O 2 OM  (A ir)/R eg 130/ 66 100/4 30 clear 27.0%  (25m l)

SI 51 [4 98] 
m v o -in o s ito l: 
P  VP-40 (9:1)

H 2 O 2 OM  (A ir)/R eg 130/64 100/4 30 clear 14.7%  (25m l)

S141 [4_77] 
m yo-inosito l

70%  EtOH 10 AC 0.5 OM  (A ir)/R eg 90 / 50 100/4 30 clear 28.4%
(100m l)

S I 45 [4 85] 
m vo-inosito l

70% EtOH - 0.5 OM  (A ir)/R eg 90/50 100/4 30 clear 28.1%
(100m l)

S155 [4_115] 
m yo­
inosito l :P  V P -kl 5 
(3:2)

80% EtOH 10 AC 0.3 OM  (A ir)/R eg 7 8 /4 8 100/4 30 clear 20% (100m l)

S I 56 [ 4 1 1 6 ]
m yo­
inosito l :P  V P -kl 5 
(4:1)

80% EtOH 10 AC 0.3 OM (A ir)/R eg 78/47 100/4 30 clear 16.6%
(100m l)
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LYSOZYME;EXCIPIENT COMPOSITES

LYS0ZYME:TREHAL0SE -  EtOHiHzOrAC

Title 
|lab book entry]

Notes 
(mass ratio)

Solvent Process 
enhancer 

( % of t.s.c.)

T.s.c.
(%

w/v)

Mode (drying 
gas)/Cyclone

Inlet/Outlet temp
(°C/"C)

Aspirator (%)/Gas 
flow (cm)

Pump
setting

(% )

Appearance 
of feed

Yield (volume 
spray-dried)

*H [2 21] 
L765I (1:1)

70% EtOH 25 AC 1 OM (N2)/Reg 90/50 100/4 30 cloudy N/d

S I05 [3 68] 
L6876 (1:1)

70% EtOH 10 AC 0.5 OM (Air)/Reg 78/ 47-44 100/4 30 cloudy 37.3% (100ml)

S100[3 15] 
L6876
S100b[3 108] 
S100c[3 118] 
S100d[3 120] 
S100f[3 179] 
L765I 
(1:1)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/50

90/54
90/52
90/49
90/52

100/4 30 cloudy 20.1% (100ml) 
36.3% (200ml) 
40.9% (400ml) 
36.8% (400ml) 
60.1% (400ml)

S I07 [3_69] 
L6876
S107f[3 180] 
L7651 (1:1)

80% EtOH 10 AC 0.5 OM (Air)/Reg 78/48 
78/ 48-47

100/4 30 cloudy 50% (100ml) 
55.8% (400ml)

S48 [2 24] 
L7651 (9:1)

70% EtOH 10 AC 0.5 OM (N2)/Reg 90/54 100/4 30 cloudy 13.7% (50ml)

S49 [2 25] 
L765I (4:1)

70% EtOH 10 AC 0.5 OM (N2)/Reg 90 /54-53 100/4 30 cloudy 19.3% (50ml)

S60[2 89] 
L7651 (7:3)

70% EtOH 10 AC 0.5 OM (Air)/HP 90/41 80/4 20 cloudy 24.4% (50ml)

S60b [2 90] 
L7651 (7:3)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/54-53 100/4 30 cloudy 19.1% (50ml)

S119[3 105] 
L6876 (1:4)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/53 100/4 30 cloudy 35.8% (100ml)
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L y s o z y m e :O t h e r  e x c i p i e n t  -  E t0 H :H 2 0 : (A C )

Title 
|lab book entry]

Notes 
(mass ratio)

Solvent Process 
enhancer 

( % o f  t.s.c.)

T.s.c.
(%

w/v)

Mode (drying  
gas)/Cyclone

Inlet/Outlet tem p
(“crc)

A spirator (% )/Gas 
flow (cm)

Pump
setting

(% )

A ppearance  
of feed

Yield (volum e 
spray-dried)

S I02 [3 54]
L6876:raffinose
(1:1)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/54-51 100/4 30 cloudy 13.69% (100ml)

S I58 [4_122] 
L6876:raffinose 
(1:1)

80% EtOH 10 AC 0.5 OM (Air)/Reg 78/42 100/4 30 cloudy 30.7% (100ml)

S I39 [4_75] 
L6876:inulin 
(1:1)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/51 100/4 30 cloudy 37.9% (100ml)

S25 [1 58] 
L7651.PVP- kI5  
(9:1)

80% 0.3 OM (N2)/Reg 78/48 100/4 30 clear 9.56% (50ml)

S 2 6 [l 59] 
L765LPVP- kI5  
(9:1)

80% 10 AC 0.3 OM (N2)/Reg 78/47 100/4 30 cloudy 20.49% (50ml)

