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Abstract

Described in this dissertation are systematic studies designed to correlate the
physico-chemical properties of dry powder inhalation formulations to the in vitro
deposition patterns. Two model asthmatic drugs were selected for investigation:
the hydrophilic B2 adrenoreceptor agonist, salbutamol sulphate (SS) and the
hydrophobic synthetic steroid, beclomethasone dipropionate (BDP).

To examine deposition differences between carrier particles from different
sources, three different marketed grades of lactose were evaluated. In vitro
assessment of the deposition using the Clickhaler®, as a device displayed
significant differences depending on the carrier chosen. In particular BDP
seemed to be positively influenced by the presence of fine lactose, whereas SS

seemed to be more linked to the surface energetics of the coarse lactose.

The influence played by the fines was further evaluated by using crystalline
lactose/polyethylene glycol 4000 (PEG 4000 g mol™) particles that were
prepared by spray drying. Different parameters such as the chemical nature and
the proportion of fines, the mixing sequence, and the drug to carrier ratio all
influenced the deposition patterns of the drugs. Significant standardisation in
the performances of BDP was achieved by modifying the surface of the coarse
lactose.

Improvements in SS deposition were also achieved using a new type of carrier
surface modification. Partially amorphous lactose/PEG 4000 fines were allowed
to crystallise onto air-jet sieved lactose surfaces. Parameters such as particle
morphology and surface energetics appeared to play a key role in the drug
deposition. PEG 4000 [45-90] um was also studied as a probe carrier using the
Aerolizer® This study also represented an opportunity to consider the device
implication on the Twin Stage Impinger (TSI) deposition.

Finally, the possibility of modifying the surface properties of the drug substance
was investigated by a spray drying process. It was found by inverse gas
chromatography (IGC) that PEG modified the surface energy parameters of the
drug. Different solutions and suspensions were studied in order to generate
crystalline particles with suitable properties for pulmonary administration.



Acknowledgements

My first thanks are for my academic and industrial supervisors, Professor
Graham Buckton, Dr Stephen Brocchini and Dr Dilraj Singh for their advice and
support throughout this PhD.

| also would like to express my gratitude to Novartis Pharma for their financial
sponsorship and their technical assistance, in supplying the Aerolizer® and

Innovata Biomed for the Clickhaler®.

I should also acknowledge Dave Mc Carthy for imaging work, Keith Barnes for
his endless technical help, Tony Silva for the long hours spent on deffective flow

controllers, Rachel and Maria in the office and all my colleagues at the school.

Thanks are also due to Dr Catherine Tuleu, my “French colleague” for all the
laugh in and outside SOP and to Juliette.

This thesis is dedicated to my parents whose emotional and financial support

has allowed me to complete my studies. | am forever grateful.



Table of Contents

Table of CONENES ......eoieiieieee e 4
LiSt Of FIQUIES ...ttt e e eae e e 9
LiSt Of TaDIES ... .. e 18
List of AbDbreviations .............eeveiii i 22

Chapter 1: Introduction

1.1. Summary of chapter 1 ... 25
1.2. Pulmonary delivery: advantages and applications..............cccooerveecvvrereenee. 25
1.3. Biophysical basis for pulmonary drug administration.................ccccceeeeeneens 26
1.3.1. Aerosol deposition in the respiratory tract..........ccccovvvevvvvevveevevenenennnn. 28
1.3.1.1. Mechanism of deposition.............cccooveeveicicicrreeereee e 28
1.3.1.2. Factors influencing the deposition...........ccccevvvvvveieeeveeree e 31
1.3.2. ADSOIPLON .....ceviiieeiiriieier e r e e er e e e et e e e s s e e sreseaannes 34
1.3.3. ClEAraNCe.........eoviiriiiriieeierere ettt e 34
1.4. ACroSOl therapy ..c...eeveeieeeeeeeeee et 36
1.4.1. Aerosol generators..........c.coeovuuiriieeiiireeiiiee et e e 36
1.4.1.1. Pressurised metered-dose Inhalers...........cccccooeireiiniiiiiiennnens 37
1.4.1.2. NEDUNSETS ...ttt e 38
1.4.1.3. Dry Powder INhalers ............cccveeriiiiieeee et e 40
1.4.2. Choice of the deviCe..........coo i e 41
1.5. Formulating dry powder inhalation systems ..........c.cccoooriiiiiiiiciiiicennes 42
1.5.1. Production of micronised drugs...........ccocoevevvrurmmremrenirierereeer e 42
1.5.2. Examples of drugs administered via the pulmonary route................... 44
1.5.3. Coarse Carmier SYSteM ... e 45
1.6. Particle interactions in dry powder inhalation systems ..............ccoveiinenee 47
1.6.1. Electrostatic fOrces..........couuuiiieiiiii et 48
1.6.2. Capillary fOrCeS .......ooommrrieeie ettt 49
1.6.3. Solid bridge formation ... 50
1.6.4. Van der Waals forces...........occeeeeriiieiieniceeeceeeeeree e 50
1.7. Factors influencing particulate interactions..........ccccovveeiveeiriiiiiniiiis 53



1.7.1. Particle size and the use of ternary components .........ccccccovveeereiienne 53

1.7.2. Particle shape-surface texture .............ccccev e 55
AR T T W T4 £ ol =T =T o | 2 55
1.7.4. Relative humidity..........ccoovvvemmeiiriiiiiiiiiiiiiiere e 57
1.7.5. Electrical properties - triboelectrification.............cccovvevicerininnee. 58
1.8. AIMS Of the thesSiS ..coeeeiiie e 59
Chapter 2: Materials and Methods
2.1, MAtETIalS ...ttt s 61
2.1.1. Source of materials used ..........cccooeevreriiiiiiiiiii s 61
2.1.2. Drug MOdeIS....cccceeiiieiee et 62
2.1.2.1. Beclomethasone dipropionate..........cccoeveevrvvrviereereriiiceieee e 62
2.1.2.2. Salbutamol SUIPhAte ...........uvrrreerirriree e 63
2.1.3. INhalation deVICES ......ccoovviieiiiiieee e 64
2.1.3.1. The ClCKN@lEr®............cooiririerre et 64
2.1.3.2. ThE ACTONIZEI® .......voovevevecet e 65
2.2, MethOAS......coiieieeeee e e 66
2.2.1. Production of particles by spray drying ...........ccccceeiiiicnniiiiiieen. 66
2.2.1.1. Spray drying using the BUchi 191 .........c.cciiiiiii e 70
2.2.1.2. Spray drying using the Niro SD MICRO™ ...........c.cooovrveierreaee, 72
2.2.2. Preparation of powder blends ............ocoeeermiieeriieeiriecierire e 74
2.2.3. Assessment of content uniformity .........c..coooroiinii 75

2.2.4. Characterisation of aerodynamic properties of dry powder aerosols .. 77

2.3. Physico-chemical characterisation methods for the powder systems........ 80
2.3.1. Scanning electron MICrOSCOPY ......c.ccvveiieriiiermeirieiiiirineen s 80
2.3.2. Particle size measurements .............oeeeeeriiiei i 80
2.3.3. Specific SUMfaCe area.........ccuvvevieieiiiieiieiii e s 83
2.3.4. X-ray powder diffraction .............ccccerniiiiiciiiii 85
2.3.5. Solution calorimetry..........ccoeveiiiiiirieee e 87
2.3.6. Inverse gas chromatography........cccceoeviiiiiiieiniccccceeeere e 92

2.3.6.1. Determination of the dispersive component of surface energy..... 93
2.3.6.2. Determination of specific polar interactions........c.ccccceveeeeeennnnnn, 95
2.3.6.3. Column preparation ..........ccccceeeeeeeeceeeireieee e eeeee e e 96
2.3.6.4. APPAratUS ...t 97



2.3.6.5. Experimental ..........cuuciiimimriieiiniieree s 97
2.3.7. Dynamic vapour sorption (DVS).........cccccovvvevniiiiiiicnninn i, 101

Chapter 3: Influence of different grades of lactose on in vitro drug
deposition

3.1 SUMMANY ..ot e e et s et s e e e e se s basbraesa e e 105
3.2, INtrOAUCHION.....cceeieeieeee et n e 105
3.3. Aims of the stUdY ........oeveeeeiie e 111
3.4. Materials and Methods ........ooooviiieeiee e 111
3.5. Results and diSCUSSION.........ccoviiiiiiiieieic et 112
3.5.1. Deposition studY ........ccoiiiiriiei et 112
3.5.1.1. Repeability study With BDP ..........covmiieieeeee e 112
3.5.1.2. Results for aerosol deposition studies of SS and
BDP formulations .........c.coeeeiiriiiiiieie et 114
3.5.2. Physico-chemical properties of the different carriers ........................ 116

3.5.2.1. Particle morphology and size, and specific surface area of the

different 1actose Carriers ..........ccvveevecricieeic i 116
3.5.2.2. Determination of crystallinity in the different materials................ 121
3.5.2.3. SUrface Properties ........ccocuvevurerrmremreeeiereereererreeeee et e e eerreeereeees 126
3.6. General CONCIUSIONS ........ccoiiiiiiiieeieee e e rn e 135

Chapter 4: Crystalline lactose/PEG 4000 co-spray-dried systems
used as fines for DPI

4.1, SUMMMACY ..ovuuueiriniiniiiasesraessraniair e arrerreseeseeaesaesaanessssessasaeanesaesanns 138
T 3720 1911 e o 18 [ex (o] o F PPN 138
4.3. AIMS aNd ODJECHVES..... v e 141
4.4. Materials and methods ..........cccceeiviiniiiieiiiii e 142
4.4.1. Preparation of the particles by spray drying........c..ccccenviiniinicnneen. 142
4.4.2. Preparation of the different formulations ............cccoccverriieinnnnnn. 143
4.5. Results and diSCUSSION ..........eeeiiireiiiieiiiee ettt 143
4.5.1. Characterisation of the lactose/PEG 4000 fines...........cc.ccooeevrvnenrns 143
4.5.1.1. Scanning electron MICrOSCOPY........eveveirirereirieer e 143



4.5.1.2. Particle sizing of the different co-spray-dried systems................ 145

4.5.1.3. X-ray diffraction .........cocoevrereiicri e 146
4.5.1.4. Dynamic vapour SOrption..........cccccoceveiiiieieinrne e 148
4.5.1.4. Inverse gas chromatography ........ccccccceeeveericieennieiicniieee e 162
4.5.2. Different factors affecting drug deposition.............eevveevreeriinrennnnnee 165
4.5.2.1. Influence of the lactose/PEG ratio..........cccccceeerieirnineeeiniinnicns 155
4.5.2.2. MiXiNG SEQUENCE ...cceevmeerreeererrcecieiireesres s esinnee s snenesssnree e sane 161
4.5.2.3. Effect of the fine concentration .........ccccoeoiieriiiiniiiines 165
4.5.2.4. Effect of the drug concentration.............ccooeeiiiiiiiiiiiceeeee 167

4.6. General CONCIUSIONS .....c..covuveeieiiecnireeneetr et e et 170

Chapter 5: Partially amorphous lactose/PEG fines used as surface
modifiers for DPI

5.1 SUMMANY ...ttt e e 173
5.2. INtrodUCHION ......eeiiiieee ettt 173
5.3. Aims and ODJECHIVES......c.coiveririiiiiierieiierri et 174
SECTION A: Investigation of modified lactose carriers and PEG 4000 [45-90]
HM as @ CoNtrol probe Carmier...........vvceeiriiicie et 175
5.4. Materials and methods ... 175
5.4.1. Production of the fiNeS .......cccooeeeirieiiiiie e 175
5.4.2. Surface treatment of lactose crystals ..........ccovveeerrmmmrreeirirreeeeeineenes 175
5.5. Results and diSCUSSION ........ccuvrueurmiuurrireinieiire et ceene s eer e e ne e ne s 176
5.5.1. Characterisation of the partially amorphous lactose/PEG fines ........ 176
5.5.2. Characterisation of the modified carriers..........ccc.cocccnniicinniinnnnnn, 178
5.5.3. Deposition StUAIES....c.coeviiiiiieeeee e 182
5.5.4. Deposition studies using PEG 4000 as a model carrier .................... 182
5.5.5. Comparative study between the Clickhaler® and the Aerolizer® ....... 185
5.5.5.1. BDP deposition obtained using the Aerolizer®..............cccevevnee 185
5.5.5.2. SS deposition obtained using the Aerolizer® ..o, 187
SECTION B: Applications of surface energy data to predicting DPI
011§ {04 £ F=Ta Vot T 189
5.5.6. Relationship between dispersive free energy and deposition ........... 189
5.5.7. Surface energy interaction theory ...........cccccccoiiiiiiiiinii e 192
5.5.7.1. Surface energy interaction (MJ/M?) .......cccevvrveeeeerecerrnreenrnenns 197



5.5.7.2. Surface energy interaction (MJ/g) .....ccoeoveereereeirirenenrireeenenes 202
5.5.8. Spreading coefficient approach..........cccoceeerriierriieiee e 205
5.6. CONCIUSIONS ....eeviieiiiieeie et ettt ettt e et 217

Chapter 6: Surface modification of the drug substance

B.1. SUMMAIY ...uvviiiiieiieieiiieiee e tr e e s e e e e s e seae e te e e e s s e e nneeessrnrnns 220
6.2, INtrOdUCHION......oeiieeee e e 220
6.3. AIms and ObJECHIVES......ccoreireeecrereer e 223
6.4. Material and MmethodS ........ooeeoeieiireieie e 223
6.4.1. Production of modified drug models...........ccccooveiiiiiiicriiiin, 223
6.4.2. Evaluation of the aerosol properties.........cccccceveevevvreeeeeveivrieeeeeeee 225
6.5. Results and diSCUSSION ...........cccuieriierieieceeee e 225
6.5.1. Spray drying from a solution ............cccccceereeirn s S 225
6.5.2. Spray drying from @ SUSPENSION..........ceeerveiriieeriirer e 237
B.6. CONCIUSIONS ......oeieeeiiieee ettt et 249

Chapter 7: Summary and conclusions

7.1, GENEral DISCUSSION ..ceueeieee ettt s ettt sses s enerasstnssenrnernnnss 252
7.2. Suggested future WOorkK..............ooooiiiiiiiniii 256
References

REfEIENCES ..o e eeeentrenaretatenere et aeranas 258



Chapter 1

Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.

Figure 1.5.
Figure 1.6.
Figure 1.7.

Figure 1.8.
Figure 1.9.

Figure 1.10.

Chapter 2

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4,
Figure 2.5.

Figure 2.6.

