
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



DEVELOPMENT OF SALMON CALCITONIN (sCT) 

NANOPOROUS/NANOPARTICULATE 

MICROPARTICLES FOR PULMONARY DELIVERY

Presented by:

Maria Ines Amaro, M.Pharm., M.P.S.I.

being a thesis for the degree of Doctor in Philosophy in Pharmaceutics

a t the

University of Dublin, Trinity College

Under the direction and supervision o f 

Professor Anne Marie Healy B.Sc. (Pharm.), Ph.D., F.T.C.D., M.P.S.I. 

Associate Professor Lidia Tajber, B.Sc. (Pharm.), Ph.D.

and

Professor Owen I. Corrigan 

B.Sc. (Pharm.) (N.U.I.), M.A., Ph.D. (N.U.I.), F.T.C.D., F.P.S.I.

2013



DECLARATION

This thesis is submitted by the undersigned to the University of Dublin, Trinity College, for the 

examination for the degree of Doctor of Philosophy. This thesis is my own work and effort and it 

has not been submitted as an exercise for a degree at this or any other University. Where other 

sources of information have been used, they have been acknowledged. I agree that the Library 

may lend or copy the thesis upon request.

Maria Ines Amaro /  '

/

Y t r in ity  c o l le g e ^

2 h MAT 2013 

^LIBRARYDUBLIN ^



SUMMARY

The studies in this thesis focus on the developm ent and production by spray drying of porous 

m icroparticulate systems designed fo r the pulm onary delivery o f a therapeutic  peptide -  salmon 

calcitonin. The nanoporous/nanoparticulate microparticles (NPMPs) developed are composite 

systems comprising stabilising excipient, trehalose and raffinose w ith bioactive. In all cases the  

physicochemical characteristics w ere studied by differentia l scanning calorim etry (DSC), 

therm ogravim etric  analysis (TGA), gas chrom atography w ith flam e ionisation detector (GC-FID), 

infrared spectroscopy (IR), X-ray pow der diffraction (XRPD) and dynam ic vapour sorption (DVS). 

Particle m orphology was visualised by scanning electron microscopy (SEM). O ther m icrom eritic  

characteristics o f NPMPs, i.e., specific surface area, particle size, bulk and tap densities w ere also 

assessed. In -vitro  deposition o f powders was evaluated using a Next Generation Im pactor (NGI). 

Studies directed at elucidating the pharmacokinetics o f salmon calcitonin from  particles 

adm inistered by pow der insufflation in rats w ere also perform ed.

O ne-factor-at-a-tim e (OFAT) optim isation studies on the spray drying process o f raffinose and 

trehalose w ere  initially perform ed. The effects o f altering inlet tem perature , feed flow  rate and 

feed concentration on pow der physicochemical properties w ere investigated. Powders were  

am orphous in nature. M icroparticles w ere spherical and porous w ith  a median particle size < 

3 |jm . Bulk and tap densities w ere low, ~0.11 and ~0.18 g /cm ^ respectively. Residual solvent 

content in both pow der types was ~3-4%  for the m ajority o f samples. By choosing appropriate  

spray drying conditions, stickiness o f sugar NPMPs could be decreased and the yield increased.

The OFAT did not fully cover the d ifferen t param eters of the spray drying process, therefore , the 

effect o f four param eters (air in let tem perature , gas flow , feed rate and feed concentration) on 

the production and characteristics o f sugar NPMPs w ere evaluated by a factorial experim ental 

design. Five responses w ere studied: yield, geom etric m edian particle size (dso), residual solvent 

content (RSC), specific surface area (SSA) and outle t tem peratu re  (Toutiet)- The design of 

experim ent (DOE) conducted revealed that the most significant factors affecting raffinose and 

trehalose powders w ere as follows: yield - gas flow  and pum p setting; particle size and specific 

surface area -  gas flow  rate; residual solvent and outlet tem peratu re  -  inlet tem perature . It was 

found th a t particles o f the same size w ith increasing surface area will present higher pow der 

deposition in stages w ith  a cut-off point less than 5 ^m. A linear relationship was found to  exist 

betw een SSA and the in-vitro  deposition of the sugar NPMPs.

The NPMPs w ere then prepared by co-spray drying trehalose w ith raffinose or with  

hydroxypropyl-p-cyclodextrin (HPPCD) and, raffinose w ith  HPPCD at d ifferent ratios. The



inclusion of raffinose or HPpCD in trehalose and raffinose NPMPs resulted in powders with 

improved physicochemical characteristics, physical stability and aerodynamic behaviour, 

compared to spray dried raffinose and trehalose particles. As for raffinose and trehalose NPMPs, 

these composite particles were regarded as suitable for pulmonary delivery.

Sugar-based nanoporous/nanoparticulate microparticles loaded with salmon calcitonin (sCT) 

could be produced using the same process conditions as for raffinose, trehalose and sugar 

composite NPMPs. The addition of peptide to the systems did not affect powder aerosol 

deposition, with a fine particle fraction (FPF) less than 5 ^m of more than 80%. Peptide 

processing stability was found to be better for raffinose and raffinosexyclodextrin systems than 

for systems containing trehalose as the stabilising agent. Preliminary pharmacokinetic studies 

indicated that sCT dry powder formulations had a similar pharmacokinetic profile as sCT 

solution.

Raffinose and raffinose:HPpCD NPMPs could be produced by spray drying in larger dimension 

spray dryers such as the Niro Mobile Minor and Niro SDMicro. Powders presented, in general, 

higher geometric median particle size and residual solvent content and smaller SSA than those 

produced using the Buchi Mini spray dryer B-290. However, the in-vitro deposition studies 

showed NPMP powders produced in the Niro Mobile Minor presented similar deposition profiles 

and deposition parameters to those spray dried with the Biichi Mini Spray Dryer, while powders 

prepared on the Niro SDMicro powders had higher fine particle fractions than those prepared 

with the Biichi instrument.
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ORIGIN AND SCOPE

Pulm onary drug delivery using dry pow der inhalers (DPIs) is an im portant research area, 

im pacting on the trea tm en t o f respiratory diseases such as asthma and chronic obstructive  

pulm onary disease. Inhalation allows non-invasive drug targeting. In recent years, it has becom e  

an a lternative for systemic delivery o f peptides and proteins, improving th e ir bioavailability and 

effectiveness (Patton, 1996; Patton et al., 2004; Daniher et al., 2008). Over the past 40  years, 

DPIs have been m arketed w ith various devices and form ulations, the Exubera™ product by 

N ektar/P fizer being the most recent exam ple o f m arketed pulmonary delivery o f a protein  

(Hickey, 2005; Chan, 2006). Currently m any investigations are being pursued by the  

pharm aceutical industry such as the AIR system (Alkerm es/Eli Lilly), the Technosphere system  

(M annkind) and Kos inhaled insulin (Kos Pharm /A bbott) fo r Type I/ll diabetes, and Granulocyte- 

colony-stim ulating factor (G-CSF) fo r N eutropenia (Amgen)(Kunda, N.K. e t al., 2012). The 

inhalers em ploy the patient's inspiratory flow  as the means of dispersion and en tra inm ent o f the  

aerosol into the lungs (Hickey, 2005; Campen and Venthoye, 2007; Daniher and Zhu, 2008; Pilcer 

and Am ighi, 2010). The lung is an attractive option fo r peptide and protein delivery due to the  

large and highly vascularised absorptive surface area o f the alveolar region (~100 m^), thin non- 

ciliated epithelial barrier (0 .1 -0 .2  pim), relatively low enzym atic activity, and most im portantly, 

the  avoidance of hepatic first pass m etabolism  (Patton, 1996).

The DPI aerosol cloud should be constituted by particles w ith  aerodynam ic d iam eters betw een 1 

and 3 jam w ith good dispersibility (good flow ) to efficiently deliver the drug into the low er 

regions, i.e., alveolar, o f the lungs (Johnson, 1997; Koushik and Kompelia, 2004; Chow et al., 

2007).

Spray drying is a com m only used technique which may be employed to produce powders o f fine 

particle size (M asters, 1991). The process consists o f the  atom isation o f a feed solution into  

droplets that dry rapidly because o f th e ir high surface area and intim ate contact w ith  the drying 

gas. Dried pow der is protected from  overheating by rapid rem oval from  the drying zone. The 

final product can be rem oved from  the air stream  by cyclones and /o r filters (M asters, 1991). 

W h ere  the pro te in /pep tide  to be used for pulm onary delivery is of low dose and high potency, it 

may be desirable to  form ulate it w ith a carrier m aterial (inert excipient) to increase the volume  

of pow der loaded and delivered from  the DPI device. Protection of protein structure is critical in 

both processing and storage of the final form ulation  (Ni Ogain e t al., 2011).

Non-reducing sugars, such as raffinose and trehalose, possess properties which make them  

promising excipients for protection of biomolecules. They appear to be effective stabilisers of 

proteins in the am orphous state (Colaco et al., 1992; Johnson, 1997; M aury e t al., 2005). Studies
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by Lopez-Diez et al. (2004), Maury et al. (2005), Yoshii et al. (2008) and Ni Ogain et al. (2011) 

have established the protective action of trehalose and raffinose on protein integrity, reducing 

loss of bioactivity. Carpenter and Crowe (1988, 1989) suggested the water replacement theory 

to explain the protective action of the sugar compounds, where the formation of H-bonding 

between the excipient and the biomolecule occurs when water is removed, maintaining the 

structural integrity of the peptide/protein. A second theory of protein protection through the 

use of such sugars was proposed by Franks et al. (1991) based on the formation of an 

amorphous glass during drying, which provides a rigid matrix around the protein molecules to 

restrict and stabilise their motion.

Nf Ogain et al. (2011) studied the production of raffinose and trehalose nanoporous 

microparticles (NPMPs) for inhalation, evaluating different ratios of methanohn-butyl acetate 

(MeOH:BA) solvent system for the solution to be spray dried, and concluded that NPMPs spray 

dried from 80:20 (v/v) MeOH:BA displayed favourable micromeritic characteristics, suggesting 

potential suitability for pulmonary delivery. The porous morphology of the particles was found 

to improve the aerosolisation properties compared to equivalent non-porous spray dried 

particles. Ni Ogain et al. (2011) also demonstrated that a model protein, lysozyme, could be 

incorporated into the carrier particles at a ratio of 1:4 (w/w) protein:carrier, while still retaining 

the characteristic porous morphology. The same author presented a short study on the spray 

drying of salmon calcitonin:trehalose composite system, with retention of peptide bioactivity 

and conformation (Ni Ogain, 2008). However, the spray drying process developed to produce 

NPMPs of the two sugars was not optimised in terms of product characteristics or yield. 

Following on from the work of Nf Ogain et al. (2011) the initial studies in this thesis investigate 

the effect of operating parameters of a Buchi B-290 laboratory spray dryer and feed solution 

concentration, in order to optimise the production of raffinose and trehalose NPMP powders, 

intended to be used as carriers of biomolecules for inhalation.

The amorphous nature of the sugar NPMPs raised an issue of stability, since amorphous solids 

are known to be less stable physically and chemically than the corresponding crystals (Yu, 2001, 

Newman et al., 2012), and will spontaneously sorb (adsorb or absorb) a significant amount of 

water vapour from their surroundings unless stored under completely dry conditions. This 

sorbed water vapour can markedly change the physical and chemical properties of the sugars, 

accelerate hydrolytic degradation, isomerisation, and/or crystallisation processes and, thus can 

have a significant impact upon their use and function in pharmaceutical dosage forms (Hancock 

and Shamblin, 1998). Different studies have observed a rapid water absorption and 

recrystallisation of amorphous raffinose and trehalose powders when exposed to ~75% relative
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humidity (RH) for 24 hours (Hogan and Buckton, 2001; Charmathy et a!., 2010; Shebor et al., 

2010). Ni Ogain et al. (2010) reported that the exposure to 60% RH for 24 h of 

trehaloserlysozyme or raffinose:lysozyme NPMPs composites resulted in particle morphology 

change and amorphous state collapse into crystalline state. This author (Nf Ogain, 2008) also 

reported the enhancement of trehalose stability, when co-spray drying with hydropropyl-3- 

cyclodextrin. Hence, this excipient was included in the studies presented in this thesis.

The need to enhance the stability and prevent recrystallisation of the non-reducing sugars 

NPMPs was therefore pivotal in the studies presented in this thesis, before testing the NPMPs 

feasibility to be used as carriers of a peptide, salmon calcitonin, for systemic delivery via the 

lungs.

The scope of this thesis was:

To spray dry sugar nanoporous/nanoparticulate microparticles (NPMPs) assessing the 

effect of operating parameters of a Biichi B-290 laboratory spray dryer and feed solution 

concentration, in order to optimise the production of NPMPs. To research the 

physicochemical properties of the prepared powders to ensure their suitability for later 

incorporation of peptides and proteins, as a system designed for pulmonary delivery.

To access the production of NPMPs using a different co-solvent system by replacement 

of butyl acetate with propyl acetate, a solvent of the same chemical family but 

presenting a lower boiling point.

To spray dry composite systems comprising of a mixture of excipients and/or excipient: 

peptide at different mass ratios, using optimised spray drying conditions. To investigate 

the production process, particle characteristics, in vitro and in vivo activity and storage 

stability of peptide-containing NPMPs.

To assess the feasibility of transferring the spray drying process of NPMPs to a larger 

dimensions laboratory spray dryer, Niro SDMicro, and to assess the scale up of 

processing using the Niro Mobile Minor, a pilot scale spray dryer. To investigate the 

powders physicochemical properties of the particles produced to determine if they are 

comparable to those produced in the laboratory scale using a Buchi B-290 Mini Spray 

dryer.
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CHAPTER 1: INTRODUCTION

1. INTRODUCTION

1.1 PULMONARY DRUG DELIVERY

Pulmonary drug delivery is routinely used in the treatment of respiratory diseases such as 

asthma, cystic fibrosis, chronic obstructive pulmonary disease and emphysema. Over the past 

two decades inhalation therapy has become an attractive option for systemic drug delivery 

expanding the potential applications of this field. In fact, the lungs are an efficient port of entry 

for drugs into the bloodstream due to the large and highly vascularised surface area (80-100 

mVadult and 5 L blood/min respectively), in addition to its thin and highly absorptive membrane 

(0.1-0.2 pim), for the absorption of drugs (Newhouse, 2007; Daniher and Zhu, 2008; Pilcer and 

Amighi, 2010).

Nowadays, some of the most promising therapeutic agents are peptides and proteins, such as 

insulin, interferon p and Oi proteinase inhibitor, which could be inhaled instead of injected. In 

contrast to oral delivery, where a drug can be heavily metabolised and altered by the enzymes of 

the gut and liver (first pass metabolism), the lungs have only a small fraction of the drug- 

metabolising enzymes and efflux transporter activity of the gut and liver (Patton, 1996; Patton et 

al., 2004). Thus, small molecules can be delivered in their true form and efficiently into the body 

through the lungs, without the production of a complex array of metabolites and, large 

molecules such as peptides and proteins avoid digestion and degradation before reaching the 

blood stream (Patton, 1996; Patton et al., 2004; Newhouse, 2007; Daniher and Zhu, 2008). 

Another advantage of the pulmonary route is the fact that it is a non-invasive delivery route.

The devices that are employed to deliver drugs to the lungs may be divided into three 

categories: propellant-driven metered dose inhaler (pMDI), dry powder inhalers (DPIs), and 

nebulisers. Each of these systems delivers aerosols by a different principle, and the chemistry 

associated with the product varies significantly among them (Hickey, 2005; Campen, 2007). A 

good delivery device has to generate an aerosol of suitable size and provide reproducible drug 

dosing; it should protect the physical and chemical stability of the drug formulation. The ideal 

inhalation system must be a simple, convenient, inexpensive and portable device (Pilcer and 

Amighi, 2010).

The metered dose inhaler is one of the most widely used methods of aerosol drug delivery 

because of its reliability and low cost. However, its use is limited by the need for the patient to 

coordinate MDI actuation with breath inhalation and from the deposition of a sometimes
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significant am ount o f drug, driven by the propellant blast, to  the back o f the throat instead of 

the lung (Campen, 2007; Pilcer and Amighi, 2010).

The nebuliser platform  atomises an aqueous based drug solution or suspension by air je t  or 

ultrasonic mechanisms. It is typically used for delivering doses over m ultiple breaths, and to  

infants, elderly and critically ill patients. Advances in nebuliser technology, including m ore  

com pact ultrasonic mechanisms, have overcome some traditional lim itations o f the bulky, 

complicated and expensive units. Nebulisers rem ain appealing due to the independence of 

aerosol generation from  inhalation m anoeuvre, and relatively easy form ulation handling 

(Campen, 2007; Pilcer and Amighi, 2010).

The dry pow der platform  presents medication to the patient as a dry pow der. The device 

combines pow der technology w ith device design to disperse dry particles as an aerosol in a 

patient's inspiratory airflow . It is "breath-actuated" in contrast to  nebulisers and most MDIs, 

requiring little or no coordination o f actuation and inhalation, which results in m ore efficient 

lung delivery (Campen, 2007; Islam and Galdki, 2008; Pilcer and Amighi, 2010).

Pharmaceutical aerosols are inhaled through the m outh and into the respiratory tract fo r local or 

systemic delivery. In sequential order the route consists o f the oropharynx, larynx, trachea, 

bronchi, bronchioles and alveoli. The larger bronchioles and the upper respiratory tract have 

ciliated epithelia, form ing the mucociliary escalator. Gas exchange occurs in the distal 

bronchioles and alveoli, which are extrem ely thin and are bordered by a profuse netw ork of 

capillaries (Kwok and Chan, 2006). The alveolar epithelium  is composed of a th in, non-ciliated, 

non-mucus-covered cell layer consisting o f type I and type II alveolar epithelial cells. A thin  

epithelial lining fluid, mainly composed of surfactant, covers the type I and II alveolar epithelial 

cells (Newhouse, 2007). Aerosol deposition is dependent on three mechanisms; inertial 

im paction, sedim entation, and diffusion. Inertial impaction is the principal mechanism of 

deposition of large particles; the inertia o f a particle will tend to  cause it to  move in its initial 

path when the supporting airstream is suddenly deflected by branching of airways. It is directly  

dependent on particle term inal settling velocity, airstream  velocity and inversely dependent on 

airway radius. Thus, the larger the particles, the faster it is, the greater the air velocity and the  

smaller the airway, the greater will be the probability o f deposition by inertial im paction (Stuart, 

1976; Scheuch et al., 2006). Sedim entation or settling under the force o f gravity is dependent on 

particle density and size. Every particle that is allowed to fall in air will accelerate to a term inal 

settling velocity at which the force o f gravity is balanced by the resistance o f air through which  

the particle is falling; it is the main mechanism o f deposition o f particles having diam eters o f 0.1
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Hm to  m ore than 50 |jm  (Stuart, 1976; Scheuch et al., 2006). Diffusion or Brownian motion  

involves particles o f very small d iam eter, 0.2 -  0 .5 |im; particles are displaced by bom bardm ent 

due to random  m otion of gas molecules in the air, leading to  an irregular and unoriented  

m ovem ent of particles, which can cause contact w ith an airway wall (Stuart, 1976; Scheuch et 

al., 2006).

For any mechanism o f deposition the particle size and density are very im portant in defining 

w here particle deposition occurs. Deposition in the central and distal lung regions is achieved 

w hen particles present an aerodynam ic d iam eter betw een 1 and 3 nm (Hickey, 1996). Particles 

of > 5 |im  d iam eter are deposited mainly in the oropharynx by inertial impaction and are then  

swallow ed into the gastro-intestinal tract (Chow et al., 2007).

Particles th a t deposit along the airways need to overcom e the absorption barriers such as mucus 

layer and alveolar lining fluid layer, to  be absorbed (in case o f drugs) as well as, the  alveolar 

epithelium  and basem ent m em brane, which act to  varying extents by inhibiting drug perm eation  

into the circulation, the com peting cellular uptake pathways - particle phagocytosis by 

m acrophages, and proteolytic degradation that can lim it the am ount o f intact drug available for 

absorption.

In the design o f form ulations for pulm onary delivery focus should be on particle engineering  

issues th a t are o f vital im portance to achieve correct lung deposition and to overcome  

pulm onary barriers, w ithout disregarding the drug stability and safety.

1.1.1 Dry powder inhalers

Over the past 40  years, dry pow der inhalers (DPIs) have been m arketed with various devices and 

form ulations (Figure 1.1) (Hickey, 2005; Kwok and Chan, 2006). The inhalers em ploy the  

patient's inspiratory flow  as the means o f dispersion and en tra inm ent o f the aerosol into the  

lungs (Hickey, 2005; Campen and Venthoye, 2007; Daniher and Zhu, 2008; Pilcer and Amighi, 

2010). Hence, no propellants are required. The DPI device should assist in the generation o f very 

fine particulates o f medication in a way that enables them  to avoid the impaction barriers that 

norm ally operate in the lung to prevent the ingress of potentially harmful particles. These 

barriers include the oropharynx and, for deep lung delivery, the air-conducting bronchi and 

bronchioles (Campen and Venthoye, 2007). Studies have dem onstrated that aerosol particles 

must present a specific aerodynam ic d iam eter: < 5 |im , to  clear the oropharyngeal impaction  

barrier; < 3 nm, to reach the term inal bronchi and the alveoli (Figure 1.2) (Johnson, 1997; Hickey, 

2005; Campen and Venthoye, 2007; Chow et al, 2007; Daniher and Zhu, 2008; Pilcer and Amighi,
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2010). How ever, the respiratory pattern of patients during aerosol intake may influence the  

deposition of Inhaled particles, because m ean flow  rates of particles in each region of the  

airways is governed by the breathing volum e and frequency of breathing (Campen and 

Venthoye, 2007; Islam and Gladki, 2008). DPIs can provide single- or multi-doses via oral 

inhalation, depending on the design of the pow der reservoir and m etering com ponents (Islam  

and Gladki, 2008).

Characteristics of the  ideal DPI system will include most or all of the following attributes  

(Campen and Venthoye, 2007): simple and com fortable to use; compact and economical to  

produce; highly reproducible fine-particle dosing; a reproducible em itted  dose; physically and 

chemically stable powder; m inim al extrapulm onary loss of drug (low  oropharyngeal deposition, 

low device retention, and low exhaled loss); m ultidose system; pow der protected from  external 

environm ent and can be used in all climates and protected from  moist exhaled air; overdose 

protection and indicate num ber o f doses delivered and /o r remaining.

Figure 1.1 Photographs of som e curren tly  availab le DPI 
devices: (A) A ero lizer’ '̂̂ , (B) Easyhaler™ , (C) T urbohaler™ , (D) 

Diskhaler™ , (E) Novolizer™ , (F) NEXT™, (G) Clickhaler™ , (H) 
M A G haler™ , (I) Sp inhaler™ , (J) H and iha ler™  (Islam and 

Gladki, 2008)
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1.1.1.1 Bulk powder properties

The respirable powders (powders capable o f penetrating and depositing w ith in  the lungs) of a 

DPI cannot be characterised by single particle studies; bulk properties must also be assessed for 

ease o f m anufacture and for thorough knowledge of system perform ance. Primary bulk 

properties include particle size and its distribution, bulk density, and surface area; which along 

w ith particle electrostatics, shape, surface morphology, hygroscopicity, affect secondary bulk 

pow der characteristics such as pow der flow , handling, consolidation, and dispersability (Campen  

and Venthoye, 2007; Chow et al., 2007; Pilcer and Amighi, 2010). Table 1.1 presents the  powder 

properties that affect the aerosol delivery, as reported by Chow et al. (2007).

Table 1.1 P artic le /pow der properties th a t affect the aerosol delivery (Chow e t al., 2007).

Particle characteristics Effects on formulation
Process param eters; tem p e ra tu re , pressure, solvents, 

pH, additives, yield , recovery, m anufacturing  

com plexity
Solid state: crystalinity, polym orphism , hygroscopicity, 

im purities, solubility, dissolution rate

Particle size d istribution , shape, p orosity /density

Surface m orphology, energetics and electrostatics  

Pow der bulk density, agg lom eration , cohesiveness, 

f lo w  properties

C o-form u la tio n /b len d in g; com position /coating  

Form ulation , dispersion m edia

The particle aerodynam ic d iam eter (daeJ is the most appropriate particle-size expression in 

inhalation. As discussed above, this particle characteristic w ill affect the  mechanism of its 

deposition in the lungs. It is defined as the d iam eter o f a sphere o f unit density, which reaches 

the same velocity in the air stream as a non-spherical particle of arb itrary density (Johnson, 

1997; Bosquilon et al., 2001; Chow et al, 2007; Pilcer and Amighi; 2010 ).The aerodynam ic  

d iam eter can be defined by equation 1:

W here  d  is the geom etric mean diam eter, p is the particle density and pi is the reference density 

of a sphere, w ith  p i= 1 g/cm^ and x is the dynamic shape factor (equal to  one for a sphere) 

(Johnson, 1997; Bosquilon et al., 2001; Chow et al., 2007; Pilcer and Amighi; 2010). The shape 

factor is a dimensionless measure o f the deviation from  sphericity; is the ratio of the actual

Process econom ics, d eve lo pm en t risks and costs

Physical and chem ical stability , b ioavailab ility , 

toxicity
Aerosolisation behavior, in v itro  and in vivo
deposition  profiles, b ioavailab ility
Pow der handling, inhaler filling, dose m etering ,

storage stab ility , shelf.life , dose u n ifo rm ity  and
consistency

Dose uniform ity
M o d ified  and ex tended  release, toxic ity
Type o f inhaler
M o d e  of adm inistration
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resistance force experienced by a non-spherical falling particle to the resistance force 

experienced by a sphere having the same volume. Thus daer can be reduced by: decreasing the 

particle density, decreasing the geometric mean diameter and increasing the dynamic shape 

factor (Pilcer and Amighi; 2010).

In addition to the aerodynamic diameter o f primary particles, the dispersibility o f the particles 

has to be taken into consideration as it w ill define particle deposition. Powder dispersion is 

strongly related to interparticulate interactions including: Van der Waals forces; electrostatics 

forces; capillary forces; and mechanical interlocking. Van der Waals forces become noticeable 

when the particles are sufficiently close (0.2-1.0 nm) to one another and when the particles are 

small (<20 (im). Surface roughness, geometrical structure and deformation o f individual particles 

can significantly change the van der Waals forces; when these forces increase the particles 

become highly cohesive (Zeng et al., 2001; Daniher and Zhu, 2008). Electrostatic forces can occur 

by tribo-electric charging or by the potential difference when particles o f d ifferent work 

functions are brought into contact; the resulting Coulomb attraction makes the powder adhesive 

(Daniher and Zhu, 2008). Capillary forces arise from the dynamic condensation o f water 

molecules onto particle surfaces; a water meniscus is formed between contact points of 

adjacent surfaces as liquid is drawn by capillary action, inducing an attractive force. Controlling 

moisture content aids in reducing capillary forces, but care must be taken to avoid increasing the 

surface charge o f the particles (Pilcer and Amighi; 2010). Mechanical interlocking due to surface 

features or roughness is a prom inent mechanism that prevents particle dispersion; these forces 

are related to the diameter o f the pores between particles and interfacial tension due to 

hydrogen bonding o f water (Telko and Hickey, 2005; Pilcer and Amighi; 2010). Particle 

aggregates and agglomerates are the main outcome of the action o f these forces. The strength 

o f these and the impact o f aerodynamic forces generated upon inhalation are critical to powder 

dispersion.

Particle shape may affect the flow  properties o f a powder by changing interparticulate and/or 

frictional forces between the particles. In general, if the particle shape can reduce both 

interparticulate and frictional forces, then it is said to be favourable for good powder flow . The 

majority of pharmaceutical powders consist o f spherical particles since this shape is believed to 

produce the least interparticulate friction and, hence, the best flow  properties under normal 

conditions. Another aspect o f particle morphology that is known to affect powder flow  is the 

surface roughness and presence of porosity. Studies by Tabor (1977) demonstrated that surface 

roughness can greatly reduce the adhesion between solids, due to the high surface asperities.
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which can prise the surfaces apart and breal< the adhesions occurring at the low er asperities. 

The cohesion betw een non-porous particles by contact surfaces is proportional to  the  specific 

surface area (Chew et al., 2000). Porous m icroparticles have potential advantages over non- 

porous m aterials as they have reduced interparticulate attractive forces and im proved flow  

characteristics, low bulk densities and exhibit sm aller aerodynam ic d iam eters than the ir  

geom etric diam eters, facilitating g reater deposition in the low er pulm onary region, w ith  

potential for im proved efficiency o f adm inistration to the lungs in the dry form  (Healy et al., 

2008). The presence o f porosity is reflected in a high specific surface area (SSA) value (Papelis et 

al., 2003; Healy et al., 2008).

Porous microparticles in the form  o f Pulmospheres™ have been produced by spray drying an 

emulsion form ulation consisting o f a bioactive agent, surfactant, and a blowing agent, such as 

fluoroalkane. It was postulated that the blowing agent is vaporised and forced through the thin  

surface wall to  form  pores in the particles, w ith the stabilising surfactant rem aining in the spray 

dried product (Chow et al., 2007; Healy et al. 2008). Healy et al. (2008), Nolan et al. (2009, 2010) 

and Ni Ogafn et al. (2010) reported the production of nanoporous m icroparticles (NPMPs) of 

d ifferen t m aterials such as bendroflum ethiazide, budesonide, sodium crom oglicate, trehalose by 

spray drying a co-solvent system in which the solute is m ore soluble in one solvent than  

another. Am m onium  carbonate was added to the bendroflum ethiazide solution as a form ulation  

enhancer, acting as a pore form ing agent (Healy et al. 2008).

As m entioned above, powders consisting o f porous particles present low er bulk density than  

non-porous powders. The bulk density o f a pow der is the ratio of the mass o f an untapped  

pow der sample to its volum e, including the contribution o f the in terparticulate and 

in traparticulate void volum e. Hence, the bulk density depends on both the density o f pow der 

particles and the spatial arrangem ent o f particles in the pow der bed (Ph. Eur., 2012). The 

average num ber o f contact points betw een particles increases as bulk density increases, and the  

in terparticulate forces at these contact points must be overcom e to produce a dispersed aerosol 

cloud. Therefore, a pow der o f low bulk density may be m ore easily dispersed as an aerosol than  

an equivalent pow der w ith  high bulk density (Campen and Venthoye, 2007).

1.1.1.2 Assessment of aerosol deposition

The overall efficiency o f any inhalation system is given m athem atically by the product o f the 

fraction of em itted  dose (ED), dose delivered to  the lung (i.e., fine particle fraction, FPF) and lung 

bioavailability. Both ED and FPF are normally determ ined in vitro using a multistage cascade
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im pactor (MSCI) (e.g., Andersen cascade im pactor (ACI) or next generation im pactor (N G I)) and 

predom inantly governed by both the particulate properties and inhaler design. FPF is measured  

as the mass of particles (w ith reference to the ED) below a certain cut-off d iam eter, usually < 5 

|im or < 3 nm. The desirable product characteristics include high FPF and ED, high dose 

consistency and uniform ity and, ideally, independence of the type of device and inhalation flow  

rate. Thus, apart from  the correct aerodynam ic particle size (often expressed as the mass 

m edian aerodynam ic d iam eter, M M A D ), the particles should have a relatively narrow particle 

size distribution (PSD) and should be readily aerosolisable at relatively low aerodynam ic  

dispersion forces (Chow et al. 2007). The M M A D  takes account o f particle aggregates and gives 

therefore  the u ltim ate aerodynam ic behaviour o f the aerosol. In addition, comparison o f M M A D  

w ith daer provides inform ation on dry pow der cohesiveness and aerosolisation properties  

(Bosquillon et al., 2001). Powders intended for delivery into the deep lung require an M M A D  

betw een 1-3 |am; particles with M M A D  < 0.5 |im  are exhaled (Campen and Ventoyhe, 2007).

1.1.2 Pulmonary delivery of peptides and proteins

Proteins and peptides are polyamino acids, th a t is, a chain o f am ino acids covalently linked by 

peptide bonds (prim ary structure) and differing in the ir structure. Peptides are form ed by 

dozens of am ino acids (up to 50) organised in a periodic spatial arrangem ent o f the polypeptide  

chain backbone th a t can be designated as alpha-helices and beta-sheets. Proteins present a 

m ore complex structure: a fter the polypeptide chain is form ed this structure undertakes a 3- 

dimensional conform ation; the arrangem ent o f these subunits relative to each other constitutes 

the quaternary structure (Kwok and Chan, 2006; Creighton, 2010).

Peptides and proteins are degraded by digestive enzymes and the ir oral bioavaiiability, w ithout 

advanced delivery systems, is generally poor. The most com m on route o f adm inistration for 

pharmaceutical peptides and proteins is parenteral (invasive), including intravenous, 

subcutaneous and intramuscular injections. Inhalation delivery is non-invasive and provides a 

potential route fo r protein and peptide delivery. M any pharmaceutical peptides and proteins 

have been investigated for potential delivery as aerosols for local and systemic diseases. 

Exubera™ was a m arketed insulin dry pow der inhaler that presented good stability and 

bioavailability, but was w ithdraw n due to poor sales (Kwok and Chan, 2006). Insulin was found  

to have a pulm onary bioavailabily o f 8 to  25% (Patton, 1999). Miacalcin™  a nasal form ulation of 

salmon calcitonin, by Sandoz Pharmaceuticals, is com m only used in the trea tm en t o f Paget's 

disease with three daily administrations being as effective as injectable calcitonin (Patton, 2000; 

Bhandari e t al. 2010). Salmon calcitonin has been reported to have a pulm onary bioavaiiability
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betw een 11 and 18% (Patton, 2000; Clark et al., 2008). These tw o  examples dem onstrate the  

potential use o f the airways fo r delivery o f macromolecules.

The great advantage o f pulm onary delivery is the large surface area fo r absorption th a t the lungs 

present, as well as the low levels o f drug m etabolism  and enzym atic breakdown here. How ever, 

the lungs also have pulm onary clearance and m etabolic pathways to  guard against foreign  

m acrom olecules and to renew  the lung epithelial cells. These natural defence mechanisms  

include catabolic enzymes such as the serine endo-peptidases, trypsin, chym otrypsin, and 

various elastases that are e ither m em brane-bound or secreted by respiratory macrophages and 

epithelial cells that can reduce the bioavailability o f the peptides and proteins (Patton, 1996; 

Baginski e t al., 2011). W hilst the lungs show higher systemic bioavailabilities fo r macrom olecules  

than any other non-invasive route o f delivery i.e.,oral and nasal, small natural peptides still 

suffer from  high enzym atic degradation, whereas peptide hydrolysis decreases or is even absent 

w ith increasing m olecular w eight (Patton, 1996; Kwok and Chan, 2006).

Peptide and protein therapeutics requires an accurate dose consistency, physico-chemical 

stability as well as a constant and effic ient deposition in the respiratory tract (Irngartinger et al., 

2004). The biological activity o f peptides and proteins is strongly dependent on th e ir m olecular 

structure. Biochemical or physical alterations in the protein structure may lead to a change or 

loss of biological activity. Physical degradation refers to changes in the  non-covalent interactions  

w ithin or betw een peptide /p ro te in  molecules. It can occur independently or via biochemical 

degradation, and results in alterations to the higher order structures (secondary and above). 

Com mon types o f physical degradation include denaturation, aggregation, precipitation and 

adsorption (Kwok and Chan, 2006; Creighton, 2010). The risks o f biochemical and physical 

degradation depend on many physicochemical factors, such as tem peratu re , pH, storage 

hum idity, form ulation constituents, delivery device and m anufacturing process, am ongst others. 

These must be well studied and controlled to m aintain the stability and efficacy o f protein  

products (Kwok and Chan, 2006).

Formulation o f protein powders fo r pulm onary delivery is especially challenging as it requires 

not only th a t the powders can flow  and disperse, but also stability o f the proteins. The success o f 

the final product is also dependant on the resistance of peptides and proteins to  the  

m anufacturing process.
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1.2 SPRAY DRYING

Spray drying is a com m only used technique which may be em ployed to produce powders o f fine  

particle size for dry pow der inhalers (M asters, 2002). Spray drying is utilised extensively in food 

products, cosmetics, active pharm aceutical ingredient (API) production and pharmaceutical 

form ulations. The process consists o f the atom isation of a feed solution into droplets th a t dry 

rapidly because of the ir high surface area and intim ate contact w ith  the drying gas. Dried 

pow der is protected from  overheating by rapid rem oval from  the drying zone. The final product 

can be rem oved from  the air stream  by cyclones a n d /o r filters (M asters, 2002). Additionally, 

spray drying has the advantages of: being a continuous process that it is easy to scale up; 

controlling the physical properties o f the resulting product by the m anipulation o f the process 

param eters and selection of equipm ent; quick drying suitable for heat-sensitive products such as 

peptides, proteins and enzymes; being a cost-effective process, w ith possibility o f full 

autom ation (Celik and W endell, 2010). How ever, as w ith any o ther process, spray drying also 

presents limitations: has poor therm al efficiency at low in let tem peratures and the exhaust air 

stream contains heat requiring heat exchange equipm ent to rem ove it (Celik and W endell, 

2010).

A spray drying process consists of four steps: (a) atom isation o f feed solution into a spray; (b) 

spray-air contact involving flow  and mixing; (c) drying o f sprayed droplets at elevated  

tem peratures; and (d) separation of dried product from  the air (Chow et al., 2007).

(a) Atomisation

Formation o f the atom ized spray requires the application o f a force. Several types o f driving 

force can be em ployed: centrifugal, kinetic, pressure and ultrasonic energy, which are selected 

depending on the required droplet size (M asters, 2002). A bigger emphasis will be given to  

kinetic nozzles such as the tw o  fluid nozzle.

Centrifugal atomizers utilize e ither a rotating disk or wheel to disintegrate the liquid stream into 

droplets (M asters, 1991). These devices form  a low-pressure system, and a w ide variety o f spray 

characteristics can be obtained for a given product through com binations of feed rate, atom izer 

speed, and atom izer design. The droplet size distribution is fairly narrow for a given m ethod and 

process conditions but the m ean droplet size can be varied from  as small as 15 nm to as large as 

250 |im , depending on the am ount o f energy transm itted to the liquid (Celik and W endell, 2010).

Kinetic energy nozzles apply kinetic energy in the form  of tw o-flu id  or pneum atic atomisation. 

Atomisation is accomplished by impacting the liquid feed w ith  high-velocity air, which results in
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high frictional forces that cause the feed to disintegrate into droplets. To achieve optim al 

frictional conditions, this high relative velocity betw een liquid and air can be achieved by e ither  

expanding the air to  sonic velocities or destabilising the thin liquid film  by rotating it w ithin the  

nozzle prior to  spray-air contact. The main advantage o f this type o f atom isation is that the  

liquid is relatively low velocity as it exist the nozzle; therefore , the droplets require a shorter 

flight path fo r drying (M asters, 2002; Celik and W endell, 2010).

There are several tw o-flu id nozzle designs: external mixing nozzle in which the liquid and air 

come into contact outside the nozzle; internal mixing design w ith the  air and liquid contacting 

w ith in  the nozzle head; a pneum atic cup design, w ith  liquid-air contact occurring at the rim o f a 

rotating nozzle head (Celik and W endell, 2010).

In general, tw o-flu id nozzles are capable o f producing small droplet sizes over a wide range o f 

feed rates. These droplets are then carried away from  the nozzle by m om entum  of the spray and 

the expanding atomizing air. The most im portant variable involved in the control o f droplet size 

is the mass ratio o f a irflow  to feed rate (ALR - a i r  to liquid ratio). An increase in this ratio causes a 

decrease in droplet size. This ratio generally ranges from  0.1  to 10. A t ratios approaching 0.1, 

atom isation is difficult even fo r low-viscosity feeds while a ratio o f 10 approaches the lim it above  

which atom isation occurs using excess energy w ithout an appreciable decrease in particle size 

(M asters, 1991).

Sprays form ed by tw o-flu id  nozzles are symm etrical w ith  respect to the  nozzle axis and have a 

cone-shaped pattern. In general, an increase in air pressure will increase the spray angle if the  

feed rate is m aintained at a constant level as long as the maximal angle has not been obtained. 

Spray angle is m aintained if an increase in airflow  is accompanied by an increase in feed rate  

resulting in a similar a ir-to-feed ratio.

A nother type o f kinetic nozzle is the three-flu id nozzle. The spray characteristics obtained by 

tw o - and three-fu id  nozzles are sim ilar when atomizing low-viscosity feeds at up to in term ediate  

feed rates. Use o f a second air stream  w ith three-flu id  nozzles causes a waste o f energy, except 

fo r high feed rates o f low-viscosity feeds (Celik and W endell, 2010).

Pressure nozzles apply hydraulic pressure. The feed liquid is pressurised by a pump and forced 

through a nozzle orifice as a high-speed film that readily disintegrates into fine droplets. The 

feed is m ade to rotate within the nozzle, resulting in a cone-shaped spray pattern  emerging from  

the nozzle orifice. The differential pressure across the orifice determ ines the droplet d iam eter.
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Pressure nozzles are generally used to fornn coarse spray-dried particles (120 to 300 |im ) w ith  

good flow  properties (Celik and W endell, 2010).

Sonic energy atom izers are not com m only used. As the nam e indicates, sonic energy and 

vibrations are used to produce droplets. The advantages of these nozzles resides in the  

operation at low pressures and having a w ide flow  channels suggesting the ir suitability for 

abrasive and corrosive materials (M asters,1991).

The function of any atom izer is to  produce as hom ogeneous a spray as possible. The nature of 

the feed (surface tension, viscosity, density, etc), the characteristics of the spray, and the desired 

properties of the resulting dried product play a very im portant role in the selection o f the  

atom izer (Celik and W endell, 2010).

(b) Spray-air contact

Spray-air contact is determ ined by the position o f the atom izer in relation to the air inlet. In let 

air is introduced to  the drying cham ber via an air disperser and heated to the desired  

tem perature . Spray droplet m ovem ent is classified according to the dryer cham ber layout and 

can be designated as cocurrent, countercurrent or mixed flow  (M asters, 1991; Chow et al., 2007; 

Celik and W endell, 2010).

Cocurrent flow  is the configuration in which the spray and drying air pass through the dryer in 

the  same direction. This arrangem ent is ideal fo r heat-sensitive products. Spray evaporation is 

rapid, the drying air cools as droplets are dried, and overall evaporation times are short. The 

particles are not subject to heat degradation (Buchi, 2009; M asters, 1991; Celik and W endell, 

2010).

Countercurrent flow  is the configuration in which the spray and air en ter at the opposite ends of 

the dryer. This arrangem ent has excellent heat utilisation. It is well suited fo r non-heat-sensitive  

m aterials degradation (Biichi, 2009; M asters, 1991; Celik and W endell, 2010).

Mixed flow  is the configuration in which both co- and countercurrent flows are incorporated. 

The advantage of this type o f arrangem ent is that coarse free-flow ing products can be produced 

in relatively small drying chambers. In this system particles are subject to  higher particle 

tem perature  degradation (Buchi, 2009; Masters, 1991; Celik and W endell, 2010).
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(c) Droplet drying

W hen droplets o f the spray come into contact w ith the  drying air, evaporation takes place from  

the saturated vapour film  which is quickly established at the droplet surface. Due to  the high 

specific surface area and the existing tem peratu re  and moisture gradients, an intense heat and 

mass transfer results in efficient drying. The evaporation leads to a cooling o f the  droplet and 

thus to a small therm al load. The drying cham ber design and air flow  rate provide a short droplet 

residence tim e  (<10 miliseconds) in the cham ber, so th a t the desired droplet m oisture rem oval is 

com pleted and product rem oved from  the dryer before product tem peratures can rise to the  

outlet drying air tem perature . Hence, there is little  likelihood o f heat dam age to the product 

(Biichi, 2009; Celik and W endell, 2010).

Drying o f a spray droplet has been divided into tw o  phases. In the first phase (constant rate  

period), the rate o f evaporation is constant and the liquid feed tem peratu re  increases rapidly to 

the w et bulb tem peratu re  (Twb) (low est tem peratu re  attained by the surface o f the droplets  

during evaporation and is dependent upon the evaporative cooling effect). As the relative  

hum idity in the inlet air stream is decreased, drying rate increases, evaporative cooling increases 

and Twb decreases. The tem peratu re  o f the interior o f the droplet is usually 1 0 -1 5  °C low er than  

Twb- Dissolved solute is transported via diffusion and convection to the droplet surface. This 

phase lasts until a solid phase (crust) begins to form  at the surface of the droplet. At this point, 

solute concentration at the surface has reached a critical solute concentration (Ccm) that 

depends on the solubility o f the solute at T * b  (Swb)- At C m b diffusion of the solvent through this 

barrier is slower than the heat transfer, and the system enters the second phase o f drying. 

Drying and evaporation rate decline in the second phase (falling rate phase) and particle size 

does not undergo fu rther reduction. The tem peratu re  of the particle w ill rise until it equals the  

dry bulb tem peratu re  o f air (Tdb), concurrently the tem peratu re  o f the particle in terior will rise to 

Tdb ( tem peratu re  o f the surface o f the dried particles a fte r evaporation o f most o f the w ater, 

and is usually close to Toutiet)- The particle remains at the drying-air ou tle t tem peratu re  before  

collection (Vehring et al., 2007; A bdul-Fattah et al., 2007).

(d) Separation

Powder separation from  the drying air follows the drying stage. In principal, tw o  systems are 

used to separate the product from  the drying m edium : (1) prim ary separation o f the drying 

product takes place at the base o f the  drying chamber; (2) to ta l recovery o f the dried product in 

the separation equipm ent. The m ost common separation equipm ent is the cyclone. Based on
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inertial forces, the particles are separated to the cyclone wall as a down-going strain and 

removed. Other systems are electrostatic precipitators, textile (bag) filters or wet collectors like 

scrubbers (Buchi, 2009; Masters, 1991; Celik and Wendell, 2010). The system can be further 

modified for better product recovery and larger production scale, particularly for thermolabile 

materials such as proteins and peptides. For instance, by replacing the bag-filter unit with a 

vacuum system, the drying airflow resistance can be reduced, thus allowing the protein product 

to be dried at a lower inlet air temperature. Design of high-efficiency cyclone separation is also 

essential for this technology to be economically acceptable on an industrial scale (Chow et al., 

2007).

1.2.1 Particle morphology

Previously it was discussed that when the droplet enters in contact with the drying air, solute 

starts to concentrate at the droplet surface until a crust is formed. The thickness of the crust is 

dependent on the drying velocity, with high rates resulting in large particles with a thin shell and 

low density, whereas a low drying velocity produces small particles with a thick shell and high 

density (Masters, 2002). Depending on the nature of the component, different solidification 

mechanisms are triggered once the critical solute concentration is reached. The resulting 

particles can have a range of different morphologies, depending on their size and the properties 

of their shells in the final stages of the drying process. Solid hollow spheres can be formed, if the 

shell becomes rigid quickly and does not buckle or fold. Otherwise, dimpled or wrinkled particles 

are formed (Vehring, 2007). Porous particles can also be formed, examples have already been 

reported in section 1.1.1.2. Healy et al., 2008, Ni Ogain et al., 2008 and Paluch et al., 2012 have 

described the formation of the nanoporous/nanoparticulate microparticles, which are also 

presented in this thesis. NPMPs formation is postulated as follows: during the atomisation stage 

of the spray-drying process, droplets are formed containing the solute (excipient or drug or 

both) in the co-solvent mix; rapid drying of these droplets proceeds on contact with the warm 

drying gas and the more volatile solvent phase in which the solute is more soluble, evaporates to 

a greater extent, resulting in the droplet becoming richer in the less volatile solvent component, 

in which the solute is less soluble. The fall in the solubility of the solute may be dramatic and it 

may condense out initially as a nanosized liquid phase within the droplet. As drying proceeds 

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

together, and the solute may precipitate out as primary nanoparticles which agglomerate 

together either at the particle surface (forming an outer shell) or within the particle,leading to
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nanoparticulate microparticle formation (Healy et al., 2008; Nolan et al., 2009; Nf Ogain et al., 

2010; Paluch et al., 2012).

Paluch et al. (2012) have recently reported a novel morphology classification system (MCS) using 

four simple descriptors such as shape, surface properties, visual morphology and interior of the 

particle. This was used to classify the particles presented in this thesis. The developed MCS 

system introduced a code for shape description: 1 for predominantly spherical and 2 for 

irregular/non-spherical. A second symbol indicating the surface description: A for smooth 

surface particle and B for crumpled particles. A third symbol to describe the class of visual 

morphology with three different variants: I nonporous, II porous with nano-sized pores, and III 

conglomerates of nanoparticles. A last symbol described the interior of the particles and it is 

possible to distinguish: a for solid/continuous, P for hollow, y for unknown, and 6 for hollow 

with nanoparticulate content (Paluch et al., 2012).

1.2.2 Peptide and protein stabilisation during spray drying

Spray drying can cause physical degradation of peptides and proteins conformational changes, 

aggregation, denaturation and adsorption to surfaces (Lai and Topp, 1999). Dry powders 

resulting from processing are usually sensitive to moisture, the main cause of chemical instability 

of peptides and proteins in the solid state (Maa et al., 1998; Lai and Topp, 1999). Hence, it is 

necessary to process these macromolecules with care to maintain their physical stability as well 

as provide protection from moisture. To satisfy these requirements, peptides and proteins are 

usually formulated as amorphous glasses.

The glassy preparation derives its stabilising properties from its high viscosity. The principle is to 

add a glass-forming excipient typically a carbohydrate, polymer or organic salts among others, to 

a solution of the pharmaceutically active material and to dry this solution under conditions that 

result in the formation of an amorphous glassy matrix in which the pharmaceutically active 

material is protected from degradation (Hatley and Blair, 1999; Telko and Hickey, 2005). Franks 

et al. (1991) described a possible mechanism of glassy immobilisation for protection of proteins: 

the formation of an amorphous glass during drying, provides a rigid matrix around the protein 

molecules to restrict and stabilise their motion. Carpenter and Crowe (1988, 1989) suggested 

the water replacement theory to explain the protective action of the sugar compounds, where 

the formation of H-bonding between the excipient and the biomolecule occurs when water is 

removed, maintaining the structural integrity of the peptide/protein. The mobility restriction 

and H-bonding provided by the glass forming excipient is thought to reduce the peptide and 

protein reactivity. However the amorphous state is sensitive to temperature and moisture. A
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raise in tennperature and in moisture will provide the molecular mobility for molecules to revert 

back to the crystalline state and protection of protein is lost (Lai and Topp, 1999; Hatley and 

Blair, 1999). Another concern in terms of use of amorphous powders for pulmonary delivery is 

their high surface area due to the reduced particle size, resulting in rapid moisture uptake. 

Water acts as a plasticiser to lower the glass transition temperature (Tg) (temperature at which 

the glassy state transits to rubbery state due to the onset of long range coordinated molecular 

motion)(approx. 10°C reduction per 1% water in sugar-containing formulations), which will 

enhance molecular mobility required for nucleation if the Tg approaches the storage 

temperature. It is thus important to keep the powder dry in order to maintain the high Tg, or to 

use excipients with a high Tg, or to store the powders at a low temperature (Kwok and Chan, 

2006).

Chan et al. (2004) studied the aggregation of salmon calcitonin (sCT) when co-spray dried with 

mannitol and stored at different relative humidities (RH). sCT was amorphous and resistant to 

processing; powders were stable when stored at low RH (<30%); aggregation levels were found 

to be reduced in formulations with 30% mannitol (amorphous) which was opposite to 

formulations with 70% mannitol (crystalline) that presented high levels of agglomeration. The 

agglomeration of sCT is known to impair its bioactivity.

Spite of the high energetic level of the amorphous state, the use of glass forming excipients in 

peptides and protein formulations has been widely used, proving to be the best option.

1.2.3 Spray dryer instruments used in the presented studies

Three different spray dryers were used in the work presented in this thesis. Chapter 7 will focus 

on a comparison between powders produced using these spray dryers. The scale-up process 

involves the design of a spray dryer so that it operates at the specified capacity and produces a 

powder that meets the product specification resulting from earlier process development 

(Masters, 2002). The major difficulties in scaling-up the spray drying process include the thermal 

exchange and losses, variable yields and, mostly, differing geometries of atomisers or turbines, 

drying chambers and cyclones (Raffin et al., 2006). As a result, industrial design is largely based 

on intuition and practical experience (Zlokarnik 2002). When scaling-up a spray drying process, 

several areas have to be analysed, as the overall drying process is composed of the following 

steps: i) atomisation, ii) mixing of droplets and drying gas, iii) drying (drying kinetics and 

residence time) and iv) separation (Thybo et al., 2008). Scale-up from a pilot to a production 

scale spray dryer will often require the use of a larger dimensions atomizer, making atomisation 

a very important step in up-scaling (Thybo et al., 2008).
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Raffin e t al. (2006) have successfully produced pantoprazole-loaded microparticles by spray 

drying at the laboratory and pilot scale, using a tw o-flu id  nozzle and co-current flow , w ith  pilot 

scale resulting in an im provem ent o f powders characteristics such as, morphology and specific 

surface area.

Thybo e t al. (2008) a ttem pted  spray drying process scale-up from  pilot to  production scale using 

an atom ized droplet size criterion. It was reported th a t the criterion does not account for 

differences betw een droplet-drying gas mixing and residence tim e distribution w ithin betw een  

the tw o  spray dryers. Therefore, production scale experim ents are required in order to  obtain  

sim ilar product characteristics as in pilot scale.

A study by Btichi (2008) on the scale-up from  the  Buchi M ini spray dryer B-290 to the Niro 

m obile M inor, reported extensively on a theoretical approach to  predict the process param eters  

for the larger scale spray dryer. It was defined that the most im portant process conditions, to  be 

kept constant in order to  achieve the same particle size and residual solvent content in the 

produced powders w ere the outlet tem peratu re , the droplet size and the o u tle t vapour 

concentration, must be kept constant in order to achieve the  same particle size and residual 

solvent content in the produced powders.

Gil e t al. (2010) proposed a scale-up m ethod for spray drying processes consisting of tw o  s tep s-  

a therm odynam ic step and an atom isation and particle fo rm ation  step. The therm odynam ic step 

was based on maintaining the vapour concentration o f the  drying gas at a constant level, which 

was particularly im portant w hen producing am orphous m aterials since the residual solvent level 

in the solid strongly affects its glass transition tem perature . The control o f this param eter was 

based on prior knowledge attained from  lab-scale w ork. Regarding atom isation and particle 

form ation , droplet size and particle size estim ation was based on experim ental data o f particle 

apparent density, droplet density and droplet average size fitted  into a model equation allowing 

fo r an estim ation o f particle size. The approach is simple to use but requires prior knowledge on 

the product/drying behaviour.

During scale-up there  is a great opportunity to  im prove pow der properties, such as, greater 

ability to produce and dry larger droplets in the larger drying cham bers of the com m ercial units, 

which is an advantage if the purpose is to  obtain large and denser particles fo r solid oral dosage 

form s. In the case o f particles fo r inhalation, how ever, the scale-up challenge is to  keep particle 

properties unchanged. The main characteristics and m ode o f operation of each spray dryer are 

hence presented in this section.
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(a) Biichi Mini spray dryer B-290

A Biichi Mini spray dryer B-290 was used for the majority o f studies (chapter 3, 4, 5 and 6); it is a 

laboratory scale spray dryer w ith  the feasibility of spray drying aqueous and organic solutions 

w ith  very short set-up times, an effective integrated nozzle cleaning mechanism and a high 

degree of flexib ility due to  the availability o f d ifferent cylinder (drying chamber) geometries 

designed to cater fo r d ifferent types o f solutions to be spray dried (Figure 1.3). The tw o versions 

have the intent to optim ise the yield depending on the process. For work involving organic 

solvents a cylinder w ith vertical outle t geometry is recommended (Figure 1.4) (Btichi, 2009).

The standard method o f operation fo r the Mini Spray Dryer B-290 is in a suction mode w ith a 

two-flu id  nozzle and w ith an air and solution set-up in co-current mode. The reduced-pressure 

environment w ith in  the system prevents any possible contamination in the case o f leakage. The 

nozzle may also be thermostatically controlled by use of a cooling system (Buchi, 2009).

Pharmaceutical applications of spray drying the feed solution may be prepared by dissolving or 

suspending the materials (drug and excipients) in water, organic solvents or combinations of 

water and organic solvents or organic solvents mixtures. Although evaporating organic solvents 

by spray drying process is very efficient because of the resulting shorter residence time, when 

compared w ith  the evaporation of water, the risk of explosion makes the use of air as drying gas 

very hazardous. Therefore, an inert gas, usually nitrogen, replaces air as the process drying gas. 

When nitrogen is the drying gas, there is the need to work in a closed-mode, where the gas is 

recycled (moisture removed) and reused. When using air, the process operates in an open-mode 

w ith  release of the exhaust to the atmosphere (Celik and Wendell, 2010). The open-mode 

operates under vacuum (sucking mode) as a standard. However, if the exhaust is aggressive and 

could lead to  a corrosion of the aspirator, the instrument can also be driven w ithout vacuum 

(blowing mode). The closed cycle is operated in a sucking mode.

The inert loop B-295 (condenser) is required to safely spray dry inflammable solvents; an 

operating principle uses a combination of the spray dryer B-290 and the inert loop B-295 to 

provide a closed loop circulation under inert conditions. The absence o f oxygen prevents the 

form ation of a ignitable mixture. At the same time, the solvent contained in the gas stream is 

cooled and consequently condensed. The regenerated flow  is then returned again to  the spray 

dryer -  operation in closed mode. The dehum idifier B-296 is also used when spray drying in the 

closed mode to remove water content from  the drying gas (Biichi, 2009).
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Figure 1.3 Geometries of drying chamber (left) lateral outlet and (right) vertical outlet (Biichi, 2009). 
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Figure 1.4 Schematic illustration of Biichi M ini spray dryer B-290 set-up.

(b) GEA Niro S/A SDMicro

The SDMicro™ is a fu lly  functional spray drying plant at the laboratory scale. This spray dryer w/as 

design to retain the same air flow  pattern as a full scale production model. It operates in blow 

mode w ith a tw o-flu id  nozzle and w ith  an air and solution set-up in co-current mode. The 

resulting equipment can make test volumes o f product at the smallest possible scale (100-200 

ml). The intrinsically safe operation makes the SDMicro™ suitable fo r use w ith  nitrogen for 

products dissolved in organic solvents, w ithou t the requirement of an inert-loop as is the case 

fo r the Biichi B-290 Mini spray dryer. Compressed air is used for drying o f aqueous fluids. The 

cyclone is used for the initial powder collection and the bag filte r collects fine particles passing 

through the cyclone. The cyclone may be by-passed completely fo r collecting very fine powders 

in the bag filte r (GEA Niro, 2012). This instrum ent operates in a blow mode contrary to  the Biichi 

B-290 Mini spray dryer when using nitrogen as the drying gas.
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Figure 1.5 Schennatic illustration o f Niro A/S SDMicro spray dryer set-up.

(c) GEA Niro Mobile Minor

The Niro Mobile M inor is a pilot plant spray dryer. Small quantities of solutions, suspensions, 

and emulsions can be dried into representative powder samples. This spray dryer can be fitted  

w ith  one of three alternative atomizing systems; rotary atomizer, co-current tw o-flu id  nozzle; 

fountain tw o-flu id  nozzle. The co-current tw o flu id nozzle was selected fo r our experiments; it is 

located in the centre of the chamber roof. The atomisation is created by compressed air at a 

pressure of 0.5-2.0 bar. The feed and atomizing gas are passed separately to the nozzle head 

where the atomisation takes place. The Mobile M inor permits a second point of entry of feed 

solution in the middle of the drying chamber, as well as the ability to operate in aseptic 

conditions and in a closed mode, when organic solvents are spray dried and nitrogen gas is used 

as the drying gas (GEA Niro, 2012).
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Figure 1.6 Schematic illustration of Niro Mobile M inor spray dryer set-up.

Table 1.2 resumes the technical features of the three spray dryers. All three spray dryers have

different geometries and size, resulting in d ifferent load capacities (sample volume and drying

I
P o w d er

Drying
H e a te r ch am b e r
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air). Operation w ith a tw o flu id nozzle and in co-current mode is possible in the three models. 

The pilo t scale spray dryer presents a higher water evaporation capacity as well as the possibility 

to  spray dry at higher temperatures. At the laboratory scale (Buchi Mini Spray dryer and Niro 

SDMicro) the spray drying is performed indifferent modes: closed versus open and, suction 

versus blowing. Such difference will impact on particle drying, since in the open mode the drying 

gas is constantly replaced, as in the closed mode the drying gas is recycled w ith removal of 

solvent and moisture content being dependent of auxiliary equipment as condensers and 

dehumidifiers.

