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Abstract

The adoption of therapy based on bacteriophage for the reduction of harboured
pathogens is limited by a lack of understanding regarding their formulation as
medicires. The productmust able to efficiently deliver phage without deterioration
andsince oraldelivery results in thelestruction of thédytic activity, a nasal delivery

systemwas investigated

This thesis first describes the formulation of lyophilised nasal inserts carrying a
bacteriophage selective f&. aureusfor the eradication of MRSA resident in the
nose. Lyophilization of bacteriophagesm 1 mL of 1i2% (w/v) hydroxypropyl
methylcelluloge (HPMC)with or without the addition of 1% (w/v) mannitgielded

nasal insgs composed of a highly porolesafletlike matrix. The bacteriophadire

fell following lyophilization to 10° pfu per insert, themeduced100- to 1000fold

over 6 to 12 months storage &Gl

The second part of this thesis presentedea phage bioprocess methadich
involved co-precipitation of an aqueous mixture of phage and a crystallisable carrier
(glutamine or glycine)s describd. Inclusion of dbumin or trehalose at 5% w/w

during ceprecipitationprovided additionalstabilizationof the phage.

In the third part of this thesis lipid vehicle (Lamellasomé¥) as a carrier in

pulmonary delivery for antibiotics and/or bacteriophage wharacterisedWe



further investigated the potential for-bmrmulation of antibiotics or bacteriophage
by dispersion into LMS and nebulization of aerosolized draplettientsvith cystic
fibrosis (CF) may harbour antibioticresistant, mucoid strains ofPseudomonas

aeruginosan the lung.

Bacteriophage were carried with the bulk fraction, rather than being selectively
carried in larger or smaller aerosoBBilution of colistin or tobramycin into LMS
increased the nebulized drug fraction depositedstages 5. This suggests that the
surface activity of the LMS facilitates the generation of smaller aerosol droplets

during nebulization.

In conclusion, thevork reported in this thesis suggests that bacteriophages can be
formulated in a stable preparation and therefore have a potential as an alternative

therapeutic agent for treatment of resistant bacterial infection on mucous surfaces.



Publications

1 Munerah Alfadhel, Utsana Puapermpoonsiri, Steven J. Ford, Fiona J.
Mclnnes, Christopher F. van der Walle. Lyophilized inserts for nasal administration
harboring bacteriophage selective f8taphylococcus aureusn vitro evaluation.
International Journal of Pharmaceutics 416 (2011280

i E. AlvarezGonzalez M. Alfadhel, P. Mane, S.J. Ford, B.D. Moore, C.F. van
der Walle. Bioprocessing of Bacteriophages via Rapid Drying bhtoo-crystals.
Biotechnology Progress, 28 (2012) 5848.

1 Alfadhel, M., Walle, C. Formulation and evaluation of a novel bacteriophage
delivery system for MRSA nasal colonisation. Abstract for oral presentation at the
3rd PharmSciFair Conference in Pragdeech Republic (1B 17 June, 2011).

1 Alfadhel, M., Walle, C. Lyophilized inserts for nasal administration
harboring bacteriophage selective fdtaphylococcus aureug\bstract for poster
presentation at Saudi International Conference (SIC), Coventry28Kune, 2011)

and at Strathclyde University Research Day (2012).

1 Alfadhel, M., Park, G., Walle, C. Improved pulmonary delivery of antibiotics
and bacteriophages using lamellasome Abstract for poster presentation at the
American Association of Pharmaceati Scientists (AAPS), Chicago, USA
(October, 2012).

1 Alfadhel, M., AlvarezGonzalez, E., Walle, C. Bioprocessing of
Bacteriophages via Rapid Drying onto Mierystals. Abstract for poster
presentation at the Academy of Pharmaceutical Sciences (APS),uEshndJK

(September, 2013).



Acknowledgements

The ability to study for a PhD is the greatest gift which would not have been possible

without the grace of God. | am grateful to Him for all the blessings that have led me to this.

| would first like to thankmy supervisor Dr. Christopher van der Walle for providing me the
opportunity to undertake this PhD project, accompanied by his expertise and guidance. He
has unconditionally offered me help and advice throughout my study. | would like to express
a specialgratitude to him for giving me a positively attitude in life, He is an amazing

supervisor with a great sense of humour. Chris, it waeat gonour to be your student.

Also, my sincere thanks go to my supervisor Prof. Clive Wilson whom | am indebted to for
his invaluable advice despite his academic commitments. His generosity to share his
knowledge and his great support has given me the motivation throughout my wtjeg s

My thanks are also extended to my second supervisd@istine Dufés

| acknowledge Margaret Mullin, University of Glasgow, for her assistance with SEM, David
Blatchford for hisassistance with CLSM andr. Steven Ford fohis helpin KF. Sincere
thanks to my colleague Utsana feertraining on the bacteriophage techniqualsothank
Lamellar Biomedical Ltd and Dr Graham Park for supporting the lamellasome work.

| acknowledge the Saudi Cultural Bureau and Minisfriealth for fundingny study

Thanks to all my friends and colleaguesthe office and the labivly deepthanks to my
friend Dr. Eva AvarezGonzaleawhich has always been there to help me. Thanks Eva, | am

grateful to your endledselp, care and warm friendship.

| have been blessed withcredibly supportive friendsny soul sisteHuda Alaleel and my

dea friend Sanathank you for being there whenever | needed you

Last but not least, my greatest appreciation goes to my family who have been there for me to
achieze my ambition. | am grateful to my mother and father, my sisters and brothers for their
uncanditional love and carefulness. | owe everlasting gratefulness to my mother and my
sister Sadeen for taking care of my bapPyasser) throughout my study yearsly
appeciation goes to my husband for believing in #dig thank you to mypelovedkids for

their love:Abdullah, Nora and Alyahanks for always knowing how to cheer me up.



List of Contents

Abstract [
Publications iii
Acknowledgements \Y
List of Contents v
List of Figures X
List of Tables Xiii
List of Abbreviations XV
Chapter 1: Introduction 1
1.1. Antibiotics and infection: the emergence of resistance 1
1.1.1. Staphylococcus aureus 1
1.1.1.1. Methicillin Resistar§taphylococcus aure§1RSA) 2

1.1.2. Pseudomonas aeruginosa 4
1.2. The respiratory route 5
1.2.1. Physiology of the respiratory system 6
1.2.1.1. Upper respiratory tract (The nasal cavity) 8
1.2.1.2. Lower respiratory tradiBronchi, bronchial tree and lungs) 9
1.2.2. Structure and function of respiratory mucus 10
1.2.3. Properties of mucus in disease state 13
1.2.4. Barriers to nasal absorption 14
1.2.4.1. Mucociliary clearance 14
1.2.4.2. Mucus barrier 15
1.2.4.3. Drug nature 15

1.3. Nasepulmonary delivery 16
1.3.1. The Lung and the effect of particle size on delivery 16
1.3.2. Absorption enhancers 18
1.3.2.1. Bile salts 20
1.3.2.2. Fusidic acid derivatives 20
1.3.2.3. Cyclodextrins 21
1.3.2.4. Bioadhesive Materials 21



1.4. Cystic fibrosis
1.5. Treatment of CF
1.5.1. Antibiotics
1.5.1.1. Colistin
1.5.1.2. Tobramycin
1.5.2. Mucolytic agents
1.6. Lamellar bodies: Origin and function
1.7. Lamellasomes
1.8. Bacteophages as therapeutic agents
1.9. Aims and objectives of the thesis

Chapter 2: Formulation and evaluation of a new dosageftartracteriophage
therapy of nasal MRSA infections.

2.1. Introduction
2.2.Materials and Methods
2.2.1. Materials
2.2.2 Bacteal and bacteriophage strains
2.2.3. Methods
2.2.3.1. Bacteria
2.2.3.1.1. Preparation of media
2.2.3.1.2. Bacterial culture
2.2.3.2. Bacteriophage
2.2.3.2.1. Bacteriophage preparation
2.2.3.2.2. Bacteriophage titration (plaque assay)
2.2.3.2.3. Bact@wphage purification
2.2.3.2.4. Fluorescence labelling
2.2.3.3. Formulations
2.2.3.3.1. Preparation of formulations
2.2.3.3.2. Lyophilisation of formulations
2.2.3.4. Disc diffusion method
2.2.3.5. Scanning electron microscopy (SEM)
2.2.3.6. Confocal laser scanning microscpySM)

2.2.3.7. Residual water content

23
26
26
28
29
30
32
34
37
50

51
51
53
53
54
55
55
55
55
56
56
56
58
58
59
59
60
61
62
62
62

Vi



2.2.3.8. Dynamic vapor sorption (DVS)

2.2.3.9. Differential scanning calorimetry (DSC)
2.3. Results
2.3.1. Lyophilisate shape and texture
2.3.2. Scanning electron microscopy (SEM)

2.3.3. Confocal lasescanning microscopy (CLSM)

64
65
67
67
67
71

2.3.4. Lytic activity measurement of formulated bacteriophages by plague

assay method
2.3.5. Disc diffusion method
2.3.6. Water content
2.3.7. Dynamic vapor sorption (DVS)
2.3.8. Differential scanning calorimetry (DSC)

2.4. Discussion

73
77
78
81
85
86

Chapter 3: Bioprocessing of Bacterioglka via Rapid Drying onto Micooystals 96

3.1. Introductdn
3.2. Materials and Methods
3.2.1. Materials
3.2.2. Bacterial and bacteriophage strains
3.2.3. Bacteriophagpreparation and harvest.
3.2.4. Preparation of Phageated microcrystals
3.2.5. Drying/storage conditions at varying humidity.
3.2.6. Plague assay
3.2.7. Characterization of dried powder
3.2.7.1. Per «bd@G drnapgvedery i el d of
3.2.7.2. Particle size analysis and zeta potent (¢ )
3.2.7.3. Scanning electron microscopy (SEM)
3.2.7.4 Moisture content
3.3. Results
3.3.1. Phage lytic activity ahef-CMC powders.
3.3.1.1 Phage lytic activity without the addition of excipients

3.3.1.2. Effect of drying/stage conditions at varying humidity on lytic

activity of phage in the formulations.

96
102
102
102
102
102
104
104
105
105
105
105
106
106
106
106

107

Vil



3.3.1.3. Effect of type of organic solvent on the lytic activity of phagel08

3.3.2. Characterization fCMC dry powders. 110
3.3.2.1. % yied o-€EMQidry powder. 110
3.3.2.2. Surface char ac-CMGhySBMi &14 and r
3.3.2.3. Resi duai{MQrorinationsr e contil®nt of

3.4. Discussion 115
Chapter 4: Improved pulmonary delivery of antibiotics and bacteriophage using
Lamellasomé&” 125
4.1. Introduction 125
4.2. Material and Methods 128
4.2.1. Materials 128
4.2.2. Bacterial and bacteriophage strains 128
4.2.3. Bacterial culture and phage preparation 128
4.2 4. Characterisation of Lamellasdtfie 129
4.2.4.1. LMS611 absorbance measurement 129
4.2.4.2. Nebulisation of LM$11 using thé>ari Boy and eFlow® 129
4.2.4.3. Evaluation of the aerodynamic particle size distribution of
nebulised LMS611 by cascade impaction. 130
4.2.4.3.1. Cascade impaction 130
4.2.4.3.2. Determination of the Mass Median Aerodynamic Diameter
(MMAD) of LMS-611. 133
4.2.4.4. Particle size and zeta potential measurements 133
4.2.5. Transmission electron microscopy (TEM) 133
4.2.6. Determination of LM®11 activity against bacteria 134

4.2.7.Formulation of LMS611 withcolistin for absorbance measurement34

4.2.8. Formulation of bacteriophage and/ or antibiotics into 16115 and

characterisation of these formulations. 135
4.2.8.1. Measurement of the lytic activity of bacteriophage in th& LM
fractions collected from each stage of the MSLI. 135
4.2.8.2. Measurement of antibiotic concentration in the 184% fractions
collected from each stage biet MSLI 136

4.2.8.2.1Disc inhibition method 136

4.2.9.Fluorescence labeling of BSA and LM3 1 136

viii



4.2.10. Formulation of labelled LM&11 withbovine serum albumin 137

4.2.11. Preparation of LMS511-PEG formulations for determination of

particle size 137
4.2.12. Particle size and zeta potential measurements ofdINFPEG
formulations 138
4.2.13.Corfocal laser scanning microscopy (CLSM) 138
4.2.14 Rheology studies 139
4.2.14.1 Preparation of artificial mucus (AM) 139
4.2.14.2 Preparation of formulations for rheological studies 139
4.2.14.3. Rheological analysis of artificial mucus 139
4.3. Results 140
4.3.1. LMS611 calibration curves 140
4.3.2. Determination of the Mass Median Aerodynamic Diam@IMAD)
of LMS-611. 141
4.3.3. Evaluation of bacteriophage lytic activity in each stage. 145
4.3.4. Transmission electron microscopy (TEM) 146
4.3.5. CLSM images 148
4.3.6. Fluorescence excitation and emission graphs of B8 and
LMS-611-rhodamine 151
4.3.7. Light scattering and zeta potential measurements. 152
4.3.8. Determination of colistin concentrations in LIdSL 157

4.3.9. Determination of antibiotic and antibiotic/phage concentration in the
LMS-611 fractions collected from each stage of the MSLI by disc inhibition

method 158

4.3.10. Effect of LMS6511 on rheology of artificial mucus 161
4.4 Discussion 163
Chapter 5: Conclusions and future work 167
5.1. Conclusions 167
5.2 Other opportunities for bacteriophdgaded formulations 169
5.3. Would the community accept the use of bacteriophage as a treatment271
References 172
Appendixl: Conference abstracts 194



List of Figures

Figure 1.1. | Structure of the respiratory system 7

Figure 1.2. | Anatomy of the human nasal cavity schematic of a sa(
plane cut £) and sample coronal plane midway thro| 8
the nasal cavityR)

Figure 1.3. | Diagram of bronchi, bronchiatee and lungs 10

Figure 1.4. | Model of mucin structure 12

Figure 1.5. | Diagram of the fractionation of particle size in each reg 18
of respiratory tract following inhalation

Figure 1.6. | Prevalence of CF respiratory pathogens by age group | 25

Figure 1.7. | Structure of Colistin 29

Figure 1.8. | Structures of a) tobramycin, and b) tobramycin sulphat| 30

Figure 1.9. | Lamellarbodiesof a type Il cell of a lung cell culture 33

Figure 1.10. | Schematic illustration of Lamellasomes 35

Figure 1.11.|An el ectron mi crograph of 36
illustration of the inverted toroid (right)

Figure 1.12. | Confocal laser scanning (ayansmission electro(b) and

: : 36

optical (c and d)micrographs of lamellarsomes

Figure 1.13. | Diagrammatiaepresentation of a typical bacteriophage| 38

Figure 1.14. | Lytic cycle of a virulent bacteriophage 40

Figure 1.15 | Morphological classification of bacteriophage 41

Figure 2.1. | Chemical structure of HPMC 53

Figure 2.2. | Plague assay method 57

Figure 2.3. | Dynamic vapour sorption apparatus (DVS) 64

Figure 2.4. | Schematic representation of the dynamic vapour sorj 65
system

Figure 2.5. | The lyophilised nasal insert 67

Figure 2.6. | Representative scanning electron micrograph of the [
lyophilized nasalinsert showing the difference betwe 69
inner and outer surfaces

Figure 2.7. | Scanning electron micrographs for blank lyophilized n 70
inserts

Figure 2.8. | Representative scanning electron micrographs for b
lyophilized nasal inserts following aapid freeze/dry 71
protocol

Figure 2.9. | CLSM images of fluoresceilabelled bacteriophag 79

distributed through the lyophilized formulations




Figure 2.10Q

Plaque assay showing the lytic activity of bacterioph

for the lyophilisate “

Figure 2.11 | Disc diffusion test of lyophilisates 78

Figure 2.12 | The lyophilised samples for water content determinatio 79

Figure 2.13 | Residual moisture content of the lyophilized bacterioph 80
formulations

Figure 2.14 | Example profile of the percentage chamgesample mas
(red lines) versus RH (blue lines) for the control sam 83
C1

Figure 2.15 | Example profile of the percentage change in weight f 83
formulation sample

Figure 2.16 | Example profiles of the percentage change in sample

: ) . 84

vs. RHfor formulations that contains mannitol

Figure 3.1 | Schematic diagram of protein coated microcrys 99
(PCMC) preparation method

Figure 3.2 | Chemical structures of glutamine and glycine 101

Figure 3.3 | Preparation method 6fCMCs 103

Figure 3.4 | Lytic activities of thef -CMC generated from mixing wit 108
isopropanol and reconstituted in water

Figure 3.5 | Lytic activities of thef -CMC generated from mixing wit 109
isobutanol and reconstituted in water

Figure 3.6 | Comparison between yhe lytic tadties of the f-CMC
with glycine generated from mixing with isobutanol g§ 110
reconstituted in water

Figure 3.7 | SEM micrographs of dried f-CMC generated fron 112
mixing with isopropanol

Figure 3.8 | SEM micropgraphs of dried-CMC generated fron 113
mixing with isobutanol

Figure 4.1 | Pictures of Pari Boy and eFlow nebulisers 130

Figure 4.2 | Picture of the particule sizing apparatus units (Cas 132
Impaction)

Figure 4.3 | Picture of the Multi stage liquid impinger (MSLI), arroy
show the flowof the nebulisation fluid into stages: frg 132
stage 1t0 5

Figure 4.4. | Calibration curves for LM$%11 measured using U 141
spectroscopy at a) 550 nm and b) 600 nm

Figure 4.5. | Example of Log probability graph plot for calculation 142

MMAD and GSD values

Xi



Figure 4.6,

TEM of LMS-611; a and b show undiluted LM&.1 neat
magnified at x8000 and x25000, respectively; ¢ shows
undiluted supernatant of LM611 after centrifugation &
10,000 x g; d shows LM&11 after 1:10 dilution with
1.2% saline; e andl show LMS611 after 1:10 dilutiorn
with 0.9% saline; g and h show LM&1 after 1:10(
dilution with 0.9% saline. Scale bar bottom right corne
micrographs.

147

Figure 4.7.

A and B show LMS61il-rhodamine pellet following
centrifugation; C and D show LM611-rhodamine pelle
diluted with PBS (scale bar bottom right corner)

149

Figure 4.8

A and B show LMS611-rhodamine/BSAFITC pellet
following centrifugation; C and D show LMGLIl-
rhodamine/BSAFITC pellet diluted with PBS

150

Figure 4.9,

LMS-611-rhodamine/BSAFITC pellet diluted with 3%
w/v PEG 10000

151

Figure 4.10Q

Emission spectrums of: A) BSAITC diluted in PBS 1:1(
(eex 490 n m)6llahnddmiri dilutedlinMPS
1:10 (2ex 540 nm)

152

Figure 4.11

Colistin calibration curve

158

Figure 4.12

Zone diameter measurements using the disc inhib
method

159

Figure 4.13

Inhibition  zone  diameters of colistin/LM&11
formulations; A &B using eFlow nebuliser for
aeruginosa strains 217M and 39324 respectively, C
using PariBoy nebuliser for P. aeruginosa strains 21
and 39324 respectively

160

Figure 4.14

Inhibition zone diameters of Tobramycin/LM&.1
formulations; A & B using eFlow nebuliser for
aeruginosa strains 217M and 39324 respectively, C
using Pari Boy nauliser for P. aeruginosa strains 21]
and 39324 respectively

161

Figure 4.15

Effect of LMS611 on the apparent viscosity of A
measured at 200’s Values reported as mean + SD (n=4

162

Figure 4.16

Effect of LMS611 on the apparent viscosity of A

measured at 1000'sValues reported as mean + SD (n=

162

Xii



List of Tables

Table 1.1. | Mucosal absorption enhancers and mechanism of action | 19
Table 1.2. | Bacteriophage Classification (ds: doulteanded; sssingle 42
stranded)
Table 1.3. | Phage therapy related to the diseases 44
Table 2.1. | Composition of HPMC gels used to manufacture lyophilisg 60
formulations
Table 2.2. | Freeze Drier cycle 61
Table 2.3. | Lytic activity of bacteriophage before and aftgphilisation | 75
Table 2.4. | Concentration of active bacteriophage in the lyophilisates 76
calculated from table 2.3.
Table 2.5. | DVS results of the lyophilisates containing different 82
concentrations of HPMC and mannitol
Table 2.6. | Glass Transitiomemperature (Tg) of HPMC polymer for 85
different formulations
Table 2.7. | Heats of crystallisatiorDHc) values for mannitol in different 36
formulations
Table 3.1. | Phage titre following initial immobilisation of phage to ami
) ) . " 107
acid carriers withouadditives
Table 3.2. | Percentage yield calculated for th€€MC with excipients 111
precipitated from isopropanol after drying at 25 °C
Table 3.3. | Percentage yield calculated for th€€MC with excipients 111
precipitated from isobutanol after drying2& °C
Table 3.4. | Residual moisture content of theCMC precipitated from 114
isopropanol after drying at 25 °C
Table 3.5. | Residual moisture of tHe CMC precipitated from isobutang 115
after drying at 25 °C
Table 4.1 | Comparison between tleharacteristics of Pari Boy and 129
eFlow nebulisers.
Table 4.2. | Composition of the nebulised formulations used. 135
Table 4.3 Mean cumulative percentage of LMB1 mass less than 143
statedsize for each stage of the MSLI.
Table 4.4 | Determined MMADand GSD of LMS611 nebulised by the
. . 143
Pari Boy and eFlow nebulisers.
Table 4.5 MMAD and GSD of diluted LMS511 with saline 1:10 (v/v).| 144
Table 4.6. | Calculated phags ] titre for each stage of the MSLI 145

following nebulisation with the eFlowebuliser.

Xiii



Table 4.7,

Calculated titre for each stage of the MSLI following

nebulisation with the Pari Boy nebuliser. 146
Table 4.8 Particle size and zeta potential measurements 155
Table 4.9 Particle size measurements of LNM8$1-PEGformulations 156
using the Mastersizer
Table 4.1Q0 | Particle size and zeta potential of (LM&1/antibiotic) 158

formulations

Xiv



List of Abbreviations

alv
AM
ATCC
ATII
BSA
ca.
CF
cf.
CFC
CFTR
CFU
CLSM
cm
COPD
CsCl
da
DLS
DLVO
DNA
DSC
DVS
e.g.
FITC
FRET
GRAS
GSD

He

Alveolus

Artificial mucus

American Type Culture Collection
Alveolar type Il

Bovine serum albumin
Approximately

Cystic fibrosis

Compare

Critical flow controller

Cystic fibrosis s
Colony forming unit

Confocal electron microscopy
Centimetre

Chronic obstruction pulmonary disease
Cesium chloride

Aerodynamic diameter
Dynamic light scattering
DerjaguinLandauVerwey-Overbeek
Deoxyribose nucleic acid

Differential scanning calorimetry
Dynamicvapor sorption

For example

Fluorescein isothiocyanate
Fluorescence resonance energy transfer
Generally regarded as safe
Geometric standard deviation

Hour

Heat of crystallization

transmembi

XV



HPMC

KCI

KF

LB
LMS
min
mJ

mL or mL
MLV
mm
mM
MMAD
MRSA
MSLI
mTorr
mV
MW
NacCl
NCIMB
nm

°C

oD
Pa-s
PBS
PCMC
PEG
PFU

RH
RNA

Hydroxypropyl methylcellulose
International unit

Potassium chloride

Karl Fischer

Luria Bertani

Lamellasome

Minute

Millijoule

Millilitre

Multilamellar vesicle

Millimetre

Millimole

Mass median aerodynamic diameter
Methicillin-resisant Staphylococcus aureus
multi-stage liquid impinge

Millitorre

Millivolt

Molecular weight

Sodium chloride

National Collectional Industrial, food and Marine Bacteria
Nanometer

Degree Celsius

Outer diameter

Pascalsecond

Phosphate buffer saline
Proteircoated microcrystals
Polyethylene glycol

Plaque forming unit

Flow rate

Relative humidity

Ribonucleic acid

XVi



rpm
SD
SEM
SM
TEM

TMDSC
uv

viv
VRE
wiv

ZP

ZS

pm
f-CMC

Rotations per minute

Standard deviation

Scanning electron microscopy
Storage media

Transmission electron microscopy
Glass transition
Temperaturenodulated DSC
Ultraviolet

Volume by volume

Vancomycin resistarEnterococcus faecium
Weight by volume

Zeta potential

Zetasizer

Micrometre

Phagecoated microcrystals

XVii



Chapter 1

Chapter 1: Introduction

1.1. Antibiotics and infection: the emergence of resistance

Infectious diseases of the respiratory tract are common. Many afl@rsetfg and
require only palliative treatmerit the common cold and mild flu. Others have
intermediate danger in susceptible groups: the young, unfit, nursing mothers and the
elderly. A few become life threatening because of the emergence of infections that
are refractory to treatment. Currently, the medical community is witnessing an
increase in the incidence of difficult infectious diseases that result from an
accelerating emergencadspreading of profoundly antibiotiesistance pathogens
such asMycobacterium tuberculosis, Enterococcus faecalis, Staphylococcus aureus,
Acinetobacter baumannii and Pseudomonas aerugin@amajor concern is the
methicillin-resistant Staphylococcus aeus 6 MRS A6, et(aC, ®@04)haod
Pseudomonas aeruginog¢dalunkheet al., 2005). The lack of treatment options for
infections caused by multesistant bacteria has been exacerbated by slow progress
in the discovery of new generations of antibiotitse risk of pandemics caused by
resistant bacteria leads researchers to investigate improved strategies for the delivery

and treatment of existing agents.