S I38 [4_74] 
L6876:myo- 
inositol (1:1)

70% EtOH 10 AC 0.5 OM (Air)/Reg 90/ 52 100/4 30 cloudy 45.8% (100ml)

S152[4 110] 
L6876:
Myo-inositol:PVP- 
k l5  (5:3:2)

80% EtOH 10 AC 0.5 OM (Air)/Reg 78/48 100/4 30 cloudy 47.0% (100ml)

S153 [4 111] 
L6876:
myo-inositol: PVP- 
40 (5:4:1)

80% EtOH 10 AC 0.5 OM (Air)/Reg 78/47 100/4 30 cloudy 50.4% (100ml)

S154[4 114] 
L6876:
myo-inositol: PVP- 
k l5  (5:4:1)

80% EtOH 10 AC 0.5 OM (Air)/Reg 78/47 100/4 30 cloudy 48.6%(100ml)





L y s o z y m e : C y c l o d e x t r i n  o r  L y s o z y i v i e : S u g a r  -  M eOH:BA s y s t e m s

Title 
(lab book entry]

Notes 
(mass ratio)

Solvent
ratio

T.s.c.
(% w/v)

Mode (drying  
gas)/Cyclone

Inlet/Outlet
temp

(“crc)

A spirator 
(% )/Gas flow  

(cm)

Pump  
setting (% )

A ppearance of 
feed

Yield (volum e 
spray-dried)

S n  [1_24][1_37] 
H.6876: HP-fi-CD 
(4.8:95.2)

1:1 2.1 CM (N2)/Reg 100/69 100/4 30 cloudy 39.88% (50ml)

S 18 [l 42]
*17651: HP-fi-CD 
(1:4)

1:1 1 CM (N2)/Reg 100/67 100/4 30 -cloudy 
ppt on sides of 
conical flask

26.05% (40ml)

S18R1 [4 26]
LHl [4 166] 
*L6876: HP-fi-CD 
(1:4)

1:1 1 CM (N2)/HP 100/64
100/59

100/4 30 -clear 68.9% (75ml) 
74.5% (50ml)

S I29 [4 27] 80:20 0.5 CM (N2)/HP 100/61 100/4 30 -cloudy 53.9% (150ml)
LTl [4_165]
*L7651 :trehalose (1:4)

80:20 0.5 CM (N2)/HP 100/55 100/4 30 -clear 63.9% (150ml)

S I30 [4 28] 80:20 0.5 CM (Na)/Reg 100/67 100/4 30 -cloudy 27.9% (150ml)
SI30b [4 80] 80:20 0.5 CM (N2)/Reg 100/61-63 100/4 30 -clear 26.16% (200ml)
LRl [4 1 6 4 ]
*L7651:raffinose (1:4)

80:20 0.5 CM (N2)/HP 100/4 30 -clear 53.5% (150ml)

S131 [4 48] 80:20 0.5 CM (N2)/Reg 100/68 100/4 30 -cloudy 7.9% (50ml)
S131r[4_79]
*L7651 :raffmose (3:7)

80:20 0.5 CM (N2)/Reg 100/4 30 -clear 7.0% (50ml)

S I42 [4 78]
*L7651 :raffinose (3:7)

80:20 0.5 CM (N2)/HP 100/54 100/4 30 -clear 38.7% (50ml)

S I32 [4 49]
*L7651 :raffinose (1:1)

80:20 0.5 CM (N2)/HP 100/62-60 100/4 30 -cloudy 54.2% (40ml)

S I34 [4 60] 
HP-fi-CD alone

1:1 CM (N2)/HP 100/ 60-58 100/4 30 clear 62.9% (75ml)

*L6876/L7651 first lyophilised from water at pH ~6 (adjusted using NaOH)





OTHER PROTEINS/PROTEIN:EXCIPlENT COMPOSITES

T r y p s in  s y s t e m s  -  E T 0 H : H 2 0 : A C

Title 
|lab  book entry!

Notes 
(mass ratio)

Solvent Process 
enhancer 
(%  of t.s.c.)

T.s.c.
(%
w/v)

Mode (drying 
gas)/Cyclone

Inlet/O utlet temp
C c r c )

A spirator (% )/G as 
flow (cm)

Pump
setting
(% )

A ppearance of 
feed

Yield
(volume
spray-dried)

S I06 [3 66] 80% EtOH 10 AC 0.5 OM (N 2 ) /Reg i m s 100/4 30 cloudy 12.4% (25ml)
S108[3 72] 90% EtOH 20 AC 0.5 OM (Air) /Reg 78/44 100/4 30 cloudy 24.9% (50ml)
S109[3 73] 95% EtOH 40 AC 0.5 OM (Air) /Reg 78/47 100/4 30 cloudy 22.9% (50ml)
SI 13 [3 86] 98% EtOH 40 AC 0.5 OM (N 2 ) /Reg 78/53 100/4 30 cloudy 18.4% (50ml)
SI 14 [3 95] 95% EtOH 50 AC 0.5 OM (N 2 ) /Reg i m i 100/4 30 cloudy 13.6% (50ml)
8115 [3 961 95% EtOH 60 AC 0.5 OM (N 2 ) /Reg 78/48 100/4 30 cloudy 6% (50ml)
S116[3_99] 
trypsin: trehalose 
(1:1)