Table 1.2 Technical features of the three spray drying instruments used in the presented studies. N/P -  not published

Technical features
Mini Spray Dryer 

B-290
Niro SD Micro Niro Mobile Minor

Water evaporation capacity
1.0 kg /h , higher for 

organic solvents

1 .0  kg /h , higher 

fo r organic  

solvents

0 .5 -6 .0  kg /h , higher fo r  

organic solvents

Sample volume 30  m l - 1 1 m in 100 - 200  ml 100  m l -  10 1

Drying air flow rate Up to  4 0  kg/h Up to  30  kg/h .80  kg/l at 20 0  °C

Atomisation flow rate for two- 0 . 1 - 1 . 0  kg/h 6 kg/h 4 - 2 5  kg/h

fluid nozzle at 5 -8  bar at 0 .5  bar a t 0 .5  -  6 .0  bar

Maximum inlet temperature 22 0  °C 20 0  °C 35 0  °C

Spray chamber size 

(diameter/cylindrical height)
165 m m /6 0 0  m m 80 0  m m /6 2 0  m m  

Rotary a tom iser, tw o -flu id

Nozzle types Tw o-flu id  nozzle 

O pen, optional cycle

Tw o - f lu id  nozzle nozzle in co -curren t or 

fou n ta in  m ode

Operating conditions
w ith  inert-loop  B- 

295, 

sucking m ode

O pen, blowing  

m ode

O pen, o ptional closed cycle 

w ith  in e rt loop

Achieved particle size 2 -25  |im N /P 2 - 8 0  |im
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1.3. SALMON CALCITONIN

Calcitonin (CT) is a polypeptide horm one composed o f 32 am ino acids (aa) with an N-term inal 

disulfide bridge betw een positions 1 and 7 and a C-term inal proline am ide residue (M otta  et al., 

1998); it is produced by the parafollicular cells o f the thyroid gland in m am mals and by the 

ultim obranchial gland of birds and fish. Secreted in response to increased serum calcium levels, 

it has a regulatory function in calcium-phosphorus m etabolism , by moving the calcium from  

blood to bone, enhancing calcium deposition, inhibiting calcium resorption from  bone, and 

decreasing urinary calcium excretion (Arbine and Drake, 1993; Patton, 2000). Osteoclast- 

m ediated bone resorption is inhibited by CT through the regulation of both the num ber and 

activity o f osteoclasts. Therefore, CT is a potent drug for various bone metabolism diseases such 

as Paget's disease, hypercalcemia and osteoporosis (Arbine and Drake, 1993; Patton, 2000). The 

signal transduction of CT to osteoclast is in itiated by its binding to the CT receptor, which  

belongs to  a subfamily o f GTP-binding (G )-protein-coupled receptors, fo llow ed by activation of 

G-proteins. Activated G-proteins in turn induce the activation of adenylyl cyclase and 

phospholipase C to generate the intracellular second messenger molecules, cyclic adenosine  

3P,5P-m onophosphate (cAMP) and inositol phosphates (IPs) w ith, cAMP likely to be more  

im portant for the action of CT in osteoclasts (Katayama et al., 2001).

Calcitonin from  five species -  human, salmon, porcine, bovine and ovine -  have been identified, 

and porcine, human and salmon calcitonin have been synthesised (Arbine and Drake, 1993; 

Patton, 2000). Salmon calcitonin (sCT) has the most sim ilar structure to human calcitonin (hCT). 

It only differs in 16 aa, has the greatest biological activity, undergoes the least am ount of 

degradation by serum factors, has the longest half-life; and shows the highest affin ity for 

receptors in bones and kidneys (Patton, 2000).

Calcitonin is usually adm inistered intravenously, in traperitoneally or subcutaneously. How ever a 

nasal form ulation is also available, Miacalcin® (sCT form ulation) by Sandoz Pharmaceuticals; it is 

com m only used in the trea tm en t o f Paget's disease w ith th ree daily administrations being as 

effective as injectable calcitonin (Patton, 2000; Bhandari e t al. 2010).

Amphiphilic secondary structures have been shown to be im portant elem ents in the functional 

properties of many peptides and segments o f larger proteins. Native salmon calcitonin appears  

to comprise a single a-helix from  residue 8 to residue 23 (helix-breaking proline), and a 

hydrophilic random-coil segment from  residue 23 to the carboxyl-term inal proline am ide (M oe  

and Keiser, 1985). Epand and Epand (1986) studied the effect of conform ational changes in sCT
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native structure reporting that conformation flexibility is key to the peptide bioactivity and 

modification in the structure might also affect the peptide binding to receptors.

Patton (2000), Chan et al. (2004), Clark et al. (2008), Nf Ogain (2008) have reported different 

formulations of sCT for pulmonary delivery, underpinning the need for stabilisation of the 

peptide in order to take advantage of its biological activity. These studies also showed the 

potential for systemic delivery of sCT via the lungs.

Figure 1.7 Am ino acid sequence o f salmon calcitonin (sCT). The N -term inus is stabilised by a disulfide bridge betw een  

Cysl and Cys7, the C-term inus is naturally am ldated.

1.4 BACKGROUND ON EXCIPIENTS USED 

1.4.1 Raffinose (raffinose pentahydrate)

Raffinose is a naturally occurring trisaccharide isolated from a variety of plants including beet 

sugar molasses, cottonseed meal, and the seeds of various food legumes (Berman, 1970). Its 

chemical name is a-D-galactopyranosyl-(l->6)-a-D-glucopyranosyl (l->2)-a-D-fructofuranoside 

and it normally exist as the pentahydrate crystal with no known ability to exist as a stable 

unsolvated or anhydrous crystal, although it has been shown to form intermediates at lower 

hydrate level and to become amorphous upon desiccation by spray drying or heating to 80 or 

100 °C (Bernan, 1970; Kajiwara et al., 1999; Hogan and Buckton, 2001; Bates et a!., 2007; 

Charmathy et al., 2010). Three water molecules have been reported to locate in a tunnel of the 

raffinose structure, while two other water molecules are situated outside the tunnel. The 

hydrogen bonding between water molecules and raffinose in the molecular structure is complex
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(Je ffrey  and H uang , 1990; Cheng and Lin, 2 0 0 5 ). Cheng and Lin (2 0 0 5 ) re p o rte d  th e rm o g ra m  

results fro m  DSC ind icating  th a t th re e  e n d o th e rm ic  peaks a t 56 , 73  and 85  °C w e re  observed , 

likely co rresponding  to  th e  loss o f th e  first, second, and rem a in in g  m olecu les o f w a te r , 

resp ective ly , w h ich  corresponded  to  a to ta l w e ig h t loss during  TGA analysis o f ~  15% , a lm ost 

eq u al to  th e  loss o f 5 m ol o f w a te r  fro m  ra ffinose p e n ta h y d ra te .

T he am o rp h o u s  fo rm  o f raffinose (Tg ~ 1 1 6  °C) is o f in te re s t because o f its ab ility  to  p ro tec t  

p ro te ins  and re la te d  pharm aceutica l m ateria ls  sub jected  to  lyoph ilisation  and spray drying  

(K a jiw ara  e t a l., 1999 ; Davidson and Sun, 2 0 0 1 ; N i O ga in , 20 08 ; C h arm a th y  e t a l., 20 1 0 ). The  

a b ility  o f ra ffin o se  to  m a in ta in  th e  in te g rity  o f m a te ria ls  during  th ese  processes is a ttr ib u te d  to  

its hydrogen  b o n d in g  p ro p erties  and its ten d en cy  to  fo rm  a highly viscous glass (K ajiw ara e t a l., 

1999 ; Davidson and Sun, 20 01 ; C h arm ath y  e t a l., 2 0 1 0 ).

S tudies by Foster e t al. (1 9 9 6 ) d e te rm in e d  th e  e x te n t o f  th e rm a lly -in d u c ed  aggregation  in low  

m o lec u la r w e ig h t urokinase in th e  presence o f ra ffinose am on g  o th e r sugars, concluding th a t  

sugars w e re  e ffe c tiv e , co n c e n tra tio n -d e p e n d e n t, inh ib ito rs  o f agg reg atio n . F isher e t al. (2 0 0 1 )  

sh o w ed  ra ffin o se  e x e rte d  a cy to p ro tec tive  e ffe c t on p u lm o n a ry  g rafts  during  p reservatio n ; Ni 

O gain  e t al. (2 0 1 0 ) have p roven  th e  p ro tec tive  action  o f  ra ffin o se  on lysozym e in m icropartic les  

produced  fo r p u lm o n a ry  d e livery .

Table 1.3 Raffinose pentahydrate m olecular structure, form ula and w eight, and its solubility.

Molecular structure

O H

Molecular formula 

Molecular weight (g.mol’ )̂ 

Solubility

C 1 2 H 3 2 O 1 6 .5 H 2 O

594.51

soluble in w ater (lOg/lOOg H2O at 20 °C)
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1.4.2 Trehalose (trehalose dihydrate)

Trehalose, also known as a-D -g lucopyranosyl-(l-l)-a-D -g lucopyranoside, is a disaccharide o f 

glucose. Due to the linkage of the tw o  glucopyranose rings occurring at the reducing end o f the  

glycosyl residues (a-carbons), trehalose is a non-reducing sugar and the glycosidic bond is not 

cleaved by a-glycosidase (Higasiyama, T., 2002; Cesaro et al., 2008; Ohtake and W ang, 2011). It 

is w idely distributed in nature (plants, fungi, etc), protecting organisms against various stresses, 

such as dryness, freezing, and osmopressure (by stabilisation o f m em branes) (Higasiyama, T., 

2002; Ohtake and W ang, 2011).

Trehalose is com m only found in the dihydrate form  which is charactersed by its low  

hygroscopicity, even w hen exposed to 92% relative hum idity (Ohtake and W ang, 2011). The 

dehydration o f the dihydrate crystal occurs at 97 °C and the anhydrous crystal melts at 210  °C 

(Sussich et al., 1998; Nagase et al., 2002; Sussich and Cesaro, 2008; Ohtake and W ang, 2011). 

Trehalose can be presented in th ree  isomeric forms: a , a  -, a , (3- and p, (3 -trehalose, the  only  

naturally occurring form  is the a, a  isomer (Cesaro et al., 2008). The anhydrous form  o f trehalose  

presents th ree polymorphs: a , y and (3 (Sussich et al., 1998; Sussich and Cesaro, 2008; Ohtake  

and W ang, 2011). The m elting points o f these form s are, respectively: 126°C, 118-122 °C and 

210-215 °C (Cesaro et al., 2008). During various desiccation processes, including freeze and spray 

drying, trehalose readily dries as an amorphous m aterial w ith a high glass transition tem pera tu re  

(Tg ~120 °C) (Sussich et al., 1998; Nagase et al., 2002; Sussich and Cesaro, 2008; Ohtake and 

W ang, 2011).

Trehalose has been used to stabilise simple systems, such as lipids and proteins, as well as m ore  

complex biologicals, including viruses, bacteria, and tissues. This ability has been a ttribu ted  to  

the fact th a t it can sorb w ater and crystallise and phase separate from  the p ro te in /pep tid e , thus 

acting as a desiccant rem oving large amounts o f w ater that may otherw ise result in detrim enta l 

crystallisation o f the p ro te in /pep tide  itself (M oran  and Buckton, 2007). Studies by Lopez-Diez et 

al. (2004), M aury et al. (2005), Yoshii e t al. (2008) and Nf Ogain et al. (2011) among others have 

established the protective action o f trehalose on protein integrity, avoiding loss o f bioactivity. 

Trehalose is m ore com m only used than raffinose. Trehalose production was initially by yeast 

extraction which presented a high cost. How ever, Higashiyama (2002) reported a novel process 

of trehalose production: starch is liquefied by a therm ostable a-am ylase and is debranched by 

isoamylase, w ith  the form ed amylose being converted into trehalose by the tw o  enzym es, 

MTSase and MTHase. By this process, the production cost o f trehalose was reduced to  

approxim ately one hundredth o f its initial cost. Raffinose on the o ther hand, is still directly
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extracted from  its natural sources (soybeans, beet, sugar molasses, etc), existing in a 

concentration range betw een 0.3%  and 6% o f fresh weight, requiring large quantities (167-334  

kg) to  produce 1 kg of raffinose, presenting the process high cost (M ussato and M ancilha, 2007). 

Table 1.4 Trehalose dihydrate m olecular structure, form ula and weight, and its solubility.

OH

“•Cv,. ,>OH ^

Molecular structure
HO'

..,D" 0 -^>
,1

H O ' Y  ''3 H  

OH

Molecular formula C12H22O11.2H2O

Molecular weight
3 7 8 .3 3

(g.mol )

Trehalose is free ly  soluble in w a te r  (4 0 .6 -6 9 g /1 0 0 g  H2O at 20°C), practically
Solubility

Insoluble in e thano l and slightly soluble in m ethanol

1.4.3 Hydroxypropyl-3 -cyclodextrin

Cyclodextrins (CD) are cyclic (a -l,4 )-lin ked  oligosaccharides o f a-D-glucopyranose, obtained by 

enzym atic degradation of starch, containing a relatively hydrophobic central cavity and 

hydrophilic outer surface. Owing to back o f free  rotation about the bonds connecting the  

glucopyranose units, the cyclodextrins are not perfectly cylindrical molecules but are toroidal or 

cone shaped. Based on this architecture, the prim ary hydroxyl groups are located on the narrow  

side o f the torus w hile the secondary hydroxyl groups are localised on the w ider edge (Figure 

1.7) (Loftsson and Brewster, 1996). Therefore, CDs have hydrophilic cavity exteriors (hydroxyl 

groups -  polar) and hydrophobic cavity interiors (apolar). The a-cyclodextrin (aCD) comprises six 

glucopyranose units, the P-cyclodextrin (pCD) seven, and the y-cyclodextrin (yCD) eight units. For 

pharm aceutical purposes num erous derivatives have been prepared by etherification or the  

introduction of o ther functional groups at the 2-, 3- and 6-hydroxyl groups of the glucose 

residues. These changes im prove solubility and prevent crystallisation giving rise to an 

am orphous product. One o f the most studied derivatives is the hydroxypropyl-p-cyclodextrin  

(HPpCD) produced by replacem ent of pCD hydroxyl groups by hydroxypropyl ones, resulting in 

am orphous form  (Loftsson and Brewster, 1996; Munoz-Ruiz and Paronen, 1997; Davis and 

Brewsrter, 2004).

One property that characterises cyclodextrines is th e ir ability to  form  inclusion complexes with  

hydrophobic molecules. A dynamic equilibrium  betw een free CDs, free drug molecules and their
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fo rm ed inclusion complexes is established if drug molecules are o f sufficient size and have  

appropriate properties for the form ation  of inclusion complexes. The form ation o f inclusion 

complexes is possible w ith the en tire  drug molecule or only a portion o f it (Davis and Brewster, 

2004). By form ing the inclusion complex with the cyclodextrin the drug solubility can be greatly  

enhanced (e.g., hydrocortisone solubility in w ater is 33 tim es greater when com plexated w ith  

HPpCD), as well as drug stability, w ith  the cyclodextrin acting as a shield against degradation  

agents shuch as enzymes (Loftsson and Brewster, 1996).

Cyclodextrins can be used to achieve the following: enhance solubility, enhance bioavailability by 

increasing drug molecules perm eability, enhance stability by complex form ation or by increasing 

a system therm al stability (increasing glass transition tem peratu re), convert liquids and oils to  

free-flow ing powders, reduce evaporation and stabilize flavours, reduce odours and tastes, 

reduce haemolysis, prevent adm ixture incom patibilities (Shao et a!., 1992; Loftsson and 

Brewster, 1996; Davis and Brewster, 2004).

Munoz-Ruiz and Paronen (1997) studied the physical characteristics (particle size, m orphology, 

therm al behaviour and w a te r activity) of d ifferent cyclodextrins. HPpCD was found to be 

constituted by spherical particles (by SEM) w ith an average particle size ~10 nm; pow der 

residual moisture was 4.75%  w ith  com plete removal w hen exposed to 160 °C; DSC 

m easurem ents only showed a broad endotherm  betw een 20 and 130 °C that was a ttribu ted  to  

w a te r loss. HPpCD has been reported to  have an aqueous solubility o f 60% (w /w ) (Loftsson and 

Brewster, 1996; Davis and Brewster, 2004).

Branchu et al. (1999) tested the use o f sucrose and HPpCD as stabilising excipients in the spray- 

drying of a m odel protein, p-galactosidase. Spray-drying significantly inactivated the  enzyme; 

w hen spray drying in the presence o f sucrose inactivation still occured. How ever, a fte r spray 

drying P-galactosidase in the presence of HPpCD, or HPpCD and sucrose, full catalytic activity  

was exhibited on reconstitution. Furtherm ore, the reconstituted product was unchanged in 

term s of m olecular w eight, charge, and therm al stability.

Sigurjonsdottir e t al. (1999) studied the application o f HPpCD as a potential stabiliser o f salmon 

calcitonin (sCT) in aqueous solutions. The cyclodextrin was found to prevent sCT aggregation in 

solution and 54-75%  inhibition o f tryptic enzym atic degradation. It should be noted th a t trypsin  

is present in the lung lining fluid; these studies suggest a potential use of HPpCD to  prevent sCT 

degradation in the lung fluid.
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Ungaro et al. (2006) prepared large porous particles containing cyclodextrin fo r the sustained 

release o f insulin in the lungs. Large porous particles made o f poly(lactic-co-glycolic acid) (PLGA) 

were produced by the double ennulsion-solvent evaporation technique. Hydroxypropyl-p- 

cyclodextrin was tested as excipient to optimise the aerodynamic behaviour o f the 

microparticles. A controlled release o f insulin and HPpCD from  the system can be achieved by 

selecting appropriate ratio o f components. HPpCD-containing large porous particles had flow  

properties and dimensions suitable fo r aerosolisation and deposition in deep regions o f the lung 

fo llow ing inhalation, and thus a potential system for protein pulmonary delivery developed.

The aforementioned studies clearly demonstrated that HPpCD can be useful stabilising excipient 

in the preparation of spray-dried peptide and protein pharmaceuticals.

Figure 1.7 a) the chemical structure and (b) the toroidal shape of the 6-cyclodextrin molecule (Loftsson 
and Brewster, 1996).
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2.1 MATERIALS

Name Supplier
Product
number

Lot

Acetonitrile  > 99.9%  HPLC grade Fisher Scientific, Ireland A /0 6 2 6 /1 7 -

Atipam ezole hydrochloride solution 

(Antisedan)
Pfizer, Ireland - -

n-Butyl acetate >99% , extra pure
Merck, Germ any  

Sigma-Aldrich
10974

402842
-

Calcitonin (Salmon) Ph.Eur. (as 
Calcitonin acetate; 5 1 2 8 ,1  lU /m g)

Polypeptide  
Laboratories, Sweden

- 108112-01

Compressed air JunA irLTD , UK - -

Coum arin-6, laser grade Polysciences, Inc, USA 8037L 543680

Ethanol
Lab Scan Analytical 

Sciences, Ireland
- -

Ethyl acetate >99.8% , GC grade Fluka, Germ any 45758 1320047

Foetal bovine serum Sigma-Aldrich, Ireland F7524 -

Forskolin Sigma-Aldrich, Ireland F6886 109K5057

L-Glutam ine solution Sigma-Aldrich, Ireland G7513 -

Hydrogen gas BOC, Ireland - -

Helium  gas BOC, Ireland - -

Hydroxy-propyl-(3-cyclodextrin
Aldrich, Ireland  

Janssen Biotech N.V., 
Belgium

33,260-7

30 .222 .55

S 35156-516

0 7 H -2 2 1 /1
Insulin solution from  bovine 

pancreas
Sigma, Ireland 10516 118K8401

3-lsobuty l-l-m ethylxanth ine Sigma-Aldrich, Ireland 17018 44708221

Ketam ine (Vetalar) Pfizer, Ireland - -

M edetom id ine  hydrochloride 

(D om itor)
Pfizer, Ireland - -

M EM  Non-essential am ino acid 

solution
Sigma-Aldrich, Ireland M 7145 RNBB4233

M ethano l HPLC grade Fisher Scientific M /4056 /171 -

M ethano l
Lab Scan Analytical 

Sciences, Ireland
- -

N itrogen gas BOC, Ireland - -

Liquid nitrogen BOC, Ireland - -

Penicillin-streptom ycin solution 

stabilised
Sigma-Aldrich, Ireland P4333 -

Phenol Sigma-Aldrich, Ireland P5566 1423856

Phosphate buffered saline Sigma-Aldrich, Ireland D8537 -

1-Propanol Sigma-Aldrich, Ireland 82090 0001450449

Potassium brom ide Sigma-Aldrich, Ireland 9881 19H 0757

Propyl acetate Aldrich, Ireland 133108 STBB8727V

d-Raffinose pentahydrate Sigma, Ireland R0250 077K 1842
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039K0016
080M 0049V

RPMI-1640 Medium with 25 mM  
HEPES

Sigma-Aldrich, Ireland R5886 -

Salmon calcitonin AmbioPharm, Inc., USA A p ill8 4 RD010610

Sodium chloride Merck, Germany -
K26025300

905

Sulfuric acid 95-97% Sigma-Aldrich, Ireland 07208 81230

d-(+)-Trehalose dihydrate Sigma, Ireland T9531
018K7350
058K7357

020M 7023V

Trifluoroacetic acid
Riedel-de Haen, 

Germany 
Sigma-Aldrich, Ireland

34957

302031

7317A

BCBC7950V

Trypsin-EDTA solution Sigma-Aldrich, Ireland T3924 -

Water, deionised
Purite Prestige 

Analyst HP, Purite 
Limited, Thames, UK

- -
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2.2 METHODS 

2.2.1 Spray drying

Systems were spray dried as solutions using a Biichi Mini spray dryer B-290 operating in the 

closed mode with a high-performance cyclone and an inert loop B295 accessory (Buchi, 

Switzerland) or a GEA Niro SDMicro™ spray dryer (GEA Niro, Denmark). In both cases, nitrogen 

was used as the drying gas in a co-current mode.

Spray drying conditions are described in Appendix I.

The preparation of the systems to be spray dried was based on previous work by Nf Ogain 

(2008): excipients and/or peptide, in appropriate concentration, were dissolved in a solvent 

composition of methanol and butyl acetate or propyl acetate. Solvent mixture ratios are 

described in Appendix I. Excipients were weighed, methanol was added first for complete 

dissolution of solute; butyl acetate was added after complete dissolution of the excipients. 

Peptide addition was prior to spray drying of the solution.

All samples were collected into amber glass jars with screw-top lids, which were then stored in a 

desiccator at 4°C.

Yields were calculated by dividing the powder quantity collected by the quantity introduced into 

the feed solution, giving the yield per cent by weight (%).

2.2.2 Scanning electron microscopy (SEM)

Particle morphology was visualised by field emission scanning electron microscopy. SEM 

micrographs of spray dried materials were made by means of a MiraTescan XMU (Czech 

Republic) or a Zeiss Ultraplus Thermal Field (Germany) microscope. Samples were fixed on 

aluminium stubs using double-sided adhesive tape and sputter-coated with gold. Visualisation 

was performed at 5 kV and photomicrographs were taken at different magnifications in more 

than one region of the sample.

2.2.3 X-ray powder diffraction (XRPD)

The solid state nature of powders was determined by X-ray powder diffraction measurements 

using a Rigaku miniPlex II desktop X-ray diffractometer (Japan) with Haskris (USA) W A l cooling 

unit. The Rigaku miniFlex II Diffractometer consists of a vertical goniometer with a 1.25° 

dispersion slit, a 1.25° antiscatter slit and a 0.3 mm receiving slit. The Cu anode X-ray tube was
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operated at 30 kV and 15 mA in combination with a Ni filter to give monochromatic Cu Ka X-

rays. Measurements were taken from 5° to 40° on the two 9 scale at a step size of 0.05°/s. A 

minimum of two analyses was performed.

2.2.4 Thermal analysis

2.2.4.1 Differential scanning calorimetry (DSC)

DSC scans were taken for all the raw materials and spray dried powders by means of a power 

compensated Mettler Toledo DSC 821® (Switzerland) differential scanning calorimeter with a 

LabPlant RP-lOO refrigerated cooling system. Nitrogen was used as the purge gas. Samples were 

loaded into 40 pL sealed aluminium pans with three vent holes and scanned over a temperature 

range of 25-200/300°C with a scanning rate of 10°C/min (Nf Ogain et al., 2011). Weights of ~4 

mg were tested. The DSC system was controlled by Mettler Toledo STAR® software (version 

6.10). The glass transition temperature was defined as the midpoint of the transition and the 

recrystallisation and melting points are reported as the onsets of the exo/endothermic 

processes. Presented results are the average of triplicate analyses

2.2.4.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to determine the amount of residual solvent content (RSC) 

contained in samples after spray drying, as previously described (Ni Ogain et al., 2011). All 

measurements were performed with a Mettler TG 50 (Switzerland) module linked to a Mettler 

MTS balance. Sample sizes of ~4 mg were used. To avoid interference from moisture in the air, 

the sample chamber was purged with dry nitrogen at a flow rate of 25 ml/min. A temperature 

range of 25 -  200/300/350 °C was employed with a heating rate of 10 °C/min. The TGA system 

was controlled by Mettler Toledo STARe software (version 6.10) and the RSC was defined as the 

weight loss in TGA between 25 and 130 °C. Presented results are the average of triplicate 

analyses

2.2.5 Residual solvent content by gas chromatography with flame ionisation detector (GC-FID)

The residual solvent content of methanol and butyl acetate in the spray-dried samples was 

quantified by gas chromatography with flame ionization detection (GC-FID). A PerkinElmer 

Clarus® 500 with auto sampler and Supelco SPB-GC column (60 m x 0.25 mm x 0.5 pm, 35% 

phenyl, 65% dimethyl polysiloxane filling) (European Pharmacopoeia 7*̂  Edition, 2012) was 

employed. Helium at 8 psi pressure was used as a carrier gas. The oven temperature was 50 °C
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and the detector temperature was set to 325 °C. Samples were prepared by dissolving between 

100 and 200 mg of the spray dried powder in 1 ml purified water. Both solvents were assayed 

based on individual calibration curves with internal standards of n-propanol and ethyl acetate 

respectively. The injection volume was 1.0 nl and the retention times were as follows: methanol: 

3 min 57 s, n-propanol: 4 min 34 s, ethyl acetate: 5 min 0 s and butyl acetate: 12 min 50 s of the 

total 15 min method length. Solubility of butyl acetate and ethyl acetate was reported to be 0.7 

g/100 ml and 8.3 g/10 0ml, respectively (Seidell, 2010); all working solutions were bellow these 

limits. Presented values are the average ± standard deviation of three measurements. This 

method complements TGA, with discrepancies attributed to moisture absorbed from 

atmosphere.

2.2.6 Particle size analysis

Particle size distributions of the spray-dried powders were determined using a Mastersizer 2000 

laser diffraction instrument (Malvern Instruments, UK) with a dry powder sample dispersion 

accessory (Scirocco 2000). Pressure was set at 2 bar and a vibration feed rate of 50% was used in 

order to achieve an obscuration between 0.5 % and 6 %; refractive and absorption indexes were 

chosen appropriate for the material measured (Ni Ogain, 2008). Samples were run at least in 

duplicate. Mastersizer 2000 software was used for data evaluation. The dso reported is the 

geometric median particle size; the dio and dgo are the particle diameters at 10 % and 90 % of 

the cumulative volume distribution, respectively. The span of the volume distribution, a measure 

of the width of the distribution relative to the median diameter, was calculated according to the 

following equation (Maa et al., 1997):

2.2.7 Density measurements

2.2.7.1 Bulk and tap density

Bulk density (bp) was determined by weighing the amount of powder required to occupy a 1 ml 

volume in a 1 ml graduated glass syringe (Lennox Laboratory supplies, Ireland); tap density (tp) 

was determined by vertically tapping this sample onto a level bench top surface from a height of 

5 cm 100 times and calculating the ratio of the mass to the tapped volume of the sample. Each 

sample was measured in triplicate and density is expressed as an average ± standard deviation.

2.2.7.2 True density by helium pycnometry
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True density was measured using a AccuPyc 1330 Pycnometer Micromeritics™ (USA) using 

helium (99.995 % purity) to determine the volume of the sample. A 1 cm^ sample cup was used. 

The instrument was calibrated before analysis. Samples were dried for at least 12 h prior to 

analysis using a vacuum oven (Gallencamp, UK) operated at 25 °C and -600 mbar pressure. Each 

sample was analysed in triplicate; results are expressed as average ± standard deviation.

2.2.8 Specific surface area (SSA) analysis by Brunauer, Emmett, Teller (BET) method and 

porosity analysis by Barret, Joyner, Heyner (BJH), t-plot and Dubinin-Astakhov method

Specific surface area of spray dried powders was measured by gas adsorption using a 

Micromeritics Gemini VI surface area and pore size analyzer (Micromeritics, U.K.). Adsorption 

measurements were performed with nitrogen gas as the analytical (adsorptive) gas and helium 

as the reference gas for free space (physical volume that the gas occupies in the sample cell) 

measurements. Prior to analysis the samples were degassed under nitrogen gas, using a 

Micromeritics SmartPrep degasser for 12-24h at 25 °C to remove residual solvents that may have 

become physically adsorbed onto the surface (European Pharmacopoeia 7''̂  Edition, 2012; Nf 

Ogain et al., 2010). The evacuation conditions used in the analysis were as follows: rate of 500 

mmHg/min, time 1 min. Equilibration time for adsorption was 10 seconds. The amounts of 

nitrogen gas adsorbed at a range of relative pressures (P/Po): 0.05 < P /P o <  1 were evaluated for 

micropore volume and area determination using t-plot and Dubinin-Astakhov models 

(Quantachrome, 2009). Adsorption data for relative pressures 0.05 < P/Pq < 0.35 were 

determined to calculate SSA by the BET equation (Gregg and Sing, 1982); and adsorption data for 

relative pressures 0.35< P/Pq <1 was used to calculate the pore size and pore size distribution 

using the BJH model (Quantachrome, 2009). Analyses were performed in duplicate for each 

sample and are expressed as average ± standard deviation.

2.2.9 In vitro aerosol deposition studies using the next generation impactor (NGI)

The in vitro aerosol deposition of the dry powders was evaluated using apparatus E of the 

European Pharmacopeia, a Next Generation Impactor (NGI, Copley Scientific Limited, 

Nottingham, UK) operated under pharmacopoeial conditions. The NGI is a cascade impactor with 

7 stages to give five cut-off diameters in the 0.54-6.12 micron range at all flow rates between 30 

and 100 l/min, and a micro-orifice collector (MOC) (Copley, 2010; European Pharmacopoeia, 

2011). The air flow passes through the impactor in a saw tooth pattern with particle separation 

and sizing being achieved by successively increasing the velocity of the airstream as it passes
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through each stage by forcing it through a series o f nozzles containing progressively reducing je t 

sizes (Copley, 2010).

As previously described by Tew/es et al. (2010), the flow  rate was adjusted to achieve a pressure 

drop o f 4 kPa in the powder inhaler (Handihaler®, Boehringher Ingelheim, Ingelheim, Germany) 

and the tim e o f aspiration was adjusted to obtain a flow  of 4 L  The dry powder inhaler was 

loaded w ith a no. 3 hard gelatin capsule loaded w ith 20 ± 2 mg o f powder fo r each test. A fter 

dissolution in an appropriate volume o f solvent, particle deposition in the device, the throat and 

the stages and the filte r was determined by a suitable method (Table 2.1). Each test was 

repeated three times. The tota l amount o f particles w ith aerodynamic diameters smaller than 

5.0 |im  was calculated by interpolation from the inverse of the standard normal cumulative mass 

distribution less than stated size cut-off against the natural logarithm o f the cut-off diameter of 

the respective stages. This amount was considered as the fine particle fraction (FPF) (or 

respirable fraction) and expressed as a percentage of the emitted recovered dose (ED). The mass 

median aerodynamic diameter (MMAD) o f the particles was determ ined from the same plot as 

the particle size corresponding to the 50 % point of the cumulative distribution, and the

geometric standard deviation (GSD) as = ' where X is the particle size corresponding to

the 84% point and size Y is the particle size corresponding 16 % point o f the cumulative 

d istribution (Bosquillon et al., 2001; European Pharmacopoeia 7th Edition, 2012). Presented 

values are expressed as average ± standard deviation.

Table 2.1 Methods of determination of deposited powder

Material Collecting Solvent Method of analysis
Trehalose
Raffinose
TorR:sCT

H2O phenol-sulfuric acid colorimetric detection

T:R:sCT

HP-p-CD + coumarin-6

R: HP-P'CD + coumarin-6 80 % EtOH
Fluorescence detection: 

Xex = 485 nm ^em = 520 nm
T: HP-P'CD + coumarin-6

2.2.9.1 Phenol-sulfuric acid colorimetric detection

NGI deposition o f all sugar powders w ith no inclusion o f cyclodextrin were determined by the 

phenol-sulfuric acid colorimetric method in microplate form at as previously described by 

Masuko et al. (2005). The sulfuric acid promotes the conversion o f all non-reducing sugars to
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reducing  sugars; tiie se  fo rm  a co m p lex  w ith  th e  phenol tu rn in g  th e  so lu tion  in to  a y e llo w -o ra n g e  

so lu tio n  th e  absorbance o f w hich  is m easured  by UV spectroscopy a t 4 9 0  nm  (F ou rn ier, 2 0 0 1 ).  

A bsorbance m e as u rem e n ts  w e re  carried  o u t using a F luostar o p tim a  m ic ro p la te  re a d e r (B M G  

Labtech, G erm an y) using c lear 9 6  w e ll f la t  b o tto m e d  p la tes (S arstedt, Inc., G erm an y ). In each

well was added 50 |jl sample, 30 |jl phenol 5% and 150 [j I sulfuric acid 95-97% , fo llow ed by

incub atio n  fo r  5 m in a t 9 0  °C in a sta tic  w a te r  bath ; th e  p la te  w as su b sequ en tly  cooled in a room  

te m p e ra tu re  w a te r  bath  b efo re  absorbance m e as u rem e n ts  w e re  m ad e  (M as u k o , 2 0 0 5 ). All 

sam p le  and s tandard  m e as u rem e n ts  w e re  carried  o u t in d u p lic a te /tr ip lic a te . C a lib ra tio n  curves  

w e re  p rep ared  in trip lica te .

Z.2.9.2 Fluorescence detection

For NGI analyses o f cyclodextrin  pow d ers , a flu o rescen t dye co u m a rin -6  w as in co rp o ra ted  a t a 

lo w  load (0 .2  % by w e ig h t o f exc ip ien t o r excip ient:A P I co n ten t) during  sp ray-dry ing , to  en ab le  

su b sequ en t q u a n tita tio n  o f  p o w d e r as prev iously  described  by Nf O gain  e t al. (2 0 1 1 ). 

Fluorescence m e as u rem e n ts  w e re  carried  o u t using a F luostar o p tim a  m ic ro p la te  re a d e r (B M G

Labtech, G erm an y) using black 9 6  w ell f la tb o tto m e d  p lates (S arstedt, Inc., G erm an y) and a 2 0 0  |J

I sam p le  vo lu m e , w ith  exc ita tio n  and em ission w av e len g th s  as in T ab le  2 .1 . All sam ple and  

stand ard  m e as u rem e n ts  w e re  carried  o u t in d u p lic a te /tr ip lic a te . C a lib ra tio n  curves w e re  

p rep ared  in trip lic a te , w ith  th e  sam e spray-dried  batch o f p o w d e r and co llecting  so lvent as used 

in th e  NGI analysis, and w as e ith e r  fresh ly  p rep ared  o r checked s im u ltan eo us ly  w ith  each  

analysis.

2.2.10 Dynamic vapour sorption (DVS)

V a p o u r sorp tion  by spray d ried  p o w d ers  w as investigated  by m ean s o f an a u to m a te d  g rav im etric  

v a p o u r so rp tion  an alyser, DVS A d va n ta g e -1  (Surface M e a s u re m e n ts  System s Ltd, UK). DVS is a 

w ell-e s ta b lish ed  m e th o d  fo r  th e  g rav im etric  d e te rm in a tio n  o f  va p o u r so rp tion  iso therm s. The  

DVS A d va n ta g e -1  uses a Cahn D 2 0 0  record ing  u ltra -m ic ro b a la n c e  w ith  a mass reso lu tion  o f ± 0 .1  

|ig ; th e  va p o u r p a rtia l p ressure arou n d  th e  sam p le  is co n tro lled  by m ixing sa tu ra ted  and  dry  

c a rr ie r gas s tream s (N 2) using e lec tro n ic  mass f lo w  co n tro lle rs  (B u rn e tt e t  a l., 2 0 0 8 ).

Sam ples w e re  e q u ilib ra te d  a t 0%  RH until d ry  and th e  re fe ren ce  mass w as reco rd ed . The  

sam ples w e re  exposed  to  th e  fo llo w in g  % o f re la tive  h u m id ity  (RH) p ro file : 0  % to  9 0  % in 10  % 

steps and th e  reverse  fo r d eso rp tion  a t 2 5 .0 ± 0 .1  °C. A t each stage, th e  sam p le  mass w as a llo w ed  

to  reach eq u ilib riu m  d e fin e d  as d m /d t  = 0 .0 0 2  m g /m in  o v e r 10 m in , b e fo re  th e  RH w as changed .
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The amount of water uptake for each RH stage was expressed as a % of the dry sample mass 

(mo).

For data analysis the Young and Nelson model was fitted to the vapour sorption isotherm, using 

the software provided by SMS Ltd. This model, which establishes a quantitative correlation 

between the moisture content and the %RH, was fitted to profile the water uptake as water 

adsorbed in a monolayer and multilayer, and as water absorbed (Bravo-Osuna et al., 2005; 

Tewes et al., ZOlOjiM^ = A [p  + 6 ) + B6RH  and = A{_p + 9 )  + BORHjnax where Ms and 

are, respectively, the amount of water sorbed and desorbed at each RH (%), expressed as a 

fraction of the dry mass of the sample. A and B are constants characteristic of each material: 

A = and B = where is the water density, VoIm and VoU are, respectively, the
Wm Wjn

adsorbed and absorbed water volumes and Wm is the weight of dry material. In this model, d  is 

the fraction of the material surface covered by at least one layer of water molecules, and Ad  is 

the mass of water in a complete adsorbed monolayer expressed, like all masses in the model, as 

a fraction of the dry mass of the solid. A(6+d) is the total amount of adsorbed water, and A6  is 

the mass of water which is adsorbed beyond the mass of the monolayer, that is, in multilayers. 6 

is the mass of absorbed water at 100 % RH, and, hence, BdRH is the mass of absorbed water 

when the monolayer coverage is d  and the relative humidity is RH.

2.2.11 High performance liquid chromatography (HPLC)

Salmon calcitonin (sCT) content was analysed by HPLC, as previously describe by Tewes et al. 

(2010). An LC-IOAT VP pump, FCV-IOAL VP delivery module, DGU-14A degasser, SIL-IOAD VP 

autosampler, SPD-lOA VP UV-VIS-detector and CLASS-VP software (all Shimadzu, Japan) were 

used. The chromatographic system was set up with a Genesisass of the rbed in a monolapolar 

column (Jones Columns, Crawford scientific, UK). Measurement were conducted by injecting 50

|jl of samples, standards or controls in the mobile phase running at 1.0 ml/min and composed of

66% v/v  of aqueous phase (1.16 g/l of NaCI, 0.032 % v/v of TFA dissolved in H2O) and 34 % v/v of 

acetonitrile. sCT were detected by measuring the absorbance at 214 nm. sCT concentration of 

the standards ranged from 0.1 mg/l to 0.003 mg/l and calibration curves were prepared in 

triplicate. Controls were performed to check for any interference on the assay by the excipents. 

No interference was found. Presented values are the average ± standard deviation of three 

measurements.
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2.2.12 Solid state Fourier transform infrared spectroscopy (FTIR)

In fra re d  spectra o f sam ples w e re  ev a lu a ted  in o rd e r to  e v a lu a te  possible m o lec u la r  

m o d ifica tio n s a fte r  processing o f excip ients  and p ep tid e  (N f O gan e t al, 2 0 1 0 ). Spectras w e re  

recorded  on a N ico le t M ag n a  IR 5 6 0  E.S.P. (USA) s p e c tro p h o to m e te r e q u ip p ed  w ith  M C T /A  

d e tec to r, w o rk in g  u n d er O m nic s o ftw a re  vers ion  4 .1 . A spectral range o f  6 5 0 -4 0 0 0  cm ‘\  

reso lu tion  2 c m '\  and accu m u la tion  o f 6 4  scans w e re  used in o rd e r to  o b ta in  good q u a lity  

spectra . A KBr disk w as used. Sam ples w e re  m ixed w ith  KBr a t a ra tio  o f  1 :1 0 0  using an ag ate  

m o rta r and p estle . Disks w e re  com pressed a t 8  to nn es pressure fo r 1 to  2 m in u tes  using a 13  

m m  KBr d ie  set (A po llo  Scientific , U .K .). The ra w  ab so rp tion  spectras w e re  baseline co rrec ted  

and sm o o th ed . For sam ples con ta in in g  p ep tid e , th e  a m id e  I band w as tru n ca te d  fo llo w e d  by 

area  n o rm aliza tio n  using O rig in lab  s o ftw a re  to  en ab le  d irec t q u a n tita tiv e  com parisons b e tw e e n  

spectra , as described  by Van  de W e e r  e t al. (2 0 0 1 ).

2.2.13 Circular dichroism (CD) (These studies were carried out by Fatma Faraq, UCC)

CD w as carried  o u t to  ev a lu a te  sCT secondary s tru c tu re  using a Chirascan CD S p e c tro m e te r fro m  

Photophysics. A 0 .1  m m  p ath le n g th  cell w as used fo r th e  Far U V  spectra w hich  w e re  m easured  in 

th e  range 1 8 5 -2 6 0  nm . Data w as co llected  in m illid eg re e  units using th e  band w id th  o f 1 nm  a t a 

0 .5  nm  step size and th e  tim e  p er p o in t w as 0 .5  sec. T h ree  rep lica tes w e re  p erfo rm ed . S tep p ed  

te m p e ra tu re  ram p in g  fro m  20  °C to  75  °C w as used fo r th e  h eatin g  and cooling e x p e rim e n t w ith  

a 5°C  step size and eq u ilib riu m  tim e  2 m in / te m p e ra tu re  p o in t. For th e  te m p e ra tu re  ram p in g  

ex p e rim e n t a 0 .5  m m  p ath len g th  cell w as used. Data w as analysed  using th e  s o ftw a re  CDNN fo r  

calcu lation  o f secondary struc ture  ra tio s  o f th e  sCT m o lecu le . The spectra o f th e  b lank solutions  

w e re  subtrac ted  fro m  th e  p ro te in  so lutions spectra .

2.2.14 Salmon calcitonin activity assay

The capacity o f sCT fo rm u la tio n s  to  increase in trace llu la r cyclic ad en o s in e  m o n o p h o sp h ate  

(cA M P ) w as assessed in accordance w ith  a previously re p o rte d  m eth o d  (Ryan e t a l., 2 0 0 9 ). T 47D  

hum an  breast cancer cells expressing calciton in  recepto rs  w e re  cu ltu red  in RPM I (Rosw ell Park 

M e m o ria l In s titu te ) 1 6 4 0  w ith  HEPES m o d ifica tio n  cu ltu re  m e d iu m  su p p le m e n te d  w ith  1 % v /v  L- 

g lu tam in e  so lu tion , 1 % v /v  p e n ic illin -s tre p to m y c in , 10  % v /v  fo e ta l bov in e  serum  and 0 .2  lU /m L  

insulin. Cells w e re  seeded on 2 4 -w e ll p la tes , previously co ated  w ith  1 .1 5  % v /v  collagen so lu tion ,

a t an in itia l d en sity  o f  1x10® ce lls /w e ll and incub ated  in a ir w ith  5 % o f CO 2 a t  3 7  °C fo r 2 days.

Cells w h e re  th en  w ashed  w ith  PBS and serum  fre e  m e d iu m  and p re -in cu b a ted  w ith  fresh  serum  

fre e  m ed iu m  su p p lem en ted  w ith  th e  p h o sp h od iesterase  in h ib ito r, 3 - is o b u ty l- l-m e th y l-x a n th in e
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(IBMX, 0.2 mM) at 37 °C for 30 min. sCT formulations (w ith sCT at a concentration o f 10'® M)

dissolved in serum free RPMI 1640 plus IBMX was then added to the cells and incubated fo r 15 

min. A fter removing the supernatant, cells were rinsed three times in cold PBS and resuspended 

in 1 ml o f cell lysis buffer. Cells were frozen at -20  °C and thawed w ith  gentle mixing. The 

freeze/thaw cycle was repeated once and the mixture was centrifuged at ~ 10,000 rpm fo r 5 min 

at 4 °C to  remove cellular debris. The supernatant was collected and cAMP concentrations were 

measured by cAMP Enzyme immuno-assay (EIA) kit (RandD Systems, Abingdon, UK). All 

measurements were done in triplicate and responses expressed as average the blank solutions.

2.2.15 Pharmacokinetic studies (These studies were performed by Dr. Frederic Tewes and Dr. 

Oliviero Gobbo, TCD)

In vivo studies were performed using Male Wistar rats (BioResources, TCD, Ireland) weighing 

350±50 g. The compliance o f this study w ith EC Directive 86/609 was reviewed and approved by 

the Trin ity College Dublin ethical committee. Rats were anesthetsed by an intraperitoneal (ip) 

injection o f a m ixture of ketamine and medetomidine hydrochloride at the doses o f 60 mg/kg 

and 0.5 mg/kg body weight, respectively. A fter anaesthesia, in the case o f intravenous (iv) 

administration o f sCT, two heparinised permanent polyurethane intravascular tubings were 

implanted on the day o f the experiment. The left femoral vein was cannulated for sCT solution 

administration, while the left femoral artery was cannulated fo r blood sampling. For pulmonary 

sCT administration, only one catheter was implanted in the le ft femoral artery fo r blood 

sampling. The iv bolus administration o f sCT (100 periment. The left femoral vein was cannulated 

fo r sCT solutin 0.9 % w /v  NaCI. Then the anesthetic reversal agent, atipamezole hydrochloride 

solution (Antisedan, Pfizer, Ireland), was injected ip at 5 mg/kg. The sCT dose for pulmonary 

administration was 100 ng/kg, which corresponded approximately to the insufflations o f 1 mg o f 

dry powder or to the nebulization of 100 [ig o f sCT solutions at 350 |it/m L  in 0.9% w /v  NaCI. 

Powder administration was performed using a dry powder Insufflator Model DP-4. (Penn- 

Century, Philadelphia, PA, USA). sCT solution nebulisation was performed using an AeroProbe 

intracorporeal nebulising catheter controlled by a LabNeb unit (Trudell Medical International, 

London, U.K.). Anesthetized rats were maintained by the upper incisors on a rodent work stand 

inclined at 45° angle. Vocal cords were visualised w ith the help of an otoscope, and then a plastic 

guide was inserted between them. The rat was put back to the horizontal position, fo llowed by 

the introduction of the sprayer into the plastic tube and the form ulation nebulized when the rat 

was breathing in. The tip  was w ithdrawn and anesthetic reversal agent was injected ip. . Blood 

samples (200 liL) were collected in heparinized tubes at the follow ing times; 0; 3; 10; 20; 30; 60;

45



CHAPTER 2: MATERIALS A N D  M ETH O D S

90; 120; 180 min after sCT administration. In each case, blood was replaced by an equal volume 

of isotonic solution. Blood samples were centrifuged at 10000 ref for 5 min. Plasma was 

withdrawn and kept frozen at -20 °C until sCT assay by ELISA kit (S1155, Bachem, U.K.). 

Pharmacokinetic parameters were determined for each individual rat using a non- 

compartmental model.In the latter model the change of drug concentration overtim e is usually 

regarded as a statistical distribution curve, for which the first two moments (zero and first) are 

defined as the area under the curve (AUC) and as mean residence time (MRT), a mean time 

interval during which a drug molecule resides in the body before being excreted (Gabrielsson 

and Weiner, 2000; Kwon, 2002; Cryan, et al., 2007). AUC can be calculated by the linear

A UIVI
trapezoidal method and MRT as follows:= > where AUMC is the area under the first-

moment curve of the plasma drug concentration vs. tim e curve from time 0 to infinity 

(Gabrielsson and Weiner, 2000; Kwon, 2002). Other pertinent pharmacokinetic estimates were:

D ■ Cl
intra-venous clearance Cl = ; pulmonary clearance Clp^i = absolute bioavailability

Fa = X relative bioavailability Fy = x  Bl£LE}iL- steady state volume of
AUCi^ D p i i i  ^ ^ ^ s o l p u l  ^ p u l

Cl
distribution = M R T  x Cl; volume of distribution during the terminal phase ; the

half-life of the terminal p phaseti/2^ = > mean absorption time M A T  = MRTp^i -  MRTi-^;

1 1 
the constant of absorption ka = ------- ; and the constant of elimination kp =  (Gabrielsson

^  “  M A T  ®  MRT

and Weiner, 2000; Kwon, 2002).

2.2.16 Storage stability

Solid state stability studies of sCT composites were conducted using the conditions of 

temperature and relative humidity (RH) described by Nf Ogain (2010) for a period of 24 weeks. 

Hence, conditions studied were: 4 °C /5 % RH and 25 °C /5 % RH using the conditions of 

temperature and relative humidity of Amebis Ltd (Ireland) stability products. Samples were 

placed in special powders containers that possess a mesh on the bottom and top to allow full 

contact with air, which were then placed in test chambers with humidity devices (containing 

saturated salt solutions) designed to achieve the required relative humidity. Test chambers were 

kept in an incubator or fridge according to tested conditions. Samples were removed at 

appropriate time intervals and analysed as outlined in Table 2.1.
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Tabel 2.1 Outline of sample stability analysis by scanning electron microspcopy (SEM), differential 

scanning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FITR), high performance liquid chromatography (HPLC) and bioactivity.

SEM DSC TGA XRD FTIR HPLC Bioactivity

Day 0 X X X X X X X

Day 1 X X X

Week 1 X X X

Week 2 X X X

Week 4 X X X X X

Week 8 X X X

Week 12 X X X X X

Week 16 X X X

Week 20 X X X

Week 24 X X X X X X X

2.2 .17  Statistical analysis

Statistical analysis o f variance. A NOVA w ith  Tukey's, was perform ed to determ ine th(

significance (p-value) and im pact (F-value) o f an effect or difference betw/een means, using 

M initab™  softw are (version 13.32). Param eters found to be significant at at least the 95%  

confidence level w ere  considered to have an effect or to  be different.

Descriptive statistics (m edian and standard deviation) w ere determ ined using M icrosoft' Office 

Excel’
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CHAPTER 3: O NE-FA CTO R-AT-A -TIM E O P TIM IS A TIO N  OF THE SPRAY DRYING PROCESS OF N O N-R EDU CING  SUGARS

3.1 INTRODUCTION

Powder presence or build-up on the drying chamber and/or cyclone wall surfaces is a regular 

occurrence in industrial spray drying operations, in particular with sugar-rich foods (Bhandari, 

1997; Maa et al., 1998; Masters, 2002). Powder build-up is caused by numerous factors: 

insufficient droplet drying, thermoplastic/hygroscopic nature of the powder resulting in particles 

with sticky surfaces, electrostactic forces, deposition at positions of any distortion on the inner 

spray drier glassware surface and heat loss causing condensation on the glassware leading to 

powder stickiness (Masters, 2002).

Several studies have addressed this problem at a laboratory scale. Bhandari et al. (1997) studied 

problems associated with spray drying of sugar-rich foods, indicating stickiness inherent to sugar 

as the major reason limiting their suitability for spray drying. Properties such as high 

hygroscopicity of the amorphous counterpart, low melting point and glass transition 

temperature (Tg), were identified as the main causes of low powder collection on spray drying 

sugars. Bhandari et al. suggested different approaches to overcome such problems: the addition 

of "drying aids" (e.g., maltodextrins -  to increase the Tg, allowing spray drying to be conducted 

at higher inlet temperatures, resulting in drier powders), modification of dryer design and the 

use of mild temperature conditions. Maury et al. (2005) evaluated the effects of spray drying 

process variables on the production yield of trehalose powders, reporting the formation of wet 

deposits on the cyclone wall. Maury et al. determined that the use of higher inlet temperatures 

could improve particle drying and reduce wall deposition. Ni Ogain (2008) spray dried raffinose 

pentahydrate and trehalose dihydrate to produce nanoporous microparticles and highlighted 

problems with the process such as: low yields (< 50%), powder deposits on cyclone wall and high 

electrostatic charge of the collected powder.

Our aim was to optimise the spray drying conditions and feed solution concentration for the 

production of sugar nanoporous/nanoparticulate microparticles (NPMPs) by means of a one- 

factor-at-a-time (OFAT) study and, to investigate their physicochemical properties, in order to 

ensure their suitability for later incorporation of peptides and proteins, as a system designed for 

pulmonary delivery.
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3.2 UNPROCESSED MATERIALS: RAFFINOSE PENTAHYDRATE AND TREHALOSE DIHYDRATE

Properties of raffinose pentahydrate (R5W) and trehalose dehydrate (T2W) as supplied materials 

were investigated. Raffinose crystals presented a prism shape and trehalose crystals a cubic 

shape (Figure 3.1), with a geometric median diameter of 123.7±4.36 nm and 173.4±13.96 |im, 

respectively, as measured by laser diffraction, and a true density of 1.50±0.00 g/cm^ for raffinose 

and 1.51±0.00 g/cm^ for trehalose. XRPD showed the characteristic peaks of the two sugars: at 

10.75, 13.65 and 21.1° for raffinose (Leinen and Labuza, 2006; Nf Ogain 0., 2008) and at 8.7° and 

23.8° for trehalose (Nagase H. et al., 2002; Pinto S. et al., 2006; Ohashi I .  et al., 2007) (Figure 

3.2).

Thermogravimetric analysis (TGA) of R5W showed a large step between 25 and 140 °C, 

corresponding to a mass loss of ~14 % due to dehydration, consistent with the theoretical mass 

of water in the pentahydrate of ~15 %. This water loss was also evident on the DSC scan, where 

a sharp endotherm was detected at ~90 °C. The latter scan presented a disordered pattern after 

the endothermic peak, which could be assigned to degradation of the sugar. No other thermal 

events were registered (Figure 3.3).

The TGA of T2W presented a large step between 25 and 200 °C, corresponding to a mass loss of 

~9 % due to dehydration, once more consistent with the theoretical mass of water of ~9.5 %. 

The first sharp endotherm at ~100 °C in the DSC scan corresponds to the aforementioned water 

loss. A second sharp endotherm was found at ~200 °C that could be attributed to the melting of 

the anhydrous trehalose - polymorph p (Sussich et al., 1998; Sussich and Cesaro, 2008). A third 

small endothermic peak was detected at ~115 °C overlapping to some extent with the previous 

peak at ~100 °C. Taylor and York (1997) have also reported an endothermic peak over the 

temperature range 112-125 °C , that was attributed to the rapid rate of weight loss due to 

dehydration of trehalose dihydrate (Figure 3.4).

SOOpm

Figure 3.1 SE micrographs of (a) raffinose pentahydrate and (b) trehalose dihydrate
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Figure 3.3 DSC (black) and TGA (red) scan of raffinose pentahydrate
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Figure 3.4 DSC (blacl<) and TGA (red) scan of trehalose dihydrate 

3.3 PREPARATION OF SUGAR NPMPs

Raffinose and trehalose w ere spray dried as solutions of 1 % and 0.5 % (w /v ) respectively, from  

80% m ethano l/20%  n-butyl acetate (v/v). These solutions w ere previously successfully spray 

dried by Ni Ogain (2008) to produce raffinose and trehalose NPMPs. In the current studies, 

nitrogen (at 6 bar) was used as the drying gas in a co-current m ode w ith aspirator capacity set to  

m axim um  (100 %) and the airflow  rate constant at 667 l/h , as was the case in the previous 

studies conducted by Ni Ogain (2008). The remaining operating param eters w ere set according 

to the one-factor-at-a-tim e procedure (Table 3.1). This m ethod consists of selecting a starting  

point, or baseline set of levels, for each factor, and then successively varying each factor over its 

range w ith the other factors held constant (M ontgom ery, 1997). The im pact of feed solution 

concentration was also studied (Table 3.1). Spray dried particles w ere separated from  the  drying 

gas by a high-perform ance cyclone (Biichi, Switzerland), since previous studies have indicated an 

im proved efficiency of this cyclone compared to a regular cyclone in collecting particles less than  

2 |im  in d iam eter (Brandenberger, 2003; Ni' Ogain, 2008). The effects o f spray drying param eters  

on pow der production yield, particle size and density, residual solvent content, glass transition  

tem perature  and process outle t tem peratu re  w ere  assessed.
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Table 3.1 Process variables evaluated in the one-factor-at-a-time study

Setting Units

Aspirator
100 %

Airflow
40 mm

Inlet temperature
90-140 °C

Pump (feed solution rate) 20-35 %

Feed Solution Concentration Raffinose 1 -3 .5 % (w/v)

Trehalose 0.5 -1.5

3.4 EFFECT OF INLET TEMPERATURE

Inlet temperature (Tiniet) w/as varied between 90 and 140 °C, resulting in an outlet temperature  

(Toutiet) range of 54-79 °C for raffinose NPMPs and 48-81 °C for trehalose NPMPs, with a 

significant increase for the latter (p=0.011 for R and p<0.05 for I )  as inlet temperature was set to 

higher temperatures. Increased inlet tem perature leads to an incremental supply of heat energy, 

resulting in higher outlet temperatures (Tajber et al., 2009; Technical data Buchi B-290, 2009). 

Figure 3.5a and 3.5b represent the difference between the inlet and outlet temperature (heat 

usage) during spray drying as a function of inlet temperature, Tjniet- The greater the air 

tem perature difference, the smaller the heat requirement to produce a unit weight of powder of 

constant residual moisture/solvent content, and the more efficient the process is (Masters, 

2002). Spray drying at higher inlet temperatures resulted in a more efficient processing of both 

materials; the slope of the linear curve fitted (ratio was higher for raffinose than
T  in le t

for trehalose, giving an indication that the heat usage was more efficient for raffinose drying.
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Figure 3.5 Process heat usage as function of inlet temperature of (a) spray dried raffinose NPMPs and (b) 
spray dried trehaoseNPMPs

XRPD of all spray dried samples presented a scattered diffractogram, known as the amorphous 

halo, characteristic o f amorphous powders (Figure 3.6a and 3.6b). Therefore, by spray drying it is 

possible to modify the solid state o f raffinose and trehalose from  the crystalline state to the 

amorphous state.
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Figure 3.6 XRPD of (a) raffinose NPMPs and (b) trehalose NPMPs spray dried at different inlet 
temperatures: (a) 90 °C, (b) 100 °C, (c) 110 °C, (d) 120 °C, (e) 130 °C and (f) 140 °C.
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Spray dried raffinose yields varied between 43.7 and 59.8% and spray dried trehalose between 

37.3 and 55.7 %. The increase in yield was not directly proportional to in let tennperature 

increase; a maximum was achieved at Tmiet 120 °C w ith a yield o f 60.4±0.8 % fo r raffinose and 

52.6±0.5 % fo r trehalose (Figure 3.7a and b). All experimental runs presented powder build

up/sticking on the cyclone wall. According to Maury et al. (2005), insufficient droplet/partic le 

drying leads to form ation o f a wet deposit resulting in a reduction in powder yield. Statistical 

analysis showed no significant differences between trehalose samples (p>0.05); in the case o f 

raffinose, samples spray dried at Tmiet o f 110 and 120 °C were d ifferent from all other samples

(p-0.021).

70,0 170,0 -| a

> 5 0 ,0  -

40,0 40,0
80 100 140 80 100 140

Figure 3.7 Spray dried (a) raffinose powders yield and (b) trehalose powders yield as function of inlet 
tem perature

SE micrographs o f all spray dried raffinose and trehalose powders showed these were 

constituted by porous, spherical particles (Figure 3.7 and 3.8); follow ing the MSC system 

implemented by Paluch et al. (2012) spray dried particles o f both sugars were type IBIIIa.

Particle size volume distributions in all cases were narrow and monomodal w ith low span values 

(between 1.2 and 1.8 fo r raffinose and 1.1 and 2.2 for trehalose). The median particle size (dso) 

fo r raffinose particles was in the range o f 2.1-2.8 nm and fo r trehalose particles was in the range 

1.7-2.1 |im  (Table 3.2 and 3.3). No statistically significant differences were found between 

raffinose samples (p=0.395); in contrast, trehalose NPMPs when spray dried at Tmiet 120 °C and 

130 °C  presented a significantly higher geometric median particle diameter than when spray 

dried at Tmiet 90 °C (p=0.019). A correlation between dso and powder yield was investigated for 

trehalose powders only, since raffinose powders presented no differences in particle size. A 

significant correlation (r^=0.556, p=0.013) was found where, as particle size increases, higher 

yields are achieved (Figure 3.10); the outlie r point results from  a sample spray dried at 140 °C, 

powder stuck in cyclone walls might have led to the lower yield. Larger particles are easier to
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capture in the cyclone and only particles with diam eters above the cyclone's cut-off point w ill be 

collected; for this reason w e calculated the cut-o ff point o f the Biichi HP cyclone using Barth's 

model as described by M aury et al. (2005);d^ = - ■  , w here n is air viscosity, Q is th e  air
[Uj j P p T T h i

flow  rate, Pp particle density, and h, vortex height, to exclude the influence of the cyclone on 

collected yields. The cut-off point was found to  be 0 .60  nm for raffinose particles and 0 .61  ^m  

fo r trehalose particles, sm aller than the dio calculated for both type o f powders(Table 3 .2  and 

3.3). However, no particles w ith diam eters equal to  or less than 0 .60  |im  w ere found in the 

volum etric particle size distribution data o f any o f the analysed samples.