1.1.1. Staphylococcus aureus
The genusStaphylococcusias more than 30 species, with three species thabfa
clinical importanceS. epidermidis, Ssaprophyticusand S. aureus. Saureusis a

Gram positive spherical bacteriuatlso known as "golden staphSgadatirElahi et
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al., 2008) which is a commensal of human and animals (Chambers, 2001). It lives on
human skin and in the nasal cavity causing little harm and is spread from person to
person through hand contact. ColonisationShyaureusoccurs in about 30% of the
healthy poplation and a higher rate of colonisation has been found among
hospitalised patients {8hijima et al.,1993). Patients become colonised mainly from
other patients, and by transfer of strains from health care workers (Voss and
Doebbeling, 1995)S. aureusan cause serious infections such as skin ulcers, wound
infections, endocarditis, soft tissue abscesses and bacteraemia (Chamberdt 2001)
has been reported frolMELICS (the international networKor collection, analysis

and dissemination of valid datan dhe risks of nosocomial infections in European
hospital3 that from 416 bacteria isolatef, aureudormed 48.6% of the pathogens
(SaadatirElahi et al, 2008). The mechanism of resistance to penicillin is mediated
by production ob-lactamase (penicillinase) enzyme which cleavedbtlatam ring

of the penicillin molecule rendering the antibiotic ineffective.

1.1.1.1. Methicillin Resistant Staphylococcus aureus (MRSA):

In the last two decades, more seri@taphylococcainfections have increased due to

the emergence of methicillin resistaBt aureus(MRSA) (Ewan, 2004) which
signalled the beginning of a major health concern. It became clear that the number of
useful antibiotics was decreasing. MRSA is considered the imp®ertant cause of
antibiotic resistant infections (Karchmer, 2000) and is responsible for a large
increase in bacteraemia associated \8itraureuswith a reported incidence of over

50% in many countries (Gould, 2007). Currently, due to the resistai&eaareuso
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six or more antibiotics, the remaining possible treatment is usually based on
vancomycin or teicoplanin; unfortunately, many cases of vancomycin resi&tant
aureus have also recently appeared (Gould, 2007). MR®As identified
approximatelytwenty years ago as serious therapeutic and infection control
problem (Cookson, 1993)it still remains a health problem and is considered
periodically in the literature (Levy 200%ung 2012 Although there are a large
number of antibiotics availablen the market, many of thehemical motifs are

structurally related.
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1.1.2. Pseudomonas aeruginosa

P. aeruginosais a Gamnegative, aerobic rod belonging to the bacterial family
Pseudomonadaceaeis a noaf e r me n {pratéobacteriunmd widely distributed
nature.It grows readily on many common media to form large colonies which may
secrete distinctive pigments that aid its preliminary identificatRyaq andRay,
2004).The typicalPseudomonabacterium in nature might be found in a biofilm,
attached @ some surface or substrate, or in a planktonic form, as a unicellular

organism.

P. aeruginosas an opportunistic pathogen, and is an important cause of nosocomial
infections including complicated urinary tract infections, sepsis and vertilator
associaté pneumonia. In pulmonary diseas®s, aeruginosainfections generally
persist despite the use of loeteym antibiotic therapy and induce a host inflammatory
response by the elaboration of the bacterial products, particularly the exo
polysaccharide alginat This inflammation leads to degradation of pulmonary
extracellular matrixresulting in an impaired ability to destroy lung pathogass

occurs in emphysema (Alexes al.,2006).

Chronic infection withP. aeruginosas known to be the main cause of respiratory
failure and ultimate mortality in cystic fibrosis (CF) patients (Lycealal., 2002).
Chronic P. aeruginosainfection is related to the mucoid phenotype which cawuse
epithelial surface damage and leads toraw®tion of pulmonary functiorExposure
of nonmucoid P. aeruginosato oxygen radicals from hydrogen peroxide induces

mutations in the mucA gene, which is responsible for expression of the alginate
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biosynthesis (Matheet al., 1999). As a result, the neent P. aeruginosastrains
mutate to a mucoid type that is resistant to phagocytosis by cells of the immune
system, and increases tolerance to toxic oxygen radicals and antibiotics. Thus, over
time, P. aeruginosastrains that undergo mucoid conversiorgpthy a biofilm mode

of growth in vivo and indicate overproduction of a linear polysaccharide alginate
(Hoiby, 2002). It has been reported that the phenomena of antibiotic resistance and
biofilm formation are genetically linked. Additionallf?. aeruginosastrain that is
resistant to antibiotic and has enhanced ability to form biofilm arise at high
frequency both in vitro and in the lungs of CF patients (Drenkard and Ausubel,
2002). MoreoverP. aeruginosgossesses several mechanisms of drug resistance: it
may cause changes in cell permeability, enzymatic inactivation of drug or present an
altered drug target. Thus, a multidrigsistant phenotype can arise through the

emergence of multiple mechanisms of resistance (Mastuala 2000).

1.2. The respiratory route

The respiratory system is responsible for providing the body with the necessary
oxygen required to produce the energy used for cell maintenance, growth, defence
and division.lt is also responsible for protecting the body against pathogenic attacks
during inhalationThe air must be humidified and warmed prior to entrance into the
lungs, where gas exchange across the alveoli removes carbon dioxide dissolved in
plasma and regemates oxyhaemoglobin in the erythrocyte (Martini and Nath,

2009¢).
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1.2.1. Physiology of the respiratory system

The respiratory system divided into two major parts: the upper respiratory tract and
the lower respiratory tract (Figure 1.1). The upper respiraract consists of the
nose, nasal cavity, paranasal sinuses and pharynx. The lower respiratory tract

consists of the larynx, trachea, bronchi, bronchioles and alveoli.
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Figure 1.1. Structure of the respiratory systemgapted from Martini and Nath

(2009c).
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1.2.1.1.Upper respiratory tract (The nasal cavity)

The primary entrancefa@as occurs through the nosehere air enters through the
nostrils into the nasal cavity. The anatomical and the physiological structure of the
nasal cavity play an essentrale in the successful delivery of drugs via this route.

The general architecture and morphology of the human nasal cavity is shown in

Figure 1.2.
A B
Frontal  Superior  gphenoid Superior
sinus A\ turbinate  sinus turbinate Superior
Middle o- - Choana meétus
turbinate 2 RN Midil Middle
iddle meatus
Inferior /, »., TSI Usbinaie Inferior
turbinate™ | WaT——" Sr?asr(;-nx meatus
External Vi \¥ s Inferi
naris 81/ menol
turbinate

Figure 1.2. Anatomy of the human nasal cavity schematic of a sagittal plané)cut (
and sample coronglane midway through the nasal caviB) (Liu et al.,2009).

The nasal cavity is divided into two halves by the nasal septum and extended to the
nasopharynx posteriorly. The respiratory region, the nasal conchae or turbinates,
occupies the major part obsal cavity. The nasal absorption of drugs occurs mainly

in the respiratory region comprising the turbinates and part of the nasal septum
because of its large surface area and rich vasculature (lllum, Z0@2girflow in

the nose attempts to trap peles on mucusovered epithelium of the turbinates and
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clear debris by mucocilary action. The air flow to the lungs is pulled over the
turbinates by expansion of the lungs, the outward movement of the ribcage by the

intercostal muscles creating a vacuurnpligural cavity.

1.2.1.2.Lower respiratory tract (Bronchi, bronchial tree and lungs)

The path to right and left lung divides at the first division of the bronchi to smaller
bronchioles and eventually to alveolar sacs as shown in Figure 1.3. The division
increags resistance to flow and air flow velocity consequently becomes slower

allowing small particles to sett{@lum, 2002)

The bronchial tree has a multiple branching starting from the primary bronchi until
the formation of the minute respiratory bronck®l The primary bronchi branch into
secondary bronchi, known as lobular bronchi which further divide forming segmental
bronchi. Each segmental bronchus provides air to a bronchopulmonary segment of
the lung and undergoes multiple branching to form brotesiderminal bronchiole
delivers air to one pulmonary lobule. Each lobule contains many respiratory
bronchioles which are connected to the alveoli, the site of gas exchange (Martini and

Nath, 2009c).

Alveoli are very thin structures lined with two typek pneumocytes. They exist
individually and in groups of 220 forming an alveolar sa&bout 150 million

alveoli are present in each lung (Smelaal., 2008) providing a total absorptive
surface area of about 7810 nf (Groneberget al.,2003). They arsurrounded by the
capillaries that provide blood supply and gas exchahlgeolar epithelium is one of

the structural components of the respiratory membrane in addition to the endothelial
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cells lining the alveolus and the fused basal lamina lying betweéhelial and
endothelial layers. The respiratory membrane is00.15e¢ m t hi ck whi ch a

gas exchange between alveolar air and capillary blood (Washiegan2001b).

Right Main

Stem Bronchus Trachea

Right Lobes

Left
Stem
Bronchus

Bronchi

Bronchioles

Left Lobes

Pleural
Fluid

*— Stomach
Diaphragm

Alveoli

Figure 1.3. Diagram of bronchi, bronchial tree and lungacdqessedfrom
http://breathmatter.orgon 2705-2013).

1.2.2. Structure and function of respiratory mucus

Mucus is a complex biological substance that lines the luminal surface of many
organs in the human bodycluding thelungs,gastrointestinal tract, vagina aeges

(Lai et al.,2009). It contains glycoproteins and lipids {®%), mineral salts (0i5

1%), and free proteins 1% with the remaining 95% being water and electrolytes

10
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(Rathbone and Hadgraft991). Respiratory mucus is composed of a complex and
variable mixture of glycoproteins, proteins, lipids, nucleic acids and electrolytes.
Approximately 1.52 litres of mucus are secreted daily by goblet cells and serous
glands within the nasahvity (Lansley and Martin, 2000

The function of mucus varies between different organs. In the respiratory tract,
mucus lubricates the lungs and protects the epithelia. It serves as a physical barrier
against environmental foreign particles, toxins and pathogetss propelled along

the airways to the mouth, where it is swallowed. In the eye, the mucus preserves
corneal clarity and resists drying. In the large intestine, the function again is a surface

lubricant.

The main component of respiratory secretionveger. Mucin isa glycoprotein of

high molecular weight which is secreted by epithelial goblet cells and submucosal
glands. Mucin is a linear molecule consisting of several monomeric subunits linked
by disulphidebonds. It is also characterized by high bodrydrate content. The
oligosaccharide side chains of mucin are attached to the protein core-via O
glycosidic linkages (Figure 1.4). Mucin is responsible for the extent of the
viscoelastic nature of mucus secretions. The rate of mucociliary clearance is
dependent on the physical properties of respiratory mucus. These properties are
largely determined by the major macromolecular constituent, mucus glycoproteins
(mucins). The other mucus components contribute to the mucous barrier character

(Lethem, 1993; Khavilkar et al.,2001).

11
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\/

HYDROPHOBIC
S BONDS S-

Figure 1.4 Model of mucin structure: Oligosaccharide chains project from the
protein core, disulfide bonds crelisk naked protein regions and hydrophobic
interactions add additional intermolecular asatiens Adapted from Khanvilkaet

al., 2001).

Chemically, mucus is an integrated structure of biopolymers. The most important
physicochemical property of mucus is its viscoelasticity. Its physical behaviour is
complex (noANewtonian), while its properties caary between those of an elastic

solid and a viscous liquid_éi et al.,2009).

Mucus is constantly produced and when dilute, escapes with aqueous phase. As a
sokgel, for example respiratory mucus of the pulmonary and nasal systems, the
longitudinal epihelial cells are ciliated and their movement contribute®
propulsion of the mucus blanket. By placing radioactive markers on the mucus, the
rates of clearance can be assessed (Hatdsl., 1985). Many studies show that
although the mucus layer aff@grotecton, it can also prevent drugpachng its

target site by acting as a potential barrier to drug diffusion, especially as the

12
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physicochemical properties of mucus are often altered in disease states

(Widdicombe, 1997).

1.2.3. Properties of mucus in diseasstate

Mucus hypersecretion is a property shabgdall obstructive pulmonary diseases
such as asthmahronic obstruction pulmonary disea&OPD and cystic fibrosis

(CF). In these diseases, mucus hypersecretion may result from either elevated
intracellular mucin production contained within airway secretory cells or from
elevated mucin exocytosis which increases the thickness of the éutesamucus,

or both (Olatunjet al.,2006).

It has been found that the nature of the airway surfacedligonstitutes a very
important factor for efficient tracheobronchial drug delivery. For example, CF mucus
is thicker, more tenacious, and much less penetrable than normal mucus-(Garcia
Contreras and Hickey, 2002). The thick mucus obstructs airwayslang &lacterial
infection and inflammation and causes hyper secretion of infected sputum, which the
patient finds difficult to clear (Lethenet al., 1990). In pathological situations,
associated with CF, the solids concentration can be in excess of 10%n(lestal,

1990). In addition, the biochemical nature of airway mucins of patients with CF
differs than that of normal subjects. CF mucins have a higher degree of sialylation
and sulphation of the carbohydrate side chains. Sulphation of mucins commonly
occurs in CF, mediated through excessive sulphation of mucus, encouraging

colonization byP. aeroginosandS. aureugChenget al.,1989).

13
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Diversity in the biochemical structure and rheological properties of the mucus also
results from the variety of mucipeptides encoded by mucin genes. Variable
expression of mucin genes may lead to heterogeneous mucus in hypersecretory
conditions. Therefore, sputum, a mixture of saliva, mucus and pus, has altered
macromolecular composition and biophysical properties whiadly with disease.

Mucin glycoprotein overproduction and hypersecretion are common features of
chronic inflammatory airway disease. However, in some pathologic conditions such
as CF, airway sputum contains little intact mucin and has increased content of
several macromolecules including DNA, filamentous actin, lipids, and proteoglycans

(Judithet al, 2009).

1.2.4. Barriers to nasal absorption
1.2.4.1.Mucaociliary clearance

An important barrier is the general rapid clearance of the formulation administered
intra-nasaly due to the mucociliary clearance mechanism. As a result, the retention
time within the nasal cavity is shortened and thus drug absorption is reduced. Any
liquids or powder formulations that are not mucoadhesive will have a clearance half
life of 15-20 min (Soaneet al.,1999). The mucociliary clearance is a process which
depends upon the viscoelastic properties of mucus and composition of the epithelial

lining fluid.
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1.2.4.2 Mucus barrier

Mucus is present as a viscoelastic layer in the nasal cavity and the tracheobronchial
region but does not exist in the alveolar region. Mucus in the nasal cavity exerts a
normal defence mechanism by acting as a physical barrier that protectastie n
epithelium (Lansley and Martin, 20DOMucus filters and warms the inhaled air
before it reaches the lower airways. Consequently, any inhaled particles or
microorganisms are entrapped by the nasal hairs or the mucus layer, and the mucus
layer will paticipates in the removal of particulates via mucociliary clearance by
slowly move such particles to the back of the throat, and further to the
gastrointestinal tract. This is particularly important in case of larger molecular weight
molecules as peptides@ proteins, which require extended mucosal contact to allow
maximum uptake and avoid systemic side effects (McIneesal., 2005).
Furthermore, the nasal mucosa has its own metabolic process (enzymatic barriers)
where it converts endogenous materials intore easily eliminated compounds

(lum, 2003).

1.2.4.3. Drug nature

Despite the large surface area of the nasal cavity and the rich blood supply, the
permeation of drugs via the nasal cavity basically depends on the lipophilicity of the
compound. The st important factor limiting the nasal absorption of polar drugs
suchas peptides and proteins is the low membrane permeability. Polar drugs with

molecular weights less than 1000 Da will pass the membrane paracellularly, whereas,
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larger peptide and protesrwill be able to pass the nasal membrane but only in small

amounts (lllum, 2003).

1.3. Nasepulmonary delivery

The nasal cavity has been commonly used as a route for drug delivery, including the
treatment of local diseases such as nasal allergy, nasal congestion and nasal
infections. Recently, and due to the favourable anatomical and physiological
characteristicsfathe nasal route, nasal drug delivery has generated a great interest in
the pharmaceutical industry for the systemic delivery of drugs. Such drugs include
small molecular weight polar drugs, drugs which are not easily administered other
than via injection(especially peptides and proteins) and drugs requiring rapid onset
of action or avoidance of enzymatic degradation and fiests hepatic metabolism
(lum, 2003). This can be attributed to the rich vasculature of nasal mucosa which
promotes the direct abrption of drugs into the blood stream (Ar@taal., 2002).

Drugs can permeate the nasal mucosal membrane in two different pathways. The first
path is transcellularly (across the cells) via simple concentration gradients, receptor
mediated transport oregicular transport mechanism. The second path is passively by
paracellular pathway (between the cells) through the tight junctions between the

cells.

1.3.1. The Lung and the effect of particle size on delivery
The main requirement in pulmonary drug theragp deposition of the drug into the
peripheral regions of the lungs to produce an effect and enable maximum surface

area for absorption (Taylor and Kellaway, 2001). The airway diameter is about 1.8
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cm in the trachea which decreases from 4 to 1 mm indfgmental bronchi, while

the diameter of the bronchioles become less than 1 mm to 0.4 mm in the alveoli;
however the surface area increases to about 14QqFigure 1.5) (Hickey and
Thompson, 1992; Washingtoet al.,2001b). The large surface area of theemlar

region and the high blood flow provide a useful route of drug administration.

Many factors influence the deposition of drug particles in the lungs. One important
factor is the physiological barriers include the defence system starting in the nose
where particles over 1im are trapped by the haiand nucus lining the nasal
cavity. Rarticles larger than Sum are trapped in the lining mucous of the
tracheobronchial regiofwWashingtoret al.,2001b). Trapped particles in both regions

are then cleared by the mucociliary escalator to moves the mucous towards the
pharynx (Schreieet al.,1993). Particles between5um deposit in the periphery, but

are mainly engulfed by alveolar macrophages (&ehet al.,1993). Particles of 0.5

pum or smaller are considered to be too small to deposit and are exhaled (Oberdorster,

1993).
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Bronchiole (< 1mm)

Figure 1.5.Diagram of the fractionation of particle size in each regiorespiratory
tract following inhalationReproduced frondicky and Thomson, 1992

In addition to the anatomical and physiological features of the nasal cavity and
respiratory airway, there are various physicochemical and formulation factors that
must be taken intoonsideration when designing any nasal delivery system such as
concentration, pH and dosage form (lllehal, 2002). Physical properties of the
aerosol such as particle size, charge, density and hygroscopicity are also important
considerations in pulmonadelivery and play a role in the deposition of the drug

particles (Taylor and Kellaway, 2001).

1.3.2. Absorption enhancers
In an attempt to improve the systemic absorption of drugs from the nasal cavity,
several absorption enhancers have been investigaie overcome absorption

problems resulting from theapid nasal transit ratd éble 1.1, adapted from Dhakar
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et al.,2011). Among those are bile salts (lllueh al., 2001), chitosan (Dyeet al.,
2002, Illum, 2003), fusidate derivatives (Shao and Mitra, 1992) and cyclodextrins

(Yanget al.,2004).

Table 1.1. Mucosal absorption enhancers and mechanism of actiodified from
Dhakaret al.,2011).

Classification Examples Mechanism

Anionic: Sodiumlauryl sulphate

Cationic: Cetylpyridinium Perturbation of intercellular
Surfactants chloride lipids, protein domain integrity
Nonionic:Poloxamer, Span, disrugs membrane,
Tween
Sodium glycodeoxycholate, Disrupts membrane,
Bile salts Sodium glycocholate, open tight junctions, mucolytic
Sodium taurodeoxycholate, activity

. Inclusion of membrane
) u, b, o9 Cycl _
Cyclodextrins _ compounds, open tight

Me t hy Ii @ycledextrirts _ .
junctions

_ _ _ _ _ Increase fluidity of
_ Oleic acid , Lauric acid, Capryli o _ _
Fatty acids _ _ _ phospholipid domains, Digpts

acid, Phosphotidylcholine

membrane
Cationic o . lonic interaction with negative
Poly-L-arginine, L:lysine
compounds charge on the mucosal surfag
EDTA, Citric Acid, Sodium Interfere withtight junction
Chelators _ . _ .
citrate, integrity Oeli, 2009)
+ve charged _ _ ) lonic interaction with negative
Chitosan, Trimethyl chitosan
polymers charge on the mucosal surfag
Bioadhesive _ Reduce nasal clearance, ope
_ Carbopol, Starch, Chitosan S _
Materials tight junctions
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These absorption enhancers have been used to increase the nasal absorption during
the brief period in which the drug becomes in contact with the nasal mucosa. This
can happen either by altering the physicochemical properties of the drug or by
affecting thenasal mucosal surface (Bettl al., 1998). However, there were several
serious concerns of mucosal damaged or impairment of the ciliary function caused
by some absorption enhancers especially when chronic therapy is employed (Shao

and Mitra, 1992; Witschand Mrsny, 1999).

1.3.2.1 Bile salts

Bile salts are the most widely used surfactants to enhance the nasal absorption of
drugs. Commonly used bile salts include sodium cholate (C), sodium glycocholate
(GC), sodium deoxycholate (DC), sodium taurocholatdC){ sodium
taurodeoxycholate (TDC) and sodium glycodeoxycholate (GDC) (&eal., 1998,

Shao and Mitra, 1992). The mechanisms by which bile salts act include increasing
permeability of the membrane, formation of aqueous pore type transport pathways,
inhibition of proteolytic enzymes, and solubilization of drugs in the aqueous vehicle

(Behlet al.,1998).

1.3.2.2. Fusidic acid derivatives

Fusidic acid derivatives mainly consists of sodium salts of fusidic acid such as
sodium taurodihydrofusidate (STDHRhich is very soluble and stable in aqueous
solution with no antibiotic activity. It has been extensively used for ‘nasal
delivery of macromolecules e.g. growth hormones, insulin, proteins and peptides

(Shao and Mitra, 1992).
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1.3.2.3. Cyclodextrins

Cyclodextrins are cyclic oligomers of glucose which can form inclusion complexes
with drugs without forming covalent bonds, where the drug molecules can fit into the
lipophilic cavities of the cyclodextrin molecules. By forming such complexes, the
physicahemical properties of drugs can be altered. The complexes can be formed by
various methods such as heating, coprecipitation, damp mixing, extrusion and dry
mixing. Among different types of cyclodextrins, onlycyclodextrin is being

considered as a GRA§dnerally regarded as safe) material (Bxttdl.,1998).

1.3.2.4. Bioadhesive Materials

An alternative approach has been to increase nasal residence time using bioadhesive
agents that oppose the natural mucociliary clearance protective mechanism.
Bioadhesion may be defined as the state in which two materials (of which one is
biological in natire) are held together for an extended period of time by interfacial
forces. In pharmaceutical science, when adhesion is to the mucus membrane, this
phenomenon is referred to as mucoadhesiongiGl., 1988). This strategy aims to
increase the contact tarbetween the formulation and nasal mucosa for absorption to
occur and has become of great interest as a strategy to either optimise local drug
delivery by retaining the dosage form at its site of action (e.g. the gastrointestinal
tract), or by retaininghte formulation in intimate contact with the site of absorption

(as with the nasal cavity) (Smart, 2005). The mechanism of bioadhesion basically
consists of a substance adhering to the tissue by means of polymer chain interaction

with the cell surface glyqwotein (Nakamurat al.,1999). This process is facilitated
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by water uptake from the mucosal surface and swelling which prentbee
flexibility of the chain of the polymer (Aluet al.,1999). This water uptake has an
additional advantage of improving eéhdrug absorption by creating a temporary
osmotic opening of the tight junction in cell mucosa to facilitate the passage of drug
molecules (Mclnneset al., 2005). The process of bioadhesion is influenced by
different factors and mainly occurs as a restfila@ombination of more than one
factor. These factors include the number of hydrophilic groups in the polymer,
molecular weight, cross linking, concentration, pH, hydrogen bonding, ionic

interaction and viscosity (Ugwolet al.,2001).