List of Figures

Structure of the lungs (Washington et al., 2001). ..........c.c.......... 26
Schematic of Weibel lung morphology model (Weibel 1963). ..... 27
Particle deposition mechanisms (Schulz, 1998)..........ccc.ccceveneeee 29

Particle deposition mechanisms at an airway branching site

(Washington et al., 2001). .....ccoeereireieeeireeee e 32
Schematic representation of the mucociliary clearance. -
Schematic representation of a pMDI (Smyth, 2003).................... 37
Schematic representations of jet nebuliser (A) and ultrasonic
nebuliser (B) (O'Callaghan and Barry, 1997)........cccccceiiieennn. 40
Schematic of air-jet mill (adapted from Hickey, 2003). ................ 44
Molecular structure of a and B lactose (Byron et al., 1996). ........ 46
Possible model for the action of fine particle lactose (FPL) (Lucas
et al, 1998D). ..c.ooriie s 54
Chemical structure of BDP. ..........cccovriiiiiiiieiciee e 62
Chemical structure of SS............ooi e 63
Schematic view of the Clickhaler® (Parry-billings et al., 1999). ... 64
Schematic view of the Aerolizer®.............cccocveviveeeveeceeesiecrenans 66

Different drying stages involved in spray drying (modified from .....
Farid, 2003). ....ccoceeiriieiriierrieeeieeee et et eaaee e e sna e e sae e 69
Outline of the Buchi 191 spray dryer (left) and photograph of spray
drying in operation (right): A=feed pump, B=compressed air inlet,
C=pneumatic nozzle, D=primary drying chamber, E=control panel,
F= sample feed holder, G=spray drying cyclone, H= collection

vessel and [=aspirator. ..........ooueeeeiiiciiee e 70



Figure 2.7.

Figure 2.8.
Figure 2.9.

Figure 2.10.
Figure 2.11.
Figure 2.12.
Figure 2.13.
Figure 2.14.
Figure 2.15.

Figure 2.16.

Figure 2.17.
Figure 2.18.

Figure 2.19.

Chapter 3

Figure 3.1.
Figure 3.2.

Figure 3.3.

Figure 3.4.

Outline of the Niro SD MICRO ™ spray dryer (left) and photograph
of spray drying in operation (right):A=nitrogen main valve, B=feed
pump main air valve, C=feed pump air filter, D=drying .... chamber,

E=spray drying cyclone. N.B. The schematic is a mirror image of

the photograph. ......... et 72
UV calibration curves for both drug models...........cccoeeeevnneennnes 76
Outline of the TSI (left) (modified from BP) and photograph of in
vitro assessment in operation (right). .........ccoccvmiiiiiciiieennieen. 79
Schematic diagram of laser light diffraction particle sizer (modified
from Aulton, 2002))......cccueeririireerieiieeriere e 81
Photograph of a SA 3100 surface area analyser............c.cc......... 85
Schematic of an X-ray tube (Willard et al., 1988). ..........cccuvveeeen 86
Reflection of X-rays from two planes of atoms in a solid. ............ 87
Schematic diagram (Thermometric AB, 1997) and photograph of
the calorimetric Unit. ...........cccconriniii 88
Analysis example of a crystalline lactose sample by solution
calorimetry (P=pause, B=baseline, C=calibration). ..................... 90
lllustration of the free energy of adsorption of alkanes as a
fUNCHION OF @ (Ys) 2. oot 95
Determination of specific polar interactions by IGC..................... 95
Schematic diagram  (Sing, 2001; Newell et al., 2001b) and
photograph of the IGC apparatus. ............ccccveveveeerercvieeeeerenes 100

Schematic diagram (Ahfat, 1998) and photograph of a DVS..... 102

Co-processed coarse carrier with an active. .........cc.c.oeeonnee. 112
Repetability assessment of the BDP emitted dose following 10
runs (each corresponding to 10 actuations). .......c..ccccceeeevneenn. 114
Scanning electron micrographs of the different grades of lactose:
Pharmatose 325M (A), Aero Flo 65 (B),and Lactohale LH 100 (C).

Particle size distribution of the three different grades .....................
Of laCOSE......oviiiiiiiiiici s 118

10



Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.
Figure 3.11.

Mean FPFs (n=3) of BDP (A) or SS (B) vs. mean digy values

(N=3) Of CAITIEN. ..ot 119
Correlations FPFs of BDP (A) and SS (B) expressed as mean
values (n=3) vs. SSAs (m?/g) of carrier (N=3)........c.c.cccovrvrerne.. 121

The process of glass transition by cooling the liquid melt,
reproduced from Ahneck (Ahlneck and Zografi, 1990). ............. 109
X-ray diffractograms of the three different grades of lactose

MONONYArate. ....ccociiiiiiiiiiiiiii e 122
X-ray diffractogram of B-lactose. ........ccccceevivieiireeeiiicee 122
X-ray diffractogram of spray-dried lactose. ..........c.cccoveeereeinnnnns 123

Calibration curve for the determination of the lactose amorphous
content by solution calorimetry (N=2)........cccocceereiiiiiiineniine 124

Figure 3.12. X-ray diffractogram of starting lactose material used for the solution

Figure 3.13.

Figure 3.14.

Figure 3.15.

Figure 3.16.

Figure 3.17.

Chapter 4

Figure 4.1.

Figure 4.2.

Figure 4.3.
Figure 4.4.

calorimetry calibration curve. ..........ccccccoovveveiciiivienee e, 126
Example of chloroform lying below the alkane line (obtained with
Pharmatose 325M as the investigated carrier). ......................... 128
Plot of RT In Vn against boiling point of the probes (A) and against

Relationship between BDP FPF and acid-base properties of the
different Carmiers. .........vvuermerieiieiiiececerierr e e aaes 131
Relationship between SS FPF and acid-base properties of the
different Carriers. ... 131
Relationship between BDP FPF, SS FPF and the individual polar
probe interactions (in J/mol) Values are mean and (standard
deVIatioN). ... e 132

Electron micrographs of (A) crystalline lactose, (B) amorphous
lactose, (C) lactose/PEG 1 %, (D) lactose/PEG 5 %, (E)

lactose/PEG 10 %,and (F) lactose/PEG 20 %. ........c.ccovcveruneene 144
Particle size distribution of the three different grades of lactose.
.................................................................................................. 145

X-ray diffractogram of the reference a-lactose monohydrate. .. 146
X-ray diffractogram of the PEG 4000 reference material....... ... 147



Figure 4.5. X-ray diffractogram of the 10 % PEG/lactose spray-dried system147

Figure 4.6.
Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 4.17.

Chapter 5

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.
Figure 5.5.

DVS mass plot of PEG 4000 as a function of time and % RH. .. 149
Water sorption for lactose/PEG 4000 co-spray-dried system
containing 10 % PEG (W/W).....cooovieiiieeeeee e
Water sorption for lactose/PEG 4000 co-spray-dried system

containing 5 % PEG (W/W). ... e 151
Water sorption for lactose/PEG 4000 co-spray-dried system
containing 1 % PEG (W/W). .ccouuuiiiveeeireieeceeeeee e 151

Dispersive components of the crystalline lactose, the different
lactose/PEG systems and PEG 4000. Values are mean (n=3).. 154
Acid-base characteristics of the crystalline lactose, different
lactose/PEG systems and PEG 4000. Values are mean (n=3).. 155
In vitro deposition of the different Aero Flo 65 based formulations
with BDP as drug model. Values are mean (N=3)ceeeieeen,
In vitro deposition of the different Pharmatose 325 M based
formulations with BDP as drug model. Values are mean (n=3). 159
In vitro deposition of the different lactose modified carriers with
SS as drug model. Values are mean (N=3). .......c.ccceoreeerirrrenrn. 160
Influence of the mixing sequence on the FPF of SS and BDP
formulations. Values are mean, n=3..........cccccccvvvveiieeereciniieees 163
Scanning electron micrograph of a ternary mixture consisting of A
Aero Flo 65, lactose/PEG 10 % fines and BDP......................... 164
Relationship between FPF of SS and BDP and the concentration
of lactose/PEG fines. Values are mean (n=3)). .........cccceerrrmnneen. 167

Electron micrograph of partially amorphous lactose/PEG system.

.................................................................................................. 176
X- ray diffraction data of lactose/PEG 4000 (10 %) showing the
partially amorphous compound. ...........coooveerreceiirieeereeeeeeee e 177

X-ray diffraction data of lactose/PEG 4000 (10 %) after 24 hours
showing crystallisation of the partially amorphous compound... 177
Water sorption for partially amorphous lactose/PEG 4000....... 178
Scanning electron micrograph of the” fused system”. ............... 179

12



Figure 5.6. Effect of powder modification on the resulting dispersive energy.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure 5.11.

Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 5.15.

Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Values are mean and based on at least three measurements. . 180
Effect of powder modification on the specific interactions of polar
probes. Values are mean and based on at least three
MEASUNEMENES....euvieeiieiririieeciireierrirtreeee s ee e s s e s e reeneraenes 181
Scanning electron micrograph of PEG 4000 [45-90] pm.......... 183
BDP deposition obtained from nine DPI formulations using two
different inhaler types. Values are mean (N=3)......cc...cccvvvrreeeen.. 186
SS deposition obtained from nine DPI formulations using two
different inhaler types. Values are mean and n=3. .................... 187
Relationship between dispersive energy of the different carriers
(grey columns) and BDP FPF (black points) using the Clickhaler®.
Values are mean (N=3)......oouiieiiiieieireeee e e 190
Relationship between dispersive energy of the different carriers
(grey columns)and BDP FPF (black points) using the Aerolizer®.
Values are mean (N=3). .....cceieiriiiiiieeee e e 190
Relationship between dispersive energy of the different carriers
(grey columns) and SS FPF (black points) using the Clickhaler®.
Values are mean (N=3)...ccooevveiieeeeeeeeier et e 191
Relationship between dispersive energy of the different carriers
(grey columns) and SS FPF (black points) using the Aerolizer®.

Values are mean (N=3).....coeeieieieeeeeeccee e e 192
FPF of BDP (black points) obtained with the Clickhaler® vs. SSA
(m?/g) of carrier (grey columns). Values are mean..................... 195
FPF of BDP (black points) obtained with the Aerolizer® vs. SSA
(m?%g) of carrier (grey columns). Values are mean..................... 196
FPF of SS (black points) obtained with the Clickhaler® vs. SSA
(m?/g) of carrier (grey columns). Values are mean..................... 196
FPF of SS (black points) obtained with the Aerolizer® vs. SSA
(m?/g) of carrier (grey columns). Values are mean..................... 197

SEI (mJ/m?) of BDP with different lactose based carriers (grey
columns) as a function of BDP FPF (black points) using the
Clickhaler® Values are mean (N=3)........ccccceeverrrurverreererrerernnnn. 199

13



Figure 5.20. SEI (mJ/m?) of BDP with different lactose based carriers (grey
columns) as a function of BDP FPF (black points) using the
ACTONIZEI® ........ooooveevvess st 199
Figure 5.21. SEl (mJ/m?) of SS with different lactose based carriers (grey
columns) as a function of SS FPF (black points) using the
Clickhaler® Values are mean (N=3) i, 201
Figure 5.22. SEI (mJ/m?) of BDP with different lactose based carriers (grey
columns) as a function of BDP FPF (black points) using the
Aerolizer® Values are mean (N=3)..........cccocoeiveerveesereenrerenns 201
Figure 5.23. SEI (mJ/g) of BDP with different lactose based carriers (grey
columns) as a function of BDP FPF (black points) using the
Clickhaler® Values are mean (N=3) .........cccooueereeerveverereeserenens 203
Figure 5.24. SEI (mJ/g) of BDP with different lactose based carriers (grey
columns) as a function of BDP FPF (black points) using the
Aerolizer® Values are mean (N=3)...........cc.cccecveerrrerererermsvrneeeenen. 203
Figure 5.25. SEl (mJ/g) of SS with different lactose based carriers (grey
columns) as a function of SS FPF (black points) using the
Clickhaler® Values are mean (N=3) ........c.cccoooevreerrrerrerenns 204
Figure 5.26. SElI (mJ/g) of SS with different lactose based carriers (grey
columns) as a function of SS FPF (black points) using the
Aerolizer® Values are mean (N=3)............ccoovrerervrreurirrennnn, 205
Figure 5.27. Scanning electron micrograph of Aero Flo 65 mixed with BDP. 207
Figure 5.28. FPF of SS using the clickhaler (A) or the Aerolizer (B) as a function
of the spreading coefficients of SS over carriers (mJ/m?). Values
are MEAN (NT3) et eecrrre e e e sarae e s e s e rrea e e as e snns 208
Figure 5.29. FPF of BDP using the clickhaler (A) or the Aerolizer (B) as a
function of the spreading coefficients of BDP over carriers
(mJ/m?). Values are mean (N=3) ......c..cccovvrmemrvenreenreereeeeeeennnns 209
Figure 5.30. FPF of SS using the clickhaler (A) or the Aerolizer (B) as a function
of the spreading coefficients of carriers over SS (mJ/m?). Values
Are MEAN (NZ3)..ciiveiiierriieeieeiieeeeee e ee e e aae s e 210
Figure 5.31. FPF of BDP using the clickhaler (A) or the Aerolizer (B) as a
function of the spreading coefficients of BDP over carriers
(mJ/m?). Values are mean (N=3) ......ccocoveeveereeeereereeeeens 211

14



Figure 5.32. FPF of SS using the clickhaler (A) or the Aerolizer (B) as a function

Figure 5.33.

Figure 5.34.

Figure 5.35.

Chapter 6

Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

of the spreading coefficients of SS over carriers (mJ/g). Values are
MEAN (NZ3) ..eoieriirieie et e e e st e e s 213
FPF of BDP using the clickhaler (A) or the Aerolizer (B) as a
function of the spreading coefficients of BDP over carriers (mJ/g).
Values are mean (N=3)..ccceococieiiiiierececreeee e 214
FPF of SS using the clickhaler (A) or the Aerolizer (B) as a function
of the spreading coefficients o carriers over SS (mJ/g). Values are
MEAN (NT3) ..oeieeiiurinrieerierrarrer e e erererearereeereareeserrraeraransaneens 215
FPF of BDP using the clickhaler (A) or the Aerolizer (B) as a
function of the spreading coefficients of BDP over carriers (mJ/g).
Values are mean (N=3)......eeereieiiiiiriireireeeene e aee s 216

Schematic representation of the effect of PH modifications on the
aerosol properties, reproduced from Kawashima et al.
(Kawashima et al., 1998a)..........cccceveveeveeiiireeee e 221
Influence of the PEG 4000 concentration (1 % w/w = Figure A, 5
% wi/w = Figure B, 10 % w/w = Figure C) on the resulting particle

MOIPhOIOGIES. ......vevieiieiiieieee e 226
Water sorption analysis of crystalline SS. ...l 227
DVS mass plot of SS/PEG 4000 systems as a function of time and
%0 RH. ..ottt st 228
Water vapour sorption of spray-dried SS at 25°C (Columbano et
Al., 2002). ... e e e e e 229

Dispersive components of the crystalline SS, the different SS/PEG
systems spray dried from a solution and PEG4000. Values are
MEAN (NT3) ..uuuiiiirieeei i it e e errerr e re e e s e eare e e e e e s seareeeaaeas 230
Acid-base characteristics of the crystalline lactose, different

lactose/PEG systems spray dried from a solution ........cccccee......

and PEG 4000. .......coooiiieiiiiieeee et e e e e 231
Influence of the % of PEG 4000 contained in the SS particles on
the obtained FPFs. Values are mean (N=3)........c.ccccocveernnnnnees 232

15



Figure 6.9.

Figure 6.10.

Figure 6.11.

Figure 6.12.

Figure 6.13.
Figure 6.14.

Figure 6.15.

Figure 6.16.

Figure 6.17.

Figure 6.18

Figure 6.19.

Figure 6.20.

Figure 6.21.

Figure 6.22.

Figure 6.23.