True, bulk and tap density m easurem ents of spray dried powders are presented in Table 3 .2  and 

3.3. ANOVA analysis for all three outcom es showed significant differences (p<0.05) betw een  

spray dried samples for both types o f sugars, w ith a decrease in true density and variation of 

bulk and tap density as in let tem peratu re  was increased. Bulk and tap density presented values < 

0.3 g/cm^ making them  suitable fo r pulm onary delivery (Bosquillon et al., 2004).

The aerodynam ic d iam eter was calculated for all samples (Table 3.2 and 3.3). A d iam eter in the  

range of 1-3 pim is desirable for central and distal deposition in the lungs (Hickey, 1996). All 

trehalose spray dried powders complied w ith this d iam eter range. In the case o f raffinose 

NPMPs only powders spray dried at higher inlet tem peratures presented aerodynam ic diam eters  

below 3 |im .
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'ft: I—  
* V  2  y m

Figure 3.8 SE micrographs o f raffinose NPMPs spray dried at d iffe ren t in le t tem peratures: (a) 90 °C, (b) 100 
°C, (c) 110 °C, (d) 120 °C, (e) 130 °C and (f) 140 °C.
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Figure 3.9 SE micrographs of spray dried trehalose NPMPs at different inlet temperatures:(a) 90 °C, (b) 100 
°C, (c) 110 “C, (d) 120 °C, (e) 130 °C and (f) 140 °C.

Table 3.2 Particle size, true, bulk (bp) and tap (tp) density and calculated aerodynamic diameter (daer) of 

raffinose spray dried samples at different inlet temperatures

T,„le,(°C) 90 100 110 120 130 140

dio(nm) 1.3±0.11 1.2±0.11 1.310.13 1.210.01 1.110.03 1.310.04

dso(nm) 2.710.33 2.510.03 2.810.70 2.310.03 2.110.09 2.310.18

dgo(nm) 6.3+0.67 5.6+0.13 5,811.75 4.810.01 4.010.18 4.110.45

<lnm (%) 3.3±1.34 4.2+0.21 3.110.50 3.710.19 6.010.19 3.310.13

True
density
(g/cm*)

2.05±0.07 2.0810.02 1.6610.02 1.6510.01 1.80+0.07 1.6710.02

bp (g/cm*) 0.05±0.00 0.0810.00 0.0510.00 0.0710.0 0.0610.00 0.0910.01

tp (g/cm^) 0.09±0.01 0.1410.01 0.1110.00 0.14+0.01 0.1010.00 0.1710.00

daer(kim) 4.1±0.07 3.610.06 4.110.16 3.010.16 2.710.05 2.810.02
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Table 3.3 Particle size, true, bulk (bp) and tap (tp) density and calculated aerodynamic diameter (daer) of 

trehalose spray dried samples at different inlet temperatures

Tinle. (°C) 90 100 110 120 130 140

dio(nm) 1.0±0.02 l.OiO.Ol 1.0±0.04 1.1+0.11 1.110.10 1.010.01

d 5 o (n m ) 1.7±0.08 2.0±0.05 1.9±0.14 2.1+0.05 2.010.05 1.810.06

dg o lu m ) 3.610.79 5.3±0.72 4.111.20 4.410.74 4.710.37 3.210.33

< ln m  (%) 11.4±0.74 10.7±0.56 7.4±1.70 9.811.30 9.911.15 9.010.54

True density 
(g/cm*) 1.46±0.00 1.60±0.04 1.56±0.04 1.55+0.02 1.5310,03 1.5510.01

bp(g/cm^) 0.07±0.02 0.04±0.00 0.0610.00 0.0910.01 0.1110.00 0.1410.01

tp (g/cm^) 0.12±0.00 0.09±0.00 0.1210.00 0.17+0.00 0.1910.00 0.2110.00

d a e r (H m ) 2.110.00 2.5±0.03 2.410.03 2.610.03 2.510.02 2.210.00
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Figure 3.10 Influence of geometric median particle size on yield of (a) raffinose and (b) trehalose powders 
spray dried at different inlet temperatures
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Figure 3.11 Effect of increasing inlet tem perature on raffinose and trehalose powders true density

A residual solvent content (RSC) o f 1 .97-8 .46  % and 1 .69-6.12 % was determ ined fo r raffinose 

and trehalose NPMPs samples over the tem peratu re  range 25-130 °C from  TGA, w ith  a 

significant reduction in RSC as in le t/o u tle t tem perature  increased (p<0.05 for R and T) (Table 3.4, 

Figure 3.11). Studies by Billon et al. (2000), Goula and Adam opoulos (2005), M aury et al. (2005) 

and M altesen et al. (2008) also verified a reduction in RSC o f spray dried powders with a higher 

inlet tem peratu re  setting.

Studies by Goula and Adam opoulos (2005) reported a dependency of the pow der bulk density  

on pow der m oisture content, w here the higher the m oisture content, the greater was the  

tendency of particles to stick together, leaving m ore interspaces betw een them  and 

consequently resulting in a larger bulk volum e and hence, low er bulk density. In our studies we  

have found the residual solvent content to  be dependent on the in let tem perature; therefore , 

spray drying at elevated inlet tem peratures results in powders with low er RSC and low er 

tendency to stick together, decreasing the bulk volum e and consequently increasing the bulk 

density (Tables 3.2, 3.3 and 3.4).

DSC scans of spray dried raffinose NPMPs powders showed a single glass transition step w ith no 

evidence o f o ther therm al events (Figure 3 .14 and Table 3.5). The glass transition tem peratu re

(Tg) increased w hen powders w ere spray dried at Tiniet ^ 110 °C (Table 3.5). The increase was

found not to  be significant at a confidence level o f 95 %, w ith p=0.167.

DSC scans o f spray dried trehalose NPMP powders showed a single glass transition step fo llow ed  

by an exotherm ic peak, corresponding to the collapse of the am orphous state into the crystalline 

state -  crystallisation, and finally an endotherm ic event correspondent to the melting o f the  

m aterial (Figure 3 .14  and Table 3.5). In contrast to raffinose, spray drying trehalose at higher
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tem peratures has a significant effect on the glass transition resulting in an increase in same 

(p=0.013). No significant effects o f an increase in inlet tem peratu re  on the crystallisation and 

m elting tem peratu re  w ere found (p=0.265 and p=0.822, respectively). According to Hancock 

(2007) solvents have the ability to  plasticise am orphous m aterials, leading to a depression o f the  

glass transition tem perature; therefore  in our study powders w ith  a low er RSC would be 

expected to present higher glass transitions tem peratures. This was verified by DSC (Table 3.5).

Table 3.4 Residual solvent content of sugars NPMPs spray dried at different inlet temperatures.

Inlet temperature (°C) Raffinose Trehalose

Residual solvent content (%, w /w )

90 8.5±0.65 6.110.16

100 5.7±1.45 4.7+0.34

110 4.710.44 4.210.66

120 3.010.35 3.610.01

130 2.010.20 3.210.39

140 2.510.15 1.710.57

Table 3.5 Glass transition temperature (Tg), recrystallisation temperature and enthalpy (Tc, AHc) and 
melting temperature and enthalpy (T^, AHm) of raffinose and trehalose NPMPs spray dried at different 
inlet temperatures

Tinie, (°C)
R NPMPs T NPMPs

T,(°C) Tc (°C) AHc (J/g) T„,(°C) AH„, (J/g)

90 116.410.06 120.410.32 165.713.56 116.916.14 211.310.10 142.611.67

100 116.210.05 120.3+0.06 163.410.19 114.410.10 211.010.04 145.311.68

110 117.0+0.15 120.2+0.04 177.1+0.13 135.8+4.21 212.111.22 146.4+0.35

120 116.7+0.21 120.8+0.07 164.8+0.69 116.112.46 211.510.05 145.312.89

130 116.810.03 120.310.10 157.610.06 105.514.31 211.510.90 142.710.69

140 116.510.13 121.110.05 162.914.64 114.914.43 210.910.39 146.313.43
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Figure 3.12 Effect of inlet temperature on (a) raffinose and (b) trehalose spray dried powders residual 
solvent content (RSC)
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Figure 3.13 Effect of inlet temperature on the glass transition temperature (Tg) of spray dried (a) raffinose 
and (b) trehalose powders
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Figure 3.14 DSC scans of raffinose NPMPs spray dried at different inlet temperatures: (a) 90 °C, (b) 100 °C, 
(c) 110 °C, (d) 120 °C, (e) 130 °C and (f) 140 °C.

6 2



CHAPTER 3: O NE-FA CTO R-AT-A -TIM E O PTIM ISA TIO N  OF THE SPRAY DRYING PROCESS OF NO N-R EDU CING  SUGARS

''exo

0 25 50 75 100 125 150 175 200 225 250 275 300

Temperature (°C)

Figure 3.15 DSC scans of trehalose NPMPs spray dried at different inlet temperatures: (a) 90 °C, (b) 100 °C, 
(c) 110 °C, (d) 120 °C, (e) 130 °C and (f) 140 °C.

3.5 EFFECT OF LIQUID FEED FLOW RATE

In order to  study the effect o f liquid feed flow  rate (pum p setting) on raffinose and trehalose  

NPMPs powders, an inlet tem peratu re  120 °C was selected, based on the previous studies.

Table 3.6 summarises the results fo r outlet tem perature , yield and solid state fo r spray dried  

raffinose and trehalose powders processed with d ifferen t pump setting. All powders w ere  

am orphous. O utlet tem perature  was found decrease significantly w ith increasing pump setting  

when spray drying both sugars (Figure 3.16). A higher pum p setting translates into a higher 

throughput o f solution to the atom izer, more droplets are produced, w ith  m ore energy being 

required to dry same (when inlet tem peratu re  is constant), resulting in a decrease in the outle t 

tem peratu re  (M aury et al., 2005; Technical data Biichi B-290, 2009).

A correlation betw een yield and pump setting, fo r both sugars, was investigated in order to  

verify if yield increases or decreases when spray drying w ith a higher pum p setting. There was an 

increase in pow der yield w ith increased pump setting, but the  correlations w ere found to be not 

significant (p=0.080, r^=0.424 fo r raffinose; p=0.259, r^=0.301 fo r trehalose), hence an effect of 

liquid feed flow  rate on pow der yield was not seen in this study. In contrast, M aury et al. (2005), 

when spray drying trehalose from  aqueous solutions using a Biichi M odel 191 laboratory spray- 

dryer, observed a variation in yield with a pump setting range betw een 3 and 5 m l/m l and, a 

decrease in yield when pump setting was in the range 5-9 m l/m in . Residual solvent content was 

not affected by changes in pump setting and no significant differences w ere found betw een  

raffinose samples or trehalose samples (p=0.835 fo r raffinose and p=0.089 for trehalose).
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SE micrographs showed all powders constituted spherical porous particles (Figure 3 .17  and 

3.18).

Table 3.6 Process outlet temperature (Toutiet), yield, solid state and residual solvent content (RSC) of spray 
dried raffinose and trehalose NPMPS at different pump settings, am - amorphous

Raffinose NPMPs Trehalose NPMPs

Pump

(%)/
(m l/m in)

"Foutlet ( C ) Yield (%) XRPD RSC {%) T o u tle t( C ) Yield (%) XRPD RSC (%)

20/5.8 73±1.41 44.2±0.94 am 2.810.10 - - - -

25/7.5 72.5±0.71 44.811.63 am 3.110.88 73.01 1.00 48.816.04 am 4.810.89

30/8.3 7211.41 60.4i0.83 am 3.010.35 73.5 + 0.50 52.61 0.34 am 3.6+0.01

35/10.0 69.5+0.71 51.810.91 am 3.210.08 69.011.00 54.91 2.45 am 3.210.12

76 -0.45X + 85.5 
R" = 0.675 
p = 0.045

y = -0.22x + 77.8 
R̂  = 0.621 
p = 0.020

74
74

45 40

Pump setting (%) Pump setting (%)

Figure 3.16 Process outlet temperature as a function of pump setting of spray dried (left) raffinose NPMPs 
and (right) trehalose NPMPs powders
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Figure 3.17 SE micrographs of spray dried raffinose NPMPs at different pump setting: (a) 20%, (b) 25%, (c) 
30% and (d) 35%

Figure 3.18 SE micrographs of spray dried trehalose NPMPs at different pump setting: (a) 25 %, (c) 30 % 
and (d) 35 %

Particle size volum e distributions in all cases w ere narrow and mononnodal w ith  low span values 

(betw een  1.3 and 1.8 fo r raffinose and 1.1 and 2.0 fo r trehalose). The median particle size (dso) 

fo r raffinose particles was in the range of 1 .9 -2 .3  |im  and fo r trehalose particles was in the range 

2 .0 -2 .1  nm (Table 3.7 and 3.8). No significant differences w ere found betw een raffinose samples 

(p=0.136) or trehalose samples (p=0.426).
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True, bulk and tap density measurements of spray dried powders are presented in table 3.7 and 

3.8. ANOVA analysis of true density and tap density showed significant differences (p<0.05) 

between spray dried samples for both types of sugars. Spray drying at a pump setting of 30% for 

raffinose and at 25 % for trehalose results in the production of powders with different true and 

tap density from spray drying at other pump settings. Bulk density of samples spray dried at 

pump setting of 25 % were significantly different (p<0.05) from samples spray dried at other 

pump settings. Bulk and tap densities were < 0.3 g /c v r ?  making the powders suitable for 

pulmonary delivery (Bosquillon et al., 2004).

The aerodynamic diameter was calculated for all samples (Table 3.7 and 3.8). All spray dried 

powders complied with the diameter range of 1-3 |im which is desirable for central and distal 

deposition in the lungs (Hickey, 1996).

DSC scans of spray dried raffinose NPMPs powders showed a single glass transition step with no 

evidence of other thermal events (Figure 3.19 and Table 3.9). The Tg temperature ranged from  

115.2 -  116.7 °C, with no statistically significant differences between samples (p=0.123).

DSC scans of spray dried trehalose NPMPs powders showed a single glass transition step 

followed by an exothermic peak and finally an endothermic event correspondent to the melting 

of the material (Figure 3.20 and table 3.9). As for raffinose powders, no significant differences 

were found between the glass transition temperatures (p=0.098). However, significant 

differences were found for the crystallisation and melting temperature onsets (p=0.039 and 

p=0.002 respectively).

Table 3.7 Particle size, true, bulk (bp) and tap (tp) density and calculated aerodynamic diameter (daer) of 

raffinose spray dried samples at different pump setting

Pump (%) 20 25 30 35

dio(^m) 1.0±0.07 1.110.01 1.210.01 1.010.00

dsolum) 2.0±0.03 1.9±0.25 2.310.03 2.110.03

d9o(^m) 4.1±0.31 3.6±1.07 4.810.01 4.810.20

< ln m  (%) 8.8±2.50 7.710.95 3.710.19 8.510.02

True density (g/cm^) 1.54±0.01 1.54+0.00 1.6510.01 1.5510.01

bp (g/cm^) 0.05±0.00 0.0810.00 0.0710.0 0.1010.00

tp (g/cm^) 0.09±0.00 0.1410.01 0.1410.01 0.1610.00

d a e r ( k i m ) 4.1±0.07 3.610.06 3.010.16 3.010.16
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Table 3 .8  Particle size, true, bulk (bp) and ta p  (tp) dens ity  and ca lcu lated  aero d y n a m ic  d ia m e ter  (daer) of  

tr e h a lo s e  spray dried sa m p le s  at d ifferent p u m p  se t t ing

Pump (%) 25 30 35

dio(jAm) l.liO .O O 1.1+0.11 1.2+0.05

d s o ( \ i m ) 2.110.11 2.110.05 2.010.20

d9o{nm) 5.410.62 4.410.74 5.012.52

< ln m  (%) 6.610.20 9.811.30 9.111.94

True density (g/cm^) 1.5910.01 1.55+0.02 1.5410.01

bp(g/cm^) 0.0510.00 0.0910.01 0.1010.00

tp (g/cm^) O.lOlO.OO 0.1710.00 0.1710.01

daer (urn) 2.510.01 2.610.03 2.610.01

Table 3 .9  Glass transition  t e m p er a tu r e  (Tg), recrystailisation te m p e r a tu r e  and e n th a lp y  (T̂ , AHc) and  
m elt ing  t e m p er a tu r e  and en th a lp y  (T^, AHm) o f  raffinose  and t r e h a lo s e  NPMPs spray dried at d ifferent  
p u m p  se tt ing

Pump
(%)

Raffinose
NPMPs

Trehalose NPMPs

T g(°C ) Tg (°C) Tc (°C) AHc(J/g) Tm(“C) (J/g)

20 115.610.76 - - - - -

25 115.2+0.23 120.810.26 174.510.58 119.110.43 211.010.01 145.411.51

30 116.710.21 120.810.07 164.8+0.69 116.112.46 211.510.05 145.312.89

35 115.210.71 121.1+0.05 180.418.47 119.5+11.50 211.3+0.01 144.711.32

67



CHAPTER 3: ONE-FACTOR-AT-A-TIME OPTIMISATION OF THE SPRAY DRYING PROCESS OF NON-REDUCING SUGARS

exo

100 125

Temperature (“C)
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Figure 3.19 DSC scans o f raffinose NPIVIPs spray dried at (a) 20 %, (b) 25 %, (c) 30 % and (d) 35 % pump 
setting

'̂ exo
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Figure 3.20 DSC scans o f trehalose NPMPs spray dried at (a) 25 %, (b) 30 % and (c) 35 % pump setting 

3.6 EFFECT OF FEED SOLUTION CONCENTRATION

Another relevant process condition studied was the feed solution concentration. The spray 

drying inlet temperature was kept constant at 120 °C and pump was set at 30% for raffinose and 

35% for trehalose. The concentration range has been reported previously in Table 3.1.

The outlet tem perature varied between 69.5 and 72 °C for raffinose and between 69 and 70.5 °C 

for trehalose with no statistically significant differences between samples of both sugars 

(p=0.923 for raffinose and p=0.754 for trehalose). Yields ranged from 57.7 to 61.9 % for raffinose 

and 54.9 to 61.1 % for trehalose. Figure 3.17o and 3.17b show an increase in powder yield when 

spray dying higher concentration solutions. This increase was not significant for raffinose
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powder (p=0.263) nor fo r trehalose samples (p=0.187). Spray drying o f nnore concentrated feed 

solutions results in the production o f larger particles that are easier to separate and collect 

(Maury et al., 2005; Technical data Buchi B-290, 2009).

Particles produced were all spherical and porous (Figure 3.22 and 3.23) and all dennonstrated 

amorphous halo patterns when analysed by XRPD.

a
6,004,0 80

60 3.0
73
in

2.0 JII

4,00 73 
'  to

40 T3 40

2,00
1,0

0,0 0,00
0,5 1,5 2,5 3,5 4,5

t.s.c. (%)

0,5 1,5

t.s.c. (%)

Figure 3.21 Powder yield (solid line) and residual solvent content (RSC) (dashed line) as function of total 
solid concentration (t.s.c.) of spray dried (a) raffinose NPMPs and (b) trehalose NPMPs.

Figure 3.22 SE micrographs of raffinose NPMPs spray dried from (a) 1 %, (b) 2 %, (c) 3 % and (d) 3.5 % 
(w /v ) feed solutions
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Figure 3.23 SE micrographs of trehalose NPMPs spray dried from (a) 0.5 %, (b) 1 % and (c) 1.5 % (w/v) feed 
solutions

Particle size data is presented in Tables 3.10 and 3.11. Spray drying of both sugars from 

concentrated feed solutions resulted in an increase in the geometric median particle size, as 

expected (Figure 3.24). The correlation between yield and dso is represented in Figure 3.25; the 

expected result of increasing yield with increasing particle size was verified. Studies by Moran 

and Buckton (2007) on spray drying of different concentrations of trehalose aqueous solutions, 

also showed an increase in size with higher feed concentrations.

RSC was found to decrease with increasing solution solid content (Figure 3.21). The decrease 

was more significant for raffinose powders (p=0.012) with a reduction of ~1 % when increasing 

the t.s.c. from 3 to 3.5 %. As previously reported, larger droplets are formed with higher solid 

content; therefore less solvent is present to be removed. The non-existence of significant 

differences in outlet temperature of samples produced from variable solution concentration, 

results in a constant Tiniet-Toutiet/ translating into an equal heat usage throughput in all 

experimental runs; consequently when the requirement of solvent evaporation is lower (i.e., less 

liquid is present) particles will be dryer.

The evaluation of bulk, tap and true densities of spray dried powders revealed an increase in 

these parameters when total solid concentration of spray dried solutions was increased (Table 

3.10 and 3.11). Studies by Watson and Mumford (1999) have previously shown an increase in 

the bulk density of different spray dried products such as glucose, dextran, milk, among others, 

with increasing feed solution concentration.

Calculated aerodynamic diameter, being directly affected by particle size and density, increased 

when spray drying solutions with higher solid content (Table 3.10 and 3.11).

DSC scans of spray dried raffinose NPMPs powders showed a single glass transition step ranging 

from 115.1 -116.7 °C, with no evidence of other thermal events (Figure 3.27 and Table 3.12). 

Trehalose NPMPs DSC scans also presented a single glass transition step, 120.6 -  121.1 °C,
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fo llow ed by an exotherm ic peak, 153.8 -  175.5 °C, corresponding to recrystallisation, the  

position o f which shifted to low er tem peratures as feed solution concentration increased (Figure 

3.28 and Table 3.12). Lastly, an endotherm ic peak was recorded due to m aterial m elting at ~211  

°C. In both spray dried products a trend was found o f decreasing glass transition tem perature  

w ith  increasing m aterial concentration in the feed solution (Figure 3.26).

Figure 3.24 Geometric median particles size (dso) as function of total solid concentration (t.s.c.) of (a) 

raffinose and (b) trehalose solutions
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Figure 3.25 Spray dried powder yield of (a) raffinose and (b) trehalose as function of geometric median 

particle size (dso)

117

116,5 

• 116

-0.648X + 117.4 
R" = 0.956 

p < 0.05

115,5

115

114,5

t.s.c. (%)

121.4

121,2  -

£ 121 
00

^  120,8  -  

120,6

120.4
0

y = -0.555x + 121.^
R=' = 0.73 
p = 0.03

—I-------

0,5 1 1,5
t.s.c (%)

Figure 3.26 Glass transition tem peratures (Tg) as function of total solid concentration (t.s.c.) of (a) 
raffinose and (b) trehalose solutions
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Table 3.10 Particle size, true, bulk (bp) and tap (tp) density and calculated aerodynamic d iam eter (daer) of 

raffinose spray dried samples from different solid content solutions

t.s.c. {%) 1 2 3 3.5

dio(nm) 1.2±0.01 1.3±0.01 1.210.01 0.810.08

dsoCum) 2.3±0.03 2.410.01 2.510.06 2.510.01

d9o{nm) 4.8±0.01 4.610.04 5.410.12 5.310.03

<lnm  (%) 3.7±0.19 3.6±0.26 5.510.08 5.010.05

True density (g/cm^) 1.65±0.01 1.5410.06 1.5510.01 1.65+0.01

bp (g/cm^) 0.07±0.0 0.1110.00 0.1310.01 0.1310.01

tp (g/cm^) 0.14±0.01 0.19+0.01 0.2110.01 0.2310.01

d a e r ( ^ m ) 3.0±0.16 2.910.06 3.210.01 2.810.10

Table 3.11 Particle size, true, bulk (bp) and tap (tp) density and calculated aerodynamic d iam eter (d^er) of 

trehalose spray dried samples from different solid content solutions

t.s.c. (%) 0.5 1 1.5

dio(iim) 1.2+0.05 1.310.02 1.210.05

dso{kim) 2.010.20 2.410.05 2.510.05

dgoCum) 5.012.52 4.610.30 5.510.15

<lnm  (%) 9.1+1.94 5.210.11 5.611.99

True density (g/cm^) 1.5410.01 1.5310.01 1.5310.00

bp(g/cm^) 0.1010.00 0.11+0.00 0.1010.00

tp (g/cm^) 0.1710.01 0.1810.01 0.1810.01

daer(Hm) 2.610.01 2.910.01 3.110.00
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Table 3.12 Glass transit ion  t e m p e r a t u r e  (Tg), recrystallisation t e m p e r a t u r e  and  en th a lp y  (Tc, AHc) and  
m elting  t e m p e r a t u r e  and  en tha lpy  (Tm, AHm) of raffinose an d  t r e h a lo se  NPMPs sp ray  dried  a t  d if fe ren t 
f e e d  concen tra t ion s .

Raffinose NPMPs Trehalose NPMPs

t.s.c (%) Tg (°C) Tg (“C) T c (“C) AHc (J/g) Tm(“C) (J/g)

0.5 - 121.1±0.05 180.418.47 119.5111.50 211.310.01 144.711.32

1 116.7±0.21 121.110.16 163.910.82 119.110.43 211.210.35 144.210.53

1.5 - 120.6±0.07 153.810.29 83.810.40 211.210.40 142.512.29

2 116.li0.28 - - - - -

3 115.5±0.12 - - - - -

3.5 115.1±0.03 - - - - -

e x o

100
Tem perature (°C)

125 150 175 200

Figure 3 .27 DSC scans  of R NPMPs spray  dried  from  solu tions w ith  d if fe ren t to tal solid concen tra t io n  
(t.s.c.): (a) 1 %, (b) 2 %, (c) 3 % and  (d) 3.5 %.

e x o
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in
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Figure 3.28 DSC scans of T NPMPs spray  dried  from  so lu tions  w ith  d if feren t to ta l  solid co n cen tra t io n  
(t.s.c): (a) 0 .5  %, (b) 1 % and  (c) 1.5 %.
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3.7 CONCLUSION

The one-factor-at-a-tim e study undertaken resulted in an enhancem ent o f raffinose and 

trehalose NPMPs processing knowledge. Yield, particle size, true, bulk and tap  density and 

residual solvent content w ere affected by the in let tem peratu re  and feed solution 

concentration; outle t tem peratu re  and true, bulk and tap density by the in let tem pera tu re  and 

pump setting.

The best setting for spray drying sugar NPMPs was determ ined to be: inlet tem peratu re  at 120  

°C, pump at 30 % for raffinose and 35 % for trehalose and a 2 % and 1 % (w /v ) feed  

concentration solution for raffinose and trehalose respectively. These conditions result in 

powders w ith  yields > 50 %, calculated aerodynam ic d iam eter < 3 nm, low bulk and tap density  

and high glass transition, making them  suitable to be used as carriers for pulm onary delivery.
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Table 3.33 Effect of increasing spray drying process parameters on evaluated outcomes of raffinose 

NPMPs. Tiniet - in le t tem perature; To„iet -o u tle t  tem perature; RSC-residual solvent content; bp-bulk density

Feed rate (pump) Feed concentration

j  significantly increases significantly decreases no effect
outle t

Particle size effect no effect significantly increases

significantly decreases no effect significantly decreases

. „  variable increases increasesbp

Yjgijj variable increases increases

Table 3.14 Effect of increasing spray drying process parameters on evaluated outcomes o f trehalose 

NPMPs. Tiniet - in le t tem perature; Touiet -o u tle t tem perature; RSC-residual solvent content; bp-bulk density

T jn le t Feed rate (pump) Feed concentration

T o u tle t Significantly increases Significantly decreases no effect

Particle size increases no effect significantly increases

RSC significantly decreases no effect significantly decreases

bp variable increases no effect

Yield variable increases increases
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CHAPTER 4: A 2* FACTORIAL DESIGN FOR THE O P TIM IS A TIO N  OF RAFFINOSE A N D  TREHALOSE NPM Ps SPRAY DRYING PROCESS

4.1 INTRODUCTION

Billon et al. (2000), Stahl et al. (2002), Al-Asheh et al. (2003) and Tajber et al. (2009) have used 

factorial design studies to optim ise spray drying processes, proving the usefulness o f such 

statistical tools in understanding the process, saving tim e and reducing m aterial costs.

M altesen et al. (2008) carried out a design of experim ent on the spray drying o f insulin intended  

for inhalation on a Biichi M ini spray dryer B-290 to  understand the effects o f process and 

form ulation on pow der/partic le  characteristics, such as yield, particle size, density, morphology  

and m oisture content. Five variables were  investigated: feed solution concentration, drying gas 

and feed flow  rate, in let air tem peratu re  and aspirator capacity. The variables w ith  main effects  

on pow der/particles characteristics w ere found to be feed concentration, in let tem peratu re  and 

gas flow  rate. A lim ited num ber o f studies have investigated the effects o f spray drying 

param eters on the production of trehalose and raffinose powders for inhalation. M aury et al. 

(2005) reported th a t the most im portant spray drying param eter to im prove trehalose pow der 

yield, fo r non-porous particles spray dried from  aqueous solutions, was the in let tem perature , 

with the nozzle (a tw o-flu id nozzle w ith  cap-orifice d iam eter o f 0 .7  m m ) and aspirator setting 

have little  influence. Ni Ogain et al. (2011) studied the production of trehalose and raffinose 

nanoporous microparticles (NPMPs) for inhalation, evaluating d ifferent ratios o f m ethanohn- 

butyl acetate (M eOH:BA) solvent system, and concluded th a t NPMPs spray dried from  80:20  

(v /v ) MeOH:BA displayed favourable m icrom eritic characteristics suggesting potential suitability  

fo r pulm onary delivery. The porous m orphology o f the particles was found to im prove the  

aerosolisation properties com pared to equivalent non-porous spray dried particles. In the  

previous chapter a one-factor-at-a-tim e optim isation of the spray drying process o f the work  

in itiated by Nf Ogain et al. (2011) was discussed. How ever, the study was lim ited in that it did 

not encompass the full complexity o f the spray drying process and therefore  may not have led to  

full optim isation o f the production o f powders intended fo r pulm onary delivery. Therefore, a 2“* 

factorial design was undertaken w ith  resulting powders characterised in term s of yield, particle 

size, therm ogravim etric analysis and outle t tem perature , as in studies by Tajber e t al. (2009). An 

additional outcom e evaluated was the specific surface area, as it is a reflection o f porosity 

associated with porous particles such as the NPMPs (Healy et al., 2008).

Bosquillon et al. (2001) studied the effect o f form ulation excipients and physical characteristics 

of inhalation powders on the ir in vitro aerosolisation perform ance showing th a t fine particle 

fraction was affected by the excipient proportions and by the pow der's tapped density. Ni Ogain 

et al. (2011) showed that raffinose and trehalose NPMPs had higher fine particle fractions (FPF)
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and higher specific surface areas (SSA) than the equivalent non-porous particle powders. Hence, 

a relation betw een SSA and the in vitro deposition o f the sugar NPMPs pow ders was also 

investigated.

The European Pharmacopeia classifies m ethanol and butyl acetate as class 2 and class 3 residual 

solvents respectively (organic volatile chemicals that are used in the preparation o f medicinal 

products and that have no therapeutic  benefit (European Pharmacopoeia 7'^ Edition, 2012). 

Hence it is im portant to quantify the ir levels, in order to certify that these solvents are below  the  

pharm acopoeial limits (5000 ppm fo r M eO H  and 3000  ppm for BA), to  explore m ethods for 

reduction o f residual solvent content and to  study possible alternatives to th e ir use, such as 

rep lacem ent by another solvent. As such, a study on pow der drying was perform ed and an 

attem p t was m ade to produce raffinose and trehalose NPMPs by replacing butyl acetate w ith  a 

solvent w ith  a low er boiling point - propyl acetate.

4.2 Experimental design

A random ised 2'* full factorial design w ith tw o  replicates was devised to assess the  e ffect o f spray 

drying process param eters on pow der production yield, particle size, specific surface area, 

residual solvent content and process outlet tem perature . The param eters chosen to be studied 

w ere: (A) in let tem peratu re , (B) spray dryer airflow  rate, (C) pum p setting (feed solution flow  

rate) and (D) feed concentration. Each factor was studied at tw o  levels: low and high (Table 4.1).

The setting for in let tem perature , pum p setting and gas flow  w ere based on prelim inary one- 

fac tor-a t-a -tim e studies w here in let tem peratu re  was varied betw een 90 and 1 4 0 °C and pump  

setting from  20 to 35%; practical w ork specifications w ere taken into account such as there  

being no condensation o f the solution on the drying cham ber during the process. The upper limit 

fo r feed concentration corresponds to the visually assessed lim it o f raffinose and trehalose  

solubility in the solvent mix used at room tem perature .

The chosen factorial m odel was represented by:

Yi — P q +  /3^A +  p j B  "I" + . . .  (Eq. 1)

w here 6„ is the coefficient associated w ith  factor, n, and the letters. A, B, C, etc., represent the  

factors (the spray drying param eters) in the model. Combinations o f factors (such as AB) 

represent an interaction betw een the individual factors in that term . The equation coefficients  

w ere  calculated using coded values, for purposes o f direct comparison regardless o f the  factor
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m agnitude. A low response is coded as -1 and a high response as +1 (M ontgom ery, 1997; Tajber 

et al., 2009).

Statistical analysis o f variance, AIMOVA, was perform ed to determ ine the significance (p-value) 

and im pact (F-value) o f each main factor as well as the ir interactions. Param eters found to be 

significant at a t least the 95% confidence level w ere  included in the final prediction models.

Table 4.1 Process variables evaluated in the factorial study.

Parameters Low (-) High (+) Units

A - Inlet temperature 90 150 °C

B -  Gas flow 30 50 mm

C -  Pump setting 15 40 %

D - Feed concentration Trehalose 0.5 1.5 %

Raffinose 1 3.5

4.3 Evaluated outcomes

The design m atrix and the data collected from  the particle characteristics evaluated fo r each 

sugar are provided in Tables 4.2 and 4.3.

The coefficients o f the final prediction models linking the spray drying and form ulation  

param eters (in term s o f coded factors) with responses are presented in Tables 4 .4  and 4.5. To 

indicate the goodness o f fit o f these models the is also given in the la tter tables.

To establish w h eth er the model equations can estim ate the response values well, the observed 

versus predicted values for each outcom e evaluated w ere  plotted. Figure 4.1a and 4.1b show a 

good linear relationship betw een observed and predicted particle size for raffinose (R^=0.95) and 

trehalose (R^=0.94) spray dried powders, w here shown experim ental points obtained by 

navigating the design space, are close to the regression line. A similar relationship was observed 

for the rem aining outcomes.

In contrast to  our results, studies by Baldinger et al. (2011) on the application o f a tw o level full 

factorial design to  the spray drying process o f aqueous solutions w ith  total solid concentration of 

10% (w /v ) containing a m ixture o f mannitol and trehalose in a mass ratio o f 90:10 to produce 

inhalable dry powders, showed a poor linear relationship betw een the observed and predicted  

values obtained for the evaluated responses, using m ultivariate analysis as a statistical tool.
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The la tter study focused only on three param eters o f the spray drying process: in let 

tem perature , atom isation air flow  rate and feed solution flow  rate. The full factorial design 

presented in the current study, also evaluates the effect o f the drying gas flow  rate and 

concentration o f the feed solution on the physicochemical characteristics o f the sugar 

nanoporous microparticles. The difference in param eters investigated and in the feed solution  

form ulation may be the reason for the difference betw een the tw o  studies.

Q.

R" = 0,9466 R' = 0,937

Actual Actual

Figure 4.1 Correlation between actual versus predicted particle size (a) for raffinose NPMPs and (b) for 

trehalose NPMPs. Experimental points (squares) are also shown.
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Table 4.2 Design m atrix of raffinose spray drying and the data collected from the analyses.

Inlet tem p Gas flo w  rate Pump setting Feed conc. Yield (%) PS(dso) {^m )

specific 

surface area

(mVg)

Residual 

solvent 

content (%)

O utlet tem p
r o

+ + - - 30.2 1.4 61.51 3.4 96

- + - + 49.4 1.9 67.58 2.7 58

- - + + 63.7 3.9 28.02 4.6 52

+ + + - 45.4 1.7 67.63 2.3 84

- - + - 57.2 3.2 25.53 2.4 90

+ + + + 59.8 1.9 51.86 2.7 89

+ - + - 65.9 3.4 31.22 1.7 90

+ + - + 51.6 1.7 51.73 1.6 92

- - + + 59.8 4.6 30.27 4.4 52

+ - + - 57.9 2.8 45.03 3.2 89

- + + - 42.6 1.7 74.59 3.2 49

+ + + + 58.3 2.1 28.91 2.1 85

- - + 59.6 3.5 30.00 1.6 62

+ - + + 65.6 3.6 27.06 2.6 89

+ - 61.9 2.4 38.79 2.4 99

- - - - 52.0 2.7 26.76 4.0 60

- + + + 57.4 2.3 48.88 3.0 48

- + - 56.3 3.2 30.22 2.7 51

+ + + - 41.2 1.7 51.66 2.5 82

+ - - 63.1 2.4 32.96 3.1 99

- + + + 55.6 2.2 62.16 2.6 48

+ + - - 37.0 1.4 59.85 3.3 94

+ - - + 64.6 3.7 26.53 2.8 94

- - - + 43.0 3.3 43.21 1.6 60

+ + ' + 37.6 1.5 61.15 1.7 93

- + - - 38.4 1.6 80.34 2.5 58

- - - - 53.8 2.8 53.21 2.7 61

- + - + 49.0 2.2 67.20 3.3 56

- + + 39.3 1.7 61.08 3.1 50

+ - - + 44.0 3.7 28.69 2.5 101

- + - - 38.5 1.6 72.96 2.5 57

+ - + + 71.6 3.6 30.99 2.6 89
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Table 4.3 Design matrix of trehalose spray drying and the data collected from the analyses.

Inlet temp Airflow rate Pump setting Feed conc. yield (%) PS (dso) (^m)
Specific 

surface area
(mVg)

Residual 
solvent 

content (%)

Outlet temp
(“C)

+ + + + 50.5 1.7 40.84 2.2 84

- + + - 35.0 1.5 46.02 3.6 49

+ + + + 53.8 1.7 50.58 1.6 85

- - + - 53.1 3.1 34.43 2.9 50

- + - 55.0 3.1 40.76 2.1 50

+ - - + 53.7 2.6 35.79 1.4 98

+ + - - 62.2 2.3 37.63 2.4 103

- - + + 57.1 3.7 36.89 5.3 53

- + + + 36.5 4.6 57.65 4.8 57

- - - + 34.0 1.7 48.31 1.8 60

+ + + - 43.3 2.7 59.02 2.7 81

+ + - + 33.4 1.8 38.20 1.8 94

- - + + 56.7 3.7 17.52 5.2 50

- + - + 33.2 2.1 42.33 1.3 61

+ + - - 28.8 1.3 46.28 2.4 95

- + - + 34.3 1.7 57.50 3.5 54

- + + 53.8 2.0 47.76 3.2 49

- + + + 28.8 2.3 44.46 4.8 52

+ - + + 64.4 3.2 40.03 3.2 85

+ + + - 47.8 1.8 44.77 2.7 86

+ - - - 59.1 2.2 39.32 2.8 99

- - - - 47.3 2.6 47.61 2.7 60

- - - + 45.9 2.7 43.96 1.8 59

- + - - 42.0 1.5 56.44 3.5 57

+ - ■f - 63.1 3.4 39.81 3.4 87

+ - + - 64.9 3.2 43.84 3.2 86

- + - - 38.9 1.6 59.06 3.5 58

+ - - - 65.4 2.5 28.76 2.0 103

+ - + + 62.8 3.3 41.19 2.2 86

+ + - + 34.3 1.6 37.16 3.3 91

- - - - 44.7 2.5 45.47 1.8 61

+ - - + 47.4 2.6 33.43 1.4 97
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Table 4.4 Raffinose: Coefficients of the nnodel equations linking the significant (at least p < 0.05) spray drying parameters (in terms of coded factors) with responses. I - 

intercept (Po); A - inlet temperature; B - gas flow, C -  pump setting; D -  feed solution concentration; S S A -  specific surface area; RSC - residual solvent content.

Term Yield (%) F-value Term
PS (dso) 
(nm)

F-value Term
SSA

(mVg)
F-value Term RSC (%) F-value Term

Outlet
temp.

(’ C)
F-value

1 52.22 1 2.50 1 46.80 1 2.72 1 74.28

B -6.52 39.61 B -0.72 267.39 A -3.33 4.66 A -0.19 6.66 A 17.28 190.30

C 3.87 13.95 C 0.20 20.58 B 13.77 79.79 AC -0.18 6.26 B -3.09 6.10

D 3.42 10.92 D 0.27 38.07 C -3.36 4.74 CD 0.30 16.32 C -3.22 6.60

BD 3.19 9.50 D -4.03 6.85 BCD -0.19 6.74

ABCD 0.37 25.35

0.84 R̂ 0.96 R̂ 0.87 R̂ 0.83 R̂ 0.93
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Table 4.5 Trehalose: Coefficients of the model equations linking the significant (at least p < 0.05) spray drying parameters (in terms of coded factors) w ith  responses. I - 

intercept (Po); A - inlet tem perature; B - gas flow, C -  pump setting; D - fe e d  solution concentration; SSA -  specific surface area; RSC - residual solvent content.

Term yield (%) F-value Term PS(dso)
(lim) F-value Term

SSA
(mVe) F-value Term RSC (%) F-value Term

Outlet Temp. 
(“0

F-value

1 47.98 1 2.35 1 43.21 1 2.85 1 73.13

A 5.65 74.82 B -0.59 229.24 A -3.53 27.43 A -0.45 31.19 A 18.13 1649.02

B -6.67 104.24 c 0.21 28.87 B 4.64 47.35 C 0.54 46.10 c -5.00 125.49

C 2.49 14.51 D 0.082 4.38 AC 4.34 44.15 AB -0,21 6.71 AC -1.25 7.84

D -2.57 15.50 BC -0.18 21.39 BC 1.73 6.59 AD -0.14 13.33 AD -1.00 5.02

BC -2.47 14.32 BD 2.34 44.15 BC -0.21 6.70 CD 1.13 6.35

CD 3.41 27.24 ABD 1.87 6.59 CD 0.44 29.77

ABC 1.48 5.10 ACD -0.34 18.02

ACD 1.76 7.25

ABCD 1.46 4.98

0.94 0.93 R̂ 0.91 R̂ 0.91 R̂ 0.98
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4.3.1 Production yield

Spray dried raffinose yields varied between 30.2 and 71.6%, and trehalose yields between 28.8 

and 64.9 %. In both studies the yield increased with a decrease in gas flow rate (F-value 39.61 

(p<0.0001) for raffinose and, F-value 104.24 (p<0.0001) for trehalose), with this variable having 

the greatest effect. Lower gas flow reduces atomisation energy producing larger particles, which 

are easier to capture in the cyclone (Technical data Buchi B-290, 2009; Stahl et al., 2002). Figure 

4.2 supports this hypothesis showing a correlation between yield and particle size, where an 

increase in particle size results in an increase in yield.

Statistical analysis of the product yield values for raffinose powders demonstrated that among 

the main effects two have positive coefficients (an increase in the variable results in an increased 

response): pump setting and feed concentration, and one has a negative coefficient (an increase 

on the variable results in a decreased response): gas flow (Table 4.4). The inlet temperature was 

determined to be not significant (p>0.05). Stahl et al. (2002) and Tajber et al. (2009) also 

observed gas flow rate to have the largest effect on product yield, whereas Prinn et al. (2002) 

and Maltesen et al. (2008) demonstrated that feed solution concentration had the highest 

impact on yield, and that gas flow was a less impacting variable.

Studies in technical data Biichi B-290 (2009) on the characterisation of the effect of variable

parameters on spray dried powders demonstrated that gas flow and feed solution concentration 

have a large influence on the resulting particle size.

Considering the existence of a correlation between yield and particle size (Figure 4.2), it is

expected that particle size would have an influence on powder yield.

An interaction between gas flow and feed concentration (F-value 9.50) was found to be 

significant (p=0.007) in the present study for raffinose and positively correlated, reinforcing the 

importance of these parameters.

Statistical analysis of trehalose powder yield values revealed two positive main effects: inlet 

temperature and pump setting, and two negative main effects: gas flow and feed concentration 

(Table 4.5). The inlet temperature, as well as the gas flow, had a strong impact on production 

yields (F-value 74.82, p<0.0001), consistent with results reported by Maury et al. (2005) for 

trehalose spray dried from aqueous solution, where high Tmiet resulted in higher Toutiet leading to 

drier and less sticky powders, increasing the production yield. Several interactions among 

operating variables were detected for trehalose production yields: two factors, three factors and 

four factors (involving all main effects); showing how complex the spray drying process is and
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how one parameter will affect the response from the remaining parameters (Table 4.5 and 

Figure 4.3). The strongest interaction was between pump setting and feed concentration (CD) (F- 

value 27.24, p<0.0001) with a positive coefficient.

80 80

60 60

y = 8.144x + 31.51  
= 0.549  

p = 0.001

y = 9.941x + 24.597  
R' = 0.383  
p = 0.011

Figure 4.2 Influence of median particle size (dso) on yield of (a) raffinose NPMPs (b) trehalose NPMPs.

41.3

a

49.7

413

59.6

Pump

49.6 51.3

51.5 39.5
 >

|3 Feed concentration

33.8 48.9

45.537.1

groe

o 63.8

43.0

57.P

54.844.5

s
42.:

43.2
Inlet temp

Figure 4.3. Impact of interactions between process variables on trehalose NPMPs yields: plot of 

interaction between (a) gas flow and pump setting and (b) feed concentration and pump setting; cube 

graph of interaction between (c) inlet tem perature, gas flow and pump setting and (d) inlet tem perature, 

pump setting and feed concentration

4 .3 .2  Particle size

Spray dried raffinose and trehalose powders consisted of small spherical and porous particles as 

shown by SEM (Figure 4.4). Particle size volume distributions in all cases were narrow and 

monomodal with low span values (between 1.2-2.3 for raffinose and 1.1-2.2 for trehalose). The
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median particle size (dso) for raffinose particles was in the range of 1.4-4.6 nm and for trehalose 

particles was in the range 1.3-4.6 |am.

In the case of raffinose powders, ANOVA indicated that only the main effects were significant at 

the 95% confidence level and can be regarded as impacting on the size of particles. The process 

parameter with the greatest influence was the gas flow (F-value 267.39, p<0.0001) followed by 

the feed concentration (F-Value 38.07, p<0.0001). There are a number of reports in the 

literature which indicate that the size of particles in spray drying is controlled by feed 

concentration, where larger particles are obtained from more concentrated solutions and lower 

atomisation levels (Elversson and Millqvist-Fureby, 2005; Technical data Biichi B-290, 2009). 

Lower gas flow reduces atomisation energy producing larger particles, which are easier to 

capture in the cyclone (Stahl et al., 2002; Technical data Biichi B-290, 2009). From the model 

equation, a negative coefficient for gas flow and positive coefficient for feed concentration was 

found, which means, as gas flow decreases and feed concentration increases larger particles are 

produced, which is consistent with previous reports (Stahl et al., 2002; Al-Asheh et al., 2003; 

Tajber et al., 2009).

Statistical analysis of trehalose powders showed only three main effects: gas flow, pump setting 

and feed concentration were statistically significant with regard to particle size. F-values for 

these parameters are 229.24 (p<0.0001), 28.87 (p<0.0001) and 4.38 (p=0.048), respectively. 

Maury et al. (2005) reported that an increase in pump setting at constant atomizing air flow rate 

resulted in larger spray droplets, hence larger particles. The coefficients of the model equation 

are negative for gas flow and positive for pump setting and feed concentration, i.e., as gas flow  

decreases and pump setting and feed concentration increases, particle size increases which is 

consistent with previous studies (Stahl et al., 2002; Al-Asheh et al., 2003; Maury et al., 2005; 

Tajber et al., 2009). ANOVA also revealed a significant (at the 95% confidence level) interaction 

between two main effects: gas flow and pump setting (BC) (F-value 21.39, p^O.OOOl) (Table 4.5).

In contrast to studies by Stahl et al. (2002), Al-Asheh et al. (2003) and Tajber et al. (2009), the 

inlet temperature had no significant effect on the particle size of raffinose or trehalose spray 

dried powders. The previous studies showed an increase in particle size with increasing inlet 

temperatures, due to agglomeration of particles at higher temperatures and to hardening of the 

droplet (Stahl et a!., 2002; Al-Asheh et al., 2003).
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Figure 4.4 SEM micrographs for raffinose NPMPs (a) and trehalose NPMPs (b).

4.3.3 Residual solvent content

Residual solvent content ranged fronn 1.6 to 4.6 % for raffinose pow/ders and from 1.3 to 5.3 % 

for trehalose powders.

ANOVA showed that the statistical model developed for the residual solvent content values of 

raffinose powders was significant (F-value 5.17, p=0.0011). The inlet temperature was the only 

statistically significant main effect impacting on the residual solvent content (F-value 6.66, 

p=0.0201) and it had a negative coefficient. With increasing inlet temperature, more energy is 

supplied to the drying chamber leading to more efficient solvent removal from the droplets. This 

results in powders with lower residual solvent content (Maury et al., 2005; Technical data Btichi 

B-290, 2009).

Also, several interactions were found below the established confidence level of 95% (Table 4.4 

and Figure 4.6) and therefore deemed significant: a two-factor interaction between inlet 

temperature and pump setting (AC) (F-value 6.26, p=0.0201) and pump setting and feed 

concentration (CD) (F-value 16.32, p=0.0009), a three-factor interaction between gas flow, pump 

setting and feed concentration (BCD) (F-value 6.74, p=0.0195), and a four factor interaction 

between inlet temperature, gas flow, pump setting and feed concentration (ABCD) (F-value 

25.35, p=0.0001).

The quantity of solvent to be evaporated is dependent on the inlet temperature and gas flow 

that affect the heat supply for droplet drying and on the pump setting and feed concentration 

that control the size and the solid and solvent content in the droplet. Raffinose NPMPs residual 

solvent content is the result of the effect of spray drying parameters on their own and of 

interactions between them.
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ANOVA showed that the model established fitted the data obtained for trehalose powders well 

and was significant (F-value 10.86, p<0.0001). The main effects with major impacts were inlet air 

temperature (F-value 31.19, p<0.0001) and pump setting (F-value 46.10, p<0.0001). The impact 

of gas flow and feed concentration were not significant at the 95% confidence level. An increase 

in inlet air temperature will lead to a decrease in residual solvent content (negative coefficient, 

Table 4.5), in other words, an increased supply of heat energy will result in a more efficient 

drying. Pump setting is positively correlated with residual solvent content. When the pump 

speed is higher, more liquid is supplied to the drying chamber and more solvent vapour is 

generated, decreasing the exhaust temperature leading to a less efficient drying, hence higher 

residual solvent content (Maury et al., 2005; Technical data Buchi B-290, 2009). A lower pump 

setting should result in a higher outlet temperature and therefore more efficient drying, 

resulting in lower residual solvent contents (Figure 4.5).

Statistical analysis also revealed significant two-factor interactions between the following 

parameters; inlet temperature and gas flow (AB) (F-value 6.71, p=0.0197), inlet temperature and 

feed concentration (AD) (F-value 13.33, p=0.0022), gas flow and pump setting (BC) (F-value 6.70, 

p=0.0198) and pump setting and feed concentration (CD) (F-value 29.77, p<0.0001) and a three- 

factor interaction was determined between inlet temperature, pump setting and feed 

concentration (ACD) (F-value 18.02, p=0.0006) (Figure 4.7).
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Figure 4.5 Influence of outlet temperature on residual solvent content (RSC) for (a) raffmose NPMPs and 

(b) trehalose NPMPs.
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Figure 4 .6 Im pact of in te rac t io ns  b e tw e e n  process  variables  on raffinose p o w d e r  res idual so lven t con ten t :  

plo t  o f  in te rac t ion  b e tw e e n  (a) inlet t e m p e r a t u r e  and  p u m p  setting , (b) p u m p  se t t in g  and  feed  

co n cen t ra t io n :  (c) cu b e  g raph  o f  in te rac t ion  b e tw e e n  p u m p  se t t ing ,  gas  flow and  fe e d  co n cen tra t io n .
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Figure 4.7 Im pact of in te rac t ions  b e tw e e n  process  variables on t r e h a lo se  po w d e r  res idual so lvent con ten t :  

plo t o f  in te rac t ion  b e tw e e n  (a) inlet t e m p e ra tu r e  and  gas flow, (b) inlet t e m p e r a t u r e  and  feed  

c o n cen t ra t io n  (c) gas flow an d  pu m p  setting  and  (d) p u m p  se t t ing  and  feed  co ncen tra t ion ;  (e) inlet 

te m p e ra tu r e ,  pu m p  se t t ing  and  feed  concentra tion .
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4.3.4 Outlet temperature

The outlet tem peratu re  varied betw een 48 and 101 °C for raffinose spray drying, and betw een  

49 and 103 °C for trehalose spray drying. This response was mainly affected by the inlet air 

tem perature  and pum p setting, shown to be significant at the 95% confidence level, fo r both 

sugars (Table 4 .4  and 4.5).

Increased inlet tem peratu re  leads to an increased supply o f heat energy, leading to higher outlet 

tem peratures (Tajber et al., 2009). Referring to the model equations for both sugars (Table 4 .4  

and 4.5), a positive correlation was found, i.e., higher setting o f the inlet tem peratu re  resulted in 

higher outlet tem peratures.

At a higher pum p setting, more liquid is supplied to the drying cham ber and m ore solvent 

vapour is generated, therefore decreasing the exhaust tem peratu re  (M aury et al., 2005; Buchi, 

2009). The model equations, for raffinose and trehalose spray drying, showed negative 

coefficients fo r pum p setting, i.e., as pump setting decreases, outle t tem peratu re  increases. 

Stahl e t al. (2002) and M altesen e t al. (2008) reported the same effect for spray drying of insulin 

particles.

For the purpose of this study a high outle t tem pera tu re  is desirable, leading to drier powders  

and higher yields. This can be seen on figure 4 .5  which displays the relationship betw een the  

residual solvent content and the outle t tem peratu re , w here higher tem peratures are observed 

to result in low er solvent residue content. A sim ilar study by Billon et al. (2000) dem onstrated  

the same relationship.

4.3.5 Specific surface area

Porous microparticles have potential advantages over non-porous m aterials as they have 

reduced interparticulate attractive forces and im proved flow  characteristics, low bulk densities 

and exhibit smaller aerodynam ic diam eters than the ir geom etric diam eters, facilitating greater 

deposition in the low er pulm onary region, w ith potential fo r im proved efficiency of 

adm inistration to the lungs in the dry form  (Healy et al., 2008). The presence o f porosity leads to 

high specific surface area (SSA) values (Papelis et al., 2003; Healy et al., 2008).

SSA values ranged from  25.53 to 80 .34  m Vg fo r raffinose particles and from  17.52 to  59.02 m Vg  

for trehalose particles.

Evaluating results from  raffinose powders, ANOVA calculations determ ined that the main effect 

w ith an im pact on SSA was the gas flow  (F-value 79.79, p<0.0001). The other main effects (inlet
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tem peratu re , pump setting and feed concentration) influenced the surface area at a low er level 

(12 to  17 fold less) w ith  p<0.05. No interactions betw een factors w ere significant at p<0.05. The 

coefficients o f the m odel equation are given in Table 4 .4 . Three of the main effects have a 

negative coefficient i.e. inlet tem peratu re  (A), pum p (C) and feed concentration (D), indicating  

that w hen any o f these factors decrease, particles w ith  higher surface area are produced. One 

main effect has a positive coefficient i.e. gas flow  (B), giving particles w ith  higher surface area  

w hen at higher levels.

ANOVA evaluation o f trehalose values showed that the main effects with a significant im pact on 

SSA w ere  in let tem peratu re  (F-value 27.43, p<0.0001) and gas flow  (F-value 47.35, p<0.0001). 

The strongest interaction was betw een inlet tem peratu re  and pump setting, w ith F-value o f 

44 .15  (p< 0 .0001).

According to Gregg and Sing (1982), w hen considering a non-porous particle, the surface area is 

inversely proportional to  particle size; Figure 4.8a and 4.8b  show this relationship for surface 

area estim ated from  particle size data, assuming non-porous spherical particles o f raffinose and 

trehalose. Taking into account the porosity o f our particles, a correlation between actual 

m easured surface area and particle size was investigated (Figure 4.8c and 4 .8e). The correlation  

was found to  be strong fo r raffinose particles (R^=0.74, p<0.001) and weak for trehalose particles 

(R^=0.28, p=0.0421), w here, as particle size increases surface area decreases.

In this study w e have observed that the particle size decreases w ith  increased gas flow , 

decreased feed concentration and reduced pum p setting. The existing relationship betw een  

particle size and specific surface area would lead us to think that the same variables would have 

an im pact on SSA. This hypothesis is valid fo r the studies on raffinose powders (Table 4 .4), since 

the process param eters gas flow , pum p setting and feed concentration im pacted on SSA in the  

same w ay as on particle size.

( / )

R" = 0,9048R̂  = 0,7846

“I

5
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Figure 4 .8  Relationship b etw een  particle size (dso) and specific surface area (SSA) fo r (a) raffinose particles  

w h e re  particles are assum ed non-porous and th e  SSA is derived  from  particle size data , (b) trehalose  

particles w h e re  particles are assum ed non-porous and the  SSA is derived  from  partic le  size data (c) 

raffinose NPM Ps, taking the  actual m easured SSA and (d) treha lose  NPM Ps, taking the  actual m easured  

SSA.

4.3.5.1 Effect of particle specific surface area on aerosolisation properties

The effect of the specific surface area (SSA) of particles on the fine particle fraction below 5 urn 

(FPF) of powders was studied for powders produced with the same particle size (dso) and 

different SSA. Preliminary aerodynamic studies on the NPMPs established that particles with a 

median particle size of ~1.7 |im had an aerodynamic diameter of ~2 pim. NPMPs of raffinose and 

trehalose were therefore spray dried using the process parameters determined by applying the 

model equations to yield powders with a dso value of 1.7 pm but with SSA of minimum, average 

and maximum value in order to have three representative points within the design space.

For raffinose and trehalose NPMP powders a trend was observed where, as the SSA of porous 

particles increased a higher FPF could be achieved (Figure 4.9), reaching a FPF of more than 50% 

at the highest SSA values. Table 4.6 shows the obtained mass median aerodynamic diameter 

(MMAD) and geometric standard deviation (GSD) for raffinose and trehalose powders.

N( Ogain et al. (2011) showed that raffinose and trehalose NPMP powders had higher FPF than 

the non-porous particles powders as well as higher SSA, by ~40-foid.

The main difficulty associated with inhalation of fine particle powders and their efficient delivery 

is the strong interparticle forces (mainly van der Waals forces) which make the cohesive bulk 

powder agglomerate (Daniher et al. 2008). The cohesion between non-porous particles by 

contact surfaces is proportional to the specific surface area (Chew et al., 2000).
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Studies by Tabor (1977) dem onstrated that surface roughness can greatly reduce the adhesion 

betw een solids, due to the high surface asperities, which can prize the surfaces apart and break 

the adhesions occurring at the low er asperities.

Our results lead us to believe that the high surface area o f NPMPs, due to high porosity, resulted  

in particles presenting few er areas o f contact, leading to low er cohesion and easier dispersion, 

resulting in high FPFs.
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Figure 4.9 Effect of specific surface area (SSA) on the fine particle fraction of spray dried raffinose NPMPs 

(R^=0.973, p=0.0004) and trehalose NPMPs (R^=0.978, p=0.0007).

Table 4.6 Mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD) and 

geometric median particle size (dso) for raffinose and trehalose powders w ith increasing specific surface 

area (SSA).

SSA

(mVg)
MM AD (nm) GSD

PS (dso) 

(nm)

49.26+0.42 3.3±0.14 2.110.09 1.710.02

Raffinose 70.39±0.68 3.4±0.33 2.410.14 1.610.01

88.66±0.79 3.610.51 2.610.09 1.810.01

42.28±0.30 8.4±1.37 3.410.53 1.710.07

Trehalose 47.89±0.13 7.4±0.13 3.410.77 1.710.04

57.41±0.73 4.310.35 2.810.09 1.710.02
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4.4 Prediction of optimal process conditions

A theore tica l op tim isa tion  can be perform ed using the  statistical models obta ined to  find  the 

op tim a l settings o f the  spray drying param eters to  achieve a p roduct w ith  desired properties. 

Raffinose and trehalose NPMP production was optim ised in o rder to  obta in  pow ders w ith  

m in im um  residual so lvent con ten t (RSC), partic le size (PS) < 3 pm, high specific surface area 

(SSA) and y ie ld  > 50%. A higher im portance was ascribed to  m in im ising residual so lvent content, 

fo llow ed  by m axim ising SSA. The European Pharmacopeia classifies m ethanol as class 2 and 

butyl acetate as class 3 residual solvents (organic vo la tile  chemicals th a t are used in the  

prepara tion  o f m edicinal products and th a t have no therapeutic  bene fit (European 

Pharmacopoeia 7'*' Edition, 2012). Hence it is im p o rta n t to  m in im ise th e ir  levels in the  sugar 

NPMPs powders in o rder fo r  these to  be suitable fo r human use. Also, we have shown th a t a 

h igher value o f SSA w ill lead to  higher fine  partic le  fraction  and should optim ise pu lm onary 

delivery.