98% EtOH 40 AC 0.5 OM (N 2 ) /Reg 78/46 100/4 30 cloudy 17.2% (50ml)

S123 [3_121] 
trypsin: trehalose 
(4:1)

95% EtOH 50 AC 0.5 OM (N 2 ) /Reg 78/46 100/4 30 cloudy 17.3% (50ml)

S I25 [3_159]
trypsin:trehalose
(9:1)

95% EtOH 50 AC 0.5 OM (Air) /Reg 85/53-51 100/4 30 cloudy 22.8% (50ml)

8170 [4 1 5 5 ] 
trypsin: trehalose 
(9:1)

95% EtOH 50 AC 1.0 OM (Air) /Reg 85/49 100/4 30 cloudy 43.7% (50ml)

8124 [3122]  
trypsin:rafflnose
(9:1)

95% EtOH 50 AC 1.0 OM (Air) /Reg 85/55 100/4 30 cloudy 29.6% (50ml)
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T r y p s i n ; C y c l o d e x t r in  o r  T r y p s i n :S u g a r -  Me0H:BA:(H20) s y s t e m s

Title 
|lab  book entry)

Notes (mass ratio)

Solvent T.s.c. 
(%  w/v)

Mode (drying 
gas)/Cyclone

Inlet/O utlet temp
(”C/"C)

A spirator 
(% )/G as 
flow (cm)

Pump
setting

(% )

A ppearance of 
feed

Yield (volume 
spray-dried)

S133 [4 51] 
*trypsm:raffmose (1:4)

8:2 0.5 CM (N2)/HP 100/64 100/4 30 suspension, no 
solution in MeOH

26.7% (20ml)

S136[4_63] 
*trypsin:raffinose (2:98)

8:2 0.5 CM (N2)/HP 100/64 100/4 30 suspension, no 
solution in MeOH

5.6% (125ml)

S160 [4 1 3 2 ] 
tr)’psin:raffinose (1:9)

79:19:2
M e0H:BA:H20

0.5 CM (N2)/HP 100/57 100/4 30 -cloudy 31.3% (100ml)

S166[4 140]
TRl [4 1 6 1 ]
trypsin:raffmose (1:4)

79:19:2
M e0H;BA:H20

0.5 CM {N2)/HP 100/53
100/55

100/4 30 -cloudy 
Fine ppt

24.9% (100ml) 
30.4% (150ml)

S168 [4_148] 
trypsin:raffinose (1:1)

79:19:2
M e0H:BA:H20

0.5 CM (NjVHP 100/48-50 100/4 30 -cloudy 
(coarse ppt)

20.7% (50ml)

S144[4_84] 
trypsin:HP-fi-CD (1:9)

15:15:1
M e0H:BA:H20

1.61 CM (N2 VHP 100/59 100/4 30 -cloudy 58.6% (31ml)

S164[4 138]
THl [4 1 6 3 ] 
trypsin:HP-fi-CD (1:4)

15:15:1
M e0H:BA:H20

1.61 CM (N2)/HP 100/51
100/57

100/4 30 -cloudy 
-cloudy 
(coarse ppt)

63.1% (31ml) 
58% (45.5ml)

S169[4 149] 
trypsin: HP-P-CD (1:1)

15:15:1
M e0H:BA:H20

0.81 CM (N2)/HP 100/55 100/4 30 -cloudy 
(coarse ppt)

43.6% (31ml)

S I46 [4 87] 
trypsin:trehalose (1:9)

49:49:2
M e0H:BA:H20

0.3 CM (N2 VHP 100/58 100/4 30 -cloudy 28.7%(100ml)

S165[4 139]
TTl [4 1 6 2 ] 
trypsin:trehalose (1:4)

49:49:2
Me0H:BA:H20

0.3 CM (NzVHP 100/52
100/57

100/4 30 -cloudy 42.4% (100ml) 
42.5% (250ml)

S I67 [4 1 4 7 ] 
trypsin:trehalose (1:1)

49:49:2
M e0H:BA:H20

0.3 CM (N2)/HP 100/55 100/4 30 -cloudy 
(coarse ppt)

36.9% (100ml)

* tiypisn inititally freeze-dried from water (pH3)





C a t a l a s e

Title 
|lab book entry]

Notes 
(mass ratio)

Solvent Process 
enhancer 

(% o f t.s.c)

T.s.c.
(%

w/v)

Mode (drying 
gas)/CycIone

Inlet/O utlet temp
(“C/°C)

Aspirator (% )/Gas 
flow  (cm)

Pump
setting

(% )

Appearance of 
feed

Yield
(volum e

spray-dried)

S52 -catl[2_31] 50mM 
Phospate 
Buffer pH7

0.1
(Cat.)