Figure 6.24.

Figure 6.25.

Figure 6.26.

SS/PEG 4000 systems containing 10 % PEG co-spray-dried

following Mz (A), M3 (B) OF M4 (C). .eooeuvreeieeiereeereeeeeeeeeeee s 233
X-ray diffraction scan of spray-dried SS/PEG 4000 10 % following
Y 234
Influence of the PEG 300 concentration (5 % (A) or 10 %(B)) on
the resulting particle morphologies following My......................... 234
X-ray diffraction scan of spray-dried SS/PEG 300 20 % following
VA, ettt ettt s as 235
X-ray diffraction for SS/PEG/lactose co- spray-dried product..... 235
Electron micrographs of lactose/PEG/SS systems; following M3 (A),
Y (= OO 236
X-ray diffraction for SS/PEG/lactose after 24 h (A) and 96 h (B)
stored at ambient conditions............cccccoieciieiieniicnnc e 236
Electron micrograph of (A) 10% suspension, (B) 20% suspension,
(C) OriGINGL. ...ttt e e 237
XRPD of spray-dried SS/PEG (10 % PEG) .......cccccevuveererrnnnnen. 238
. Water sorption for SS/PEG 4000 (10 %). ....vveveeermimeririieeeeeenn. 239
Water sorption for SS/PEG 4000 (20 %). ..veeeeeeeeeeireciieeieeeeaenn. 239

Dispersive components of the crystalline SS, the different SS/PEG
systems spray dried from a suspension and PEG4000. Values are

MEAN (NZ3) ..ceviiiiiiiiiricrinrien ettt e e e 241
Acid-base characteristics of the crystalline SS, different SS/PEG
systems spray dried from a suspension and PEG 4000............. 241
Electron micrographs of (A) crystalline BDP,and (B) spray-dried
BDP/PEG SUSPENSION. .....eeeieeriiriiiriireeeeeernerenereeeessaeesnesmereeeeas 242
X-ray diffraction patterns of BDP before (A) and after (B) spray
drying on the BOChi 191......ccooiiiii e, 243
DVS mass plot of crystalline BDP as a function of time and ...........
Yo RH. ..ttt s 243
DVS mass plot of spray-dried BDP/PEG 10 % from a suspension.

.............................................................................................. 244
DVS mass plot of spray-dried BDP/PEG 20% from a suspension.
.................................................................................................. 244

16



Figure 6.27.

Figure 6.28.

Figure 6.29.

Dispersive components of the crystalline BDP, the different
BDP/PEG systems spray dried from a suspension and PEG4000.
Values are mean (N=3)..cc.coooeciierieerer e rie e e 245
Acid-base characteristics of the crystaline BDP, different
BDP/PEG systems spray dried ..........cccceeveerierievirceerrreeeeeee,
from a suspension and PEG 4000..........c.ccccccevevvrrercinneeenerennnns 246
Influence of the PEG concentration (in the suspension) on the
dispersive component of the resulting SS or BDP co spray dried
particles. Values are mean (N=3)........cccceeevvveverrrreveinirensecinen, 246

Figure 6.30. Influence of the PEG concentration (in the suspension) on the acid

base properties of the resulting SS or BDP co spray dried
PAILICIES. ... e e 247

17



List of Tables

Chapter 1

Table 1.1. Advantages and disadvantages of the different inhaler devices,

(Pierson, 2000). ......coooeiiiieeiiereerr et e e 36
Table 1.2.  Choice of inhalation device for children with asthma (Barry and
O'Callaghan, 2003)........cooouetimrieieriieeesrreieees e ee e nreae e e e e 42

Chapter 2

Table 2.1.  Spray drying parameters used to obtain crystalline lactose/PEG
4000 partiCles. ......cccouiiiiiiiieereeeeeee e 70
Table 2.2. Parameters used to obtain partially amorphous lactose/PEG 4000

co-spray-dried SYStem. ......ccccoceeeeeeriiir e, 7
Table 2.3.  Parameters used on the Niro SD MICRO™. ..o 72
Table 2.4.  Properties of vapour probes required for IGC analysis. .............. 98

Chapter 3

Table 3.1. In vitro BDP deposition patterns from ten repetitive actuation runs
using Foremost Aero 65 as lactose carrier. ...........cccccceveeverinennes 113
Table 3.2. Influence of the different lactose qualities on the BDP deposition
patterns expressed as means (N=3). ..c...cccveeereercveerieinieen e, 114
Table 3.3. Influence of the different lactose qualities on the SS deposition
patterns expressed as means (N=3). ......ccooevrvriieeierieirinrscneneenens 115
Table 3.4. Particle size distribution parameters expressed as mean values
(15 ) PSPPSRSOt 118
Table 3.5. Specific surface areas of three different grades of lactose expressed
S MEANS (NT3)...ceeer ittt e bbb e s s 120
Table 3.6. Enthalpies of solution of different partially amorphous mixes
expressed as mean values (N=3)......cccccvvieeeieierirccineeereee s cerreenes 124
Table 3.7. Enthalpies of solution of different grades of lactose. Values are
mean and (standard deviation) ...........ccccceveeeiiicriinieen e 125
Table 3.8. Dispersive component of free energy for three different grades of
lactose. Values are mean and (standard deviation)..................... 126

18



Table 3.9. Specific polar interactions and acid-base properties of the different
lactose carriers using a Y (mJ/m?). Values are mean and
(standard deviation)........c..ceevveeerieiiiiiree 127
Table 3.10. Boiling point and heat of vaporisation data of the different vapour
probes required for IGC analysis. ....c....cccceeeveeciuireeniinnrcreneans 129
Table 3.11. Acid-base parameters based on AG°A* values obtained using the
AH% ap @PPOACN. ....cecveeevetceee et 130
Table 3.12. Acid-base parameters based on AG°,*° values obtained using the
boiling pointapproach...........c..oooerriimiiiiccee e, 130
Table 3.13. Specific polar interactions and acid-base properties of SS and BDP
determined using the cross sectional method. Values are mean
and (standard deviation).........cccoueriiiiiiiiiini e, 133
Table 3.14. Specific polar interactions and acid-base properties of SS and BDP
determined using the boiling point method. Values are mean and
(standard deviation)...........oceeeeeriiieiieeiir e 134

Chapter 4

Table 4.1. Particle size distribution of the different co-spray-dried systems.
Values are mean and (standard deviation). ........c...c.c.covennrnnen. 145
Table 4.2. Influence of the sample mass on the IGC measurements. Values are
mean and (standard deviation). ..........cccccoeeriiiiiiiriccii e, 152
Table 4.3. IGC measurements for the different lactose/PEG systems and
lactose fines. Values are mean and (standard deviation)............ 153
Table 4.4. Influence of the nature of the fines on BDP deposition from the Aero
Flo 65 based carriers. Values are mean and (standard deviation).
157
Table 4.5. Influence of the nature of the fines on BDP deposition from
Pharmatose 325M based carriers. Values are mean and (standard
deViation). .....ooeiiiiei e 159
Table 4.6. SS aerosol deposition from different lactose carriers. Values are
mean and (standard deviation). .........cccoeeveeeeiiiiinie e 160
Table 4.7. Influence of the mixing sequence on the performances of SS and
BDP. Values are mean and (standard deviation). ....................... 162

19



Table 4.8. Influence of the fine concentration on both BDP and SS deposition.
Values are mean and (standard deviation). ............ccccccvvvrrennnen. 166
Table 4.9. Effect of the drug to carrier ratio on the deposition profiles of BDP
and SS. Values are mean and (standard deviation).................... 168

Chapter 5

Table 5.1. Surface energy parameters of the modified Aero Flo 65 obtained with
2 different columns and three repeats for each column............. 179
Table 5.2, Surface energy parametersof the modified Pharmatose 325M surface
obtained with 2 different columns and three repeats for each
(oo 111331 o T PRSI 180
Table 5.3. SS and BDP aerosol deposition from modified lactose carriers.
Values are mean and (standard deviation)...........cccceeeveerenenen. 182
Table 5.4. Evaluation of PEG 4000 as a carrier for DPI formulation. Values are
mean and (standard deviation)..........cccccecviieeiiiiiinci e, 184
Table 5.5. Aerosolisation of BDP from different lactose carriersusing the
Aerolizer® Values are mean and (standard deviation)................ 185
Table 5.6. In vitro SS deposition using the Aerolizer® Values are mean and
(standard deviation). ...........cceeiiiiiiiiiee e 187
Table 5.7. Dispersive component of the surface energy of the different lactose
based carriers. Values are mean and (standard deviation)........ 189
Table 5.8. Specific surface area of different materials determined by IGC and
BET nitrogen adsorption. Values are mean (n=2). .........c.ceeo.... 194
Table 5.9. SEI (mJ/m?) between BDP and the different carriers and FPF
obtained by using the Clickhaler® and the Aerolizer® Values are
mean and (standard deviation)...........cccccoereviicriiiin i, 198
Table 5.10. SElI (mJ/m?) between SS and the different carriers and FPF
obtained by using the Clickhaler® and the Aerolizer® Values are
mean and (standard deviation).............cccovieieieii i, 200
Table 5.11. IGC parameters for micronised SS and BDP. Values are mean and
(standard deviation). ..........cccoeeviiii i e 200
Table 5.12. SElI (mJ/g) between BDP and the different carriers and FPF
obtained by using the Clickhaler® and the Aerolizer® Values are
mean and (standard deviation).............cccoiiiriieini e 202

20



Table 5.13. SEI (mJ/g) between SS and the different carriers and FPF obtained

Table 5.14.

Table 5.15.

Chapter 6

Table 6.1.
Table 6.2.

Table 6.3.

Table 6.4.

by using the Clickhaler® and the Aerolizer® Values are mean and
(standard deviation). .......ccccccevrreiiiiiree e 204
Spreading coefficients (mJ/m?) of SS over lactose-based carriers
(Asc), BDP over carriers (Ayoc), carriers over SS (Ag) and carriers
over BDP (Aw). Values are mean and (standard deviation). ...... 206
Spreading coefficients (mJ/g) of SS over lactose-based carriers
(Asc), BDP over carriers (Ayc), carriers over SS (Ag) and carriers

over BDP (Aw). Values are mean and (standard deviation). ...... 212

Parameters used to spray dry SS/PEG at different ratios. ........ 223
Different spray drying parameters employed to generate SS/PEG
PALICIES. ..o 224
Spray drying parameters employed to spray-dry BDP/PEG from an
aqueous solution using the BOchi 191.........ovvvvvriiiiii e 225
Surface energy data of spray-dried SS/PEG systems from
solutions and PEG 4000. .......c.ooevveririrreeereeereee e
Values are mean (standard deviation). ...........ccocvvvvvvverreeenennnn. 229

Table 6.5. Deposition of modified SS/PEG particles produced by spray drying

Table 6.6.

from solutions. Values are mean (standard deviation). ............. 231
Surface energy data of the references and the spray-dried
SS/PEG systems (10 or 20 % w/w of polymer) from suspensions.

Values are mean (standard deviations). ............cccoevuveenreeennnns 240

Table 6.7. Deposition of modified SS/PEG particles produced by spray drying

Table 6.8.

from suspensions. Values are mean (standard deviations)....... 242
Surface energy data of the crystalline references and the spray-
dried BDP/PEG systems (10 or 20 % (w/w of polymer) from
suspensions and PEG 4000. Values are mean (standard
deviations). ........oovciiiiiiiiie e 245

Table 6.9. Deposition of modified BDP/PEG particles produced by spray drying

from solutions. Values are mean (standard deviation). ............. 248

21



AFM
AN
AN*
BDP
BFMT
BNF
BUD
DN
DPI
DSC
DVS
ECD
ED
FPF
GSD
Hcl
IGC
Ka
Kb
MMAD
MMD

PEG
PH
PMDI
RH
RD
SEl
SEM
SS
SSA

List of Abbreviations

Air-jet sieved

Atomic force microscopy
Acceptor number

Acceptor number corrected
Beclomethasone dipropionate
Bendroflumethiazide

British national Formulary
Budesonide

Donor number

Dry powder inhaler

Differential scanning calorimetry
Dynamic vapour sorption
Effective cut-off diameter

Emitted dose

Fine particle fraction

Geometric standard deviation
Hydrochloric acid

Inverse gas chromatography

Acid contribution to the polar component of surface energy
Basic contribution to the polar component of surface energy
Mass median aerodynamic diameter
Mass median diameter
Avogadro’s number

Polyethylene glycol

Pranlukast hydrate

Pressurised metered dose inhaler
Relative humidity

Respirable dose

Surface energy interaction
Scanning electron microscopy
Salbutamol sulphate

Specific surface area

Temperature

22



Tg Glass transition temperature

Tr Retention time

TSI Twin stage impinger

uv Ultraviolet

VMD Volume mean diameter

VN Net retention volume

Wadn Work of adhesion

Weon Work of cohesion

XRPD X-ray powder diffraction

o Alpha

B Beta

A Angstrom

¥s® Dispersive component of surface energy of solid
e Dispersive combonent of surface energy of the liquid probes
Hg Microgram

Hm Micrometer

°C Degrees Celius

® Registered



Chapter
1

Introduction

24



1.1. Summary of chapter 1

For several decades, aerosol therapy has been accepted as a valuable tool in
local treatment of pulmonary diseases. The emergence of new bioengineered
proteins and peptides for new molecular targets led the pharmaceutical industry
to consider the lungs as an alternative to more invasive routes such parenteral
delivery. This chapter gives an introduction to the general principles of
inhalation therapy and the major characteristics that should be considered for
either local or systemic delivery of actives. Pulmonary delivery technology may
be correlated to the devices employed to administer the aerosol, which is
defined as biphasic system containing solid particles or liquid droplets
suspended in air or another gaseous medium. After a brief description of the
different inhalation delivery devices that are clinically available, emphasis is
directed to dry powder inhalers (DPIs). Particle interactions affecting dry powder
inhalation efficiency (i.e. capillary forces, electrostatic forces, solid bridge
formation and van der Waals forces) are described in detail, with emphasis on
the factors that influence these interactions.

1.2. Pulmonary delivery: advantages and applications

The administration of a medicine by inhalation has been clinically used for the
treatment of many conditions in the lung, such as asthma, chronic obstructive
bronchopneumopathy and cystic fibrosis (Clark, 1972; Neville et al., 1977). To
administer a medicine into the lungs the therapeutic agent must be aerosolised.
An aerosol is typically defined as a two-phase system of solid particles or liquid
droplets dispersed in air or another gaseous phase, having a sufficiently small
size to display considerable stability as a suspension. The pulmonary route has
several distinct advantages over other routes of administration. The direct
delivery of medication to the tracheobronchial tree allows a rapid and
predictable onset of action, which is particularly important for reliever therapy
such as bronchodilators, and also avoids the first-pass effect (Zheng et al.,
1999). Furthermore, degradation within the gastrointestinal tract is avoided and
lower dosages (Clarke and Newman, 1984) can be administered with similar
efficacy. This means that fewer side effects will be induced which is particularly
important for therapy with antibiotics and steroids.
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The respiratory tract is a strongly branched system designed to avoid
penetration of particles into the lungs. It can be divided into two major domains:
the conducting and the respiratory region. The conducting airways (comprising
the basal cavity and associated sinuses, the nasopharynx, larynx, trachea,
bronchi and the first 16 generations of airway bronchioles) are responsible for
the filtration, humidification and warming of the inspired air. The respiratory
region is composed of the bronchioles, alveolar ducts and alveolar sacs where
rapid gas exchange with the venous blood occurs. The widely used morphologic
model to describe the structures within the lungs given by Weibel (Weibel,
1963) is shown on Figure 1.2. In this tracheobronchial classification, the lungs
are represented by a highly bifurcated system. Successive branching from the
trachea (or generation 0) to the alveoli (or generation 23) reduces the diameters
of the tubes but markedly increases the surface area of the airways (120-160m?
in total); with a network of over 2000 km of capillaries. The conjunction of the
large surface area, the thickness of the alveolar epithelium (approx. 0.1-0.5um
thick) and the extended capillary network makes the alveoli a target for systemic
drug absorption.