Predicted optim al settings fo r  raffinose NPMPs w ere as fo llow s: Tiniet 150 °C, gas flo w  rate 50 mm 

(1052 l/h ), pum p rate 30 % (8.5 m l/m in ) and 2.9% to ta l solid concentra tion in the feed so lu tion . 

For trehalose NPMPs the  process conditions should be: Tjniet 150 °C, gas flo w  rate 50 mm  (988 

l/h ), pum p rate 40 % (11.4 m l/m in ) and 1% to ta l solid concentra tion  in the feed so lu tion . Using 

these suggested process variables the resulting o u tle t tem pera tu re  was predicted to  be 87 °C fo r 

raffinose and 86 °C fo r  trehalose.Table 4.7 presents the  predicted and actual results o f the 

optim isa tion  o f the  studied outcomes.

The results fo r  o u tle t tem pera tu re , residual so lvent and partic le  size w ere s im ilar to  the 

predicted values and w ith in  the standard deviation o f the experim en ta lly  determ ined results. 

Yield and surface area values w ere  higher than predicted. Thus, the  outcom e in te rm s o f these 

la tte r param eters was even b e tte r than predicted by the  m odel.

Table 4.7 Predicted and actual results of the optimisation of the studied outcomes for raffinose and 
trehalose NPMPs powders using the statistical models obtained by the applied DOE. PS -particle size SSA -  
specific surface area RSC- residual solvent content Toutiet -  outlet temperarure

Raffinose NPMPs Trehalose NPMPs
Outcome Predicted Actual Predicted Actual
Yield (%) 50 57.7±1.6 49 57.112.4

PS (dso) (lim) 1.8 1.8±0.02 1.7 1.6±0.04
SSA (mVg) 49.97 58.16i0.51 45.53 51.44+0.49

RSC (%, w/w) 2.2 2.6+0.34 2.3 2.5±0.49
T o u tle t ( C ) 87 85+1.4 86 86±0.0
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4.5 Residual solvent content of raffinose and trehalose NPMPs powders

Residual solvents have no therapeutic benefit, they are organic volatile chemicals that are used 

or produced in the manufacture of active substances or excipients, or in the preparation of 

medicinal products and, these should be removed to the extent possible, since some are known 

to cause unacceptable toxicities (European pharmacopoeia 7*'̂  Edition, 2012). The concentration 

limits for permitted daily exposure stated by the pharmacopoeia for methanol and butyl acetate 

are 3000 ppm and 5000 ppm respectively (European pharmacopoeia 7th Edition, 2012). These 

limits apply to the active principal ingredient, excipients and medicinal product.

GC-FID was used for quantifying the residual content of methanol and butyl acetate. Raffinose 

NPMPs were found to contain 0.3±0.01 % (w /w ) (3122±129 ppm) of MeOH and 0.8±0.02 % 

(w /w ) (72311122 ppm) of BA while trehalose NPMPs were found to contain 0.4±0.06 % (w /w ) 

(3731±437 ppm) of MeOH and 1.0±0.003 % (w /w ) (9879±23 ppm)of BA. Therefore, 15 to 50 % of 

the residual solvent content was constituted by organic solvents, the remainder being attributed  

to bound and un-bound moisture.

Removal of the organic solvents was tested by subjecting two batches of freshly produced 

raffinose NPMPs powders to a nitrogen gas purge at 25 °C. The conditions used were those also 

used in the sample preparation for specific surface area analysis and that are known not to 

affect powder micromeritic properties (Nf Ogai'n et al., 2008).

Figure 4.10 represents the percentage of residual solvent over the 24 hours of exposure to the 

nitrogen purge. After 2 to 6 hours it was no longer possible to detect methanol 

(LOD=305ppm=0.15 % (w /w )). Butyl acetate content was reduced to ~50 % in the first two hours 

of drying, after which it slowly reduced until a constant level of ~0.4 % (w /w ) (40201163 ppm) 

was achieved.

The levels of methanol and butyl acetate after raffinose and trehalose NPMPs spray drying were 

below the pharmacopoeial limits; reduction and elimination of these solvents is possible by 

storing the produced powders under a nitrogen purge at 25 °C for 24h.
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Figure 4.10 Residual solvent content (RSC) of spray dried rafflnose NPMPs powders during exposure to a 

nitrogen purge over 24 hours.

4.6 Spray drying raffinose and trehalose NPMPs from a methanohpropyl acetate co-solvent 

system

Raffinose NPMPs were found to contain 0.3±0.01 % (w/w) (3122±129 ppm) of MeOH and 

0.8±0.02 % (w/w) (72311122 ppm) of BA while trehalose NPMPs were found to contain 0.4±0.06 

% (w/w) (3731±437 ppm)of MeOH and 1.0±0.003 % (w/w) (9879123 ppm)of BA. Therefore, the 

possibility of replacing BA with propyl acetate (PA) which has a lower boiling point (76.5 -  77.5 

°C for PA and 124 - 126 °C for BA) was investigated, in order to produce powders with lower 

residual solvent content and similar physicochemical and aerodynamic characteristics.

4.6.1 Yield, solid-state, morphology and micromeritic properties

Spray drying settings followed the optimised conditions discused in section 4.4. Solutions of 2.9 

% (w/w) raffinose and 1 % (w/w) trehalose were prepared in different MeOH:PA co-solvent 

system ratios: 65:35, 70:30 and 80:20. Outlet temperature varied between 86 - 89 °C for 

raffinose and 85 - 88 °C for trehalose. No statistically significant differences were found between 

spray drying outlet temperatures of the different samples (p = 0.306 for raffinose and p =0.081 

for trehalose).

Production yield varied from 37.112.2 to 49.613.4 % for raffinose and 36.715.2 to 50.713.9 % for 

trehalose. Highest yields were obtained when spray drying from solutions with 70:30 MeOH:PA 

ratio. In all runs, powder sticking to the cyclone walls was observed. No significant correlation 

was found for either of the non-reducing sugars between the influence of proportion of propyl 

acetate in the spray drying solution and the powder yield (r^=0.352 and p=0.214 for raffinose
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and, r^=0.308 and p=0.252 for trehalose). Comparing with the resulting yields when spray drying 

from the MeOH:BA co-solvent system (57.7±1.6 % raffinose; 57.1±2.4 % trehalose) the attained 

yields when spray drying from MeOH:PA solutions were poorer. Therefore, in order to attain 

higher yields it may be necessary to adjust the process settings, by establishing a design of 

experiments such as the one described earlier in this chapter.

All raffinose powders produced were amorphous by XRPD analysis (Figure 4.11a). The same was 

not evident for trehalose (Figure 4.11b), though samples were predominantly amorphous, small 

peaks are visible (marked with arrow).

Particle morphology, assed by SEM, revealed these were porous, with improvement of particle 

shape from irregular shape to spherical with an increasing fraction of propyl acetate in the co

solvent system (Figure 4.13). Particles could be classified, according to the classification system 

developed by Paluch et al. (2012), as; type IB IIIa  for samples produced from solutions with 30 

and 35 % (v/v) PA, type 2Bllla and type 2Blla (marked with red circle, Figure 4.13c) for raffinose 

samples spray dried from solution with 20 % (v/v) PA, and type 2Blip for trehalose samples spray 

dried from solution with 20 % (v/v) PA. Spray dried raffinose and trehalose powders from  

MeOH:BA 80:20 consisted of small spherical and porous particles, type IB IIIa , as shown in figure 

4.13.

Esposito et al. (2000) studied the impact of different co-solvents systems, ethanol (EtOH):Water, 

MeOH:Water, acetonitrile/water and pure acetonitrile on spray-dried eudragit particle 

morphology concluding that it was dependent on the material solubility in the studied solvent or 

co-solvent mixture and on how the evaporation of the solvent occurs during particle formation 

in the spray drying chamber. Ni Ogain et al. (2010) spray-dried raffinose and trehalose from  

different co-solvent systems: EtOH:Water and MeOH:BA and reported different particle 

morphologies depending not only on the type of solvent but also on the ratio of the co-solvent 

system, as well as, the importance and impact of excipient/drug solubility in the solvent systems 

on particle morphology. The formation of raffinose and trehalose NPMPs was also fully 

described in this study. Therefore, the different morphologies attained when spray drying 

raffinose and trehalose from different co-solvent system ratios is probably due to differences in 

the evaporation of propyl acetate compared to butyl acetate, as well as to the solubility of 

sugars in propyl acetate. Additionally it was seen that trehalose systems are not fully 

amorphous; Vehring (2007) has reported that the solid state of materials can affect particle 

morphology by changing the solvent evaporation rate. Also, non-reducing sugars NPMPs can be 

produced when spray-dried from a MeOH:PA solution at ratios 70:30 and 65:35.
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Figure 4.11 XRPD scans of spray dried (a) raffinose and (b) trehalose from different ratios of the cosolvent 
system MeOH:PA: (a) 65:35, (b) 70:30 and (c) 80:20. Crystalline trehalose is also represented in plot b as 
(d ) .

Figure 4.12 SEM micrographs of (a) raffinose and (b) trehalose spray dried from 80:20 (v/v) MeOH:BA 
using optimal process conditions.
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Figure 4.13 SEIVl micrographs of spray dried raffinose from different ratios of the cosolvent system 
MeOH:PA: (a) 65:35, (b) 70:30 and (c) 80:20; SEMD micrographs of spray dried trehalose from different 
ratios of the cosolvent system MeOH:PA: (d) 65:35, (e) 70:30 and (f) 80:20.

Particle size by laser diffraction, the results of w/hich are summarised in table 4 .7, showed the  

geom etric m edian particle size varied betw een 1.6-2.0 |im  for raffinose and 1.8-2.1 nm for 

trehalose. A correlation betw een geom etric median particle size and yield was investigated for 

all samples spray dried from  MeOH:PA in order to  determ ine if the particle size had an influence 

on the obtained yields. No statistically significant correlation betw een variables for both sugars 

was found (Figure 4 .14o  and 4.14b).
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The particle size o f samples spray dried from  M eOH:PA solutions w ere found to be larger than  

raffinose and trehalose spray dried from  MeOH:BA 80:20 (p < 0 .05), w ith the  exception of 

raffinose spray dried from  a solution o f 65:35 M eO H:PA that presented sim ilar particle size to  

MeOH:BA system.

Specific surface area ranged from  40.25 to 47 .00  m V g and 43 .34  to 47 .98  m Vg for raffinose and 

trehalose respectively. SSA o f MeOH:PA systems was found to be sm aller than systems spray 

dried from  MEOH:BA (Table 4.8).

As described previously in this section the co-solvent system ratio will affect particle morphology  

and consequently pow der specific surface area. According to Ni Ogain et al. (2011), the NPMPs 

form ation is dependent on the sugar solubility and the less volatile solvent content o f the  

droplet. Upon atom isation, as the more volatile solvent evaporates the droplet becomes richer 

in the less volatile solvent, in which the sugar is less soluble. The fall in solubility o f the sugar 

may be dram atic and it may condense out initially as a nanosized liquid phase w ithin the droplet. 

As drying proceeds, the sugar phase droplets becom e less fluid and com e closer together, and 

the sugar may precipitate out as prim ary nanoparticles which agglom erate together e ither at the  

particle surface (form ing an outer shell) or w ithin the particle, leading to nanoparticulate  

m icroparticle form ation. Hence, the influence o f co-solvent system composition, i.e. PA fraction, 

on pow der SSA was investigated (Figure 4.15). It was found when increasing PA fraction the SSA 

of raffinose particles reduces and the SSA of trehalose particles increases, not being significant 

fo r the la tter (p=0.001, r^=0.950 for raffinose; p=0.217, r^=0.349 for trehalose).

Table 4 .8  presents the data obtained from  density m easurem ents o f all spray-dried samples. 

Statistical evaluation, by ANOVA followed by Tukey's test, o f density data for raffinose systems 

spray dried from  MeOH:PA and MeOH:BA showed significant differences betw een tap density 

and true density for these tw o solvent systems (p=0.001 and p=0.028 respectively), w ith  an 

increase in tap density and decrease in for MeOH:BA true density. It was also possible to  

determ ine that M eOH:PA 80:20 ratio system presented sim ilar tap density to MeOH:BA system. 

No significant differences w ere found in pow der bulk densities. Trehalose powders spray-dried  

from  MeOH:PA presented bulk, tap and true densities which w ere statistically significantly 

differen t (p=0.022, p=0.001 and p < 0.05, respectively) from  trehalose powders spray dried from  

MeOH:BA. Tukey's test revealed that powders spray dried from  d ifferent M eOH:PA ratios all 

presented similar bulk densities; MeOH:PA 65:35 system had a tap density d ifferen t from  all 

other spray-dried ratios; and true density was d ifferen t fo r all spray dried MeOH:PA ratios.
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Correlations betw een tap and true density m easurem ents and PA fraction in the spray drying 

solution w ere investigated to determ ine if there  was an effect o f the la tter on pow der density 

(Figure 4.16a, 4 .16b, 4.16c and 4 .16d ). A trend was seen fo r raffinose and trehalose powders, 

w here an increase in PA fraction led to the form ation  o f powders w ith  higher tap density. The 

tapped density is atta ined after mechanically tapping a receptacle containing the pow der 

sample, its m easurem ent includes the volumes of the solids in each particle, the voids w ithin the  

particle (open and closed pores) and, excludes the voids betw een particles ("external void") 

(W ebb, 2001; European Pharmacopoeia 7'̂ ' Edition, 2012). The m orphology and particle size 

distribution will affect particle packing, enlarging or reducing the tap density (Howard, 2007). It 

was observed by SEM (Figure 4 .13) that particle m orphology was m odified w ith increasing 

fraction o f PA from  irregular to  spherical and, th a t the polydispersity (span) o f particle size 

reduced (Table 4 .8). Hence, it is believed that the irregular shaped particles and increased 

variability o f particle size (larger span) will present poorer packing (low er tap  density) by 

increase o f the external void.

The trend found for true density differed depending on the sugar studied. For raffinose powders 

it was found that true density reduced w hen spray drying from  solutions w ith  higher fraction of 

PA. On the o ther hand, fo r trehalose powders true density increased w ith increasing fraction of 

PA. True density is known to be dependent on feed solution concentration, particle morphology 

(smooth surface versus irregular surface; hollow versus solid; porous versus non-porous) and gas 

perm eability w hen using gas pycnom etry (Elversson and Fureby, 2005; Vehring, 2007). Vehring  

(2007) described hollow, irregular surface and porous particles to present low er densities than  

th e ir solid, sm ooth, non-porous counterparts. Raffinose and trehalose w ere  spray dried from  

feed solutions w ith d ifferen t concentration; therefore , any comparison betw een the true  

densities o f these tw o  sugars will be discarded. The presence o f porosity leads to  high specific 

surface area (SSA) values (Papelis e t al., 2003; Healy et al., 2008). It was previously seen that 

w ith  increasing PA fraction, SSA decreases fo r raffinose (low er porosity) and increases for 

trehalose (higher porosity), therefore  it was expected to see a decrease in true density for 

raffinose and an increase for trehalose when spray drying from  solutions w ith  higher fraction o f 

PA as shown in figure 4 .16.

The aerodynam ic d iam eter was calculated for all systems and found to be w ith in  the desirable 

particle size range for alveolar deposition in the lungs, that is, 1-3 pim (Table 4.7). The DPI 

aerosol cloud should consist o f particles with aerodynam ic diam eters betw een 1 and 3 (am with
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good dispersibility (good flow ) to efficiently deliver the drug into the low er (alveolar) regions of 

the lungs (Hickey, 1996).
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Table 4.8 Particle size, true, bulk and tap density and calculated aerodynamic diameter of raffinose and trehalose spray dried from MeOH:PA and MeOH;BA solutions.

Raffinose Trehalose

MeOH:PA (%v/v) MeOH:BA (% v/v) MeOH:PA(%v/v) MeOH:BA (%v/v)

65:35 70:30 80:20 80:20 65:35 70:30 80:20 80:20

dio(nm) 0.9±0.00 1.010.07 1.010.06 1.1+0.02 1.010.04 0.9+0.00 0.9+0.03 0.9+0.02
dso(nm) 1.6+0.02 2.0+0.05 2.010.09 1.710.01 1.810.04 1.910.00 2.1+0.28 1.610.02
d9o(nm) 3.110.12 3.710.08 4.210.30 2.910.04 6.011.30 4.310.35 3.610.14 2.710.03

<l^m (%) 15.3±0.26 11.712.79 10.812.26 7.2±0.71 12.611.47 13.2+0.04 11.7+1.84 13.0110.1
Span 1.4±0.06 1.510.12 1.610.14 1.010.06 1.510.02 1.8+0.19 2.4+0.34 1.110.05

SSA (mVg) 44.27±0.28 40.2510.27 47.0010.22 58.1610.51 47.4410.27 47.9810.56 43.341.32 51.4410.49

True density (g/cm^) 1.5510.01 1.57+0.01 1.5710.003 1.5810.01 1.6010.01 1.5310.005 1.4510.05 1.4310.06

bp(g/cm^) 0.1610.01 0.1510.01 0.1510.01 0.15+0.01 0.1310.01 0.13+0.01 0.12+0.004 0.1510.01

tp (g/cm^) 0.2910.02 0.2910.01 0.2610.01 0.2410.00 0.2610.01 0.22+0.001 0.2110.01 0.2210.01

dae r (Hm) 2.110.004 2.310.01 2.5+0.003 2.210.02 2.310.01 2.310.003 2.410.05 1.910.04
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Figure 4.14 Influence of geometric median particle size (dso) on (a) raffinose and (b) trehalose powders 
yield.
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Figure 4.15 Influence of propyl acetate (PA) fraction on (a) raffinose powders specific surface area (SSA) 
and (b) trehalose powders specific surface area.
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Figure 4 .1 6  Influence of propyl acetate (PA) fraction in spray drying solution on raffinose powders (a) tap density and 

(b) true  density and, on trehalose powders (c) tap  density and (d) true density.

4.6.2 Thermal analysis and residual solvent content by GC-FID

DSC scans were similar for all raffinose (R) samples (Figure 4.17). The glass transition 

temperature was found to be ~116 °C for raffinose spray dried from MeOH:BA and 115-117 “C 

for raffinose spray dried from MeOH:PA (Table 4.9); a broad endotherm from 25 to ~115 °C due 

to residual solvent loss was also observed with large relaxation event after Tg; no other thermal 

events were recorded. ANOVA followed by Tukey's test showed the Tg of R:MeOH:PA 65:35 was 

significantly different from all other systems Tg (p=0.036). A correlation between co-solvent 

system composition, as PA fraction, and Tg was investigated (Figure 4.19), due to the existence 

of differences between MeOH;PA systems. It was found that the glass transition temperature 

increased when spray drying from solutions with higher PA fraction. The same effect was seen in 

studies by Paudel and Mooter (2012) on the miscibility and physical stability of naproxen/PVP 

solid dispersions spray dried from methanol and acetone mixtures (methanol boiling point 65 °C 

and acetone boiling point 56-57 °C), with diferent solvent ratio and equal total solid 

concentration, was evaluated. An increase in the glass transition temperature of the drug and 

excipient when spray dried from solutions with increased fraction of the solvent with higher 

boiling point, i.e. methanol in this study, was reported.

Trehalose systems also presented similar DSC scans; a broad endotherm, from 25 to ~115 °C, 

was recorded after which there was a glass transition event (Figure 4.18). The glass transition 

temperature was found to be ~121 °C for MeOH:BA system and 120-122 °C for MeOH:PA 

systems (Table 4.9). A recrystallisation exotherm was recorded at 153-158 °C, followed by a 

melting endotherm ~210/211 °C for all systems. ANOVA analysis showed no statistically 

significant differences between the Tg (p = 0.098), Tm (p = 0.071), AHc (p = 0.064) and AHm (p = 

0.277) of all systems spray dried from MeOH:PA. The onset of recrystallisation (Tc) of MeOH:BA
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system and MeOH:PA 80:20 ratio system w ere found to be d ifferent betw een each o ther and 

from  the o ther MeOH:PA systems by ANOVA followed by Tukey's test (p=0.001). Ni Ogain (2008) 

also reported d ifferent onsets o f recrystallisation fo r trehalose systems spray dried from  

differen t ratios of MeOH:BA.

A residual solvent content (RSC) of 2 .60±0.31 % and 3 .78-4 .62  % was determ ined by TGA for 

raffinose MeOH:BA system and MeOH:PA systems respectively, over the tem peratu re  range 25- 

130 °C (Table 4.10). For trehalose MeOH:BA system and M eOH:PA systems a RSC o f 2 .49±0.50%  

and 2.78±0.32%  w ere calculated by TGA. ANOVA w ith  Tukey's test showed no significant 

differences for raffinose and trehalose systems (p=0.235 and p=0.268, respectively).

The RSC was fu rther analysed by GC-FID w ith quantification o f M eO H , butyl acetate and propyl 

acetate (Table 4 .10). W a te r content was extrapolated from  the difference betw een the values 

calculated RSC by TGA and GC-FID. It was found that w ater/m o is tu re  is the main com ponent of 

the RSC follow ed by the acetates (BA or PA). At the spray drying conditions o f this study the  

residual content o f PA found in the systems was higher than for BA and, the European 

Pharmacopeia also classifies propyl acetate as a class 3 residual solvent (European 

Pharmacopoeia 7'*' Edition, 2012), the same as butyl acetate.

exp
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Figure 4.17 DSC scan of spray dried raffinose from (a) MeOH:BA, (b) MeOH:PA 80:20, (c) MeOH:PA 70:30 
and (d) MeOH:PA 65:35 co-solvent systems.
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Figure 4.18 DSC scan of spray dried trehalose from (a) MeOH:BA, (b) MeOHiPA 80:20, (c) MeOH:PA 70:30 
and (d) MeOH:PA 65:35 co-solvent system solutions.

Table 4.9 Glass transition temperature (Tg), recrystallisation temperature and enthalpy (Tc, AHJ and 
melting temperature and enthalpy (T^, AHm) of raffinose and trehalose spray dried from MeOI-i:PA and 
MeOH:BA co-solvent system solutions.

Raffinose Trehalose

Tg(°C) T c { °C ) AHc (J/g) T„,{°C) AH^ (J/g)

<CQ
X 80:20 115.6±0.21 121.0±0.30 158.7+0.54 99.2+6.10 210.4+0.42 138.618.32
0>

80:20 114.6±0.15 120.6±0.22 153.310.57 88.510.95 209.911.89 132.9+2.88

X
ou

70:30 116.5±0.50 120.111.32 155.0+0.33 84.414.14 211.710.23 141.611.03

65:35 117.010.27 121.610.25 155.410.11 88.111.42 211.010.13 143.312.23

118

117

116

y = 0.164x + 111.3 
R" = 0.939 
p = 0.0003

115

114
15 20 25 30 35 40

PA fraction (%)

Figure 4.19 Influence of propyl acetate (PA) fraction in the co-solvent system on raffinose powders glass 
transition.
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Table 4.10 Residual solvent content by TGA and GC-FID o f raffinose and trehalose powders spray dried 
from  MeOHiBA and MeOH:PA co-solvent system solutions.

RSC by GC-FID (% w /w ) Extrapolated
RSC by TGA

(% w /w )
Buty l/ Propyl W ater content

Methanol
(%)Acetate

<
CO >
a > 80:20 2.60±0.34 0.3010.01 0.8110.02 2.24

Q)
o0) ''p

(Ao
C

re < 80:20 3.78±0.78 0.3610.01 0.9310.02 2.49
0̂

X > 70:30 3.87±0.99 0.2210.03 0.8710.01 2.78o0)
65:35 4.6210.44 0.3210.03 1.0110.04 3.29

<
CO S'
X > 80:20 2.49±0.50 0.4010.06 0.9910.003 1.10o
d)0)(/) ----

_o
re

80:20 4.3210.22 0.1510.02 1.3210.13 2.85OJ <
»- Q.

X 70:30 2.9210.51 0.3010.03 0.8210.06 1.80
o0)

65:35 2.7810.81 0.21+0.02 1.2310.05 1.34

4.6.3. In vitro deposition  via next generation  im pactor

Powder pulmonary deposition was assessed in vitro using a next generation impactor. 

Deposition profiles and main deposition param eters  are presented in Figures 4.20 and 4.21 and 

Tables 4.11 and 4.12. Tlie greatest difference found in the deposition profiles, for raffinose 

powders, was the percentage of powder recovered from the mouthpiece adaptor and induction 

port. Raffinose NPMPs produced from MeOH:BA had less deposition than raffinose spray dried 

from the co-solvent mixture MeOHiPA. However, the dose emitted (as percentage recovered) 

showed no statistically significant difference between samples (p=0.203).

Spray drying raffinose from MeOHiPA 80:20 ratio resulted in powders with similar deposition 

param eters to the system spray dried from MeOH:BA 80:20 (Table 4.11). However, as the PA 

fraction was increased in the co-solvent mixture a reduction in the fine particle fraction and an 

increase in the MMAD was evident. The latter increased to  ~ 5 and ~9.7 |im, indicating that  most 

deposition occurred above stage 2 (cut off point of ~ 5 |im), resulting in the  observed decrease in 

FPF. A larger MMAD than the geometric median particle size suggests the existence of 

aggregates that were not dispersed by the aerodynamic forces generated  during the analysis 

(Bosquillon e t al., 2001). ANOVA with Tukey's tes t  showed significant differences in fine particle
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fraction < 5 pim and < 3 (p<0.05 and p=0.016 respectively), nnass median aerodynamic

diameter and geometric standard deviation (p=0.0002 for M MAD and p<0.05 for GSD), where 

the system spray dried from 65:35 ratio MeOHiPA was different from other MeOH:PA systems 

and, the system spray dried from 80:20 ratio MeOH:PA was similar to the MeOH:BA system. 

The reduced FPF < 5 pim and < 3 ^m for the system 65:35 MeOH:PA is due to its increased 

M MAD (Table 4.11) that was two times greater than the M MAD of the remaining MeOH:PA 

systems and MeOH:BA system.

Trehalose powder deposition profiles demonstrated that a large proportion of the emitted dose 

(36 to 74 %) was deposited in the mouthpiece adaptor/ induction port and stage 1 (cut off point 

~9 lim). The dose emitted (as percentage recovered) varied between 45.7 and 81.0 %. The 

sample spray dried from 65:35 ratio MeOH:PA presented the lowest value and was statistically 

significant different (p=0.013) from all other systems (Table 4.12). Fine particle fraction < 5 nm 

and < 3 |jm was similar for all samples, that is, no statistically significant differences were found 

(p=0.458 and p=0.763). The M MAD was found to be different for all samples (p=0.025) and 2 to 

4 fold larger than the calculated aerodynamic diameter and geometric median particle size 

(Table 4.7). Trehalose NPMPs produced from MeOH:BA solutions presented the smallest MMAD, 

4.4±0.35 nm, while all samples spray dried from MeOHiPA had a larger MMAD. Differences in 

particles morphology, size and density can result in formation of aggregates that lead to a larger 

MMAD (Bosquillon et al., 2001).

The GSD of all powders was significantly different (p=0.039); larger GSD were determined for 

powders with larger MMAD.
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0 R  M eO H :P A  7 0 :30  

H R  M eO H :P A  6 5 :35

M A /IP  Stage 1 Stage 2 Stage 3 Stage 4  Stage 5 Stage 6 Stage 7 Filter

Figure 4 .2 0  In vitro  aerosol deposition  p ro file  by use o f a NGI o f raffinose M eO H :B A  and M EO H:PA systems 

as calculated % o f recovered em itte d  dose vs. NGI stages. M A  -  m outh  adap ter IP -  induction port
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80 GOT MeOHiBA

MeOH:PA 80:20

□  TMeOHiPA 70:30

□  TMeOH:PA 65:35
50

MA/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 4.21 In vitro aerosol deposition profile by use of a NGI of trehalose MeOH;BA and MEOH:PA 
systems as calculated % of recovered emitted dose vs. NGI stages. M A - mouth adapter IP -  induction port

Table 4.11 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter 
(MMAD) and geometric standard deviation (GSD) of in vitro aerosol deposition of raffinose MeOH:BA 
system and raffinose MEOH;PA systems.

MeOH:BA MeOH:PA 80:20 MeOH:PA 70:30 MeOH:PA 65:35

% recovered 
emitted dose

68.1±11.7 69.1±3.16 69.415.75 71.019.26

FPF < 5 nm 50.4±15.6 47.313.67 40.715.25 25.610.78
< 3 nm 26.4±10.0 33.412.99 33.815.03 19.611.21

MMAD 4.4±0.27 4.510.25 5.010.41 9.711.34

GSD 2.3±0.48 2.410.10 2.810.08 3.210.09

Table 4.12 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter
(MMAD) and geometric standard deviation (GSD) of in vitro aerosol deposition of trehalose MeOH:BA
system and trehalose MEOH:PA systems.

MeOH:BA MeOH:PA 80:20 MeOH:PA 70:30 MeOH:PA 65:35

% recovered emitted dose 81.0±12.1 65.918.86 78.514.70 45.711.68

FPF < 5 nm 27.4±7.6 31.915.96 33.114.84 26.117.25
< 3 nm 21.4±2.1 16.413.80 22.218.58 19.311.67

MMAD 4.410.35 6.611.45 8.4+0.97 8.211.30

GSD 2.6+0.02 2.210.20 3.110.39 3.010.12
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4.7 CONCLUSION

The design o f experim ent study undertaken resulted in well fitted  nnodels which highlighted the  

process variables im pacting on the sugar NPMPs characteristics. Yield was affected by the gas 

flow  and pump setting; particle size and specific surface area by the gas flow; residual solvent 

content and outle t tem peratu re  via the inlet tem perature . Interaction betw een the process 

param eters w ere also found, dem onstrating the com plexity o f the spray drying process.

The factorial models constructed could be used to optim ise the spray drying process fo r the  

production o f powders w ith  suitable characteristics for pulm onary delivery, i.e., high yield, small 

particle size and low residual solvent.

Previous studies on porous microparticles did not exam ine the effect o f a change in surface area  

on the in vitro  deposition for dry powders intended for pulm onary delivery. In this study we  

com pared powders w ith  similar particle sizes but differing SSA and dem onstrated a trend of 

increasing FPF w ith increasing SSA, attributab le to the porosity o f the particles.

Raffinose NPMPs had b e tte r characteristics than trehalose NPMPs for use in dry pow der 

inhalation, since particles w ith larger surface area, resulting in higher FPF, w ere produced.

M ethano l and butyl acetate can be quantified by GC-FID. W hile the levels o f m ethanol and butyl 

acetate in freshly prepared raffinose and trehalose NPMPs w ere below  the pharmacopoeial 

limits, the content o f both could be reduced by storing the produced powders under a nitrogen  

purge at 25 °C for 24 h.

Raffinose and trehalose NPMPs can also be produced by spray drying from  m ethanohpropyl 

acetate co-solvent system at ratios 70:30 and 65:35. These NPMPs w ere  am orphous for raffinose 

and predom intly am orphous for trehalose, as assessed by XRD. M icrom eritic  properties such as 

tap  and true density and, specific surface area w ere  found to be affected by the co-solvent 

system ratio, which im pacted d ifferently  depending on the excipient used. The glass transition  

tem peratu re  o f raffinose, assessed by DSC, was also found to depend on the co-solvent system  

ratio. This was not the case fo r trehalose, w ith  similar glass transition tem peratures found for 

trehalose spray-dried from  solutions of MEOH:PA with d ifferen t ratios. The residual solvent 

content was mainly constituted by w ater and propyl acetate. All spray-dried systems from  

M eO H:PA displayed favourable aerodynam ic and m icrom eritic characteristics, suggesting 

potential suitability fo r pulm onary delivery, as was proven by the in vitro  deposition studies by 

NGI, w here the recovered em itted  dose was above 65 % for most systems and the FPF < 5 pim 

was ~30 %.
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Comparing with raffinose and trehalose NPMPs spray-dried from 80:20 MeOH:BA, no particular 

advantage can be achieved by replacing butyl acetate with propyl acetate when spray drying at 

the same conditions since micromeritic properties (particle size, specific surface area and tap 

density) were inferior and propyl acetate content in powders was higher than butyl acetate. 

However, this study shows that it is possible to produce non-reducing sugars NPMPs from other 

co-solvent systems and, there is the possibility, with future studies on spray drying conditions for 

MeOH:PA systems, to produce equivalent or better powders than those produced by spray- 

drying raffinose and trehalose from the 80:20 MeOH:BA co-solvent system.
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Table 4.13 Effect of increasing spray drying process parameters on evaluated outcomes of raffinose 

NPMPs. Tiniet - in le t tem perature; Touiet -o u tle t tem perature; PS-particie size; RSC-residual solvent content; 

SSA-specific surface area

T
inlet Gas Flow Feed rate (pum p) Feed concentration

T
outlet

significantly increases decreases decreases no effect

PS no effect significantly decreases increases increases

RSC decreases no effect no effect no effect

SSA decreases significantly increases decreases decreases

Yield no effect significantly decreases increases increases

Table 4.14 Effect of increasing spray drying process parameters on evaluated outcomes of trehalose 

NPMPs. Tiniet - in le t  tem perature; Touiet -o u tle t tem perature; PS-particle size; RSC-residual solvent content; 

SSA-specific surface area

Tiniet Gas Flow Feed ra te  (pum p) Feed concentration

"Toutlet significantly increases significantly decreases no effect no effect

PS no effect significantly decreases increases increases

RSC decreases no effect increases no effect

SSA decreases increases no effect no effect

Yield significantly increases significantly decreases increases decreases
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CHAPTER 5 : SPRAY DRYING OF SUGAR COM POSITE SYSTEMS USING TREHALOSE, RAFFINOSE AND HYDROXYPROPYL-p-

CYCLODEXTRIN

5 .1  INTRODUCTION

Raffinose p en tah y d ra te  and t reh a lo se  d ihydra te  undergo  a solid s ta te  modification during spray 

drying, resulting in a m o rp h o u s  pow ders .  The am o rp h o u s  solids a re  known to  be less s tab le  

physically and chemically than  th e  correspond ing  crystals (Yu, 2001; N ew m an  e t  al., 2012). 

A m orphous sugar (glucose, lactose, raffinose, treha lose ,  sucrose) pow ders  will spon taneous ly  

sorb  (adsorb  or  absorb) a significant a m o u n t  of w a te r  vapour  from th e ir  surround ings  unless 

s to red  un d er  com plete ly  dry conditions; this so rbed  w a te r  v apour  can m arkedly  change  th e  

physical and chemical p ropert ie s  of th e  sugars, acce lera te  hydrolytic deg rada tion , isomerisation, 

a n d /o r  crystallisation processes  and, thus, can have a significant im pact upon  th e ir  use and 

function in pharm aceutica l dosage  form s (Hancock and Shamblin, 1998). Different s tud ies  have 

d e te rm in e d  a rapid w a te r  absorp tion  and recrystallisation of a m o rp h o u s  raffinose and treh a lo se  

pow ders  w hen  exposed  to  ~75 % relative humidity (RH) for 24 hours (Hogan and  Buckton, 2001; 

C harm athy e t  al., 2010; Shebor  e t  al., 2010). Ni Ogain e t  al. (2010) rep o r ted  th a t  exposu re  of 

t reha lose  or  raffinoserlysozyme NPMP com posites  to  60 % RH for 24 hours  resu lted  in particle 

m orphology changes  and a m o rp h o u s  s ta te  conversion into a crystalline s ta te .

Solid d ispersions incorporating  a higher m olecular w eight com pound  can be used to  e n h an ce  

stability and p rev en t  crystallisation of an excipient or drug by increasing th e  glass transition  

te m p e ra tu re ,  th rough  m olecular in terac tions b e tw een  th e  d rug/excip ien t and po lym er and by 

th e  antiplasticisation effect of th e  polym er (Sinha e t  al., 2009).

Mazzobre e t  al. (1997) stud ied  th e  effect of delaying crystallisation of  t reh a lo se  in 

treha lose :lac tase  sys tem s by th e  addition of m altodextr in  in a ratio of  80:20 

(m altodextrin :trehalose) . Results show ed  an increase in th e  Tg of th e  system  and a delay in 

treha lose  recrystallisation, with im p ro v em en t  o f  lactase stability a t  relatively high RH (75 %).

Branchu e t  al. (1999) eva lua ted  th e  inhibition of  enzym e inactivation in sucrose:hydroxylpropyl- 

p-cyclodextrin (HPpCD) system s, concluding th a t  th e  addition of HPPCD p rev en ted  enzym e 

degrada tion , being a useful stabilising excipient.

Different s tud ies  by Davidson and Sun (1998, 2001), Buera e t  al. (2005) and Leinen and  Labuza 

(2006) have used raffinose and treh a lo se  to  delay and inhibit sucrose recrystallisation. These 

studies  concluded th a t  an  increased ratio of  raffinose or t reha lose  in th e  sys tem  increased  th e  

glass transition  te m p e ra tu re  and  dec reased  th e  melting en thalpy , enhancing  sucrose  stability.

Based on th e  a fo rem en tio n ed  s tud ies  we in ten d ed  to  spray dry com posite  sy s tem s of 

trehalose:raff inose, trehaloseiHPpCD and raffinose:HPpCD, in o rd e r  to  im prove treh a lo se  and
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raffinose stability, and to investigate if the composites have better properties for use as carriers 

in NPMPs for pulmonary delivery of peptides and proteins than raffinose or trehalose alone.

5.2. HYDROXYPROPYL-B-CYCLODEXTRIN -  AS SUPPLIED

Properties of hydroxypropyl-p-cyclodextrin as supplied were investigated. SEM revealed that the 

material consists mainly of hollow/ spherical particles presenting collapsed surfaces (Figure 5.1), 

with a geometric median diameter of 7.3±0.05 |im, as measured by laser diffraction. XRPD 

showed HPPCD is an amorphous material. It has a glass transition temperature at 254.1±0.17 °C, 

as determined by DSC (Figure 5.3). TGA analysis revealed a residual moisture content of 5.810.27  

% over the temperature range 25 ~325 °C (Figure 5.3).

Figure 5.1 SE micrographs of unprocessed hydroxypropyl-3-cyclodextrln.

200 CPS

20 25

2 theta (degrees)

30 40

Figure 5.2 XRPD of unprocessed hydroxypropyl-p-cyclodextrin.
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Figure 5.3 DSC (shown in black) and TGA (shown in red) of unprocessed hydroxypropyl-3-cyclodextrin.

5.3. SPRAY DRIED TREHALOSE COMPOSITE SYSTEMS

Spray drying conditions fo r the production o f trehalose com posite systems fo llow ed  the 

conditions already described fo r optim ised trehalose NPMPs (Chapter 4). Feed solutions o f 1% 

(w /v) w ith  100:0, 80:20, 70:30, 60:40, 40:60, 30:70, 20:80 and 0:100 w e igh t ra tio  o f d-(+)- 

trehalose d ihydra te :d-(+ )-ra ffinose pentahydrate (T:R) o r hydroxypropyl-P-cyclodextrin  

(T:HPPCD) in m ethano l:n-bu ty l acetate (4:1) (v/v) were spray dried. The o u tle t tem pera ture  o f 

T:R samples varied between 83-86 °C and o f T:HPpCD betw een 84-90 °C. Yields ranged from  51.6 

to  63.9 % and 51.5 to  58.9 % for  T:R and T:HP3CD, respectively. There was no statistically 

significant d ifference (T:R; p=0.481; T:HPPCD; p=0.301) betw een sample yields fo r both types o f 

composites (trehalose:raffinose and trehalose:cyclodextrin).

5.3.1. Solid-state, morphology and micromeritic properties

All spray dried composites w ere am orphous (Figure 5.4 and 5.5). D iffractogram s presented the 

typical d iffuse halo pattern , characteristic o f am orphous materials. Spray drying o f T:R and 

T:HPpCD systems led to  the  conversion o f the crystalline sugars in to  a disordered am orphous 

state.

The add ition  o f an excip ient to  trehalose NPMPs did no t a ffect the  partic le m orphology; 

trehalose com posite  systems were all NPMPs. SE m icrographs showed th a t T:R com posite 

samples w ere composed o f porous spherical particles, type lA l l la  (Figure 5.6). Based on visual 

appearance no differences could be determ ined betw een samples. T:HPPCD composites w ere 

constitu ted  by porous spherical particles, type lA l l la  (Figure 5.7). Loss o f spherical m orphology 

could only be seen when HPPCD was spray dried alone (Figure 5.7h).
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Figure 5.4 XRPD diffractogram s of spray dried trehalose;raffinose a t ratios; (a) 100:0, (b) 80:20 (c) 70:30, 
(d) 60:40, (e) 40:60, (f) 30:70, (g) 20:80 and (h) 0:100.
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Figure 5.5 XRPD diffractogram s of spray dried trehalose:HPpCD a t ratios: (a) 100:0, (b) 80:20 (c) 70:30, (d) 
60:40, (e) 40:60, (f) 30:70, (g) 20:80 and (h) 0:100.
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Figure 5.6 SE micrographs o f (a) trehalose and trehalose w ith  (b) 20%, (c) 30%, (d) 40%, (e) 60%, (f) 70%, 

(g) 80% of raffinose and (h) raffinose NPMPs.
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Figure 5.7 SE micrographs of (a) trehalose, trehalose w ith (b) 20%, (c) 30%, (d) 40%, (e) 60%, (f) 70%, (g) 
80% of HPPCD and (h) HPPCD NPMPs.

Particle size volum e distributions fo r all composites w ere narrow  and m onom odal w ith low span 

values (betw een  1.3 and 1.5 for T:R and betw een 1.0 and 1.2 for T:HPpCD). The geom etric  

m edian particle size (dso) fo r T:R particles was in the range of 1 .6 -1 .8  pim and for T:HPpCD  

particles was in the range 1 .5 -1 .6  nm . Tables 5.1 and 5.2 present the reported values o f dio, dso, 

dgo and percentage of particles w ith  size <1 nm as m ean ± standard deviation.

ANOVA with additional Tukey's test (p<0.05) o f T:R NPMP particle size distribution pointed out 

statistically significant differences betw een samples: the addition o f 20-40  % of raffinose 

produced particles w ith larger particle size than particles o f trehalose NPMPs.

The particle size distribution o f T:HPpCD NPMPs suggested th a t the addition o f cyclodextrin did 

not significantly affect the  particle size, at a confidence level o f 95 %. The percentage of particles 

w ith  a d iam eter below 1 |jm  increased w ith higher w eight fractions o f cyclodextrin, that is, 

greater volum es o f small particles w ere produced, but not enough to  cause a statistically 

significant difference betw een samples, w hen this param eter is evaluated. In studies by 

Bosquillon e t al. (2004) particles w ith  subm icrom etre-size present b e tte r aerosol deposition in 

distal regions o f the lungs. Thus, it may be possible to attain  better aerosol deposition w ith
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TiHPpCD NPMPs when compared to trehalose NPMPs. This subject will be further discussed later 

in this chapter.

Specific surface area (SSA) was also investigated as it is a reflection of porosity associated with 

porous particles such as NPMPs (Healy e t al., 2008). A trend was seen with both types of 

composite systems - the addition of another excipient to  trehalose NPMPs increased the surface 

area, hence the porosity (Figure 5.8 and Table 5.1). The porosity did not increase linearly with 

weight fraction; a maximum was achieved (59.11±0.58mVg for T:R and 102.79±0.17 mVg for 

T:HPPCD), after which SSA decreased to values closer to  the surface area of the added excipient 

when spray dried alone. There was an optimum weight fraction of 40 % for both types of 

composite systems.

ANOVA with Tukey's test of the SSA data showed that T:R composite systems and T:HP(3CD 

composite systems presented a significantly different surface area compared to trehalose 

NPMPs (p=0.001 for T:R and p<0.05 for T:HPpCD). The T;R composite system with a ratio of 

60:40 was found to be different from all o ther T:R systems and similar to raffinose spray dried 

alone (T:R 0:100); the remaining T:R composite systems were similar to each o ther and similar to 

trehalose spray dried on its own (T:R 100:0). The composite systems T:HP3CD 60:40 and 40:60 

were found to be different from remaining composite systems and raffinose spray dried on its 

own. The SSA of all T:HPpCD composite systems were different to trehalose spray dried alone.

100

■S; 80

50

40
0,2 0,4
w eigh t fraction  (raffinose or HPpCD)

0,6

Figure 5.8 Specific surface area (SSA) of trehalose composite systems as function of the added excipient 
weight fraction.

True density m easurem ents of T:R composite systems were higher than trehalose and lower 

than raffinose when spray dried alone (Tables 5.1 and 5.2). ANOVA analysis revealed there  were 

differences between samples of the same composite type (p<0.05). Further Tukey's tes t  showed
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th e  com posite  system  T:R 30:70 w as  d iffe ren t  from  all o th e r  com posite  sy s tem s including 

t reha lose  and raffinose spray dried alone.

T:HPpCD sys tem s also p re sen ted  significantly d ifferen t t ru e  densities  (p<0.05) c o m p a re d  to  

t reha lose  NPMPs. Com posite  system s T:HPPCD 80:20, 70:30 and 60:40 w e re  also d iffe ren t  from 

remaining T:HPpCD systems.

The aerodynam ic  d ia m e te r  was calculated  for all com posite s  and found to  be within the  

desirab le  particle size range for deposit ion  in th e  d e e p  lungs, th a t  is, 1-3 |am (Tables 5.1 and 5.2). 

The DPI aerosol cloud should be cons ti tu ted  by particles with aerodynam ic  d ia m e te rs  b e tw e e n  1 

and 3 nm with good dispersibility (good flow) to  efficiently deliver th e  drug into th e  lower 

(alveolar) regions of th e  lungs (Hickey, 1996).

Bulk and tap  density  results  for T:R and T:HPpCD are  re p re se n te d  in tab les  5.1 and 5.2. All 

sam ples  p re sen ted  values < 0.3 g/cm^ making th e m  suitable  for pu lm onary  delivery (Bosquillon 

e t  al., 2004). ANOVA analysis of T:R com posite s  sh ow ed  th e re  w as  no significant d ifference 

b e tw e e n  sam ples  (bulk density  p=0.549; ta p  density  p=0.074). In con tras t ,  T:HPpCD com posite  

system s p re sen ted  significant d ifferences (p<0.05): th e  bulk density  of th e  cyclodextrin spray 

dried on its ow n w as d ifferen t from th e  com posite  sy s tem s with th e  ratios 80:20, 60:40 and 

20:80; th e  tap  density  of th e  com posite  sys tem s w as  d ifferen t from  cyclodextrin spray  dried  on 

its own and com posite  system s with ratios 70:30 and 20:80 had d ifferen t ta p  density  to  

treh a lo se  spray dried alone.
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Table 5.1 Particle size, specific surface area (SSA), true, bulk and tap density and calculated aerodynamic diameter of Trehalose:Raffinose composite 
systems. ibA-specitIc surface area; bp- bulk density; tp-tap density; daer aerodynamic diameter

100:0 80:20 70:30 60:40 40:60 30:70 20:80 0:100

dio(nm) 0.9±0.02 0.9±0.03 l.OiO.Ol 1.0+0.01 0.8i0.04 0.8+0.02 0.9+0.01 1.1+0.02

dso(nm) 1.6±0.02 1.8±0.06 1.8+0.01 1.8+0.02 1.7+0.06 1.6i0.02 1.5i0.01 1.7+0.01

d9o(nm) 2.7±0.03 3.7±0.55 3.3i0.03 3.3+0.05 3.5+0.10 2.4+0.54 2.7+0.01 2.9+0.04

<lnm  (%) 13.0+10.1 13.0±1.24 11.5+0.33 11.4+0.37 16.6±1.15 18.1+0.45 17.3+0.43 7.2i0.71

SSA (mVg) 51.44i0.49 55.34i0.52 55.58+0.52 59.11+0.58 53.92i0.61 54.31+0.18 54.72i0.01 58.16+0.51

True density 
(g/cm’)

1.43±0.06 1.57+0.01 1.56+0.00 1.57±0.01 1.56±0.01 1.52±0.02 1.56±0.01 1.5810.01

bp (g/cnn’) 0.15±0.01 0.13+0.00 0.14+0.01 0.14+0.01 0.15+0.03 0.13+0.01 0.14+0.01 0.1510.01

tp  (g/cnn^) 0.22+0.01 0.22i0.01 0.23i0.01 0.24+0.01 0.25i0.02 0.23+0.02 0.25i0.00 0.2410.00

daer(^m) 1.9±0.04 2.3i0.06 2.2i0.01 2.210.01 2.1i0.05 1.9i0.03 1.9i0,01 2.210.02
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Table 5.2 Particle size, specific surface area (SSA), true, bulkand tap density and calculated aerodynamic diameter of Trehalose:HPpCD composite systems. 
SSA-specific surface area; bp- bulk density; tp-tap density; daer- aerodynamic diameter

100:0 80:20 70:30 60:40 40:60 30:70 20:80 0:100

dio(nm) 0.9±0.02 0.8+0.13 1.010.00 0.910.05 0.910.00 0.910.01 0.910.01 0.910.01

dso(nm) 1.6±0.02 1.3±0.04 1.610.01 1.5+0.01 1.510.00 1.610.02 1.610.02 1.510.01

dsoltim) 2.7±0.03 2.2±0.11 2.610.01 2.610.01 2.710.00 2.810.01 2.710.04 0.910.01

<lnm  (%) 13.0±10.1 11.2±2.04 12.510.20 15.210.49 15.410.18 15.1+1.90 15.610.74 16.8+0.45

SSA (mVg) 51.44±0.49 86.24+0.22 91.0610.14 102.7910.17 102.2010.01 89.3910.10 84.9210.02 82.8210.04

True density 
(g/cm’)

1.43+0.06 1.5510.00 1.5310.00 1.5510.01 1.4710,00 1.4510.01 1.4410.01 1.3610.00

bp(g/cm’) 0.15±0.01 0.1510.002 0.1010.001 0.1410.003 0.1210.004 0.1110.004 0.1410.003 0.1710.003

tp  (g/cm^) 0.22±0.01 0.2510.01 0.2010.01 0.2610.02 0.2410.01 0.2410.02 0.2710.01 0.3110.01

daer(^m) 1.9±0.04 1.6+0.04 2.2+0.01 2.110.01 2.110.00 2.210.02 1.910.02 1.810.01
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5.3.2. FTIR analysis

Infrared absorption m easurem ents  w ere  carried out to  evaluate  possible interactions be tw een  

trehalose  and raffinose or hydroxypropyl-P-cyclodextrin.

Figure 5.9 depicts the  IR absorption spectrum of spray dried trehalose:raffinose (T:R) composite 

systems and crystalline trehalose and raffinose. The crystalline materials (raffinose pentahydrate  

and trehalose  dehydrate) presented  sharp absorption bands, w hereas  th e  am orphous trehalose, 

raffinose and T:R com posite  systems showed much broader absorption bands. Shoulder peaks in the 

OH stretching region be tw een  3600 and 3000 cm'^ w ere  de tec ted  in trehalose  and raffinose 

crystalline spectra, indicative of hydrogen bonds of defined geometric positions (Wolkers e t  al., 

1998; Wolkers e t  a!., 2004). One sharp band around 3500 cm'^ was evident in th e  spectrum of 

crystalline trehalose, a ttr ibutable to  the  stretching vibration of th e  two crystal w a te r  molecules in 

the  trehalose dihydrate crystalline structure (Akao e t  al., 2001). The broad fea tu res  of th e  OH band 

of am orphous trehalose , raffinose and T:R composite systems indicate a wide range of hydrogen 

bond lengths and orientations (Akao e t  al., 2001; Wolkers e t al., 2004). Six peaks could be identified 

in the  C-H stretching region, located be tw een  3000 and 2800 cm'^ for crystalline trehalose  and 

raffinose, w hereas  am orphous trehalose, raffinose and T:R composite systems show ed only one 

broad band in this region (Wolkers e t al., 1998; Wolkers e t al., 2004).

The bands in the  1500-1200 cm'^ region arise mostly from C-H deform ation vibrations, and the 

bands be tw een  1200 and 900 cm'^ arise predominantly from a combination of CO (6C-0) stretching 

and OH bending (6C -0-H ) vibrations (Wolkers e t  al., 2004; Cheng and Lin, 2006). The bands a t  979 

and 937 cm'^ for t rehalose  dihydrate and 980 and 948 cm'^ for raffinose pentahydrate , can be 

assigned to  th e  asymmetric and symmetric stretching vibrations of th e  glycosidic bond. Different

studies have reported  peaks at 994 or 998 cm'^ and 956 or 954 cm'^ for trehalose  dehydra te  a-(l-*^l)

glycosidic bond and peaks a t 998 and 967 cm'^ for raffinose pentahydra te  a-(l^-6) glycosidic bond 

(Akao e t  al., 2001; Wolkers e t  al., 2004; Cheng and Lin, 2006).

In the  1500-1200 cm ‘̂  region no differences in peaks positions were found be tw een  crystalline 

materials and spray dried ones, only a broadening of bands was observed. In contrast, bands 

be tw een  1200 and 900 cm'^showed broadening and a shift to  higher w avenum bers  after spray 

drying. Wolkers e t al. (2004) attributed these  shifts to  a modification in the  hydrogen bonding of the
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C-O-H groups. These modifications are more evident in the composites with higher weight fractions 

of raffinose.

Modification of the asymmetric and symmetric stretch vibrations of the glycosidic bond was 

reported for all spray dried samples. According to  Akao et al. (2001) this event is due to a 

conformation change o f the molecules.

2150
wavenumber (cm'^)

Figure 5.9 FTIR spectras of spray dried T:R composite systems (a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, (e) 

40:60, (f) 30:70, (g) 20:80, (h) 0:100 (i) trehalose dihydrate and (j) raffinose pentahydrate.

Figure 5.10 shows the IR spectra for trehalose dihydrate, HPPCD as supplied and 

trehalose:hydroxypropyl-3-cyclodextrin (T:HP(3CD) composite systems. The spectrum of HPpCD raw 

material presents a broad peak at 3413 cm'^ attributed to OH stretching vibrations; C-H stretching 

region was also evident with a broad peak; the bands in the range 500 to  1500 cm'^ cannot be 

attributed to a single type of molecular vibration since there is a strong coupling of vibrations from 

the macrocyclic, caused by neighbouring bonds vibrating with similar frequencies: bending C-H, C-0- 

H, C-C-H, and others (Misiuk and Zalewska, 2009). The peak corresponding to the a -1,4 glycosidic 

bond was detected at 966 cm'^ (Williams III et al., 1998; Misiuk and Zalewska, 2009; Wu et al., 2010).

As described previously for trehalose and T:R composite systems, a broad band in the OH stretching 

region between 3600 and 3000 cm'^ was detected for all spray dried samples indicative of a wide

1 2 8
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range of hydrogen bond lengths and orientations (Akao et al., 2001; Woli<ers et al., 2004) and, the 

C -H  stretching region, located between 3000 and 2800 c m '\ also showed one broad band (Williams 

III et al., 1998; W olkers et al., 1998; Wolkers et al., 2004). In the 1500 -1200  cnn'  ̂ region no 

differences in band positions were found between crystalline trehalose raw m aterial, cyclodextrin 

raw material and spray dried composites, only a broadening of bands was observed. On the other 

hand, bands betw een 1200 and 900 cm'^ suffered broadening and a shift to  higher wavenumbers 

after spray drying. Wolkers et al. (2004) attributed these shifts to  a modification in the hydrogen 

bonding of the C-O-H groups. Modification of the asymmetric and symmetric stretch vibrations of

the a-(l->l)-glycosidic bond was seen for spray dried samples, with an evident reduction of the

absorbance as HP3CD weight fraction increased, with possible masking of trehalose bands by the 

cyclodextrin bands.
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Figure 5.10 FTIR spectras of spray dried T:HP(3CD composite systems (a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, 

(e) 40:60, (f) 30:70, (g) 20:80, (h) 0:100 and (i) trehalose dihydrate
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5.3.3 Thermal analysis

DSC scans of spray dried composite systems showed a single glass transition that was interm ediate  

between the glass transition tem perature (Tg) values of the pure components. No evidence of 

further therm al events such as crystallisation or melting was found for T:R systems. On the other 

hand, T:HPPCD systems with higher content o f cyclodextrin present delayed and reduced enthalpy  

crystallisation and melting events compared to  spray dried trehalose alone (Figure 5 .11 and 5.12  

and Table 5.3), w ith total inhibition of both events when the cyclodextrin content was >60 %. When  

trehalose was spray dried with raffinose there was a significant decrease in Tg (p=0.031) at higher 

weight fractions of raffinose (>60 %) compared to  trehalose alone; upon spray drying with HPPCD a 

significant increase in Tg (p<0.05) was observed when the content of the la tter was increased. Clas et 

al. (1999) described the glass transition as a characteristic physical and energetic property of an 

amorphous compound. Hence, a fter spray drying crystalline trehalose and raffinose w ere in the 

amorphous state, as previously verified by XRPD. Another event of observed on the 

trehalose:raffinose composite systems was the inhibition of trehalose recrystallisation and melting.

8X 0

100 125 150 175 200 225 250
Temperature (°C)

Figure 5.11 DSC scans of trehalose:raffinose composite systems with ratios: (a) 100:0, (b) 80:20, (c) 70:30, (d) 
60:40, (e) 40:60, (f) 30:70, (g) 20:80 and (h) 0:100.
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Figure 5.12 DSC scans of trehalose:hydroxypropyl-P-cyclodextrin composite systems with ratios: (a) 100:0, (b) 
80:20, (c) 70:30, (d) 60:40, (e) 40:60, (f) 30:70, (g) 20:80 and (h) 0:100.

The delay and decrease in enthalpy of recrystallisation and melting events and their inhibition, 

suggests an enhancem ent of trehalose physical stability when mixed with raffinose or HPpCD. 

Leinen and Labuza (2006) studied the stability, in three different relative humidity conditions at ~23 

°C, of a mixture of raffinose and sucrose (5:95) after spray drying and concluded that raffinose was 

able to inhibit sucrose recrystallisation at low RH and delay sucrose recrystallisation at high RH. 

Studies on HPpCD have shown that this oligossacharide is able to decrease the degree of crystallinity 

and inhibit recrystallisation of polymers and drugs, reducing the melting enthalpy and increasing 

their physical stability (Davies and Brewster, 2004; Yavuz et al., 2010; Tewes et al., 2011).
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Table 5 .3  Glass transition tem perature (Tg), recrystallisation tem perature and associated enthalpy (T ,̂ AHd and melting  
tem perature and associated enthalpy (T^, A H J  of trehalose composite systems.

T:R T:HPPCD

Tg °C) Tc(°C) AH, (J/g) T J °C ) AHn. (J/g)

100:0 121.8±0.45 158.7±0.54 99.2+6.10 210.4+0.42 138.6+8.62

80:20 119.6±0.10 120.3±1.75 197.6+0.00 91.0i0.57 211.5i0.40 70.2i3.49

70:30 119.510.06 119.3±0.40 198.6i0.06 69.9+4.97 211.3i0.06 55.6il.86

60:40 119.3+0.03 120.6±0.76 197 .4 il.l0 33.8i9.59 210.7+0.75 24.2+8.95

40:60 118.7±0.47 153.7±1.03 - - - -

30:70 118.2±0.06 166.5±1.04 - - - -

20:80 117.1±0.73 193.4±0.37 - - - -

0:100 115.6±0.21 225.4i0.32 - - - -

For a thorough analysis o f th e  com posite system glass trans ition  tem p e ra tu res , in o rd er to  gain  

m ore know ledge on th e  physical p ro perties  o f th e  systems, d iffe re n t m odel equations w ere  used to  

predict th e  Tg and a com parison to  th e  ex p e rim en ta lly  d e term in ed  Tg was m ade:

G ordon-Taylor (GT) eq uation  w ith  S im ha-Boyer rule Tg =  (Ep- 1) w h e re

^GT = , assuming ideal vo lum e ad d itiv ity  o f both m ateria ls  at Tg, no specific
d.2Tg2

interactions b etw ee n  th e  tw o  com ponents and th e  e ffec t o f density is accounted for; Tg, w  

and d  are  th e  glass trans itio n  te m p e ra tu re  in degrees Kelvin, th e  w e ig h t fraction and density  

o f th e  subscripts 1 (first co m p o n en t), 2  (second com ponent) and m ixtu re  (no subscript), Kgt 

is re la ted  to  a th erm al expansion co effic ient d ifference b etw een  glassy and liquid state  

(Kalichevsky at al., 1992; Chen e t al., 2002 ; Ta jber e t al., 2005 ; Tew es e t a!., 2010);

Fox eq uation  —  = —  + —  (Eq. 2) assuming com ponents have sim ilar density (Kalichevsky
Tg Tg-^ Tg2

e t al., 1992 ; Chen e t al., 20 02 ; Ta jber e t al., 2005 );
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Kwei eq uation  is an extension o f th e  GT eq u ation , used in cases o f strong interactions  

b etw een  com ponents T g =  ^ qvviW 2 ( Eq. 3) w h ere  Ki, and q are fitted

values to  experim enta l data (Kalichevsky e t al., 1992; T a jb e r e t al., 2005);

Figure 5 .13  and Table 5 .4  present th e  o bta ined  results fro m  th e  m odels fittin g  to  treha lo se  

com posite systems. W e  could see fo r both typ e  o f  systems (T:R and T:HPPCD) deviations to  

predictions by th e  G ordon-Taylor and Fox equations. In th e  case o f T:R NPM Ps, a t low  w e ig h t 

fractions o f raffinose (0 .2  -  0 .4 ) th e  Tg was b elow  predictions (negative deviations) and at high 

w eig h t fractions (0 .6  - 0 .8 ) th e  Tg was above (positive deviations) predicted values. For T:HPPCD  

NPM Ps all glass transitions presented a negative devia tion  fro m  th e  calculated Tg. G ordon-Taylor 

and Fox m odel equations assume ideal b ehav iour b e tw ee n  m olecules, th a t is, th ere  is ideal vo lum e  

ad d itiv ity  and no interactions b e tw een  com ponents. Studies by Taylor and Zografi (1998 ) on sugar- 

po lym er lyophilised systems also reported  negative deviations fro m  th e  predicted values by th e  

G ordon-Taylor eq uation  due to  in teraction  b etw ee n  m olecules as a result o f th e  fo rm atio n  o f 

hydrogen bonds. FTIR analysis, which is discussed later in th is chapter, w ill investigate th e  existence  

o f m olecular interactions b e tw een  treha lose and raffinose or hydroxypropyl-p-cyclodextrin , 

accounting fo r th e  deviations to  th e  G ordon-Taylor equation . Given th e  observed deviations, th e re  

w as th e  need to  find a m ore suitable m odel fo r Tg pred iction .