OM (Air)/Reg 120/ 62 100/4 30 clear yellow 
solution

N/d

S 1 3 5 -ca t2
[4_62]

5mM 
Phospate 
Buffer pH7

0.5
(Cat.)

OM (Air)/Reg 120/58 100/4 30 clear yellow 
solution

N/d

S53 ^ a t3  [2 33] H 2 O 10 AC 0.25 OM (Air)/Reg 120 /62 100/4 30 clear yellow 
solution

8.4% (100ml)

S64-cat4 [2 1 0 4 ] H 2 O 10 AHC 0.25 OM (Air)/Reg 120/65-63 100/-3 20 clear yellow 
solution

N /d

S56-cat5 [2 53] 50% ETOH 10 AC 0.125 OM (Air)/Reg 78/38 100/-3 30 clear yellow 
solution

7.1% (200ml)

*S99 [2_173] 
catalase: trehalose
(I. I)

H 2 O 10 AC 0.5 OM (Air)/HP 120/41-37 80-85/4 30 clear yellow 
solutios

13.69%
(100ml)

S161 [4_133] 
catalase: trehalose 
0 :9 )

49:49:2
MeOH:BA:
H 2 O

0.3 CM (N2)/HP 100/57 100/4 30 cloudy 38.8%
(100ml)

S I62 [4 1 3 4 ] 
catalase: HP-fi-CD 
(1:9)

15:15:1
MeOH:BA:
H 2 O

1.61 CM (N2)/HP 100/57 100/4 30 cloudy 63.1% (31ml)

S I63 [4_135] 
catalase :raffinose
(1:9)

79:19:2
MeOH:BA:
H 2 O

0.5 CM (N2)/HP 100/51 100/4 30 cloudy 41.3%
(100ml)





S a l m o n  c a l c i t o n i n : t r e h a l o s e  -  M eOH:BA s y s t e m

Title 
|lab  book entry]

Notes (mass ratio)

Solvent
ratio

T.s.c.
(%  w/v)

Mode (drying 
gas)/Cyclone

Inlet/Outlet
temp

("C/"C)

A spirator 
(% )/G as flow 

(cm)

Pump 
setting (% )

A ppearance of 
feed

Yield (volume 
spray-dried)

S I73 [4 J 7 9 ]
SCt: trehalose (1:19)

80:20 0.5 CM (NjVHP 100/57 100/4 30 clear 34.1% (20ml)
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A p p e n d i x ! :

DSC of trehalose NPMPs spray-dried from MeOH:BA showing difference in recrystallisation 

peaks between batches.

^exo

E—

20
mW

100 120 14040 60 80 160 180 200 240 280260

10 20 22 2614 16 24
»

DSC analysis (25-300 "C at 10 "C/min) of:

2 batches o f spray-dried trehalose from 90:10 MeOH:BA (brown and light blue scans) 

2 batches o f spray-dried trehalose from 80:20 MeOH:BA (dark blue and black scans) 

2 batches o f spray-dried trehalose from 60:40 MeOH:BA (green and red scans)





A p p e n d ix  3:

Selected XRD, DSC and TGA of lysozyme:excipients or trypsin:excipient composites on 

storage stability (Chapters 5, 6)

iir^

(b)

y y ' i ’sit'i .(e)

?,4.V'̂  {̂ '+''', /  'Vi,, »*,'‘i’*’'--̂ ;<b)

2 t̂ >e(a i deg^^ees i 2 theta degrees)

XRD o f  lysozymertrehalose (1:1) spray-dried from conditions 1 (left) spray-dried from conditions 2 (right) 

(a) week 1 (b) week 2 (c) week 9 (d) week 16 (e) week 20, storage at 4 °C/desiccant

DSC o f  lysozym e:trehalose (1:1) spray-dried from conditions 1 (left) and spray-dried from conditions 2 

(right); broken line -  freshly prepared material, solid line after (a) 2 weeks (b) 9 weeks (c) 16 weeks (d), (e) 

20 weeks, storage at 4 °C/desiccant

2 i

TGA o f  lysozym e:trehalose (1:1) spray-dried from conditions 1 (left) spray-dried from conditions 2 (right); 

broken line -  freshly prepared material, solid line after (a) 1 week (b) 2 weeks (c) 5 weeks (d) 9 weeks (e) 12 

weeks (f) 16 weeks and (g) 20 weeks, storage at 4 °C/desiccant



4 “C/desiccant 25 °C/desiccant

(a)

w—

: I
i/

T T

DSC (day 1, week I,  week 4, week 8, week 12 in ascending order) scans o f composite particles (a) 

lysozyme;trehalose (1:4) (b) lysozyme:raffinose (1:4) (c) lysozyme:HP-P-CD (1:4) stored at 4 °C/desiccant 

(left trace), 25 “C/desiccant (right trace); broken line shows freshly spray-dried material.