'l
il
s

Figure 1.2. Schematic of Weibel lung morphology model (Weibel 1963).
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At generation 17, the function of the tissue changes from conducting airways to
gas exchange. The pulmonary parenchyma, consisting of approximately
130,000 lobules (each containing 2,200 alveoli), is the tissue responsible for the
gas exchange. The alveoli are very small porous air sacs that use passive
osmotic diffusion mechanisms. Once a drug aerosol deposits in the deep lung,
the major barrier to entering the body is the 0.1 um layer of type | alveolar cells
that cover 95 % of the alveolar surface. These cells, also described as
squamous epithelial cells, are covered by a thin layer of surfactant (produced by
type Il cells) whose role is to lower the surface tension at the air/alveolar
interface. Lung surfactant consists of 90 % lipids (of which there are 70 % of
saturated and non saturated phosphatidyl choline, 10 % of neutral lipids, 5 % of
phosphatidyl glycerol, 3 % of phosphatidyl ethanol amines and 2% of other
phospholipids), 8 % proteins and 2 % carbohydrates (Lopez-Vidriero, 1984).
Alveolar cells have “tight junctions” acting as barriers to the absorption of
macromolecules and as a way to prevent pulmonary oedema by keeping the
oncotic pressure gradient constant. The type Il pneumocytes differentiate into
type | cells to maintain the type | cell population and to repair the alveolar
surface after damage from a virus or chemical agent (Washington et al., 2001).
In addition to epithelial cells, the alveoli contain macrophages that phagocyte
particles and migrate either in the ciliated airways where the particles are
cleared by mucociliary clearance or into the interstitial space.

1.3.1. Aerosol deposition in the respiratory tract

1.3.1.1. Mechanism of deposition

An aerosolised medication is designed to be delivered through the airways
within ventilated gas and then be deposited at sites in the lung through inertial

impaction, gravitational sedimentation, and diffusion onto lung surfaces (Brain
and Valberg, 1979) as shown in Figure 1.3.
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The higher the value of Stokes’ number, the more readily particles will deposit
by impaction.

1.3.1.1.2. Sedimentation

Gravitational settling by sedimentation is the major deposition mechanism in the
deeper airways where the airstream velocity is relatively low. The fraction of
particles depositing by this mechanism is dependent upon their residence time.
The distance at which a particle settles within a given time increases with its
mass (i.e. with its density and with its diameter). For instance, a unit-density
sphere of 1 ym diameter settles at a distance of 35 um in 1s, whereas a unit-
density sphere of 10 ym diameter settles at a distance of 3000 ym in the same
time (Schulz, 1998).

The rate of sedimentation is governed by the particle density as expressed in
the form of Stoke’s law as Equation 1.2:

op
= Do
t g187

[Equation 1.2]
Where U, is the terminal settling velocity, o the particle density, p the density of
air, g the gravitational constant, D the particle diameter and y the viscosity of

air.
1.3.1.1.3. Diffusion

For particles with a diameter less than 0.5pum, particle displacement is governed
mainly by diffusional transport. The random displacement or Brownian motion
that a particle will cover by diffusion increases with elapsed time and decreasing
particle diameter. Hence the highest probability of particle deposition due to a
diffusional displacement occurs for very small particles inhaled into the lung
periphery with its small airways dimensions. It is thought that 80 % of particles
with a Mass Median Aerodynamic Diameter equal or less than 0.5 ym are
eliminated during exhalation (Courrier et al., 2002).
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1.3.1.2. Factors influencing the deposition

The amount of aerosolised medication that deposits via the above mentioned
mechanisms in a given region of the lungs depends on the physical properties

of the aerosol particles, the patient (i.e. ventilation factors) and the device used.
1.3.1.2.1. Physical properties of the aerosol

The variable most frequently used to describe the deposition of the aerosol in
the respiratory tract is the aerodynamic diameter. The motion of dispersed
particles in a gas stream depends on the size, shape and density of the aerosol
particles. The aerodynamic diameter combining these three properties is given
by Equation 1.3:

d,=d\[p [Equation 1.3]

Most aerosol devices available in respiratory medicine produce polydispersed
aerosols, meaning that they contain particles that are of widely different sizes.
Such an aerosol is frequently characterised by the Mass Median Diameter
(MMD), the Geometric Standard Deviation (GSD) and the Mass Median
Aerodynamic Diameter (MMAD).

e The MMD corresponds to the diameter of a particle such that 50 % of the
mass lies below and 50 % above;

e The MMAD corresponds to the diameter of a sphere of unit density that
has the same aerodynamic properties as a particle of median mass from
the aerosol;

e The GSD in a log-normal distribution is defined as the square root size
ratio of dgs% to the digy on the cumulative frequency curve; dssy
corresponding to the diameter for which 84 % of the particle mass lie
below. A therapeutic aerosol typically exhibits a GSD of approximately 2.
If the GSD is smaller than 1.2 then an aerosol is considered as
monodispersed (Schulz, 1998).
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Aerosol particles that can traverse the pharynx and upper airways are generally
below 5 pym MMAD (Figure 1.4). Particles between 2 pym and 5 pm deposit in
the central airways, and particles below 2 ym deposit at the peripheral airways.
If there is a percentage of particles within the aerosol that is finer than 1 um, a
portion of these will be exhaled or will be trapped in the residual air and
eventually deposit on the respiratory bronchioles and perhaps on alveolar
surfaces. The fraction of the aerosol containing particles below 5 ym in diameter
is termed the fine particle of respirable fraction (FPF). This parameter is widely
used both to describe the characteristics of the aerosol and its potential for
delivery to the lower respiratory tract and as a quality control parameter for

inhalation product.

% Deposition
100-

Pulmonary Pharynx
And
Mouth

Tracheobronchial

0 T T ]
0.01 0.1 | 10

Aerodynamic Diameter (ym)

Figure 1.4. Particle deposition mechanisms at an airway branching site
(Washington et al., 2001).

1.3.1.2.2. Ventilation factors

While particle size criteria must be met to ensure efficient lung delivery, other
variables that influence deposition include ventilation factors. Particle velocity,
inspired volume, inspiratory time, breath-holding duration and timing of aerosol
delivery during inspiration all influence deposition. Particle velocity is
determined by the aerosol generator and is influenced by the patient inspiratory
flow of aerosol-laden air. Typical adult inspiratory flows during quiet tidal
breathing are approximately 0.25-0.5 L/s.
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Faster inspiratory flows increase oropharyngeal and upper airways deposition
by inertial impaction, while slower inspiratory flows enhance more distal delivery
and deposition through sedimentation and diffusion. Faster inspiratory flows
(e.g. 0.5-2 L/s) may be necessary with some dry powder systems to
disaggregate and disperse the dry powder. The size of the inspired volume
influences deposition by affecting both the amount of aerosol that enters the
lung and the depth of penetration of the aerosol into the lung. Breath-holding
after inhalation enhances deposition by facilitating sedimentation and diffusion
(Pavia et al., 1977).

1.3.1.2.3. Device

Dry powder inhalation is a breath-actuated system requiring sufficient energy to
be generated in order to effectively detach the adhesive therapeutical fine
particles from their coarse carrier particles in the formulation (see point 1.4.1.3.)
and disaggregate cohesive actives. If a patient inhales with a low flow, the
efficacy of the separation process will therefore be reduced, the extent of which
will be device and formulation dependent. One of the intrinsic characteristics of
any DPI device is its resistance to airflow, which normally results in the flow
through the DPI being restricted compared to that which is generated by the
patient. Increasing resistance to airflow generally reduces the velocity of inhaled
particles, reducing impaction and therefore increasing lung deposition.
However, increasing the resistance of the device makes it more difficult for
some patients to generate a sufficient airflow for an optimal aerosolisation. This
is particularly true for children and geriatric patients who may be unable to
generate high inhalation flows.

In pMDls, a large proportion of the inhalable dose impacts and deposits in the
oropharynx due to the velocity and the dispersion of the jet fired from the
canister.
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1.3.2. Absorption

The importance of lung clearance and absorption mechanisms relate to the
action of the drug. For local therapy involving bronchodilators or anti-
inflammatories, an extended residence time in the lung may be beneéficial,
whereas for systemic delivery (such as insulin for the treatment of diabetes) a
rapid absorption is desirable. The alveolar epithelium and the capillary
endothelium have a high permeability to water, gases and lipophilic substances.
90 % of the absorptive area of the lung is therefore attributed to the alveolar
epithelium, which primarily consists of type | pneumocytes. Soluble
macromolecules can be absorbed following two mechanisms: trancytosis
(passage through the cells) or paracellular transport (between the cells). Two
types of trancytosis are known: adsorptive or non specific (through the type |
alveolar epithelial cells and capillary endothelial cells) and specific receptor
mediated, for example in the case of albumin (Kim et al., 2003). Three types of
paracellular transport are known: bi and trijunctional transports, both occurring
at the circumference of both endothelial and epithelial cells, and a transport
through pores (Patton, 1996). The effects of the molecular weight, partition
coefficient, pH and osmolarity on the kinetics of adsorption have been studied.
Enna and Schanker (Enna and Schanker, 1972) showed that the adsorption of
saccharides and urea was inversely proportional to the molecular weight. Effros
and Mason (Effros and Mason, 1983), back in 1983 found a rough inverse
relationship between the logarithm of the molecular weight and that of the
clearance rate. It was also demonstrated that more lipophilic and non ionised
drugs were absorbed better than their more hydrophilic and ionised
counterparts (Schanker and Less, 1977).

1.3.3. Clearance

The clearance of inhaled particles deposited in the lower airways is
accomplished by a self-cleaning mechanism known as the mucociliary escalator
(in addition to coughing and alveolar clearance). The mucociliary clearance is a
physiological function of the respiratory tract and is meant to remove dusts,
excess of secretion and inhaled particles. It is one of the most important non-
specific defence mechanisms of the airways.
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1.4. Aerosol therapy

1.4.1. Aerosol generators

Different devices generate therapeutic aerosols:

nebulisers, pressurised

metered-dose inhalers (pMDIs) and dry powder inhalers (DPIs). The available

evidence supports the safety and efficacy of these devices at the recommended

drug doses. Table1.1 summarises the advantages and disadvantages of these

formats.
Advantages Disadvantages
No patient coordination
High dose possible Expensive
Jet NO CFC release Not portable (bulky)
Nebuliser Suitable for both Contamination possible
solutions and suspensions | Device preparation required
+ Faster delivery than before treatment
Ultrasonic »
jet nebuliser
Convenient Patient coordination and
Less expensive and actuation required
) more efficient than Cool feeling after actuation
Conventional
conventional nebulisers (Cold Freon effect)
iy Portable Large pharyngeal deposition
]
Difficult to contaminate CFC propellants
Less pharyngeal )
" More expensive and less
. deposition ]
With spacer ) o portable than conventional
Less patient coordination
] MDI
required
Propellant free )
: Dependent on patient’s
. Less problem of drug o
Passive . inspiratory flow rate
stability )
More expensive
Less contamination
DPls
Less dependent on
Active patient breathing patterns Not on the market
Table 1.1. Advantages and disadvantages of the different inhaler devices,

modified from Pierson (Pierson, 2000).
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Despite being the most commonly used device, there are inherent problems
with this technique as shown in Table 1.1. Major drawbacks include large
oropharyngeal deposition (Morén, 1981) and inefficient drug delivery stemming
from lack of coordination between actuation and inspiration (Crompton, 1990).
The introduction of large-volume spacers in the 1980s improved the efficiency
by reducing both the importance of the inhalation/actuation coordination and the
early deposition of large propellant droplets in the oropharyngeal areas, by
allowing time for propellant evaporation and deceleration of the aerosol cloud.
On the negative side, using a large-volume plastic spacer may be encumbering
for the paediatric population.

Major challenges faced by pMDI technology are reformulation issues with the
newly approved HFA propellants (McDonald and Martin, 2000) following the
phase-out of the traditional chlorofluorocarbon (CFC) propellants as decided by
the United Nations in 1987 (Montreal Protocol on substances that deplete the
ozone layer). Even if specific exemptions for “essential uses” ( metered dose
inhalers (MDIs) used in the treatment of asthma and chronic obstructive
pulmonary disease (COPD) were agreed for pharmaceutical aerosols, annual
renewal is still required with decrease in allowances as alternatives become
available (D'Souza, 1995). Much needed alternatives to CFCs may be found in
the hydrofluoroalkanes (HFAs), especially tetrafluoroethane (HFA 134a) and
heptafluoropropane (HFA 227), which do not contain chlorine and therefore
have no ozone-depleting potential. Nevertheless, HFA and CFC propellants
possess different physical and chemical properties leading to surfactant
solubility problems in the new propellants (Byron et al., 1994). The use of HFA
propellants in pMDlIs developed for CFC propellants may cause unwanted water
uptake from valves (Williams and Tcherevatchenkoff, 1998).

1.4.1.2. Nebulisers

Although the first choice of aerosol generator for the delivery of bronchodilators
and steroids is the pMDI (O'Donohue, 1996), this format has high innovative
potential due to developments in liquid spray delivery systems. In nebulisers,

the drug is solubilised or suspended in aqueous solutions and possibly with co-
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solvents and surfactants. The active is inhaled during normal tidal breathing

over several minutes through a mouthpiece or facemask.

Thus, nebulisers can be employed to deliver medications to populations such as
children or elderly patients. Moreover, they are frequently used as an alternative
to pMDIs or DPIs in patients who experience difficulties using these delivery
devices.

There are two categories available depending on the energy type needed for
the aerosol generation: the most commonly used jet nebuliser, relying on
compressed air, and the ultrasonic nebuliser relying on a piezoelectric crystal
(Figure 1.7). In a jet nebuliser, compressed air continuously enters the chamber
through a narrow Venturi nozzle, creating an area of negative pressure at the
outlet of the adjacent capillary feed system. This results in the fluid being drawn
up into fine filaments according to the Bernoulli effect as shown in Equation 1.4.

2

P+ L’Vz— + pgh = constant [Equation 1.4]

Where P is the pressure in the tube, p the gas or liquid density, v the gas or
liquid velocity, g is the gravitational acceleration and h the height above some
reference level.