The Kwei equation  presented a good fit to  T:R data  (r^=0.917) and a very  good fit fo r T:HPpCD data  

(R^=0.983), hence th ere  w ere  interactions b etw ee n  m olecules. Som e data points presented very  

sm all deviations fro m  predicted values; these m ight be due to  plasticising effects o f th e  residual 

solvent conten t in pow ders a fte r spray drying (Kalichevsky e t al., 1993 ). The constatn t q in eq u ation  

3, q w i w 2 , is p roportional to  th e  n um ber o f specific interactions existing in th e  m ixtu re , w ith  q as a 

m easure o f the efficacy o f hydrogen bond fo rm a tio n ; hence a larger m agn itude o f q, w ith o u t regard  

to  its sign, is ind icative o f a higher degree o f hydrogen bonds b e tw ee n  th e  m ixture com ponents  

(Kwei e t al., 1984). Tab le 5 .4  reports th e  q va lue fo r th e  spray dried  systems, a high degree of 

hydrogen bonding is expected b e tw een  treha lo se  and HPPCD th an  b e tw ee n  treha lose and raffinose.

The best m odel eq uation  to  describe th e  Tg o f th e  com posite system was th e  Kwei eq u ation , giving a 

strong suggestion o f m olecular interactions b etw ee n  th e  m ixtu re  com ponents.
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Figure 5.13 Glass transitions of (left) T:R and (right) T:HPPCD composite systems as function of the added 
excipient weight fraction. The dotted, dashed and solid lines represent the predictions based on the Gordon- 
Taylor, Fox and Kwei equations, respectively.

Table 5.4 The Gordon-Taylor parameter and the fitting coefficients by using the Kwei equation.

Gordon-Taylor equation Kwei equation

T:R Kgt = 0.92 Kk=1.75

q = 1.75

R̂  = 0.917

T:HPPCD K g t  = 0.79 Kk=l

q =-140.15

= 0.983

A residual solvent content (RSC) of 2.49-3.67 % and 2.19-4.20 % was determined for T:R and 

T:HPpCD samples over the temperature range 25-130 °C from TGA (Table 5.5 and 5.6). ANOVA 

analysis revealed no significant difference between samples (p=0.199) for T:R data and, significant 

differences between samples (p=0.03) for T:HPpCD. For better comprehension of the RSC 

composition, GC-FID was used to quantify methanol and butyl acetate, assuming the difference 

between calculated values from the two techniques would correspond to bound and unbound water 

(i.e., TGA — GC = w a te r  content). Tables 5.5 and 5.6 present the values determined. RSC is 

constituted mainly by butyl acetate and water, methanol was not detected for most composite 

samples, that is to say it was below the limit of detection of the analysis method (305 ppm). The 

water content could be explained by the amorphous sugars' strong tendency to take up moisture by 

adsorption and desorption (Hancock and Shamblin, 1998). The presence of BA could be due to 

insufficient drying during processing or solvent entrapment in the particles matrix or by adsorption 

or capillary condensation in the pores (Gregg and Sing, 1982). A correlation between RSC and SSA
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for T:HPpCD composites was investigated since the existence of significant differences between SSA 

of samples had previously been determ ined (Figure 5.14). A trend was found: as specific surface 

area increases, residual solvent content also increases. The assumption of entrapm ent of 

solvents/m oisture in the porous structure of particles would appear to  be valid for T:HPPCD 

composite systems.

Table 5.5 Residual solvent content by TGA and GC-FID forT:R composite systems. ND -  not detectable.

T;R RSC by TGA (% w /w ) RSC by GC-FID (% w /w )

Methanol Butyl acetate

Extrapolated 

Water content (%)

100:0 2.49±0.50 0.4±0.06 0.99±0.003 1.1

80:20 3.09±0.37 ND 1.2±0.37 1.89

70:30 2.97±0.23 ND 0.3±0.01 2.67

60:40 3.58±0.05 ND 1.1±0.03 2.48

40:60 3.38±0.33 ND 1.8±0.13 1.58

30:70 3.67±0.13 ND 2.6±0.01 1.07

20:80 3.26±1.04 ND 1.6±0.04 1.66

0:100 2.60±0.31 ND 0.36±0.02 2.24

Table 5.6 Residual solvent content by TGA and GC-FID forT:HPpCD composite systems. ND -  not detectable.

T:HPPCD RSC by TGA {% w /w ) RSC by GC-FID (% w /w ) Extrapolated

Methanol Butyl acetate Water content (%)

100:0 2.49±0.50 0.410.06 0.9910.003 1.1

80:20 3.1010.59 ND 1.0+0.05 2.1

70:30 3.51±0.30 ND 2.110.04 1.41

60:40 3.7110.15 ND 1.410.04 2.31

40:60 3.8510.15 ND 0.7+0.01 3.15

30:70 4.45+0.50 1.6+0.02 1.110.01 1.75

20:80 3.1110.50 0.710.01 1.610.06 0.81

0:100 2.3210.15 1.210.01 0.610.01 0.52
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Figure 5.14 Residual solvent content (RSC) of spray dried TiHPpCD as a function of specific surface area (SSA). 

5.3.4. Dynamic vapour sorption

DVS was used to  evaluate the effect o f moisture on the solid state stability o f the d iffe ren t 

composites, in comparison to  the constituents spray dried alone. Figure 5.15 shoves the isotherms, 

i.e., percentage change in mass o f the sample as a function o f relative hum idity, fo r excipients spray 

dried alone.

T desorption 
R desorption 
HPPCD desorption

T sorption 
R sorption 
HPpCD sorption

30

40 60

RH

Figure 5.15 Water vapour sorption and desorption isotherms of trehalose, raffinose and hydroxypropyl-P- 

cylcodextrin spray dried alone.
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Spray dried trehalose takes up ~11 % by mass of moisture below 50 % RH, however above 50 % RH 

there is a sudden loss in mass to  approximately 10.6 % moisture content (2 moles of w ater per 1 

mole of trehalose) with no w ater uptake at higher RH. The desorption isotherm shows no further 

w ater loss or gain, resulting in an open hysteresis.

The Young-Nelson model that establishes a quantitative correlation between the moisture content 

and the % RH, was fitted to profile the w ater uptake as w ater adsorbed in a monolayer and 

multilayer, and as w ater absorbed (Bravo-Osuna et al., 2005; Tewes et al., 2010):

= A [ p  + 6 ' ) +  B 6 R H  (Eq. 1)

M a -  B ) +  BdRHmax  (Eq.2)

where Ms and are, respectively, the am ount of w ater sorbed and desorbed at each RH (used as 

per unit), expressed as a fraction of the dry mass of the material. A and B are constants 

characteristic of each material: A -  and B = where p„  is the w ater density, VoIm and

V o Ia are, respectively, the adsorbed and absorbed w ater volumes and is the weight o f dry 

material. In this model, d  is the fraction of the material surface covered by at least one layer of 

w ater molecules, and A d  is the mass of w ater in a complete adsorbed monolayer expressed, like all 

masses in the model, as a fraction of the dry mass o f the material. A(6+d)  is the total am ount of 

adsorbed water, and A6  is the mass of w ater which is adsorbed beyond the mass of the monolayer, 

that is, in multilayer. 6 is the mass of absorbed w ater at 100 % RH, and hence, BdRH is the mass of 

absorbed w ater when the monolayer coverage is d  and the relative hum idity is RH.

Initial w ater uptake (10% RH) leads to the form ation of a monolayer; at 20 % RH the presence of a 

multilayer and small amount of w ater absorption begins to be evident; as RH increases w ater is 

mainly absorbed; w ater desorption did not occur, w ater stayed in the bulk of the material, resulting 

in the open hysteresis (Appendix 3).

The type of hysteresis observed and the sudden mass loss with no further change is believed to  

occur as a result o f amorphous trehalose collapse into its crystalline stable form . XRPD confirmed 

this assumption, since the tw o characteristic peaks of crystalline trehalose dihydrate (at 8.7 ° and 

23.8 °) were identified in the sample after DVS analysis (Figure 5.16A) (Nagase et a!., 2002; Pinto et 

al., 2006; Ohashi et al., 2007). Hancock and Shamblin (1998) described that the maximum am ount of
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w ate r  absorbed by am orphous  sugars is usually limited by crystallisation of th e  sugar a t  high relative 

humidities. Therefore the  critical RH for treha lose  NPMPs was 50 % RH.

Amorphous raffinose, also a highly hygroscopic sugar, was able to  sorb ~14 % of its weight in 

moisture below 70 % RH (4 moles of w a te r  per 1 mole of raffinose), a f ter  which no w a te r  uptake 

was registered. Further weight loss, ~4 %, was only seen  in the  desorption isotherm at 10 % RH. The 

final w ater  uptake was 10 % (w/w) (3 moles of w a te r  per 1 mole of raffinose) and an open  hysteresis 

was recorded. Fitting of th e  Young-Nelson model, led to  similar results as described for trehalose  

NPMPs: w ater  uptake was mainly absorbed  into th e  pow der bulk, a small fraction form ed a m ono 

and multilayer with no evidence of w a te r  desorption (Appendix 3). XRPD show ed the re  was 

recrystallisation to  som e extent, since the  characteristic peaks of raffinose pen tahydra te  were  

identified (Figure 5.16B); raffinose trihydrate formation was hypothesised, but never  confirmed, in 

studies by Cheng and Lin (2006) to  explain th e  hydration of raffinose w hen  exposed to  high relative 

humidities suggesting th e  formation a hydrate form th a t  was different to  th e  pen tahydra te .  Previous 

studies by Hogan and Buckton (2001) and Charmathy e t  al. (2010) have shown th a t  raffinose was 

able to  absorb 4 moles of w a te r  per 1 mole of raffinose when exposed to  75 % RH, collapsing into its 

crystalline pentahydra te  form. The critical RH for raffinose was de te rm ined  here to  be 70 %.

Hydroxypropyl-P-cyclodextrin p resen ted  high capacity for moisture uptake; ~27 % (13.6 moles of 

w a te r  to  1 mole of HPPCD) change in mass was observed at the  end of the  cycle, th a t  is, a t  90 % RH. 

On desorption only a small hysteresis loop was observed, and all moisture was released. Hence, the  

sorp tion /desorp tion  isotherm presen ted  the  characteristic type IV shape  (Gregg and Sing, 1982; 

lUPAC, 1986). This type of isotherm is usually a ttr ibu ted  to  porous materials and its hysteresis is 

caused by capillary condensation (Gregg and Sing, 1982). On the  o th e r  hand, the  hysteresis can also 

be due to  bulk absorption, since we have an am orphous material (Hancock and Shamblin, 1998). 

Capillary condensation can occur, since our pow der was constituted by porous particles with high 

surface area indicative of e levated degree of porosity. The Young-Nelson model was fitted to  profile 

the  water. There was no bulk absorption (Appendix 3); moisture uptake was only by m ono and 

multilayer adsorption on to  th e  solid. Therefore the  hysteresis was a ttr ibu ted  to  capillary 

condensation. The XRPD showed th e  cyclodextrin to  be am orphous after  DVS analysis (Figure 

5.16C).
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Figure 5.16 XRPD of spray dried excipients a lone (a) af ter  DVS analysis and  (b) as supplied (A) trehalose , (B) 

raffinose and (C) HPpCD.
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Sorption and desorption isotherms o f T:R composite systems are represented in figure 5.17a and 

figure 5.17b. Composite systems w ith  20 % and 30 % raffinose w eight showed a change in the 

critical RH compared to  trehalose or raffinose spray dried alone, to  60% w ith  w ater uptake o f ~13 %. 

Above this RH there  was ~ 2  % mass loss. The desorption isotherms showed no fu rthe r gain or loss o f 

moisture. XRPD dem onstrated the collapse o f the amorphous solid dispersion into a crystalline 

m ixture o f trehalose dihydrate and raffinose pentahydrate (Fig 5.18).

Higher percentages o f raffinose (60 %, 70 % and 80 %) elevated the critical RH to  70 % w ith  a 

m oisture uptake o f 18 to  19 %. Above 70% RH a mass loss o f ~3 % and no fu rthe r m oisture uptake 

was registered. Desorption isotherm s dem onstrated no loss o f m oisture until 10 % RH, below which 

an additional mass loss o f ~5 % was registered. X-ray diffractogram s revealed trehalose dihydrate 

main characteristic peaks, hence trehalose did recrystallise but at a higher relative humidity. 

Raffinose was partially recrystallised, since there was evidence o f amorphous material and only the 

peak at 21.1°, typical o f the pentahydrate form , was identified.

Trehalose:raffinose composite systems presented an increase in the solid state stability compared to  

trehalose spray dried alone since a maximum critical RH o f 70 % can be achieved w ith  composites 

w ith  > 60% w eight o f raffinose.

20% raffinose 

30% raffinose 

40% raffinose 

20% raffinose 

30% raffinose 

40% raffinose

sorption 

sorption 

sorption 

desorption 
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14

60% raffinose sorption 
70% raffinose sorption 
80% raffinose sorption 
60% raffinose desorption 
70% raffinose desorption 
80% raffinose desorption
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Figure 5.17 Water vapour sorption and desorption isotherms of trehalose:raffinose composite systems.
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Figure 5.18 XRPD of T:R composite systems (a) 100:0, (b) 0:100, (c) 80:20, (d) 70:30, (e) 60:40, (f) 40:60, (g) 

30:70, and (h) 20:80 after water vapour sorption and desorption analysis.

Sorption and desorption isotherms fo r T:HPpCD are represented in Figure 5.19. As d iffe ren t w/eights 

o f HPpCD (20 %, 30 % and 40 %) were spray dried w ith  trehalose we could see an immediate 

increase in the critical relative hum id ity  to  60% RH w ith  a w ater uptake o f ~12 %. Above 60 % RH 

there was a small mass loss o f ~2 % fo llowed by w ater uptake. Desorption isotherms showed an 

in itia l mass loss at higher RH; a constant mass from  60 % to  40 % and a continuous mass loss from  

40 % to  0 % RH. Final m oisture uptake was ~5 %. The inflection point at 60 % RH was due to
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trehalose recrystallisation, evident by XRPD analysis (Figure 5.20). The remaining w/ater sorption and 

desorption was due to  the cyclodextrin-water interactions.

When trehalose was spray dried w ith weights >60 % of HPPCD, moisture uptake was greatly 

enhanced. A maximum of 30 % mass gain could be achieved, similar to  moisture uptake by HPpCD 

when spray dried alone. The sorption/desorption isotherms could be described as type IV. Different 

hysteresis loops were seen; 60 % and 70 % HPpCD composites presented a loop between 70 and 90 

% RH and a second one between 0/10 and 70 % RH. Young-Nelson model was fitted to better 

comprehend these events. At high RH it was observed that moisture uptake was due to multilayer 

adsorption onto the solid surface; below 70% RH moisture uptake was not only due to the mono 

and multilayer adsorption but also to  bulk absorption. The latter was due to the trehalose fraction, 

since there was no evidence o f this event with cyclodextrin alone and water uptake by trehalose is 

primarily due to  its absorption (Appendix 3).

XRPD after DVS revealed systems were still amorphous and that possible recrystallisation of 

trehalose was not evident. Hence the addition of > 60 % weight o f HPpCD to trehalose inhibits the 

recrystallisation of the latter, improving physical stability of trehalose NPMPs.
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Figure 5.19 W ater vapour sorption and desorption isotherms o f trehalose:hydroxypropyl-P-cylcodextrin 
composite systems.
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Figure 5.20 XRPD of T:HPPCD composite systems (a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, (e) 40:60, (f) 30:70 

and (g) 20:80 after w/ater vapour sorption and desorption analysis.
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5.3.5. In-vitro deposition via next generation impactor analysis

In-vitro deposition analysis was performed on composites that presented the best characteristics: 

aerodynamic diameter < 3 nm, high specific surface area, high Tg and low RSC. Therefore, samples 

chosen to  assay were: T:R 70:30 and 60:40; T:HPpCD 70:30, 60:40, 40:60 and 30:70.

Deposition profiles o f T:R composites were similar to the deposition profile of trehalose when spray 

dried alone (Figure 5.21). The fine particle fraction < 3 and < 5 nm increased with increasing weight 

fraction of raffinose (Table 5.7). Due to  the large variability however, there was not a statistically 

significant difference between composite systems and trehalose NPMPs (< 3 nm p=0.074; < 5 nm 

p=0.073). Mass median aerodynamic diameters of T:R NPMPs were smaller but once more not 

significantly different (p=0.081) compared to trehalose spray dried alone. Comparing the calculated 

daer w ith the MMAD, the latter was higher suggesting the presence of particle aggregates that were 

not broken/dispersed by the aerodynamic forces generated during the analysis. The main difficulty 

associated w ith inhalation of fine particle powders and their efficient delivery is the strong 

interparticle forces (mainly van der Waals forces) which make the cohesive bulk powder 

agglomerate (Daniher and Zhu, 2008).

Figure 5.22 represents the aerosol deposition of T:HP|3CD composite systems. There was an evident 

improvement in the aerosol delivery with the addition of cyclodextrin to trehalose NPMPs, with less 

deposition in the mouthpiece adaptor and induction port and higher deposition on stages with 

lower cut-off points (< 2 nm, stage 4 to  7) for the composite NPMPs. Fine particle fraction < 3 and 5 

nm of T:HPPCD composites was ~4 fold higher (Table 5.8) than for trehalose spray dried alone. As 

previously concluded in Chapter 4, fo r powders of similar particle size but differing SSA, a trend of 

increasing FPF w ith increasing SSA, attributable to the porosity of the particles is evident. This 

relationship between SSA and FPF was verified w ith T:HPPCD composite systems, that presented 

similar particle size to  trehalose NPMPs and SSA ~2 fold higher.

The MMAD values calculated for the T:HP(3CD composite systems were similar to the calculated 

aerodynamic diameters. Hence, any aggregates present are easily dispersed. This can be also 

attributed to  the high SSA (high porosity), since these particles present fewer areas of contact, 

leading to lower cohesion and easier dispersion (Tabor, 1977).
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Statistical analysis of em itted dose, FPF, M M A D  and GSD by ANOVA showed all composite samples 

w ere significantly different (p < 0.05) to trehalose spray dried alone and additional analysis by the  

Tukey's test showed that all composite systems were similar in terms o f these parameters.

Figure 5.21 In vitro aerosol deposition profile by use o f a NGI of T (ratio 100:0) and T:R NPMPs ratios 70:30 and 
60:40 as calculated % of recovered em itted dose vs. NGI stages. M A -  mouth adapter IP -  induction port

Table 5.7 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter (MMAD) 
and geometric standard deviation (GSD) of in vitro  aerosol deposition o fT  and T:R NPMPs.

T:R 0:100 T:R 70:30 T:R 60:40

% recovered em itted dose 81.0±12.1 72.814.7 60.5117.7

FPF < 5 nm 27.417.6 46.710.9 53.8110.9

< 3 nm 21.4+2.1 36.1+3.2 40.218.3

MMAD 4.4±0.35 2.710.62 3.310.45

GSD 2.610.02 2.910.33 2.4+0.16
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Figure 5.22 In vitro aerosol deposition profile by use of a NGI of T (ratio 100:0) and T:HPPCD NPMPs ratios 
70:30, 60:40, 40:60 and 30:70 as calculated % of recovered emitted dose vs. NGI stages. MA -  mouth adapter 
IP -  induction port

Table 5.8 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter (MMAD) 
and geometric standard deviation (GSD) of in vitro aerosol deposition o fT  and T:HPPCD NPMPs.

T:HPPCD 0:100 TiHPpCD 70:30 T:HPpCD 60:40 T:HPPCD 40:60 T:HPPCD 30:70

% recovered 
emitted dose

81.0±12.1 90.1±0.6 90.910.7 88.912.9 91.111.6

FPF < 5 nm 27.4±7.6 84.213.4 80.316.5 83.816.3 86.212.7

< 3 nm 21.4+2.1 81.8±1.5 74.619.9 79.918.1 83.013.4

MMAD 4.410.35 2.010.68 2.3+0.52 2.0+0.24 2.210.29

GSD 2.6±0.02 2.010.34 2.110.11 2.0+0.11 2.010.07
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5.4. SPRAY DRIED RAFFINOSE:HYDROXYPROPYL-P-CYCLODEXTRIN COMPOSITE SYSTEMS

Raffinose composites were spray dried using the conditions described for optimised raffinose 

NPMPs. Feed solutions o f 2.9% (w/v) of d-(+)-raffinose pentahydrate w ith 20%, 30%, 40%, 60%, 70% 

and 80 % weight hydroxypropyl-p-cyclodextrin in methanohn-butyi acetate (4:1) (v/v) were spray 

dried. The outlet temperature of raffinose: hydroxypropyl-|3-cyclodextrin (R:HPPCD) samples varied 

between 86-90 °C. Yields ranged from 57.5 to 62.8%, with no statistically significant difference 

(p=0.184) between samples.

5.4.1. Solid-state, morphology and micromeritic properties

R:HP|3CD spray dried composites were amorphous (Figure 5.23). Diffractograms presented the 

typical diffuse halo pattern, characteristic of amorphous materials, w ith conversion o f raffinose from 

crystalline state to  the amorphous state.
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Figure 5.23 XRPD o f spray dried raffinose, raff!nose:HPPCD composite systems and HP|3CD.

SE micrographs showed all samples were composed of porous particles (Figure 5.28). Loss of 

spherical morphology was seen with an increased weight fraction of HPpCD and irregular shaped 

porous particles were produced (Figure 5.24d-h).
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Figure 5.24 SE micrographs of raffinose:HP3CD composite systems (a) 100:0 (b) 80:20, (c)70:30, (d) 60:40, (e) 
40:60, (f) 30:70, (g) 20:80 and (h) 0:100.

Particle size volume distributions of all R:HPPCD composite system were narrow and monomodal 

with low span values (between 1.1 and 1.2) and the median particle size (dso) was in the range of 

1.7-2.0 |am. Table 5.9 presents the determined values of dio, dso, dgo and percentage of particles 

w ith size < 1 nm as mean ± standard deviation.

ANOVA with additional Tukey method of analysis of the particle size distributions pointed out 

statistically significant differences between dso, dgo and the percentage o f particles w ith diameter 

below 1 nm (p<0.05): the dso and dgo o f R:HPpCD NPMPs were different from R NPMPs; the system 

comprising 40 % cyclodextrin showed a significant increase in submicron-size particles, 

distinguishing it from the remaining samples. The dio was not significantly different (p = 0.056).

Specific surface area was also investigated as it is a reflection of porosity associated w ith porous 

particles such as the NPMPs (Healy et al., 2008).

As previously seen for trehalose composite systems, the addition of hydroxypropyl-3-cyclodextrin 

increases the surface area, and hence porosity (Figure 5.25 and Table 5.9). This increase is not linear 

with the increase of weight fraction, a maximum of 106.96±0.07 mVg is achieved at 40 % weight of 

cyclodextrin, after which SSA decreases to values closer to the surface area of the added excipient 

when spray dried alone.

ANOVA with Tuckey's test showed signifficant differences between R:HP(3CD composites (p < 0.05): 

all systems were different form raffinose spray dried alone; sytems w ith 20 % weight of HPpCD was 

different from remaining composite systems; and system w ith 40 % weight HPpCD was different 

from systems w ith 30% and 60% weight HPpCD.
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Figure 5 .25  Specific surface area (SSA) of raffinose com posite systems as function of the  added excipient 
w eight fraction.

True density data showed a decrease w ith an increase in % weight of HPpCD (Figure 5.30 and Table 

5.9). ANOVA analysis with Tukey's test revealed that all samples were different to  each other (p < 

0.05), w ith the exception o f samples 60 % and 70 % weight cyclodextrin.

The aerodynamic diameter was calculated and found to be within the desirable particle size range, 

1-3 |im , fo r central and distal deposition in the lungs (Hickey 1996) (Table 5.9).

Bulk and tap density results fo r RiHPpCD are represented in table 5.9. All samples presented values 

< 0.3 g/cm^ making them suitable for pulmonary delivery (Bosquillon et al., 2004). ANOVA with 

Tukey's test demonstrated significant differences (p<0.05), with systems comprising 80% weight of 

cyclodextrin resulting in powders with bulk and tap densities different from all other composites. 

Bulk density analysis also revealed additional differences: 40 and 60 % weight cyclodextrin were 

different from the systems comprising 30 % by weight cyclodextrin.
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Table 5.9 Particle size, specific surface area (SSA), true, bulk and tap density and calculated aerodynannic diameter of Raffinose;HP3CD composite systems. 
SSA-specific surface area; bp- bulk density; tp-tap density; daer aerodynamic diameter

100:0 80:20 70:30 60:40 40:60 30:70 20:80 0:100

PS (urn)

dio 1.1±0.02 1.1+0.01 1.110.00 1.1+0.00 1.110.04 1.110.00 1.110.00 1.110.00

dso 1.710.01 1.910.01 1.9+0.01 1.910.00 1.910.01 1.9+0.00 1.910.01 2.010.00

dgo 2.9±0.04 3.410.02 3.210.01 3.3+0.01 3.310.16 3.210.01 3.510.03 3.510.14

<lnm  (%) 7.2±0.71 7.010.23 5.7+0.25 8.410.01 7.011.48 5.8+0.07 6.610.12 6.610.12

SSA (mVg) 58.1610.51 75.84+0.12 91.3210.27 106.96+0.07 91.5210.01 95.4810.08 94.2110.12 81.08+0.03

True density (g/cm*) 1.5810.01 1.5510.01 1.5110.01 1.5010.01 1.4710.00 1.4610.00 1.43+0.01 1.4210.01

bp(g/cm^) 0.1510.01 0.1410.01 0.1510.01 0.1310.00 0.1310.01 0.1410.00 0.1010.00 0.1610.00

tp (g/cm^) 0.2410.00 0.2410.03 0.26+0.02 0.2210.01 0.2210.01 0.2610.01 0.1910.00 0.2910.00

daer(Hm ) 2.2+0.02 2.4+0.01 2.310.00 2.3+0.01 2.310.01 2.410.01 2.310.00 2.410.00
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CYCLODEXTRIN

5 .4 .2  FTIR analysis

Figure 5.26 show s th e  IR spec tra  for raffinose p e n tah y d ra te  and raffinose:HPpCD com posite  

system s.

Raffinose p en tah y d ra te  p re sen ted  sharp  absorp tion  bands, w h e re a s  HPpCD raw  material, 

a m o rp h o u s  R and R:HPpCD com posites  sh ow ed  much b ro ad e r  absorp tion  bands. The d e te c te d  

sh o u ld e r  peaks in th e  OH stre tching region b e tw e e n  3600 and 3000 cm'^ of crystalline raffinose 

a re  d u e  to  hydrogen bonds  of  defined  geom etr ic  positions (Wolkers e t  al., 1998; Cheng and  Lin, 

2006). The broad  fea tu re s  of th e  OH band of HPpCD raw  material, am o rp h o u s  R and R:HPpCD 

com posites ,  a t  th e  s am e  w a v e n u m b e r  range, indicate a w ide range of hydrogen bond lengths 

and o r ien ta t ions  (Wolkers e t  al., 1998; Williams III e t  al., 1998; Misiuk and Zalewska, 2009). Six 

bands  could be identified in th e  C-H stretching region, located b e tw e e n  3000 a n d  2800 c m ' \  for 

crystalline raffinose, w h e re a s  HPpCD raw material, am o rp h o u s  R and  R:HPPCD com posites  

sh o w ed  only o ne  broad band in this region (Wolkers e t  al., 1998; Williams III, e t  a!., 1998).

The bands  in th e  1500-1200  cm'^ region in raffinose p e n tah y d ra te  spec tra  arise mostly from  C-H 

de fo rm a tio n  vibrations, and th e  bands b e tw een  1200 and 900 cm'^ arise predom inan tly  from a 

com bina tion  of CO (uC -0 )  stre tch ing  and OH bending (6 C -0 -H )  v ibrations (Wolkers e t  al., 1998; 

Cheng and Lin, 2006). The bands  at 980 and 948 cm'^ for raffinose pen tah y d ra te ,  can be assigned

to  th e  asym m etr ic  and sym m etric  s tre tching vibrations of th e  a-(1^6)-glycosidic bond. Different

s tud ies  have repo r ted  th e  glycosidic bond to  p re sen t  peaks a t  998 and  967 cm'^ for raffinose 

p e n ta h y d ra te  (Cheng and Lin, 2006).

Bands in th e  range  500 to  1500 cm'^ of th e  spec trum  of th e  HPpCD raw material c an n o t  be 

a t t r ib u ted  to  a single type  of  m olecular vibration since th e re  is a s trong  coupling of vibrations 

from  th e  macrocyclic, caused  by neighbouring bonds vibrating with similar frequencies: bending 

C-H, C-O-H, C-C-H, and o th e rs  (Williams III e t  al., 1998; Misiuk and Zalewska, 2009). The peak 

correspond ing  to  th e  a -1 ,4  linkage w as  d e tec ted  a t  966 cm ‘̂  (Williams III e t  al., 1998; Misiuk and 

Zalewska, 2009; Wu e t  al., 2010). In th e  1 5 0 0 -1 2 0 0  cm'^ region no d ifferences in peak positions 

w e re  found b e tw een  crystalline raffinose, cyclodextrin raw m ateria l and  spray dried com posites , 

bu t a transit ion  from raffinose fingerprint to  th e  cyclodextrin f ingerprin t w as seen , possibly due 

to  an  overlapping of bands (Misiuk and Zalewksa, 2009).

As th e  w eight fraction of HPpCD increased a change in th e  bands b e tw e e n  1200 and 900 cm'^ 

w as  evident. Such modification can be d ue  to  e n t ra p m e n t  of raffinose m olecules  in th e  

cyclodextrin cavity, suppressing the  characteristic  signal bands  and resulting in a modification in
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the hydrogen bonding o f the  C-O-H groups (W illiam s III e t al., 1998; W olkers et al., 2004; W u et 

al., 2010); hence the absence of the peak at 993 cm'^ o f raffinose's a-(1^6)-glycosidic bond.

FTIR analysis verified the full miscibility predicted by XRD and DSC of raffinoseiHPpCD, since 

interaction betw een molecules was evident by hydrogen bonding and m olecular conform ation  

changes.

650 850 1050

wavenumber (cnr^)

1250 1450

B

o

<

2500 3000 3500
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Figure 5.26 FTIR spectras (A- 6500-1450 wavenumber and B- 2500-4000 wavenumber) of spray dried 

R:HPPCD composite systems(a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, (e) 40:60, (f) 30:70, (g) 20:80 (h) 

0:100 and (i) crystalline raffinose.

5.4.3. Thermal analysis

DSC scans of spray dried composite systems dem onstrated the occurrence o f one therm al event 

- glass transition step, which was in term ediate  to the Tg values of the pure com ponents (Figure 

5.27 and Table 5.10), indicative o f am orphous solid solutions. The addition of cyclodextrin to 

raffinose caused a significant increase of the Tg (p<0.05).

153



CHAPTER 5: SPRAY DRYING OF SUGAR COMPOSITE SYSTEMS USING TREHALOSE, RAFFINOSE AND HYDROXYPROPYL-P-
CYCLODEXTRIN

''exo

(a)

(b)

(c)
( d )

(e)
(f)

25 50 75 100 125 150 175 200 225 250

Temperature (°C)

Figure 5.27 DSC scans of raffinose:hydroxypropyl-P-cyclodextrin, composite systems 

Table 5.10 Glass transition temperature (Tg) of raffinose:HPpCD composite systems.

R:HPpCD 100:0 80:20 70:30 60:40 40:60 30:70 20:80 0:100
Tg (°C) 115.6±

0.21
115.0±

0.35
117.1± 117.5± 
0.11 0.27

120.8±
0.26

165.6±
0.85

192.9±
0.88

225.4±
0.32

D ifferent equations fo r prediction o f Tg w ere fitted to our data as was previously done for 

trehalose com posite systems. Therefore, Gordon-Taylor w ith  Simha-Boyer rule, Fox and Kwei 

equations w ere  used.

Figure 5.28 presents the results o f the fit to the various models for R:HPPCD composites. It can 

be seen that only one experim ental point was fitted  by the Gordon-Taylor and Fox equations, 

w ith the rem aining points falling below  the predicted curve. The model equations assume ideal 

volum e additivity and neglects any kind of interaction betw een com ponents. FTIR analysis, 

indicated the existence o f m olecular interactions betw een raffinose and hydroxypropyl-p- 

cyclodextrin, which led to the deviations to Gordon-Taylor equation predictions.

The Kwei equation presented a good fit to  the experim ental data (R^=0.902), therefore  the 

assumption of interactions betw een molecules and a real m ixture (as opposed to Gordon Taylor 

ideal m ixture) betw een excipients was valid. Some data points presented very small deviations 

from  predicted value; these m ight be due to plasticising effects o f the residual solvents present 

in powders a fte r spray drying (Kalichevsky et al., 1993). Previously w e have discussed th a t q is a 

measure o f the  efficacy o f hydrogen bond form ation; hence a larger m agnitude o f q, w ithout 

regard to  its sign, is indicative o f a higher extent o f hydrogen bonding betw een the  m ixture

§
E
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components (Kwei et al., 1984). The calculated q value for raffinose composite systems was - 

165.66 suggesting a high interaction between molecules due to hydrogen bonding.

550

500

450

400

350

300
0,2 0,4

weight fraction of HPPCD

0,6

Figure 5.28 Glass transitions of R:HP3CD composite systems as a function of the added excipient weight 
fraction. The dotted, dashed and solid lines represent the predictions based on the Gordon-Taylor and Fox 
and Kwei equations, respectively.

Table 5.11 The Gordon-Taylor parameter and the fitting coefficients by using the Kwei and Schneider 
equations.

Gordon-Taylor equation Kwei equation

R:HPpCD K qt = 0.87 Kk =0.25

q =-165.66

= 0.902

A residual solvent content of 2.31-4.81 % was determined by TGA for R:HP(3CD samples over the 

temperature range 25-130 °C. The RSC increased with increasing weight fraction of cyclodextrin. 

ANOVA analysis revealed a significant difference between composite systems and raffinose 

spray dried alone (p = 0.001). In order to gain more information about the RSC composition, GC- 

FID was used to quantify methanol and butyl acetate, assuming the difference between 

calculated values from the two techniques would correspond to moisture, i.e. TGA — GC = 

w a te r content. Table 5.11 presents the determined values. RSC is constituted mainly of butyl 

acetate and water; a small content of methanol was found for most samples. The water content 

could be explained by the amorphous sugars' strong tendency to take-up moisture by adsorption 

and desorption (Hancock and Shamblin, 1998).
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Table 5.11 Residual solvent content by T6A and GC-FID for R:HP3CD composite systems. ND -  not 
determined.

R:HP|}CD RSC by TGA (% w/w )
RSC by GC-FID (% w/w) Extrapolated

Methanol Butyl acetate Water content (%)

100:0 2.60±0.31 ND 0.36±0.02 2.24

80:20 3.70±0.24 0.16±0.00 1.15±0.04 1.39

70:30 3.54±0.02 0.13±0.01 1.30±0.01 2.11

60:40 3.77±0.30 ND 1.24±0.05 2.53

40:60 3.80±0.27 0.13±0.01 1.29+0.01 2.38

30:70 4.12±0.01 O.lliO.OO 1.23±0.91 2.78

20:80 4.64+0.03 0.07±0.07 1.75±0.02 2.82

0:100 4.67±0.20 0.14±0.01 2.35±0.01 2.18

5.4.4. Dynamic vapour sorption

W a te r vapour sorption and desorption studies w/ere perform ed on raffinose:hydroxyl-p- 

cyclodextrin composites (Figure 5.29).

W e have previously reported th a t spray dried raffinose when exposed to increasing relative  

hum idities crystallises at 70% RH, retaining w a te r (~10 %) pertaining to the hydrate crystal upon 

collapse o f the am orphous form . The sorption isotherms corresponding to systems containing 

HPpCD in a w eight fraction o f 30% and 40% showed an inflection point a t 70  % RH, after which 

w ater uptake continued, resulting in an increase o f 5 % to 7 % of total w ater sorption by these 

composite systems when com pared to raffinose alone (~15 % w ater sorption). The respective 

desorption isotherms showed an initial mass loss at higher RH followed by a constant mass loss 

until 10% RH a fte r which there  is a g reater mass loss, resulting in an open hysteresis. Final 

m oisture uptake was ~6 % and ~3 %. The inflection point a t 70 % RH was due to raffinose 

recrystallisation for 30% w eight fraction o f HPpCD, as confirm ed by XRPD analysis (Figure 5.36). 

The rem aining w ater sorption and desorption was due to the cyclodextrin-w ater interactions.

The possible crystallisation of raffinose was not clear for 40  % w eight fraction o f HPpCD, since 

XRPD analysis showed the typical am orphous halo w ith no trace of peaks. Only 1 mole o f w ater 

per mole o f raffinose was present at the end o f the analysis. Studies have reported the  

dehydration o f crystalline raffinose pentahydrate to be a th ree step process: first, loss of one
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w ater molecule, second and third loss of two water molecules, and the rehydration leads to the 

formation of raffinose pentahydrate and raffinose trihydrate (Cheng and Lin, 2006; Chamarthy et 

al., 2010). Therefore there is a possibility that crystallisation to the pentahydrate form did not 

occur due to insufficient availability of water molecules per raffinose molecule.

Spray drying of raffinose with HP(3CD at a weight fraction >40 % produced powders with high 

capacity for moisture uptake; a maximum of 30 % mass gain could be achieved, similar to the 

moisture uptake of HPPCD when spray dried alone. The sorption isotherm of powder with 60% 

HPpCD presented an inflection point at RH 80 % with no mass loss and continuous water uptake. 

Desorption isotherms showed complete water desorption. Two hysteresis loops were seen: a 

loop between 70 and 90 % RH and a second one between 0 and 70 % RH. The Young-Nelson 

model was fitted to the absorption profiles to better comprehend these events (Appendix 

3)indicating that, for the system comprising 60 % HPpCD, most water uptake was due to bulk 

absorption and multilayer adsorption whereas, for the system comprising 70% HPpCD, a small 

fraction of water was absorbed and most water was adsorbed forming a multilayer on the solid. 

The absorption events can be attributed to the raffinose fraction, since the interaction of 

hydroxypropyl-p-cyclodextrin with water vapour results only in the formation of adsorption 

multilayers. XRPD revealed systems were still amorphous post DVS analysis (Figure 5.36).

Solid dispersions of R:HPpCD NPMPs present enhanced physical stability when compared to 

raffinose NPMPs.

R desorption 
— • 30% HPpCD desorption 
— ■ — 40% HPpCD desorption

R sorption
30% HPpCD sorption 
40% HPpCD sorption

;ir

30
% P/PO

157



CHAPTER 5: SPRAY DRYING OF SUGAR COMPOSITE SYSTEMS USING TREHALOSE, RAFFINOSE AND HYDROXYPROPYL-p-
CYCLODEXTRIN

— 4  — 60% HPPcD desorption 
—— • 70% HPPCD desorption
— —  HPPCD desorption

—  60% HPPCD sorption
—  70% HPPCD sorption
—  HPpCD sorption

'5  20

40 50 60 70
%P/PO'

Figure 5.29 Water vapour sorption and desorption isotherms (a and b) of raffinose: hydroxypropyl-3- 
cylcodextrin composite systems
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Figure 5.30 XRPD of R:HPpCD composite systems after water vapour sorption and desorption analysis (a) 
raffinose pentahydrate, (b)70:30, (c) 60:40, (d) 40:60 and (e) 30:70.

5.4.5. In vitro deposition via next generation impactor analysis

In vitro deposition analysis was perfornned on composites th a t presented the  best 

characteristics: aerodynam ic d iam eter < 3 nm, high specific surface area, high Tg and low  RSC. 

Therefore samples chosen to assay w ere composite systems w ith  40  %, 60  % and 70 % w eight of 

hydroxypropyl-p-cyclodextrin.

Deposition profiles o f R:HPpCD composites are represented in figure 5 .31 , w ith  evident 

im provem ent o f the aerosol deposition with the addition of cyclodextrin com pared to NPMPs 

comprised o f raffinose alone. The com posite systems showed less deposition in the m outhpiece  

adaptor and induction port, and higher deposition on stages with low er cu t-o ff points (< 2 nm, 

stage) than raffinose NPMPs. Fine particle fraction < 3 and < 5 pim of R:HPpCD NPMPS was ~2
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fold higher and significantly d iffe ren t to the FPF < 3 and < 5 |im  for raffinose NPMPs (< 3 nm  

p=0.001; < 5 |im  p=0.001) (Table 5 .12). The % o f recovered em itted  dose also increased for 

HPpCD-containing systems and was significantly d ifferent (p=0.02) to  NPMPs comprised of 

raffinose alone.

Statistical analysis of the mass m edian aerodynam ic diam eters o f R:HPpCD showed a significant 

difference (p<0.05) to the M M A D  determ ined for raffinose NPMPS. The M M A D  was halved with  

the addition o f cyclodextrin (Table 5 .12) and was similar (values w ithin standard deviation) to  

the calculated aerodynam ic d iam eter. A possible explanation is the dispersion of possible 

aggregates due to the high SSA (high porosity), since these particles present few er areas of 

contact, leading to  low er cohesion and easier dispersion (Tabor, 1977).

40 □ 100:0

50:40

S 40:6030
(□30:70

MA/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 5.31 In vitro  aerosol deposition profile by use of a NGI of R {ratio 100:0) and R:HPPCD NPMPa ratio 60:40, 40 :60  

and 30:70 as calculated % of recovered em itted  dose vs. NGI stages. M A -  m outh ad apter IP -  induction port

Table 5 .12  Recovered em itted  dose, fine particle fraction (FPF), mass m edian aerodynam ic d iam eter (M M A D ) and 

geom etric standard deviation (GSD) of in vitro  aerosol deposition of R and R:HPPCD NPMPs.

R:HPPCD 0:100 R:HPPCD 60:40 R:HPPCD 40:60 R:HPPCD 30:70

% recovered 
emitted powder

58.1111.7 91.411.2 92.7110.5 88.011.7

FPF < 5 urn 31.8±9.9 59.517.1 87.310,5 81.014.5

< 3 Jim 26.4±10.0 58.018.3 83.810.9 75.015.1

MMAD 4.4±0.27 2.410.07 2.2+0.18 2.110.15

GSD 2.3±0.48 2.110.04 2.0+0.04 2.110.09
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5 .5  CONCLUSION

NPMPs of com posite  system s of trehalose :raff inose , trehalose:HPpCD and  raffinose:HPpCD w ere  

p roduced  by spray drying. Particles w ere  spherical and porous, with m ed ian  g eo m e tr ic  particle 

size < 2 pm, higher surface a rea  th a n  th e  excipients spray  dried a lone  and low bulk and tap  

density. Thermal, FTIR and XRPD analyses indicated th a t  spray dried  co m pos ite s  w e re  

am o rp h o u s  solid solutions, charac ter ised  by a single Tg and m olecu la r  in terac tions such as 

hydrogen bonding and conform ational changes  indicative of a h o m o g e n e o u s  mixture.

Analysis of th e  glass transition te m p e ra tu re  composition  rela tionships  for com pos ite  sys tem s 

revealed  deviations from th e  Gordon-Taylor and Fox equa tions ,  a t t r ibu tab le  to  in terac tions 

b e tw e e n  com ponen ts ,  as w as ev iden t  by FTIR analysis. However, good  fitting w as  achieved with 

th e  Kwei equa tion , which takes into accoun t th e  possibility of  in terac tions b e tw e e n  c o m p o n en ts .

Com posite  system s p re sen ted  b e t te r  physical stability th an  t re h a lo se  and  raffinose NPMPs; glass 

transition  te m p e ra tu re s  w ere  higher and th e  capacity for w a te r  sorp tion  increased  with no 

crystallisation in system s with h igher con ten ts  of HPpCD.

An im pro v em en t  in th e  aerosol deposition  characteristics, illustrated by increases  in th e  FPF and 

e m it ted  recovered  dose  and reduction of  th e  MMAD, w as  also achieved  with NPMPs p rep a red  

by co-spray drying of treh a lo se  or  raffinose with HPpCD co m p ared  to  treh a lo se  or  raffinose 

alone.

To conclude, th e  co-spray drying of treh a lo se  with raffinose or hydroxypropyl-p-cyclodextrin and 

raffinose with HPpCD results in pow ders  with improved physicochemical characteristics, physical 

stability and aerodynam ic  behaviour, suggesting their  p rom ise  as drug-carriers  for pu lm onary  

delivery.
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6.1 INTRODUCTION

To date, there has been very few published investigations into the scale-up of the spray drying 

process from laboratory scale to industrial production. In this chapter, the transfer and scale-up 

of spray ngdrying for the production of NPMPs from the Biichi Mini spray dryer B-290 to the Niro 

SDMicro™ (small scale/laboratory spray drying) and to the Niro Mobile Minor™ (pilot scale 

spray dryer) will be discussed. The study will give an indication of the 

nanoporous/nanoparticulate microparticle (NPMP) process robustness for potential industrial 

scale production.

6.2 SPRAY DRYING WITH THE NIRO SDMICRO™ SPRAY DRYER

Solutions with a concentration of 2.9 % w/v raffinose pentahydrate were prepared in a solvent 

composition of 80:20 MeOH:BA, as previously used for spray drying using the Biichi Mini spray 

dryer B-290 with the DOE optimised settings. Spray drying was carried out in a co-current mode 

with a two-fluid nozzle with 0.5 mm diameter, using nitrogen as the drying gas and a flow rate of 

275 l/m in (20.6 kg/h). All samples were produced in duplicate.

In order to produce raffinose NPMP powders with similar characteristics to those obtained from 

the Biichi spray dryer, the effects of nozzle gas and process gas pressure, feed solution rate 

(pump rate) on: outlet temperature, yield, residual solvent content, particle morphology, 

geometric median particle size and specific surface area, were investigated (Table 6.1). By 

increasing the nozzle gas flow pressure, it was envisaged that a smaller particle size would be 

obtained. This postulated effect was tested with runs SDM2 and 3. The process gas flow 

pressure was kept at 0.8 bar for both samples. The effect of pump rate on the raffinose NPMP 

production was also examined: run SDM4 employed a pump rate of 10 % (~6 ml/min), while run 

SDM5 employed a pump rate of 20 % (~12.5 ml/min); all other samples were produced with a 

pump setting of 15 % (~9.8 ml/min). The inlet temperature was kept constant at 180 °C, except 

for run SDM7, in order to achieve an outlet temperature of 85 °C, which was the outlet 

temperature in the Biichi spray dryer (Chapter 4).
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Table 6.1 Summary of Niro SDMicro™ spray dryer settings. ALR: atomisation-gas-liquid-mass-ratlo.

Run
Inlet

temperature
(°C)

Pump Run
Inlet

temperature
(°C)

Pump

SDMI 180 0.6 (15) 1 1 (20%) 1.3

SDM2 180 0.6(15) 0.8 1.2 (24%) 1.6

SDM3 180 0.6(15) 0.8 1.4 (28%) 1.9

SDM4 180 0.4 (10) 1 1 (20%) 2

SDM5 180 0.8 (20) 1 1 (20%) 1

SDM6 180 0.8 (20) 0.8 1.4 (28%) 1.4

SDM7 170 0.4 (10) 1 1 (20%)

6.2.1 Characterisation of spray dried powders

The experimental design study on raffinose NPMP production using a Biichi Mini spray dryer B- 

290, discussed in Chapter 4, highlighted the process parameters affecting the raffinose NPMP 

production. Based on the DOE study, optimised raffinose NPMPs prepared using the Biichi Mini 

spray dryer B-290 presented the following characteristics; PS ( d s o )  1.8±0.02 jim , SSA 58.16±0.51 

mVg, RSC 2.6±0.34 % and process Toutiet85±1.4 °C.

All spray dried powders were amorphous by XRPD analysis, presenting the characteristic 

amorphous 'halo' (Appendix 3), as seen for spray dried powders using the Buchi Mini Spray 

Dryer.

Particle morphology was evaluated by SEM. Figure 6.1 shows the SE micrographs of the samples 

produced using the Niro SDMicro. Samples SDMI and SDM7 were porous, spherical and were 

comprised of irregular shaped particles. Spherical and porous particles were found in samples 

SDM2, 3 and 6. Small spherical particles with smooth surfaces were also seen in samples SDM3 

and SDM7 (marked with a red circle on Figure 6.2c and 6.2g). Samples SDM4 and SDM5 where 

comprised of spherical particles with smooth and crumpled surfaces. According to the Paluch et 

al. (2012) classification system, particles could be classified as IB illa  (SDMI, 6 and 7), IBIla 

(SDM2 and 3), 2Bllla (SMDl and 7), lA ip  and IB I3 (SDM4 and 5). Only SDMI, SDM6 and SDM7 

presented the spherical and porous microparticles formed by conglomerates of nanoparticles 

that define the NPMPs (nanoporous/nanoparticulate micropartices) prepared with the Biichi 

Mini Spray Dryer.

163



CH APT ER 6 :  SCALE-UP OF  N P M P s

The reduction of the inlet tem perature  from 180 to  170 °C,  with the remaining parameters held 

constant (SDM4 and SDM7, respectively), resulted in a modification of particle morphology from 

non-porous to  porous microparticles (Figure 6.5d -  non-porous and Figure 6.5g - porous). It is 

thought that the reduction of inlet tem perature and consequently outlet tem pera tu re  allowed a 

slower solvent evaporation, resulting in the formation of porous particles. At high tem peratures, 

when the droplet contacts the drying air, if the solid precipitation in the droplet is very quick it 

may results in the formation of a shell that becomes rigid, resulting in a non-porous and 

smooth/irregular particles (Vehring, 2007), as seen when spray drying at 180°C.
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Figure 6.2  SE m icrographs o f  spray dried raffinose  us ing  t h e  Niro SD Micro: (a) SD M I, (b) SDM2, (c) SDM3,  

(d) SDM4, (e) SDM5, (f) SDM6 and (g) SDM7.

Table 6.2 presents the process outlet tem perature  and powder residual solvent content for each 

sample prepared with the Niro SDMicro. Process outlet tem pera tu re  varied betw een 77±2.8 and 

85±0.0 °C. A reduction in the Toutiet was observed with increased pump setting (feed flow rate) 

(p=0.015) (Table 7.2 - SDMI, SDM4 and SDM5, SDM3 and SDM7). When more liquid is supplied 

to  the drying chamber, more solvent vapour is generated, decreasing the exhaust tem perature  

(Maury et al., 2005). An effect of the inlet tem perature  on process Toutiet was also evident, where 

the latter increased with increasing heat energy supplied (higher Tipiet) (runs SDM5 and SDM7 

with p=0.012).

The residual solvent content (RSC) was determ ined by TGA over the tem perature  range 25-130 

°C. Values varied between 2.5±0.1 and 3.8±0.6 % (Table 6.2). Figure 6.3 shows how the RSC 

varied with the inlet tem perature  and pump setting. The RSC fluctuated mainly with the pump 

setting, since all samples were spray dried with the same inlet tem perature,  with the exception 

of sample SDM7. However, ANOVA showed no statistically significant differences between 

samples (p=0.089).

The residual solvent content of raffinose NPMPs spray dried from a Biichi Mini spray dryer B-290 

under optimised conditions was 2.6±0.34 % (w/w) and was mainly affected by the inlet 

tem pera tu re  and interactions betw een different spray drying param eters  such as pump and gas 

flow. Similar results were found for samples SDMI, SDM6 and SDM7, which were spray dried at 

the same outlet tem perature  as that  used in the Biichi Mini spray dryer.
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Figure 6.3 Contour plot of the effect of process variables inlet temperature (Tiniet) and pump setting on the 

residual solvent content of raffinose powders produced using the Niro SDMicro.

Geom etric m edian particle size (dso) and specific surface area (SSA) of raffinose spray dried  

samples are presented in Table 6.2. Particle size volum e distributions w ere narrow and 

m onom odal w ith low span values (betw een 1.3-1.7). The dso was in the range of 3 .2-4.1  |im . An 

effect on particle size of varying the pump setting and atom isation gas pressure was observed 

(Figure 6.4). The contour plot of dso showed that the particle size was reduced w hen spray drying 

was conducted w ith a pump rate below ~0.55 kg/h, independent of the atom isation pressure 

setting w ithin the range 0 .8 -1 .0  bar. Large particles (> 4 nm ) w ere produced when the pump rate  

was operated at >0.75 kg/h and at the extrem e of the atom isation pressure (0.8 or 1 bar).

Masters (2002) has discussed that the droplet size, and thereby the particle size, fo r spray drying 

using a tw o-flu id  nozzle, varies w ith the air/liquid  mass ratio (ALR), w here an increase in the  

ratio leads to a decrease in the droplet size. Figure 6.5 represents the relationship betw een dso 

and the ALR. In these spray drying studies, a reduction in particle size w ith  increasing ALR was 

observed.

Upon comparison of the results produced when using the Niro SDMicro w ith the particle size 

attained w hen using the BLichi Mini spray dryer, it was noted that larger particles are produced 

in the Niro SDMicro instrum ent. The deposition studies shown later in this section will determ ine  

if this increase in geom etrical particle size affected the powder's deposition properties.

Specific surface area (SSA) varied betw een 15.90-48.66 m Vg- SSA values w ere low er than those 

attained w hen using the Buchi Mini spray dryer. SSA of SDM samples was higher when the pump 

was set to  0 .6  kg/h and the atom isation pressure was set o f 1.2 bar, while all the rem aining 

variables w ere held constant. No significant trends w ere found betw een SSA and pump setting 

or nozzle pressure. ANOVA followed by Tukey's test showed sample SDM 2 to be d ifferent from
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all o ther samples produced and no differences w ere deternnined among samples S D M I, SDM 3, 

SDM 6 and SDIVi7, w ith no trends being found. Samples SDM 4 and SDM 5, which consisted of 

non-porous particles and so, w ere  expected to  present low er SSA, as was the case.

Pump (K g /h )

Figure 6.4 Contour plot of the effect of process variables atomisation pressure and pump setting on the 

geometric mean particle size (dso) of rafflnose powders produced using the Niro SDMicro.

y = -0.445X + 4.322 
R" = 0.339 
p=0.029

0,5 0,9 1,3

ALR

1,7

Figure 6.5 Effect of the air/liquid ration (ALR) on the geometric mean particle size (dso) of raffinose 

powders spray dried using the Niro SDMicro.

Bulk and tap densities of powders w ere evaluated. All values w ere found to be low er than 0.3  

g /cm ^ making them  suitable for pulm onary delivery (Bosquillon et al., 2004) (Table 6.2). ANOVA  

followed by Tukey's test o f SDM samples showed the existence of differences betw een samples' 

bulk and tap densities (p<0.05 and p=0.012, respectively): the bulk densities o f S D M I and SDM7  

w ere higher than, and significantly d ifferen t to , the rem aining samples; the tap densities o f 

SDM2 and SDM 4 w ere distinct from  each other, w ith no differences betw een rem aining 

samples.
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Table 6.2 Evaluated outcomes of raffinose samples spray dried using the Niro SDMicro™.

Run Toutlet
(°C)

AT
(°C)

dso (nm ) (span) SSA (mVg) RSC (% 
w /w )

bp (g/cm^*) tp  (g/cm  )

SDMI 831.4 42 3.5+0.06
(1.5±0.01)

33.71+0.07 2.5±0.1 0.14±0.01 0.25±0.02

SDM2 77±2.8 48 3.7±0.07
(1.5+0.01)

48.66±3.06 3.7+0.7 0.09±0.01 0.22±0.01

SDM3 82±1.4 43 3.2+0.09
(1.5±0.02)

38.16±0.28 3.8±0.6 0.11±0.003 0.24±0.01

SDM4 93 32 3.4±0.06
(1.3±0.12)

14.29±0.07 3.7±0.9 O.lOiO.Ol 0.28±0.003

SDMS 82 43 3.8±0.18
(1.6±0.08)

17.99±0.66 4.2±0.3 0.10±0.003 0.26±0.02

SDM6 83±0.0 42 4.1±0.07
(1.7±0.20)

24.55±4.50 2.6±0.6 O.lltO.Ol 0.24±0.02

SDM7 85±0.0 40 3.6±0.02
(1.6±0.11)

31.86±0.26 2.6±0.3 0.13±0.004 0.26±0.02

Thermal analysis was p e rfo rm ed  on all sam ples  from th e  Niro SDMicro th a t  p re sen ted  porous 

particles (exclusion of sam ples  SDM4 and SDM5).

DSC scans w ere  similar for all raffinose sam ples  (Appendix 3). A broad e n d o th e rm  in th e  interval 

25 - 100 °C w as observed  and  a t t r ibu ted  to  residual solvent loss; it w as followed by a base  line 

shift, th e  glass transition s tep ,  with no o th e r  the rm al ev en ts  registered. The glass transition  

te m p e ra tu re  varied b e tw e e n  15.8±0.57 °C and 118.5±0.03 °C. ANOVA sh o w ed  no statistically 

significant d ifferences b e tw e e n  SDM sam ples  (p=0.091). M ost sam ples  p re sen ted  a Tg value 

close to  th a t  found for raffinose NPMPs spray dried using th e  Buchi Mini spray dryer, i.e., 

115.6±0.21°C.

The residual solvent c o n te n t  of  pow ders  was fu r th e r  analysed by GC-FID, for  quantification  of 

butyl a c e ta te  and  m ethano l.  W a te r  co n ten t  w as ex trapo la ted  from th e  difference b e tw e e n  the  

RSC d e te rm in e d  by TGA and  th e  GC-FID-determined solvent con ten t .  With th e  excep tion  of 

sam ple  SDM6, Niro SDMicro sam ples  p resen ted  lower or  similar MeOH and BA c o n te n t  to  the  

raffinose NPMPs p repared  with th e  Biichi spray dryer (MeOH O.BOiO.Ol % (w/w) and BA 

0.81±0.02 % (w/w)) (Table 6.3).
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Table 6.3 Glass transition temperature (Tg) and residual solvent content (RSC) by TGA and GC-FID of 

raffinose powders spray-dried using the Niro SD Micro.

T| (°C)
RCS by TGA 

(% (w /w ))

RSC by GC-FID 

(% (w /w )) Extrapolated water content (%)

MeOH BA

S D M I 115.8±0.57 2.510.1 0.2010.01 0.8410.01 1.46

SDM2 117.0±0.2 3.710.7 0.3410.01 0.6610.01 2.7

SDM3 118.5+0.03 3.810.6 0.1110.03 0.7410.04 2.95

SDM6 115.8±0.62 2.610.6 0.58+0.08 1.2310.01 0.79

SDM7 116.7±0.71 2.610.3 0.1710.04 1.0110.14 1.42

6.3 A 2  ̂ FACTORIAL DESIGN TO STUDY THE EFFECT OF THE PROCESS AND NOZZLE PRESSURE 

ON THE PRODUCTION OF RAFFINOSE NPMPS USING THE NIRO SDMICRO™

A modification in the supply o f nitrogen gas to the Niro SD Micro increased its flow  rate to 340 

l/m in (27.7 kg/h). Hence, a randomised 2^ full factorial design w ith two replicates was devised to 

assess the effect o f the spray dryer process and nozzle gas flow  (pressure) on raffinose NPMP 

particle size, specific surface area, residual solvent content and process outle t temperature, to 

facilitate the adjustment of the production o f raffinose NPMPs to the machine's new conditions. 

The remaining parameters were held constant and set based on the previous results shown in 

section 6.3, i.e., in let temperature was set at 180°C and pump rate at 15%.

The chosen factorial model was represented by: Yi = /?q + where is the

coefficient associated w ith factor n, and the letters A and B represent the factors (process and 

nozzle gas pressure) in the model. Combination o f the factors, AB, represents an interaction 

between the individual factors.