2 theta (degrees)

10 15 20 25 30 35 40

2 theta (degrees)



2 theta (degrees)

XRD o f composite particles (a) lysozymertrehalose (1:4) (b) lysozyme:raffinose (1:4) (c) lysozyme:HP-p-CD 

(1:4) at 4 “C/desiccant (top trace), 25 “C/desiccant (bottom trace) after 12 weeks storage



4 °C/desiccant 25 °C/desiccant

*€xo '^exo

(a)

26 Bln

(b)

?o ?f> ml0 8 1. II

(c)

220 280
2 X

DSC (day I, w eek 1, w eek 4, w eek 8, w eek 12 in ascending order) scans o f  com posite particles (a) 

trypsin:trehalose (1:4) (b) trypsin:raffinose (1:4) (c) trypsin :H P -P -C D  (1:4) stored at 4 °C /desiccant (left 

trace), 25 “C/desiccant (right trace).



4 °C/desiccant 25 “C/desiccant

(a)

T

niii

TGA (week 1, week 4, week 8, week 12 in ascending order) scans of composite particles (a) trypsin:trehalose 

(1:4) (b) trypsin;raffinose (1:4) (c) trypsin;HP-p-CD (1:4) stored at 4 “C/desiccant (left trace), 25 

“C/desiccant (right trace).

(a)

10 15 20 25  30 35 40

2 theta (degrees)

( b ) t

10 15 20  25  30 35 40

2 theta (degrees)



I  - - - - - - - - 1--- - - -- - - - -   1-------- '-- 1- ------ '- - - - - - - - - - 1-- - - - '--------- 1- --- - - - - -   1--- '------- 1
5 10 15 20 25 30 35 40

2 theta (degrees)

XRD traces o f 1:4 mass ratio composites (a) typsin:trehalose (b) trypsinirafflnose (c) trypsin:HP-B-CD, after 

storage for 12 weeks at 4 °C/desiccant (top trace), and at 25 “C/desiccant (bottom trace). (Siemens XRD 

used)



APPENDIX 4: Example of Andersen Cascade impactor calculation

Calculation of Rne Particle fraction, Mass Median Aerodynamic Diameter (MMAO) and Geometric Standard Deviation
S129_ 3 (BCA methodrmicroplate^

Weight (mg) Percentage
Empty Weight of Capsule 43.872

Full Weight of Capsule (half filled with powder) 68.84
Weight of Powder in the Capsule 24.968

Weight of powder in Capsule '*■ Device after experiment 5.05
Emitted Dose 19.92 79,77

Emitted Dose (recovered) 20.02 80.17
Fine Particle Fraction/Respirable Fraction 62.47

Dose accounted for 100.40

Flow rate (Umin) 50.8
Time per actuation (s) 4.9

Andersan Cascade Components Mass (mg)
Mouth piece ad^itor. Induction port 5 2 3

Stage-1 0.69
stage  4 0.59
Stage 1 0 81
Stage 2 2.18
Stage 3 4.98
Stage 4 4.08
Stage 5 1.01
s ta g e s 0.13

FtKar 0.32
Total Mase of Powder detveiBd to apparaluB tA) 20.02

Mass of drug recovered frwn the impactor stages twneath the uppermoet stage (S ta g es-1 to F) ( B ) 14,78
U ase of drug captured f t  the line peiticte s e e  range (Stagesi - f ) ( ^ ) 13.50

Calculation of H ass Medtan Aerodynamtc Oometer and the Geometric Standard Deviation

£CD (EffKtiv* Cut-Off
Andersen Cascade Components Oiaraater) Stage collection (%) Cumulative (%)

Filter 0.43 2 14 2.14
Stage 6 0.76 0 87 3.01
Stage 5 1 20 6 8 4 9.85
Stage 4 2.28 27.59 37 44
Stage 3 3.59 33.67 71.11
S tag e2 5.11 14.73 85 85
Stage 1 6.30 5.49 91.33
Stage -0 9 7 8 3 97 95.30
Stage -1 4.70 100.00

Andarsan C ascade Components Cumutativa (%) zscore ECO
RNer 2.14 -2.02 0.43

Stage 6 3.01 -1 88 0.76
Stage 5 9.85 -129 1.20
Stage 4 37 44 -0 32 22 8
Stage 3 71.11 0 5 6 3.59
Stage 2 85 85 1.07 5.11
S ta g e l 91.33 1.36 6.30
Stage -0 95.30 1.67 9.78
Stage -1 100 00