These fine filaments collapse into droplets under the influence of surface
tension. Small enough droplets are carried away by the inhaled airstream,
whereas the large, non-respirable ones impact on the walls of the chamber and
baffles. The impacted large droplets are hence returned for recycling to the bulk
solution kept in the chamber. The droplet size is mainly governed by the rate of
incoming gas flow. Clay et al. (Clay et al., 1983) in a laser diffraction analysis of
four jet nebulisers, showed a 50 % reduction in the MMAD when increasing the
flow rate from 4 to 8 L/min. Droplets size was largely independent of the fill
volume.

The ultrasonic nebulisers use a piezoelectric crystal vibrating at a frequency of
1-3 MHz to produce particles (Taylor and McCallion, 1997). The vibrations are

transferred from the crystal to the surface of the solution, generating a "fountain”
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extensively studied and the single-dose DPI technology expanded with the
introduction of the Rotahaler® (GSK) for both salbutamol sulphate (SS) and
beclomethasone dipropionate (BDP) and the Aerohaler® (Boehringer Ingelheim)
for ipratropium bromide.

In 1987, the first multiple-dose DPI, the Turbuhaler® developed by Astra Zeneca
was introduced on the market and quickly followed by the eight-blister
Diskhaler® and later by its successor, the Acculaher® (GSK products). One of
the strengths of the Turbuhaler system is it's ability to deliver drug particles in
the absence of any excipients, except in the case of formoterol, a highly potent
drug that is diluted using “microfine” lactose (Oxis® (formoterol) and Symbicort®
(formoterol/budesonide). The loss of patent protection on some key drugs for
the treatment of asthma (i.e. SS, terbutaline sulphate, BDP and budesonide
(BUD) was concomitant with the emergence of generic DPIs (e.g. Clickhaler®
and Easyhaler®). Most currently marketed DPIs rely on the patient’s inspiratory
effort to generate the aerosol. Difficulties can arise in producing sufficient a air
flow, which has lead the industry to develop new “active devices” utilising an
additional source of energy. The Spiros® DPI from Dura Pharmaceuticals, for
example, applies electro-mechanical energy to disperse and aerosolise the
formulation: battery-powered energy is converted into mechanical energy
through a motor, which drives an impeller to create a high shear zone through
which the powder must pass to exit the device. The patient’'s gentle inhalation
through the mouthpiece triggers the impeller, which causes the drug powder to
aerosolise.

1.4.2. Choice of the device

In general the pMD! is seen as the most convenient and cost effective way to
deliver an aerosol (Clark, 1995). The very extensive spectrum of delivery
formats particularly with the emergence of novel DPIs, may result in confusion
for both the prescriber and the patient (Lenney et al.,, 2000). In a study by
Morice et al. (Morice et al., 2002), it has been shown that patients may prefer
the DPI to the conventional pMD!. The acceptability of the Clickhaler® (as a DPI
model) and the Becotide® plus Volumatic® (as a pMDI device) for the delivery of
BDP to adult and paediatric patients with asthma was studied: 67 % of the
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patients found the DPI easier to use than the pMDI (22 %, p<0.01) and
significantly more patients preferred the DPI (63 %) to the pMDI (28 %, p<0.01).
An extensive review (Barry and O'Callaghan, 2003) compared the clinical

efficiency of pMDI with or without spacers, DPIs and nebulisers. The available

technology platforms should be chosen wisely, taking into consideration the

characteristics of the different systems, the clinician and also the patient to

ensure an optimal compliance and competence. For instance, young children

and elderly patients may have difficulties coordinating pMDI| actuation and

inhalation, and devices requiring a high inspiratory flow rate may be not suitable

for severe asthmatics. Table 1.2 summarises the device to be used for children

with asthma.
Age (years) First Choice Second choice
0-3 pMDI + spacer + facemask
Nebuliser
MDI + spacer
3.5 P P
5-12
) pMDI + spacer, or DPI
(bronchodilators) DPI

5-12 (steroids)

pMDI + spacer

12+
(bronchodilators)

DPI or breath actuated pMDI

12+ (steroids)

pMDI + spacer

DPI or breath actuated
pMDI

Acute asthma (all
ages)

pMDI + spacer

Nebuliser

Table 1.2. Choice of inhalation device for children with asthma, adapted from
Barry et al. (Barry and O'Callaghan, 2003).

1.5. Formulating dry powder inhalation systems

1.5.1. Production of micronised drugs
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In dry powder inhalation, one of the first requirements is to use micronised
drugs. There are classically three methods used to generate respirable

particles: supercritical fluid precipitation, spray drying and milling.

Supercritical fluid precipitation (SCFP) is a relative newcomer in the production
of micronised particles. One of the main methods used is termed Solution
Enhanced Dispersion by Supercritical Fluids (SEDS). This one-step process
involves the use of liquid carbon dioxide as a medium, which is being pumped
at the required flow rate and being passed through a heat exchanger
maintained at a constant temperature.

The drug is subsequently mixed and dispersed with the supercritical fluid in the
nozzle before being precipitated in the particle formation vessel. This solvent
free technology also enables the formation of uniform particles (with identical
particle size, morphology and crystallinity). Velaga et al. (Velaga et al., 2004)
used this technique to produce particles of BUD and flunisolide with suitable
characteristics for inhalation. In another study, Steckel et al. (Steckel et al.,
2004c) also showed the possibility of obtaining micronised BUD by precipitation
in supercritical carbon dioxide. The authors also stressed the importance of the
process conditions on the aerodynamic properties of the obtained particles.

Spray drying is a well established method for respirable particle production. This
technique is fully described in chapter 3 and will therefore not be subjected to
any further explanation here. Application of spray drying has been described in
various reports, for instance disodium cromoglycate (Vidgren et al., 1987,
Chawla et al.,, 1994; Steckel and Brandes, 2004); however, no spray-dried

products are currently marketed for respiratory drug delivery.

Finally, air-jet milling (Figure 1.8) is the traditional method used to produce
active particles in the micrometer region. High velocity compressed air is
introduced as a high pressure jet through opposite nozzles at the bottom of the
milling chamber. The high velocity creates zones of turbulence into which bulk
crystals are fed. The mill contains no grinding parts so the particle fracture is
due to the collision of one into another. The particles are retained in the mill and
remain entrained in the airstream until sufficient particle size reduction is

achieved (below 10um). Upon completion of this step, the fine material is
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parasympathetic nerves and thus prevent bronchial muscles from being
constricted. Anticholinergics do not therefore prevent all types of
bronchospasm, but are effective against irritant-induced changes in respiratory
function. Ipratropium bromide (Atrovent®) is used to provide short-term relief in
chronic asthma.

e Corticosteroids

By reducing airway inflammation and subsequent excessive secretion of mucus,
corticosteroids are very effective in asthma. They inhibit inflammatory cell
infiltration into the airways. They are recommended for prophylactic treatment of
asthma when a B2 agonist is already administered more than once daily. BDP
(Becodisks®, Asmabec®), BUD (symbicort®) and fluticasone propionate
(Fixotide®) appear to be equally effective.

e Cromoglycate and related therapy

The asthmatic response triggered by an external allergen causes constriction of
smooth muscle via the H1 receptors. This reaction can be prevented by using
nedocromil sodium (Tilade®) and sodium cromoglycate (Spincaps®), which are

the only non-steroid anti-inflammatory agents available for treating asthma.
e Mucolytics

Their role is to modify the rheological function of the mucus to aid in its
clearance from the bronchi. It is particularly important in cystic fibrosis. A
recombinant human deoxyribonuclease 1 is administered by inhalation using a
jet nebuliser (Pulmozyme®).

1.5.3. Coarse carrier system

In most dry powder formulations, the micronised drug is blended with an inert
excipient, usually a lactose monohydrate (in the size range of 70 to 120 pm)
(Ganderton, 1992). The sugar is included in the formulation as a diluent and
dispensing aid. The carrier's purpose is to convey surface-adhered drug
particles into the air stream as controlled aggregates where they are stripped off

as individual respirable particles. Lactose is a natural disaccharide of glucose
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and galactose (as shown in its structural formula in Figure 1.9). It is obtained
from the whey of cow's milk; whey being the residual liquid of the milk following
cheese and casein production (Kibbe, 2000). It exists naturally as two optical
isomeric forms, a and B, depending on the orientation of the hydroxyl group in
position 1°.

It can also exist in a free aldehyde form qualifying lactose as a reducing sugar.
This aldehyde form (open form) is observable during the interconversion of a
and B lactose. For example, B-lactose mutarotates to a-lactose under the
influence of water vapour.

4-0-B-D-Galactopyranosyl-D-glucopyranose

CHgOH

< J< et

H/H

a-lactose
H2OH

P K pF

\OH

Figure 1.9. Molecular structure of a and 8 lactose (Byron et al., 1996).

The most commonly used form of lactose in industry is crystalline a-lactose
monohydrate (C12H22011.H20), which is prepared by crystallisation from a
supersaturated solution below 93.5°C (Olano et al., 1983), whereby each
unstable a anhydrous molecule absorbs a molecule of water. Alpha lactose
monohydrate is a white to off-white crystalline powder, practically insoluble in
ethanol at room temperature and soluble 1 to 4 in water at 25°C. Various
grades of lactose are commercially available which have different physical
properties such as particle size distribution and flow characteristic (Kibbe,
2000). Adverse reactions to lactose are largely attributed to lactose intolerance,
which occurs when intestinal enzyme lactase is deficient. The resulting

indigestion of large quantities of lactose (over 12 g) may cause abdominal
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cramps, flatulence or diarrhoea (Savaiano and Levitt, 1987). This is due to the
increase in water and sodium following an osmotic effect in the lumen. At
pharmaceutical dosage level, lactase deficient patients should feel no
discomfort.

The advantages of lactose monohydrate reside in its large availability, low price,
toxicity profile, smooth crystal surface and good flowability. Nevertheless,
despite being overwhelmingly used as a carrier material, this disaccharide is not
the ideal and universal carrier for all active materials. For example, its reducing
sugar function may interact with peptide or protein functional groups. In
addition, the possible presence of endotoxin (referring to the lipopolysaccharide
complex associated with the outer membrane of Gram-negative bacteria) and
additives of bovine source drove scientists to look for alternative carriers. Tee et
al. (Tee et al., 2000) investigated the dispersion and deaggregation of SS from
mannitol and sorbitol carriers using a Rotahaler® coupled to a twin stage
impinger (TSI). The authors showed that in binary systems, i.e. those without
added fine sugars, formulations using mannitol as the carrier exhibited a higher
fine particle dose (40.9 + 4.4 ug) and higher fine particle fraction (9.0 + 0.9 %)
than those from a lactose based carrier (29.7 £ 4.3ug and 6.4 £ 1.0 %
respectively). Using sorbitol as the carrier resulted in similar deposition pattern
with a fine particle dose of 30.5 + 3.0 pg and a fine particle fraction of 6.5 + 0.6
%. It was concluded that both sugars might be employed as alternatives to
lactose. In another study Steckel et al. (Steckel and Bolzen, 2004) confirmed
the promising potential of mannitol as a drug carrier for DPI formulation. Other
tested sugars including sorbitol, maltitol and xylitol were barred due to their
sensitivity to humidity, which is likely to increase the drug-to-carrier adhesion
and therefore show poor dispersibility.

1.6. Particle interactions in dry powder inhalation systems
The adhesion between two micronised particles or a micronised particle and a
solid surface is complex to describe. Particulate interactions may result from a

combination of physical forces including electrostatic or Coulombic forces,
capillary forces, solid bridge formation, and van der Waals forces.
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1.6.1. Electrostatic forces

In the gas phase, electrostatic forces can arise either from particle-charge
interaction, image-charge effect, or electrostatic contact potential difference
(Masuda and Gotoh, 1997).

o Particle-charge interaction

Particle-charge or Coulombic forces between two charged particles can be

expressed mathematically by Coulomb’s law:

e =LQ1—% [Equation 1.9]
dme, R

Where Qs and Q: are the charges on the two particles, R the interparticle
separation, and &, the permittivity (or dielectric constant) of vacuum.

e |mage-charge effect

When a negatively or positively charged spherical particle comes in contact with
an uncharged surface, such as the walls of the container, an image charge
results on the plane surface with the same magnitude but opposite sign as the

particle charge. The resulting image force of attraction is given by the equation:

1 H Q? .
F = 1- Equation 1.6
T aueton 19

Where Q is the particle charge, R the particle radius, H the separation distance
and & the permittivity of vacuum.

¢ Electrostatic contact potential difference

The contact between two uncharged, different solids results in an electrostatic
contact potential difference being established. Electrons from the material with

the lower work function are transferred to the material with the higher one.
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The work function of a material can be defined as the difference in energy
between the energy of an electron occupying the highest energy level (the
Fermi level) and the energy of an electron at the vacuum level (point in space
where the electron can no longer feel the potential of the surface). Thus it
corresponds to the minimum energy required to remove the weakest bound
electrons from a material. The two work functions will eventually be similar and
equilibrium established (Stewart, 1986). This electrostatic force of attraction can

be calculated using the following equation (Visser, 1989).

R(AUY

F, = e [Equation 1.7]
ew 0

Where R is the particle radius, H the separation distance, AU the potential
difference arising from the difference in work functions, and &, the permittivity of
vacuum.

If one or both of the materials are poor conductors, static charges can
accumulate on the surfaces for long periods of time (i.e. insulators prevent
redistribution of electrical charge). As electrostatic forces dependent upon the
physical and chemical states of each material, contact between varying
materials will result in the generation of different electrostatic charges.

1.6.2. Capillary forces

Water is easily adsorbed to a wide range of surfaces. Adsorption of water
molecules on dry powders results in the condensation of water vapour in the
interstices between adjacent particles. If enough condensation occurs, the
surface tension of the liquid may result in the formation of a liquid bridge or
liquid annulus between adjoining particles. Capillary condensation normally
occurs at high relative humidities, usually in excess of 60 % (Hiestand, 1966).
The magnitude of the capillary forces will depend on the surface tension of the
liquid, the particle size and the wettability of the particles. When a liquid bridge
forms between two particles the magnitude of the van der Waals force is much
less than what it would be for two particles separated by air. As a result, at high

relative humidity, the overall force responsible for particle adhesion is
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predominantly due to the capillary force and not the van der Waals force
(Rabinovich et al., 2002).

1.6.3. Solid bridge formation

Solid bridge interactions can occur between particles in a stationary particulate
system in different ways. These includes mineral bridges between particles of
the same material, direct chemical interactions between particles, partial melting
of low melting point solids caused by friction, and shrinkage of the liquid film
separating powder particles followed by crystallisation of the liquid bridge
(Farber et al., 2003).

1.6.4. Van der Waals forces

The principal attractive forces between neutral molecules, at a separation
distance of the order of the molecule size, are named after the dutch physicist
Van der Waals, who was the first to point out that deviations from the ideal gas
law (PV=nRT) at high pressures were due to the gas molecules attracting each
other, according to the following equation:

2
(P + %J(V —bn)=nRT [Equation 1.8]

Where P is the pressure, V the volume, n the number of molecules, R the gas
constant, T the absolute temperature, a a constant whose value depends on the

gas considered, and b the volume per mole occupied by the molecules.