Statistical analysis o f variance, ANOVA, was performed to determ ine the significance (p-value) 

and impact (F-value) of each main factor as well as the ir interactions. Parameters found to be 

significant at at least the 5 % confidence level were included in the final prediction models.
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Table 6.4 Process param eters evaluated in the factorial design.

Param eter Low (-) High (+) Unit

Process gas pressure 0.8 1.2 Bar

Nozzle gas pressure 0.8 1.4 Bar

6.3.1 Evaluated outcomes

The design matrix and th e  da ta  collected from th e  particle characteristics  eva lua ted  for raffinose 

pow ders  are  p re sen ted  in Table 6.5. The coefficients o f  th e  final prediction m odels  linking th e  

spray drying p a ra m e te rs  with responses  a re  p re sen ted  in Table 6.6. To indicate th e  g o o d n ess  of 

fit o f  th e se  m odels  th e  is also given in th e  la t te r  tab le .

Table 6.5 Design matrix of raffinose spray drying and the data collected from the analysis.

Process Nozzle PS (dso) SSA RSC T out Tg
Run gas

pressure
gas

pressure (urn) (mVg) (%) (»C) («C)

1 1 1 2.7 46.58 2.69 83 115.53

2 -1 -1 3.5 50.74 2.53 78 114.69

3 1 -1 3.2 13.00 3.33 98 113.56

4 -1 -1 3.5 44.57 2.8 82 116.78

5 -1 1 3.0 56.89 2.63 69 114.54

6 1 1 2.4 41.18 2.58 90 116.67

7 -1 1 3.0 52.34 2.84 73 114.7

8 1 -1 3.4 23.37 3.62 98 115.91

All spray-dried pow ders  w e re  a m o rp h o u s  as assessed  by XRPD (Appendix 3).

The process o u t le t  t e m p e ra tu re  ranged from 69 to  98 °C. This o u tco m e  w as mainly affec ted  by 

th e  process gas pressure  (F-value 55.42, p=0.002), for which th e  m odel eq u a tion  coefficient w as 

positive. A higher flow into th e  drying c h am b er  will increase th e  drying ene rgy  and th e re fo re  th e  

o u t le t  te m p e ra tu re .  The nozzle gas pressure  (F-value 20.75, p=0.01) p re se n te d  a negative 

coefficient; th a t  is, as th e  p ressu re  increases th e  o u t le t  t e m p e ra tu re  dec reases ,  since th e  spray 

cloud is bigger, with m ore  liquid entering  th e  drying c h am b er  (higher pum p  setting) increasing
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t h e  solvent v ap o u r  and, th e re fo re ,  increasing th e  h e a t  req u irem en t  for d rop le t  drying. Since the  

inlet t e m p e ra tu re  was c o n s tan t  a t  180 °C, w h en  th e  nozzle pressure  increased m ore  liquid was in 

t h e  drying c h a m b e r  (higher a tom isa tion  cloud, m ore  droplets) and consequen tly  m ore  solvent 

vapour,  lowering th e  o u tle t  t e m p e ra tu re .

The m edian  particle size (dso) for spray dried pow ders  was in th e  range of 2.4 - 3.5 pm and the  

vo lum e distributions for all sam ples  w ere  narrow  and m onom oda l with spans b e tw e e n  1.2 -1 .6 .

SE m icrographs of sam ples  (Figure 6.6) show ed  th a t  all w ere  constitu ted  by porous and spherical 

particles (m orphology type  IBIIIa) with particles of small size p resen ting  sm o o th  surfaces 

(m orphology ty p e  1AI(3). Samples o b ta ined  from  run 2 /4  and run 3 /8  also con ta ined  irregular 

sh a p e  porous particles (m orphology type  2Bllla). M asters  (2002) repo r ted  th a t  d ifferen t particle 

sh ap es  can exist in th e  s am e  po w d er  sample, d ue  to  individual a tom ized  d rop le ts  of various sizes 

being subjected  to  d ifferen t t e m p e ra tu re  and humidity  grad ien ts  during passage th rough  the  

drying cham ber.

The nozzle gas p ressu re  had a larger effect on particle size than  th e  process gas p ressure  (F-value 

33.36, p=0.005 and  F-value 8.82, p=0,041 respectively). The d rop le t  size is d e p e n d e n t  on th e  air 

liquid ratio. An increase in th e  nozzle gas pressure  increases th e  air liquid ratio which trans la tes  

into a higher a tom isa tion  energy, resulting in d rop le ts  of sm aller  size and th e re fo re  smaller 

particle size (M asters, 2002; Maury e t  al., 2005). The m odel equ a t io n  coefficient w as negative 

for this p a ram e te r ,  th a t  is, sm aller  particles a re  produced  w hen  se tt ing  a higher nozzle pressure , 

in accordance  with th e  repo r ted  studies.

Specific surface a rea  varied b e tw een  13.00-56.89 mVg- Both p a ra m e te rs  (process gas and nozzle 

gas pressure) p re sen ted  high F-values (strong effect), 33.08 for process gas p ressure  (p=0.005) 

and 21.82 (p=0.010) for nozzle gas pressure . The model equa tion  coefficients w e re  negative for 

process gas p ressu re  and positive for nozzle gas pressure . The SSA of raffinose NPMPs p repared  

with a Biichi Mini spray d ryer  B-290 w as affected by th e  a tomizing gas; w hen  th e  la tter  was 

increased so did th e  SSA.

Thermal analysis by DSC w as  also p e rfo rm ed  on spray dried sam ples  (Appendix 3). All DSC scans 

w ere  similar; a broad  e n d o th e rm  b e tw e e n  25 and 100 °C was initially de tec ted ,  followed by a 

deviation  of th e  base  line, a t t r ib u ted  to  th e  glass transition te m p e ra tu re ,  a t  ~115 °C. No o th e r  

the rm al effects w e re  registered . Statistical analysis by ANOVA sh ow ed  no significant differences 

b e tw e e n  sam ples, with p=0.570.
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Using the statistical model equations obtained, it is possible to theoretically optimise the  spray 

drying parameters to achieve a product with desired properties. Raffinose NPMP production was 

optimised in order to obtain powders with a minimum residual solvent content, particle size <3 

Hm, high specific surface area and yield. A higher importance was ascribed to minimising the RSC 

and maximising the  SSA, as was previously carried out for the optimisation of raffinose NPMPs 

produced using the Buchi Mini spray dryer B-290. Predicted optimal settings for raffinose NPMPs 

were: process gas pressure of 1.2 bar and a nozzle gas pressure of 1.4 bar. The optimised 

settings were as runs 1 and 6 from the  DOE space. Predicted outcom es were: PS 2.6 nm, SSA 

43.88 mVg, RSC 2.6 % and Toutiet 86.5°C. The actual batch characteristics were: PS (dso) 2.3±0.03 

Hm, SSA 43.88±3.82 mVg, RSC 2.6±0.08 % and process outlet tem pera tu re  86.5±4.9 °C. All 

outcomes, with the  exception of PS, were as for predicted (no significant differences were 

found, p>0.05). Particle size was lower than predicted and significantly different p=0.009. 

Compared with the Buchi Mini spray dryer sample, the residual solvent conten t and outlet 

tem pera tu re  were within the average ± standard deviation. However as seen in the preceding 

studies (Section 6.2), particle size was larger and SSA was lower for SDMicro samples.
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Table 6.6 Coefficients o f th e  m odel  e q u a t io n s  linking th e  significant (at leas t p < 0.05) spray drying p a ra m e te r s  (in te r m s  of co d ed  factors)  w ith  re sp on ses .  I - in te rc ep t  

(Po); A -  p rocess  gas  p ressu re ;  B -  nozzle gas  p ressu re ;  PS - particle size; S S A - specific surface  a rea ;  RSC - residual so lvent co n ten t ;  T outle t  -  o u t le t  t e m p e ra tu re .

Term Yield (%) F-value Term PS (dso) (nm) F-value Term SSA (mVg) F-value Term RSC (%) F-value Term Toutlet ( C) F-value

1 20.00 1 3.09 1 41.08 1 2.88 1 83.88

A 3.44 7.86 A -0.17 8.82 A -10.05 33.08 A 0.18 9.46 A 8.38 55.42

B -4.97 16.35 B -0.30 33.36 B 4.68 21.82 B -0.19 11.12 B -5.12 20.75

AB -0.23 15.54

0.86 0.93 R̂ 0.94 R̂ 0.90 R̂ 0.95
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Figure 6.6 SE micrographs of spray-dried raffinose using the Niro SD Micro: (a) run 5 /7 , (b) run 1/6 , (c) run 

2 /4  and (d) run 3/8 .

6.4 IN  VITRO DEPOSITION VIA NEXT GENERATION IMPACTOR FOR SAMPLES SPRAY DRIED 

USING THE NIRO SDMICRO™

The in vitro  deposition properties of spray dried powders were studied fo r samples that 

presented high specific surface area and low residual solvent content. Samples studied were: 

SDM2, SDM3, SDM7 and the optimised sample (OSDM) when using the Niro SDMicro (as 

determined by the DOE outlined in Section 6.3). Samples were compared to the samples 

prepared using the Buchi Mini Spray dryer operated w ith the optimized settings by the DOE 

study.

Deposition profiles of Niro SDMicro raffinose NPMPs are presented in Figure 6.7. Deposition in 

the MA/IP and Stage 1 (cut-off point ~9 nm) was similar fo r all SDM samples. SDM samples 

presented higher deposition in stages 2 to 4 (cut-off point between 5 and 2 |jm) than the Biichi 

sample. The recovered em itted dose varied between 68.1±11.7 % and 78.3±4.7 % w ith no 

significant differences between samples (SDM, OSDM and Biichi) (p=0.303) (Table 6.7). ANOVA 

w ith Tukey's test of FPF <5 |im  showed the Buchi sample and OSDM to  be significantly d ifferent 

from  the remaining samples (p=0.002). FPF <3 |im of the Biichi sample and sample SMD7 were 

also significantly d ifferent (p=0.002). Samples SDM2 and SDM7 presented sim ilar MMAD to the
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Biichi NPMP sample. ANOVA proved the absence of significant differences betw een the M M A D  

and GSD values (p=0.115 and p=0.360, respectively) for all samples (SDM, OSDM and Biichi).

Previously, the differences in the m icrom eritic properties (SSA and PS) o f samples spray dried  

using the Buchi M ini Spray dryer and the Niro SDM icro have been discussed, resulting in Niro 

samples to have low er SSA and higher dso. A higher M M A D  would be expected fo r the Niro 

samples since the ir geom etric m ediam  particle size was higher and specific surface area was 

low er, existing more points o f contacts betw een particles making them  m ore cohesive forming  

aggregates harder to disperse. H ow ever ANOVA showed no significant difference betw een Buchi 

and Niro samples M M A D . If M M A D  was similar it would be expected to  see the same deposition  

profile, which was not true. Particle m orphology was not the same betw een particles, although 

all porous, some w ere form ed by conglom erates o f nanoparticles (Buchi, SDM 7 and OSDM) and 

others by fused nanoparticles (SDM2 and SDM 3), which could im pair on pow der deposition.

ED1SDM240

■  SDM3

B S D M 7
30

BO SDM

Buchi

M A/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 6 .7 In vitro aerosol deposition profile determ ined using an NGI o f raffinose NPMPS spray dried using the Niro 

SD M icro and optim ised raffinose NPMPs spray dried using the Biichi M ini spray dryer, calculated as % of recovered 

em itted  dose vs. NGI stages. M A  -  m outh ad apter IP -  induction port
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Table 6.7 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter (IVIMAD) and 

geometric standard deviation (GSD) of in vitro aerosol deposition of raffinose NPIVIPS, spray dried using the Niro 

SDMicro.

SDM2 SDM3 SDM7 OSDM Biichi

% recovered emitted dose 6 9 .8 ± 5 .8 7 8 .3 1 4 .7 7 5 .3 1 5 .2 7 1 .91 6 .1 6 6 8 .1 1 1 1 .7

FPF < 5 (im 6 1 .3 ± 2 .8 6 0 .1 1 3 .9 5 4 .4 1 5 .1 6 9 .71 6 .6 7 5 0 .4 1 1 5 .6

< 3 Jim 5 2 .3 ± 2 .7 5 2 .2+ 3 .7 4 3 .8 + 2 .1 5 5 .21 1 .6 4 2 6 .4 1 1 0 .0

MMAD 4 .0 ± 0 .2 8 3 .6 + 0 .0 8 4 .4 1 0 .6 7 3 .4 1 0 .2 8 4 .4 1 0 .2 7

GSD 2 .1 1 0 .2 5 2 .5 1 0 .0 3 2 .4 1 0 .2 3 2 .3 10 .0 9 2 .3 1 0 .4 8

6.5 SPRAY DRYING RAFFINOSE:HYDROXYPROPYL-B-CYCLODEXTRIN COMPOSITE SYSTEMS 

USING THE NIRO SDMICRO™

Raffinose:hydroxypropyl-p-cyclodextrin composite systems were spray dried using the optimised 

conditions defined for the Niro SD Micro (in section 6.4): Tmiet 180°C, Pump 0.6 l<g/h, Process gas 

pressure 1.2 bar and nozzle gas (atomisation) pressure 1.4 bar. Feed solutions of 2.9 % (w/v) 

containing raffinose and hydroxypropyl-p-cyclodextrin (40 % and 60 % weight fraction) in 

methanol:n-butyl acetate (4:1) (v/v) were spray dried. Two replicates were produced.

The outlet temperature varied between 78-87 °C. Powders were amorphous by XRPD analysis 

(Appendix 3). Particle morphology by SEM showed spherical and irregular shape, porous 

particles, type IBIIIa and 2Bllla (Paluch et al., 2012) (Figure 6.8). The morphology of the samples 

was similar to that attained when using the Biichi spray dryer (Chapter 5, figure 5.28). Process 

outlet temperature was within the same range as seen with the Btichi (81-86 °C for Buchi).

Particle size volume distributions of R:HPpCD composite systems were narrow and monomodal 

with low span values ( l. liO .O l for both systems) and the median particle size (dso) was 2.7±0.05 

Hm and 2.8±0.07 ^m for R:HP|3CD 60:40 and 40:60, respectively. Table 6.8 presents the reported 

values of dio, dso, dgo and percentage of particles with size < 1 pim as mean ± standard deviation. 

Statistical analysis by student's t-test, proved the existence of no significant differences between 

Niro samples; however when compared to their counterparts produced using the Buchi Mini 

spray dryer B-290 it was found that samples were different with p<0.05, since the latter samples 

presented a dso of 1.9 |im, approximately one micrometer smaller than the Niro samples.
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Specific surface area results are presented in Table 6.8. As seen in Chapter 5, section 5.4, the 

addition of HPPCD to the raffinose fornnulation resulted in an increase in the specific surface 

area. Student's t-test showed no significant difference betw een Niro composite systems 

(p=0.135) and between Niro R:HPpCD 40:60 and Buchi R:HPpCD 40:60 (p=0.667). The SSA of 

R:HPPCD 60:40 spray dried using the Niro SDMicro was significantly lower than tha t  of R:HPPCD 

60:40 spray dried using the Buchi Mini spray dryer B-290 (p=0.008; 86.1512.64 vs. 106.96±0.07).

Bulk and tap  density results for both powders spray dried on the Niro SD Micro were identical, 

0.13 and 0.23 g/cm^ (Table 6.8), values which, at < 0.3 g/cm^ make them  suitable for pulmonary 

delivery (Bosquillon e t al., 2004) and, similar to  samples produced using the Buchi Mini spray 

dryer B-290 (bp=0.13 g/cm^ and tp=0.22 g/cm^).

DSC scans of spray dried composite systems dem onstrated the occurrence of one thermal event 

-  the glass transition step, which was intermediate to the Tg values of the pure components 

(Appendix 3; raffinose Tg = 116.1±0.81 °C and HPpCD Tg = 225.410.32 °C). The addition of 

cyclodextrin to  raffinose caused a significant increase in the Tg (p<0.05). Student's t-test show a 

significant difference betw een the Tg of R: HPpCD spray dried using the Niro SDMicro and the 

Buchi Mini spray dryer B-290, with an increase in Tg tem pera tu re  when using the Niro machine.

A residual solvent content of 4.610.35% for R:HPPCD 60:40 and 4.1 10.32% for R:HPPCD 40:60 

was determ ined over the tem perature  range 25-130 °C from TGA scans. Student's t-test showed 

no significant difference in RSC between the spray dried composite systems and between these 

and the systems spray dried using the Buchi spray dryer. For better comprehension of the RSC 

composition, GC-FID was used to quantify methanol and butyl acetate, assuming the difference 

between calculated values from the two techniques would correspond to  moisture {TGA — 

GC =  w a t e r  content) .  Table 6.9 shows the calculated values. RSC was constituted mainly by 

butyl acetate  and water, with methanol not being detected. The w ater content could be 

explained by the  amorphous sugars strong tendency to  take up moisture by adsorption and 

desorption (Hancock and Shamblin, 1998).
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Figure 6.8 SE micrographs of spray dried raffinose:HPpCD composite systems with ratios (a) 60:40 and (b) 

40:60.

Table 6.8 Particle size, specific surface area (SSA), true, bulk and tap density and calculated aerodynamic 

diameter of Raffinose:HPpCD composite systems spray dried using the Niro SD Micro.

R;HPPCD 60:40 Niro SD Micro RrHPpCD 40:60 Niro SD Micro

dio(kim) 1.510.03 1.710.06

dsolum) 2.710.05 2.810.07

dgoCum) 4.710.03 4.510.02

span 1.110.01 1.110.01

<lnm  (%) 1.210.14 0.510.10

SSA (mVg) 86.1512.64 94.2813.91

bp(g/cm*) 0.1310.01 0.1310.01

tp (g/cm^) 0.2110.002 0.2110.002

Table 6.9 Residual solvent content by TGA and GC-FID for R:HPPCD composite systems. ND -  not detected

RSC by GC-FID (% w /w ) Extrapolated
R:HPPCD Niro SD Micro RSC by TGA (% w /w )

Methanol Butyl Acetate W ater content (%)

60:40 4.610.35 ND 0.72+0.01 3.9

40:60 4.110.32 ND 1.2310.02 2.9
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In vitro  deposition analysis was also perform ed on spray-dried composite systems.

Deposition profiles o f RiHPpCD systems spray dried using the Niro SDMicro and the Biichi M ini 

spray dryer B-290 are represented in Figure 6.9. Higher deposition in the m outhpiece adaptor 

and induction port was found for the Niro SDMicro systems. Statistically significant differences  

betw een the tw o composite systems spray dried using the Niro SD Micro w ere  found for the fine 

particle fraction < 5 and 3 pim, w ith R:HPpCD 60:40 presenting the higher FPF <5 |im  and the  

low er FPF <3 pm. R:HPpCD 40:60 SD Micro, presented smaller M M A D  and GSD, hence the higher 

deposition in stages w ith  cut-o ff < 3 pm (Table 6.10).

No significant differences w ere found for in vitro  deposition param eters betw een R:HPPCD 60:40  

SDMicro and R:HPpCD 60:40 Biichi. However, R:HPpCD 40:60 SD M icro and R:HPpCD 40:60 Biichi 

presented significantly d ifferent FPF <5 and 3 pm and GSD, w ith  R:HPPCD 40:60 Biichi presenting 

higher fine particle fraction and sm aller geom etric standard deviation (Table 6.10), which is 

resulting from  the powders m icrom eritic properties: smaller dso and higher SSA.

@ R:HPPCD 60:40 Niro SD Micro  

0R:HP3CD 60:40 Biichi 

□  R:HPPCD 40:60 Niro SD Micro  

R:HPPCD 40:60 Buchi
TJ 30

10

M A/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 6.9 In vitro aerosol deposition profile by use of a NGI of R:HPPCD composite systems as calculated 

% of recovered em itted dose vs. NGI stages. MA -  mouth adapter IP -  induction port
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Table 6.10 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter 
(MMAD) and geometric standard deviation (GSD) of in vitro aerosol deposition of R:HPPCD composite 
systems.

R:HP|}CD 60:40 Niro R:HPPCD 60:40 R:HPpCD 40:60 Niro R:HPPCD 40:60
SD Micro Buchi SD Micro Biichi

% recovered 
emitted dose

87.2±5.5 91.4±1.2 89.112.6 92.7+10.5

FPF < 5 nm 54.5±2.9 69.5±7.1 70.512.5 87.310.5

< 3 nm 49.013.1 58.0±8.3 66.510.3 83.810.9

MMAD 2.7±0.15 2.4±0.07 2.310.19 2.210.18

GSD 2.6±0.36 2.110.04 2.410.04 2.010.09

6.6 SPRAY DRYING WITH THE NIRO MOBILE MINOR™  SPRAY DRYER

Solutions w/ith a concentration o f 2 .0  % w /v  o f raffinose pentahydrate were  prepared in a 

solvent composition of 80:20 M eO HiBA, 2.5 % w /v  in 90:10 MeOH:BA (run 11) and 1.5 % w /v  in 

70:30 MeOH:BA (run 12). The spray drying was carried out in a co-current mode w ith a tw o-flu id  

nozzle, using nitrogen as drying gas at a flow  rate o f 80 kg/h. Param eter settings are presented  

in Table 7.11. The param eter settings and the feed solution concentration w ere based on the  

OFAT studies on the Buchi 290-B M ini Spray Dryer presented in Chapter 3, since this was the  

data available at the tim e the scale-up study on the M obile  M ino r was undertaken.

This study aim ed not only to produce raffinose NPMPs using a pilot scale facility but also, to  

com pare the pow der characteristics w ith raffinose NPMPs produced using the Buchi M ini spray 

dryer B-290. Single runs w ere perform ed due to short availability o f the instrum ent. Evaluated 

outcomes w ere: outle t tem peratu re , yield, residual solvent content, particle morphology, 

geom etric m edian particle size and specific surface area. Therm al characterisation and in vitro  

deposition w ere also perform ed on selected samples.
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Table 6.11 Summary of spray dryer settings for the Niro Mobile Minor™. ALR: atomisation-gas-liquid- 
mass-ratio

Run Inlet temperature (°C)
Pump

(kg/h)

Atomisation gas flow rate (kg/h) 

(atomisation pressure (bar))
ALR

M M l 125 0.8 6.5(1) 8.1

MM2 110 0.8 6.5(1) 8.1

MM3 90 0.8 6.5(1) 8.1

MM4 125 1.4 11.5 (2) 8.2

MM5 125 1.2 15 (3) 12.5

MM6 125 1.8 6.5(1) 3.6

MM7 150 2.0 6.5(1) 3.8

6.6.1 Characterisation of spray dried powders

Data resulting from raffinose spray dried with the Buchi spray dryer with the parameters set to 

the optimised settings as predicted by the OFAT studies (rather than the DOE) were used for 

comparison between the Niro Mobile Minor and the Buchi Mini Spray Dryer, since these were 

the basis for selection of parameters to evaluate spray drying on the Niro Mobile Minor. The 

DOE study had not been completed in advance of scale up studies on the Mobile Minor being 

undertaken. The outcomes for the Buchi Mini Spray Dryer sample were: PS 2.4±0.01 ^m, RSC 

2.810.15 %, SSA 45.50 mVg and Toutiet 72 °C.

All spray dried powders were amorphous by XRPD analysis, presenting the characteristic 

amorphous 'halo' (Appendix 3), as seen for spray dried powders using the Bijchi Mini spray 

dryer.

Particle morphology was evaluated by SEM. Figure 6.10 shows the SE micrographs of the 

samples produced using the Niro Mobile Minor. All samples, with the exception of sample 

M M ll ,  were comprised of porous spherical particles, of type IB IIIa  according to the 

classification system developed by Paluch et al. (2012), and differing in particle size. Sample 

M M l l  consisted of spherical particles with smooth surfaces, type 1AI|3 and, irregularly shaped 

fragments of spray dried material. Small smooth spherical particles were also present in samples 

M M 8 and M M 12 (marked with a red circle on Figure 6.10h and 6.101).
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The different morphology of sample M M l l  was probably due to the feed solution composition, 

where the ratio of the co-solvent system and solid content were changed, such that these new  

proportions were not effective for the production of raffinose NPMPs. Studies by Ni Ogain et al. 

(2010) on spray-dried raffinose and trehalose from different co-solvent systems, EtOH:Water 

and MeOH:BA (using the Biichi Mini spray dryer B-290) reported different particle morphologies 

depending not only on the type of solvent, but also on the ratio of the co-solvent system, as well 

as, the importance and impact of excipient/drug solubility in the solvent systems on particle 

morphology.
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Figure 6.10 SE micrographs of spray dried raffinose using the Niro Mobile Minor: (a) M M l, (b) M M 2, (c) 

M M 3, (d) M M 4, (e) M M 5, (f) MM 6, (g) M M 7, (h) M M 8, (i) M M 9, (j) M M IO , (k) M M l l ,  (I) MM 12

Tables 6.12 presents process outlet temperature and powder residual solvent content for each 

run in the Niro Mobile Minor respectively.

Process outlet temperature varied between 60 and 80 °C. Reduction in the Toutiet was observed 

with increased setting of pump (feed flow rate) (M M l and M M 6). When more liquid is supplied 

to the drying chamber, more solvent vapour is generated, decreasing the exhaust temperature 

(Maury et a!., 2005). An effect of the inlet temperature on process Toutiet was also evident, where 

the latter increased with increasing heat energy supplied (higher Tiniet) (runs SDM5 and SDM7 for 

Niro SDMIcro with p=0.012 and, M M l, M M 2 and M M 3 for Niro Mobile Minor).
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The out le t  t e m p e r a t u r e  for raffinose NPMP product ion w hen  using a Buchi IVIini spray dryer B- 

290 a t  th e  OFAT opt imised set t ing was  85 °C. This ou t le t  t e m p e r a t u r e  was  a t ta ined  w hen 

working with the  Niro SDMicro by set t ing the  inlet t e m p e r a t u r e  to  a higher value (180 °C) 

compa red  to  the  set t ing of the  Buchi spray dryer.  The Niro Mobile Minor pr e se n t e d  a similar 

out le t  t e m p e r a t u r e  to  t h a t  ob ta ine d  w he n  opera t ing  th e  Buchi Mini Spray Dryer a t  the  OFAT 

opt imised condit ions for samples  MM2, MM4, MM5 and MM6. The remain ing samples  were  

spray dried a t  a higher  out le t  t e m p e r a t u r e ,  d ue  to variat ion in inlet t e m p e r a t u r e  and pump  

sett ing, which a re  known to  affect  this ou tcome.

The residual solvent  con ten t  (RSC) was  d e t e rm ined  by TGA over th e  t e m p e r a t u r e  range 25-130 

°C. Values varied b e tw e e n  1.1 and 3.5 % for t h e  Niro Mobile Minor samples  (Table 6.13). Figure 

6.13 shows how the  RSC varied with th e  inlet t e m p e r a t u r e  a nd  pu m p  sett ing. Samples  pr ese n te d  

lower RSC w he n  spray drying was  conducted  a t  higher inlet t e m p e r a t u r e s  and  an interaction 

b e tw e e n  th e  inlet t e m p e r a t u r e  and pu m p can be inferred,  s ince RSC increased with reduct ion of 

both set t ings and  an increase in th e  pu m p set t ing was  always accomp an ied  by an increase in the  

inlet t e m p era tu re .  It is postu la ted  th a t  th e re  is an increase in solvent  vapour  g e n e ra te d  when  

spray drying at  high pu m p settings; thisis known to reduce  th e  exhaus t  t e m pera tu re ,  

consequent ly  decreasing solvent  evapora t ion ,  resulting in pow ders  with higher  RSC. However,  

th e  effect of increasing th e  p u m p  set t ing can be c o m p e n s a te d  for by increasing drying energy 

supplied, by elevating th e  inlet t em p er a t u re .

Masters (2002) repo r ted  th a t  th e  g rea t e r  the  air /gas t e m p e r a t u r e  dif ference (Tniet -  Toutiet), the  

smaller  t h e  h ea t  re qu i r em en t  to  produce  a unit weight  of  po w d e r  of  cons tan t  residual 

mois ture / so lvent  conten t ,  and  the  m ore  efficient t he  process is. Figure 6.12 shows th e  effect of 

th e  gas t e m p e r a t u r e  difference (AT) on th e  residual solvent  con te n t  of  powders .  It was  possible 

to  see  a significant reduct ion in th e  RSC whe n  th e  AT was  increased.

Samples  MM2, MM5, MM6 and  MM8 also p re sen t ed  similar RSCs to th a t  ob ta ined  w hen  

opera t ing the  Buchi Mini Spray dryer  a t  th e  OFAT opt imised condit ions.  The remaining MM 

samples  p r e sen t ed  lower and higher RSC; th e  lower values resul ted f rom spray drying at  high 

inlet t e m p e r a tu r e s  and low feed  rate.
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2,0 2,5
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Figure 6.11 Contour plot of the effect of process variables inlet tem perature (Tiniet) and pump setting on 

the residual solvent content of raffinose powders produced using (a) the Niro SDMicro and (b) the Niro 

M obile Minor.

y = -0.023X + 3.804 
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p=0.034
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Figure 6.12 Influence of the air/gas tem perature difference on raffinose powders residual solvent content 

spray dried using (a) the Niro SDMicro and (b) the Niro Mobile M inor.

G eom etric nnedian particle size (dso) and specific surface area (SSA) o f raffinose spray dried  

samples are presented in Table 6.12. Particle size volum e distributions w ere narrow and 

m onom odal w ith low span values (1 .7 -2 .7 ). The dso was in the range o f 2 .8-5 .4  jam. It was 

possible to see an effect on particle size o f varying the pum p setting and atom isation gas 

pressure (Figure 6.13). The contour plot o f dso showed that particles o f small size (< 3.0 ^m ) 

w ere produced when operating at low pump setting and high atom isation pressure. 

Nevertheless, a discrete dom ain could be seen, w here small particles are also produced when  

operating at a m edium  atom isation pressure (w ithin the range 1-3 bar) and high pump rate. 

Hence, an interaction betw een pum p rate and atom isation pressure is evident.

Figure 6 .14 represents the relationship betw een dso and the ALR. A reduction in particle size w ith  

increasing ALR was observed. Studies by Thybo et al. (2008) also reported a decrease in particle 

size w ith  increasing ALR when spray drying acetam inophen and PVP from  w ate r and ethanol 

solutions using a Niro M obile M inor.
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When the process was scaled up to the Niro Mobile Minor the particle size was also found to 

increase. The deposition studies shown later in this section will determine if this increase in 

geometric particle size affected the powders' deposition properties.

Specific surface area varied between 3.67-58.96 mVg- SSA of powders was affected by different 

parameters and was found to increase as follows: with an increase in inlet tem perature, when 

the remaining parameters were constant (M M l, M M 2 and M M 3); when atomisation gas flow  

was increased, independently of pump setting (M M 4, M M 5, M M 8 and M M IO ); with increasing 

concentration and reduction in pump setting (M M l, M M 6, M M l l  and M M 12); with a decrease 

of pump setting (M M l and M M 6); and decrease in both inlet temperature and pump setting 

(M M l, M M 6, M M 7, M M 9  and M M IO ). Figure 6.15 shows the effect of inlet tem perature and 

pump setting on SSA (M M l, M M 6, M M 7, M M 9  and M M IO ); higher surface areas are achieved 

when spray drying was conducted with Tiniet between 120 and 130 °C and pump setting range 

from 1 to 1.5 kg/h. The effect of total solid concentration and pump setting on SSA is 

demonstrated in Figure 6.16 (M M l, M M 6, M M l l  and M M 12), with high SSA attained if 

concentration is ~2 % and pump rate is low.

The SSA of raffinose NPMPs spray dried using the Buchi Mini spray dryer B-290 set with the 

optimised conditions taken from the OFAT was 45.50 mVg; sample M M 8 presented a similar 

value. When the DOE was performed it was found that the SSA was mainly affected by the gas 

flow, where, as the gas flow was increased, the SSA increased. This effect was also seen for the 

Niro Mobile Minor samples M M 4 and M M 5, and M M 8 and M M IO . The study indicates that, in 

relation to SSA, the spray drying variables impact is similar at the laboratory and pilot scale.

1,0 1,5 2,0 2,5 3,0
Pump (K g /h )

Figure 6.13 Contour plot of the effect of process variables atomisation pressure and pump setting on the 

geometric mean particle size (dso) of raffinose powders produced using the Niro Mobile Minor.
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Figure 6.14 Effect of the air/liquid ration (ALR) on the geometric mean particle size (dso) of raffinose 
powders spray dried using the Niro Mobile Minor.
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Figure 6.15 Contour plot of the effect of process variables atomisation pressure and pump setting on the 
specific surface area (SSA) of raffinose powders produced using the Niro Mobile Minor.
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Figure 6.16 Contour plot of the effect of process variables total solid concentration (t.s.c.) and pump 
setting on the specific surface area (SSA) of raffinose powders produced using the Niro Mobile Minor.

Bulk and tap densities o f powders w/ere evaluated. All values w ere found to be low er than 0.3  

g /cm ^ making them  suitable for pulm onary delivery (Bosquillon et a!., 2004) (Table 6 .12). All
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powders produced using the Niro M obile  M inor presented sim ilar bulk and tap  density w ith  the  

exception o f sannple M M 5 . The la tte r had a low er bulk density than all o ther samples.

Table 6.12 Evaluated outcomes of raffinose samples spray dried using the Niro Mobile Minor. N/A -  data 
not available

Run Toutlet ( ° C ) AT(°C) d5o(nm) (span) SSA (mVg) RSC (% w/w) bp (g/cm^) tp (g/cm )

M M  1 80 45 4.9 (1.7) 58.96±0.75 3.1 0.11 0.19

MM 2 70 40 5.4 (1.8) 40.16±0.85 2.7 0.10 0.18

MM 3 60 55 4.3 (1.9) 38.42±0.11 3.5 0.11 0.18

MM 4 70 55 3.4 (2.7) 53.09±0.10 2.9 0.10 0.18

MM  5 70 55 2.8 (2.6) 56.12±0.17 2.6 0.06 0.21

MM 6 70 55 4.0 (2.1) 40.66±0.08 2.3 0.10 0.20

MM 7 80 70 3.8 (1.9) 39.8810.12 2.2 0.11 0.18

MM 8 80 100 2.9 (1.9) 44.77±0.24 2.6 0.10 0.18

MM 9 80 70 3.5 (1.9) 49.5810.09 1.1 0.11 0.19

MM 10 80 100 3.9 (1.9) 37.0110.17 1.1 N/A N/A

MM 11 80 45 4.0 (2.1) 3.67+0.05 1.2 N/A N/A

MM 12 80 45 4.0 (2.0) 18.5010.16 1.8 N/A N/A

Therm al analysis was only perform ed on selected samples from  the Niro M obile  M inor. The 

criteria fo r selection w ere low residual solvent content and high specific surface area. Hence, 

samples M M l ,  M M 4 , M M 5 , M M 8  and M M 9  w ere selected.

DSC scans w ere similar fo r all raffinose samples (Appendix 3). A broad endotherm  in the interval 

25-100 °C was seen and attributed to residual solvent loss; it was follow ed by a base line shift, 

the glass transition step, w ith no other therm al events registered. The glass transition  

tem peratu re  varied betw een 114.5±0.67 °C and 116.6±0.04  °C. ANOVA w ith  Tukey's test showed  

statistically significant differences in the Tg betw een sample M M 4  and M M 5  (p=0.033). Sample 

M M 4  had a higher residual solvent content than M M 5  (Table 6.13) that can act as a plasticiser, 

reducing the glass transition tem perature . M ost samples presented a Tg value close to  the value 

found fo r raffinose NPMPs spray dried using the Biichi M ini spray dryer, i.e., 116.7±0.2S  °C.
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The residual solvent content of powders was further analysed by GC-MS, for quantification of 

butyl acetate and methanol. Quantification of BA with GC-MS was not possible. MM samples 

presented higher methanol content than the raffinose NPMPs from the Biichi Mini spray dryer 

(0.30 ± 0.01% (w/w)) (Table 6.13).

Table 6.13 Glass transition tem perature (Tg) and residual solvent content (RSC) by TGA and MeOH content 

GC-iVIS of raffinose powders spray-dried using the Niro M obile Minor.

Tg (“C) RCS by TGA (% (w/w)) MeOH by GC-MS (% (w/w))

M M l 115.3±0.25 3.1 0.90

M M4 114.5±0.67 2.9 1.10

MM5 116.6+0.04 2.6 0.90

MM8 114.9±0.57 2.6 0.91

MM9 115.210.33 1.1 -

6.6.2 In vitro deposition via next generation impactor for samples spray dried using the Niro 

Mobile Minor

The in vitro deposition properties of spray dried powders were studied for samples that 

presented high specific surface area and low residual solvent content: M M l, MM4, MM5, MM8 

and MM9. Samples were compared to the sample prepared using the Biichi Mini spray dryer 

operated with the optimised settings by the OFAT study.

Figure 6.17 presents the deposition studies for the Niro Mobile Minor raffinose NPMP samples 

and the Buchi raffinose NPMPs. A higher deposition on stage 1 (cut-off point ~9 |im) was 

obtained for the Biichi sample. All MM samples presented a high fraction of powder (30 to 60% 

of recovered emitted dose) retained in the mouthpiece adaptor/induction port (MA/IP). Fine 

particle fraction < 5 pim for MM samples varied between 29.7±1.S % and 59.7±15.8 % and, FPF < 

3 |im between 22.3±4.1 % and 40.0±11.6 %, with higher values pertaining to sample MM5 (Table 

6.14). Statistical analysis by ANOVA of recovered emitted dose, fine particle fraction < 5 jam and 

FPF < 3 |im was not significant, p=0.424, that is, no differences were found among MM samples 

and between MM samples and the Buchi sample. However, the Buchi sample presented the 

lowest MMAD (p=0.016). Differences in the GSD were also found, p=0.007. ANOVA with Tukey's 

test showed samples MM4 and MM9 had a GSD different and higher from samples MM8 and

189



CHAPTER 6: SCALE-UP OF NPM Ps

Biichi. The higher M M A D  and GSD of the M M  samples is thought to be the reason of the  

increased deposition o f these powders in the higher cut-o ff stages such as the M A /IP .

The obtained results showed the differences seen on the m icrom eritic properties betw een  

raffinose NPMPs produced using the Niro M obile  M inor and the Biichi M ini spray drier did not 

affect, in general, the pow der in vitro deposition. Sannple M M 5  and M M 9  presented higher SSA 

than the Buchi sample. It is postulated that the large surface area th a t reduces the interparticle  

contact prom oting easier particle dispertion, overcomes the increase in the particles geom etric  

m edian d iam eter, since these samples presented higher dso. Samples M M 4  and M M 8  had a SSA 

sim ilar and low er than the Buchi sample; how ever, the differences w ere  only reflected in the  

M M A D  and GSD, possible particle cohesion may have lead to these results.

<u 50

EDM M l 

E  M M 4  

B M M 5  

0 M M 8  

B M M 9  

E3 Buchi

M A/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 6.17 In vitro aerosol deposition profile determ ined using an NGI of raffinose NPMPs, spray dried 
using the Niro M obile M inor and optimised OFAT raffinose NPMPs spray dried using the Buchi Mini spray 
dryer, calculated as % of recovered em itted dose vs. NGI stages. M A -  mouth adapter, IP -  induction port.

Table 6 .14  Recovered em itted  dose, fine particle fraction (FPF), mass m edian aerodynam ic d iam eter (M M A D ) and 

geom etric standard deviation (GSD) of in vitro  aerosol deposition o f raffinose NPMPS, spray dried using the Niro 

M obile  M inor. N ote: only one data point was available fo r the OFAT Biichi sample

M M l MM4 MM5 MM8 MM9 Biichi

% recovered emitted dose 83.0±12.1 51.8±5.7 76.7±1.6 84 .9±4 .3 85.416.9 74.49

FPF < 5 Jim 29.7±1.8 31.7±8.7 59.7+15.8 56.2+4.8 49.512.9 35.0

< 3 Jim 23.7±3.2 22.3±4.1 40.0±11.6 31.7±0.9 34.410.1 29.4

MMAD 3.2±1.50 3.3±0.18 2.7±0.40 3.2±0.42 2.410.14 2.6

GSD 3.5±0.28 3.710.46 3.210.24 2.410.14 4.110.24 2.4
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6.7 CONCLUSION

NPMPs can be produced by spray drying in laboratory scale spray dryers of larger dimensions 

(Niro SDMicro) and at the pilot scale (Niro Mobile Minor). The studies presented identified the 

way process parameters impact on raffinose powders characteristics for both processing scales 

(laboratory and pilot). Residual solvent content was affected by the gas flow/pressure, pump 

setting and inlet temperature; particle size and specific surface area by the gas flow/pressure 

and pump setting; outlet temperature by the inlet temperature and pump setting; in a similar 

way as described for the Biichi Mini spray dryer B-290.

The additional factorial design on the raffinose NPMPs production using the Niro SDMicro 

resulted in well fitted models which highlighted how process and nozzle gas pressure impact on 

powder characteristics. Process gas pressure had a great impact on outlet temperature; nozzle 

gas pressure impacted on yield and particle size; both parameters strongly impacted on powder 

specific surface area.

Raffinose NPMPs produced in the Niro spray dryers presented, in general, higher geometric 

median particle size and RSC and smaller SSA than those produced using the Biichi Mini spray 

dryer B-290. However, the in vitro deposition studies showed powders produced in the Niro 

Mobile Minor (pilot scale) presented similar profiles and deposition parameters to Btichi 

raffinose NPMPs (laboratory scale) and, Niro SDMicro powders to have higher fine particle 

fraction than those prepared on the Buchi instrument.

Raffinose:hydroxypropyl-p-cyclodextrin composite systems can also be produced in a larger 

dimension laboratory scale spray dryer. The resulting powders presented the same morphology 

as those produced using the Buchi Mini spray dryer B-290. From the two ratios of excipients 

used, it was seen that powders with a ratio of 60:40 presented similar characteristics (only 

particle size was increased) and in vitro deposition to those obtained with the Biichi spray dryer.

In conclusion, the production of NPMPs can be transferred into a larger dimensions laboratory 

spray dryer as well as to a pilot scale spray dryer. Previous knowledge acquired using the Biichi 

Mini Spray dryer was crucial to inform the adjustment of settings in a different spray dryer. Even 

though the operating mode of the spray dryers was different (e.g., blow mode for the Niro 

SDMicro versus suction for the Buchi) the impact and trends of the spray drying parameters was 

almost identical and powders with suitable characteristics for pulmonary delivery were 

produced.
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7 .1  INTRODUCTION

Pulmonary  drug delivery using dry pow/der inhalers in recent  years  has becom e an al terna tive  for 

systemic  delivery of pep t ides  and proteins,  improving their  bioavailability and e ffect iveness 

(Daniher and Zhu, 2008).

Studies by Chan e t  al. (2004) focused on the  spray  drying of  1% (w/v) sa lmon calcitonin (sCT) 

solut ions as binary mix tures  with dif ferent  ratios of  manni to l  to  produce  micropart icles for 

pu lmonary  delivery. It was  found  th a t  spray dried sCT a lone  was  am o r p h o u s  and its physical 

stability was  unaffec ted  by processing.  The a m o rp h o u s  con te n t  of  the  binary mixtures was 

d e p e n d e n t  on th e  manni tol  fract ion The aggregat ion stability of  sCT and th e  physical stability of  

th e  dry pow ders  were  op timal w h e n  s tored in a low humidi ty e nv i r onm en t  and,  moisture  

con te n t  was  th e  main fac tor affect ing po w d er  stability.

Yang e t  al. (2007) spray dried sCT pow ders  sui table for  inhalat ion,  conta ining chi tosan and 

mannito l as absorpt ion e n h a n c e r  and  protect ion agent  (against  process  s t ress  - avoids 

aggrega tion  and w a te r  scavenger ),  respectively.  The addi t ion of chi tosan resul ted in a d ec rease  

in sCT recovery and an al te ra t ion of  the  s t ruc ture of  sCT, probably  du e  to  a s t rong interact ion 

b e tw e e n  th e  tw o compounds .

A compara t ive study on th e  pu lmonary  bioavailability of  p ow der  and liquid aerosol  formulat ions  

of  sCT in heal thy volunteers  was  per fo rm ed  by Clark e t  al. (2008). A sCT su bcut ane ous  injection 

was  used as control.  Lung bioavailability, relative to  the  su bc ut ane ous  injection, ranged  f rom 11 

to  18%. It was  concluded t h a t  th e r e  we re  the  no statistically significant d if fe rences b e tw e e n  

a rea  un d e r  th e  curve (AUC) for  all formulat ions.

The repor ted  s tudies indicate t he  main challenge in pept ide  lung delivery to  be the  d e v e lo p m e n t  

of  a s tab le  formula tion with sui table physicochemical  characterist ics and biological activity. 

Previously (Chapters  4 and 5) we  d iscussed di fferent  stabilising excipient  formulat ions to  be used 

as carriers for pept ides.  In this ch ap te r  it will be discussed if th e s e  formulat ions  possess  the  

physicochemical  propert ies,  th e  aerodynamic  behaviour  and the  required stability to  be sui table 

for  sCT pulmonary  delivery. In vivo  s tudies  to eva lua te t h e  pharmacokine t ic  profiles of  the  sugar  

sa lmon calcitonin formula t ions  a f te r  pu lmonary  administ ra t ion a re  also presen ted .
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7.2 PREPARATION OF SALMON CALCITONIN:SUGAR COMPOSITE SYSTEMS

Production of powders was carried out on a laboratory scale spray dryer (Buchi Mini spray dryer 

B-290) set-up as discussed in Chapter 4 for optimised sugar NPMPs production. Solutions with 

5:95 (w/w) ratio of salmon calcitoninisugar (single excipient composite system) and 

sCT:sugar:oligosaccharide (two excipients composite system) in methanol:n-butyl acetate (4:1) 

were spray dried. The peptide load was chosen based on previous studies by Yang et al. (2007), 

Clark et al. (2008) and Ni Ogain (2008) who spray dried powders with a salmon calcitonin loading 

of 5 % w /w  using different excipients such as mannitol, citric acid and trehalose. Table 7.1 

describes in detail the composition of the spray dried solutions.

For the purpose of evaluation, composite systems were grouped according to the non-reducing 

sugar present in their formulation: sCT:Raffinose(:oligosaccharide) and

sCT:Trehalose(:oligosaccharide) composite systems.

Table 7.1 Salmon calcitonin solutions composition intended for spray drying, t.s.c.-total solid 

concentration

Sugar
Peptide:sugar ratio 

(w /w )
t.s.c.
(%)

Abbreviation

d-(+)-raffinose pentahydrate 5:95 2.9 sCT:R

d-(+)-raffinose pentahydrate:hydroxypropyl-p- 
cyclodextrin

5:57:38

5:38:57
2.9 SCT:R:HPPCD

d-(+)-trehalose dihydrate 5:95 1 sCT:T
d-(+)-trehalose dihydrate:d-(+)-raffinose 

pentahydrate
5:57:38

5:67:28

1 sCT:T:R

d-(+)-treha lose d ihyd rate:hyd roxypropyl-P- 
cyclodextrin

5:57:38
5:38:57
5:28:67

1 sCT:T:HP3CD

7.3 PHYSICOCHEMICAL CHARACTERISATION OF SPRAY DRIED POWDERS 

7.3.1 Solid-state, morphology and micromeritic properties

All spray dried composite systems were amorphous (Figure 7.1). Diffractograms presented the 

typical diffuse halo pattern, characteristic of amorphous materials.

SE micrographs showed all spray-dried powders without HPPCD were constituted of spherical 

porous particles, type IBIIIa as classified by Paluch et al. (2012) (Figure 7.2). The sCT:R:HPpCD
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com posite  system  also p resen ted  porous  irregular-shaped particles, type  2Bllla (Paluch e t  al, 

2012). This change in morphology w as previously o bserved  in th e  un loaded  com posite  system.

Particle size volum e distributions in all sCT com posite  system s w ere  narrow  and m onom odal 

with low span  values (be tw een  1.2 and 1.5) and th e  geo m etr ic  m ed ian  particle size (dso) w as in 

th e  range of 1 .5 -1 .9  nm. Table 6.2 p resen ts  th e  rep o r ted  values  of dio, dso, dgo and percen tage  

particles with size < 1 nm as m ean  ± s tandard  deviation. Statistically significant d ifferences w ere  

found in both  types of com posite  system s (p=0.026 for raffinose and p<0.05 for trehalose). By 

m eans  of Tukey's te s t  it was found th a t :  sam ple  sCT:R:HPpCD 5:57:38 w as d ifferen t from sam ple  

sCT;R:HPpCD 5:38:57; sam ple  sCT:T p re sen ted  higher m ed ian  particle size th an  all o th e r  

caicitonin:trehalose:raffinose/HPpCD com posite  system s.

Specific surface area by BET w as investigated  as well as an estim ation  of th e  pore  d iam e te r  

distribution and  pore d iam e te r  by BJH (Table 7.2 and Figure 7.3). Systems with HPPCD in the ir  

composition  had higher surface a reas  and th e ir  respective pore d ia m e te r  distributions w ere  

shifted to  low er values. ANOVA followed by Tukey's tes t ,  d e m o n s t ra te d  significant d ifferences 

b e tw een  sam ples  in both  type  of com posites  (p<0.05). The sCT:R:HPpCD com posite  system s 

p resen ted  increasing SSA with higher fractions of cyclodextrin; with th e  sCT:R system s 

presen ting  th e  smallest SSA value. The sCT:T and  sCT:T:R system  had similar SSA, how ever the  

com posites  with cyclodextrin p re sen ted  higher SSA.

Gregg and Sing (1982) classified pores  as m icropores  (d<2 nm), m eso p o res  (d=2-50 nm) and 

m acropores  (d>50 nm). The spray-dried particles p re sen ted  mainly m esopores .  Previously, in 

C hapter  4, th e  effect of SSA on fine particle fraction of  sugar NPMPs pow ders  w as discussed. 

Here, a possible correlation b e tw e e n  SSA and po re  d ia m e te r  w as investigated. Figure 6.4 show s 

a d ec rease  of  th e  average  pore d ia m e te r  with increasing SSA (Figure 7.4). Nf Ogain e t  al. (2010) 

and Paluch e t  al. (2012) have claimed th a t  th e  solid dissolved in th e  so lvent/an tiso lven t  mixture 

(MeOH:BA) s ta r ts  to  precipita te  o u t  in th e  liquid en v iro n m en t  due  to  so lvent evaporation , with 

preferential evapora t ion  of MeOH (the so lvent with th e  h igher vapour  pressure)  resulting in 

sp o n tan eo u s  phase  separa t ion  of nanopartic lu la tes  su sp en d ed  in th e  solvent mixture th a t  grow  

until separa tion  of th e  solid from th e  solvent mix is com ple te .  Finally, due  to  evapora tion  of 

excess solvents, the  NPMPs particles a re  fo rm ed . The size of th e  nanopart icu la tes  su sp en d ed  in 

th e  solvent mixture will de te rm in e  th e  pore  d ia m e te r  and SSA of th e  final particles. It is inferred 

th a t  th e  solubility of th e  solid and its concen tra t ion  in th e  co-solvent mixture will be 

d e te rm in a n t  for th e  nanopart icu la te  size. From th e  excipients used it w as seen  th a t  SSA 

increased with increasing w eight fraction of HPpCD, hence  it is possible th a t  this excipient
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pre sen ts  higher solubility in th e  MeOH:BA mixture, resulting in small nanopart icu la tes ,  th a t  in 

tu rn  result in NPMPs with high surface a rea  and sm aller average  pore  d iam ete r .  It should be 

no ted  th a t  th e  cyclodextrin as  supplied is a lready  in th e  am o rp h o u s  s ta te ,  which p re se n ts  higher 

solubility w h en  co m p ared  to  th e  equ iva len t crystalline sta te .

True density  m e a s u re m e n ts  show ed  th e  addition of th e  sCT affec ted  p o w d e r  density. An 

increase in t ru e  density  w as recorded  for sCT:T and sCT:T:R and a d ec rease  w as reg is te red  in all 

SCT:T or R;HPPCD com posite  sys tem s w h en  com pared  to  th e  un loaded  system s. All of th e  spray 

dried sam ples  had t ru e  density  values which w ere  significantly d ifferen t from  o n e  a n o th e r  

(p<0.05 for th e  d ifference  b e tw e e n  raffinose and t reha lose  com posite  systems). A correlation 

was investigated b e tw e e n  p o w d er  specific surface area and tru e  density. A s trong  and significant 

correlation w as found (Figure 7.5).

Bulk and tap  density  increased with th e  addition of pep tide  to  th e  form ulation  w h en  com pared  

to  th e  un loaded  particles (Table 7.2). Statistically significant d ifferences (p<0.05), w e re  found 

b e tw e e n  bp and tp  o f  raffinose and treha lose  com posite  system s. Using Tukey analysis: sCT:R 

w as distinct from sCT:R:HPpCD com posite  system s; sCT:T:HPpCD 5:28:67 p re s e n te d  different 

values from all o th e r  sam ples , which could be paired by similarity (sCT:T:R and  sCT:T:HPpCD 

5:67:28; sCT:T and sCT:T:HPpCD 5:38:57).

The aerodynam ic  d ia m e te r  w as  calculated and  found to  be within th e  desirab le  particle size 

range, 1-3 jam, for central and distal deposition  in the  lungs (Hickey 1996) for all spray dried 

com posite  sys tem s (Table 7.2). The aerodynam ic  d iam e te r  of all sam ples  w e re  statistically 

significantly d ifferen t from o ne  a n o th e r  (p<0.05).

200 CPS
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Figure 7.1 XRPD diffractogram s of spray dried (A) sCTiraffinose com posites: (a) sCT:R, (b) sCT:R:HPpCD 

5:57:38 and (c) sCT:R:HPpCD 5:38:57 and (B) sCT:trehalose com posite system s: (a) sCT:T, (b) sCT:T:R, (c) 

SCT:T:HPPCD 5:67:28, (d) SCT:T:HPPCD 5:57:38, (e) sCT:T:HP(3CD 5:38:57 and (f) sCT:T:HP3CD 5:28:67.
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Figure 7.2  SE m icro g rap h s of sp ray  d ried  (a) sCT:R, (b) sCT:R:HPpCD 5:57:38, (c) sCT:R:HP3CD 5:38:57, (d) 

sCT:T, (e) sCT:T:R, (f) sCT:T:HPpCD 5:67:28, (g) sCT:T:HPpCD 5:57:38, (h) sCT:T:HPpCD 5:38:57 and  (i) 

SCT:T:HPPCD 5:28:67.
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Figure 7.3 Particles pore diameter d istribution by BJH adsorption o f (a) sCT:R composite systems and (b) 

sCT:T composite systems. BJH -  Barret-Jovner-Halenda

40

y = -0.244x + 40.55 
R" = 0.999 
p = 0.019

-0.412X + 58.53 
R̂  = 0.941 
p = 0.001

•o 10

a.
100 110 100 11070

Figure 7.4 Average pore diameter as a function o f specific surface area (SSA) of spray dried (a) 

sCT:raffinose composite systems and (b) sCT:trehalose composite systems.
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Figure 7.5 Effect of specific surface area (SSA) on pow ders true density.
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Table 7.2 Particle size, specific surface area (SSA), true density (true den.), bulk density (bp), tap density (tp), and calculated aerodynannic diameter (daer) of 

sCT: sugar composite systems.

sCT:R SCT:R:HPPCD

5:57:38

sCT:R:HPpCD

5:38:57

sCT:T sa:T :R sa:T:HPpCD

5:67:28

SCT:T:HPPCD

5:57:38

SCT:T:HPPCD

5:38:57

SCT:T:HPPCD

5:28:67

PS (nm)

diQ 1.0±0.00 1.0±0.01 1.0±0.05 1.0+0.01 0.88±0.01 0.9±0.02 0.910.00 0.910.00 0.910.00

djo 1.8±0.05 1.7±0.01 1.9±0.04 1.8±0.01 1.6±0.00 1.5±0.02 1.610.00 1.610.00 1.6+0.00

Q
.

o 3.410.04 3.0±0.00 3.4+0.12 3.3±0.05 2.75±0.01 2.7±0.00 2.710.00 2.710.00 2.710.01

<1(11X1 (%) 12.2±0.18 12.0±0.36 9.8±1.76 11.7±0.35 16.45+0.28 17.8±1.39 16.1110.21 15.910.16 16.410.04

SSA (mVg) 55.34±0.15 99.45±0.74 102.84±0.06 58.47±0.04 51.33±3.22 91.37+1.17 104.1+1.85 103.5311.88 98.8719.48

True den. (g/cm^) 1.54±0.00 1.49±0.00 1.48±0.00 1.58±0.00 1.59±0.00 1.50+0.00 1.4810.02 1.4510.00 1.3410.01

bp(g/cm^) 0.22±0.00 0.19±0.01 0.20±0.00 0.17+0.00 0.20±0.01 0.20±0.01 0.1810.01 0.1610.01 0.2310.00

tp (g/cm^) 0.37±0.01 0.34±0.01 0.33±0.01 0.29±0.00 0.36±0.02 0.3410.01 0.3310.02 0.2910.01 0.3910.01

daer(Hm) 2.2±0.02 1.4±0.00 1.6±0.00 2.2±0.01 2.0±0.00 1.910.00 1.9+0.01 1.9+0.00 1.810.01
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7.3.2 Thermal analysis

The DSC profiles of spray dried samples are presented in Figures 7.6 and 7.7. Calcitoniniraffinose 

composite systems profiles was characterised by a broad endotherm attributed to  residual solvent 

loss, followed by a glass transition step. No other thermal events were recorded. Similar profiles 

were found for sCT:trehalose composite systems w ith the exception of sCT:T system. The latter also 

presented an exothermic event due to crystallisation of trehalose followed by its melting 

endotherm. Samples containing cyclodextrin presented higher glass transition temperatures that 

increased with increasing ratio of HPpCD, as previously seen for the unloaded systems (Table 7.3).

A residual solvent content (RSC) of 2.7-3.5 % and 3.4-5.0 % was determined by TGA for sCTrraffinose 

and sCT:trehalose composite systems over the temperature range 25-130 °C from TGA (Table 7.4). 

ANOVA analysis revealed no significant difference between raffinose samples (p=0.543) or between 

trehalose samples (p=0.07). GC-FID was used to quantify methanol and butyl acetate, assuming the 

difference between calculated values from the two techniques would correspond to moisture 

{TGA — GC = water content). Table 7.4 presents the values determined. RSC is constituted mainly 

by butyl acetate and water. The water content could be explained by the amorphous sugars strong 

tendency to sorb moisture (Hancock and Shamblin, 1998). The presence of BA could be due to  

insufficient drying during processing or solvent entrapment in the particles' matrix or by adsorption 

or capillary condensation in the pores (Gregg and Sing, 1982).

50 100 125

Tem perature (°C)

150 200175

Figure 7.6 DSC scans o f spray-dried (a) sCT:Raffinose composite system, (b) sCT:Rafflnose:HPpCD 5:57:38 and 

(c) sCT:Raffinose:HPpCD 5:38:57
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*exo

25 50 100 125 150 175 200 225 250 275 30075
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Figure 7.7 DSC scans of spray-dried (a) sCT:Trehalose composite system, (b) sCT:trehalose:raffinose 5:57:38, 

(c) sCT:trehalose:HPpCD 5:67:28, (d) sCT:trehalose:HPpCD 5:57:38, (e) sCT:trehalose:HPpCD 5:38:57 and (f) 

sCT:trehalose:HPpCD 5:28:67.

Table 7.3 Glass transition temperature (Tg), recrystallisation temperature and enthalpy (T^ AHd and melting 

temperature and enthalpy (T^, AHm) of spray-dried sCT:Raffinose and sCT:Trehalose composite systems.

Tg (°C) Tc (°C) AHe (J/g) Tn,(°C) AH^ (J/g)

sCT:R 114.7i0.77 - - - -

sCT:R:HPpCD 5:57:38 144.5+0.44 - - - -

sa:R:HPpCD 5:38:57 159.210.43 - - - -

sCT:T 120.311.43 162.710.10 88.910.21 209.410.14 137.611.52

sCT:T:R 118.411.33 - - - -

sa:T:HPpCD 5:67:28 139.711.49 - - - -

sa:T:HPpCD 5:57:38 142.510.15 - - - -

SCT:T:HPPCD 5:38:57 153.0+0.40 - - - -

SCT:T:HPPCD 5:28:67 182.712.76 - - - -
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Table 7 .4  Residual solvent content (RSC) by TGA and GC-FID fo r spray-dried sCT:Raffinose and sCTiTrehalose composite 

systems. M eOH-m ethanol, BA-butyl acetate, N D -n o t  detected.