There are several ucoadhesive agents employed in the development of nasal
formulations. The most investigated group is the hydrophilic macromolecules
containing different hydrogen bond forming groups (Hardetgal., 1999). The
presence of hydroxyl, carboxyl or amine moiety the molecules is advantageous

for adhesion. They are called wet adhesives as they are activated by moistening with
the mucosa surface and then will become adherent to the surface (Smart, 2005).
Chitosan is a hydrophilic linear polysaccharide that isilakle in a range of
molecular weights. In addition to its bioadhesive properties, chitosan also has
absorption enhancing effects as a result of different mechanism. Chitosan has been
shown to increase the paracellular transport of polar drugs by catuamgient
opening in the tight junctions between the epithelial cells of the mucosa. The most
widely used type of chitosan for nasal delivery ish#tosan glutamate salt (Illum

2003).
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Another example of mucoadhesive agents is hydroxypropyl methylcelulos

(HPMC). It has been shown to exhibit favourable bioadhesive properties in addition
to its classification as a GRAS excipient which makes it an attractive choice in
formulating delivery systems to sensitive surfaces such as the nasal cavity (Kibbe

2000).

1.4. Cystic fibrosis

Cystic fibrosis (CF) is a common inherited disorder that affects the body's exocrine
glands, causing them to secrete an excess of mucus. Historically, CF patients
susceptible to the disease in early childhood. Around 60,000 persons globally suffer
from CF of Caucasians with the greatest incidence. Approximately 1 in 1600
Caucasian births are affected and R2hpeople carry the gene (Welshal.,2001;
Massie andClements 2005). Multiple organ systems are affected by CF including
the lung, the pancrealyer, sweat glands and the gastrointestinal and reproductive

tracts.

Lung disease is responsible for more than 95% of morialitystic fibrosis patients
(Welshet al, 1994). This is due to severe deterioration of the respiratory function
which involves high mucus viscosity that results in chronic infection, inflammation,
and poor airway clearance. &bhronic bacterial infection leads to progressive lung
damage and respiratory failure (Cluregtsal, 2008). It has been reported that the
airwaysof cystic fibrosis (CF) patients are colonised by pathogenic ruiganisms

in infancy and majority of CF cases experience recurrent acute respiratory episodes

and die of respiratory failuresulting from infection (Lyczakt al.,2002).
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The range of phogens involved in respiratory tract infections arising during CF is
large and diverse (Govan & Deretic, 199B). aeruginosas considered to be the
most important pathogen causing chronic respiratory infections and the principal
cause of mdality in CF patients (Salunkhet al.,2005). The major nonpseudomonal
CF pathogen includ8taphylococcus aureusdHaemophilus influenz and other

less common pathogens includirgreptococcus pneumonisend mycobacteria
(Gilligan, 1991).Prevalence of thesspecies in the airway changes ovend, as
illustrated in Figurel 6. P. aeruginosas characterized by a high intrinsic antibiotic
tolerance, once a chraniung infection is established?. aeruginosacannot be
eradicated by antibiotic treatment. Idurces a host inflammatory response by the
elaboration of the bacterial products, particularly the exopolysaccharide alginate.
Moreover, the complex CF mucus providesaeruginosawith carbon and energy to
support highdensity growth during chronic colomizon.The problem of eradication

of P. aeruginosdrom chronically infected patients has also been shown to be due to
bacterid mucoid secretions (Bjarnshadt al., 2009).P. aeruginosasp. mutate to a
mucoid type which is resistant to phagocytosisels of the immuneystem. This
leads to increasdolerance to toxic oxygen radicals and antibiotics. Thus, over time,
mucoid P. aeruginosastrains colonise the CF lung in structures referred to as

biofilms, making chronic infections very difficult toetat (Hoiby, 2002).
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Figure 1.6. Prevalence of CF respiratory pathogens by age gradppted from
Harrison, 2007.

In CF sputum, water content is reduced leading to an increase in physical
entanglements and a pronounced increase in the viscoelastic nature of the sputum.
When mucus becomes too thick, mucociliary clearance is reduced due to alterations
in the mucus visaasticity and patients experience difficulty in mucus clearance.
This leads to bacterial overgrowth such as chroRic aeruginosainfection.
Moreover, the altered mucus in CF patients acts as a diffusional barrier, reducing
access of therapeutic agentstte epithelium. This is due to increased concentrations

of highly-branched mucin glycoproteins, DNA, alginate, and lipopolysaccharides
that form a dense medike network that traps or adheres to the drug or gene carriers

(Lai et al.,2009).
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The genetidasis ofCF resides in the mutations in the transmembrane conductance
regulator (CFTR) gene (Andersen, 1938). The mutations have been defined at the
DNA level and affect the CFTR protein which acts as a regulator of chloride and
other ion channels (Rommees al, 1989). Ths mutations result in a decrease of
chloride transport acrosspithelia, fluid secretion and increased reabsorption of
sodium, which causes a reduced water content of secretions and results in

dehydrated, viscous mucus (Rommenal, 1989;Keremet al, 1989).

1.5. Treatment of CF

In general, CF treatments focus on reducing disease progression ttheetenget of
irreversible lungdamage. This can be achieved by using a number of treatment
groups for a specific function, antibiotics to control the airway infection; mucolytics
are used to inhance mucus clearance (Hod@sai., 2003; Murphy and Rosenstein,
1998); steroids and nonstédal antiinflammatory drugs are also used to control the
inflammatory response (Mdrall et al.,2000; Muphy and Rosenstein, 1998); aad

adrenergic agonists as a bronchodilator.

1.5.1. Antibiotics

Intravenous antibiotics thatre used for treatment dP. aeruginosanfections are
usually given for 2 weeks or longer. Suggested antibiotic regimens include an
aminoglycoside such as tobramycin sulphate or amikacin sulphate, administered
with broadspectrum penicillin such as piperacillom ticarcillin disodium (Franzet

al., 1994). Although intravenous (IV) antibiotic treatment of CF patients has

improved in is techniques and patients livenger, chronic infection withP.
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aeruginosahas emerged as a serious problem. In the US, 52% of patients with CF
are chronically infected witP. aeruginosaand 51% withS. aureusin the UK, the
percentages areé6% and 15% respectively (Dodgeal.,2007). Therefore, nebulised
antibiotics have ben used as an alternative to reduce levels of chRaraeruginosa
infection. Nebulised antibiotics have been shown to maintain lung function between
courses of antibiotics and also used as prophylaxis (Taylor and Hodson, 1993).
Antibiotics that commonlyused for inhalation therapy in infections with CF are
colistin, tobramycin, and aztreonam (Dawehd Madge 2011). Lenoirand ce
workersreported thahigh dose aerosolized tobramycin showed an improvement in
lung function with a concomitant decrease in sputum densitf?.oéeruginosa
(Lenoir et al., 2007). However, somd&seudomonal strains become resistant to the
antibiotics. For example?. cepaciahasemerged as a serious problem in patients
with CF because this organism tends to develop resistance to multiple antibiotics.
Furthermore, other study shows that the infection with cepaciahas been
associatedvith a severe pneumonia (Downey al., 2007; Paschoakt al., 2007).
Practically, aerosolized antibiotic agents are extensively used for patients chronically
infected withP. aeruginosgBanerje and Stableforth, 2000; Gellet al., 2007). 1t

has beenreported from 12 studies of nebulis@atibacterials for maintenance
treatment in CF patients that treatments using inhaled antibiotics can reduce the
number of hospital admissions, while improving lung func{ibouw et al.,1995) It

has also been shown that the penetration of an aerosstiketbn in the human lung

is more efficient when aerosolisation is preceded by physagle and a

bronchodilator (Kunet al.,1992).
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1.5.1.1. Colistin

Colistin is a polymyxin atibiotic effective against most @mnegative bacilli. It
contains amixture of d and Famino acids arranged as a cyclic heptapeptide ring
with a tipeptide side chain (Figure }.7Li et al.,2005). More than 30 components
have been isolated from colistin and the two major components are colistin A
(polymyxin E1) and cofitin B (polymyxin E2) (Thomaset al., 1980). Colistin is
commercially available in two forms: colistin sulphate which is the cationic stable
form, while colistimethate is the anionic and readily hydrolysed form. Colistin is
polycationic and has both hygrailic and lipophilic moieties. These poly cationic
regions interact with the bacterial outer membrane, by displacing bacterial counter
ions in the lipopolysaccharide (ki al., 2005). Colistin is an old antibiotic that has
beendisplaced by the potentlglless toxic aminoglycosides in 1970s. However, due
to the absence of new drugs active against resistant-Gegative bacteria, colistin

has attracted more interest recently because of its significant activity as anti
pseudomonal agent (Evams al., 199; Li et al.,, 2005 Schusteret al., 2013.
Colistin dose given for nebulisation igd.2 million IU twice daily (Colistin base has

an assigned pency of 30 000 IU/mg) (BNF, 20)2
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Figure 1.7. Structure of Colistin

1.5.1.2. Tobramycin:

Tobramycin is an aminoglycoside antibiotic derived from Streptomyces tenebrarius
(Figure 1.8) It is effective against various typed bacteria particularly @m
negative bacteria. Tobramycin is the aminoglycoside of choice for the treatment of
confirmed Pseudomonas infections because it has higher activity against
Pseudomonas species compared with other aminoglycosides such as gentamycin. It is
preferred for the imial treatment of severP. aeruginosaelated infections such as

cystic fibrosis (Lode, 1998).

It can be given intravenously or intramuscularly and also be given in nebulised
formulations for the treatment of exacerbations of chronic infection with
Pseudmonas aeruginosa in patients diagnosed with cystic fibrosis. TOBI® is a
tobramycin solution for inhalation given twice daily in 300 mg dose (Rareisaly,

1993). Like other aminoglycosides, tobramycin has ototoxicity and nephrotoxicity
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for these reasongarenteral tobramycin needs to be carefully dosed (Lexnat.,

1986).

N, Ak HO..S/,O
HaN @ HaN—  HoN o oHo O
HO 0 0 |
/
P iG—y o HO O OHO NH,
0 OH
QO“ NH, {  OH
H,N . \
2 NH, OH

Figure 1.8. Structures of a) tobramycin, and b) tobramycin sulphate.

1.5.2. Mucolytic agents

Ideally, the aim of mucolytic therapy is to facilitate physiological clearance by
adjusting the viscoelasticity of mucus. Therefore, the use of mucolytic agents as drug
transport enhancers may be particularly important for diseases that have properties of
abnorméviscous mucus, such as CF and CQRABI et al, 2009). Mucolytic agents
enhance drug penetration into mucus by altering the physicalrpespef the mucus

and decreasds ability to act as a barrier to diffusion (Lethem, 1993). The most
commonly used mucolytic agents are the sulphydryl reagents, e.g. erdosteine, N
acetylcyteine and ®arboxymethylcysteine. They reduce the ciladgng of mucin

fibers by disrupting mucin disulfide bonds through sulphydxghange mechanism

(Livingstoneet al.,1990). Sulphydrytompoundsre available iran oraltablet oran
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inhaled form given by a nebuliser. Mucinex® (hcetytL-cysteine; NAC) is
previously tested for its ability to improve the penetration of nanoparticles across CF
sputum (Henkeet al, 2007). It has been reported that oral administration of the
mucolytic agent erdostegnfor one week to chronic bronchitis patients, increased the
level of amoxicillin in sputum but not in serum, an effect that was associated with

improved clinical outcome (Ricevugt al, 1988).

Another coanmo n mucol ytic i s ReBambimamt z jumank ,
deoxyribonuclease (rhDNase) also known as Dornase alfa. It acts enzymatically by
breaking down the DNA that forms dense entanglements with mucin glycoproteins,
thus reducing crosslinking and mucus viscoelasticity. It has been successfully used to
treat thepathophysiological properties of CF, as a result of the viscous mucus.
(rhDNase from Genentech Inc.) has been shown to improve the forced vital capacity
(FVC) and the forced expiratory volume (FEV1) when adstered by nebulisation
(Fuchset al.,1994; Henryet al.,1998; Hodsoret al.,2003; Frederikseast al.,2006).

A study performed byRozov and colleaguesalso showed that Dornase alfa
inhalation is associated with an improvement in lung function of CF patients during
the first year of treatment. Irontrast, in patients with bronchiectasis not caused by
CF, dornase alfa did not alter sputum transportability, lung function, dyspnoea or

quality of life (Rozovet al.,2010)

Another class of agents have attempted to increase penetration by affecting non
mucin components of mucus; EDTA, which can disperse alginate, is capable of

increasing antibiotic diffusion through the alginate secreted. lagruginosa
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1.6. Lamellar bodies Origin and function

Lamellar bodies are lipid storage and secretory organelles comprising many
phospholipid layers vary greatly in size (32800) nm. They can be surrounded by a
membrane and have a core composed of multilamellar membranes. Lameakar bod
are present in a wide variety of cell types to store and secrete certain lipids with
defined functions (Schmitz & Muller, 1991). The most intensively investigated
lamellar bodies are the pulmonary surfactants, a complex mixture of phospholipids
and preeins synthesized by alveolar type Il (ATIl) cells in the lung epithelium
(Kunkelmannet al.,1988 Grieseet al.,1997 (Figure 1.9. They are also present in

the bronchia and the nasal mucosa. Lamellar bodies provide a lipid film of
dipalmitoyl phosphatidylcholine (DPPC) on the surface of lung alveoli to reduce
surface tension during gas exchange (Villar and Slutsky, 1989), minahieelar

fluid and function as a hydrophobic protective lining against environmefftadts
(Wright and Dobbs, 199MWanget al, 2007). Furthermore, pulmonary surfactant is
believed to play a role in thenprovement of mucociliary clearance by physical
removal of inhaled debris and particulate material including microorganisms from

the alveoli and small airways (Griese, 1999).
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Figure 1.9 Lamellar bodies of a type Il cell of a lung cell cultufdépted from
Kunkelmann eal., 1988.

In CF, functional and biochemical surfactant abnormalities develop with progressing
disease; this is supported by correlations between surfactant parameters and lung
function data (Grieset al, 1997). In addition, research has suggested that a decrease
in the appearance of lamellar bodies occurs in the respiratory tract of CF patients. A
reduced production of lamellar bodies has been recorded in the tissue of CF mice, a
defect that was reversible by replacement of CFTR gkaesgn et al, 2000. In
anotherstudy, an extreme decrease in phosphatidylcholine content in cystic fibrosis
(CF) patients was reported (Gilljaet al, 1989. Other authors have noted a lack of
surfactant phospholipids in the CF airway (Puchelieal, 2002). However, the
resultant déciency of the lamellar bodies in cystic fibrosis patients can be altered.
Wang and ceworkers demonstrate the successful production of ATII cells by

lamellar bodies formation, providing a practical source of ATII cells to explore in
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disease models thepotential in the repair of the injured alveolus and in the
therapeutic treatment of genetic diseases affecting the lung such as CFeg\éang
2007).

Lamellar bodies havan important function in mucociliary clearance and also in
maintaining airway eldgity. So in treatment of CF patients the administration of
exogenous lamellar body mimetics, as inhaled medications, could be a therapeutic

approactto improve lung function.

1.7. Lamellasomes

Lamellasomes artamellar body mimetics, composed wiultilamellar vesicles of
phospholipids and cholesterol, representative of lamellar bodies in the lung in both
type and raticand they havethe anphiphilic nature of phospholipidé-igure 1.10
and Figure 1.1 L ame | | as o meld)Hs a(farmvutation omulti-lamellar
liposomes with a particle size ranged betweelb2um, suspended in normal saline
(0.9% NaCl) solution to give an off white suspension of pél #& has a total lipid
content of 19.8ng /mL with a viscosity of 1.5 x 18+ 0.2 PaS and a zeta potentl
-1 0 mWO0nY (Lamellar Biomedical)Battagla team investigeed formation of
metastable mitilamellar aggregates (lame#lames)with various size rangeby
spontaneous setfssembly of amphiphilic block copolymers in watEneyreported
that lamelbsomes are stable due to thetructural nature of the amphiphilic
copolymer assembly, and showed #ility of these lamellsomes tdransforminto

unilamellarvesicleg(Figure 1.12)Battagliaet al.,2007)
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The physicechemical propertyf LMS formulation is suited to pulmonary delivery

to enhance airway clearance. This is in part due to their inherent surface active and
adsorptive properties which lead to ttiisruption of mucus, baerial biofilms and
sputum.This property is grants it to ba& potential vehicle for co-formulation of
drugsas it facilitates the generation of smaller aetasoplets during nebulization

One area of therapeutic interest for sdicimulations is cystic fibrosis (CF), since

the CF lung may harbour antibiotiesistant bacteria such as mucoid strain®.of

aeruginosa
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Figure 1.1Q Schemadt illustration of Lamellasomes.
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Figure 1.11 An electron micrograph of B a me | | adisplayiegHightlypacked
concentric lamellae with identical Dupin cyclides geometryto that found in naturally
occurring lamellar bodies (Left). An ilktration of the inverted toraidypical of a
Dupin cycloidic geometry is shown on the rigiVikipedia commons).

10um

Figure 1.12 Confocal laser scanning (d)ansmission electrofb) and gtical (c and
d) micrographs of lamellarsoméadapted fronBattagliaet al.,2007).
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1.8 Bacteriophages as therapeutic agents:

Recently,bacterigpghage therapy has received more interest as an alternative therapy
for antibiotic resistant bacterial infections. The concept of phage therapynewp

since phages have been used for the treatment of bacterial infections, such as
gangrene and dysentery, in humans over the past 90 years quite successfully in
Eastern Europe and the former Soviet Union, and is still routinely used in the
Republic ofGeorgia. The first treatment with phage was reponetO21, when six
patients with &phylococcus skin disease were treated using phage (Sulakvelidze
and Kutter, 2005). By the 1930s, astaphylococcal phage products were produced

on the market. In thdate 1930s phage preparation as well as phage therapy
researchswerediscontinued for many reasons. The most important reason was the
discovery of antibiotics; another reason was the poor understanding of phage
therapy. Since the 1990s, there has beaviaal in interest in phage as antibacterial
agents and phage therapy is being studied now in an attempt to solve the problem of

antibiotic resistance.

The word bacteriophage means Obacteri a
viruses that infectbacteria (Douglas, 1975). Viruses are the most numerous
organisms on Earth, with an estimated number in the rangejobd@nore, and
phages are the most numerous of viral types (Hyman and Abedon, 2009). In the
environment, phages are 10 times more nuogetban bacteria. They can be isolated
from aquatic environment albeit that they appear wherever bacteria reside. Viruses

lack the ability to replicate unless they infect a cell and gain thigyabf
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reproduction. Rages cannot infect mammalian cellg\tispecifically target bacteria,
each phage typically attacks a single species, and sometimes it can become more
specific and attack a single strain of bacterium. Phages infect bacteria (host cells) and
use them to replicate up to 10,000 progeny whichr@esased after the host cell is

killed (Hanlon, 2007).

The structure of phage contains a head (or called capsid) comgasguobein coat

of icosahedrorshape with viral genome inside (mainly doubteand DNA). The
capsid protects the nucleic acid aadifitates attachment of bacterial cell. The phage
either has a tail with six tail fibres containing receptors that function as attachment
sites on the host cell surface, if the phage does not have a tail it attaches to the

bacterial cell by othesttachmet mechanism (Figure 1.1@anlon, 2007)

Nucleic

acid . Capsid

Collar
Tail fibres

Figure 1.13 Diagrammatic representation of a typical bacteriophdgigted from
Hanlon, 2007.
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Bacteriophages can be divided into two types according to their life cycle: virulent
and temperate. Virulent phages kill the host cell (bacterial cell) by rapid lysis to
release progeny phages, whereas temperate phages form a long stable relationship
with the host cell and spend part of their life cycle in a state called prophage. Viral
DNA either exists as a plasmid or integrated into the host cell DNA. If the host cell
genome replicates the prophage DNA also replicates and the resultant cells will
inherit the viral DNA (Lenski, 1988). Because of their ability to integrate their
genome into the host genome, temperate phages may cause undesirable pheno
typical changes. Therefore, they are not appropriate for use in phage therapy. On the
other hand, virulenphages offer the greatest therapeutic potential due to their lethal

effect on the host cell (Carltat al.,2005).

The life cycle of a bacteriophage begins when it moves toward its bacterial host in a
random motion and attaches to the cell surface vieptec sites which are usually

one of the cell surface components (protein, lipopolysaccharide or oligosaccharide).
This attachment is followed by penetration of the nucleic acid into the host cell
allowing replication of the virus and causing cell lysisl aalesse of viral progeny

(Figure 1.13.
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Phage DNA inserted
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Figure 1.14 Lytic cycle of a virulent bacteriophag@dapted from Hanlon, 200.7

The bacteriophage are classified according toniisphology as seen in Figure 1.15
There are various morphological types of phages with different nucleic acids
including DNA, RNA, single stranded, segmented and double strandagmented

DNA genome of tailed phage which is the most common (Table 1.2).
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Microviridae  Cystoviridae Leviviridae
Myoviridae N
= Tectiviridae Corticoviridae
Siphoviridae
Podoviridae O
Plasmaviridae
—= —
( ] Inoviridae
Fuselloviridae
\
= = ] ]
. . . . ( . . .
Lipothrixviridae Rudiviridae

Figure 1.15 Morphologicalclassification of bacteriophadg@dapted from Kutter &
Sulkavelide, 2005
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Table 1.2 Bacteriophage Classification (ds: doubteanded; ss: singigtranded)
(Sulakvelidzeand Kutter 2005; Hanlon, 2007).

Phage group Family name Morphology Genome
Tailed phages Myoviridae Contractile tail dsDNA
Podoviridae Short, norcontractile tail dsDNA
Siphoviridae Long, non contractile tail dsDNA

Tailless phages
Polyhedral DNA Microviridae Icosahedral capsid ssDNA

Phages
Corticoviridae  Icosahedral capsid with lipid layer dsDNA
Tectiviridae Icosahedral cgpsid \{vith inner 4SDNA
lipoprotein vesicle

Polyhedral RNA Leviviridae Quasticosahedral capsid ssRNA

Phages
Enveloped, icosahedral capsid, dsRNA

lipids

Filamentous phages Inoviridae Rodshaped with helical symmetry ssDNA
Lipothrixvirdae Enveloped filaments, lipids dsDNA

Cystoviridae

Rudiviridae Helical rods dsDNA
. . Pleomorphic, envelope, lipids no
Pleomorphic phages Plasmaviridae . dsDNA
capsid
Fuselloviridae Pleomorphic, enyelope, lipids no 4SDNA
capsid

A bacteriophage is specific for a particular bacterial host (Etral., 2005). With

this advantage, bacteriophages are good candidates and alternative agents for
bacterial infections, particularly in antibiotic resistance. The host range of the phage
is usually determined by the surface structures that are used to docktenabac
which are either carbolyate or protein receptors. Inr&nnegative bacteria,

oligosaccharides and lipopolysaccharides can act as the receptors for some phage.
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However,the complexity of Gam-positive bacteria offers a very different set of
potential binding sites (Fischedt al.,2006). Some phage therapy is based on use of
intact phages. Using whole phage as a therapy has the advantage that for every one
phage that enters a bacteriall ceplicates inside and then causes lysis, 10 to 100
phage particles are subsequently released, which can then enter other bacterial cells,
etc. Sometimes, the high specificity of phages limits their potential to attack an
unknown diversity of target bamia. Another possibility is the emergence of
bacterial resistance to phage attachment as a defensive way of bacterial survival.
Scientists have overcome this either by careful selection and designing a cocktail of
phages (different phage with differentsiy ranges) to circumvent resistance
(Sulakvelidzeet al, 2001) or by the use of a single broad host range phage that can
infect most of bacteria (Carltoet al, 2005). A few phages with a relatively broad

host range are known, making them possibly udefuherapeutic purposes.