Van der Waals forces are electromagnetic in nature, arising from the various
interactions of the nuclei and electrons of one molecule or particle with the
nuclei and electrons of another body. These low energy interactions, comprising
the dispersion (London), orientation (Keesom) and the induction (Debye)
interactions, are of greatest relevance to interfacial phenomena (Buckton,
1995). Higher energy short-range interactions, i.e. chemical bonding, are not

important for the adhesion of aerosol particles, because water or other organic
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molecules are usually adsorbed to the particles, thereby creating a physical
shield or barrier to chemical bond formation.

o Keesom interaction (dipole-dipole interaction)

This type of van der Waals interaction occurs between polar molecules. These
molecules possess a permanent dipole moment, because the centre of charge
of the electrons does not correspond to the centre of charge of the nuclei.
These interactions are due to the attraction between the negative and positive
poles of nearby molecules combined with the repulsion between like-charged
poles. Dipole-dipole interactions make, at most, a small contribution to surface
and interfacial tension. One particular type of Keesom interaction is hydrogen
bonding. This type of specific short-range interaction occurs between a
hydrogen atom on one molecule and a more electronegative atom (usually
oxygen, nitrogen, sulphur, or, less predominantly, a halogen atom) on a
neighbouring molecule. The hydrogen atom acts as a proton donor (electron
acceptor site), while the other atom has a lone pair and acts as a proton
acceptor site (electron donor) (Zeegers-Huyskens and Huyskens, 1991).

¢ Debye interaction (dipole-induced dipole interaction)

This attractive interaction occurs when the permanent dipole (i.e. permanent
electric field) on a molecule A induces a dipole moment on a neutral polarisable
molecule B.

¢ London interaction (dispersion forces)

London interactions are the only van der Waals forces for molecules that have
no permanent dipole or higher order moments. These are universally attractive
and occur between all molecules. Of quantum mechanical origins, London
interactions originate from correlation between instantaneous fluctuations in the
charge distributions p* and p® of molecules A and B (due to rapid movement of
their electrons).
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Quantitatively, the van der Waals force can be determined by two theories,
either the London-van der Waals or the Liftshitz-van der Waals theory (Fan and
Zhu, 1998). The former is a microscopic theory, which takes as a starting point
the interaction between two symmetrical molecules. The latter is a macroscopic
theory that is better suited to the description of the interaction between two
macrobodies (i.e. two particles), making this approach more appropriate in the
case of dry powder formulations. In the London-van der Waals theory the
approximated potential energy between two molecules is calculated using the
following equation:

E= —'1‘—62 [Equation 1.9]
r

Where A2 is a constant that depends on the characteristics of the molecules

and r is the separation between the centres of the molecules.

Based on the concept of additivity, Hamaker postulated that the van der Waals
interaction between two solids could be taken as the integration of all the
interactions between all pairs of molecules making up the solids. The resulting
equation for the interaction of a spherical particle and a plane surface is:

F= % [Equation 1.10]
r

Where ay is the radius of the particle, r the separation distance, and Ay, the
Hamaker constant given by:

4, =7q,9,4, [Equation 1.11]

Where g1 and g2 are the atom/molecule density of the materials.

However, for closely packed atoms or molecules in a condensed body, the
pairwise additivity approximation does not hold. The macroscopic Liftshitz-van
der Waals approach solves this problem by modifying the expression of the
Hamaker constant (Visser, 1989).
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Instead of depending on the characteristics of the individual molecules, it

depends on the bulk properties of the materials themselves:

A="ho [Equation 1.12]
4z

Where hw is the Lifshitz constant, depending only on the material. For the

interaction of two materials 1 and 2 separated by a medium 3, this constant is:

W@, =h[ [8‘ —5 J{gz —5 jd{ [Equation 1.13]

E TE \E,+E&

Where h is Planck’s constant and ¢, the dielectric constant of material / along

the imaginary frequency axis {.
1.7. Factors influencing particulate interactions

The performance of carrier-based and agglomerated dry powder aerosol
formulations is predominantly influenced by drug and carrier properties such as
size, shape, surface morphology, chemical composition, hygroscopicity, surface
energy.

1.7.1. Particle size and the use of ternary components

It is easily understandable that van der Waals forces increase with particle size.
Therefore it appears logical to decrease the particle size in order to decrease
the particulate interaction. Staniforth et al. (Staniforth et al., 1982) confirmed this
theory by studying two size fractions, 250-500 and 500-710 pm of recrystallised
lactose. Interparticle adhesion forces, measured using the ultracentrifuge
method, were much higher in ordered mixes based on the larger carrier
particles (10.6 102 N vs. 2.3 10 N). Indeed, increased drug deposition is
generally observed with smaller carrier size (Steckel and Miller, 1997) and
increased proportion of fine particles (Lucas et al., 1998b; Zeng et al., 1999;
Zeng et al., 2000b), as these factors may limit the adhesive forces occurring
between the drug and carrier particles or the internal cohesive drug-drug
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1.7.2. Particle shape-surface texture

Elongated carriers increase aerosol dispersibility and drug FPF, possibly
because of the increased duration in the air stream drag forces. Manipulation of
the shape and texture of the carrier can also improve the efficiency. Zeng et al.
(Zeng et al., 2000a) studied the influence of different morphological features
(including shape and smoothness) with similar particle size on drug delivery.
One of their conclusions was that increasing the surface smoothness of lactose
crystals led to increased respirable fraction of SS. Clefs or pits on the surface of
carrier particles provide areas within which drug particles are “hidden” from
aerosolisation shear forces, whereas particles adhered to “flat” areas are more
exposed. Higher rugosity of carrier and a more irregular drug particle shape can
also reduce the flow and ease of dispersion by increasing the area of

interparticle contact (Larhrib et al., 1999).
1.7.3. Surface energy

Solid surfaces possess a net imbalance of surface forces and consequently
have a surface energy. The surface energy is not evenly distributed over the
solid surface: plane surfaces have lower surface energy than surface asperities

for example. Surface free energy (ys ")

essentially refers to the attraction force
between the surface solid molecules, which hold the molecular lattice together.
It is usually described as the additive contribution from polar and non-polar
forces as described in point 2.3.6. The minimum work necessary to separate
two surfaces (and therefore the energy bonding them together) is equal to the
difference in free energy before and after separation. The work of adhesion, W,

between two different materials A and B is given by:

W =y'+y’—y* [Equation 1.14]

Where #' and 7 are the dispersive components of the two solids and #*© is the

free energy of the interface.
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Thus, for a single material C, the work of cohesion, W, is given by:

W, =2y° [Equation 1.15]

Where Y*is the dispersive component of the solid.

It is now clear that both adhesion and cohesion of solids are related to the
surface energies of the interacting objects. Since drug particle detachment from
the carrier is only possible if the drag force overcomes the adhesion forces and
the weight of the particles, the predominant role of surface energy is obvious.
The most common ways of determining surface energy have been reviewed by
Buckton (Buckton, 1997) and comprise contact angle techniques, isothermal
microcalorimetry, gravimetric sorption and inverse gas chromatography.
Contact angle techniques have been the traditional method of surface energy
assessment, even if some difficulties persist. For example it has been shown
that the solid surface free energy is dependent on the liquids used for its
calculation. A difference in liquid contact of 1° modifies the solid surface energy
value, the variation being dependent on the choice of the combination of liquids
(Planinsek et al., 2001). The method used in this study is inverse gas
chromatography (IGC), which is described in detail in chapter 2. This technique
provides important information about the surface chemistry of the substrate.
This technique has been used to detect batch to batch variability both in term of
excipients (a lactose monohydrate) (Ticehurst et al., 1996) and active (SS)
(Ticehurst et al., 1994). It has also been used to assess differences in surface
energy due to miling (Feeley et al, 1998; Newell et al., 2001a; Ohta and
Buckton, 2004) and different relative humidities (Newell et al., 2001b; Ohta and
Buckton, 2004). Furthermore, differences of surface free energy for two isomers
have been studied (Grimsey et al., 1999). In 2002, a paper published by Cline
and Dalby (Cline and Dalby, 2002) correlated the surface energy of active and
carrier components (converted from mJ/m? to mJ/g by dividing by the surface

area) to in vitro performance of a dry powder inhaler.
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1.7.4. Relative humidity

Relative humidity has an impact on interparticulate forces. This can occur by
two different mechanisms, causing an increase due to capillary forces at high
humidities or a decrease due to an increase in the conductivity of both the
particle and the surrounding atmosphere. Braun et al. (Braun et al, 1996)
studied the influence of storage humidity on the aerosol deposition of disodium
cromoglycate (DSCG). Deposition (measured as fine particle fraction of DSCG
from formulations containing either lactose or dextrose as carriers) was studied
at 55 % RH and 33 % RH. After storage at 55 % RH only 47.2% of the DSCG
that was delivered by the same mixture stored at 33 % RH was determined in
the stage 2 of the TSI. In a humid environment, capillary condensation
generates capillary forces that increase the total adhesion forces. Finot et al.
(Finot et al., 1996) determined that above 50 % RH the capillary forces
dominate. In a study using the atomic force microscopy (AFM) (Berard et al.,
2002), adhesion between micronised zanamivir crystals and lactose
monohydrate was measured at different RH. The authors concluded that from 0
to 32 % RH and from 32 to 85 % RH, the adhesion values were multiplied by
two at each step. In another study, Young et al. (Young et al., 2003) studied the
effect of humidity (ranging from 15 to 75 %) on separation energies for SS using
AFM. They claimed that the increase in particle cohesion at higher humidities
(due to capillarity forces) led to an increase in energy required for
deagglomeration. This may well result in a decrease in the aerosol efficiency.
The effect of humidity should also be taken into account in the selection of a
suitable salt for a drug. In two studies, Jashnani et al. (Jashnani et al., 1995;
Jashnani and Byron, 1996) investigated the dry powder aerosol performance of
salbutamol and different related salts. In the first study, they showed that FPF of
both salbutamol and salbutamol sulphate, at any temperature, decreased with
increasing RH (FPF dropping from 59.4 % at 43 % RH to 35.8 % at 85 % RH for
the salbutamol sulphate). In the second study, FPF for all compounds studied
was humidity dependent at 45°C although the sulphate and the free base
showed more drastic changes as RH increased compared to the other salts.
Uncontrolled high humidities have been shown to decrease the FPF of BDP
from a lactose based formulation (Geuns et al., 1997). Harjunen et al. (Harjunen
et al., 2003) investigated how both the drug to carrier ratio and the storage
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condition (40°C / 75 % RH) were affecting the deposition of both SS and BUD
using different sugars as carriers: a lactose monohydrate, mannitol and glucose
anhydrate. Irrespective of the chemical nature or the concentration of the
carrier, the respirable fraction of SS decreased after storage. On the other
hand, the effect of storage on the respirable fraction of BUD was dependent on
the carrier and drug to carrier ratio. It has to be mentioned that ambient humidity
can be particularly important as hygroscopic particles will increase in size as
they flow through a high air stream (approximately 99 % relative humidity) due
to condensation of water onto the particle surface (Ferron, 1977). Hygroscopic
growth is therefore likely to increase the deposition in the upper airways.

1.7.5. Electrical properties - triboelectrification

During powder handling processes such as grinding, sieving, pneumatic
conveying or mixing, electric charges arise from interparticulate friction and
collision as well as collisions between the particles and the contact surface. The
resulting effect is a net charge on the particle, which is either electronegative or
electropositive. Charge accumulation is influenced by many factors including
particle shape and size, nature and work function of the contacting surface,
surface purity as well as atmospheric conditions (Bailey, 1984). Eilbeck et al.
(Eilbeck et al.,, 1992) charged a range of a lactose monohydrate particles
(ranging from 125 to 1000 ym) against rough steel insert, and showed that the
specific charge values increased in negativity with a decrease in particle size.
Carter et al. (Carter et al., 1992) investigated the triboelectrification process of a
lactose monohydrate, SS and BDP. Different lactose size fractions were tested
and their specific charge values (ratio of total charge to mass) were measured.
This work showed that decreasing the particle size of the excipient led to an
increase in the specific charge value due to an increase in particle number
density of the smaller size fraction (resulting in a bigger surface area for charge
transfer). Electrostatic interactions play a significant and important role in dry
powder inhalation since they not only influence the stability of ordered mixes of
drug and carrier particles but also the passage through the inhalation device
and the particle separation upon actuation. In another study, Carter et al.
(Carter et al., 1998) studied the charge accumulation and decay on compacts of

lactose, SS and polyvinyl chloride (used as a device material) using a Faraday
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well method and a capacitive probe method. Using a corona electrode, SS
retained a significant charge after 120 min. One possible way of modifying the
charges within a binary system is by adding fine particles consisting of lactose
(Bennet et al., 1999), magnesium stearate (Staniforth, 1996a) or L-leucine
(Staniforth, 2000). All additions resulted in a change in the attraction and
detachment of the drug particles.

1.8. Aims of the thesis

In this study some factors influencing dry powder inhalation have been
examined. Both the formulation and the device employed were investigated.
Two model drugs: SS and BDP were chosen to represent a hydrophilic and
hydrophobic active substance respectively. Two types of inhalers were also
used: a metered reservoir device (Clickhaler®) and a capsule pre-metered
inhaler device (Aerolizer®). The principal objective of this work was to rationalise
the approach for dry powder inhalation systems and limit as much as possible
the aerosol deposition variations induced by the different parameters.
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Chapter
2

Materials and methods
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2.1. Materials
2.1.1. Source of materials used

Lactose monohydrate from the following three sources were evaluated as
carriers for DPIs in chapter 3: (1) Pharmatose 325M (B.N. 10007701) from DMV
International (The Netherlands), (2) Aero Flo 65 (B.N. 8500122121) from
Foremost Farms (USA), and (3) Lactohale LH 100 (B.N. 314039/S) from
Borculo Domo Ingredients (The Netherlands).

In addition, crystalline a-lactose monohydrate (B.N. 23416) obtained from
Borculo Whey Products (UK) was used as a reference material for the solution
calorimetry study described in chapter 3. It was also used for the different spray
drying experiments to produce either 100 % amorphous material or different
lactose/PEG 4000 systems. PEG 4000 (B.N. 565220442049) was purchased
from Prolabo (France). Microfine Pharma 201 (B.N. E949423) from Borculo
Domo Ingredients (The Netherlands) was used for inverse gas chromatography
analysis described in chapter 4. A mixture of 80 % pB-lactose and 20 % o-
lactose (B.N. AO10045201) was obtained from Acros Organics (Belgium). This
mixture was to be used as a reference material for the X-ray diffraction analysis
in chapter 3.

Methanol used for the BDP analysis was HPLC grade and purchased from
Fisher Scientific, UK. Analytical grades of ethanol (96 %) and hydrochloric acid
solution (5 M) were provided by BDH and VWR respectively. Deionised water
was obtained from a DV 25 water purification system (Elga Ltd, UK). |

Materials used for inverse gas chromatography were all HPLC grade or 99 %+.
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2.1.2. Drug models

2.1.2.1. Beclomethasone dipropionate

Beclomethasone dipropionate (BDP) was chosen as a representative
hydrophobic drug model. This drug is a synthetic steroid used for the
prophylaxis of asthma (British National Formulary, 2004). It reduces broncho-
constriction by decreasing the airway hyper-response and mucus secretion. The
high topical anti-inflammatory activity of BDP with a lower systemic activity, due
to metabolic inactivation of the swallowed portion of the dose, appears to be the
principal reason why beclomethasone controls asthma at doses that do not
cause important glucocorticoid effects. Once inhaled, BDP is transformed in the
lung to the monopropionate form through enzymatic hydrolysis. Due to its
chemical structure (Figure 2.1), its solubility in acetone is high but sparing in
alcohol. Three different forms of BDP are known: the anhydrate, the
monohydrate and the organic solvate (Parmar, 1997). The crystal form of BDP
used throughout was the anhydrous form used micronised (with a volume mean
diameter of 1.7 ym) and supplied as a gift from Sicor (ltaly, B.N. 6661/M1).