RSC by TGA 
(% w /w )

RSC by GC-FID 
(% w /w )

Extrapolated 
W ater content (%)

MeOH BA

sCT:R 2.7+0.45 ND 0.48±0.03 2.22

sCT;R:HPpCD 5:57:38 3.3±0.33 0.09±0.00 l.SOiO.Ol 1.71

SCT:R:HPPCD 5:38:57 3.5±0.6 0.16±0.02 1.72±0.05 1.62

sCT:T 3.4±0.6 0.52+0.00 0.58+0.08 2.3

sCT:T:R 3.3±0.14 0.45±0.00 0.97±0.01 1.88

SCT:T:HPPCD 5:67:28 3.6±0.S 0.73±0.01 1.93±0.01 0.94

sCT:T:HPPCD 5:57:38 5.0±0.4 0.80+0.02 1.55±0.01 2.65

sCT:T:HPpCD 5:38:57 4.2±0.9 0.99±0.01 1.82±0.06 1.39

SCT:T:HPPCD 5:28:67 4.9+0.1 0.88±0.01 1.53±0.04 2.49

7.3.3 Effect of spray drying on sCT stability as determined by FTIR and CD analysis

Freshly spray dried powders were reconstituted into aqueous solutions and analysed by HPLC to 

determine the peptide loading in the powders. The peptide content in powders is summarised in 

Table 7.5. Loss of peptide after processing was evident. Variations between formulations are 

thought to  be due to the efficacy o f protection of the excipients used on sCT.

7.3.3.1 FTIR

According to Hulse et al. (2008), changes associated with perturbation in the secondary structure of 

the protein (the a-helix and the p-strand or |3-sheets) are reflected in shifting, broadening and 

reductions in intensity o f the amide I band (1660-1670 cm‘ )̂ and amide III (1220-1300 cm'^) bands. 

Native salmon calcitonin appears to comprise a single a-helix, as for its human counterpart, which 

translates into a prominent band in the amide I region of a FTIR spectrum (Chan et al., 2004; Yang et 

a!., 2006; Tewes et al., 2011). Therefore evaluation of the amide I region by FTIR was undertaken.
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FTIR spectra on the amide I region o f spray dried powders, when compared to the spectrum of sCT 

as supplied, showed a small band deviation to lower wavenumbers for sCT:R and for all trehalose 

composite systems (1657.5 cm'^ to  1655.6 cm'^) (Figure 7.8). French et al. (2004) also showed a 

deviation of the amide I region to  lower wavenumbers for spray dried recombinant human 

granulocyte colony stimulating factor:trehalose and recombinant concensus interferon-aitrehalose 

powders. Systems composed of cyclodextrin and raffinose presented deviations to higher 

wavenumbers: 1658.5 cm'^ fo r sCT:R:HPbCD 5:57:38 and 1659.4 cm'^ for sCT:R:HPbCD 5:38:57 

(Figure 7.8). The latter increase might be due to  a more compact solid-state structure of sCT, as 

reported by Yang et al. (2007) upon spray drying of the peptide on its own. The calculation of area 

overlap (Table 7.5), demonstrated a small reduction for raffinose composites (6%) that was 

increased upon addition of HP(3CD (8-29%), a greater reduction was seen for trehalose system (70% 

overlap). The addition of raffinose to sCT:T system increased by 9% the area overlap and, the 

mixture sCT:T:HP3CD resulted in a higher area overlap for most systems (74 to  80%) as the 

cyclodextrin proportion was increased, when compared to the sCT:T system.

The reduction in the overlap area reflects a reduction of the a-helix conformation, that is, changes in 

peptide conformation; such modifications might impair the peptide bioactivity.

sCT
-------sCTiR

SCT:R:HPPCD 5:57:38 
SCT:R:HPPCD 5:38:57

-------sCT --------sCT:T
sCT:T:R -------sCT:T:HPpCD 5:67:28

-------SCT:T:HPPCD 5:57:38 - sCT:T:HPpCD 5:38:57

1720 1700 1680 1660 1640 1620 1600 
Wavenumber (cm'^)

1720 1700 1680 1660 1640 1620 1600 
Wavenumber (cm'^l

Figure 7.8 FTIR spectra o f amide region I of sCT as supplied, (left) sCTiraffinose composite systems and, (right) 

sCTitrehalose composite systems
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Table 7.5 Salmon calcitonin loading in powders by HPLC and Amide I region band area overlap o f spray-dried 

sCTiRaffmose and sCT:Trehalose composite systems w ith native sCT.

sCT % (w /w ) Area overlap (%)

sCT:R 5.2±0.03 94

SCT:R;HPPCD 5:57:38 4.8±0.03 92

SCT:R:HPPCD 5:38:57 3.7±0.01 71

sCT:T 4.3±0.07 70

sCT:T:R 4.6±0.06 79

SCT:T:HPPCD 5:67:28 4.010.01 59

SCT:T:HPPCD 5:57:38 4.2+0.01 74

SCT:T:HPPCD 5:38:57 4.8±0.01 87

SCT:T:HPPCD 5:28:67 4.4±0.02 80

7.3 .3 .2C D

Evaluation of sCT secondary structure by CD was performed by Fatma Farag at University College 

Cork for sCT:R, sCT:T and sCT:T:R composite systems and on sCT in aqueous solution, methanol and 

the co-solvent system MeOH:BA, to investigate the solvents effect on peptide conformation. CD 

spectra of sCT in different solvents and samples reconstituted in water are show in Figure 7.9a and 

7.9b, 7.9c and 7.9d, respectively.

sCT in water displayed a random coil arrangement with minimum intensity at 200 nm while in 

methanol and methanol butyl acetate it showed an a-helix conformation. These results have been 

previously described by Arvinte and Drake (1993), who compared human (hCT) and salmon 

calcitonin secondary structure in aqueous and organic solutions, methanol being one o f the solvents 

studied. These authors found that methanol induced an a-helix component in both calcitonins and, 

in water, neither hCT nor sCT had significant detectable ordered structure (random coil).

For the spray dried powders reconstituted in water sCT, CD spectra indicated a random coil 

arrangement of sCT. In the case of the sample reconstituted from sCT:T and sCT:T:R a shift to higher 

wavelength was found; suggesting a possible modification in the peptide conformation.
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Figure 7.9 CD spectra of (a) sCT in d iffe rent solvents, (b) sCT:R, (c) sCT:T and (c) sCT;T:R reconstituted in w ater.

FTIR results show ed sCT in the com posite systems presented  an o rdered  secondary structure, th e  a -  

helix, and th a t treha lo se  had less p rotective p o w er th an  raffinose or its com posite systems, 

resulting in a possible m odification o f th e  pep tid e  co n form atio n . The random  coil d etec ted  in th e  

reconstitu ted  sam ples (w a te r as solvent) on CD contradicts th e  FTIR results. H o w ever, th e  dry  

p o w d er sam ples are  produced fro m  a M eO H :B A  co-so lvent system, w h e re  sCT secondary structure  

is stable , presenting  th e  a -h e lix  conform ation , w ith  add ition  o f sugars being known to  p ro tect th is  

co n form atio n  th ro u g h o u t processing according to  th e  recorded FTIR spectra. It is though, upon  

reconstitu tion  o f pow ders in w a te r, th a t th e  p ro tective  action o f th e  sugars is lost, due to  breaking  

o f th e  H -bonding b etw ee n  sugar and sCT, resulting in th e  d isordered co n form ation  as confirm ed by 

CD. According to  C arp en ter and C row e (1 9 8 8 ,1 9 8 9 ) th e  protective  action o f th e  sugar com pounds is 

due to  th e  fo rm a tio n  o f H-bonding b etw een  th e  excip ient and th e  b iom olecu le w hen  w a te r  is 

rem o ved, m a in ta in ing  th e  structural in tegrity  o f th e  p e p tid e /p ro te in . This th eo ry  is known as th e  

w a te r  rep lacem en t th eo ry . The reconstitu tion  o f pow ders in w a te r, introduces again this e le m en t to  

th e  p ep tide, resulting in th e  observed conform ation  change.
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The shift in the CD spectrum seen for sCT:T sample is probably due to loss of conformation already 

determ ined by infra-red spectroscopy studies.

7.3.4 Dynamic vapour sorption

Figure 7.10 and 7.11 represent the sorption and desorption isotherms for each composite system. 

The solid-state of samples after DVS analysis was evaluated by XRPD.

W e have demonstrated that raffinose when exposed to increasing relative humidities recrystallises 

at 70% RH, retaining w ater (~10 %) pertaining to  the hydrate crystal upon collapse of the amorphous 

form (Chapter 5, section 5.4.4). W hen peptide was loaded into raffinose particles the same 

sorption/desorption profile was recorded; therefore the critical RH was 70 % also. Recrystallisation 

of the amorphous sCT:R system was evident by XRPD (Figure 6.10a).

The co-spray dried system SCT:R:HPPCD 5:57:38, presented an inflection point at 70 % RH, after 

which w ater uptake continued (~19 %). The respective desorption isotherm showed an initial mass 

loss at higher RH followed by a constant mass loss until 10 % RH, ending with a greater mass loss, 

resulting in a hysteresis loop. Final moisture uptake was 3.5 %. The inflection point at 70 % could be 

due to a possible recrystallisation o f raffinose, but XRPD analysis showed a typical amorphous halo. 

As reported for the unloaded particles, recrystallisation may not occur due to insufficient availability 

of w ater molecules per raffinose molecule; only 1 mole of w ater per mole o f raffinose was present 

in the end of the analysis. Studies have reported the dehydration of crystalline raffinose 

pentahydrate to be a three steps process: 1*' loss of one w ater molecule, 2"'* and 3 “̂* loss of tw o  

w ater molecules and, the rehydration leads to the form ation of raffinose pentahydrate and raffinose 

trihydrate (Cheng and Lin, 2006; Chamarthy et al., 2010).

The sorption isotherm of sCT:R;HPpCD 5:38:57 presented an inflection point at RH 80 % with no 

mass loss and continuous w ater uptake (~26 %). The desorption isotherm showed complete w ater 

desorption. D ifferent hysteresis loops were seen: a loop between 70 and 90 % RH and a second loop 

between 0 and 70 % RH. The data was fit to the Young-Nelson model to better comprehend these 

events (Appendix 3). Results of fitting indicated that most w ater uptake was due to  bulk absorption 

and multilayer adsorption. The absorption events could be attributed to the raffinose fraction, since 

it has been demonstrated that the interaction of hydroxypropyl-p-cyclodextrin w ith w ater vapour 

results only in the form ation of adsorption multilayers (Chapter 5, section 5.4.4). XRPD revealed the  

system was still amorphous after DVS analysis (Figure 7.12b).
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Solid dispersions of sCT:R:HPpCD NPMPs present enhanced physical stability when compared to 

sCT:R NPMPs; the addition of peptide to  the sugar and sugar:polymer systems did not affect the 

water vapour sorption/desorption behaviour.

Water sorption/desorption isotherms of sCT:T composite system presented the same profile as was 

described in Chapter 5 for the trehalose NPMPs system (Figure 7.10); an inflection point was 

registered at 50% RH with no water uptake at higher relative humidities and no water loss 

throughout desorption w ith 10.6% water retention (2 moles of water per 1 mole of trehalose) at the 

end of the cycle. Amorphous trehalose collapsed into its crystalline stable form. XRPD analysis of 

sample after DVS showed the characteristic peaks o f trehalose dihydrate at 8.7° and 23.8° (Nagase 

H. et al., 2002; Pinto et al., 2006; Ohashi et al., 2007) (Figure 7.12b). The addition of 5 % (w/w) sCT 

to  T NPMPs system did not affect the water sorption behaviour.

Sorption and desorption isotherms for sCT:T:R and SCT:T:HPPCD composite systems are represented 

in Figure 7.11 The addition of 38 % (w/w) of raffinose and, 28 and 38 % (w/w) of HPpCD increased 

the critical relative humidity to 60 % RH w ith a water uptake of 12 to 14 %.

In the case of sCT:T:R, no water uptake was registered above 50 % RH; the desorption isotherm 

showed a constant water % until 10 % RH after which a drop was registered resulting in a final water 

content of 8.6 %. XRPD diffractograms (Figure 7.12) presented sharp peaks corresponding to 

crystalline trehalose (8.7° and 23.8°) and raffinose (10.75° and 21.1°).

For sCT:T:HPpCD samples there was a small mass loss of ~2 % at 70 % RH followed by water uptake. 

Desorption isotherms showed an initial mass loss at higher RH; from 60 % to 10 % a constant mass 

and, from 10 to 0 % RH a continuous mass loss. Final moisture uptake was ~3 %. The inflection point 

at 60 % RH was due to trehalose recrystallisation, evident by XRPD analysis (Figure 7.12b). The 

remaining water sorption and desorption was due to  the cyclodextrin-water interactions.

For spray dried sCT:T:HPpCD 5:28:67 and 5:38:57 moisture uptake was greatly enhanced compared 

to sCT:T, a 33.7 % mass gain could be achieved, similar to the moisture uptake o f spray dried 

unloaded (w ithout sCT) particles. Different hysteresis loops were seen: a loop between 70 and 90 % 

RH and a second loop between 0 and 70 % RH. The data was fitted to  the Young-Nelson model to 

better comprehend these events. Moisture uptake was mainly due to  mono and multilayer 

adsorption. A small extent of bulk absorption was registered for sCT:T:HppCD 5:38:57 (Appendix 3). 

The latter was attributed to  the trehalose fraction, since there was no evidence of this event w ith
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cyclodextrin alone and the main w ater uptake by trehalose is due to absorption. XRPD after DVS 

revealed small sharp peaks for the sCT:T:HPpCD 5:38:57 system, meaning that there was some 

recrystallisation of trehalose; sCT:T:HPpCD 5:28:67 presented an amorphous halo (Figure 7.12b).

Comparing the results to  the unloaded (w ithout sCT) particles, similar profiles were obtained; the  

addition of salmon calcitonin to the systems did not affect their interaction with w ater vapour.

—♦—sCT:R sorption —* —sCT:R desorption
A sCT:RHP3CD 5:57:38 sorption --K-  sCT:R:HPpCD 5:57:38 desorption

sCT:R:HPpCD 5:38:57 sorption SCT:R:HPPCD 5:38:57 desorption30

25

20

10

5

0
£u 0 10 20 30 40 50 60 70 80 90 100

% RH

Figure 7.10 W ater vapour sorption and desorption isotherms by, DVS, of spray-dried sCr:raffinose composite 

systems.

40

sCT:T sorption 

sCT:T:R sorption 

SCT:T:HPPCD 5:67:28 sorption 

SCT:T:HPPCD 5:57:38 sorption 

sCT:T:HP3CD 5:38:57 sorption 

SCT:T:HPPCD 5:28:67 sorption

—X—sCT:T desorption 
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- 4 - sCT:T:HP3CD 5:38:57 desorption 

SCT:T:HPPCD 5:28:67 desorption

/
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Figure 7.11 W ater vapour sorption and desorption isotherms, by DVS, of spray-dried sCT:trehalose composite 

systems.
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2 theta (degrees)
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Figure 7.12 XRPD of (A) sCTiraffinose composite systems and (B) sCT:trehalose com posite systems a fte r DVS 

analysis. Red loops indicate trehalose characteristic peaks.

7.3.5 In vitro deposition via next generation impactor analysis

Deposition profiles o f sCT;sugar composite systems are presented in figures 7.13 and 7.14. There is 

an evident im provem ent in powder deposition fo r the co-spray dried tw o  excipient systems when 

compared to  single excipient systems, as previously seen fo r the  unloaded particles: there was less 

deposition in the m outhpiece adaptor and induction port; h igher deposition on stages 4 to  6, which 

present lower cu t-o ff points (< 2 |im ). When raffinose or trehalose was co-spray dried w ith  HPPCD, 

% recovered em itted  dose, fine particle fraction < 3 and 5 nm increased by ~2 fo ld  (Table 7.5 and
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7.5). The M M AD  values calculated for these composite systems were simillar to the calculated 

aerodynamic diameters. Hence, possible aggregates are dispersed. This can be atributed to the high 

SSA (high porosity), since these particles present few er areas of contact, leading to lower cohesion 

and easier dispersion (Tabor, 1977).

Statistical analysis of % recovered em itted dose, FPF, M M A D  and GSD by ANOVA with Tukey analysis 

for SCT:R;HPPCD composite systems were significantly different (p<0.05) from  sCT:R and all 

composites w ere similar to one another.

ANOVA with Tukey analysis of sCT:trehalose composite systems also showed % recovered dose, FPF, 

M M AD and GSD to  be significantly different from  sCT:T (p<0.05). But sample sCT;T:HPpCD 5:67:28  

had a different FPF < 5 and 3 nm to the other calcitonin: trehalose:cyclodextrin composite systems.

sCT:T:R system presented a similar deposition profile to sCT:T. Statistically significant differences 

(p<0.05) were only found for the percent of recovered dose (higher) and calculated GSD (smaller). 

All other parameters w ere simillar.

I  30,00

35,00 ■  sCT:R (5:95) 

0sC T:R :H PpC D  (5:57:38) 
□  sCT:R:HPpCD (5:38:57)

o
“ ■25,0025,00

I  20,00>ou
0) 15,00

TJ
0)
.5 10,00
E
i  5,00

0,00
MA/IP Stage Stage Stage Stage Stage Stage Stage Filter

1 2 3 4 5 6 7

Figure 7 .13 In vitro  aerosol deposition profile by use o f a NGI of sCTiraffinose com posite systems as calculated  

% o f recovered em itted  dose vs. NGI stages. M A -  m outh adapter IP -  induction port.



CHAPTER 7: SPRAY DRYING OF SALMON CALCITONIN: SUGAR COMPOSITE SYSTEMS

Table 7.5 Recovered emitted dose, fine particle fraction (FPF), nnass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) of in vitro  aerosol deposition o f sCT:raffinose composite systems.

s a :R  SCT:R;HPPCD 5:57:38 sa:R:HPpCD 5:38:57

% recovered emitted dose 81.1±5.38 91.5+1.87 91.7+0.77

FPF < 5 nm 62.8±8.21 84.5+2.13 82.1±4.96

< 3 nm 50.5±6.84 81.7+2.19 74.4±3.99

MMAD 2.6±0.05 2.1±0.08 2.3±0.27

GSD 2.0±0.09 2.0±0.02 2.2±0.11

50 □  sCT:T 
SsCT:T:R
HSCT:T:HPPCD 5:67:28 
nnsCT:T:HP3CD 5:57:38 
SSCT:T:HPPCD 5:38:57 
HSCT:T:HPPCD 5:28:57

MA/IP Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Filter

Figure 7.14 In vitro aerosol deposition profile by use o f a NGI o f sCT:trehalose composite systems as calculated 

% of recovered emitted dose vs. NGI stages. M A -  mouth adapter IP -  induction port

Table 7.6 Recovered emitted dose, fine particle fraction (FPF), mass median aerodynamic diameter (MMAD) and geometric 

standard deviation (GSD) of in vitro aerosol deposition of sCT:raffinose composite systems.

sCT:T sa:T:R
SCT:T:HPPCD

5:67:28
SCT:T:HPPCD

5:57:38
SCT:T:HPPCD

5:38:57
sCT:T:HPpCD

5:28:67

% recovered 
emitted dose

48.5±9.04 63.218.29 84.611.61 87.511.88 88.511.72 85.314.02

FPF < 5 urn 
< 3 nm

45.5+7.72
35.610.99

45.514.40
35.615.62

76.3+1.89
69.511.54

80.714.01
76.816.91

80.5+2.22
75.212.52

86.8+3.83
83.814.99

MMAD 4.7±0.21 4.910.62 2.310.03 2.310.28 2.210.08 1.910.18

GSD 2.8±0.19 2.510.12 2.110.02 2.010.09 2.110.04 1.9410.04
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7.3.6 In vitro bioactivity analysis

The cAIVIP-secreting activities (bioactivity) of sCT and sCT:sugar composite systems w ere examined  

using an in vitro cAMP assay in T47D cells, which have been reported to possess many calcitonin 

receptors (Youn et al., 2008). Salmon calcitonin binds to the CT receptor, which belongs to  a 

subfamily of GTP-binding (G)-protein-coupled receptors, activating G-proteins that in turn induce 

the activation of adenylyl cyclase and phospholipase C to generate the intracellular second 

messenger molecules, cyclic adenosine 3P,5P-monophosphate (cAMP) (Katayama et al., 2001). 

Studies by M oe and Keiser (1984), Epand and Epand (1986) and Andreotti et al. (2006), proved the  

importance of maintaining the secondary structure of sCT, that is, the a-helix, in order to  have a 

fully cAMP-secreting activity (biological activity).

The retained percentage biological activity o f all samples after spray drying is shown in figure 7.15  

and 7.16. The results show that all sCT:Raffinose composite systems retained 100% activity when  

compared to unprocessed sCT with no statistically significant difference between samples (p=0.771). 

On the other hand, no spray dried sCT:trehalose composite system retained 100% activity. Due to  

the great variability in data, no statistically significant differences w ere found between samples 

(p=0.212).The ability of trehalose to stabilise and protect proteins throughout processing via spray 

drying has been show by Adler and Lee (1998), Hulse et al. (2008), Yoshii et al. (2008) and Ni Ogain 

et al. (2011); in all studies, trehalose had a protective action, where the protein was able to  retain 

60 to 100% of its activity. Ni Ogain et al. (2011) also showed the protective effects of raffinose on 

lysozyme activity, reporting a retained activity of ~94 %.

As previously seen by FTIR and CD, the secondary structure of sCT is protected when spray dried in 

the presence of raffinose or the co-excipient mixture of raffinose and HPPCD; in the  case of 

trehalose the a-helix was not protected as much throughout processing, but the addition of the  

cyclodextrin improved the sCT stability. Studies by Sigurjonsdottir et al. (1999) on the stability of sCT 

aqueous solutions showed a reduction in aggregation in the presence of HPpCD by form ation of 

inclusion complexes, w ith the polypeptide aromatic residues protecting the susceptible groups from  

chemical or enzymatic modification. It is believed the described properties of HPpCD might be the  

reason for enhancem ent of sCT protection when this excipient is mixed with trehalose, since the  

sCT:HPpCD composite system presented good retention of bioactivity.
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Based on the collected data and nnentioned studies, the variation in the bioactivity o f sCT:sugar 

connposite systems is dependent on the protection effectiveness of the excipients used in each 

formulation.

sCT:R:HP(3CDsCT:R:HP3CD sCT:HPpCD 
5:57:38 5:38:57

Figure 7.15 Retained salmon calcitonin activity (±SD) for all raffinose com posite systems.
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sCT sCT:T

5:57:38 5:38:57 5:28:67

Figure 7 .16  Retained salmon calcitonin activity (±SD) for all trehalose com posite systems.

7.3.7 Residual solvent levels in salmon calcitonin-loaded spray dried powders

The European Pharmacopeia classifies methanol as a class 2 and butyl acetate as a class 3 residual 

solvent (organic volatile chemical that is used in the preparation of medicinal products and that 

have no therapeutic benefit (European Pharmacopoeia 7*  ̂ Edition, 2012a and European 

Pharmacopoeia 7th Edition, 2012b). The permitted daily exposure (PDE) and equivalent 

concentration lim it is 30.0 mg/day and 3000 ppm for methanol and, 50.0 mg/day and 5000 ppm for
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butyl acetate (European Pharmacopoeia 7*  ̂ Edition, 2012b). Clark et al. (2008) reported a pulmonary  

absolute bioavailability ranging from  11 to 18% for sCT and Patton (2000) reported a value of 17%. 

Salmon calcitonin is commonly used in the treatm ent of postmenopausal osteoporosis in a dose of 

200 units daily intranasally by nasal spray, or in a dose of 100 units daily or every other day by 

subcutaneous or intramuscular injection; it is also used for the prevention of acute bone loss due to  

sudden immobilisation, such as in patients with recent osteoporotic fractures. The recom m ended  

dose is 100 units daily (or 50 units tw ice daily) by subcutaneous or intramuscular injection, for 2 to  4 

weeks (M artindale, 2011).

To verify the levels o f residual solvent In our powders would be w ithin the limits o f exposure 

imposed by the European Pharmacopoeia, the following assumptions w ere taken: a maximum sCT 

pulmonary absolute bioavailability value o f 18% and sCT dose of 100 lU daily. The sCT used in this 

study had a potency of 5128.1 lU per mg of powder; sCT content in spray-dried powders was 

determ ined by HPLC (Table 7.5); m ethanol and butyl acetate content w ere determ ined by GC-FID. 

Calculated values are presented in Table 7.7. For a salmon calcitonin daily dose of 100 lU, the  

sCT:sugar composite systems powders present methanol and butyl acetate concentrations below  

the limits stated in the European Pharmacopoeia when assuming a sCT absolute pulmonary 

bioavailability of 18%.

Table 7.7 Concentration (conc) of residual solvents (RS), methanol (MeOH) and butyl acetate (BA), in a salmon 

calcitonin (sCT) dose of 100 ID.

sCT (mg/mg sCT (lU/mg Powder for sCT 
dose of 100 lU 

(mg)

Conc of RS In powder for sCT dose 
of ICO lU (ppm)

powder) powder)
MeOH BA

sCT:R 5.2 X 10-5 0.267 2083 - 10
sa:R;HPpCD

5:57:38
4.8 X 10-5 0.246 2257 2 31

sCT:R:HPpCD
5:38:57

3.7 X  10-5 0.190 2928 5 50

sCT:T 4.3 X  10-5 0.221 2519 13 15
sa:T:R 4.6 X  10-5 0.236 2355 11 20

sCT:T:HPpCD
5:67:28

4.0 X 10-5 0.205 2708 20 52

sCT:T:HPpCD
5:57:38

4.2 X  10-5 0.215 2579 21 40

SCT:T:HPPCD
5:38:57

4.8 X 10-5 0.246 2257 22 41

SCT:T:HPPCD
5:28:67

4.4 X 10-5 0.226 2462 22 38
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7.4 STORAGE STABILITY

Different studies have reported a rapid water absorption and recrystallisation o f amorphous 

raffinose and trehalose powders when exposed to 60 and 75 % relative humidity (RH) for 24 hours 

(Hogan and Buckton, 2001; Charmathy et al., 2010; Shebor et al., 2010; Nf Ogain et al., 2010). 

Therefore, the conditions 25 °C/< 5 % RH and 4 °C/< 5 % RH were selected for a 24 week storage 

stability study.

Particle morphology of all composite systems stored under 25 °C/< 5 % RH and sCT:Raffinose 

composite systems stored under 4 °C/< 5 % RH, was not affected, as can be seen by comparison of 

SE micrographs taken at week 24 (Appendix 3), w ith those o f the freshly spray-dried powders 

(Appendix 3). Particle morphology of sCTrTrehalose composite systems changed after 24 weeks 

storage under 4 °C/ < 5 % RH with the exception of systems sCT;T:HPpCD 5:38:57 and 5:28:67 that 

maintained their initial morphology (Appendix 3). For other sCT:Trehalose systems, particles lost 

their characteristic porosity, presenting smooth, smooth with cracks, or rough surfaces (Appendix 

3). According to the MSC system, particles changed from type IBIIIa to type lA ly  (Paluch et a!., 

2012).

All sCT:Raffinose and sCT:T:HPpCD composite systems remained XRD-amorphous during the 24- 

week stability study (Appendix 3). However, the sCT:T composite system presented peaks of small 

intensity at 17.5°, 20.7°, 22.7° and 25.4°, implying the start of trehalose recrystallisation. DSC of 

sCT:Raffinose composite systems showed no changes, indicating no crystallisation, under the 

storage conditions studied for 24 weeks (Appendix 3). Composite systems of sCT:T:HPpCD 5:67:28, 

5:38:57 and 5:28:67 stored under 4 °C/ 5% RH for 24 weeks displayed some small changes in the 

DSC (Appendix 3). Depression of the glass transition temperature was registered after 4 weeks for 

sCT:T:HPpCD 5:67:28 (Tg ~125 °C) and 5:28:67 (Tg ~170°C) and, after 16 weeks for sCT:T:HPpCD 

5:38:57 (Tg~140 °C). Under the same storage conditions, no differences in the DSC scans were found 

for the remaining calcitonin:trehalose composite systems. DSC scans of samples stored at 25 °C/< 

5%RH only showed differences for the composite system sCT:T:HPpCD 5:28:67, w ith a reduction of 

the glass transition temperature after 4 weeks (Tg ~167 °C). sCT:T crystallisation and melting onset 

occurred at the same temperature in all DSC scans collected and the enthalpy o f recrystallisation 

and fusion were unchanged (Tc ~158 °C, AHc ~89 J/g; Tm ~209 °C, AHm~130 J/g) independently of the 

storage conditions.
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Residual solvent co n ten t/m o is tu re  co n ten t, calculated fro m  TGA, varied over th e  24 w eeks o f study, 

w ith  increases fo r sCT:R, sCT:T and sCT:T:R in both storage conditions, (Appendix 3). Previously, by 

DVS analysis, it w as seen th a t all sannples presented  a ten d en cy to  adsorb and absorb w a te r; a t a 5 % 

RH, raffinose connposite systenns can uptake w a te r  up to  2 % o f its mass; fo r treha lose com posite  

system s w a te r uptake ranged b e tw ee n  2 and 5 %. Hence, th e  variation  seen by TGA during th e  24  

w eeks o f study w as possibly due to  th e  adsorption a n d /o r  absorption o f m oisture released fro m  th e  

h um id ity  capsule th a t kept th e  storage cham bers a t 5 % RH.

FTIR spectra o f th e  am id e region I o f each sam ple was collected a t w eek  4, 12 and 24. Shifts in th e  

am id e I band position, th ro u g h o u t storage, w ere  ev ident fo r all sam ples w ith  the exception o f th e  

sCT:R system (A ppendix); com posite systems o f sCT:R:HPpCD shifted fro m  1658 cm'^ to  ~ 165 6  c m '\  

sCT:Trehalose systems fro m  1655 cm'^ to  ~ 1 6 5 8  cm \  Table 6 .8  presents th e  calculated area overlap. 

A decrease in the area overlap  was seen fo r all sCT com posite systems; m obility  o f m olecules is 

th o u g h t to  have increased w ith  changes in sCT co n form atio n .

Biological activ ity assay showed good re ten tio n  o f cA M P-secreting activ ity on storage a t 4  and 25  

°C /< 5% RH fo r 24  w eeks fo r all sCTiRaffinose com posite systems (Appendix 3), w ith  no statistically  

significant change com pared  to  fresh ly spray-dried  m ateria l. Bioactivity o f sCT:Trehalose com posite  

system s at th e  storage conditions studied, was reduced a fte r 24  w eeks (Appendix 3). The reduction  

o f specific activ ity  was only statistically significant fo r sCT:T, SCT:T:R and sCT:T:HPpCD 5 :28 :57  

systems. The g rea t variab ility  in th e  rem ain ing samples prevented  a d e te rm in a tio n  o f w h e th e r th e  

reduction was significant o r not w h en  com pared  to  freshly spray-dried m ateria l. FTIR data indicated  

salm on calcitonin co n form ation  suffered m odifications, w ith  th e  biological activ ity o f sCT:Trehalose  

com posite systems being com prom ised  a fte r 24-w eeks study. Studies by Epand and Epand (19 86 ) 

and A n d reo tti e t  al. (2006 ) have in ferred  th a t structural p ara m e ter o f sCT a-h e lix , such as its 

flex ib ility  and length, can affect its receptor b inding affin ity , reducing or enlarging sCT biological 

activ ity.
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Table 7.8 Salmon calcitonin (sCT) loading in powders by HPLC and Amide I region band area overlap with native sCT of spray-dried sCT:raffinose and 

sCT:trehalose composite systems after storage at 25°C/< 5% RH and 4°C/< 5% RH .

Freshly
Storage at 4°C / 5% RH Storage at 25°C/ 5% RH

sCT loading after 24 weeks 
storage at 4 °C/< 5 % RH (%, 

w /w )

sCT loading after 24 weeks 
storage at 25 °C/< 5 % RH (%, 

w /w )
Spray-dried Week

4
Week

12
Week

24
Week

4
Week

12
Week

24

sCT:R 94 84 74 76 84 85 54 4.4±0.17 3.010.00

sCT:R:HPpCD
5:57:38

92 71 71 55 84 56 45 3.0±0.03 2.401.03

sCT:R:HPpCD
5:38:57

71 54 53 50 54 52 51 2.8±0.01 2.810.003

s a :T 70 72 74 61 79 59 50 3.2±0.01 2.710.01

sa :T :R 79 75 72 71 85 72 58 3.710.005 3.210.01

SCT:T:HPPCD
5:67:28

69 69 65 66 73 67 54 3.6±0.03 2.910.01

sCT:T:HPpCD
5:57:38

74 68 68 66 73 70 67 3.610.02 3.610.01

sa:T:HPpCD
5:38:57

87 74 74 56 74 76 57 3.010.09 3.010.08

sa:T:HPpCD
5:28:67

80 69 58 37 79 76 51 2.010.011 2.710.01
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7.5 PHARMACOKINETIC STUDIES

A n o n -c o m p a rtm e n ta l m o d e l (m o m e n t analysis) w as fitte d  to  th e  d a ta  acquired  by 

a d m in is tra tio n  o f sCT so lu tio n , sCT:Raffinose, sCT:Trehalose and SCT:Raffinose:HPpCD 5 :5 7 :3 8  

co m posite  system s. The in trave n o u s  sCT plasm a co n cen tra tio n  versus t im e  curve show ed an  

in itia l phase o f m o re  a c ce n tu a te d  d ecay usually a ttr ib u te d  to  drug d is trib u tio n , fo llo w e d  by a 

second phase th a t is co n tro lled  by drug e lim in a tio n , th a t is, a tw o -e x p o n e n tia l decline curve  

(F igure 7 .1 9 ). The sCT m e an  residence t im e  (M R T ) w as found  to  be 0 .5 9 ± 0 .0 6 h , th e  te rm in a l 

h a lf-life  w as 0 .6 ± 0 .1 1  h and  th e  plasm a clearance w as 0 .5 3 ± 0 .1 1  l/h /k g  (0 .1 6 ± 0 .0 3  l/h ). In less 

th an  an hour, h a lf o f th e  a d m in is te re d  drug  w as e lim in a te d .

Plasm a co n cen tra tio n  versus t im e  curves fo r  sCT so lution  and sCT:sugar co m p o site  system s a fte r  

p u lm o n ary  a d m in is tra tio n  are  show n in Figures 7 .3 7  and 7 .3 8 . C a lculated  p harm aco kin etic  

p a ra m e te rs  are  p resen ted  in T ab le  7 .9 .

sCT ad m in is te red  as a so lu tion  and  as d ry  p o w d e r w as rap id ly  absorbed  via th e  p u lm o n ary  ro u te , 

and peak co n ce n tra tio n  w as reached  b e tw e e n  0 .0 7 -0 .2  h w ith  an observed  Cmax range o f 11 .0 -

4 2 .5  n g /l. The drug w as e lim in a te d  w ith  a te rm in a l h a lf-life  ranging fro m  0 .6  to  1.5 h. The  

ab so lu te  b io ava ilab iiity  w as ca lcu la ted  and fo un d  to  vary  b e tw e e n  10 .1  and 1 4 .9  %. Studies by 

Youn e t al. (2 0 0 8 ) on th e  p u lm o n a ry  a d m in is tra tio n  o f sCT and PEG-sCT also saw  a rapid  

ab so rp tion  o f th e  u n m o d ifie d  p ep tid e  w ith  t^ax a t 0 .2 5  h and a te rm in a l h a lf-life  o f 0 .5 8 ± 0 .1 3  h. 

The la tte r  va lu e  is w ith in  th e  range o f th e  t i /213 m ean  va lu e  found  in o u r studies fo r th e  

p u lm o n ary  sCT d e livery  as a so lu tion , i.e ., 1 .5 ± 0 .6 8  h. The tmax va lue  w as b e lo w  th a t in th e  

p rev iously re p o rte d  study and in w o rk  re p o rte d  by Patton  (2 0 0 0 ), w h e re  sCT d e livered  via th e  

lungs to  rats as a so lu tion  fo rm u la tio n  p resen ted  an ab so lu te  b io ava ilab ility  o f 17 % and, th e  

peak co n ce n tra tio n  w as ach ieved  a t 0 .2 5  h.

The b lood c ircu la tion  can a ffe c t th e  p eak c o n ce n tra tio n  tim e . Youn e t a l. (2 0 0 8 ) used  

an aesth etised  rats, w h e re a s  in th e  p res en t study rats w e re  in jec ted  w ith  an an ti-seru m  to  

n eu tra lise  anesthesia a fte r  drug  a d m in is tra tio n  to  resto re th e  blood c ircu la tio n  to  its regu lar  

rh y th m , resu lting  in a sm a lle r tmax th an  th e  o ne re p o rte d  by Youn e t al. (2 0 0 8 ).

The area  u n d er th e  curve fo r  sCT significan tly  increased (p = 0 .0 4 9 ) w h e n  ad m in is te red  as a dry  

p o w d e r in com parison  to  so lu tio n  fo rm u la tio n , w ith  th e  h ighest va lu e  p erta in in g  to  th e  

sCT:R:HPpCD fo rm u la tio n  (3 9 .5 ± 4 .2 9  jig .h /l) .  M e a n  residence tim e , m ean  ab so rp tion  tim e ,  

ab so rp tion  and e lim in a tio n  constants, p u lm o n a ry  c learance and, vo lum es o f d is trib u tio n  o f all 

sCT dry p o w d e r and so lu tion  fo rm u la tio n s  w e re  found  to  be s im ilar (Tab le 7 .9  and  A p p en d ix  3). 

Statistical analysis o f th is d a ta  revea led  no d iffe re n c e  b e tw e e n  th ese PK p ara m e te rs . T h e re fo re ,
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fu rther studies on a larger num ber o f animals should be conducted to increase the statistical 

robustness of the presented study.
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Figure 7.18 Mean plasma sCT vs tim e profiles in rats fo llow ing intravenous delivery.
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Figure 7.19 Mean plasma sCT vs tim e profiles in rats follow/ing intratracheal delivery.
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Table 7.9 Phamacokinetic parameters o f sCT in rats after intratracheal delivery (mean ± SD, n=5).

sCT solution iv sCT solution pulm sCT:R 5:95 sCT:R:HPbCD 5:57:38 sCT:T 5:95

Dose (tig/kg) 84±6.95 94±12.3 146121.3 12419.9 124116.9

AUCo” (Hg.h/I) 180.4±37.36 22.4±4.70 36.5113.80 39.514.29 27.813.32

Cm« (Hg/I) 15.8±5.06 33.8112.97 42.518.73 11.0+4.14

tm«(h) 0.0710.05 0.110.06 0.110.06 0.210.12

Cl (l/h /kg) 0.53±0.11

Clpulm (l/h /kg) 0.05±0.01 0.05+0.01 0.03+0.01 0.0510.01

MRT (h) 0.59±0.06 2.0±0.73 1.310.10 1.3+0.18 2.210.93

MAT (h) 1.210.97 0.510.37 0.610.45 1.210.93

ti/2p (h) 0.6±0.11 1.5±0.6B 0.8+0.07 0.910.06 0.610.48

Fabs (%) 11.313.01 11.513.48 14.912.01 10.111.37

Frel (%) 104+31.5 135118.24 74.9125.91

7.6  CONCLUSION

Salmon calcitoninisugar composite systems can be produced via the same process conditions as 

for raffinose and trehalose NPMPs.

Spray dried particles were porous and spherical, with the exception of composites containing a 

weight fraction >60% of HPPCD in their formulation, which were porous but not as spherical. It 

was possible to classify these particles within the MSC system (Paluch et al., 2012) as IB IIIa  and 

2Bllla, respectively. Powders were amorphous, as assessed by XRPD and DSC. Surface area and 

porosity analysis allowed a relationship between average pore diam eter and specific surface 

area to be established, with a decrease of average pore diameter with increasing SSA. The 

addition of peptide to the systems affected the powder density when compared to unloaded 

NPMPs. However, this property did not impact on the aerodynamic performance of powders 

since all sCT:sugar composite systems presented good deposition profiles by NGI assessment, 

with FPF < 5 [im ranging from 62.8-84.5% for sCT:Raffinose systems and 45.5-86.8% for 

sCT:Trehalose systems. M MAD ranges were 2.1-2.6 pim and 1.9-4.1 pm for sCT:Raffinose and 

SCT:Trehalose composite systems, respectively. The MMADs were similar to the calculated 

aerodynamic diameters. sCT:Raffinose composite systems presented better aerosol deposition 

than sCT:Trehalose composite systems.

Salmon calcitonin composite system powders presented the same behaviour as their unloaded 

counterparts when exposed to different relative humidities, as demonstrated by DVS analysis.
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FTIR and CD analysis showed the stability o f sCT throughout processing. It was found that 

raffinose and raffinosexyclodextrin  systems have better protective action over the peptide  

conform ation than trehalose and its composite systems. The protective action o f the sugars was 

also tested by sCT bioactivity m easurem ents, w here sCT retained full cAMP-secreting activity  

w hen spray dried w ith raffinose or raffinosexyclodextrin and, a reduction o f activity was seen 

fo r trehalose and respective composite systems.

All spray dried powders presented a concentration of m ethanol and butyl acetate below the  

European Pharm acopoeia limits fo r a daily dose, being safe, in term s o f solvent toxicity, for 

adm inistration into humans.

Storage stability studies dem onstrated that sCT:R and sCT:R:HPpCD systems retained their  

m icrom eritic characteristics as well as sCT biological activity over 24 weeks w hen stored at 4°C /<  

5 %RH or 25°C /< 5 % RH. On the other hand, sCT:trehalose composite systems suffered changes 

in m orphology w hen stored at 4°C /< 5 %RH, with reduction of sCT bioactivity. How ever, if stored 

at 25°C /<  5 %RH, the m icrom eritic properties and sCT cAMP-secreting activity o f sCT:T:R and 

sCT:T:HP3CD systems was preserved. Due to  recrystallisation of sCT:T the  storage stability of 

these systems, in e ither conditions, is compromised, w ith great reduction o f sCT bioactivity.

Prelim inary pharm acokinetic studies denoted that sCT dry pow der form ulations had a similar 

pharm acokinetic profile to  sCT solution. The advantage resides in the use o f less excipients to  

stabilise the peptide in the  dry pow der form ulation versus the solution form ulation; additionally  

DPI are breath actuated contrary to  the nebulizers (pulm onary adm inistration of solutions) that 

require the generation o f vapour by a machine.

In conclusion, salmon calcitoninisugar composite systems presented favourable aerodynam ic  

and m icrom eritic characteristics, good physical stability and storage stability fo r sCT delivery to  

the systemic circulation using the lungs as a port o f entry; raffinose systems appears to have 

better protective action and m icrom eritic properties than trehalose systems.
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8.1 GENERAL DISCUSSION

This thesis focused on the development of porous microparticulate systems designed for the 

pulmonary delivery of a therapeutic peptide -  salmon calcitonin. The non-reducing sugars 

trehalose dihydrate and raffinose pentahydrate were selected as stabilising excipients for the 

NPMPs. Previous studies by Ni Ogain (2008) centred on the production of raffinose (R) and 

trehalose (T) nanoporous microparticles (NPMPs) for inhalation, evaluating different ratios of 

methanohn-butyl acetate (MeOH:BA) solvent system and concluding that NPMPs spray dried 

from 80:20 (v/v) MeOH:BA displayed favourable micromeritic characteristics, suggesting 

potential suitability for pulmonary delivery. In addition, Ni Ogain (2008) highlighted problems 

w/ith the spray drying process such as low yields and powder deposits on cyclone walls. 

Therefore, before producing peptide-loaded sugar NPMPs, the research in this thesis 

concentrated primarily on fully understanding the spray drying process for the production and 

optimisation of raffinose and trehalose NPMPs.

8.1.1 Production and spray drying of sugar NPMPs

Chapter 3 and 4 discussed the optimisation of the spray drying process for the production of 

sugar NPMPs, a one-factor-at-a-time (OFAT) (Chapter 3) and a statistical design of experiment 

(DOE) approach (Chapter 4) were the methods selected. The effect of the spray drying 

parameters inlet temperature(Tiniet) , feed rate (pump) and feed solution concentration on the 

powder yield, particle size (dso), residual solvent content (RSC), and process outlet temperature 

( T o u t i e t )  for raffinose and trehalose NPMPs were investigated. The DOE also evaluated the effect 

of the gas flow on powder characteristics and the additional outcome, specific surface area 

(SSA).

Maury et al. (2005) published an OFAT study to improve the yield on spray drying aqueous 

solutions of trehalose dihydrate using a laboratory-scale spray drier (Buchi Model 191). This 

study showed that the powder yield increased with higher process temperatures, with a 

maximum being reached at Tiniet = 100 °C, after which it decreased sharply. The decrease 

observed was thought to be caused by heating of the cyclone wall above the so-called 'sticky 

point' of trehalose, resulting in increased particle deposits on the walls of the tower and cyclone. 

Increasing liquid feed flow rate or decreasing atomizing air flow rate was found to be 

detrimental to powder yield; it was determined that the drying air flow rate should be as high as 

possible to ensure sufficient heat transfer to dry the trehalose adequately to give a high powder 

yield.
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M oran and Buckton (2007) studied the im pact o f concentration of aqueous trehalose dihydrate  

on spray dried particle size and pow der recrystallisation. Amorphous spheres w ere produced. 

Those from  the highest feed concentration w ere found to have the largest particle size (due to  

m ore rapid onset o f drying), whereas the lowest feed concentration resulted in the smallest 

particles. The high feed concentration resulted in m aterial that reproducibly and readily  

crystallised w hen exposed to w a te r vapour. The most dilute feed concentration resulted in 

samples that exhibited great variability betw een batches, often requiring a larger mass of w ater  

to be sorbed before the crystallisation would begin than was needed for samples from  higher 

feed concentrations. A com prom ise was found w ith the m aterial resulting from  interm ediate  

feed concentration, which showed less variability than seen for low feed m aterials and greater 

dissipation o f desorbed w a te r than for high feed m aterial. M oran and Buckton (2007) concluded 

that the properties o f am orphous trehalose are altered as a consequence o f processing and care 

must be taken to optim ise this w hen attem pting  to stabilise m acrom olecular drugs.

All spray dried raffinose and trehalose NPMPs powders (chapter 3 and 4) w ere am orphous by 

XRPD analysis and constituted by spherical and porous particles type IB IIIa  according to the  new  

MCS developed by Paluch et al. (2012). The am orphous nature o f trehalose a fte r spray drying 

has been reported in a variety o f studies such those presented by M aury et al. (2005), M oran  

and Buckton (2007), Ni' Ogafn et al. (2010), among others. On the other hand, the am orphous  

nature o f raffinose has been well studied (Kajiwara et al., 1999; Davidson and Sun, 2001; Hogan 

and Buckton, 2001; Buera et a!., 2005; Charm athy et al., 2010), however, studies o f spray dried 

powders solely constituted by raffinose have only been reported by Nf Ogain et al. (2010), with  

produced powders being am orphous as well those presented in this thesis. In addition, the  

studies in Chapter 3 and 4 studied thoroughly the effect o f the process variables on raffinose 

powders, which has not been published to date.

In chapter 3, sim ilar to  w hat was reported by M aury et al. (2005), pow der yield o f both sugar 

NPMPs was seen to increase w ith increasing in let tem perature  until a setting o f 120 °C, after 

which a reduction was seen. How ever, contrary to M aury et al. (2005), increasing pump setting 

led to higher yields but this was not statistically significant. The particle size o f sugar NPMPs was 

significantly affected by feed concentration, as was found in the studies by M oran and Buckton 

(2007). Residual solvent content and outlet tem peratu re  w ere found to be affected by the  inlet 

tem peratu re  and pum p setting. In Chapter 4, it was seen th a t raffinose and trehalose yields w ere  

mainly affected by the gas flow  (a param eter which was not studied in Chapter 3) and by the  

pump and feed concentration, w ith  trehalose NPMPs yield also being affected by the  inlet

226



CHAPTER 8. GENERAL DISCUSSION

tem peratu re . Particle size o f raffinose NPMPs was affected by the gas flow  and feed  

concentration and trehalose NPMPs by the gas flow , pump and feed concentration. The inlet 

tem peratu re  and pum p setting affected residual solvent content and outle t tem peratu re  of 

trehalose NPMPs. Raffinose NPMPs residual solvent content was affected only by the inlet 

tem peratu re  and the process outle t tem peratu re  by the inlet tem peratu re , gas flow  and pump  

setting. Additionally, the effect o f interactions betw een spray drying param eters was identified  

fo r both sugar NPMPs.

For most outcom es the effects o f d ifferen t param eters w ere identical by both methodologies  

used. However, the DOE m ethod appears to be m ore robust, since it was possible to identify  

m ore statistically significant effects. For exam ple, in both m ethodologies a trend of increasing 

yield w ith increasing pum p setting was identified, but it was only determ ined to be significant 

w hen applying the DOE m ethod. The DOE also allowed differences in raffinose and trehalose  

NPMPs processing to be determ ined. In Tables 4 .4  and 4 .5  (Chapter 4), it is evident that each 

m aterial is affected d ifferen tly  by the spray dryer param eters. For exam ple, increasing feed  

concentration increased raffinose NPMP yields and decreased trehalose NPMP yields. Also the  

existence of m ore param eter interactions, w hen spray drying trehalose, suggests this process is 

m ore complex than spray drying raffinose.

The DOE m ethod gave a greater insight into the raffinose and trehalose NPMPs spray drying 

process than the OFAT m ethod. According to M ontgom ery (1997), an OFAT allows 

straightforward conclusions on the studied param eter effects; nevertheless, this type of 

experim ent is known to be unable to establish the existence of possible interactions betw een  

process param eters. The DOE m ethodology, in comparison to the OFAT m ethod, presents the  

advantage o f estim ation o f interactions betw een param eters. For exam ple, the residual solvent 

content o f both sugar powders was affected by interactions betw een tw o  and th ree variables. In 

the OFAT the process optim isation is based on selection o f the best result attained fo r each 

param eter. In contrast, the DOE allows the establishm ent of model equations that provide a tool 

to estim ate the effect o f a param eter w ith in  several levels o f the other param eters and makes 

process optim isation m ore efficient because the optim al solution is searched over the entire  

design space (M ontgom ery, 1997). Table 8.1 presents the optim ised conditions from  OFAT and 

DOE studies fo r the spray drying of raffinose and trehalose NPMPs.

The conditions predicted d iffer depending on the m ethod used, w ith  the exception o f the  

aspirator setting (kept constant in both studies), the predicted trehalose feed solution 

concentration and the predicted pump rate to be used for raffinose spray drying. The gas flow
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was determ ined by the DOE studies to be the param eter that im pacted most on pow der 

characteristics. This param eter was not evaluated in the OFAT, w here  it was kept constant, 

hence the difference. There was a 30 °C difference in predicted optim ised in let tem perature  

depending on the m ethodology applied; such a discrepancy will affect pow der residual solvent 

content, as it was defined by both studies to be a param eter w ith a strong im pact.

label 8.1 Optimised process conditions by one-factor-at-a-time (OFAT) and design of experiment (DOE) 
studies for raffinose and trehalose NPMPs spray drying.

Predicted setting for optimised samples

Parameter OFAT DOE

Raffinose Trehalose Raffinose Trehalose 

Aspirator (%) 100 100 100 100

Gas flow rate (mm) 40 (667 L/h) 40 (667 L/h) 50 (1020 L/h) 50 (1020 L/h)

Inlet temperature (°C) 120 120 150 150

Pump rate (%) 30 35 30 40

Feed solution concentration (%) 2 1 2.9 1

Ni Ogain (2008) spray dried raffinose NPMPs under the following conditions; Tmiet 100 °C, gas 

flow  rate 40  m m  (667 l/h ) and pum p rate 30 % (8.5 m l/m in). The to ta l solid concentration in the  

feed solution was 1 % for raffinose and 0.5 % .for trehalose.

Table 8.2 details the characteristics o f the spray dried powders obtained by spray drying 

raffinose and trehalose at the predicted optimised conditions described above. The data 

indicated an increase in the collected yield and specific surface area (for trehalose only) and a 

reduction in the geom etric m edian particle size and residual solvent content w ith  application of 

the OFAT and DOE m ethodologies com pared to the studies reported by Ni Ogain (2008). The 

spray drying gas flow  rate is the main param eter affecting the SSA (chapter 4). The DOE model 

equations predicted the use of a gas flow  of 50 mm (1052 l/h ), higher than the gas flow  used in 

the  preceding studies, resulting in the increase seen in the trehalose pow der SSA. The inlet 

tem peratu re  was increased from  100 to 120 °C (OFAT) and 150 °C (DOE), resulting in drier 

powders, hence the reduction in the  RSC, and less pow der sticking to  the cyclone walls, 

increasing the collected yields. Even though the feed solution concentration was increased, the  

m edian particle size was reduced com pared to the previous studies by Nf Ogain (2008). Particle 

size in spray drying is prim arily regulated by the air/liquid mass ratio (ALR). The ALR calculated 

fo r the studies undertaken by Nf Ogain (2008) was 0.9 and 1.0 for raffinose and trehalose NPMPs 

respectively. For the optim ised conditions as determ ined by the OFAT study, the ALR was 0 .6  for
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raffinose NPMPs and 0.7 for trehalose NPMPs. In the case of the DOE study optim ised conditions 

indicated an ALR of 1.2 and 1.0 fo r raffinose and trehalose NPMPs respectively. The in let 

tem peratu re  can also influence the particle size, since a higher in let tem peratu re  leads to more  

effic ient droplet drying resulting in drier particles with reduced tendency to adhesion (Vehring, 

2007; Nandiyanto and Okuyam a, 2011).

Based on the calculated ALR, the geom etric m ean particle size o f the sugar NPMPs spray dried  

under the conditions defined by the OFAT m ethod should be higher than the results obtained by 

Ni Ogain (2008), since ALR was sm aller and the concentration of the feed solutions was higher. 

Trehalose NPMPs presented similar particle size and RSC, but raffinose NPMPs presented a 

sm aller dso (Table 8.2). It is believed that, w hen spray drying at 100 °C (N i Ogain, 2008) particles 

are not efficiently dried, as the raffinose pow der RSC was ~4 %. This may result in particle  

adhesion producing agglom erates that are not broken during particle size analysis by laser 

diffraction; while in the OFAT and DOE the in let tem peratu re  was higher, resulting in a pow der 

w ith  low RSC and no agglomerates. Calculated ALR for optimised conditions via DOE was higher 

for raffinose. In the case o f trehalose NPMPs, calculated ALR for optimised contidions was higher 

when compared to OFAT, but equal to  the value reported by Ni' Ogain (2008). Particle size was 

reduced by ~1 ^m and pow der residual solvent was < 3 % compared to preceding studies. In this 

case the higher air liquid mass ratio led to the form ation of droplets o f sm aller size, that a fte r a 

m ore efficient drying (low er RSC) resulted in particles w ith a m ean geom etric d iam eter < 2 (im , 

presenting a preferable d iam eter for particles that are intended to be delivered into the deep  

lung ((airways w ith a d iam eter o f 1-3 |im ) (Hickey, 2006)).

Tab le 8 .2  Collected data from  raffinose and treha lose  NPMPs spray drying by Ni 6g a in  (2 0 0 8 ), fo llow ing  

o n e -fa c to r-a t-a -tim e  (OFAT) o ptim ised  conditions and, fo llow ing  th e  factoria l experim enta l design (DOE) 

optim ised  conditions . dso ~  g eo m etric  m ed ian  partic le  size, RSC -re s id u a l solvent con ten t, SSA -  specific  

surface area.

N i Ogain (2008) OFAT DOE

Raffinose Trehalose Raffinose Trehalose Raffinose Trehalose

Yield (%) 2 .5 -27% -5 0 % 5 7 .7 ± 0 .3 3 61 .1+ 0 .8 5 5 7 .7 ± 1 .6 5 7 .1 + 2 .4

d s o  (urn) 3 .0 ± 0 .0 5 2 .5 ± 0 .0 4 2 .4 ±0 .0 1 2 .4 ± 0 .0 5 1 .8 ±0 .0 2 1 .6 10 .0 4

RSC (%) - 4 % 3-4% 2 .3 ± 0 .6 5 3 .8 ± 0 .3 0 2 .6 ± 0 .3 4 2 .5 ± 0 .4 9

SSA (mVg) 4 4 .4 9 ± 0 .4 9 4 4 .3 0 ± 1 .5 8 4 4 .4 3 ± 1 .3 4 4 7 .6 4 ± 0 .1 5 5 8 .1 6 ± 0 .5 1 5 1 .4 4 i0 .4 9

To u le t (°C) 6 0 -6 4 6 1 -65 7 1 ± 1 .4 6 9 ± 2 .8 8 5 ± 1 .4 8 6 ± 0 .0

The use of a DOE m ethod appeared to be m ore robust (good statistical significance) than the  

OFAT m ethod, and enabled estim ation o f optimised spray drying conditions, allowing the
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production of raffinose and trehalose NPMPs w ith improved characteristics in relation to th e ir  

intended use as drug carriers fo r pulm onary delivery. Com pared to  the OFAT approach, the DOE 

allows for less tim e consuming and better understanding o f a process; experim ental runs are 

well established w ith in  a m atrix, w here variables are set at d ifferen t levels in order to  establish 

th e ir possible effects on the studied outcom e. Studies on the effects o f a variable via an OFAT 

m ethodology are tim e consuming, as the effect is only evaluated from  one perspective and not 

as by evaluating com binatory effects o f variables as in the DOE; w ith no evaluation o f possible 

interactions betw een process variables. In the DOE the presence or absence o f interactions  

betw een variables is already taken into account in the design of the study, since in a run m ore  

than one variable is being evaluated. M oreover, the construction o f models that enable process 

outcom e prediction minimises experim ental work, by aiding the researcher in the selection of 

runs. Thus, from  the findings o f the studies presented here, the use o f a DOE is recom m ended in 

fu ture  spray drying studies orinvestigations o f o ther types o f processing techniques, in order to  

gain a thorough understanding, o f the process.

The next step in understanding process o f spray drying the sugars was to test the feasibility of 

producing NPMPs using d ifferen t spray dryers. Studies presented in Chapter 6 addressed this 

question. Raffinose NPM P spray drying was studied in tw o  d ifferent spray dryers: Niro SDMicro  

(laboratory scale) and Niro M obile  M inor (pilot scale). Raffinose was selected as the m aterial to  

be spray dried, since few er effects from  the process variables im pacted on pow der 

characteristics, as discussed above, and due to  the novelty in spray drying this m aterial at a 

larger scale.

The atom isation step, the geom etry o f the nozzle, drying cham ber and cyclone and the therm al 

exchange are key to the scale-up process (Rafin et al., 2006; Thybo e t al., 2008). The process 

outle t tem perature , vapour concentration in the drying gas and droplet size should be kept 

constant in order to produce particles o f the same size (Rafin et a!., 2006; Thybo e t al., 2008; Gil 

e t al., 2010). It was possible to  keep the outle t tem peratu re  for the Niro SD Micro constant, by 

balancing the setting of the in let tem peratu re  w ith  the pum p setting (samples SDM4, SDM 5 and 

SDM 7). The process and atom isation gas flow  also affect the  outle t tem perature , as shown in the  

DOE (section 6 .4  o f Chapter 6). H ow ever the inlet setting was higher than the tem peratu re  used 

in the Biichi M ini spray dryer. The larger dimensions of the Niro SDMicro result in a d ifferent 

therm al flow  in the drying cham ber and cyclone when com pared to the Biichi's drying cham ber, 

requiring a larger therm al energy output and hence an increase in the in let tem perature .

2 3 0



CHAPTER 8. GENERAL DISCUSSION

The outle t tem peratures of the experim ental runs of samples M M 2 , M M 4 , M M 5  and M M 6  from  

the  Niro M obile  M inor w ere also similar values to the corresponding Toutiet of the Buchi M ini 

spray dryer. Also, in this case there was an interaction betw een inlet tem perature , pum p and 

atom isation gas flow. The in let tem peratu re  was set betw een 110 and 125 °C, close to the Tiniet 

o f 120 °C set in the Buchi M ini spray dryer. Although there was a difference in scale, it was 

possible to achieve the same outlet tem peratu re  w ithout increasing the therm al energy output 

(Tjniet - Toutiet)/ which, according to Masters (2002), makes the process m ore cost effective.

Nevertheless, it would be expected that by keeping the outle t tem peratu re  constant the  

resulting residual solvent content would also be similar. This was not observed fo r powders  

produced in the Niro SD Micro. These presented higher residual solvent contents, indicating that 

the  process was not as efficient as in the Buchi M ini spray dryer. This param eter is affected by 

the in let tem perature , pump setting and gas flow , as discussed in Chapter 4 and 6, which are 

also responsible for the outle t tem peratu re  achieved. Due to the larger dimensions of this spray 

dryer it is thought that the therm al exchange throughout particle drying is d ifferent, due to  

differen t therm al flow , as m entioned previously. In addition, particles produced are larger, 

indicating that bigger droplets w ere produced, which would contain higher solvent com pared to  

sm aller droplets. Figure 8.1 presents the correlation betw een geom etric median particle size 

(dso) and residual solvent content (only samples produced at equivalent Toutiet to  Buchi Spray 

dryer w ere used to generate the plot). For the Niro M obile  M inor, samples presented similar 

residual solvent content to Biichi samples.