P M  o f the  tav cn e  d b tiB m tto e  o f the  caauita 
ta ipec to r agiiiMit dw  !■ E C D  lE in c tk e

* = 0.70721 *0.9186
,  200 

I T - 0 9 7 1 5
P
S  i ° 2 -
s  ^

i t t r r  m m x % coSected la tbe 
of d ta n c te r ) o f (hr stages

-Z »  -1,00 -050-0.30).
*  -I flO 

zscoras

0 0 so 100 1 so 2 00

ln<ECD)
-0.83
■027
0.18
0.83
128
1.63
1.84
2 28



Calculation o f the fine particle fraction and particle fration < Smicrometre

Andersen Cascade Components
ECO (Effectrve Cut-0(T 

Diameter) Stage collection

FiRer 0.43 1.583314831
Stage 6 0.76 0.639709147
Stage 5 1.20 5052453375
Stage4 2.28 20 37355684
Stage 3 3.59 2486956039
Stage 2 5.11 1088199378
Stage 1 6.30 4.053341474
Stage-0 978 293
Stage -1 3.47

Mouth nece. Induction Port 26.15

Cumutatrve (%) 

1.58 
2.22 
7.28 

27.65 
52.52 
63.40 
67.45 
70.38 
73.85 

100

Andersen Cascade Components • ECO
FiRer 1.58 -2 148596361 0.43

Stage6 2.22 -2.009722012 0.76
Stage 5 7.28 -1.45557744 120
Stage4 27.65 •0 593299423 2.28
Stage 3 52.52 0.063173623 3.59
Stage 2 63.40 0342482107 5.11
Stage 1 67.45 0452482585 6.30
Stage-0 70.38 0.535455906 9.78
Stage -1 73.85 0.638844345

Fine particle fraction 62.47! 0.317772509!
Particle fraction < 3 micrometer 3 7 « -0.306708694i

IV t  of the invcne distrihtdkmof the curouiativc mass % collcclei 
the in EiCD (EiTicttce cui of diatnelcrl of the

y = 0 8 1 8 x +  1 3495 ^ 

R* = 0  9906 1 5 .

a  ■ 

c 0 5  .

m the ACl appuaius 
SUJFS

«

♦

-2.5 -1 5  -1 * 5  1 0.5 1

fnfECO)
-0 .8 3 3 0 6 6 6 2 8

-0.27345084
0.178534284
0.825161449
1.277146672
1.630786613
1.841082021
2.280448681

i.60943 l l H



APPENDIX 5: Example of lysozyme activity assay calculation

01/08/2007 s18rl
Tlm« (s) A450nm

Blank Te»t1 Test2
0

30 0.717 0.691 0.691
60 0,718 0.672 0.672
90 0.717 0.652 0.654

120 0.717 0.635 0,635
150 0.716 0.617 0.619
180 0.716 0.6 0,602
210 0.716 0.583 0,586
240 0.715 0.566 0,569
270 0.715 0.549 0,553
300 0.715 0.532 0,536
330 0.716 0.515 0.519

T A A 450nm/min
Blank Testi Test2 ' Aveng*

0
30-60 -0.001 0.019 0.019 0.019
60-90 0.001 0.02 0.018 0.019

90-120 0 0,017 0,019 0.01S
120-150 0.001 0.018 0.016 0.017
160-180 0 0.017 0.017 0.017
180-210 0 0.017 0.016 0.0165
210-240 0.001 0.017 0.017 0.017
240-270 0 0.017 0.016 0.0165
270-300 0 0.017 0.017 0.017
300-330 -0.001 0.017 0.017 0.017

average A A 450nm/30s 0,000222222 0.0176 0.0172 0.0174
st,dev. 0,000666667 0,001074968 0.001135 0.000937

average A A 450nm/min (lin) 0.00075 0.035 0.034
stdev. 0.000517549 0.001069045 0.001069 o.ooflll

unlts/ml 342.5 332 5
unlts/mq solid 42812.5 41562 5

untts/mg protein (as per BCA)

y = -1E-05x* 0.7183 
g 0 9075

y = -0.0006X ♦ 0.7048 
r 2 = 0 9996

y = -0.0006x* 0.7041 
R^ = 0 9995

Time (t)

01/08/2007 S l8 ii
Time (s) A 450nm

Blank Testi Test2
0

30 0,717 0.614 0,614
60 0,718 0.594 0.593
90 0,717 0.574 0.574

120 0.717 0.556 0.556
150 0,716 0.537 0.538
180 0,716 0.52 0.521
210 0.716 0.503 0,504
240 0.715 0.487 0,488
270 0.715 0.47 0,471
300 0.715 0,454 0.456
330 0.716 0.438 0.439

SLOPE -1.22222E-05 -0.00058000 -0.00057

075  ̂
07 

0.65
I 06
S 0.55

i  05
0.45
04

0.35

y = -1E-05x* 0 7183
-  R - = 0 9075

50 100 150 200 250 300 350

Time(s)