Phage therapy may also be based on phage components as the phage system requires
specific viral proteins to target bacterial DNA and RNA during lytic proliferation of

viral DNA replication (Fischettet al.,2006).
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Table 13. Phage therapy related to dises,

Adapted from (Sulakvelidzd al.,

2001).
Reference(s) | Infection(s) Etiologic Comments
agent(s)
S. aureus,
P. aeruginosa,
DWebeF . E. coli, K. Successful prevention and
abrowska, Septic . . -
: : pneumonia, P. treatment of septicaemia in
Mulezyk, | infection | % iobilis, M humans
Gorski (2003) o :
morganii,
Enterobacter
A 27-year old with 50% surface
Skin burn area .byrns. After skin graft ang
Marzaet al., with P. aeruginosa excision, the wound became
(2006) : : ' infected.Purified phage
infection :
suspension could heal the wour
with no adverse effects.
A 5-yearold dog presented with
Chronic chronic bilateral otitis externa
Marzaet al., bilateral P. aeruginosa was given a phage suspensior|
(2006) otitis ' After treatment thear was dry
externa and the inflammation
disappeared.
A 24-yearold woman who
suffered from posinfluenza otitis
Weber External eat S homes media infection. Specific
Dabrowskaet infection s e'pidermiélis bacteriophage combined with
al., (2006) ' lactoferrin adnmistration
improved the treatment of
infection.
The first completed phase II
Biocontrol. Otitis Pseudomonas clinical trial testing the efficacy
Ltd.UK.(2007) of phage therapy, in this case f(
human ear infections.
Phage lysin specific fds.
pneumonia (recombinant Gfl)
Grandgirard, Meningitis Streptococcus | was used with infant rat to trea
et al.,(2008) pneumoniae | pneumococcal meningitis. Gfl

decreases the pneumococci ir
cerebrospinal fluid.
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Heo and ceworkers characterized two new potentially lytic bacteriophages (MPK1
and MPKG6) that were effective agairdt aeruginosainfections. They found that
Intramuscular and intraperitoneal administration of MPK1 and to a lesser extent

MPK®6, significartly protected mice from mortality caused by PA{#luced
peritonitic sepsis (Heat al., 2009). S aureushas different clinically important

strains (Deurenbergt al.,2007). Therefore, for treatment 8f aureusnfections, the

phage(s) selected should polyvalent which means that it should have a broad host

range and have the ability to infect these strains. There are many polyvalent virulent
(obligately lytic) S. aureugphages reported in the literature. Ph&§é&2, a member

of the family Myoviridae has been reported to kill 95% of the 782aureuulture

collection strains (PantuceX al.,1998). Phage K is another polyvalent lytic phage

(Rees and Fry, 1981). It has a broad host range and effective against a range of
MRSA strains including vancommyi n and tei copl anin etesist.
al., 2005). Vybiral and his group in 2003 have demonstrated that phage K can infect

39 of 53 MRSA strains. Their study has shown that phage K was effective in

reducing theS.aureusounts in then situ hand wash modé€Vybiral et al.,2003.

Phages have many advantages over antibiotics as therapeutic agents; the most
important advantage is that thage effective against multidrug resistant pathogenic
bacteria (Hanlon, 2007). This may be attributed to the different mechanism of action
that phages have compared to antibiotics. As a result, phages may be effective
against multi drug resistance bacteara in future could therefore be reserved as a

last line of defense, either alone or, more probably, in conjunction with antibiotic
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administration. In addition, phages have fewer side effects than antibiotics since
phages or their products do not affecka&ryotic cells (Matsuzaket al, 2005).
However, we do not yet appreciate the full value of pHeaped therapy since it has

not yet been extensively tested in humans under sufficiently diverse scenarios. One
theoretical advantage is that due to theecscity, phages given orally will target
only the gut pathogens and will not affect the normal flora of the gut, and the
potential overgrowth of secondary pathogens is avoided. In addition, phage
distribution within a given environment is considered arz process since phages
consists entirgl of proteins and nucleic acids. Therefore, when they breakdbem,
produce natural products: amino acids and nucleic acids (Caettat, 2005).
Moreover, phages are easier to produce (albeit that truly fax@e bioprocessing

has not yet been achieved), cheaper in cost than certain antibiadiaa #meory
requires less dosdsequency due to the ability of phages to replicate within the
target bacteria. It is also promising to see evidence showing thgéplcan penetrate

poorly vascularised tissues and can cross the Hioaid barrier (Aliskyet al., 1998).

Although they have developed to tolerate difficult environmental conditions, phages
are show individual variation and their strength varies overoadorange. Some
phages are very stable at different conditions so they can be stored without special
precautions. Others are fragile and need to be handled with care and stored in
specific conditions (Ackermast al., 2004). Therefore, many variables should be

considered when storing phages.
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There are different methods for the storage of phage prepardaciius anthraci
specific gamma phages can be stored at 2 to 5 °C for one year, with thetifrhage
dropping b 30% of the original activity. Freezing at70/1 80 °C or in liquid N

with glycerol or dimethylsulphoxide (DMSO) is another way of storage. Although
phages appear to survive freezing well, this method is not suitable for phage therapy
since phages neéd be distributed to the endser in a less costly manner, i.e. using
refrigeration or 6room temperatured di st
freeze drying, which is commonly used for many pharmaceuticals including proteins
and DNA. The suass of freezelrying may depend on the lyoprotectant used.
Freezedrying without protectant, such as itaj buffer or in culture medium, may

be expected to result in a rapid loss of infectivity, although this is very much
dependent on the phage undedgtuAckermann and colleagues reported that a wide
variety of bacteriophages had survived 20 years in frdaed ampoules that had

retained the vacuum (Ackermaanal.,2004).

Many researchers have investigated the use of bacteriophage in experimental
infections of animals. Smith and Huggins (1982) infected mice with a toxigenic
encapsulated strain &. coliisolated from a baby with meningitis. They used-anti

K1 phage which is specific for the K1 capsular antigen, and found that a single
intramusculardose was as effective as multiple intramuscular doses of ampicillin,
tetracycline, cloramphenicol or trimethoprim with sulfafurazole. Another study was
conducted by Soothill (1994) using guinea pigs for the effectiveness of phage against
burn wound infedbns that caused byP. aeruginosa He showed that the

prophylactic administration of phage can prevent the destruction of skin grdts by
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aeruginosa(Soothill, 1994). Biswasand group showed that upon intraperitoneal
(i.p.) administration of 10 colony forming unit (CFU) of vancomycin resistant
Enterococcus faeciufYRE), mice were all dead within 48 hours. By administration
of i.p. injection of 3x18 plaque forming unit (PFU) of phage preparation after 45
minutes of VRE administration, the anilmall survived(Biswaset al.,2002) The
results obtmed from these studies providgidence that bacteriophage therapy is an
effective treatment of animal bacterial infections, and may have a role in the

treatment of human infections.

A study was conducted to investigate the possibility of respiratory delivery of a
Burkholderia cp@acia complex (BCC) bacteriophage by nebulized aerosol
administration to treat bacterial lung infection. The results showed that BCC
bacteriophages can be nebulized successfully within a reasonable delivery time
(Golshahi et al, 2008). Another study repoted the development of
microencapsulated bacteriophage Felix O1 for oral delivery using chidbgiaate

CaChL system. Their results revealed that these microspheres may facilitate
therapeutic phage delivery to the gita et al.,2008) Puapermpoonsigt al.,2009

have demonstrated that bacteriophage can be encapsulated into biodegradable
polyester microspheres as controlled delivery formulation for the treatment of

bacterial lung infections.

From a large amount of clinical data collected from the Institute of Immunology and
Experimental therapy, Slopek andworkers (1987) described the results obtained

between 1981 and 1986 at 10 hospitals from 550 patients with conditions of wound
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infectiors, peritonitis, respiratory tract infections and bacteraemia. Patients were
treated agains$taphylococgiKlebsiellag Pseudomona<. coli and Salmonellawith

10 mL of bacteriophage oral suspension opital phagesoaked dressingsesults
showed that atut 94% of the patients completely recovered. In another siiulgs

been foundthat 20 cancer patients with concurrent bacterial infections was cured
after receiving bacteriophage treatment in a dose given orally three times a day
(Dabrowskaet al., 2006). Paisancand colleaguesavedescribed the use diuman

dental roots infected withEnterococcus faecalisto study the efficacy of
bacteriophages as antimicrobial agerthey found that when different phage to
bacteria ratios was used, the viabilitybafcteria in root canals was redu¢@isano

et al., 2004). Wright s t ie their first controlled clinical trial of therapeutic
bacteriophage ear drops preparation (BiopHaggevaluated the efficacy and safety

to target antibiotic resistamt. aerugirosain chronic otitis. They concluded that the
therapeutic bacteriophage preparation showed enhanced efficacy combined with

safety in chemoresistapatients(Wright et al.,2009.

Some phage preparations have already been produced into the marketsdaind use
clinic for treatment of topical antibiotic resistant bacterial infectiofi$ie
PhageBioDerm®preparation is abiodegradable patch consisting of polymeric
material incorporatingphage Thesehave been used in Republic of Georgia for
treatment ofthronic skin infections that resist antibioti&u(akvelidzeet al.,2007).
Moreover,it has been reported recently that a Phase I/lla clinical trial for treatment
of P. aeruginosainfections of the human ear was completed in November 2007

(Wright, et al, 2009).
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1.9.Aims and objectives of the thesis:

The overarching aim of théhesis is toinvestigate novel routes to the formulation
and processing of bacteriophages for-morasive nasgulmanary delivery testing
the antibiotic activity of selected fmulations as proof of concept of their therapeutic

potential:

1 Formulation of lyophilised nasal insert, harbouring bacteriophage as the
therapeutic agent for treatment of MRSA infections and evaluation of its
therapeutic efficacy againSt aureougChapter 2).

1 Present anew approach for bacteriophad@oprocessing through eo
precipitation of an aqueous mixture of phadg® @ureusphage) and a
crystallisable carrier (glutamine or glycine) with or without stabilizers
(Chapter 3).

1 Improve the pulmong delivery of nebulized solutions of antibiotics or
bacteriophage by dilution into Lamellasorf&s(LMS) for treatment of
antibioticresistant bacteria (mucoid strains Bf aeruginosa in cystic

fibrosis (Chapter 4).
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Chapter 2: Formulation and evaluation of a new dosage form for

bacteriophage therapy of nasal MRSA infectios

2.1. Introduction

In the past, the emergence of MRSA raised a serious therapeutic and infection
contol issue (Cookson, 1993). pandemic of MRSA which resisted treatment with

the currently used antibiotics, combined with the worrying lack of new antibiotics in
the pipeline led researchers to investigate alternative strategies for the treatment of

bacteral infections.

It is known that nasal decolonization offers an effective strategy to reduc®. the
aureusinfections generally and specifically in MRSA infections (Critchley, 2006).
To our knowledge, there imited work on the formulation of bacteriophage to be
administered intranasally. The present study is intended to formulate a new dosage
form for bacteriophage therapy of MRSA infections. It is known that the viability of
bacteriophages is rapidly lost upon exposure to low pH acidic gastric fluid via oral
administration (Meet al, 2008). In view of these data, we selected the nasal route to
avoid the harsh gastric environment and to deliver drug directly into the systemic
circulation (Mygind and Dahl, 1998). Furthermore, using the nasal route of
administration would allow the nasal ers composed of bioadhesive polymers such
as hydroxypropylmethyl cellulose (HPMC) to hydrate (Heseiket al, 1996).
HPMC (Figure 2.1 has a high viscosity and watevithdrawing property that results

in high bioadhesion, giving a long residence timém nasal cavity allowing higher

51



Chapter 2

absorption than conventional nasal formulations (Mclreteal, 2005). From this,

the disadvantage of rapid mucociliary clearance from the nasal cavity was
minimised. Mannitol was added to some of the formulations. It seéescted asm
excipient because it is a ndwygroscopic material that is accepted for use extensively
in the pharmaceutical formulations (Kibbe, 2000). It is also used widely as a protein
stabilizer in dried protein formulations (Bakaltchegt al, 2007; Schule et al,
2007). The administration of highly viscous polymer solution or gel to the nasal
cavity is far from straight forward and such delivery systems may need a special
device for application (Mclinnegt al., 2007). The polymer plug described by
Mclnnes and colleaguegas designed to assist manual application of the nasal insert.
It works in the following way: p contactwith the moist nasal mucosa surface, the
lyophilisate will hydrate to form a HPMC gel concentration higher than that
measured oginally prior to the lyophilisation. This feydrated, highly concentrated
HPMC gel should result in greater bioadhesion and longer residence time in the nasal
cavity, combined with the improved absorption attributed to the transient dehydration
effect onthe nasal mucosa, leading to intimate contact with the bacteriophageal

formulation.

Lyophilised nasal inserts were prepared uSngureudacteriophages. The effect of
lyophilisation on the phage viability and the activity of preparation on storage were
evaluated. The polymer was selected on the basis of its inert nature and thus it should
not be compromise the biological activity of bamphages. Physical properties

including porosity, the extent of hydration and water absorption were investigated.
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Figure 2.1. Chemical structure of HPMC. The substitution R represents either a
CHjs, or ai CH,CH(CHsOH group or a hydrogen atorAdapted from Siepmann and
Peppas, 2001

2.2.Materials and Methods

2.2.1. Materials

Hydroxypropyl methylcellulose (HPMC) powder KAMP grade was obtained from
Dow Chemicals (Michigan, IL, USA). The letter K represents a hydroxypropyl
substitution of 8.1% and a methoxyl substitutadr22%. The rumber 4 indicates the
viscosity of 2% HPMC agpus solution at 20°Che letterP identifies premium
grade product. Bnannitol powder was purchased from VWR International,

Lutterworth, UK.

Granulated agar, tryptone, yeast extract and sodium chloride were all purchased from
Melford Laboratories Ltd.,pswich, UK. Gelatin, fluorescein isothiocyanate (FITC),
Trizma base and magnesium sulphate heptahydrate were purchased from Sigma
Aldrich Chemical Company (Dorset, UK). Dichloromethane (DCM) and methanol
were purchased fronkischer Scientific, Leicestershe, UK. All other chemicals

were at analytical grade or equivalent.
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2.2.2 Bacterial and bacteriophage strains

The bacterial strain used as a model for MRSA wasSthaureus=DA209P variant,
acquired from the Nainhal Collection of Industrial, #6d and Marine Bacteria
(NCIMB), Aberdeen, UK (strain 8588; (American Type Culture Collection (ATCC)
ref: 11522). The bacteriophage selective for ®isaureusstrain is of the family
Siphoviridae and was acquired from tNational Collectional IndustrialFood and

Marine BacterigNCIMB), Aberdeen, UK (cat. no. 9563; ATCC ref: 6588
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2.2.3. Methods

2.2.3.1. Bacteria

2.2.3.1.1. Preparation of media

Luria Bertani (LB) broth

9 g of NaCl, 4.5 g of yeast extract and 9 g of tryptone were dissolved imZ@d
water and adjusted to 900L (pH ~7.4). The broth was sterilised by autoclaving at

120 °C for 20 min and subsequently stored at room temperature.

Luria Bertani (LB) agar

13.5 g of bacterial grade agar was included in the LB broth mixture described above.
For 60softdé top agar (used in plaque as:
sterilisation, the mixture was cooled to-88 °C and ~25mL of this molten agar

poured intoan aseptic polystyrene Petri dish. The agar plate was kept in a laminar

flow cabinet for few hours until solid and then stored at 4 °C for no more than 1

week.

Storage medium
5.8 g of NaCl, 0.98 g of anhydrous MgSO4, 0.1 g of gekatich 50mL of 1 M Tris
HCI (pH 7.5) were dissolved in 900L of water which wasdjusted to 1 L (pH 7.5).

The solution was autoclaved and stoaédoom temperature.

2.2.3.1.2. Bacterial culture
S. aureugbacterial cultures were grown in LBiedium @ g of tryptone, 4.5 g of
yeast extract g ofNaCldissolved in 900 mL of watgrFrozen stocks were initially

streaked and grown on LB medium containing 1.5% agar, totdelemdividual
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colonies. Cells were cultured by inoculatingmd. of LB medium with a single
colony of S. aureus bacteria and incubating overnight at 37 °C with vigorous

shaking. These overnight cultures were then used for bacteriophage preparation.

2.2.3.2. Bacteriophage

2.2.3.2.1. Bacteriophage preparation

A mixture of 300uLbacterial culture and 450Lbactgiophage stock solution (30

10'° plaque forming unit pemL (pfu/mL) was incubated for 20 minutes at 37 °C and
200 pLwas added to 4nL of partially cooled LB agar (LB broth containing 1.5%
agar). This was poured onto a cooled LB agar plate which was incubated at 37 °C

overnight(Sambrook and Russell, 2001)

Bacteriophages were collected by addingnb of storage medium (SM) buffer to

flood the plates which were kept at 4 °C for 3 to 4 h and swirled gently every 0.5 h.
Bacteriophage was then collected by decanting the storage medium from the plates
which then filtered by using 0.22 pm pore size filter (Millipore Ltd., Watford, UK),

and stoed at 4 °C.

2.2.3.2.2. Bacteriophage titration (plaque assay)

The lytic activity of the bacteriophage (the phage titre) was determined by plaque
assay. To determine the phage titre, a phage stock solution was titratedfdig ten
serial dilutions in SM bffer and 10QuLof each dilution was mixed with 1Q@Lof
overnght bacterial culture. The mixture was added tml4 of partially cooled LB

agar and poured onto LB agar plate. Plates were then incubated overnight at 37 °C.

The number of plaques was countd@ following day and used to calaté the
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concentration of bacteriophage (pful) (Figure 22). A negative control (bacterial
culture without bacteriophage) and positive control (bacterial culture with a known
concentration of bacteriophage) were alsgppred for comparison. To determine th
residual lytic activity of the lyophilized bacteriophage in the nasal inserts, each
lyophilisate was reconstituted in InL sterile water and the plaque assay was
performed from the serial dilutions as above. Phagestivere calculateftom the
dilutions giving a countable number of plaques3(9) per plate, this was generally
around a dilution of 10 Bacteriophagéormulaions before lyophikation were also
tested for Iytic activity, in aler to evaluate the effect lybphilisation and storage on
phage integrity. The lytic activity of the bacteriophage from the lycaitdi was

tested at day 1, 4, 7, 14, 30, 60, 180, 240 360.

(NN NN N

10! 107 103 104 1

Figure 2.2. Plaque assay method
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2.2.3.2.3. Bacteriophage purification

Purified bacteriophages were prepared using a modified method (Sambrook and
Russell, 2001). Briefly0.5 g caesium chloride (CsCl) was added to eathof
bacteriophage solution and allowed to dissolve. A step gradient was prepared by
pouring 2mL of CsCl solutions of decreasing density (1.7, &rilg 1.4 ghL) on top

of one another in a thielalled 38mL polycarbonate centrifugation tube (Beckman
Coulter, High Wycombe, UK). The aqueous preparation of bacteriophage in CsCl
was then carefully poured on top of these layers, and the interface between the layers
was marked on the outside tfe tube. After camifugation at 22,000 rpm in a
Beckman SW 28 rotor (64,000 x g) at 4 °C for 2 h a visible bluish band was formed
at the interface between CsCI solutions of 1.4 and In8 glensities which was
caefully collected using a syringe with small size bore negll&) and stored at 4

°C to use for labelling or formulation. The lytic activity (titre) of bacteriophage

solution after purification was also tested by plaque assay as above.

2.2.3.2.4. Fluorescence labelling

Fluorescein isothiocyanate powder (FITC) @5vas added to InL of purified
bacteriophage solutiowhich then equilibrated in 1GL of 46 mM NaHCG; (pH 9)
and shaken gently for 2 h. The resulting suspensionceasifuged and dialyzed
extensively in phosphate bufferedisal (PBS), pH 7.4, by 3x ekange over 24 h
using a cellulose dialysis bag with a MW -ait at 12,400 Da (D9777, Sigma

Aldrich, UK) to remove free FITC.
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2.2.3.3. Formulations

2.2.3.3.1. Preparation of formulations

Cortrol samples (lab&d &CH were prepared by dissolving the required amount of
HPMC powder in one third of the final volume of sterile distilled water (at 880to
°C), by slow addition of HPMC with stirring until a consistent dispersion was
obtained. Theremaining amount of steellwater was then added (using water at
room temperature) and stirring was continued until a uniform gel of 1% and 2%
(w/v) HPMC was obtained. The required massnainnitol powder was also added,
where appropriate, to produce a centration of 1%. The gebas stored at 4 °C
overnight to partially degas the gel and allow complete hydration of the polymer
chains. Blank samples (labellé8§ wereprepared as above using sterile Bigtead

of sterile distilled water. Formulated samples (labedf&dl, for insertscontaining the
bacteriophages, were prepared as for the blank sartipegquired amount of stock
phage solution being added to the aqueous HPMC dispersion with gentle stirring. Gel

formulations and blanks we prepared as outlined in Talal.1.
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Table 2.1. Composition of HPMC gels used to manufacture lyophilised formulations

Control samples Blank samples Formulation samples

Notation/ (without gelatin) (with gelatin) (with gelatin)

formulation 1'c1 c2 c3 ca|B1 B2 B3 B4| F1 F2 F3 F4
HPMC 1% 1% 2% 2%|1% 1% 2% 2%| 1% 1o, o290 09t
Mannitol - 1% - 1% - 1% - 1% - 1% . qo

Phage stock

- - - - - - - - 0 0 0 0
(1010pfu/mL) 10% 10% 10% 10%

Diluent Sterile wate Storage media Storage media

C, control sample; B, blank sample; F, formulation sample.

2.2.3.3.2. Lyophilisation of formulations

Nasal inserts were prepared by lyophilisingnll of formulation solution (HPMC gel
containing the bacteriophage solution) in a fredgéng micretube 1.5 mL
Eppendorf tube using a VirTis Advantage Fredeger (VirTis, USA). Tle freeze
drying protocol was carried out following the method as described by
Puapermpoonsiret al., 2010). The freezing steps was initiated with cooling the
samples to 5 °C for 30 mifollowed by cooling to5 °C at a rate of 1 °C/min for
another 30 mirand then te30 °C at 1 °C/min for 1 hr. primary drying was started at
-30 °C with a chamber pressure of 100 millitorre for 1000 min and secondary drying
involved subsequent heating # °C at 0.1 °C/min, maintained for 6 h under
vacuum. After lyophilisation samples were collected and stored in container with

silica gel at #C (Table 22).
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Table 2.2. Freeze Drier cycle.

Thermal Treatment

Temp Time Vacuum R/H
(°C) (minutes) (mTorr)
Step 1 Cooling 5 30 H
Step 2 Freeze -5 30 H
-30 60 R
Extra Freeze -60
Condenser -55 100
Primary Drying -30 1000 100 H
Post Heat (secondary drying) 25 360 150

To investigate the effect of the freezing addying protocol on lyophikate
morphology, asimple rapid freeze/dry protocol was also used, wwugl freezing of
gels t0-80 °Cover 30 min and subsequeattying at 10 °C for 24 h under vacuum

(MicroModulyo, Thermo Scientific Ltd., UK).

2.2.3.4. Disc idfusion method

Sterile discs (p.no. 74146, Sigmddrich, UK) were placed on the surface of agar
plates and impregnated with 8@ of lyophilisate solution prepared from serial
dilutions. The agar plates inoculated with 80of bacterial culture that wasixed

with 4 mL of partially cooled LB agar. After overnighncubation at 37 °C, the
resulting visible zones of growth inhibition that surround the discs were inspected for

clarity.
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2.2.3.5.Scanning electron microscopy (SEM)

Lyophilised samples werprepared by cutting a section of the sample with a sharp
scalpel blade, fixed onto metal stubs using dosiled adhesive copper tape and
coated with gold under vacuum. Samples were imaged using a Jeeb40BM

scanning electron microscope10 kV intengy.

2.2.3.6. Confocal laser scanning microscopy (CLSM)

The Confocal Laser Scanning Microscope (CLSM) allows an image to be obtained at
various focal planes from within an optically transparent sample. A scanning beam
and light source both are focussedtlo@ same point which enables a high resolution

image to be equired.

Lyophilisates for CLSM were prepared as above but using fluorescedlelhb
bacteriophage during formulation. A smaléction of the lyophilisate for each
formulation was placed on gla slide and covered with a cover slip. Samples were
analysedand imaged on a Leica DM 6000B microscope using an Argon laser line at
488 nm with an emission bandwidth of 5816 nm. Scans were performed using
10x and 20x objectives and images were congemgth Volocity® software

(Improvision, PerkinElmer, Cambridge, UK).