CosHyClO,

Figure 2.1. Chemical structure of BDP.
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Furthermore, the Clickhaler® is able to provide a comparable bronchodilator
response in patients with moderate to severe asthma when compared to a
pMDI used optimally (Newhouse et al., 1999).

Empty devices were received as a gift from Innovata Biomed Ltd. The different
formulations were introduced into the reservoirs of the empty Clickhaler® and
plugged with caps. The reservoirs were filled to two thirds to allow enough
headspace for device shaking prior to actuation. Each formulation was tested
three times. Between two sets of experiments, the device was cleaned and ten
waste shots fired. A new device was used for each separate formulation.

2.1.3.2. The Aerolizer®

The Aerolizer® (Figure 2.4) is a single-dose dry powder inhaler, developed by
Novartis Pharmaceuticals Corporation (USA), commercialised to deliver the
selective B, adrenergic drug formoterol fumarate. In the Aerolizer®, the capsule
containing the single dose is pierced in the device by a set of four pins after
depressing two buttons on each side of the capsule chamber. On inhalation, the
capsule caused to lift out the capsule chamber into the inhalation spin chamber
where it rotates. The device resistance is low (0.06 cm H;O (L/min). Even if in
vivo studies showed no impact of different flow rates on clinical effect using the
similar device Cyclohaler® (Zanen et al., 1992), in vitro studies pointed out the
necessity to test DPIs at different flow rates depending on their resistance.
Chew et al. (Chew and Chan, 2000) showed that the performance of the
Aerolizer® was slightly dependent on the air flow rate, whereas there was no
significant variability over a range of inspiratory flow rates (15, 30 and 60 L/min)
observable with the Clickhaler®. All in vitro studies involving the Aerolizer® were
performed at an airflow of 60 L/min.
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One of its biggest drawbacks, however, is the deposition of the product on the
walls of the drying chamber and on the different ducts. This leads to poor yields
and hence makes this technique quite costly, especially for expensive products.
Four main stages are generally involved in this method: atomisation, spray-air

contact, drying of feed material and separation of the dried product.

The formation of a spray (atomisation) and its contact with the drying medium
are important characteristic features. Elversson et al. (Elversson et al., 2003)
studied the influence of spray drying parameters on the produced lactose
particle characteristics. A higher atomisation airflow (at constant feed rate)
resulted in smaller droplet size, whereas increasing the orifice diameter of the
nozzle from 1.5 to 2.0 mm resulted in doubling the size of the particles. The
feed solid content also influences the atomisation since an increase in feed
concentration increases the feed viscosity, which in turn produces coarser
sprays on atomisation. In the same study, the particle size distributions of
lactose particles spray-dried from different feed solutions (1, 5, 10 and 20 %
w/w) were investigated. Only a moderate size difference in particles was
observed when lactose solutions of 5 to 20 % (w/w) were employed, whereas
particles from 1 % solution appeared far smaller.

After atomisation, the second step is the spray-air contact. Three different types
of contact can be encountered:

e Co-current flow where the feed and the drying air flow in the same
direction;

e Counter-current flow where the material is sprayed in the opposite
direction of the flow of hot air;

e Combined co/counter-current flow, combining the advantages of the two
pre-mentioned methods.

The work described in this dissertation is focused on the operational
characteristics of two laboratory scale spray dryers: the BUchi 191 mini spray
dryer used for the production of lactose/PEG 4000 systems (see chapter 4 and
5) and the Niro SD MICRO™ for the production of SS/PEG 4000 systems (see
chapter 6). Both spray dryers operate in a co-current manner.
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Evaporation is rapid and the duration of exposure short. This is particularly
important for heat sensitive materials such as proteins. Maa et al. (Maa et al.,
1997) investigated the effect of drying conditions and formulation variables on
the morphology of spray-dried proteins. They stated that the droplets along the
drying chamber were exposed to a temperature dominated by the outlet
temperature rather than by the inlet temperature. They also showed that, based
on the spray drying of water, an increase in the outlet temperature was directly
proportional to an increase in the inlet temperature and/or the drying air flow
rate. The outlet temperature decreased in a linear way with increasing liquid
feed rate and/or atomizing airflow rate. Generally, particles reach a maximum
temperature which is 15 to 20°C below the outlet temperature of the co-current
dryer (Masters, 2002)

The drying of a wet droplet (Figure 2.5) corresponds to the double transfer of
mass and heat after coming into contact with the drying air. The drying of a
spherical droplet of liquid containing solid can be divided into 3 different stages.

e Stage 1 (sections A-B): In contact with the air, evaporation takes place
from the saturated vapour film at the droplet surface. The temperature of
the droplet surface approaches the wet-bulb temperature of the drying
air. The wet-bulb temperature corresponds to the temperature at which

evaporated water brings the air to saturation at the same temperature.

e Stage 2 (sections B-C): The drying rate is constant. There is sufficient
moisture and molecular mobility within the droplet to replace lost
moisture from the surface. The particle experiences shrinkage with a
negligible temperature change.

e Stage 3 (sections C-E): At point C, the droplet moisture level is too low to
compensate that which is lost. This results in the formation of a crust on
the droplet surface (point D). The thickness of this crust increases with
time, resulting in the slowing of the evaporation rate. Evaporation
continues until the droplets or now the particles acquire a moisture

content that is in equilibrium with the surrounding air.
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Figure 2.5. Different drying stages involved in spray drying modified from
Farid (Farid, 2003).

The final stage involves the separation of the solid product from the air stream.
A cyclone separator, through which product and air pass after exiting the drying
chamber, enables a separation from the drying medium. The material
accumulates in a collecting vessel at the base of the cyclone. It has to be
mentioned that separation is not 100 % efficient and that some fines may be
lost through the exhaust air. In the case of the Niro SD MICRO™ some back
filters ensure a full recovery of the product.
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2.2.1.1. Spray drying using the Bochi 191

The Biuchi 191 (Figure 2.6) uses a two-fluid pneumatic nozzle (0.5 mm
diameter). The feed concentration is pumped to the nozzle by a peristaltic pump
using silicon tubing and then atomized using compressed air from an in-house

supply (100 psi).

e Production of amorphous lactose

In order to investigate the amorphous content of different batches of lactose
using solution calorimetry, a calibration curve had to be established beforehand,
requiring the production of amorphous lactose material. This was achieved by
spray drying a 10 % (w/v) solution of oa-lactose monohydrate following
parameters shown in Table 2.1. The experiments were performed at constant
process conditions and only the feed rate was slightly modified in order to

minimise outlet temperature fluctuations.

Parameters Settings
Inlet temperature (°C) 185-190
Outlet temperature (°C) 85-90
Aspirator dial 60 %
Pump 18 %
Atomiser airflow rate (Normliter/h) 400

Table 2.1. Spray drying parameters used to obtain amorphous lactose and
' crystalline lactose/PEG 4000 particles.

¢ Production of crystalline lactose/PEG 4000 systems

Three different 50.0 g blends consisting of lactose/PEG 4000 systems
(containing 1, 5 and 10 % PEG 4000 by weight of solids) were dissolved at
room temperature in 500 mL deionised water. This ensured full dissolution of
lactose monohydrate in water (solubility at 25°C of 1 in 4.63 (Kibbe, 2000)). The
spray drying parameters employed were identical to the ones set out in Table
2.1 above.

70



¢ Production of partially amorphous lactose/PEG 4000 system

A formulation comprised of 10 % PEG 4000 by weight of total solid, was spray-
dried as a 10 % (w/v) aqueous solution using the parameters shown in Table
2.2.

Parameters Settings
Outlet temperature (°C) 120-125
Inlet temperature (°C) 76-80
Aspirator 80 %
Pump 14 %
Atomiser airflow rate (Normliter/h) 600

Table 2.2. Parameters used to obtain partially amorphous lactose/PEG 4000
co-spray-dried system.

e SS/PEG 4000 and SS/lactose/PEG 4000 systems

For these systems involving a much larger number of experiments, the detailed
methodology will be fully described in the relevant chapter.

All product powders were removed from the collecting vessel as soon as the

spray drying process was over and stored in a desiccator over silica gel, at

room temperature.
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2.2.1.2. Spray drying using the Niro SD MICRO™

Unlike the Buchi, the process gas employed in the Niro SD MICRO™ (Figure
2.7) is compressed filtrated nitrogen, which is heated by means of an electrical
air heater in order to evaporate the liquid contents of the feed solution. It
enables the operator to use flammable solvents and, in our study, to spray dry
organic suspensions consisting of SS suspended in an ethanolic solution
containing PEG 4000. Prior to start up, it was important to determine and set
the temperature safety class for the solvent employed. For ethanol a heater
element surface temperature limit of 300°C was adopted since the auto-ignition
temperature for this solvent was found to be 363°C (Niro Manual). The hot
process gas enters the chamber through the process gas disperser and is
immediately mixed with the atomized suspension coming from the two-fluid
nozzle. The liquid is evaporated and the remaining dry particles leave the
chamber through the outlet duct together with the process gas. The powder
passes through the cyclone and is collected in a glass jar. Smaller fines
accompanying the process gas may be collected within a bag filter. The process
requires that gas flow and nozzle flow are obtained by opening the nitrogen
main valve followed by adjustments with flow controllers. The inlet process gas
temperature was set as shown in Table 2.3 and the heater switched on. When
the inlet reached 10° C over the set value, the peristaltic pump controlling the
feed rate of the ethanolic solution was turned on. The ethanolic solution was
sprayed until the atomisation of liquid was constant. When all parameters were
stabilised for ten minutes the hose of the pump was transferred to the feed
suspension. Once finished, the hose from the peristaltic pump was transferred
back to the clean solvent, and the jar containing the product was removed from
the system and stored in a desiccator at room temperature.

Parameters Setting
Chamber inlet gas flow (kg/h) 20
Atomiser gas flow (kg/h) 20
Inlet temperature (°C) 85-90
Outlet temperature (°C) 60-65
Feed pump 28 %

Table 2.3. Spray drying parameters used on the Niro SD MICRO™.
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2.2.2. Preparation of powder blends

Mixing is an intermingling of two or more dissimilar fractions of material. The
primary objective of powder mixing is to obtain dose uniformity. It is necessary
for the active ingredient to be homogeneously mixed with the carrier excipient.
Different factors influence the quality of a blend, including the order and length
of time of mixing, type of mixer used, blender loading, and the physico-chemical
properties of all active and excipients (size, shape, density and surface
properties).

The best obtainable mixture would be one in which there was the least variation
in composition for any given sample size. Two types of blend exist: random and
ordered. Random mixes involve particles of equal size and weight with little or
no surface effects, whereas ordered mixes do not require equally sized or
weighted particles. Ordered mixes are therefore formed when a fine component
has sufficient intrinsic cohesiveness to adhere to the surface of a coarser
component. This involves the types of particle interaction, which were described
in detail in chapter 1.

Experimentally, all blends were mixed in a 14 mL glass container with
approximately 50 % of the blending vessel being filled. Lowering the fill volume
would increase the space for powder movement and allow a greater degree of
interaction, which in DPI formulation would be detrimental. On the other hand,
increasing the powder volume would decrease the particle interaction, but also
might decrease the mixing efficiency by decreasing the space for powder
homogenisation. Blending was carried out in a three-dimensional Turbula T2C
mixer (Glen creston UK). Adhesion to the vessel was regarded as insignificant
by comparing the theoretical to the measured drug content in the sample. The
drug powder was mixed with the carrier so that the final concentration of drug in
the formulation ranged from 1.0 to 4.0 % (w/w). Each blend was prepared in 5.0
g quantities. A sieving process was required to deaggregate the raw materials.
Due to the cohesive nature of SS and BDP, the deaggregation required manual
pressure using a spatula for its passage through a 355 ym sieve screen.
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When stated, an air-jet sieve (Alpine, Germany) was used to effectively remove
any present particle below 45 um in size. The air-jet method is a single-sieve
system for dry powders. In this technique, the sieve is mounted in a sealed
chamber and the air is drawn upwards through the sieve from a rotating slotted
nozzle to fluidise the sample. Undersized particles are carried downward
through the sieve to a collection canister. Each carrier was sieved for 15
minutes using a sieve aperture of 45 um (Endecotts, UK).

2.2.3. Assessment of content uniformity

One of the issues in pharmaceutical formulation is to achieve a high drug
content uniformity. Therefore, prior to the study of in vitro deposition patterns,
the content uniformity must be assessed. Both SS and BDP were quantified by
UV spectrometry.

Calibration curves for both drugs were determined by a procedure described in
the British Pharmacopoeia (BP) under their respective monographs. A 0.008 %
(w/v) solution of SS in 0.1M hydrochloric acid (HCI) was prepared following the
method outlined in the BP. This solution was analysed over a range of 200 to
400 nm using a Cary 3E, UV/Vis spectrophotometer. A Anax of 276 nm was
obtained and all analyses conducted with SS were therefore performed at this
wavelength. A range of concentrations varying from 0.0002 % (w/v) to 0.0010 %
(w/v) was then prepared from a stock solution of 0.1 % (w/v) SS in 0.1M HCI.
Samples were analysed using an Ultrospec 2000 spectrophotometer
(Pharmacia Biotec, UK) at 276 nm. A good linear correlation between UV
absorption and SS concentration was found within this region (*= 0.9987). The
gradient of the solid line in Figure 2.8 was found to be equal to 61.5, with a y-
axis intercept of 0.0003. BDP was also analysed over the range of 200 to 400
nm, using a Cary 3E, UV/Vis spectrophotometer. For this purpose, a 0.002 %
(w/v) solution of BDP in methanol was prepared following the method outlined in
the BP. A Anax Of 238 nm was obtained for the hydrophobic drug and all
subsequent analyses were therefore performed at this wavelength. The same
concentration range as that for SS was prepared and the calibration curve
established.
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A good linear correlation between UV absorption and BDP concentration was
also found within this region (= 1). The gradient of the dashed line was equal
to 284, with a y-axis intercept of minus 0.0064.
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Figure 2.8. UV calibration curves for SS(solid line) and BDP (dashed line).

Neither PEG 4000 nor lactose interfered with the UV measurements since

neither was absorbing alongside the drugs at these wavelengths.