T A A 450nm/mln
Blank Testi Test2

0
30-60 -0.001 0.02 0.021 o.catt
60-90 0.001 0.02 0.019 o .m

90-120 0 0.018 0.018 O.Oli
120-150 0.001 0.019 0.018 O.O-MI
150-180 0 0.017 0.017 -  o.m
180-210 0 0.017 0.017 o.oil
210-240 0.001 0.016 0.016 o.oil
240-270 0 0.017 0.017 o.oil
270-300 0 0.016 0.015 o.oisl
300-330 -0.001 0.016 0.017 o.oiii

average A A  450nm/30s 0.000222222 00176 0.0175 0.01755
St.dev. 0.000666667 0.001577621 0.00165 0.001571

average A A 450nm/min (lln) 0.00075 0.035 0.03425 mstdev. 0.000517549 0.001414214 0.001246

units/ml 342.5 335
units/mq solid 42812.5 41875

units/mg protein (as per BCA) 3«4M

01/08/2007 si8r1
Time (s) A 450nm

Blank Testi Test2
0

30 0.717 0.602 0.598
60 0.718 0.584 0.578
90 0.717 0.567 0.56

120 0.717 0.55 0.54
150 0,716 0.53 0.524
180 0.716 0.514 0.505
210 0 716 0.497 0.488
240 0.715 0.481 0.471
270 0.715 0.465 0.453
300 0.715 0.449 0.437
330 0 716 0.433 0.422

T A A 450nnVmin
Blank Testi Test2

0
30-«0 -0.001 0.018 0.02 r  O .fl
60-90 0.001 0.017 0.018 0.017

90-120 0 0.017 0.02 o.oil
120-150 0.001 0.02 0,016 0.01
150-180 0 0.016 0,019 0.017
180-210 0 0.017 0,017 0.0*1'
210-240 0.001 0.016 0,017 0.016|
240-270 0 0.016 0,018 o.o-il
270-300 0 0.016 0,016 o.oi4
300-330 -0.001 0.016 0,015 o.oisl

average a A 450nm/30s 0.000222222 0.0169 0.0176 0.01725
St.dev. 0.000666667 0.001286684 0.001713 0.001087

average A A 450nm/min (lin) 0.00075 0.03375 0.03525
stdev. 0.000517549 0.001356203 0.001408 0.000802

units/ml 330 345 i i i  J
units/mq solid 41250 43125

units/mg protein (as per BCA) Imy = -0.0006x + 0.6169 
R^s 0.9992

y = -0.0006X ♦ oeT  
r 2 = 0.9996

Time (s)





APPENDIX 6: Example of ttypsin activity assay calculation

OS/06/2007 &124
Time (s) A 253nm

Blanit Testi Test2
0

30 0.53 0.581 0.591
60 0532 0.616 0.629
90 0.532 0649 0.663

120 0.533 0.683 0.694
150 0.534 0.716 0,727
180 0 534 0.75 0.761
210 0534 0.781 0.791
240 0534 0.79 0.798
270 0.535 0.79 0.798
300 0 535 0.79 0,798
330 0.536 0,79 0,798

SLOPE 2.57143E-05 0.00112286 0.00111905

1 0.65
2  0.6 
<  055

0.5
0.45

y = 0.0011x + 0.5479 
R’  = 0.9999

*  0.001 I x f  0.5597 
R^ = 0.9

y=jt-ubx*u.bL!yb—
R  ̂= 0.9205 

50 100

Time{s)

T AA253nm/min
Blank Testi Test2

0
30-60 -0,002 -0.035 -0.038 -0 .0 3 ii
60-90 0 -0.033 -0,034 -0.0M

90-120 -0,001 ^.034 -0.031 -  ^.osl
120-150 -0,001 -0,033 -0,033 •o.ofl
150-180 0 -0.034 -0,034 -o.oil
180-210 0 -0,031 -0,03 •o.oafl
210-240 0 -0,009 -0,007 •o.ofl
240-270 -0,001 0 0
270-300 0 0 0 0
300-330 -0.001 0 0 0

average A A 253n(n/min (t150-30) •0.002 •0.0676 •0.068 •0.06775
st.dev. (t150-30) 0.000816497 0.000967427 0.002944 0.001797

unKs/mi
units/mg soiid

units/mg protein (as per BCA) •993V

05/06/2007 8124
Time (s) A 253nm

Blank Testi Test2
0

30 0,53 0607 0,593
60 0532 0642 0,628
90 0.532 0679 0,663

120 0.533 0715 0,697
160 0.534 0.75 0,736
180 0 534 0782 0,769
210 0.534 0806 0,796
240 0.534 0806 0,799
270 0.535 0,806 0.799
300 0.535 0.806 0.799
330 0.536 0,806 0.799