2.2.3.7. Residual water content

Gel samples of 1 g were formulated as above but lyophilized mL,Qared glass
vials. The mass of the dried cakes wakulated from the weight défence and the
vials were stored in an diight box at 4 °C For residual water determination, the

dried cakes were reconstituted withmlL solvent mixture (dichloromethane and
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methanol 50:50). The mass of the solvent for each sample was obtained ankl a bl
sample containing a known solvent mass was also prep&@hedwater content of
each cake was determined by the Kasicher(KF) titration method (Mettler Toledo

DL 37, Leicester, UK). After calibration with a Kdfischerwater content standard
(Hydranal, Sigm&Aldrich, Gillingham, UK), the apparatus was udeddetermine

the water content of the blank solvent mixture. The water content for each
formulation was determined twice from four independent samples and the result of

the titrationwas expressed as a percentage.
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2.2.3.8. Dynamic vapor sorption (DVS)

The isothermal sorption behaviour was studied usindd\éS 1000, Surface
Measurement Systems, Cheshire, (fKgure 2.3) The DVS apparatus consistsaf

highly sensitive Cahn microbalaneed a chamber within which the humidity and

the temperature can be regulated as required via a computer system (Figtwe 2.4)
measure any changes in the mass of the sample as a result of sorption or desorptio
of wate vapour. The method of Mcinnes et al. (2007) was followed. Briefly, samples
were subjected to a controlled cycle of relative humidity (RH) ranging from 0% to
95% in stepwise increments of 10%. RH was then decreased through the same steps.
Changesn the mass of the sample due to sorption or desorption of moisture are

expressed as a percentage of its dry mass.

Ty

DYNAMIC VAPOUR SORPTION

Figure 2.3.Dynamic vapar sorptionapparatugDVS).
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Figure 2.4 Schematic representation of thegndmic vapar sorption system,
reproduced from Surface Measurement Systems website.

2.2.3.9. Differential scanning calorimetry (DSC)

Samples of ¥6 mg were accurately weighed into 4@Laluminium pans,
hermetically sealed with pihole lids, and heated under a nitrogen purgeMetiler
Toledo DSC822¢Mettleri Toledo, Leicester, UK). Thermal transitions for the blank
and test lyophilized samples were asaly using a modulated DSC method for
determination of the glass transitiongTof HPMC, and a standard linear DSC
method to dermine the crystallizatn andmelting events of mannitol. The, Bf
HPMC was represented in the reversing signal and thepowd of the T
determined at a heating rate of 2 °C/min from 25 to 240 °C. A guemthmethod

was used for determination ofettenthalpy of crystallizatioredd.) for mannitol from
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25 to 200 °C at a heating rate of 10 °C/ min. The data analysis was performed using

Mettler STARe software.
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2.3. Results

2.3.1 Lyophilisate shape and texture

Lyophilisation of the formulated gels produced a torpedo shape nasalviitbed
smooth surface texture (Figu2e5). On handling, the formulation thatas obtained

from a 1% HPMC concentration was very soft and easy to deform. Increasing the
concentrabn of HPMC polymer along with the addition of mannittdcreased the

deformdion and resulted in a firm insert with a more fibrous structure.

Figure 2.5. The lyophilised nasal insert

2.3.2 Scanning electron microscopy (SEM)

Morphological examinatioof HPMC lyophilisate displays a spontike structure
wher ei n i ndiweredayeeed. It \Was ebaervederons SEM images for all
formulations that HPMC lyophilisate gives a highly porous internal structure which
could be readily distinguished fro the less porous external surface for all
formulations (Figure.6). High magnificaton of the internal surface shows layers of

a thin leaflets structure that surround the pores of the lyophilisate containing 1%

HPMC concentration which appear to be mevalent for the lyophilised 2% HPMC

67



Chapter 2

formulation , i.e. the porous structureere largely indistinguishable for the 2%
formulations (Figure2.7 a-c). The addition of mannitol to the formulations did not
appear to cause a noticeable effect on the struofute lyophilsates (Figure.7 b-

d). Furthermore, there was no difference observed between the blank lyophilisate,
that contains HPMC or HPMC and mannitol only, and the formulation lyophilisate

that contains phage solution.

To investigate the effect dlie lyophilisation protocol on lyophdate morphology, a
rapid freezing/rapid dryingprotocol was used. The SEM images show that the
structure of the lyoph#iate remained composed of individual leaflets but the porous

structure had beerhanged to a stoture better described as lamellar (Fig2i@.
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Figure 2.6. Representative scanning electron micrograph of the blank lyophilized
nasal insert showing the difference between inner and outer surfaces.
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Figure 2.7.Scanning electron micrographs for blank lyophilized nasal inserts. A, 1%
HPMC; B, 1% HPMC/1% mannitol; C, 2% HPMC; D, 2% HPMC/1% mannitol.
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Figure 2.8.Representative scanning electron micrographs for blank lyophilized nasal
inserts following a rapid freeze/dry protocol. A, 1% HPMC; B, 1% HPMC/1%
mannitol; C, 2% HPMC; D, 2% HPMC/1% mannitol. The white arrow points from
the internal matrix to the boundamyth the surface of the insert. The scale bar (500
pm) is shown in bottom right of each pane.

2.3.3 Confocal laser scanning microscopy (CLSM)

To examine possible aggregation and/or localization of the bacteriophages during the
freezedry steps, the digbution of fluoresceidabeled bacteriophages was
visualized by CLSM. Confocal micrographs show the bacteriophages to be

distributed in a homogenous manner throughout the lyspkdli(Figure 2)9 which
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reflects the overlapping of the leaflets and pstracture observed by SEM (Figure
2.7). Although it is not possible to resolve nanomeaieged aggregates of small
numbers of bacteriophages in these images, there is no evidence of gross aggregation
or localization of the bacteriophages, i.e. the freeztgp would appear to have

avoided slav formation of ice crystals and supersaturated regions of liquid.

Figure 2.9. CLSM images of fluoresceitabelled bacteriophage distributed through
the lyophilized formulations, (A) 1% HPMC; (B) 1% HPMC/18tannitol; (C) 2%
HPMC; (D) 2% HPMC/1% mannitol. Bar = 250 pm.
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2.3.4. Lytic activity measurement of formulated bacteriophages by plague assay
method

The plaque assay method was used for the determination of the lytic activity of the
bacteriophage by countirthe observed plaques, which each represent a single phage
particle. The results presented in Table 2.3 show the lytic activity of the
bacteriophages before and after lyophilisation of the formulations. Enumerating the
plagues per agar plate for a giveilution enabled calculation of the bacteriophage
titre that would have been present in each undiluted sample tested (Table 2.4). For
comparison, formulations before lyophilisation (i.e. as the gel) were tested for lytic
activity, in order to evaluate theffect of resuspension on phage integrity. For
formulations before lyophilisation samples, given that the typical number of plaques
observed on an agar plate from a phage dilution &fw8s > 300 (i.e. too many
plaques to count), the concentration of ghageach test sample was calculated from
the number of plaques observed following a dilution of.1A titre of 10° pfu/mL

was calculated for the HPMC/mannitol gel formulations prior to lyophilisation,
indicating that there was no loss of lytic activilyring mixing of the bacteriophages
into the gels (since the phatjgres added to the gel were consistentf{sfu/mL,

and a 16fold dilution of the bacteriophage stock was made). In contrast,
lyophilisation of formulations resulted in phatiee of 1% pfu/ mL, which implied

that the lytic activity loss of the bacteriophages following lyophilisation was 10 % of
the original lytic activity. Nevertheless, a titre of®1pfu/ mL was considered

sufficient and long term stability testing was therefore datexch
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Performing plaque assay for lyophilised formulations without dilution resulted in
clear plates due to confluent lysis f aureusbacteria by phage. Therefore, serial
dilutions of samples were prepared and dilutioff &&s selected for determination

of phage concentration as it gives countable plaques (Figure 2.10). The data reported
in Table 2.3 shows that the number of plaques gradually decreases within time.
However, Table 2.4 shows that the Iytic activity decredsed 10 pfu/mL on day 1

to around 10 1¢ and 10 pfu/mL after 1, 2 and 12 months, respectively. Calculated
phage titre for formulations containing only 1% mannitol before and after

lyophilisation was (1.30 + 3.0) xi@and (3.87 + 2.08) xfaespectively

Figure 2.1Q Plaque assay showing the lytic activity of bacteriophage for the
lyophilisate: a) confluent lysis for undiluted sample; b) uncountable plaque for
dilutions from1(? to 10°and c) countable plaque for dilutiondand 10
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Table 2.3.Lytic activity of bacteriophage before and after lyophilisation.

Lytic activity
Before lyophil After lyophil.
Formula
Dilution Dilution (10°) (10°) (10%
(10°% | (109 Day 1 Day 4 Day 7 Day 14 | Day2l1 | Day 30 | Day 60 | Day 60 | Day 180
F1 +P | 89+7|P(44+5) | P(42t2) | P(3517) | P(5t2) | P(&1) | P2&2) | TP P(*1) | P(a2)
F2 +P |55+8|P(83t14) | P(14t4) | P(32t12) | P(1Gt3) | P(13t7) | P(6t4) TP P(®5) | P(272)
F3 +P [29+4| (nd) P(3%26) | P(3%11) | P(5%15) | P(15:10) | P(3t2) P P(6t5) | P(18:3)
F4 +P | 40+4 | P(8®12) | P(73+4) | P(427) | P(1218) | P(66:7) | P(4Gt14) | TP | P(5(t8) | P(1419)
+P: plaques >300 per plate; P (number): nudebeaninedof i ndi vi dual

F1, 1% HPMC; F2, 1% HPMC/1% mannitol; F3, 2% HPMC; F4, 2% HPMC/1% mannitol.
Dataare expressed as the meaBXfor threeindependent experiments
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Table 2.4.Concentration of active bacteriophage in the lyophilisates calculated from table 2.3.

Time

Dil

F1

F2

F3

F4

Before lyophilisation

10’

(8.90 + 7.5) 10°

(5.53 + 8.5) 10°

(2.90 + 8.4) 10°

(4.00 + 4.5) 10°

After lyophilisation

Day 1

10°

(4.40 +5.2)x10°

(8.53+ 1.4)40°

nd

(8.70 + 1.2) 40

Day 4

10°

(4.27 +2.2) 40°

(1.47 £ 4.7) 40°

(3.93 + 2.6) 10

(7.37 + 4.0) 10°

Day 7

10°

(3.53 +1.7) 10

(3.20 £ 1.2) ¢

(3.90 £ 1.1) ¢

(4.20 £ 7.9) ¢

Day 14

10°

(5.00 + 2.0) 40

(1.03 £ 1.0) ¢

(5.77 £ 1.5) 10

(1.21 + 8.8) 10°

Day 21

10°

(8.00 + 1.4) 10

(1.33 +7.5) 10

(1.53 + 1.0) 10°

(6.60 + 7.0) ¢

Day 30

10°

(2.60 +2.7) 40°

(6.00 + 4.3) 10’

(4.33+2.5) 10’

(4.00 + 1.4) 10

Day 60

10°

(7.33+1.1) A0°

(9.0045.5) A0°

(8.67+5.1) A0°

(3.47+8.5) 20’

Day 180

10

(8.07+9.5) A0°

(4.13+2.3) A0°

(3.25+3.5) 20°

(8.87+1.0) A0°

Day 240

10*

(5.33+8.5) 20°

(5.67+8.9) 10°

(6.00+1.9) A0°

(1.32+3.1) 10’

Day 360

10*

(2.23+1.2) A0°

(4.67+1.5) A0°

(8.00+4.5) A0°

(2.30+£7.9) A0°

F1, 1% HPMC; F2, 1% HPMC/1% mannitol; F3, 2% HPMC; F4, 2% HPMC/1% manDébhare expressed as the mea8Rfor three

independent experiments
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2.3.5 Disc diffusion method

The results are given dhe basis of comparison of the zone clarity with the negative
control bacterial culture (@eg. When the lyophilised formulations which contained

1% and 2% HPMC were used without dilution, the viscosity of gel prevented the
solution from spreading compédy around the sterile disc. Lyophilisates containing
1% HPMC and 1% mannitol allow spreading of the gel around the disc, whereas
increasing the HPMC concentration to 2% decreased the mannitol effect due to the

increase in the viscosity of HPMC polymer.

No conclusive results could therefore be obtaiasithe formulations had not spread

around the discs and for this reason diluted samples were used. On day 1 post
lyophilisation, all formulations yielded clear zones around the disc indicating
inhibition of bacterial growth in an otherwise continual bacterial lawn. Larger
dilutions (10°t010°%% produced a smaller clear zone
(i.e. not a continuous clear band) and this was also observed on days 7 and 14 post
lyophilisation. Onday 30, when the last experiment was done, the zones continued to

be punctuate and less clear comparing to the firstideyever,the sample was less

turbid thanthe cloudnegative control zon@=igure 2.1}.
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Figure 2.11.Disc diffusion test ofyophilisates.

2.3.6. Water content
Figure 2.12shows the freeze dried cakes that were used for water content test. To
determine the residual moisture contents in the lyophilised formulations; Karl

Fischer titration was performeé Figure 2.13shows that the formulatiomvhich
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contained HPMC at 2% w/eoncentration (F3) had the highest percentage moisture
content. Addition of mannitol to the formulation resulted in lower residual moisture
contents However, in the formulation that cains 2% HPMC (F4) mannitol does
not appear to have a high effect on the water content of the lyophilGagézall,
except for the 1% HPMC/1% mannitol lyophilizate, the residual moisture content in

these formulations was comparatively high.

Figure 2.12 The lyophilised samples for water content determination.
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Figure 2.13 Residual moisture content of the Iyophilized bacteriophage
formulations:F1, 1% HPMC; F2, 1% HPMC/1% mannitol; F3, 2% HPMC; F4, 2%
HPMC/1% mannitalThedata shown as mean £ SD for n=4
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2.3.7. Dynamic vapor sorption (DVS)

DVS was used to mimic the water sorption that may occur when the lyophilized
inserts are placed in the nose. The sorption profiles results gatfreradthe
dynamic vapour sorption analysis show the effect of changing the target humidity
(blue line) on the weight of the sampleed line) over time The water sorption
profiles showed an increase in mass as a result of exposure to increasing relative
humidities (RH) to 95%, and corresponding drying as RH returned to zero. It is clear
from the profiles that the sorption and the desorption behaviours of GHPM
formulations are stableTable 5 compares the water vapour sorption values as a
percentage of the dry weights. A marked difference was observed between inserts
formulated with water(28i 52% massincrease), storage media (@D3 mass
increase) and bactephage(101i 141% mass increase). Sorption capacity for the
control samples ranged between 28% and 51% of the dry wéighire 2.14 has

been shown as an example ofgion capacity for the control samglé.yophilisate
formulations that contain HPMC gnivere seen to absorb water to a greater extent
than those which contained manniti contrast a substantial increase in weight for

all formulations containing the phage was obserffedure 2.1%. For lyophilizates
containing mannitol, a small but na@ble mass loss was observed during the water
sorption phase between 5 and 10% ®ifjures 2.16 a; 2.16 b This was due to the
transformation of amorphous mannitol to the crystalline form, with concomitant loss
of water from the lyophilizate. Mannitol & adsorbed very little water vapor during

the same cycle: showing only a 0.3 and 1% mass increase for the powder as received

and lyophilized, respectively. In contrast, HPMC powder (as received) displayed a
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30% increase in mass for the same cycle. ThiBtiad of mannitol reduced water

sorption for the control samples and, to a lesser extent, for the blachk a

bacteriophage formulations.

Table 2.5. DVS results of the lyophilisates containing different concentrations of

HPMC and mannitol.

Formulation % Change in dry weight

C B F
1%HPMC 50 103 141
1%HPMC1%Mannitol 28 74 123
2%HPMC 52 70 101
2%HPMC 1%Mannitol 39 67 102

C, control sample that contain water; Blank sarples that contain storage media; F,

formulation samples that contaihgmgesolution.

82



Chapter 2

C1 ——dm - dry
——Target RH
60 - - 100
- 90
> 90 - - 80
(]
S 407 [ Q
~ - 60 &
@ T
8 30 - - 50 o
= 5
£ - 40 o
@ 20 A - 30 B
s
5 10 - - 20
- 10
0 T T T T T 0
0 500 1000 1500 2000 2500 3000
Time/mins

Figure 2.14. Example profileof the percentage change in sample mass (red lines)
versus RH (blue lines) fahe control sample, C1.
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Figure 2.15. Example profile of the percentage change in weight for a formulation
sample.
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Figure 2.16. Example profiles of the percentage change in sample mass véisus R
for formulationsthat contain mannitola) C2, control sample that contains water and
b) F2; formulation sample that contains phate * indicates the loss of mass as a
consequencef the change from amorphous to crystalline mannitol.
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2.3.8.Differential scanning calorimetry (DSC)

Table 6 shows the midpoint of thg 3 HPMC for all formulations. The glvalues

for formulations without mannitol was consistent, varying around 186 + 7 °C. The
heat of crystallization ( eeHc) was det
nor mali zation of the thermogr ams (Tabl e
mannitol was obseed upon the addition of HPMC in simple powder blends,
dependent on the relative amount of HPMC
lyophilized mixtures (C2 and C4) also indicated thatmgstallization of mannitol

was directly inhibited by HPMC. Theddition of storage media containing gelatin
further decreased the &Hc (B2 and B4), wi

HPMC formulation (F4) almost completely attenuating mannitarystallization.

Table 2.6. Glass Transition Temperature gfTof HPMC polymer for different
formulations

HPMC

powder C1l C3 Bl B3 F1 F3

Formulation

T4( eC) 187 190 188 192 188 179 186
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Table 2.7.Heatof crystallisation PH.) values for mannitol in different formulations

Formulation DH. (mJ)

Mannitol powder 1120
Mannitol lyophilisate 798
HPMC/mannitol physical mixture 1:1 488
HPMC/mannitol physical mixture 2:1 251
C2 360

C4 99
B2 231

B4 44

F2 58

F4 9

2.4. Discussion

The lamellar structure of the leaflets presumably results from the formation of large

sheetlike ice crystals during the rapid freezing step, since similar structures have

been described as a consequence of changes in ice nucleation Sealt|@901).

Thus, the morphology of the nasal insert would appear to be reproducible so long as
careful control over freezing and drying steps can be maintained throughout the

lyophilization process.

It was observed from the SEM images that the surface morphologgheof

bacteriophage containing lyophilisate has no significant (clear) difference from that
without bacteriophage. All of the samples show a smooth surface with a porous
internal structure. It is obvious that as concentration of the HPMC polymer increases,

the leaflike structure that surrounds the pores also increases due to increase the
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viscosity of the gel solution giving less porous lyophilisate. On comparing the CLSM
and SEM micrographs, the bacteriophages appear to be homogenously distributed
throughot the lyophilised nasal insert and no evidence of aggregation is apparent.
This would suggest that the phages are fully dispersed throughout the nasal insert.
The highly porous structure of lyophilizates is suggested to provide an ideal route for
rehydraton of the lyophilizate within the nasal cavity (McIinnetsal., 2007). The
formation of the pores can be attributed to the space that was occupied by ice crystals
during the freezing drying. Fast and slow cooling protocols have been used for the
lyophilization of carboxymethyl cellulose in order to control the pore structure and
strength of the resultant lyophilizate (Yuanhal., 2009). The cooling rate adopted
here (1 °C/min) was very similar to the slow cooling rate reported by Yuan et al.
(0.83 °C /min) who described 6@00 um pore sizes for carboxymethyl cellulose.
The same size range can be observed foryihehilizates in this study: FigureB
showing pore sizes ranging from 50 to 100 um. Imaging at the boundary of the inner
matrix and surfaces, stws that the individual leaflets forming the pore walls can be
much closer together (Rige 5A and C). The addition of bacteriophage did not

appear to change pore size when comparingrigA/C and B/D.

The initial bacteriophagttre that is sufficienfor successful treatment is not known.
However, it has been reported that in mice treatment, phage therapy failed for doses
less than 3x1Dpfu/mL and 3x18 pfu/mL for intramuscular and intravenous
delivery respectively (Payne and Jansen, 2003). According to (Sulakvelidde

2001) high doses of bacteriophages can be used without any risk. It has also been

found by (Capparellet al., 2007) that aitre of 10° pfu of bacteriophages (f) is
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sufficient for treatment of mice infected wih aureoustrain A170. Therefore, the

phagetitre of 10° pfu was used for the studly.

It is known that lyophilisation may affect the activity of bacteriophages. The plaque
assaywas performed to typify the lytic activity of bacteriophage. lyophilization of
formulations resulted in titre of 16° pfu/mL, which implied that 90% of the original

lytic activity had been lost. Although this may seem high, this loss was less than or
eguvalent to previous losses following encapsulation (Puapermpoensiri, 2009),

or lyophilization with high concentrations of sucrose (Puapermpoaisati, 2010).

A titre of 10° pfu/mL is still considerable, comparable with bacteriophage doses of
10% 1 pfu for inhalation (Golshahet al.,2010) and 6 x 10pfu for dosing of the

ear (Wrightet al.,2009); this warranted long term stability testing of the lyophilized
inserts. The low phaggre loss during lyophilisation was suggesting that the phage
was efficiently dispersed in the gel and lyophilised without significant detrimental
effects on phage viability. The Iytic activity was seen to decrease around 10 to 1000
fold over 112 months storage at 4 °C. The stability of the bacteriophage in the
lyophilized nasal inserts was therefore far greater than for encapsulated phage in
polyester matrices, wherein no ibyt activity was observed after oneeek
(Puapermpoonsiriet al., 2009). This was encouraging, particularly since the
bacteriophageitre in the inserts after 12 months may still represent a therapeutic
dose (Wrightet al., 2009). No particular correlation could be observed between the
formulations and the bacteriophdtjees; i.e. neither the addition of mannitol nor the
higher HPMC conaatration conferred any additional benefit as regards-teng

stabilization of the bacteriophages. The addition of HPMC at either 1 or 2% brings
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about O6mol ecul ar crowdingd through excl
bacteriophage, a phenomenon hmaelderstood through studies using macromolecules
such as polyethylene glycol (PEG), dextran and Ficoll, orgetd (Eggers and
Valentine, 2001). The concentrations required to bring about molecular crowding
using PEG or dextran are equivalent to the HPN&centrations used here
(Dominak et al., 2010). While the excluded volume experienced by the
bacteriophage increases for further addition of HPMC and/or mannitol, this does not
necessary imply further change to the lytic activity since the effect oh@uoatant
increase in viscosity in these systems remains unknown. A 1% HPMC concentration
would therefore appear to be sufficient as regards-cpd lyoprotection of the
bacteriophages. The Iytic activity data reported in the tables (Taldeand?2.4)

prove that phage remained stable within the formulation for 12 months. Therefore,
the stabilizing effect of HPMC is greater than the stabilization of bacteriophage by
PEG 6000 (Puapermpoonset al., 2010), and would suggest that high molecular
weight, pdyol polymers are useful formulation excipients for bacteriophages.
However, a simple explanation involving stabilization of protein (bacteriophage
coat) structure via polyols, is not complete. This is because sucrose conferred no
additional stability to yophilized bacteriophages tested over 30 days
(Puapermpoonsiret al., 2010). Similarly, the lytic activity of the bacteriophages
lyophilized from 1% solutions of mannitol, i.e. without the addition of HPMC,
showed a large loss of around 6 log cycles by XaA further consideration involves

the possible adsorption of the bacteriophages to crystalline domains of mannitol

within the lyophilizate. This method of surface stabilization would reflect that
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proposed for protein coated microcrystals which have lsbé®wn to stabilize both
enzymes and DNA through surface adsorption to the crystalline carriers during
dehydration (Kreineet al.,2005; Mooreet al.,2010; Alvarezet al.,2011). However,

given that mannitol conferred no additional stabilizing effelsis mechanism is
unlikely to play a significant role in these studies. The addition of mannitol is
therefore only justified in order to improve the strength of nasal inserts, as previously
described (Mclnnest al., 2007). Stabilization conferred througimmobilization of

the bacteriophages onto the HPMC matrix is also unlikely since immobilization onto
polyester matrices retained lytic activity for only 7 days (Puapermpoaetsal.,
2009). Molecular crowding is well known to increase the conformatidahilisy of
proteins (Eggers and Valentine, 2001) and this effect may have contributed to the
observed stabilization of the bacteriophage by HPMC. Another explanation for the
observed lytic activities is to compare thgdf the amorphous materials: thg af

the polyester used w@5 °C (Rouseet al.,2007), while the Jfor sucrose i$72

°C (Puapermpoonsigt al.,2010). Differential scanning calorimetry (DSC) is widely
used for the determination of they Df amorphous materials and modulated
temperature DSC (MTDSC) has been shown to be applicable to the study of HPMC
blends (Nyamweya and Hoag, 2000). We also chose MTDSC sincg tiedPMC

can be obscured by an associated enthalpic relaxation peak, vanickome
amorphous materials can be considerable (Retisé., 2007). The midpoint of the

T4 of HPMC for formulations without mannitol was consistent, varying around 186 +
7 °C (Table 6). The gvalues are also in agreement with previous data, repohteng t

Ty of HPMC K4M powder to be 184 °C (Doelker, 1993). The range in gvallies
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reported is reasonable given that the change in the heat capacity of HPMC during the
transition event was small, making the extrapolation of the baseline less certain. The
difference in the values may also reflect the difference in the water content of the
samples, since water is well known plasticizer of amorphous materials, with a
general tendency to decrease thgHagenset al., 2004; Bouissowet al., 2005). It

was not pesible to observe the smal} for HPMC when mannitol was added to the
formulations. The J of the excipient may therefore relate to the resultant stability of
the formulated bacteriophage in the solid state; i.e., the more staldentiphous

state of tle excipient the more stablthe lyophilized bacteriophages

The disc inhibition method is a rapid, simple and reliable method which we used to
confirm the results of the plague assay test. In this method, the resulting zone that
surrounds the disc gives indication of the effectiveness of phage against bacteria.
The results of the first day show clear zones around the discs. Following 30 days the
clear zones were still observed which indicated that the phages remain infective for
more than 30 days at éhstorage conditions. The addition of mannitol to the
formulation that contains HPMC concentration 1% has a clear effect on the
formulation as it allows a consistant gel that spread more easily out of the disc.