Once the blending process was completed, ten samples of the powder bed (of
approximately 10 mg each) were obtained and accurately weighed. Three
samples were obtained from the top, four from the middle and three from the
bottom of the powder bed, and each was finally transferred into a 100 mL
volumetric flask. SS samples were dissolved in 0.1M HCI, while BDP samples
were dissolved in a methanol-water mixture (70:30 (v/v)). The methanol-water
mixture ensured that both lactose (hydrophilic) and BDP (hydrophobic) were
fully dissolved. The solutions were subsequently analysed using UV
spectroscopy. To eliminate the effect of weight variations between the individual
samples, the drug content was normalised for each sample weight. The
uniformity of the blend was characterised by the coefficient of variation of the
samples. This parameter describes the standard deviation (c) of the ten
samples as a percentage of the mean drug content (M). A coefficient of
variation (C.V.) below 5 % corresponded to good blends. Only these blends with

a good homogeneity were taken to the next stage of the investigation.
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2.2.4. Characterisation of aerodynamic properties of dry powder aerosols

A key pharmaceutical challenge for DPIs is to ensure that there is good dose
uniformity. /n vitro aerosol particle sizing methods have evolved in parallel to the
increased interest in powders for inhalation. In all in vitro studies, the British
Pharmacopoeia was followed, which adopts the TSI, Apparatus A, which was
initially developed to assess pMDI performance (Hallworth et al., 1978;
Hallworth and Westmoreland, 1987). As illustrated in Figure 2.9, the aerosol
cloud is introduced at the inlet (A) and passes through a glass tube containing a
90° turn (B), designed to mimic the oropharyngeal region. It then passes the
upper impingement chamber (D), which is filled with 7 mL of a suitable solvent
(0.1M HCI in distilled water for SS and a 70/30 mix (v/v) methanol/water for
BDP). The particles passing to stage 2, corresponding to the lower impingement
chamber, containing 30 mL of suitable solvent, are considered to be respirable
and below 6.4 pm (Miller ef al., 1992). This value corresponds to the

aerodynamic cut-off diameter at a flow rate of 60 L/min.
e In vitro study using the Clickhaler®

To operate the TSI (Copley instruments, UK), the primed Clickhaler® was
placed into an appropriate mouthpiece adaptor specially moulded by Copley,
ensuring that a good seal was obtained. An adjustable pump (model T12, Nr
65321, Erweka®, Germany) capable of maintaining an airflow of 60 L/min
through the TSI, was connected to the outlet of the lower stage. A micro
manometer ensured a 60 £ 5 L/min airflow during the entire process. The
inhaler was then actuated for 5 seconds. The pump was then switched off, the
inhaler removed and the mass change measured by comparing the initial and
final weight of the inhaler. The procedure was repeated for a further nine
discharges. Following these 10 actuations, the apparatus was dismantled.

Once completed, the mouthpiece and the different stages were rinsed with the
suitable solvent for the drug to be assessed, and poured into volumetric flasks.
The flasks made up to a volume of 100 mL each were then analysed using UV
spectrometry as stated in Section 2.2.3. Each formulation was run at least three

times. A new Clickhaler® device was used for each formulation tested.
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e In vitro study using the Aerolizer®

A mouthpiece adaptor suitable for the Aerolizer® was obtained from Novartis
Pharma and fitted to the glass part of the TSI. The pre-prepared capsule was
placed into the capsule chamber. After checking that the capsule was correctly
positioned, the inhaler was closed and the capsule perforated by pressing and
releasing the two buttons simultaneously. The pump was switched on for 5
seconds and then turned off. The impactor was then dismantled and the
different parts washed as described earlier on.

Following the calculation of the concentrations from the UV data in the different

stages, three different aerosol parameters were obtained:

- The emitted dose (ED) corresponding to the amount of drug (in pg) in
stage 1 (Ato D) and 2 (E to H);

- The respirable dose (RD) corresponding to the amount of drug (in pg) in
stage 2;

- The fine particle fraction (FPF) corresponding to the respirable dose as a
percentage of the emitted dose.

Experimental data sets were statistically analysed by using either the student t-
test (for two data sets) or the analysis of variance (One-Way ANOVA for more
than two sets). A “p-value” of 0.05 was taken as indicative of statistical
differences. Furthermore, the standard deviations of the different measurements
are also presented in parentheses in this work. These statistical methods were
also applied to the physico-chemical data sets of the different formulations.
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2.3. Physico-chemical characterisation methods for the powder systems

2.3.1. Scanning electron microscopy

The morphology of the different carriers was studied using scanning electron
microscopy (SEM). In this technique, a fine beam of medium energy electrons
scans the sample in a series of parallel tracks. The interactions of these
electrons with the sample generate different signals such as secondary electron
emission, back-scattered electrons and X-rays. At magnification in the range of
optical microscopy, a scanning electron microscope can give a depth focus
several hundred times greater than that of an optical microscope. Particles
generally greater than 1 ym can be imaged, making this technique particularly
useful for the characterisation of dry powders.

SEM analysis was performed by Mr. McCarthy of the SEM department at the
University of London, School of Pharmacy. The samples were mounted onto
carbon disks attached to SEM stubs and coated with a thin layer (approximately
20 nm) of gold under vacuum in an argon atmosphere for 4 min at 30 mA using
a sputter coater, to improve the conductivity. The micrographs were obtained
using a Philips L20 SEM (Philips, the Netherlands).

2.3.2. Particle size measurements

Laser diffraction is a popular method for determining the size distribution of
powders. Its widespread use is mainly due to its advantageous fast
measurements, high reproducibility and good reliability (XU and Di Guida,
2003). A Mastersizer X (Malvern Instruments, UK) was used to measure the
particle size distribution of the different samples. This technique is based on the
interaction of laser light with particles that are suspended in an appropriate
solvent. The determination of particle size by light scattering is based on the
Mie theory. This theory results in a value for the volume of the particle, with the
assumption that the particles are optically homogeneous, spherical and dilute in
a random arrangement (to give independent, incoherent scattering) (Allen,
1997). The general diffraction principle relies on the fact that diffraction is
inversely proportional to particle size.
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The apparatus schematised in Figure 2.10 consists of the following different
modules:

e The transmitter module containing the laser, power supplies and beam
collimation optics;

e The sample area;

e The collection optics;

e The receiver module (detector of scattered light);

e The computer (to transform scattered light data into particle size data).

The amount of light scattering signal recorded is a function of the scattering
power of the particles, which itself depends on the refractive index of both the
solid and the medium. The refractive index of a substance is defined as the ratio
of the speed of light in vacuum to the speed of light in that substance. It is a
complex spectral function with both real and imaginary (absorption) parts.

The instrument operated with a He-Ne 632.8 nm laser diffraction source, over a
0.5 — 900 pm particle size range. A Malvern MS7 magnetically stirred small
volume (15 mL) diffraction cell was used. In order to avoid cross contamination,
the cell was first washed with distilled water and then filled with propan-2-ol.
Approximately 10 mg of lactose crystals were suspended in 5 mL of the same
solvent. Collection from the powder bed was crucial since the data obtained
from this small sample was meant to be representative of the entire batch. Thus
it was always insured that the material was thoroughly stirred with a spatula
before taking samples for measurement. Each specimen was then added
dropwise with a pipette into the cell untii a 10 to 15 % obscuration value
(corresponding to the fraction of incident light intensity that is not detected at
zero angle detector) was achieved. It is important to use dilute suspensions,
since in concentrated suspensions possible multiple light scattering may modify
the angular distribution of light intensity (Guardani et al., 2002). The particle size
distribution was generated from the diffraction data using a mathematical model
or “presentation”. The measurements were repeated three times for each
material and both the mean and standard deviation were reported. Different

parameters were defined: dso%, also known as the volume median diameter,

indicates the median particle size distribution where 50 % of the volume of all
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particles resides below and above this value. dg% and dgo, indicate that 10 %
and 90 % of particle volume lie below those values respectively. Calculating the
coefficient of spread, called SPAN and corresponding to the ratio of d90% -
d10% to d50%, assessed the width of the distribution.

2.3.3. Specific surface area

The surface topographies of the different lactose carriers can be further
described quantitatively by the determination of the specific surface area (SSA).
The measurement of the surface area is based on the fact that a solid, when
exposed to a gas, adsorbs a proportion of the gas at its surface. The BET
isotherm, derived by Brunauer, Emmett and Teller, is widely used to determine
the surface area of solids. An adsorption isotherm can be defined as the
relationship between the amounts of gas adsorbed on a solid at a constant
temperature and the gas pressure. It was realised only in the 1930s that
multilayer adsorption could occur at liquid nitrogen temperature (Sing, 2001).
Assuming the formation of a multilayer of adsorbed molecules, the three
scientists modified the Langmuir approach (type | isotherms, in which the core
assumption is that adsorption stops at monolayer coverage) by balancing the
rates of adsorption and desorption for the various molecular layers. With the
BET approach, the determination of adsorption isotherms of nitrogen (which has
an effective area per molecule of 0.162 nm2) at the temperature of liquid
nitrogen, approximately 77 K, is possible by a point-by-point procedure where
successive amounts of nitrogen are introduced. At each stage the system is
allowed sufficient time to reach equilibrium. The adsorbent surface is pictured
as an array of equivalent sites on which nitrogen molecules are adsorbed in a
random manner. The occupation probability of a site is assumed to be
independent of the occupancy of neighbouring sites and the adsorbed
molecules are assumed not to interact with each other (Sing, 2001). Since
adsorption of gases onto pharmaceutical solids usually gives rise to type I
isotherms, which may be considered as unrestricted monolayer/multilayer
adsorption, the SSA of the different powders was calculated from the BET
equation below:
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L( P )= L (C‘IJ(L) [Equation 2.1]
V\Po-P cVm cVm Po

Where V corresponds to the volume of adsorbed vapour, Vi, to the volume of
gas adsorbed to form a monolayer, P to the partial pressure of the gas, P, to

the saturated vapour pressure of the gas and c to the BET constant.

If a plot of P/V (P,-P) is drawn as a function of P/P,, the slope of the line is
equal to (c-1)/cVm and the intercept is 1/cVm. Since the total volume of gas
adsorbed by the sample (V) is measured, the volume of adsorbed gas required
to form one complete monolayer on the solid (Vi;) can thus be determined
graphically. From this result, the total number of gas molecules adsorbed on the
solid can be determined. Finally, knowing the area occupied by each nitrogen
gas molecule, the totam surface area of the solid can be obtained.

Experimentally, an accurately weighed sample was transfered into a nitrogen
BET surface area analyser tube fitted with a glass rod to minimise the overall
free space. Each sample was then loaded in the outgas station of a SA 3100
surface area analyser (Beckman Coulter ™). The instrument included a sample
port, three outgassing stations, a vacuum and a built in data processor. The
outgas time ensured a removal of free pahicles from the surface which would
be able to adsorb nitrogen molecules. Upon increase of the sample outgas time
from 2 to 4 hours no apparent increase in the SSA was detectable. Therefore,
after outgassing for 4 hours at 30°C, it was assumed that all surface
contaminants such as physically adsorbed gas and moisture, had been
successfully removed and the true specific surface area could then be
measured. Upon completion of the outgas step, the sample was removed and
sealed with a rubber cap to prevent any mixing of the backfilled nitrogen in the
sample tube with the ambient air. The dry sample was reweighed and loaded in
the analyser port of the analyser and the underlying Dewar-vessel was filled
with liquid nitrogen.

Helium free-space calculation was conducted to account for the free volume in
order to accurately measure the volume of gas adsorbed. After the free space
measurement was completed, the isotherm measurements were made, from

which the specific surface area was calculated. All samples were tested in

84



= % (
)

4#474 +" $
+ $

@

)Ih)<4 +"
4 +

o 4) <4 0

+1
% n

)6P N

)6N

#)66
/ 4))

y117<4 2

4

4

%

#$



Coolant

v h Ground
T Window
Anode )
T } / s Glancing angle
Electron beam —— | Lot = - £-————- L X-ray beam
Hot cathode — | j‘\ Shield with slit aperture

Glas._s or ceramic >
insulator

Evacuated volume

Figure 2.12. Schematic of an X-ray tube (Willard et al., 1988).

The X-rays pass out of the tube via a beryllium window. As illustrated in Figure
2.13, when the incident beam strikes a powder sample, diffraction occurs in
every possible orientation of 20. Diffraction of an X-ray beam striking a crystal
occurs because the wavelength of the beam is similar to the spacing of atoms in
minerals (1-10 A). When an X-ray beam encounters a crystal, most of the X-
rays will destructively interfere with each other (i.e. cancel each other out), but
under some specific conditions they constructively interfere and reinforce one
another. Constructive interference only occurs when Bragg's law (Equation 2.2)
is satisfied:

2d sin 6= nA [Equation 2.2]
Where n is an integer, A the wavelength of the incident beam, d the distance

between atomic planes in the crystal, and 6 the angle of incidence of the X-ray
beam on the atomic planes.
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Figure 2.13. Reflection of X-rays from two planes of atoms in a solid.

In order to scan the emission spectrum of a sample, the analysing crystal is
mounted on a goniometer (to measure angles) that slowly rotates through the
desired angular region. The powder pattern consists of a series of peaks
detected at various scattering angles. Characteristic peak intensities, or
integrated peak intensities, can be measured.

XRPD measurements were performed on a Philips PW 3710 diffractometer.
The Cu anode tube was operated at 45 kV and 30 mA in combination with a Ni
filter to give monochromatic Cu K, X-rays. This filter is needed in order to
reduce the intensity of the line with the shorter wavelength (Kg). Experimentally,
a sample of approximately 0.5 g was loaded in the sample holder, resulting in a
powder bed of 2 mm thickness. The sample was scanned from 5 to 30° on the
20 scale with a step size of 0.05° per second.

2.3.5. Solution calorimetry

Long-standing techniques such as XRPD but also differential scanning
calorimetry (DSC) are known to quantify amorphous contents of 5 % and above
(Saleki-Gerhardt et al., 1994). It was established that solution calorimetry is
useful for quantification of the amorphous content below this 5 % threshold
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(Gao and Rytting, 1997; Hogan and Buckton, 2000). In this thermal analysis
technique, the temperature change produced by chemical or physical
interactions in a liquid due to dispersion or dissolution of the investigated
material, in a constant environment, is monitored as a function of time. The
software then converts the temperature to heat. Enthalpy of solution of any
particular solute in one of its solvents can thus be measured, enabling the
detection of slight changes in the physico-chemical properties of a material. The
net measured response for the enthalpy of solution results from the addition of
different components: wetting of the powder and dissolution following the
disruption of the bonding between the solid molecules and the formation of
bonds between the solute and the solvent. Moreover, some rearrangement of

bonding within the solvent will also occur.

All experiments were carried out using a Thermometric 2225 Precision
Calorimeter (Thermometric AB, Sweden) mounted in one channel of the
Thermometric 2227 Thermal Activity Monitor (TAM) (Thermometric AB,
Sweden). The TAM was used as a precise temperature water bath, having a
stability of £ 0.0001°C over 24 hours. The Precision Calorimeter consists of
three main components: the calorimetric unit itself (Figure 2.14), the calorimetric
cylinder that holds the calorimetric unit, and the solution calorimeter module that
houses the electronic components. The calorimetric unit consists of a 100 mL
Pyrex glass vessel and a stirrer unit. The vessel is fitted with a heater for
calibration and a thermistor for measuring the temperature change when the
reaction takes place. The vessel also contains a sapphire-breaking tip mounted
on a pin at the bottom, which enables the ampoule holding the sample to be
broken. The vessel is attached to the holder by an interlocking nut, acting as a
thermal insulator. The stirrer unit, also acting as the ampoule holder, ensures a
good mixing of the sample with the dissolving solvent. Data was collected by
the “Software for Solution Calorimeter”, Version 1.2 (Thermometric AB,
Sweden).
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