T A A 253nni/min
Blank Testi Test2

0
30^60 -0.002 -0.035 -0.035 -o.ou
60-90 0 -0.037 -0.035 -0 .0 ^

90^120 -0.001 -0.036 -0.034 -0.035
120^150 -0.001 -0.035 -0.039 •0.03^
150-180 0 -0.032 -0.033 -0.0325
180-210 0 -0.024 -0.027
210-240 0 0 -0.003
240-270 -0,001 0 0 - i270-300 0 0 0
300-330 -0.001 0 0 i

average A A 253nm/min (t150-30) -0.002 •0.0715 -0.0715 •0.0716
stdev. (t150-30) 0.000816497 0.000967427 0.002217 0.000967

units/ml
units/mg solid • 7 1 2 0 M

units/mq protein (as per BCA)
Y»0 0012x *  0 5709 

R^s 0 9999

y = 0.0012x* 0.5569 
R^* 0.9996

y=3E-05x* 0.5295

Time (s)

05/06/2007 8124
Time (s) A 253nm

Blank Testi Test2
0

30 0.53 0596 06
60 0532 0,626 063
90 0532 0,658 066

120 0533 0,69 0.692
150 0534 0721 0.724
180 0 534 0753 0,756
210 0534 0783 0.786
240 0534 0805 081
270 0535 0805 081
300 0,535 0805 081
330 0.536 0.805 0.81

SLOPE

0,75

0.7

1
0.65

S 0.6

< 055

0.5

045

3E-05 0.00104667 0.00103333

y = 0001x + 0.564 
r2 = 0.9999

»0.001x* 0.5682 
R* = 0.9997

= 3E-05X *  0.5295 
R  ̂= 0 9205

50 100

Time (s)

T A A 253nm/min
Blank Testi Test2

0
30^60 -0.002 -0.03 -0.03 <o.oa
60-90 0 -0.032 -0.03 -o.oil

90-120 -0.001 -0.032 -0.032 -o.<m
120^150 -0.001 -0.031 -0.032 -0 .0 3 t!
150^180 0 -0.032 -0.032 -0 .0 ^
180-210 0 -0.03 -0 03 •o.a|
210-240 0 -0.022 -0.024 •Q.OM
240^270 •0.001 0 0
270-300 0 0 0 <
300^330 -0.001 0 0 <

average A A 253nm/min (t150-30) •0.002 •0.0625 •0.062 -0.06226
stdev. (t150-30) 0.000816497 0.000957427 0.001156 0.000864

unlts/ml
units/nK) solid •6846.811

unlts/mg protein (as per BCA)
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A p p e n d ix  7:

Parameters in the SSlogis model used for non-linear regression fitting of the calcitonin activity data 

-  Dr. Sinead Ryan (coefficients and 95 % confidence intervals are given in Chapter 6).

I S cale .factor J

Efficacy

log[concentratjon]



Results and model parameters, from re-plotting the data using dose response curve (variable slope), 

using GraphPadS Prism Software Inc.

log(agonist) vs. response - Variable slope set SCT:Trehalose

Best-fit values
Bottom (%) -3.085 -2.215

Top (%) 100.9 94.76

LogECSO -0.08718 0.1259

HillSlope 0.3816 0.4556

EC50 (nm) 0.8181 1.336

Span 104 %.98

Std. Error

Bottom (%) 2.718 1.084

Top (%) 2.562 1.17

LogEC50 0.1022 0.04693

HillSlope 0.03664 0.02224

Span 4.533 1.864

95% Confidence Intervals

Bottom (%) -8.709 to 2.539 -4.458 to 0.02764

Top ( % ) 95.63 to 106.2 92.34 to 97.18

LogEC50 -0.2987 to 0.1244 0.02884 to 0.2230

HillSlope 0.3058 to 0.4574 0.4096 to 0.5016

EC50 nm 0.5027 to 1.332 1.069 to 1.671

Span 94.64 to 113.4 93.12 to 100.8

Goodness of Fit
Degrees of Freedom 23 23

0.9911 0.9974

Absolute Sum of Squares 334.9 95.97

Sy.x 3.816 2.043

Number of points

Analysed 27 27

loq(FC5(l

I og[ConcerA ratio n] 

( X )
Y . RnB n ^ .  (Top-Boltom)

j ^  j jj(|jogEC50-X) HillSlope



A p p e n d ix  8;

Phase separation of lysozyme and trypsin in Et0H;H20:AC systems producing NPMPs following 

spray-drying

Lysoyzme (L7651), 10 % of t.s.c. AC, 0.5 % t.s.c, 80 % EtOH

Tryspin (93610), 50 % of t.s.c. AC, 0.5 % t.s.c. 95 % EtOH; red arrow shows deposition of some 

coarser material on the sides of the feed vessel