However, it has no effect on the lytic actyvof the bacteriophage.

The hydration property of the lyophilised formulation is an important factor in the
bioadhesion process between the polymer gel and the mucus layer (Mortazavi, 1995).
In addition, residual moisture content is an important congidardor both the

stability of the bacteriophage and amorphous polymeric materials. Therefore, the
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hydration of the lyophilised formulamns was assessed by Kikation. The data
produced provided information on the residual moisture contents for lyophilised
formulations. The extent of hydration of the four formulations was low. A high
porous structure gives low residual moisture contents. The addition of tolaioni

the HPMC gels appeared to promote the drying of the lyophilizate, particularly for
the 1% HPMC formulations, because mannitol absorbs little water either in powder
or lyophilised fom (Mclnneset al.,2005). Thismay be due to its nothygroscopic
naure; although the difference between formulations F3 and F4 was not statistically

significant (P > 0.01).

SEM images show that the presence of mannitol in the formulations does not appear
to be evident particularly with high concentration of HPMC. Thusld however,
correspond to incorporation of mannitol into the HPMC structure. Previous studies
with lyophilized bacteriophages suggested that a more porous cake resulted in better
mass transfer and lower residual moisture, with a valuei 6904 correlatingto
maximum retention of bacteriophadére (Puapermpoonsiriet al., 2010). The
resultant stability of the formulations over 12 months storage would therefore not
have been predicted, and corroborates the suggestion that the, bigthhd HPMC is

more inportant in maintaining the stability of the bacteriophages. These
HPMC/mannitol formulations are therefore not comparable to Iyophilized
formulations designed for reconstitution to yield nascous fluids for injection or

nebulization, for example.

92



Chapter 2

It is pertinent to note that the high humidity environment in the nasal cavity means
that it was highly important to study the behaviour of the samples under similar
conditions and this was an important requirement in characterising a formulation.
The DVS analgis provides information on the behaviour of the lyophilisates at
particular humidities. Starting the cycle with an initial drying phase at 0% RH
allowed the removal of the residual water content that may have been gained from
the drying process or the atsphere (Mclnnest al.,2005). The sorption capacity is
varied depending on the physichemical properties of the formulation contents.
This explans the difference in the results among the lyophilisates. The typical water
sorption and desorption profieof 1% HPMC lyophilisate give indication of the
polymer stability due to its presence in the amorphous form. While the decrease in
the weight of the formulation that contains 1% HPMC 1% mannitol is due to the
change in the formulation properties as a ltes@i crystallisation of mannitol.
However, this transformation is reversible during desorption phase in which the
mannitol was return to the amorphous state. It has been reported that when mannitol
was spray dried with 2 different proteins, it producea tlifferent forms. The
mannitol with trypsin produced an amorphous product whilst when sprayed with
lysozyme the product indicated some crystallinity (Hutéeal, 2009). Thus, the
behaviour of mannitol may depend on the amount of residual moisture tomten

high percentage the mass changed of the formulation contain 2% HPMC attributed to
the high water sorption capacity of the polymer under conditions of high humidity
due to its hygroscopic property. However, the water sorption profile was not

determned only by HPMC since a marked difference was observed between inserts
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formulated with water (28%2% mass increase), storage mediai {62% mass
increase) and bacteriophage (1043% mass increase). Since the storage medium
contained buffer salts and geha the gelatin component is most likely responsible

for the difference between the control and blank samples, since proteins are well
known t o retain O6boundé water and gel a
confirmed by DVS analysis for gelatin powdalone, which demonstrated a 41%
mass increase over the same cycle. The difference between the blank and
bacteriophage samples is therefore due to the bacteriophage themselves, presumably
for the same reason of bound water associated with the protein ecapsiil Our

results agree well with those for comparable lyophilized formulations in the study by
Mclnneset al. (2005), who showed that HPMC absorbs more than 50% of its dry

mass while mannitol demonstrated very low water vapor sorption.

Our results agrewvell with the findings of a study of Mclnnest al(2005) which

show that in the lyophilised form, HPMC absorbs more than 50% of its dry weight
while mannitol absorbs very little water vapour. Overall, the water content results
obtained by KarlFischertitration correlated well with the water sorption results of

the DVS.

Since it has been reported that polymeric excipients inhibit crystal transformation by
slowing crystal growth or by removing excess water by absorption (@taa.,
2007), we investigad if this was also true for the lyophilizates. Following a quench
cool cycle in order to transfer the mannitol into its amorphous state, DSC

thermograms showed an exothermic-crgstallization peak followed by an
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endothermic melting peak at 166 °C, cepending to previous data (Torrado and
Torrado, 2002) . The R) evalues o fmanrdtal ynsthea | | i z
formulations indicate that rerystallization of mannitol was directly inhibited by

HPMC. The inhibition of mannitol rerystallization by poteinaceous material has

been previously reported (Hawe and Friess, 2006), consistent with the respective

c h ange s oftmannitett$een between the control, blank and bacteriophage
formulations. Given these data, it is reasonable to assume that théhaosofprm of

mannitol is stabilized to varying extents in the lyophilizates, dependent on the
original percentage of HPMC in the gel and the presence of gelatin and

bacteriophages.
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Chapter 3: Bioprocessing of Bacteriophages via Rapid Drying onto

Micro -crystals

3.1. Introduction

Recently, with the rapid development of therapeutic protein products, the issue of
macromolecular stability has gainettreased importance in the biopharmaceutical
industry, particularly regarding bioprocessing. Various stages (aspects) of
bioprocessing can cause tremendous stresses on macromeléaskad products
(Harding, 2010). Protein aggregation is a particulabl@m in biopharmaceutical
processing as it is routinely encountered during fermentation, refolding, purification,
sterilisation, lyophilisation, shipping, and storage (Brange, 2000; Wang, 2005). An
interesting finding of Lu et al. (2008a) study was thajragation of proteins during
bioprocessing could be monitored as the change in the sedimentation coefficient of

monomer and lower order species.

In recent vyears, several methods have been developewiding the
biopharmaceutical industry with theecessary tools to assess the physicochemical
stability of macromolecular drugs. These techniques include the determination of
structural integrity and colloidal stability of products against the stresses that may be
encountered in bioprocessing, such dseas stresses (Harding, 2010). If
bacteriophages are to be considered as drug candidates, then similar techniques will
need to be brought to bear on the monitoring of adverse effects to bacteriophage

integrity during bioprocessingMoineauet al, 2002). h this project, the deliberate
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production of an enriched bacteriophage preparation that has maximum stability is a

key research objective.

As for any biomacromolecule, key steps in the bioprocessing stages involve
concentration and storage conditiofkdarding 2010, particularly with respect to
possible aggregation of protein€Cromwell et al. 200§. Phages, as individual
strains, have a wide range of stabilities; thus, es@tnains do not require special
conditions for storage, but others @®kurnik et al, 2007). Comparison of various
methods of preservation such as freezing and lyophilisation indicate that phages
become inactivated over a period of six weeks to two years, dependent on the method
and strainClark and Geary 19j)3Nevertheless, lonterm stability (i.e. retention of

high phage titres) is desirable in terms of practicgitifadhel et al., 2011) This

would depend on the type of phage, the formulation method and the choice of
excipients to be chemically compatible with the ph#&G®lshahiet al, 2010.
Bacteriophages may be stable for up to several years if kept at 4 °C istéliésed

broth; common media used are TrypsiesSoy Agar and Brain Heart Infusion broth
(Ackermannret al, 2004). Additives can be used to assure sterility of the media, such
as chloroform in the case of ndipid enveloped phagd&ould 1999. Phagdysates

are then kepttad °C or at ultrdow temperatures (belovs0 °C) or in liquid nitrogen
without further treatment; glycerol and DMSO may be used as cryoprotectants

(Skurniket al, 2007).

Lyophilisation (freezalrying) has been reported as a feasible technique for the

preservation of phage@uapermpoonsiret al, 2010, which may retain their

97



Chapter 3

viability up to 20 years when vacuupacked in the storage ampogckermannet

al., 2009. Additives reported to retain the stability of lyophilised phages include
bovine serum albumifAckermannet al, 2004 Gould 1999, carbohydrates such as
sucrose ad lactose(Puapermpoonsiri et al. 200%kurnik et al, 2007, glycerol
(Ackermannet al, 2004, skimmed milk and peptonéClark and Geary 1973
However, studies reveal a wide variability in the storage requirementsdigrdual
phages and there is probably not a universal method fortéwngpreservation. One
recently reported, novel method for the leprgservation of tailed phages, involved
storage in frozen infected cells-80 °C(Golecetal., 2011). These results suggested
that the viability of the té&d phages using this method was generally improved,

compared to the earlier storage methods.

As mentioned earlier, with the increasimgportance of bimolecules as therapeutic
agentsmore attention is being directed towards the development of improved
methods for formulation and delivery of proteins. Stabilization of biologics in the
form of dry powder has been reported for vaccines (Muetaal, 2005) and for
nasal and pulmonary delivery systems (Mohammed and van der Walle, 2006). An
important requirment is the prevention of loss of bioactivity as the biomolecule is

transferred to the dry state.

A straightforward method for attaining controlled dehydration of biomolecules
employs ceprecipitation: a process of generating protedated microcrystals
(PCMQ). It is a rapid, cosfficient technique to immobilise biomolecules onto the

surface of watesoluble crystal forming carrier. In this process, an aqueous solution
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containing the target biomolecule and the carrier (generally an amino acid) iy rapidl
mixed with an excess of watariscible organic solvent. A very rapid dehydration
takes places, as the water surrounding the biomolecule dissolves into the water
miscible solvent and eprecipitation of the carrier and the biomolecule occurs
(Moore et al, 2000) (Figure 3.1). The particles can be isolated from the solvent by
filtration or simple isothermal vacuum drying and so costly processes such as
lyophilisation and spragrying can be avoided. The fine powders obtained have
useful properties includingase of handling and accurate dispensing in a suspension
form. PCMC techniques have been successfully applied to biomolecules such as
proteins (Mooreet al, 2000), DNA (Kreineret al, 2005), enzymes (Kreineat al,

2001), and nanoparticles (Murugesral, 2005).

Bio-molecules
and carrier
in agueous

. Carrier

o8 O;‘.
O.‘l'. * Molecular Chaotic
8o & ‘.{ mixini @ |x|ni @ | m

Metastable
nanodroplets

() Bio-molecule

Bio-molecules-
coated
microcrystals

Critical size
nanodroplets

Figure 3.1.Schematic diagram of protein coated microcrystals (PCMC) preparation

method.
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In this work, we present a new approach for the rapid drying of phage from solution
and subsequent storage at room temperature (or below) inrtheofalry powders,

with the phage bound onto the surface of an inert excipient. The approach draws
from the PCMC process. Bacteriophages present unique challenges for the PCMC
process on account of their complex se§embledteucture and resultant laty.

To adopt a widespread use of this process, a good retention of bacteriophage activity
is of prime importance. Therefore, our focus in this study is screening of the key
variables in the PCMC process in order to try to maintain maximal lytic activity
during storage. The processing variables include drying the formulations at different
relative humidities (RH), using different organic solvents and also adding stabilising
additives to the formulations. The additives chosen in the reported study included
trehalose, since nereducing sugars are widely accepted to be protein stabilisers
(Pereiraet al, 2007, and BSA, since this is an exceptionally stable and surface
active proteinfAnnanet al, 2006§. Amino acid carriers that were used in this study

were glutamine and glycine.

Glutamine is a noessentiabmino acid with MW 146.15 witBolubility in water of

2.5 g/ 100mL H,O at 25 °C. Glutamine was chosen becausisarelatively low
agueous saturated concentration, 36mhgat 25°C. This was expected to lead to an
efficient precipitation process comparing to other carriers and to increase protein
yields. By washing the recovered crystals with a saturated aqaetut®n of the
same amino acid, lower quantities of amino acid would be required which would

minimize costs during scalgp of the process (Brown, 1991).

100



Chapter 3

Glycine is the starting material for many other proteins and amino acids. It has MW
75.07 and a sability of 25g per 100nL H,O at 25 °C. Glycine dissolves in both
water and other organic solvents as it has bogdrophobic and hydrophilic
properties. Fe structure of glycine (Figure 3.2) shows that it contains both
carboxylic acid and amine group imetsame carbon atom. This is important category

of amino acids called asamino acid§O'Neil, 2001)

NH,
NH, OH

NH, OH

a) Glutamine b) Glycine

Figure 3.2.Chemical structures of glutamine and glycine.
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3.2. Materials and Methods

3.2.1. Materials

Glutamine, bovine serum albumin (BSA), trehalose, gelatine, magnesium nitrate
hexahydrate, sodium chloride, and organic solvents: methanol, isopropanol and
isobutanol (2methytl-propanol), were purchased from Sigdarich Chemical
Company (Dorset, UK) Water was purified to > 16Wm. Granulated agar, yeast
extract, tryptone and glycine were supplied by Melford Laboratories Ltd., UK.
Trizma base and magnesium sulphate heptahydrate were purchased from Fluka, UK.

All chemical and solvents were of analytical grade or equivalent.

3.2.2. Bacterial and bacteriophage strains

Staphylococcus aureudsD209 P variant (strain 8588) was acquired from NCIMB,
Aberdeen, UK (ATCC ref. 11522). The bacteriophage specific for this strath of
aureus belongs to theSiphoviridaefamily and was also obtained from NCIMB,

Aberdeen, UK (Cat. No: 9563; ATCC ref. 65B3.

3.2.3. Bacteriophage preparation and harvest.

The bacteriophage preparation and harvest method used as discussed in chapter 2.

3.2.4.Preparation of Phagecoated microcrystals

Glutamine and glycine were diluted into the corresponding volume of bacteriophage
stock to suksaturation concentrations of 15 mmd/ and 112.5 mgnL, respectively.
Stabilising additives, where used, were alsoeadtb the bacteriophage stock at a

concentration yielding 5 % w/w relative to the mass of amino acid. This aqueous

102



Chapter 3

phase was added drgpse into the organic solvent while stirring with a magnetic
bar at 1100 rpm for 1 minute (magnetic stirrer KMO2 basinfIKA® Werke
GmbH & Co. KG (Figure 3.3). Isopropanol and or isobutanol were used as the
organic phase. The aqueous phase to organic solvent ratio by volume was found to be
optimum at 1:9 (10 % ag. sol.) for isopropanol and 1:19 (5 % aq. sol.) forasaibut
based on their full and partial miscibility with water, respectively. The crystalline
precipitate formed immediately on mixing and was harvested by vacuum filtration
across a hydrophobic membrane filter with 0.45 pum sme (Millipore, Ireland).

The harvested phagmated microcrystald {CMC) were then dried and stored at a
constant temperature of 25 °€:CMC were dried until constant weight and, for
plague assay, reconstituted in distilled water to amino acid concentrations originally
used in the preparation. The titre of the phage in the reconstit@it€eMC was
compared to the titre of the neat phage used in their preparation, in order to

determine the preservation of integrity of the phage after processing.

O Phage E=ET]
ogo @ carrier
oe @
0 O .O ()
0, ©0
0o °
Aq. solution of the Aq.solution Co-precipitation Wet powders
phage + carrier added drop-wise occurs recovered
(and excipient in its while stirring immediately: through
case) vigorously to an Crystals of the conventional
excess of alcohol carrier coated with vacuum
the phage filtration

Figure 3.3.Preparation method 6fCMCs.
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3.2.5. Drying/storage conditions at varying humidity.

f-CMC containing stabilizers were prepared as above and dried until constant weight
at 25 °C and constant relative humidity (RH) of 52 % and 75 % RH, with the latter
were obtained using saturdtesolutions of Mg(N@),-6H,O and NaCl in sealed
containers, respectively. The dried powders then were redispersealindistilled

water and lytic activity determined by plaque assay as above. Experiments were

repeated for three independently preparedHas.

3.2.6. Plague assay

A serial tenfold dilution of the bacteriophage stock was made in triplicate. AuLOO
aliquot of each dilution and an equal volume of overnigbtibated bacterial culture

were added to L of partially cooled 0.75 % LB agar, @poured onto a 1.5 % LB

agar plate, kept at 37 °C for 18 h. Positive and negative controls were prepared in the
same way by adding bacterial culture and a known concentration of bacteriophage
and solely bacterial culture respectively. Following overnigbtibation, the number

of plagues was counted for each dilution and the phage titre given in units of plaque
forming units pemL (pfu/mL). The titre of the phage was calculated from the last
dilution containing between 30 and 300 plaques: less than g0g3dger plate are
considered to be too few to count (TFTC) and more than 300 plaques are considered
to be too many to count (TMTC{Cappuccino and Sherman 201For each
formulation the plaque assay was performed in triplicate (three serial dilutions),
therefore the final titre resultye presented as the mean of the three values obtained

for each formulation together with the derived standard deviation.
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3.2.7. Characterization of dried powder

3.2.7.1. Per ecGvdmampwdery i el d of @
The yield of the dry powders was calculated(dass of dried powder recovered) /
(Mass dissolved in aqueous phase) I 100;

trehalose) but not phage since the latter was considered to be negligible.

3.2.7. 2. Particle size analysis and zeta
Sizing of the powders was performed by laser diffractometry (Mastersizer 2000
Version 5.00, Malvern Instruments Ltd.UK). The powder was dispersed in
isopropanol (nossolvent) in the chamber until a laser obscurity around 10% was
reached and data acquired. Sizetritbhution was evaluated using Mie scattering

theory and the median diameter was measured for three independent batches,

calculating the average median diameter and standard deviation.

The zeta potentialy of the powders was measured by photon correlatio
spectroscopy using a Malvern Zetasizer N&so (Malvern Instruments, Malvern,

Uni ted Kingdom) at 25e¢eC, using methanol

3.2.7.3. Scanning electron microscopy (SEM)

The morphology of the powders was imaged by scanning electron microscopy
(SEM), using a JEOL 6400 scanning electron microscope, scandium imaging
platform (University of Glasgow, UK) at either 2.5 kV or 6 kV and at different

magnifications. Dry powders were fixed onto metal stubs using dcidée
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adhesive copper tape. Stubsres coated with gold under vacuum for 30 min using a

sputter coater (Polaron SC515) before imaging.

3.2.7.4. Moisture content

The residual water content of the dry powders was determined byF&ather
titration (Mettler Toledo DL 37, Leicester, UK). 5@g of dried powders were
suspended in 50@Lof anhydrous methanol. Samples were centrifuged with the aim
of obtaining a clear supernatant. The apparatus was calibrated wittFikehler
water standard (fhethoxy ethanol) and blanked with the addition ohyalmous
methanol. The water content was determined for each formulation in duplicate for

each independently prepared sample and expressed as the percentage.
3.3. Results

3.3.1. Phage lytic activity of the -CMC powders.

3.3.1.1 Phage lytic activity withouhe addition of excipients

Phagecoated microcrystalsf {CMC) were first produced by immobilisation of
phages onto an amino acid carrier, precipitated by mixing with isopropanol. This
simple method was found to be inadequate since the phage titres rigllowi
reconstitution of the-CMC had fallenby ~10° and ~10™ for the glutamine and

glycine carriers, respectively (Table 3.1).
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Table 3.1. Phage titre following initial immobilisation of phage to amino acid
carriers without additives.

Formulation

Titre of the neat phage
(pfu/mL)

Titre of the reconstituted powder
(pfu/mL)

GIn (15 mgmL)

(1.7 £0.9) x16°

(1.4 £0.4) x16

Gly (112.5
mg/mL)

(1.7 £ 0.9) x16°

(7.1 +2.2) x16

3.3.1.2. Effect of drying/storage conditions at varying humidity on hdtivity of
phage in the formulations.

Figure 3.4 summarises the results obtained ff@MC formulations containing

stabilizers dried at 25 °C and relative humidities (RH) of 52 and 75 %. The most

noticeable difference arises from the humidity at whigf #€MC were dried: at 52

% RH a fall in the Iytic activity of 20'* was observed despite the addition of

trehalose to the carrier, while for the same formulations dried at 75 % RH, a fall of

~10" was observed.
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Figure 3.4. Lytic activities of thef -CMC generated from mixing with isopropanol and

reconstituted in water. The core substrate of #@&VC were composed of: GIn = glutamine,
Gly = glycine, T = trehaloséBSA = bovine serum albumin. Red and bhers represent
drying at 52 and’5 % RH, respetively. The greerbar indicates the titre of the phage stock

from which thef -CMCs were generated. Data show mean + S.D. for n = 3.

3.3.1.3. Effect of type of organic solvent on the lytic activity of phage.

To investigate the effect of solvent on increasing phage lytic activity, the same
CMC process was used but with the substitution of isobutanol for isopropanol during
the mixing step. However, due to the low miscibility of isobutanol in water, the
agueoumrganic solvent ratio (by volume) was changed to 1:19 during the mixing
step, compared to 1:9 for isopropanol. Figure 3.5 illustrates that for powders dried at

52 % RH, the reconstituted glutamifieCMC showed a complete loss of Iytic
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activity, irrespectre of the addition of trehalose or BSA. In contrast, reconstituted
glycine f-CMC retained high lytic activity, with the titre remaining at between 6
logip and 8 logo. When thef -CMC were dried at 75 % RH, the same difference
between glutamine and glycine carriers was observed. In addition, the reconstituted

glycinef -CMC showed a higher lytic activity (10 lagthanthose dried at 52 % RH.

15
14 -
13 4
12 +
11 +

Lytic activity (log,, pfu/mL)

W A~ N v N 0 W
TR N IR TR I R

Formulation

Figure 3.5.Lytic activities of thef -CMC generated from mixing with isobutanol and
reconstituted in water. The core substrate offH&@MC were composed of: GIn =
glutamine, Gly = glycine, Trh = trehalosBSA = bovine serum albumin. Red and
blue bars represent drying at 52 anél % RH, resectively. The greebar indicates
the titre of the phage stock from which th&€MCs were generated. Data show mean
+S.D.forn=3.

To investigate the effect of storage conditions on lytic activity of phage, the

formulation containing glycine with tralose/ BSAas stabiblizer has been chosen.
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The stability testing of formulations stored at 52% and 75% RH showed that the

phage partially lost their Iytic activity over 1 month period (Figure 3.6).

e e
(=T N
1 1 ]

Lytic activity (log 10 pfu/ml)

O =N W Ry N 0 W
1

Gly+Trh at 52% RH Gly+Trh at 75% RH Gly+BSA at 75% RH

Formulation

m After drying m 1 month storage

Figure 3.6. Comparison between the lytic activities of theCMC with glycine
generated from mixing with isobutanol and reconstituted in water, after drying and
after one month storage, data show mean + S.D. for n = 3.