Particle size was larger for powders processed in both Niro spray dryers when com pared to the  

Biichi spray dryer. The use of d ifferen t nozzles and the  difference in the gas and feed flow  rate  

would be expected to  result in d ifferen t droplet sizes. Variation in specific surface area was also 

evident, w ith results being low er fo r powders prepared on the Niro SDMicro. This m icrom eritic  

characteristic is dependent on the evaporation rate and therm al exchange betw een the droplet 

and drying air, since the nanoparticulates are form ed as the solvent evaporates and the space 

betw een these results in the porosity o f the particles that leads to the high surface area. 

A nother factor impacting on particle size is the particle residence tim e, which is m odified with  

the geom etry o f the drying cham ber and cyclone (M aa et al., 1998). SEM micrographs of 

particles spray dryed using the Niro SDMicro, showed some particles to be porous but w ith  fused 

surfaces (samples SDM 3 and SDM 6), hence the sm aller surface area. These samples w ere  spray 

dried w ith a low process gas pressure, high atom isation (high nozzle pressure) and pum p setting  

of 15 and 20 %. It is thought that the reduction o f droplet size due to high atom isation, higher
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solid content due to higher pump setting and low flow  o f drying gas did not achieve a good 

solvent evaporation and diffusion rate, necessary fo r the form ation  of small and separate  

nanoparticulates, creating instead large fused particles, w ith a sponge-like structure.

Although there w ere differences in the m icrom eritic properties o f the raffinose NPMPs produced  

in the Niro SDMicro and Niro M obile M inor, these powders dem onstrated equivalent in vitro 

deposition to the raffinose NPMPs powders produced using the Buchi B-290 M ini Spray Dryer, 

showing that it is possible to produce raffinose NPMPs at the pilot scale and in d ifferent 

laboratory scale spray dryers.

1 p = 0 .051

0
2 .0  2 .5  3 .0  3 .5  4 .0  4 .5

dso (urn)

Figure 8.1 Relationship between geometric median particle size (dso) and the residual solvent content 
(RSC) of raffinose powders spray dried using the Niro SDMicro.

All powders produced presented residual butyl acetate content, which could be reduced by 

drying fo r 24 hours at 25 °C under a nitrogen purge. Consequently, spray drying from  

m ethanohpropyl-acetate (M eO H:PA) solutions was investigated (Chapter 4). D ifferent systems 

w ere investigated. Although NPMPs o f both raffinose and trehalose could be produced, , the  

powders contained higher content o f PA than BA (for the powders spray dried from  MeOH:BA  

solutions). Another interesting observation was the d ifferen t m orphology of particles when  

spray dried from  solutions o f 80:20 M eOH:PA com pared to  particles spray dried from  MeOH:BA  

80:20 and th a t increasing fraction o f propyl acetate in the  solvent composition led to  the  

production of NPMPs.

Paluch et al. (2012) found th a t on spray drying hydrophilic chlorothiazide sodium (CTZNa) and 

chlorothiazide potassium (CTZK) from  MeOH:BA solutions, varying the solvent proportions  

resulted in d ifferen t types o f particle morphology. Spherical particles composed of 

nanoparticulate agglom erates w ere produced when solutions w ith higher content of butyl 

acetate w ere spray dried. Butyl acetate and propyl acetate are anti-solvents, prom oting the

232



CHAPTER 8. GENERAL DISCUSSION

precipitation of the excipient/drug upon evaporation o f m ethanol fo llow ed by the acetate, 

leading to form ation o f the nanoparticulates. For propyl acetate, the particle morphology  

im proved with the inclusion of a higher proportion of this solvent in the M eO HiPA mixed solvent 

system resulting in the form ation o f NPMPs (particles type IB illa ). Paluch et al. (2012) also 

observed the same effect when changing the butyl acetate proportion fo r spray dried  

chlorothiazide sodium or potassium from  MeoH:BA. However, studies by Nf Ogafn (2008) 

showed that in spray drying sugar NPMPs the optim um  MeOH:BA ratio was 4:1 (evaluated ratios 

w ere  1:1, 7:3, 4:1 and 9:1), and that a low er BA proportion in the mixed solvent was necessary to  

produce spherical particles with high surface area, which is in contrast to  the results o f Paluch et 

al. (2012) and to experim ents reported here using the MeOH:PA solvent system. Hence, it is 

though that the morphology of spray dried particles is not only dependent on the type and 

proportion o f anti-solvent used, but also on the solubility o f the solute in the anti-solvent. Based 

on the presented studies it is hypothesised that raffinose and trehalose solubility in butyl 

acetate is low er than in propyl acetate, since higher proportions o f propyl acetate w ere required  

to achieve the NPMPs morphology, since the form ation of this type o f particle is based on the  

precipitation of the solute in the anti-solvent (BA and PA) when the solvent in which is m ore  

soluble evaporates (M eO H ).

In conclusion, the sugar NPMPs production by spray drying appear to be largely dependent on 

the solvent ratio of the co-solvent system and on the process param eter settings. The la tter will 

affect the evaporation of the solvent from  the droplets. The com bination of the studies 

presented in this thesis w ith those presented by Nf Ogain (2008) and Paluch et al. (2012) indicate 

that the morphology o f m aterials spray dried from  MeOH:BA co-solvent system rely prim arily on 

the solvent drying and secondarily on the solubility of the m aterial in the co-solvent system, 

since it has been shown in Chapter 3 and 4 that solutions w ith  d ifferen t concentrations can 

result in NPMPs and that the surface area that reflects the porosity and m orphology of the  

particles is dependent on the process param eters.

8.1.2 Salmon calcitonin: sugar NPMPs -  process and storage stability

Stability is of vital im portance in drug developm ent. Changes in drug/form ulation  stability could 

risk patient safety, since the dosage am ount to the patient may be low er than expected and 

toxic degradants m ight form . The evaluation o f the drug and excipients chemical, physical and 

storage stability is a requirem ent in order to  support new form ulation pharmaceutical 

applications (Huynh-Ba, 2009). The am orphous state is not a therm odynam ic equilibrium  state.
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as is the crystalline state, and thus am orphous m aterials tend to revert back to  the stable 

crystalline form  (Liu et al., 2006).

FTIR spectra o f all spray dried tw o  excipient composite systems showed interactions betw een  

molecules. A broad band betw een 3600-3000  cm'^ was attributed  to  the stretching vibration of 

the OH groups, indicating a wide range o f hydrogen-bond lengths and orientations; bands 

betw een 1200-900  cm '^ attribu ted  to the com bination of CO stretching and OH bending 

vibrations, presented a shift to higher wavenum bers; and the bands of the  sugars glycosidic 

bond (~998 cm'^) also presented modifications. The shifting in the OH bending vibrations is 

indicative o f m odification o f the level o f hydrogen bonding o f the C -O -H  groups (W olkers et al., 

2004). All molecules (HPPCD, raffinose and trehalose) are good H-bond donors and accepters 

(hydroxyl groups). Modifications in the OH bands are thus expected and m ay be attribu ted  to  

the form ation of H-bonds betw een trehalose and raffinose, trehalose and HPpCD and raffinose 

and HPpCD. The m odification of the band related to the sugar's glycosidic bond is indicative o f a 

conform ation change of the m olecule caused by the new  hydrogen bonds (Akao e t al., 2001).

The hydrogen bonds betw een the non-reducing sugars and the cyclodextrin are established on 

the external surface o f the latter, which is polar (hydrophilic) due to the presence of secondary 

and prim ary hydroxyls at the edge of the ring. The inner part o f the cyclodextrin is m ade apolar 

(hydrophobic) by glycosidic oxygens and m ethane protons (M artin  Del Valle, 2004). Hence, it will 

not establish H-bonds w ith the sugars. Furtherm ore, inclusion complexes should not be form ed, 

since the sugars are not hydrophobic and present a m olecular d iam eter larger than the 

cyclodextrin cavity d iam eter (11 .4  A for raffinose, 12.2 A for trehalose and 7 .8  A fo r the HPpCD 

cavity (Clinkenbeard and Thiessen, 1991; Brewster and Loftsson, 2007; Nagase e t al., 2008)).

Interactions betw een the components of a m ixture can also be identified by the therm al 

behaviour o f the m ixture, that is, by the existence of a single Tg and delay or inhibition of 

crystallisation, when mixtures are analysed by DSC (Vasconcelos et al., 2007). The spray drying of 

m ixtures o f sugars and the oligossacharide resulted in powders w ith a single Tg, higher than that 

of the single sugar systems, and resulted in the inhibition of trehalose crystallisation on heating 

in the DSC. These composite systems w ere thus more physically stable w hen subjected to  

increasing tem peratu re  on the DSC than raffinose and trehalose spray dried alone.

The Gordon-Taylor equation was used to predict the T o f the spray dried systems w ithout sCT. 

How ever, the glass transition of the  spray dried tw o excipient composite systems did not follow  

the Gordon-Taylor equation, presenting negative deviations. Therefore, o ther approaches, which
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are less commonly used, w ere applied fo r the Tg prediction: Fox and Kwei equations. The Tg data 

was successfully fitted by the Kwei equation (Figure 5, Chapter 5). The Gordon-Taylor and Fox 

equations do not account fo r interactions betw een the  m ixture com ponents, whereas the Kwei 

equation is used in cases of strong interactions betw een com ponents (Kalichevsky et al., 1992; 

Tajber et al., 2005). According to Taylor and Zografi (1998) the existence of hydrogen bonding 

betw een components o f a m ixture will affect the glass transition o f the system and the  

experim ental Tg value will be low er (negative deviation) than th a t predicted by the Gordon- 

Taylor equation. Taylor and Zografi's studies focused on PVP blends w ith the non-reducing  

sugars sucrose, trehalose and raffinose. By FTIR analysis o f the spray dried systems in the current 

w ork, the existence o f hydrogen bonds was identified betw een the sugars and 

sugars:oligossacharide, resulting in a negative deviation of experim ental compared to predicted  

Tg values by the Gordon-Taylor and Fox equations. In addition, the constant q o f Kwei equation  

presented a high value fo r all systems indicating/confirm ing the form ation o f hydrogen bonds 

betw een excipients.

DSC scans of sCT composite systems (Chapter 6) also presented a single glass transition event as 

th e ir unloaded composite conterpart. Student's t-test was used to com pare the Tg o f the  

unloaded and loaded particles. P-values w ere found to be >0.05, meaning no differences  

betw een the mean values w ere found. The co-spray drying of sCT with a sugar or com bination of 

tw o  sugars or suganoligossacharide, did not affect the powder's glass transition tem perature .

C arpenter and Crowe (1988, 1989) suggested the w ater replacem ent theory to explain the  

protective action of the sugar compounds, w here the form ation o f H-bonding betw een the  

excipient and the biom olecule occurs when w ate r is rem oved, m aintaining the structural 

integrity o f the peptide/pro te in . FTIR spectra o f sCT composite systems presented a wide band 

betw een 3600-3000  cm'^ (OH stretching) and m odification o f bands betw een 1200-900  cm'^ (OH 

bonding) that are attributed to form ation  o f H-bonds betw een molecules. Salmon calcitonin, 

raffinose, trehalose and HPpCD are good H-bond donors and acceptors (Table 8.3). The obtained  

results reinforce the theory of Carpenter and Crowe.
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Table 8.3 Number of H-bond donors and receptors in the materials spray dried 
(http://pubchem.ncbi.nlm.nih.gov/).

H-Bond donor H-Bond acceptor

Salmon calcitonin (acetate) 53 57

Raffinose pentahydrate 11 16

Trehalose dihydrate 10 13

Hvdroxypropyl-|3-cyclodextrin 25 39

A second theory o f protein protection through the use of such sugars was proposed by Franks et 

al. (1991) based on the form ation  of an am orphous glass during drying, which provides a rigid 

m atrix around the protein molecules to restrict and stabilise th e ir m otion. All composite systems 

w ere am orphous and presented high glass transition tem peratures. How ever, am orphous sugars 

present a strong tendency to sorb (adsorb and absorb) w ater. This hygroscopicity may cause 

crystallisation o f that sugar and com prom ise the stability o f the pharmaceutical form ulation, 

e.g., loss o f bioactivity o f the peptide (Hancock and Shamblin, 1998). Am orphous raffinose and 

trehalose are known to  be susceptible to m oisture-induced crystallisation. M azzobre et al. 

(1997) evaluated the effect o f delaying crystallisation o f trehalose in trehalose:lactase systems 

by the addition o f m altodextrin  in a ratio o f 80:20 (m altodextrin;treha)ose). Results showed an 

increase in the Tg of the system and a delay in trehalose recrystallisation, w ith im provem ent of 

lactase stability at relatively high RH (75 %). Constantino et al. (1998) co-lyophilised d ifferent 

ratios o f recom binant hum anised monoclonal antibody (rhGH) w ith  trehalose, reporting rhGH to  

act as a trehalose recrystallisation inhibitor, confirm ed by w ater vapour sorption studies. W hen  

exposed to increasing RH, systems w ith 25:75 and 40:60  protein:peptide ratio (w /w ) delayed the  

trehalose recrystallisation from  50 % to 70 % and 80 % RH, respectively. For m ixtures presenting  

equal ratio o f protein:trehalose no recrystallisation was seen. It was suggested that interaction  

betw een rhGH and trehalose provided resistance to crystallisation.

DVS analysis on the single and tw o  excipient composite systems (unloaded particles) and salmon 

calcitonin composite systems (loaded particles) presented sim ilar profiles (Chapter 5 and 7). The 

addition o f the peptide to the  single excipient and tw o excipients composite system did not 

affect the w a te r sorption behaviour fo r these peptide-sugar form ulations, probably due to the  

low loading of 5 % w /w  peptide. From the sCT composite systems, those that presented  

inhibition of raffinose and trehalose crystallisation w ere; sCT:R:HP(3CD 5:38:57, sCT:T HPPCD 

5:38:57 and sCT:T HPpCD 5:28:67, which all presented an enhanced physical stability when  

compared to systems constituted by sCT:R and sCT.T. As in the studies o f M azzobre e t al. (1997),
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a delay and inhibition of trehalose crystallisation was achieved by the addition of the 

oligossacharide. In the case of the systems investigated here no effect of the peptide on sugar 

crystallisation was seen. The reduced percentage of peptide loading may not allow effects such 

as those described by Constatino et al. (1998) to be determined.

The chemical stability of salmon calcitonin throughout processing was evaluated by means of 

HPLC (quantification of the peptide) and by measurement of its bioactivity by a cAMP assay 

(Chapter 7). FTIR and CD were used to evaluate the retention of sCT native conformation. HPLC 

data showed sCT loading varied between 4 and 5 % for most systems, suggesting possible loss of 

peptide during processing. Raffinose and the mixture raffinosexyclodextrin presented excellent 

protective action of the peptide conformation (full retention of the a-helix). Trehalose powders 

presented lower protection of the peptide structure, resulting in a lower loading and bioactivity 

(Figure 7.15 and 7.16, table 7.5; Chapter 7). CD evaluation also showed that sCT conformation 

was not affected by the chosen organic solvent system for spray drying.

Storage stability studies (Chapter 6) further demonstrated the protective action of raffinose and 

the mixture raffinosexyclodextrin, since, after 24 weeks storage at 4° C/5% RH and 25 °C/5% RH 

the sCT systems retained their morphology as well as sCT biological activity. The mixing of 

trehalose with raffinose or HPpCD proved to increase the stability of trehalose only at the 

storage conditions 25 °C/5% RH, with retention of particle morphology and sCT bioactivity.

8.1.3 Suitability of sugar and sCT:sugar NPMPs for pulmonary delivery

Studies by Vanbever et al. (1999), Healy et al. (2008), Nolan et al. (2010) and Ni Ogain et al. 

(2010) have reported the suitability of porous particles for pulmonary delivery of drugs, focusing 

on their aerosolisation properties.

Vanbever et al. (1999) reported that large porous particles, produced by spray drying aqueous 

solutions including a lung surfactant responsible for pore formation, with a dso between 3 and 15 

|im achieved an emitted dose of 96% and a fine particle fraction (<5 ^im) between 49 and 92 %. 

Nolan et al. (2010) showed sodium cromoglicate NPMPs to present emitted dose between 42 

and 64 % and a FRF <5 (im between 40 and 62 %. Ni Ogai'n et al. (2010) reported for raffinose 

and trehalose NPMPs an emitted dose of ~80 % and a fine particle faction <5 |im of ~55 % for 

raffinose and ~40 % for trehalose.

The powder characteristics, such as particle size and morphology, density, specific surface area 

and in v itro  deposition behaviour of selected samples were investigated in the present work 

(Chapter 4, 5 and 7). The fine particle fraction < 5 and 3 |im, mass median aerodynamic diameter
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(M M A D ) and the geom etric standard deviation (GSD) are the main characterising param eters of 

the aerosol deposition.

The m ajority o f spray dried particles w ere spherical and porous, type IB II Ia  as classified by 

Paluch et al. (2012). Irregular shaped particle morphology was identified in powders resulting 

from  raffinose:HPpCD, w ith  a HPpCD content greater than 40 %, but the characteristic porosity 

of the  NPMPs was m aintained. The main difficulty associated w ith inhalation o f drug powders 

and the ir efficient delivery is the strong interparticle forces which make the cohesive bulk 

pow der agglom erate; these interparticle forces are generally affected by surface roughness, 

geom etrical structure and deform ation of individual particles (Daniher and Zhu, 2008). The 

ANOVA evaluation of the aerosol param eters showed no difference betw een raffinoseiHPpCD  

powders (Chapter 5). Tabor (1977) reported th a t w hen particles present few er areas o f contact, 

in terparticle forces are low er, leading to a reduction o f pow der cohesion and easier dispersion. 

Com posite particles w ith a cyclodextrin content over 40%  presented high values o f specific 

surface area (highest for ratio 60:40 RiHPpCD), resulting in powders comprising particles with  

few  areas of contact. Nolan et al. (2010) reported that irregular shaped sodium cromoglicate 

NPMPs had low er FPF < 5 |im  than spherical shaped NPMPs and low er specific surface area, 

which is the opposite o f w hat was found for the raffinose and trehalose composite systems 

studied here, since raffinosexyclodextrin  particles presented a m ore irregular shape when  

com pared to a spherical particle Hence, it is possible that specific surface area com pared to 

particle morphology, presents a greater influence on particle deposition, especially for 

raffinosexyclodextrin  composites.

C hapter 4  discussed the relationship betw een specific surface area and fine particle fraction, 

reporting that fo r particles presenting a similar geom etric m edian particle size, the FPF < 5|im  

increases w ith increasing SSA. Spray dried systems which w ere  evaluated in term s o f aerosol 

deposition, presented a geom etric m edian d iam eter betw een 1.5 and 1.8 jam. For these systems 

an increase in FPF < 5 and 3 pim w ith increasing pow der specific surface area was observed, 

independently o f the presence or absence o f peptide in the form ulation (Chapter 5 and 6). A 

correlation betw een SSA and FPF was investigated (Appendix 3). Trehalose:raffinose composite 

systems did not present a significant correlation, a larger num ber o f samples might be necessary 

to  prove significance o f the trend, whereas all rem aining composites presented significant 

correlations. It can be postulated that, for the m ajority o f samples the composition (single, tw o  

excipient and peptide:excipients composites) does not affect the studied trend and, as discussed 

previously, particle m orphology effect on aerosol deposition can be disregarded. However, it
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should be borne in mind that the specific surface area was seen to vary with the system 

composition (Chapter 5 and 6).

The aerosol deposition of the systems comprising salmon calcitonin was discussed in Chapter 7. 

Student's t-test was used to compare the aerosol parameters FPF <5 and 3 nm, MMAD and GSD 

of the loaded and unloaded powders. Table 8.4 presents the p-values for each pair of systems. It 

was found, for the majority of powders, that the inclusion of the peptide in the formulation did 

not significantly affect the aerosol deposition. The composite system T:HPpCD presented 

significant differences in the FPF <5 and 3 |im from its salmon calcitonin-loaded counterpart. In 

this case it was seen that the inclusion of the peptide resulted in a reduction of the fine particle 

fraction. The main differences found between powder characteristics were in terms of the bulk 

and tap density. Particles with lower bulk and tap density are advantageous for pulmonary drug 

delivery where they present improved dispersibility and delivery efficiency (Vehring, 2007). The 

salmon calcitonin composite presented higher bulk and tap density, resulting in a lower fine 

particle fraction.
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Figure 8.2 Fine particle fraction <5 and <3 |im of (a, b) raffinose composite systems, (c, d) 

trehalosexyclodextrin composite systems and (e, f) trehalose:raffinose composite systems.

Table 8.4 Student's t-test p-values (confidence level 95%) of the comparison of aerosol parameters 
between loaded and unloaded systems.

FPF < 5 nm FPF < 3 Jim M M AD GSD

p-value p-value p-value p-value

R/sCT:R 0.181 0.217 0.132 0.691

R:HPPCD 60:40 /  sCT:R:HPpCD 5:57:38 0.212 0.157 0.037 0.179

R:HPpCD 40:60 /  sCT:R:HPpCD 5:38:57 0.210 0.059 0.763 0.160

T/sC T:R 0.237 0.074 0.173 0.323

T:R/sCT:T:R 0.461 0.381 0.080 0.699

T:HPPCD 70:30 /  sCT:T:HPpCD 5:67:28 0.002 0.002 0.051 0.127

T:HPpCD 60:40 /  sCT:T:HPpCD 5:57:38 0.880 0.775 0.919 0.197

T;HPpCD 40:60 /  SCT:T;HPPCD 5:38:57 0.542 0.435 0.718 0.621

T:HPpCD 30:70 /  SCT:T:HPPCD 5:28:57 0.776 0.399 0.271 0.315

Considering all the salmon calcitonin composite systems, those w ith cyclodextrin in their 

form ulation resulted in im proved deposition profiles, w ith  very high fine particle fractions being 

achieved: >80%  (< 5 jim ) and >70% (< 3 |im ). Studies by Vanbever et al. (1999) (described 

previously in text) and Dellam ary et al. (1999) reported porous particles form ulations that 

achieved a high fine particle fraction in in vitro  deposition studies. The la tte r authors presented  

different drug form ulations o f hollow porous microspheres (PulmoSpheres™ ), w ith a FPF ~ 68%. 

Hence, in term s o f pulm onary delivery the salmon calcitonin sugarxyclodextrin NPMPs 

composites are m ore promising as powders fo r delivery into the deep lung than composites 

comprising only sCT and sugar.

240



CHAPTER 8. GENERAL DISCUSSION

The pharmacokinetic study demonstrated that sCT dry powder formulations had a similar 

pharmacokinetic profile to sCT solution, with the formulation sCT:R:HP(3CD 5:57:38 resulting in 

higher bioavailability. HPPCD is a known non-toxic permeability enhancer (Brewster and 

Loftsson, 2007); its addition to raffinose formulation may be the cause of the resulting higher 

bioavailability of the sCT:R:HPpCD 5:57:38 composite system.

Although the administration was intratracheal, overcoming deposition in the high airways, the 

increase in bioavailability is thought to be related to the aerosol deposition of this type of 

powder, since it was seen that sCT:R:HPpCD 5:57:38 presented elevated FPF < 5 and 3 |im ~85 % 

and ~82 %, respectively, and these diameters are related to the low airways, where blood 

circulation is elevated.

In conclusion, raffinose NPMPs appear to be more robust to spray dry than trehalose NPMPs, 

since fewer effects of spray drying parameters were detected. This characteristic allowed the 

successful spray drying at larger scale with the Niro Mobile Minor where powders with similar 

characteristics to those produced using the Buchi B-290 Mini spray dryer were obtained that 

presented good in vitro deposition properties. Such studies have never been published to date. 

Additionally, raffinose NPMPs and its composite systems presented better physical and storage 

stability than trehalose and its composite NPMPs systems, suggesting once more that raffinose is 

a more promising protective agent of peptides and proteins compared to trehalose. Aerosol 

deposition of raffinose composite systems was better than trehalose composite systems. The 

FPF of both sugar powders was enhanced with the inclusion of HPpCD in the NPMPs 

formulation, resulting in FPF greater than 80%. R:HPpCD composite systems were found to be 

superior to T:HPPCD composite systems due to their better preservation of the peptide 

conformation and bioactivity upon spray drying and during powder storage at 4 and 25°C/< 5 % 

RH. This combination of excipients has not been published to date, only trehalose and 

maltodextrin have been reported by Mazzobre et al. (1997). The use of HPpCD in combination 

with the non-reducing sugars is a novel and efficient way (producing high yields and improved 

aerosol deposition) of overcoming the issue of high hygroscopicity of these sugars, which has 

been regarded as the main downside of their use, leading to their reduced stability.
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8.2 MAIN FINDINGS OF THE THESIS

•  The production o f NPMPs o f raffinose and trehalose by a spray drying process was 

successfully optimised by means of an experim ental design in order to  achieve desirable 

m icrom eritic characteristics for pulm onary delivery. No previous description in the  

literature had been m ade on the im pact o f spray drying param eters on raffinose 

powders.

•  By means of the DOE studies it was possible to establish that pow der aerosol deposition  

in term s of fine particle fraction can be im proved by m odification o f pow der specific 

surface area.

•  NPMPs of raffinose and trehalose can also be produced by using the co-solvent system 

MeOH:PA, suggesting potential fo r fu rther developm ent o f these systems.

•  NPM P composites comprised of raffinose or trehalose w ith  hydroxypropyl-p- 

cyclodextrin and o f trehalose w ith raffinose w ere spray dried. These systems potentially  

represent an im proved carrier system for peptides or o ther drug compounds when  

com pared to the single excipient systems, showing increased physical and storage 

stability. There was an enhancem ent o f pow der fine particle fraction w hen HPpCD was 

included in the form ulation.

•  Salmon calcitonin NPMPs composite systems w ere spray dried and w ere shown to have 

suitable physicochemical characteristics, physical and storage stability and aerosol 

deposition profiles fo r pulm onary delivery. Pharmacokinetic studies proved the  

applicability o f such powders for systemic delivery of peptides or other drug 

compounds.

•  Spray drying of raffinose and raffinose:HPpCD NPMPs is feasible in larger scale spray 

dryers.
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8.3 PROPOSED FUTURE WORK

•  Investigation of the production of sCTisugar NPMPs with higher peptide loading.

•  Investigation of the distribution within the co-spray dried system particles of the 

various components, focusing on the peptide. By measuring surface energies, it may 

be possible to map the surface of particles.

•  Evaluation of the aerosol deposition of the develop systems at different flow rates, 

e.g., those representing elderly and compromised lung function.

•  Development of the spray dried systems from MeOH:PA, by means of a more 

comprehensive spray drying study in order to reduce their residual solvent content.

•  Further investigations on the in-vivo  delivery of the sCT systems are necessary. 

Earlier times of collection would be ideal in order to gain a better insight on the drug 

absorption.

•  Investigation of the production of sCT: anti-trypsin: sugar NPMPs with intension of 

improving sCT bioavailability.

•  Addition of a radiolabel to the sCTisugars NPMP formulations for pulmonary 

deposition would enable imaging and quantification by single photon emission 

computed tomography (SPECT), computed tomography (CT), high resolution 

computed tomography (HRCT) or positron emission tomography (PET).

•  Studies on the application of raffinose and trehalose NPMPs systems for the delivery 

of drugs, such as antibiotics and anti-inflammatories, for local action in the lungs.
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APPENDICES



System
S o lvent

D rying gas
M o d e Feed  

C o n e (%)
Tinle.CC) Toutlet(°C) A sp ira to r {%) Gas f lo w  (cm ) P um p (%) P o ro us /n on -p orou s

% n am e % n am e

Raffinose 80 IVleOH 20 BA C M /suck 1 90 50-54 100 4 30 porous

Raffinose 80 M eO H 20 BA C M /suck 1 100 57-60 100 4 30 porous

Raffinose 80 M eO H 20 BA C M /suck 1 110 68-69 100 4 30 porous

Raffinose 80 M eO H 20 BA CM /suck 1 120 71-73 100 4 30 porous

Raffinose 80 M eO H 20 BA CM /suck 1 130 71-75 100 4 30 porous

Raffinose 80 M eO H 20 BA CM /suck 1 140 78 100 4 30 porous

Raffinose 80 M eO H 20 BA CM /suck 1 120 72-74 100 4 20 porous

Raffinose 80 M eO H 20 BA N2 CM /suck 1 120 72 100 4 35 porous

Raffinose 80 M eO H 20 BA CM /suck 1 120 69-70 100 4 35 porous

Raffinose 80 M eO H 20 BA CM /suck 2 120 70 100 4 30 porous

Raffinose 80 M eO H 20 BA CM /suck 3 120 63 100 4 30 porous

Raffinose 80 M eO H 20 BA C M /suck 3.5 120 64 100 4 30 porous

Raffinose 85 M eO H 15 BA C M /suck 2 120 71 100 4 30 porous

Raffinose 85 M eO H 15 BA C M /suck 4 120 71 100 4 30 porous

Raffinose 90 M eO H 10 BA C M /suck 2 120 67 100 4 30 N on-porous



System
Solvent

Drying gas M ode
Feed

T i „ , e t ( ° C ) T o u t le t (  C ) Aspirator {%) Gas flow  (cm) Pump (%) Porous/non-porous

% nam e % nam e
C one(%)

Raffinose 80 MeOH 20 BA CM/sucl< 1 150 94-95 100 5 15 Porous

Raffinose 80 IVIeOH 20 BA CM/suck 3.5 90 56-58 100 5 15 Porous

Raffinose 80 MeOH 20 BA CM/sucl< 3.5 90 52 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/sucl< 1 150 82-84 100 5 40 Porous

Raffinose 80 MeOH 20 BA CM/sucl< 1 90 51 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 85-89 100 5 40 Porous

Raffinose 80 MeOH 20 BA

N 2

CM/suck 1 150 89-90 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 92-93 100 5 IS Porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 49-50 100 5 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 90 60-62 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 89 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 150 99 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 60-61 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 90 48 100 5 40 Porous



System
Solvent Drying

Mode
Feed
Cone
(%)

Tinlet Toutlet Aspirator Gas flow Pump
Porous/non-porous

% name % name gas m (»C) (%) (cm) (%)

Raffinose 80 IVIeOH 20 BA CM/sucl< 3.5 150 94-101 100 3 15 porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 57-58 100 5 15 porous

Raffinose 80 MeOH 20 BA CM/suck 2 150 87 100 5 4 porous

Raffinose 80 MeOH 20 BA CM/suck 2.9 150 84-86 100 5 3 porous

Raffinose 65 MeOH 35 PA CM/suck 2.9 150 86-87 100 5 3 porous

Raffinose 70 MeOH 30 PA CM/suck 2.9 150 88-88 100 5 3 porous

Raffinose 80 MeOH 30 PA CM/suck 2.9 150 87-89 100 5 3 porous

R:HPPCD (80:20) 80 MeOH 20 BA

Nz

CM/suck 2.9 150 87-93 100 5 3 porous

R:HPPCD (70:30) 80 MeOH 20 BA CM/suck 2.9 150 87-88 100 5 3 porous

R:HPPCD (60:40) 80 MeOH 20 BA CM/suck 2.9 150 81-93 100 5 3 porous

R:HPPCD (40:60) 80 MeOH 20 BA CM/suck 2.9 150 83-89 100 5 3 porous

R:HPPCD (30:70) 80 MeOH 20 BA CM/suck 2.9 150 86 100 5 3 porous

R:HPPCD (20:80) 80 MeOH 20 BA CM/suck 2.9 150 89 100 5 3 porous

sCT:R (5:95) 80 MeOH 20 BA CM/suck 2.9 150 86-88 100 5 3 porous

sCT:R: HPpCD 
(5:57:38)

80 MeOH 20 BA CM/suck 2.9 150 81-93 100 5 3 porous

sCT:T: HPpCD 
(5:38:57)

80 MeOH 20 BA CM/suck 2.9 150 83-89 100 5 3 porous



System
Solvent

Drying
gas

Mode
Feed
Cone
(%)

T in le t

(»C) T o u t lc t ( ° C )
Aspirator

(%)
Gas flow  

(cm)
Pump

(%)
Porous/non-

porous
% name % name

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 49-55 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 100 59-60 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 110 65-68 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 120 70-73 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 130 73-79 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 140 81-86 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 120 73-74 100 4 25 porous

Trehalose 80 MeOH 20 BA N z CM/suck 0.5 120 68-69 100 4 35 porous

Trehalose 80 MeOH 20 BA CM/suck 1 120 67-68 100 4 35 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 120 69 100 4 35 porous

Trehalose 85 MeOH 15 BA CM/suck 1 120 70 100 4 35 porous

Trehalose 90 MeOH 10 BA CM/suck 1.5 120 63 100 4 35 Non-porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 84-85 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 49 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 50 100 3 40 porous



System
Solvent

Drying
gas

Mode
Feed
Cone
(%)

Tjnlet

(°C) T o u tle t( C )
Aspirator

(%)

Gas
flow
(cm)

Pump
(%)

Porous/non-
porous

% name % name

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 97-98 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 95-103 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 50- 53 100 3 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 52-57 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 59-60 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 81-86 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 91-94 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 54-61 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 85-86 100 3 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 99-103 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 60-61 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 57-58 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 86-87 100 3 40 porous



System
Solvent

Dry.
Mode

Feed
Cone
(%)

*^inlet "^outlet Aspirator
Gas
flow
(cm)

Pump Porous/non-

% name % name
gas ( “0 ( ° C ) (%) (%) porous

Trehalose 80 MeOH 20 BA CM/suck 1 150 86 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1 116 77-79 100 3 15 porous

Trehalose 65 MeOH 35 PA CM/suck 1 150 86-87 100 5 40 porous

Trehalose 70 MeOH 30 PA CM/suck 1 150 83 100 5 40 porous

Trehalose 80 MeOH 30 PA CM/suck 1 150 85-87 100 5 40 Porous

T;R (80:20) 80 MeOH 20 BA
N j

CM/suck 1 150 84-87 100 5 40 Porous

T:R (70:30) 80 MeOH 20 BA CM/suck 1 150 83-86 100 5 40 Porous

T:R (60:40) 80 MeOH 20 BA CM/suck 1 150 84-88 100 5 40 Porous

T:R(40:60) 80 MeOH 20 BA CM/suck 1 150 83 100 5 40 Porous

T:R (30:70) 80 MeOH 20 BA CM/suck 1 150 86-90 100 5 40 Porous

T:R(20:80) 80 MeOH 20 BA CM/suck 1 150 84-89 100 5 40 Porous

T:HPPCD
(80:20)

80 MeOH 20 BA CM/suck 1 150 87-88 100 5 40 Porous

T:HPPCD
(70:30)

80 MeOH 20 BA CM/suck 1 150 87-89 100 5 40 Porous



System
Solvent

Drying gas
M ode Feed 

Cone(%)
T i„ le , ( ° C ) Toutlet ( ° C ) Aspirator (%) Gas flow  (cm) Pump (%) Porous/non-porous

% nam e % nam e

Raffinose 80 IVIeOH 20 BA CM/suck 1 90 50-54 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 1 100 57-60 100 4 30 porous

Raffinose 80 M eOH 20 BA CM/suck 1 110 68-69 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 1 120 71-73 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 1 130 71-75 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 1 140 78 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 1 120 72-74 100 4 20 porous

Raffinose 80 MeOH 20 BA N2 CM/suck 1 120 72 100 4 35 porous

Raffinose 80 MeOH 20 BA CM/suck 1 120 69-70 100 4 35 porous

Raffinose 80 MeOH 20 BA CM/suck 2 120 70 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 3 120 63 100 4 30 porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 120 64 100 4 30 porous

Raffinose 85 M eOH 15 BA CM/suck 2 120 71 100 4 30 porous

Raffinose 85 MeOH 15 BA CM/suck 4 120 71 100 4 30 porous

Raffinose 90 M eOH 10 BA CM/suck 2 120 67 100 4 30 Non-porous



System
Solvent

Drying gas M ode
Feed

Ti„le.(°C) Toutlet( C) Aspirator (%) Gas flow  (cm) Pump (%) Porous/non-porous
% nam e % nam e

C one [%)

Raffinose 80 MeOH 20 BA CM/sucl< 1 150 94-96 100 5 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 90 56-58 100 5 15 Porous

Raffinose 80 IVleOH 20 BA CM/sucl< 3.5 90 52 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 150 82-84 100 5 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 51 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 85-89 100 5 40 Porous

Raffinose 80 MeOH 20 BA
N2

CM/suck 1 150 89-90 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 92-93 100 5 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 49-50 100 5 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 90 60-62 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 150 89 100 3 40 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 150 99 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 60-61 100 3 15 Porous

Raffinose 80 MeOH 20 BA CM/suck 3.5 90 48 100 5 40 Porous



System
Solvent

Drying
Mode

Feed
Cone
(%)

"^inlet "^outlet Aspirator Gas flow Pump
Porous/non-porous

% name % name gas (“0 (“C) (%) (cm) (%)

Raffinose 80 MeOH 20 BA CM/sucl< 3.5 150 94-101 100 3 15 porous

Raffinose 80 MeOH 20 BA CM/suck 1 90 57-58 100 5 15 porous

Raffinose 80 MeOH 20 BA CM/suck 2 150 87 100 5 4 porous

Raffinose 80 MeOH 20 BA CM/suck 2.9 150 84-86 100 5 3 porous

Raffinose 65 MeOH 35 PA CM/suck 2.9 150 86-87 100 5 3 porous

Raffinose 70 MeOH 30 PA CM/suck 2.9 150 88-88 100 5 3 porous

Raffinose 80 MeOH 30 PA CM/suck 2.9 150 87-89 100 5 3 porous

R;HPPCD (80:20) 80 MeOH 20 BA
N z

CM/suck 2.9 150 87-93 100 5 3 porous

R:HPpCD (70:30) 80 MeOH 20 BA CM/suck 2.9 150 87-88 100 5 3 porous

R:HPPCD (60:40) 80 MeOH 20 BA CM/suck 2.9 150 81-93 100 5 3 porous

R:HPPCD (40:60) 80 MeOH 20 BA CM/suck 2.9 150 83-89 100 5 3 porous

R:HPPCD (30:70) 80 MeOH 20 BA CM/suck 2.9 150 86 100 5 3 porous

R:HPPCD (20:80) 80 MeOH 20 BA CM/suck 2.9 150 89 100 5 3 porous

sCT:R (5:95) 80 MeOH 20 BA CM/suck 2.9 150 86-88 100 5 3 porous

sCT:R: HPpCD 
(5:57:38)

80 MeOH 20 BA CM/suck 2.9 150 81-93 100 5 3 porous

sa :T : HPpCD 
(5:38:57)

80 MeOH 20 BA CM/suck 2.9 150 83-89 100 5 3 porous



System
Solvent

Drying
gas

Mode
Feed
Cone
(%)

Tjnlet
(»C) Toutlet( C)

Aspirator
(%)

Gas flow  
(cm)

Pump
(%)

Porous/non-
porous

% name % name

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 49-55 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 100 59-60 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 110 65-68 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 120 70-73 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 130 73-79 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 140 81-86 100 4 30 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 120 73-74 100 4 25 porous

Trehalose 80 MeOH 20 BA Nz CM/suck 0.5 120 68-69 100 4 35 porous

Trehalose 80 MeOH 20 BA CM/suck 1 120 67-68 100 4 35 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 120 69 100 4 35 porous

Trehalose 85 MeOH 15 BA CM/suck 1 120 70 100 4 35 porous

Trehalose 90 MeOH 10 BA CM/suck 1.5 120 63 100 4 35 Non-porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 84-85 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 49 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 50 100 3 40 porous



System
Solvent

Drying
gas

Mode
Feed
Cone
(%)

Tinlet

(»C) T o u tle tl C)
Aspirator

(%)

Gas
flow
(cm)

Pump
(%)

Porous/non-
porous

% name % name

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 97-98 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 95-103 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 50-53 100 3 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 52-57 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 59-60 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 81-86 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 91-94 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 90 54-61 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 1.5 150 85-86 100 3 40 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 99-103 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 60-61 100 3 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 90 57-58 100 5 15 porous

Trehalose 80 MeOH 20 BA CM/suck 0.5 150 86-87 100 3 40 porous



System
Solvent

Dry.
Mode

Feed
Cone
(%)

"^inlet T  outlet Aspirator
Gas
flow
(cm)

Pump Porous/non-

% name % name
gas ("0 (°C) (%) (%) porous

Trehalose 80 MeOH 20 BA CM/suck 1 150 86 100 5 40 porous

Trehalose 80 MeOH 20 BA CM/suck 1 116 77-79 100 3 15 porous

Trehalose 65 MeOH 35 PA CM/suck 1 150 86-87 100 5 40 porous

Trehalose 70 MeOH 30 PA CM/suck 1 150 83 100 5 40 porous

Trehalose 80 MeOH 30 PA CM/suck 1 150 85-87 100 5 40 Porous

T:R (80:20) 80 MeOH 20 BA
Nj

CM/suck 1 150 84-87 100 5 40 Porous

T:R (70:30) 80 MeOH 20 BA CM/suck 1 150 83-86 100 5 40 Porous

T:R (60:40) 80 MeOH 20 BA CM/suck 1 150 84-88 100 5 40 Porous

T:R(40:60) 80 MeOH 20 BA CM/suck 1 150 83 100 5 40 Porous

T:R (30:70) 80 MeOH 20 BA CM/suck 1 150 86-90 100 5 40 Porous

T:R(20:80) 80 MeOH 20 BA CM/suck 1 150 84-89 100 5 40 Porous

T:HPPCD
(80:20)

80 MeOH 20 BA CM/suck 1 150 87-88 100 5 40 Porous

T:HPPCD
(70:30)

80 MeOH 20 BA CM/suck 1 150 87-89 100 5 40 Porous



System
Solvent

Drying
Mode

Feed
Cone
(%)

T o u tle t( C )
Aspirator Gas flow Pump Porous/non-

% Name % Name
gas CO (%) (cm) (%) porous

T:HPPCD
(60:40)

80 MeOH 20 BA CM/suck 1 150 89-91 100 5 40 porous

T:HPPCD
(40:60)

80 MeOH 20 BA CM/suck 1 150 83-87 100 5 40 porous

T;HPpCD
(30:70)

80 MeOH 20 BA CM/suck 1 150 82-86 100 5 40 porous

T:HPPCD
(20:80)

80 MeOH 20 BA CM/suck 1 150 85 100 5 40 porous

sCT:T(5:95) 80 MeOH 20 BA

N2
CM/suck 1 150 86-88 100 5 40 Porous

sCT:T:R
(5:57:38)

80 MeOH 20 BA CM/suck 1 150 84-88 100 5 40 Porous

sCT:T: HPpCD 
(5:67:28)

80 MeOH 20 BA CM/suck 1 150 87-89 100 5 40 Porous

sCT:T: HPpCD 
(5:57:38)

80 MeOH 20 BA CM/suck 1 150 89-91 100 5 40 Porous

sCT:T: HPpCD 
(5:38:57)

80 MeOH 20 BA CM/suck 1 150 83-87 100 5 40 Porous

sCT:T: HPpCD 
(5:28:67)

80 MeOH 20 BA CM/suck 1 150 82-86 100 5 40 Porous



System
Solvent

Drying
Mode

Feed
Time. (°C) Toutlet ( C )

Process gas Nozzle gas
Pump Porous/non-

% name % name
gas conc (%) pressure

(bar)
pressure

(bar) (%) porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 82-84 1 1 15 Porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 79-75 0.8 1.2 15 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 81-83 0.8 1.4 15 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 93 1 1 10 Non-porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 82 1 1 20 Non-porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 83 0.8 1.4 20 porous

Raffinose 80 MeOH 20 BA N2 Blow 2.9 180 83-85 1 1 10 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 83-90 1.2 1.4 15 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 78-82 0.8 0.8 15 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 98 1.2 0.8 15 porous

Raffinose 80 MeOH 20 BA Blow 2.9 180 69-73 0.8 1.4 15 porous

R:HPPCD
(60:40)

80 MeOH 20 BA Blow 2.9 180 78-87 1.2 1.4 15 porous

R:HPPCD
(40:60)

80 MeOH 20 BA Blow 2.9 180 78-87 1.2 1.4 15 porous



S ystem
S olven t

Drying gas M o d e
Feed

Tinlet (°C) Toutlet (°C)
A to m iza t io n P u m p P o ro u s /n o n -

% n a m e % n a m e
c o n c (%) p r e s s u re  (bar) (kg /h ) p o ro u s

Raffinose 80 MeOH 20 BA CM/suck 2 125 80 1 0.8 p o rou s

Raffinose 80 MeOH 20 BA CM/suck 2 110 70 1 0.8 p o ro us

Raffinose 80 IVIeOH 20 BA CM/suck 2 90 60 1 0.8 p o ro us

Raffinose 80 IVleOH 20 BA CM/suck 2 125 70 2 1.4 p o ro us

Raffinose 80 MeOH 20 BA CM/suck 2 125 70 3 1.2 p o ro us

Raffinose 80 IVIeOH 20 BA

Nj

CM/suck 2 125 70 1 1.8 p o ro u s

Raffinose 80 MeOH 20 BA CM/suck 2 150 80 1 2.0 p o ro us

Raffinose 80 MeOH 20 BA CM/suck 2 180 80 2 3.2 p o ro us

Raffinose 80 MeOH 20 BA CM/suck 2 150 80 1 2.0 p o ro us

Raffinose 80 MeOH 20 BA CM/suck 2 180 80 1 3.4 p o ro us

Raffinose 90 MeOH 10 BA CM/suck 2.5 125 80 1 1.0 N on-porous

Raffinose 70 MeOH 30 BA CM/suck 1.5 125 80 1 2.9 N on-porous



APPENDIX 2

•  Cyclone cut-off diameter calculation as reported by Maury et al. (2005):

The dow nward spiralling vortex o f air in a high performance cyclone exerts tw o  opposite forces on a 
suspended particle; the centrifugal force acting outwards towards to  cyclone wall ^Xx = and the  drag
force acting inwards towards the inner edge o f the vortex approxim ated by the  radius o f the  exit duct, 
X = Tj. A particle ro ta ting at a; = r; w ith  zero radial ve lo c ity ,5 r[x , t } / 3 t | x  = r l ,  represents the  low  lim it 
o f particle size tha t can be separated from  the air vortex. Barth equated the centrifugal and drag forces 
acting on this particle of lim iting diam eter d , to  obtain (Maury et al. (2005).

Barth's model as described by Maury et al. (2005):  , where q is air viscosity (pa s), Q is the
JPp

, . 1/2
air flow rate (mVs), pp particle density (kg/m^), and h; vortex height (m).  ̂ ( — ) withVTj/
^in = 'm?'T 2 ' is tangencial particle velocity (m/s), is the cyclone radius (m), radius o f the

( /4ra
exit duct (m).

hi (mm) r, (mm) t| (mm)
HP cyclone 150 19

Q = 35 mVh = 9.72 x 10'^ mVs
ns = 9.72 X 10 exit duct (m ).elocity (m/s),"^ Pa s
Pp(TRE)= 1.4 g/cm^ = 1400 kg/m^
Pp(RAF)= 1.6 g/cm^ = 1600 kg/m^

Q 72 1n “ 3
1. Find Uj„: u™ =  -= 34.72 m/s(^ 4 )0 0 1 9

2. Find Uf Uf ^ = 34.72 57.20 m/s
t  t  VO. 0 07 /

T  r -  j  j 2  f  f f  J 2  9 o r r a f f i l O ~ ^ S o r r a l O ~ ^  n c c ^3. Find d'  ̂ fo r raffinose: = ----------------------------------=0.36 f f
5 7 . 2 0 r a f f i n n x 0 . i S  

, ~io r  ■ ■ 1-7 9 o r  t r e h a l O ~ ^  Sor  t r l O ~ ^  ^ #24. Find d^ fo r trehalose: d^ = ---------------------------------- = 0.377 al
57 .20  tre /ia ir rx O . 15

5. Find d  fo r raffinose and trehalose: d^ = VO.36 = 0.6 f f  d j  = VO.377 = 0.61 fi

•  Example of in-vitro aerosol deposition calculations

Part Fluorescence Volume mg
Device 1295 25 1.264

Capsule 737 25 0.720

M outh/IP 1900 25 1.855

Stage 1 1231 25 1.202

Stage 2 459 25 0.448

Stage 3 1696 25 1.656
Stage 4 3890 25 3.798

Stage 5 5174 25 5.052

Stage 6 1594 25 1.556
Stage 7 1384 5 0.270
Filter 1422 5 0.278

Weight recovered 18.10
Weight of powder in capsule 19.92
% recovery 90.88
Emitted dose 16.12
Emitted fraction (as per cent) 89.04
Non-emltted fraction 3.84

Stage 60 I/m Actual airflow
45.6

Stage 1 8.06 9.35
Stage 2 4.46 5.14

Stage 3 2.82 3.23
Stage 4 1.66 1.89

Stage 5 0.94 1.09
Stage 6 0.55 0.65

Stage 7 0.34 0.41

Filter

30000 -|

S
g 20000 -

o 10000 - y = 25605x
2  R2 = 0,9902

0 ----------“ I------------------1---------------1
0 0,5 1 1,5

conc (mg/ml)
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Weight
(mg)

Percentage
(%)

Weight of Powder in the Capsule (Nominal) 19.92 100 Nominal dose
Total weight of powder recovered 18.10 90.88 conforms to B.P.

Emitted weight of powder recovered (no capsule and 
device)

16.115 89.04 Total recovered

Mass of drug recovered from stages -1 to F only 14.260 78.79 Emitted
recovered

Fine Particle Dose (FPD) below 5 um 12.95
Fine Particle Dose (FPD) below 3 um 12.22

Fine Particle Fraction as per nominal dose 65.01
Fine Particle Fraction as per total recovered dose 71.54

FPF <5 as per emitted recovered dose 80.34
FPF < 3 as per emitted recovered dose 75.81

M M A D (um ) 2.050
GSD (um) 2.042

NGI Components Mass (mg)
Stage 1 1.202
Stage 2 0.448
Stage 3 1.656
Stage 4 3.798
Stage 5 5.052
Stage 6 1.556
Stage 7 0.270

Filter 0.278
Mass of drug recovered from stages 1 to F 14.26

Mass of drug captured in the app.FP size range (Stages 
2-F)

13.06

NGI
Components

ECD (Effective Cut-Off 
Diameter)

Stage collection (%) Cumulative 
mass (mg)

Cumulative 
fraction (%)

Filter 1.95 0.00 0.00
Stage 7 0.41 1.90 0.27 1.95
Stage 6 0.65 10.91 1.83 3.84
Stage 5 1.09 35.43 6.88 14.76
Stage 4 1.89 26.63 10.68 50.18
Stage 3 3.23 11.61 12.33 76.82
Stage 2 5.14 3.14 12.78 88.43
Stage 1 9.35 8.43 13.98 91.57

Calculation of Fine Particle Dose (FPD)

Cumulative mass (mg) zscore ECD In(ECD)
0.00 #NUM! Filter
0.27 -2.7818 0.41 -0.8949 Stage 7
1.83 -2.0910 0.65 -0.4332 Stage 6
6.88 -1.4849 1.09 0.0836 Stage 5
10.68 -1.2439 1.89 0.6358 Stage 4
12.33 -1.1585 3.23 1.1740 Stage 3
12.78 -1.1368 5.14 1.6379 Stage 2

13.98 -1.0811 9.35 2.2351 Stage 1
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Slope and intercept estimated on the stages 3 to 1 
only!

Coefficients
Intercept 16.443

Slope 13.114
FPD (below 5.0 um) 12.95

12.22

inverse distribution of the cumulative 
mass (mg) collected in the NGI (zscores) 

against In ECD (effective cut-off
diameters) 3 qqqq

y = 13.114x + 16.443

,-----------------------^ ^ --------- 9-.0G00-I
-1,2000 -1,1500 -1,1000 -1,0500

zscore

Calculation of Mass Median Aerodynamic Diameter and the Geometric Standard Deviation
Cumulative fraction (%) zscore ECD In(ECD)

0.00 #NUM! Filter
1.95 -2.0648 0.408633352 -0.8949 Stage 7
3.84 -1.7693 0.648447073 -0.4332 Stage 6
14.76 -1.0469 1.087167972 0.0836 Stage 5
50.18 0.0046 1.888537877 0.6358 Stage 4
76.82 0.7328 3.234761848 1.1740 Stage 3
88.43 1.1967 5.144128287 1.6379 Stage 2
91.57 1.3768 9.347504911 2.2351 Stage 1

Coefficients
Intercept 0.718

Slope 0.714
MMAD 2.050 Um

GSD 2.042 Um

inverse distribution of 
fraction (%) collecte 

(zscores) against In EC 
off diamete2,0000

y = 0.7138x +0.7177
= 0.987 "1.0000

Q

the cumulative 
d in the NGI 
D (effective cut- 
rs)

£3,0000 -2,0DiCI<1,0000 0,0 
♦  -1,0000

-2,0000

)00 1,0000 2,0000 

zscore

•  Example of sCT Bioactivity calculation

pmol/ml od average corrected %B/Bo
Nsb log 0.009

0.018 0.014
SO 0.00 0.623

0.667 0.645 0.632
S i 3.75 0.574031 0.583

0.578 0.581 0.567 89.77363
S2 7.5 0.875061 0.605

0.593 0.599 0.585 92.60725
S3 15.00 1.176091 0.425

0.384 0.405 0.391 61.89647
s4 30.00 1.477121 0.381

0.316 0.349 0.335 53.07108
s5 60.00 1.778151 0.211

0.217 0.214 0.201 31.78724
s6 120.00 2.079181 0.137

0.153 0.145 0.131 20.76144
s7 240.00 2.380211 0.102

0.094 0.098 0.084 13.35286

0,7
0,6
0,5

y = -0.2927x + 0.7533 
R" = 0.9900

0,2
0,1

log(cAMP) (pm ol/m l)
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average corrected cAMP % activity
Set 0.260 0.247 53.84235 109.529

0.284 0.272 0.271 44.47376 90.47095
0.376 0.362 21.68605 44.11494 100 13.47611

T 0.275 0.325 0.261 48.03804 97.72159
0.548 0.535 5.578252 11.34758
0.278 0.413 0.265 46.62326 94.84359 96.28259 2.035059

R 0.319 0.306 33.87615 68.91272
0.406 0.363 0.393 17.05996 34.70431
0.260 0.246 53.92713 109.7015 89.30711 28.84203

average sCT 32.00883
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Chapter 5 Young-Nelson com ponent p lot o f spray dried excipients alone (a) Trehalose (B) raffinose (c) HPPCD.
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Chapter 5 Young-Nelson model component plot of R;HP(3CD (a) 40:60 and (b) 30:70 composite systems.
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C hapter 6 (a) XRPD diffractogram s and (b) DSC scans of spray dried raffinose pow ders p repared  using th e  Niro SDMicro
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Chapter 6 (a) XRPD diffractograms and (b) DSC scans of spray dried raffinose powders according the DOE using the Niro SDMicro.

Temperature (°C)2 theta degree

Chapter 5 (a) XRPD of spray dried and (b) DSC scans of raffinose:HPpCD composite systems with ratios (a) 60:40 and (b) 40:60.
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Chapter 6 Young-Nelson model component plot o f (a) sCT:T, (b) SCT:T:HPPCD 5:38:57 and (c) sCT:T:HPpCD 5:28:67.



Chapter 7 SE micrographs of spray-dried (a) sCT:R, (c) sCT:R:HPpCD 5:57:38 and (e) sCT:R:HPpCD 5:38:57 after 24-weel<s storage at 25 °C/< 5% RH; and of spray-dried

(b) sCT:R, (d) sCT:R:HPpCD 5:57:38 and (f) sCT:R:HPpCD 5:38:57 after 24-weel<s storage at 4 ”C/< 5% RH.





Chapter 7 SE micrographs of spray-dried (a) sCT:T, (c) sCT:T:R, (e) sCT:T:HPpCD 5:67:28, (g) sCT:T:HPpCD 5:57:38, (i) sa:T:HPpCD 5:38:57 and (!<) sCT:T:HPpCD 5:28:67 

after 24-weeks storage at 25 °C/< 5% RH; and of spray-dried (b) sCT:T, (d) sCT:T:R, (f) sa:R:HPpCD 5:67:28, (h) sa:R:HPpCD 5:57:38, (j) sa:T:HPpCD 5:38:57 and (I)

sCT:T:HPpCD 5:28:67 after 24-weeks storage at 4 °C/< 5% RH.
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Chapter 7 XRPD of spray-dried sCT:raffinose composite systems after storage at (a) 25 °C/ 5% RH and ( b ) ) 4 °C/ 5% RH. HPbCD -  Hydroxypropyl-p-cyclodextrin
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Chapter 7 XRPD o f spray-dried sCT:trehalose composite systems after storage at (a) 25 °C/ 5% RH and ( b ) ) 4 °C /5%  RH. HPbCD -  Hydroxypropyl-p-cyclodextrin
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Chapter 7 DSC scan of sCTiR stored at (left) 25 °C/5% RH and (right) 4 °C/5% RH at weel<s 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray dried powder (A).



in n
200100 12020 00 70

TempQratiire (”C)
Tern perature ("C)

Chapter 7 DSC scans sCT:R:HPpCD 5:57:38 stored at (left) 25 “C/5% RH and (right) 4 “C/5% RH at weeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray

dried powder (A).
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Chapter 7 DSC scans o f sCT:R;HPpCD 5:38:57 stored at (left) 25 °C/5% RH and (right) 4 °C/5% RH at weeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray

dried powder (A).
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Chapter 7 DSC scans o f sCT:T stored at (left) 25 °C/5% RH and (right) 4 °C/5% RH at weeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray dried powder.
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Chapter 7 DSC scans o f sCT:T:R stored at (left) 25 °C/5% RH and (right) 4 °C/5% RH at weeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray dried powder 

(A).
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Chapter 7 DSC scans o f sCT:T:HPpCD 5:67:28 stored at (le ft) 25 "C/5% RH and (right) 4 “C/5% RH at weeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray 

dried powder (A).
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Chapter 7 DSC scans o f sCT:T:HP3CD 5:57:38 stored at (le ft) 25 °C/5% RH and (right) 4 °C/5% RH at weel<s 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray 

dried powder (A).
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C hapter 7 DSC scans of sCT;T:HP|3CD 5:38:57 stored  a t (left) 25 “C/5% RH and (right) 4 T /5 %  RH at w eeks 4 (B), 8 (C),12 (D), 15 (E), 20 (F) and 24 (F) and, freshly spray 

dried pow der (A).
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Chapter 6 DSC scans of sCT:T:HPpCD 5:28:67 stored  a t (left) 25 °C/5% RH and (right) 4 °C/5% RH a t w eeks 4 (B), 8 (C),12 (D), 16 (E), 20 (F) and 24 (F) and, freshly spray 

dried pow der (A).
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Chapter 7 Percentage of m ass loss from  25°C to 130°C by TGA of (left) sCT:R, (middle) sCT:R:HP3CD 5:57:38 and (right) sCrr:R:HPpCD 5:38:57 during storage.
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Chapter 7 Percentage o f mass loss from  25“C to  130°C by TGA o f (a) sCT:T, (b) sCT:T;R, (c) sCT:R:HP3CD 5:67:28, (d) sCT:R:HP3CD 5:57:38, (e) sCT:R:HPpCD 5:38:57 and

(f) sCT:R:HP3CD 5:28:67 during storage.
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sCT:R:HPbCD 5 :5 7 :3 8  sCT:R:HPbCD 5 :38 :57  

■ S to re d  a t 4 * C /5% RH ■  S to re d  a t  25 * C /5% R H m Fresh ry SD
^

■  s to r e d  o t A •c /’59c. RH ■ S to re d  ot 25  *C/ 59C f^H

Chapter 7 Retained salm on calcitonin activity (±SD) for (a) all raffinose com posite  system s and (b) all trehalose com posite  system s after 24 w eek s storage.

Chapter 7 Pham acokinetic param eters o f sCT in rats after intratracheal delivery (m ean ±SD, n=5).

sCT solution iv sCT solution 
pulm

sCT:R 5:95 sCT:R:HPbCD
5:57:38

sCT:T 5:95

Dose (ng/Kg) 84±6.95 94112.3 146+21.3 12419.9 124116.9
AUCQoo ((ig.h/L) 180.4±37.36 22.4+4.70 36.5113.80 39.514.29 27.813.32

Cmax (ng/L) 15.815.06 33.8112.97 42.518.73 11.014.14
tm ax (h) 0.0710.05 0.110.06 0.1+0.06 0.210.12

Cl (L/h/Kg) 0.53±0.11
CIpulm (L/h/Kg) 0.0510.01 0.0510.01 0.0310.01 0.0510.01

MRT (h) 0.59±0.06 2.010.73 1.310.10 1.3+0.18 2.2+0.93
MAT (h) 1.210.97 0.510.37 0.6+0.45 1.210.93
ke (h-1) 1.04±0.16 0.610.18 0.810.06 0.810.10 0.610.29
ka (h-1) 1.611.03 2.7411.32 3.712.82 0.910.51

t l /2 p  (h) 0.6+0.11 1.510.68 0.810.07 0.910.06 0.610.48
F ab s(%) 11.313.01 11.513.48 14.912.01 10.111.37
Frel (%) 104131.5 135118.24 74.9125.91

Vss (L/Kg) 0.4±0.12 0.110.04 0.1+0.02 0.0310.02 0.110.07
Vdp (L/Kg) 0.410.05 0.110.06 0.1+0.02 0.0410.004 0.110.05