3.3.2. Characterization off -CMC dry powders.

3.3.2.1. 9%BM@drepbwtlerof U

The percentage yield calculated for theCMC powders without excipients after
drying at 25°C is 90.33% and 96.54 for glutamine and glycine respectively. Table 3.2
shows that the yield produced after addition of exaisi@vas also above 90% for all

measured powders, with most powders having arourD95%6 yield.
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Table 3.2.Percentage yield calculated for theCMC with excipients precipitated
from isopropanol after drying at 25 °C

Formulation RH for drying (%) Yield (%)
GIn+ Trh 52 101.35
Gln + Trh 75 -
Gly + Trh 52 -
Gly + Trh 75 94.60
GIln + BSA 52 96.53
GIn + BSA 75 94.33
Gly + BSA 52 97.68
Gly + BSA 75 103.16

Table 3.3.Percentage vyield calculated for theCMC with excipients precipitated
from isobutanol after drying at 25 °C

Formulation RH in storage (%) Yield (%)
GIn+ Trh 52 89.98
GIln + Trh 75 84.93
Gly + Trh 52 98.65
Gly + Trh 75 90.14

Gln + BSA 52 98.59
GIn + BSA 75 95.31
Gly + BSA 52 96.80
Gly + BSA 75 96.81

3.3.22.Surface har acteristics

a-CMC bm8EMp hol ogy of

Figure 3.7 shows the SEM micrographsdoedf-CMC generated from mixing with

isopropanol. With glutamine as the carrier, in the presence of both trehalose and

BSA, f -CMC presented a thilmyermorphology, with overlap of different layers and

sizes arranged apparently ramdy (Figure 3.7 A and B). Fof-CMC made with

glycine as the carrienvell-defined discrete spherical aggregates were observed,

among other sections of theaterial, which fomed random clusterand aggregates

of particles (Figure 3.7 C and D).
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Micrographs of the -CMC generated from mixing in isobutanol indicated that the
nature of the organic solvent did not have a major influence on particle morphology
(Figure 3.8). As forprecipitation from isopropanol, the glyciieCMC tended to
aggregate into spheres with diameters O

use of isobutanol appeared to be cause a slight tendency of the gluta@ih@ to

aggregéee as well (Figure 3.8 And B)

Figure 3.7. SEM micrographs of dried-CMC generated from mixing with
isopropanol. The core substrate of tR€EMC being composed of GIn and 5 % w/w
trehalose (A), GIn and 5 % w/w BSA (B), Gly and 5 % wehalose (C), Gly and 5
% w/w BSA (D). Magnification = 2000x; scale bar = 10 um.
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PPty

Figure 3.8. SEM micrographs of dried-CMC generated from mixing with
isobutanol. The core substrate of H€MC being composed of GIn and 5 % w/w
trehalose (A), GIln and 5 % w/w3& (B), Gly and 5 % w/w trehalose (C), Gly and

5 % w/w BSA (D). For A, B, and D, magnification = 2000x%; scale bar = 10 um. For
C, magnification = 500x; scale bar = 50 um.

3.3.2. 3. Resi dualCM@@mimalatons e content of

[and]

When using the same phas@ck solution for all formulations, high and low phage
loadings per unit mass of glutamine and glycine will result, since the concentration
of glutamine and glycine in the aqueous phase was 15 and 112MLmg/
respectively. Therefore, formulations havitige same phage loading were also

prepared and KarFischeranalysis was performed on all formulations for better
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comparison. Comparing the residual moisture contenf-&MC incorporating
trehalose or BSA for high and low phage loadings, it can be seen that glufamine
CMC had a significantly higher residual moisture content than the equivalent glycine
f-CMC, irrespective of whether tHieCMC were dried at 52 or 75 % RHdble

3.4). Also for glutamine formulations the residual moisture contentf {&MC
incorporating BSA was higher thdnCMC incorporating trehalose. However, when

the same phage loading was used for the formulations, no significance difference in

the residial moisture content was observed.

Table 3.4 Residual moisture content of thieCMC precipitated from isopropanol
after drying at 25 °C.

% water content
Formulation| % RH for High (GIn) and low (Gly)]  Same phage
drying phageloading’ loading'
GIn® + Trh°® 52 5.27 £ 0.67 1.02 £ 0.05
GIn + Trh 75 14.65 £ 0.81 1.93+0.07
Gly® + Trh 52 2.02+0.28 1.64 £ 0.08
Gly + Trh 75 4.15+0.22 3.19+£0.98
GIn + BSA® 52 6.29 £ 0.22 1.51 +0.07
GIn + BSA 75 17.60 £ 0.68 2.62 £ 0.68
Gly + BSA 52 1.62 +0.26 1.92 +0.09
Gly + BSA 75 4.07 £ 0.07 3.77 £0.16

2 defined as pfu per mg of carrier; concentration in aqueous phase =556
w/w® and 112.5 mgnL°.

Moreover, effect of organic solvent on the moisture content for all formulations has
also been investigated in this work. FeCMC with the same phage loadings but
precipitated in isobutanol, the residual water content was observed to be strongly

dependehon the % RH during drying. Table 3.5 shows that at 75 % RH, the residual
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moisture content was between 13 and 17 % (except glycine/trehalose formulation),

whereas at 52% RH the residual moisture content was between 1.9 and 3.3 %.

Table 3.5 Residual moisire of thef -CMC precipitated from isobutanol after drying
at 25 °C.

Formulation % RH for drying V(:ﬁt%’v?r;[:rsc;?:;eg;];%r elfo-;ijl\i/rllcg;a
GIn® + Trh°® 52 3.29+0.19

GIn + Trh 75 17.1 +£0.73

Gly? + Trh 52 1.26 + 0.02

Gly + Trh 75 3.71 +0.03

GIn + BSA® 52 3.12+0.11

GIn + BSA 75 13.0 £ 0.22

Gly + BSA 52 1.88 + 0.06

Gly + BSA 75 13.8 £0.19

3 defined as pfu per mg of carrier; concentration in aqueous phase =556
w/w® and 112.5 mgnL®.

3.4. Discussion

Wheneither of theamino acids (glutamine or glycine) were used alone as a carrier
for co-precipitation of phage, the phage titre dramatically decreased. The efficiency
of various amino acids as carriers has been previously reported (ktoaire2000;
Kreineret al, 2005)and it appears that the high loss of phage lytic activity is due to
the effect of organic solvents. Generally, a watescible organic solvent disrupts

the protein conformation due to replacement of structural water molecules on the
surface of protein wi the surrounding organic solvent (Khmelnitsiyal., 1991).

As a result, a high loss of phage infectivity in isolation by this simple method is

likely to occur upon exposure to the water miscible organic solvents and is also
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likely to occur during adsetiorrinduced unfolding of the phage protein coat at the
carrier surface. Mtsubara and eworkers (2007) showed that phage lytic activity
decreased in presence of wat@scible organic solvents and the loss of phage
infectivity was directly related to éhsolvent concentratiorBuch a large loss of
phage lytic activity in the formulations would clearly be unacceptable for phage
bioprocessing and additives were therefore sought which would stabilise the phage.
By addition of trehalose and BSA, two mechamswere investigated for the
stabilisation of the phage during the PCMC process. First, by using trehalose to
thermodynamically favour the folded state by preferential exclusion efeduting
sugars from the protein domains of the phéigee and Timasheff 198}l Second,
minimisation of adsorption to the water/organic solvent interface through
competition with BSA and subsequent attenuation of adsorptauced unfolding

(Annanet al, 2009.

We also investigated the effect of dryirggbrage conditions on lytic activity, since
storage of medicines at varying humidities is a commonly used technique to
determine the stability ad drug in a particular formulation. The intention of drying

at different humidities was not to specifically gener&at€MC with low/high
residual moisture content but rather to accelerate the rate and extent of removal
and/or exchange of residual organavent from the phage on the carrier surface
(Wanget al, 2002. In this respect, it is clear that a rapid removal of residual organic
solvent from thef-CMC by exchange with water vapour present at 75 % RH

prevented further loss of lytic activity; i.e. minimising the exposure of the phages to
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residual organic solvent better maintained their integrity. This result is in agreement
with previous work showinghat inactivation of filamentous phages is accelerated on
exposure to watemiscible organic solvents in a concentration dependent manner
(Matsubareaet al, 2007). The addition of BSA to the amino acid carrier improved the
lytic activity of the reconstituted-CMC compared to carriers including trehalose,
particularly when dried at 52 % RH. Howevdhe extent of BSAmediated
stabilisation of phage immobilised to the two amino acid carriers was more variable
than that afforded by trehalose (Figure 3.4). This may reflect the more complex,
macromolecular nature of BSA, whose chemical and physical wteuetill be
expected to change during exposure to solvent and also to increasing RH. Examples
of detrimental and advantageous effects on proteins exposed to differing RH can be
found in the literature. For example, the physical (conformational) staluhsafi

dried lactate dehydrogenase and granulocyte cedtimulating factor by amino

acids was compromised by uptake of residual moisture (Mattead, 1999). In
contrast, the enhancement of physical stability has been observed for antibodies in
the presence of high residual moisture (Brestnal, 2001). The same enhancement

of physical stability would therefore appear to be true for phage, with respect to their
proteinaceous head group and tail. Given these considerations, trehalose may be
preferable wer BSA for the stabilisation of phage during th€MC process, since

the outcome with regard to Iytic activity is less variable.

Although the effect of additives and increasing RHfe@MC Iytic activity was

encouraging, the phage titres remained beldvatweould be considered practically
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useful. Thus, after reconstitution bfCMC, it would be expected that the resultant
phage titres remain sufficiently high for further formulation for a particular phage
therapy. One such example would be the clinidal testing the efficacy and safety

of bacteriophages targetifgseudomonas aeruginosa chronic otitis in humans
(Wright et al. 2009. In that clinical trial, 10 pfu of each of six bacteriophages in 0.2
mL liquid were applied into the ear. Taking this titre as a guide leads to the
conclusion that reconstitution 6fCMC should yield a titre in the order of at least

10° pfu/mL.

While thef -CMC process allows for concentration of the phage by reconstituting the
dried powder into a smaller aqueous volume than that originally containing the
phage, there is a limit to ighdue to the solubility of the amino acid carrier. Fer
CMC precipitated from isopropanol, containing trehalose or BSA and dried at 75 %
RH, phage titres from reconstituted powders were ardigpfu/mL. These titres

may be at the lower limit for subagent formulation, at least with respect to the
clinical trial by Wright et al. (2009). Higher titres followirfgCMC reconstitution

would therefore be desirable.

To this aim, isopropanol was replaced by isobutanol during the mixing step. The
logic behindthis decision was that the nature of the solvent in aquemasic
mixtures is known to effect the extent of protein denaturaf®riebenow and
Klibanov 1996). However, due to changing the agueous/organic solvent ratio, the
results showed that the lytic activity of the phage was very much dependent on the

amino acid carrier (Figure 3.5). There is a large discrepancy in the titre between
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glycine and glutamine f -CMC formed with isobutanol nevertheless if powders were
dried at 52 % or 75 % RH). The reason for that can be related in part to the efficiency
of the process and yield. Table 3.3 shows that the yield of glutamine/trehalose
powders was below 90%, gfinct from glutamine/BSA and all glycine powders
which retained the high yields also observed for precipitation in isopropanol. The
relatively poor efficiency glutamine/trehalogeecipitationwould be expected to
attenuate the immobilisation of phage on the carrier surface and thereby bring about
a perceivedloss of lytic activity. Process efficiency is not sufficient however to
explan the loss of lytic activity for glutamine/BSA powders. eleconsideration of
the Ssatiedbuffering capacityd may be r el
phage) are immobilised onto a crystal carrier through mixing withsebrent, their
ionisation state will change according to the nature of the camierits buffering
capacity. Previous studies of PCMC using various crystal carriers have demonstrated
this in situ control of ionisatiorstate for an immobilised enzyme, showing large
differences in enzyme activity dependent on the nature of the c@frginer and
Parker 200 Thus, the combiation of the low glutamine concentration (15 mb/

cf. 112.5 mghL glycine) and reduced aqueous: organic solvent ratio in isobutanol,
may not only have reduced process efficiency but also been insufficieint $du

control of the phage ionisatiestae.

When thef-CMC produced from isobutanol were dried at 75 % RH, the same
discrepancy between glutamine and glycine carriers was observed, but of particular

interest was that the reconstituted glydinr€MC stowed a fall in titre of only < 1D
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This was acouraging, since the resultant titre of the powders was almdS$t 10
pfu/mL, well within the range which could be considered practically useful for
formulation, as described above. Given that all other parameters except the choice of
solvent remained theame, this result also demonstrates that a key driver of phage
inactivation in this bioprocess is exposure to organic solvent. An optimised
bioprocess method was therefore identified in this study, whér@MC were
generated from glycine as the core stdist following mixing with isobutanol and
drying at 75 % RH. There did not appear to be a preferred mechanism for
stabilisation of the phage during this bioprocess since there was no statistical
difference between titres for glycifieCMC incorporatingrehalose or BSA, at least

at 75 % RH (Figure 3.5). At 52 % RH, BSA would appear to have some advantage
over trehalose as regards phage stabilisation, but this is a secondary effect compared
to the importance of RH.

Stability testing of thef-CMC generatedirom glycine with trehalose/BSA as
stabiliser and drying at 52/75 % RH showed that the phage partially lost their lytic
activity over aonemonthperiod (Figure 3.6). The fall in titre was between 3 and 4
logso for all f -CMC tested, irrespective of thatial titre, stabiliser and RH. This rate

of loss of titre for phage immobilised to crystal carriers was however much less than
that observed for phage immobilised to amorphous polyesters, also in the solid state
following lyophilisation(Puapermpoonsiet al, 2009. This would sggest that the
mobility of the carrier plays a role in the inactivation of immobilised phage during

storage, with crystalline materials being preferred over amorphous materials.
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An important measure of the PCMC process is the overall yield of dry pokaler.

the process to be commercially viable, the yield would be expected to be near 100%.
The high percentage yield obtained for ®ICMC formulations indicates that the
mixing of the aqueous and solvent phases, and subsequent precipitation of the carrier
(and additive where used), was very efficient at this rscade. In the cases where

the yield was slightly above 100%, this may have been due to errors in weighing at
the micrescale or incomplete drying of the powder. Sagbeof the process would

be exgcted to reduce the effect of small variances in weighing measurements on the
calculation of yield. Scalap of the process could be envisaged usinlgne pump

mixing and would be expected to at least match, or better, the yields obtained here.

Physical characterization of the powders by SEM indicated that ftHeMC
morphology was highly dependent on the amino acid carrier. The use of glutamine
produced particles of different thin layers while spherical aggregates where produced

when glycine is the aminacid used.

The zeta potential is often used as an indication on the storage stability of a colloidal
particulate system. The stability depends on the forces of interaction between the
colloids patrticles. The DerjaguitandauVerwey-Overbeek (DLVO) theorys one

of the common principles for quantification of forces in colloidal sciences (®&bin

al., 2010). The DLVO theory is built on the hypothesis that the forces between two

surfaces are determined by the sum of two forces: the electrical double layer
repulsive force and the Londaman der Waals attractive for¢gayes, 1988)When

particles come cke to each other due to Brownian motion these forces determine
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whether the particles will repulse or aggregatee magnitude of ZP should be high
enough to prevent aggregationt was suggested that zeta
O-30 mV (optimum 60 mVjre required for full electrostatic stabilization (Malvern,
2004). Therefore as the zetpotential decreases we can expect less electrostatic
repulsion which, according to the DLVO theory, will then favour aggregation of the
particles. As a result,the endency of the glyciné-CMC to aggregate can be
associated with the smaller zeta potential of the partieldsl(+ 1.2 mV) compared

to glutaminef -CMC (-47.4 = 1.2 mV). Although the amide side chain of glutamine
does not carry a charge, delocalisatibthe lone electron pairs gives a strong dipole
moment, and hence the greater zeta potential of glutair@&IC over glycinef -

CMC. It is possible that the slight aggregation observed for ghyfciB®C was an
artefact of the sample preparation for SEMdowever, sizing of thef -CMC
suspended in isopropanol by light scattering showed bimodal profiles corresponding
to dispersed and aggregated crystal particles (between 8 and 130 um diameter) for all
samples tested, irrespective of the solvent. For the pespof bioprocessing, the
aggregation of the particles is not expected to be problematic since this does not have
any effect on reconstitution into aqueous buffer. As regards powder handling, a
bimodal distribution of particle sizes in a powder is oftendbieial. For example, in
pharmaceutical processes such as tableting, Emcorfipteakium hydrogen
phosphate dihydrate and dibasic calcium phosphate) is used because of good
flowability on account of its agglomeration and resultant bimodal size distwbuti

(ca. 30 and 180 um diamete(pchussele and BauBrandl 2003, approximating

that for thef -CMC powders.
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The residual moisture analysis was used to indirectly demonstrate that the phage
were immobilised onto thsurface of thé -CMC not within the crystal carriers. For

a high and low phage loadings formulations, the higher residual moisture content of
glutaminef -CMC compared to glycine-CMC probablyexplaned by the nature of
phage. The@hages areroteinaceousand will therefore be associated with hydrogen
bonded water after drying (the bulk water evaporating off the surface). The same
reasoning can be used &xplan why the residual moisture content forCMC
incorporating BSA was higher thanCMC incorporatng trehalose. The residual
water measured must be associated with the surface 6f@C since the amino

acid carriers are practically insoluble in the methanol used forHscheranalysis.
When the number of phages loaded ontof #H@&MC was such thahe ratio of phage

(pfu): amino acid (mass) was equivalent for glycine and glutamine formulations, the
residual moisture levels also approached equivalence. Thus, foif -GMC
precipitated in isopropanol, the residual moisture content was latgdymined by

the relative phage loading the effect of RH on moisture content was much weaker
(Table 3.4). This is in contrast feCMC with the same phage loadings precipitated
from isobutanol, where the residual water content was observed to be strongly
dependent on the % RH during drying. This difference most probably reflects the
miscibility of the two solvents with water condensing at the carrier surface from high
(75 %) RH and the effect this has on the vapour pressure. Isobutanol is only 8.5%
miscible with water, whereas isopropanol is entirely miscible and so results in a

greater weakening of the intermolecular forces, generating a mixture with a higher
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vapour pressure than the pure components
therefore a der surface as measured by the Kadchertechnique. In principle, it

would be interesting to use a wide range of solvents, but there are limitations with
respect to scalap and introduction to the biopharmaceutical industry and nowadays
isopropanol andsobutanol are known to be the most promising candidates for the

PCMC process.
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Chapter 4: Improved pulmonary delivery of antibiotics and

bacteriophage using.amellasomé"

4.1. Introduction

Pulmonary delivery is wektstablished as an effective route for the administration of
small molecules such ds adrenoreceptor agents and steroids in the treatment of
asthma and other pulmonary diseases. The direct exposure of these drugs to the small
(peripheral) airways leads # passive targeting, reducing the dose and minimising
side effects. Larger, more complex biomolecules (enzymes, peptides and proteins)
are also administered directly to the airways by inhalation. This class includes
DNases (e.g. Pulmozyme®, rhDNase pragliby Genetech Inc.) to tackle mucus
thickening in cystic fibrosis (Fuchet al.,1994) and insulin (e.g. Exub&tahat was

withdrawn)(Rosenstoclet al.,2008).

It has been suggested that only abouBQ@% of the inhaled dose reaches the lungs
whendelivered from inhalation devices, thestréeing swallowed (Newman, 1984
However, the direct targeting of the lungs allows a higher concentration of drug in
the airway at a lower initial dose compared to systemic administration. Moreover,
pathways of m&bolism are different and drugs delivered directly to the lung do not
undergo first pass extraction. Thus the overall efficiency of a dose administered by

inhalation may be considerably higher than that given by systemic route.

In particular, CF patient@ith chronic pulmonary infection d?. aeruginosabenefit

from the inhalation of antibiotics (Touwet al., 1995; Mukhopadhyay, 1996).
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Nebulizers are commonly used for the delivery of drugs in the treatment of cystic
fibrosis, asthma, COPD and other resjpirp diseases, in order to direct the
antibiotic to the endobronchial site of infection. This maintains low serum
concentrations of the drug, thus reducing the risk of systemic toxicity (Cheer et al,

2003).

The therapeutic efficacy of aerosolized drug depends on its deposition site in the
target airway, coincident with a maximum deposition in the site of action. One
important factor that affects the pattern of deposition isittes density and shapé

the inhaled particles. In general, larggee particles (above 5 um) will tend to be
deposited in the larger airways while those of smaller diameter will target the smaller
airways. Most aerosols used therapeutically contain a range of particle size-from 3
pum which, in theory, permits a drug to reach all regions of the airway with minimum

drug los§YNewman, 1984)

In general, CF treatments focus on reducing disease progression to delay the onset of
irreversible lung damag@Mogayzelet al., 2013) This can be achieved by using a
number of agents with a specific function, e.g. antibiotics to control the airway
infection; mucolytics to enhance mucus clearance (Hodsah,2003; Murphy and
Rosenstein, 1998); steroids and nonsteroidatiafiimmaory drugs to control the
inflammatory responsd.énds and Stanojevic, 200@&ndb, -adrenergic agonists as
bronchodilators. Since the lungs are a major therapeutic target in CF, inhaled drug

remains a key target for delivery because it ensures deposittbe drug at the site
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of action, increasing local availability and decreasing systemic side effects ¢¥ang

al., 2010).

Phage therapy would be particularly useful in treating chronic bacterial infections
that are resistant to antibiotics and possiblthe control pandemics (Skurngk al.,

2007). By nebulising concentrated phage populations, targeted pulmonary delivery
could be achievedNebulizers are commonly used for the treatment of cystic fibrosis,
asthma, COPD and other respiratory diseases,canld be used for delivery of
phage and Lamellar bodies. In chapter one, the use of lamellar bodies, which consist
of a lipoprotein complexf dipalmitoyl phosphatidylcholine (DPPC) was described.
Lamellar bodies, by reducing lung surface tension, hawé@mgortant function in
mucociliary clearance and in maintaining airway elasticity. To improve mucociliary
clearance in CF patients, a formulation containing exogenous lamellar body
mimetics, administered as an inhaled medication might be beneficial.etbads
function of the lamellar body would be as an efficient surfactant vehicle, increasing

solubility or dispersion of the active ingredient.

The aim of the work in this chapter was to: (1) investigate the potential of phage
therapy alone or as adjunctitieerapy with aerosolized antibiotics to treat the drug
resistant bacterial infections such Bs aeruginosa (2) improve the pulmonary
delivery of nebulized solutions of antibiotics or bacteriophage by dilution into

Lamellasom&' preparation.
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4.2. Material and Methods

4.2.1. Materials

Lamellasomé&' preparatiorin suspension fornfiLMS-611)Batch No: 15061@vas a
kind gift from Lamellar Biomedical Ltd (Dr Graham Park, LameBammedical Ltd,
Bellshill, UK). Tobramycin sulphate, Colistin sulphate, fluorescein isothiocyanate
(FITC), tetramethylrhodaine B isothiocyanate (TRITCpolyethylene glycol MW
6000 (PEG6000)sterile filter paper tcs of 6 mm diametermucin from porcine
stomach type limueller hnton brothwerepurchased from Sigmaldrich Chemical
Company (Dorset, UK).Casamino acidspowder was obtained from Fischer
Scientific, UK. Sodium chloride vas obtained from MelfordLaboratories Ltd.,
Suffolk, UK. All other chemicals were purchased from either Sigkidhich or

FischerScientific at analytical grade or equivalent.

4.2.2. Bacterial and bacteriophage strains

P. aeruginosastrain 217M was kindly donated by Dr. Tyrone Pitt, Laboratory of
HealthCare Assciated Infection, Health Protection Agency, Colindale, London, UK.

P. aeruginosastrain 39324 was obtainedom the ATCC. The bacteriophader

both P. aeruginosastrains was isolated from Clyde river water by Dr McColm,
University of Strathclyde, UK.

4.2.3. Bacterial culture and phage preparation

Bacterial cultures, bacteriophage harvest and plaque assay were performed as

described in sections 2.2.3.1 and 2.2.3.2).
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4.2 4. Characterisation of Lamellasomg”

4.2.4.1. LMS611 absorbance measurement

Opticaldensity was measured at 550 and 600 nm to quantify the amount 66LMS
at each stage of the MSLI following nebulisation. LI4E1 was diluted in saline and
the dispersion measurement performed using a-vi$V spectrophotometer

(ThermoSpectronic, CambridgeK).

4.2.4.2. Nebulisation of LMS511 using the ParBoy andeFlow® nebulisers.

Two nebulisers were used in the study (Figure 4.1): PARI BXRcompressor in
combination with PARI LC SPRINT® Nebuliser and thatterydriven PARI
eFlow® rapidnebuliserwith no compressoRARI GmbH., GermanyA description

of each nebuliser anctha nu f act ur aaro8ab chatagteriaticsfae rshown in
Table 4.1. The differensdetween the two nebulisers such as nebulisation times and

drug deposition of thiEamellarsoneformulations were assesseédre by experiment

Table 4.1.Comparison between the characteristicRafi BoyandeFlownebulisers.

PARI BOY®SX PARI eFlow® nebuliser
Total output rate nebuliser
590 mg/ min 500 mg/ min
Mass median diameter 3.5um 4.1um
Mass % below 5um 67% 64%
Fill volume 3mL 2-6 mL
Nebulisation time 10 min 5 min

Automatic switch off at the
end of treatment
Perforated oscillating
membrane

Switch off manually

Nebulisation principle | Oscillating membrane

Upper andower

Application airways

Lower airways
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Figure 4.1. Pictures ofPariBoy andeFlownebulisersttp://www.parimedical.co.uk

4.2.4.3. Evaluation of the aerodynamic particle size distribution of nebulised EMS
611 bycascade impaction.

4.2.4.3.1. Cascade impaction

Cascade impaction was employed for LMEL particle size measurement using a
Multi-stage Liquid Impinger (MSLI) (Copley Scientific, UK), with a high capacity
pump (model HCP4, Copley Scientific, UK), a Critical Flow Controller (CFC)
(model TPK, Copley Sciwific, UK), a flowmeter (model DFM2, Copley Scientific,
UK), an adapter to the induction port (Copley Scientific, W#Qd amouthpiece
adaptorfashioned from Silastic S Base used with Silastic S Curing agent green (Dow

Corning, USA)(Figure 4.2) The CFC was connected to the vacuum pump and MSLI
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via the silicone tubing (with inner diameter (ID) = 8 mm, outer diameter (OD) = 14
mm). Pressure tab tubing (P1: 2.2 mm ID, 3.1 mm OD, 59 mm length) at the back of
CFC was inserted to the hole of the foustage. When the system was enclosed, the
pressure (P1l) was adjusted to give the required flow rate (Q). Commonly, the air
flow rate (Q) was 60 + 5 L/min, so that the effective-afitdiameters at stages 1, 2,

3, 4, 5 were 13, 6.8, 3.1, 1.7, and < 1.7 roms, respectively. Once the time was
established and the pump on, the mouthpiece with adapter replaced the flowmeter. 20
mL of normal saline 0.9% was dispensed into each stage (st4parid the glass

fibre filter (Gelman Sciences, USA) placed onto st&geThree independently
prepared samples of 1IBL were tested for each formulationhd nebulise(eFlow
nebuliser orPari Boy nebuliser)was connected and switched orhe LMS611
formulation was aerosolized from the nebuliser device and directed thrbagh t
induction port via thenouthpiece adaptdo the MSLI stages as shown in Figure 4.3.
When the nebulising solution had been completely nebulised (this took~10 min for
Pari Boynebuliser and ~5 min faFlow nebulisers), the nebuliser was switched off

andthe suspension from each stage was collected.
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Critical thvcbnm]]er

Figure 4.3.Picture of the Multi stage liquid impinger (MSLI), arrows show the flow
of nebulisation fluid into stages.dm stage 1 to 5.
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4.2.4.3.2. Determination of the Mass Median Aerodynamic Diameter (MMAD) of
LMS611.

Calculation of the mass median aerodynamic diam&&tAD) and he geometric
standard deviation (GSDyas made from the legrobability plot for cumulative %
frequency undersize versus particle saedescribed by Martin (Martet al.,1983).

GSD is a measure of the spread of the particle sizes measured by cascade impaction.

The mass of LMS$11 on eactstage was determined by UV spectrophotometry,
measuring the absorbance of a particulate liquid at 550 and 600 nm (all results are

with reference to these two wavelengths).

4.2.4.4. Patrticle size and zeta potential measurements
LMS-611 particle size and ¢hzeta potential were measured using a Malvern
Zetasizer NanZS (Malvern Instruments, Malvern, United Kingdom) at 25°C, using

water as the dispersant.

4.2.5. Transmission electron microscopy (TEM)

10 yL of sample was dropped onto the surface of a Forweudodn coated 300 mesh

grid and allowed to settle for 30 s. The excess sample was then removed and the
sample was stained with 3@l methylamine vanadate negative stain (NanoVan®,
Nanoprobes, Universal Biologicals, Cambridge, Ltd.), the sample left toedoyeb

imaging.

The following LMS611 samples were prepared for TEM:

1- LMS-611, neat (as supplied)
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2- The supernatant of neat LM&.1 following centrifugation at 10,0009

3- LMS-611 diluted with0.9%saline 1:10

4- LMS-611 diluted with0.9%saline 1:100

5- LMS-611 diluted with 200 mmol (1.2%) saline 1:10.

4.2.6. Determination of LMS611 activity against bacteria

LMS-611 was tested for inhibition &. aeruginosayrowth in the context of a plaque

assay by mixing withHP. aeruginosab act er i al cul t u#6d wasn 0t 0|
added in 3 concentrations: neat (without dilution), dilution with 0.9% w/v NaCl
(6salined her eufLMSE61]) + 900uLt salinel &d dildti@nOwith

saline 1 to 100 (1QL LMS-611 + 990QuL saline). DO pL of each concentration was

mixed with 100puL of overnight P. aeruginosabacterial culture and added to
partially cooled LB agar (0. 75 %, Ot opbd

plate and kept at 37 °C for 18 h.

4.2.7.Formulation of LMS -611 with colistin for absorbance measurement

30 mg of colistin sulphate powder was dissolve@.BmL salineand mixed with 2.5

mL of LMS-611. The mixture was centrifuged for 30 min at 13,0Gpaxnd 100uL
supernatant diluted with 9Q4L saline. The absorbanees measured at 230 nm by
UV spectrophotometer, first generating a calibration curve of concentration versus
absorbance using serial dilutions of a 1 mmigistock saline ranging from 100 pogL

to 800 pugmL.
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4.2.8. Formulation of bacteriophage and/ or antimtics into LMS-611 and
characterisation of these formulations.

Saline (control), bacteriophage and/ or antibiotic (colistin, tobramyin) was diluted
1:6 into LMS611 and nebulized using eithetPari Boyor eFlow nebulizer (PARI
GmbH). The concentration ahe phage stock solution used was 8.5 XpfG/mL.

By adding 0.5mL of phage stock to 2.f1L saline, the phage concentration was

diluted to 1.4 x 1®pfu/mL. Formulations were prepared as outlined in table 4.2.

Table 4.2.Composition of the nebulised formulations used.

_ Phage Antibiotic Saline LMS-611
Formulation

(mL) (mL) (mL) (mL)
Phage/LMS611 0.5 - - 2.5

2 Control 0.5 - 2.5 -
Anibiotic/LMS-611 - 05 - 25

P Control - 0.5 2.5 -

Phage/antibiotic/LMS

611 0.25 0.25 - 2.5

2 control sample used for phage formulation8; control sample used for the

antibiotic formulations.

4.2.8.1. Measurement of the lytic activity of bacteriophage in the LIS
fractions collected from each stage of the MSLI.

Following nebulisation, the lytic activity of bacteriophage from each stage of the
MSLI was examined by plaque assay method (Plaque assay method as described in

chapter 2 sectiod.2.3.2.2
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4.2.8.2. Measurement of antibiotic concentration in the LM®1 fractions
collected from each stage of the MSLI (Disc inhibition method)
The antibiotic concentration from each stage of the MSLI was determined indirectly

by inhibition of P. aeruginosayrowth using disc inhibition method

4.2.8.2.1Disc inhibition methd

Plates were poured to a depth of 4 mm with Mueller Hinton agar. After drying, an
inoculum in sterile saline from colonies was made and diluted with an equal volume
of saline (to read between 0.16 and 0.20 at 600 nm)uRQHf culture was pipetted

onto he plates and spread evenly with an L shaped spreader. Once the plates were
dry the discs were attached and aul0of formulation was added to each disc. The

plates were incubated at 37 °C and the halo diameter was measured after 20 h.

4.2.9.Fluorescencdabeling of BSA and LMS611

A 2 mgmL solution of BSA in 0.1 M NaHC®(pH 9) was prepared. 1 mg of
fluorescein isothiocyanate powder (FITC) was dissolved in niL of
dimethylsulphoxide. For eachriiL of protein solution, 5QL of FITC solution was
added very slowly in fuLaliquots while gently stirring. The resulting solution was
dialyzed extensively iphosphate buffer saline, pH 7.4, (PBf)3 x exchange over
24 h, using a cellulose dialysis bag with a MW-cfftof 12,400 D#tons (D9777,
SigmaAldrich, UK). Rhodaminédoped LMS611 was prepared in the same manner
as above, by partition of the hydrophobic rhodamine dye into the-&MSrom the

aqueous media, rather than covalent conjugation as in the case 4flBSA
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4.2.10.Formulation of labelled LMS-611 with bovine serum albumin (BSA)

LMS-611 labelled with rhodamine and BSWorescein were mixed 1:1 vol. equiv.
and stirred gently for 1 h before centrifugation at 10,0@0fer 15 min. The pellets
were collected and recstituted in1 mL PBS. The samples were measured by
fluorescence spectroscopy using excitation wavelengths of 490 and 540 nm,

corresponding to the excitation maxima of fluorescein and rhodamine, respectively.

4.2.11 Preparation of LMS-611-PEG formulations for determination of particle

size

PEG 10000 was used in this study, 20% w/v PEG solution was prepared by
dissolving 20 g of PEG in 100L distilled water. This solution was used as the stock
solution for the preparation of different concentrations (10%,ahd 2%). Samples

were prepared as follow:

a Mixture of 1mL LMS-611 + 10QuL of PEG solution.

b- Control sample which was prepared by adding giDGaline to ImL LMS-
611.

c- Mixture of 1mL LMS-611 + 10QuL PEG centrifuged at 10,000 rpm for 15
min then the pellets were reconstituted wittmlL of saline.

d- Mixture of 1 mL LMS-611 + 100uL PEG centrifuged at 10,000 rpm for 15
min then the pellets were reconstituted wittmllL phosphate buffer.

e LMS-611 / PEGmixture diluted with saline 1:10.

f- LMS-611 diluted with saline 1:10 (control).
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4.2.12. Particle size and zeta potential measurements of LMBI-PEG
formulations

LMS-611-PEG formulations were sized by laser diffractometry using a Mastersizer
2000 (Malverninstruments Ltd., UK). Samples were dispersed inrhQGsaline and

the mean diameter and standard deviation were measured (values are given as the
average of two measurements). LMEL particle size and zeta potential were also
measured using a Nai@s (Mdvern Instruments) at 25 °C, using water as the

dispersant.

4.2.13.Confocal laser scanning microscopy (CLSM)
Fluorescently labeled samples for CLSM were prepared as desdnbsekction

4.2.1Q yielding the following samples for imaging:

1, LMS-61lrhodamine pellet undiluted, and LM&Il-rhodamine pellet

reconstituted in PBS

2, LMS-611-rhodamine/BSAFITC pellet undiluted, and LM$11-rhodamine/BSA

FITC pelletreconstituted in PBS

3, LMS-611-rhodamine/BSAFITC pellet reconstituted in 3 % wNMPEG 10000

solution

For each sample a drop of # was placed onto a clean glass slide and covered
with a cover slip. Samples were analyzed and imaged on a Leica DM 6000B
microscope. The fluorescein conjugates were excited with an Argon laser line at 488

nm with an emission bandwidth of 5624 nm. Scans were performed using 10x

138



Chapter 4

and 20x objectives and images were converted with Vofbcispftware

(Improvision, PerkinElmer, Cambridge, UK).
4.2.14.Rheology studies

4.2.14.1 Preparation of artificial mucus(AM)

Fifty milliliters of AM was prepared by dissolving 500 mg of DNA in 32r&
DNasefree water, complemented with 2GQ of egg yolk emulsion. Separately, 250
mg mucin(mucin from porcine stomach type Was dissolved in 5nL water, and
0.295 mg diethylenetriaminepentaacetate (DTPA), 250 mg NaCl, 110 mg KCI, 12.5
mg amino acids dissolved in 1208l water. The three solutions were then mixed,

and the pH of the AM was adjusted to d€ing NaOH solution (Yang, 2010

4.2.14.2 Preparation of formulations for rheological studies

Samples were prepared by adding and mixligS-611with AM solution in
different LMS611 to AM ratios (1:100, 1:50, 1:20, 1:10, 1:5 and 1:2) and samples
were incubated for 30 min at 37 °C. Equal volumesaline were added to AM as
control samples and also incubated at the same temperature for the same length of
time. The viscosity of all samples was tested and each formulation was analysed in

triplicate.

4.2.14.3. Rheological analysis of artificial mucus
The effect of LMS611 on the apparent viscosities of the artificial mucus (AM) was
performed using a Carrimed CSL2 100 controlled stress rheometer (TA Instruments,

Dorking, UK), equipped with a 4 cm steel plate geometry with a fixed gap of 57
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micronsunder controlled shearing stresses at physiological conditions (37+0.1°C and
pH 7). The samples were spooned onto the Peltier plate and the cone lowered to the
fixed gap of 57 microns. Excess sample was trimmed from the edge of the cone by a
flat edged spala to avoid sample overloading. The samples were allowed to
condition and equilibrate for 180 s and flow data was generated with maximum shear

rates of 200<and 1000 €.

4.3. Results

4.3.1. LMS611 calibration curves

High dilutions of LMS611 insaline were required before the optical density came
with the range corresponding to the Beer Lambert Law (i.e. AU < 1). At these
dilutions, a linear relationship between LA631 dilution and absorbance was found
(Figure 1). Therefore, these calibratiomas could be used to quantify the amount

of LMS-611 at each stage of the MSLI. The measurement of optical density of the
LMS-611 dispersion could be made at either 550 or 600 nm, since both yielded a
linear relationship over the range of LM&1 concentitions measured. Therefore,

guantification of LMS611 following nebulisation is given using both wavelengths.
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Figure 4.4. Calibration curves for LM$11 measured using UV spectroscopy at a)
550 nm and b) 600 nm.

4.3.2. Determination of theMass Median Aerodynamic Diameter (MMAD) of
LMS-611.

The probability of the cumulative percentage of mass less than the stated particle size
was plotted against the log of the aerodynamic diametej o a line of best fit

was drawn. The mean cumulativerpentages of mass less than stated size in each
stage are shown in Table 4.3. No mass was observed on tstagee(throat and
mouthpiece) and stage one. The MMAD was estimated from the value of
aerodynamic diameter at the 50% cumulative percentagéhkesshe stated particle

size, shown in Table 4.4. The corresponding Geometric Standard Deviation (GSD)

for each determined MMAD value was calculated by equation (1) (Figure 4.6).
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Table 4.3.Mean cumulative percentage of LM 1 mass less than stated size for

each stage of the MSLI.

eFlow nebuliser Pari Boy nebuliser
Stage | Size (um)
| 550 | 600 | 550 | 600
Stage 2 <13.0 | 100+0.00 | 100+ 0.00| 100 +0.00 | 100 £ 0.00
Stage3 <6.8 |8581+1.778570+1.7773.23+1.92 72.83+2.15
Stage4 <3.1 |45.34+1.9345.22+2.09 32.91 +1.91 32.67 +2.08
Stage5 <1.7 |17.91+5.81 18.58+6.3G6 16.61+1.79 17.12 +1.92

Table 4.4.Determined MMAD and GSD of LM$11 nebulised by theari Boyand
eFlownebulisers

Nebulise ] . .
eFlow nebuliser Pari Boy nebuliser
r Type
Wave- | 550 | 600 | 550 | 600
length MMAD MMAD MMAD MMAD
GSD GSD GSD GSD
(nm) (um) (um) (um) (um)
Exp 1 3.1 2.21 3 2.3 4.2 2.62 4.1 2.73
Exp 2 3.4 1.88 3.3 1.83 4.2 2.33 4.3 2.38
Exp 3 35 2.00 35 2.05 3.9 2.29 3.9 251
Mean + 3.3 202 | 326 | 2.0¢ 4.1° 2.47 4.1° 2.54
(SD) +0.21 | +£0.16| #0.25 | £0.23| +0.17 | £0.18 +0.2 +0.17

P values for statistical comparisonta groups using a twtailed nonpaired Ftest
were as follows: a=010b =0.05,c=0.01, d = ®0
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Table 4.5.MMAD and GSD of diluted.MS-611 with saline 1:1Qv/v).

eFlow nebuliser

Pari Boy nebuliser

| 550 | 600 | 550 | 600
MMAD GSD MMAD GSD MMAD GSD MMAD GSD
(Hm) (Hm) (Hm) (Lm)
3.9 1.9 3.9 1.9 4.5 2.25 4.5 2.25
From Table 4.4 statistical anal ysi s

show

the MMAD and GSD of all LMS511 aerosols generated by nebulisation from the

Pari BoyandeFlow. ThePari Boynebuliser produced larger aerosols, with a larger

GSD, than theeFlow nebuliser. However, the physiological significance is not clear

since the determined MMAD values for both nebulisers should still predict aerosol

deposition in the lung pghery. This different MMAD values are presumably

related to the relative efficiencies of the different mechanisms of nebulisation of the

two devices, though there are other considerations such as the type of spacer device

and electrostatic charge on timmer surfaces. Dilution of LM®11 1:10 with saline

caused a slight increase in aerosol diameter for both nebulisers (Table 4.5), but again,

the determined MMAD in both cases predicts deposition in the lung periphery. There

was no significant differenca ioptical density measurements at 550 or 600 nm.
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4.3.3. Evaluation of bacteriophage lytic activity in each stage.

By performing test to determine LM&@L1 activity againstP. aeruginosa no
inhibitory effect onP. aeruginosagrowth was observed upon-ddution of LMS-

611 withP. aeruginosanto top agar. These results usefully allow the bacteriophage
plague assay to proceed without interference from any potential effect on account of

the LMS-611 itself.

The results of the phjue assays show that the phage delivered in the aerosols were
concentrated in stages 3 and 4 é&tow nebuliser (Table 4.7) and stages 2, 3 and 4
for thePari Boynebuliser (Table 4.8), corresponding to thspective MMADS. The
results show the distrilbon of phage at each stage was different when usinBdhie

Boy and eFlow nebulisers, particularly stage 1, where no phage was measured with
the Pari Boy There was no significant difference between the phage titre for the

sample contains LM$11 + phagand control sample that contains saline + phage.

Table 4.6. Calculated phagef] titre for each stage of the MSLI following
nebulisation with theFlownebuliser.

(Titre £ SD) pfu/mL
Stage
LMS-611 2.5nL +f 0.5mL Saline 2.5mL +f 0.5mL

Pre* (2.23 +0.53) X0’ (6.33 £ 0.15) 20°
Stage 1 (1.07 £ 0.25) 20’ (1.02 + 0.40) 20°
Stage 2 (9.03 + 1.0) 40’ (1.05 + 0.13) 20°
Stage 3 (2.02 + 0.41) 20° (2.97 £ 0.57) 10°
Stage 4 (1.91 £ 0.1) 10° (3.90 £ 0.17) 20°
Stage 5 (4.8 £ 0.26) 40’ (1.15 +0.05) x1.0°

* mouth-piece and the throat; the titre of the solution for nebulisation was10?4

pfu/mL.
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Table 4.7.Calculatedl titre for each stage of the MSLI following nebulisation with
thePari Boynebuliser.

(Titre £ SD) pfu/mL
Stage LMS-61125mL+ 0 ( ,
L Saline 2.5nL+ 0 mD .

Pre* (7.17 £ 0.8) 40’ (9.00 + 2.65) 20°
Stage 1 0.0 (0.0)
Stage 2 (2.62 + 0.27) 10° (1.19 + 0.18) 20°
Stage 3 (3.05 + 0.14) 20° (3.91 + 0.08) 20°
Stage 4 (2.8 +0.26) 40° (3.68 + 0.29) 20°
Stageb (7.5 + 0.56) 40 (9.83 +0.21) 20’

* mouth-piece and the throat; the titre of the solution for nebulisation wasl04

pfu/mL.

4.3.4. Transmission electron microscopy (TEM)

Micrographs of the lamellarsomes in the LM$1 preparation are representative of
what is already known as regards their size, size distribution and arrangement of the
lipid leaflets (Figure 4.6). Dilution of LM$11 in saline did not appear to have
significant effect on morphology, or size distribution. The micrographs suggest that
LMS-611 is comprised of a heterogenous population of lamellarsomes composed of

multiple lipid leaflets, distinct from multilamellar liposomes.
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Figure 4.6. TEM of LMS-611; a ad b show undiluted LM®11 neat magnified at
x8000 and x25000, respectively; ¢ shows the undiluted supernatant ebILM&fter
centrifugation at 10,000 g; d shows LMS611 after 1:10 dilution with 1.2% saline;
e and f show LMS511 after 1:10 dilution wih 0.9% saline; g and h show LMR.1
after 1:100 dilution with 0.9% saline. Scale bar bottom right corner of micrographs.
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4.3.5. CLSM images

Imaging of the LMS611 dispersed in aqueous media was confounded by movement
of the individual lamellarsomes onethglass slide. However, a fraction of the
material did appear to adhere to the glass surface and provided a chance to focus and
image the sample. The rhodamine was clearly partitioned into the lipid lamella
during the staining procedure (Figure 4.7), ardlevthe larger lamellarsomes can be
seen to be composed of more than one lipid leaflet (Figure 4.7B) the lower
magnification of the CLSM (cf. the TEM) prevents detailed morphological analysis.
The simple mixing of BSAITC into the LMS611-rhodamine showe that there

was no encapsulation of the BSA into the lamellarsomes and almost no partitioning
of the BSA into the lipid leaflets (Figure 4.8). With respect to this latter, very
occasional examples of yellow staining (suggesting overlap of green and red
fluorescence of FITC and rhodamine, respectively) could be observed (Figure 4.8C).
This would suggest loss of conformation of the globular BSA such that the lipid core
of the protein may partition into the lipid leaflet. Further experiments, maybe using
partfully denatured BSA would be required to understand this better. It was not
possible to use a molecular crowding agent (3% PEG 10000) to promote
encapsulation of the BSA into the lamellarsomes, since no evidence-of co

localisation of FITC and rhodamineasted material could be observed (Figure 4.9).
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Figure 4.7. A and B show LMS611-rhodamine pellet following centrifugation; C
and D show LMS511-rhodamine pellet diluted with PBS (scale bar bottom right
corner).
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Figure 4.8. A and B show LMS$61l-rhodamine/BSAFITC pellet following
centrifugation; C and D show LMG11-rhodamine/BSAFITC pellet diluted with
PBS.
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Figure 4.9.LMS-611-rhodamine/BSAFITC pellet diluted with 3% w/v PEG 10000.

4.3.6. Fluorescence excitation andmission graphs of BSAFITC and LMS -611-
rhodamine

An alternative route to demonstrating-localisation of BSAFITC with LMS-611-
rhodamine is to demonstrate FRET (fluorescence resonance energy transfer) in liquid
samples. However, while the fluorescencrission spectrum of BSAITC was
typical for such a solution, the emission spectrum of E8A%rhodamine was
almost completely attenuated (Figure 4.10). This was most likely due to the large
amount of light scatter that would be inevitable for a suspens®hMS611.
Further dilution of the LMS11 did not minimise the light scatter sufficiently to
permit analysis of FRET, with mixtures of the B$ATC/LMS-611-rhodamine

suffering from the same problem.
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Figure 4.10.Emission spectrums of: A) BSRITC diluted in PBS 1:10 ¢x 490 nm)
and B), LMS611-rhodaminadiluted in PBS 1:10l (¢x 540 nm)

4.3.7. light scattering and zeta potential measurements
The strongly negative zeta potential of LM3$1 reflects thephospholipid

composition, and indicates a stable dispersion in the agqueous phase.
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In 0.9% saline, the zeta potential of the LME1 particles was relatively small’(to

-12 mV), irrespective of dilution and/or reconstitution in 1.8% saline (Table 4.8). In
distilled water, the zeta potential was muualgher since the ionic strength of the
medium was very low (theoretically zero). With respect to formulation, it is
generally considered that a zeta potential approaching zero should be avoided since
this may oherwise lead to flocculation of the particulates. Evidence of aggregation
should be relatively straightforward to determine using light scattering methods.
However, measurements using the N&®were not particularly reliable since the
polydispersity inéx was >> 0.1 and the size range was just beyond the upper limit of
the NaneZS. A size range well above 1 pm was not predicted from the TEM
images, which show lamellarsomes in the submicron range (Figure 4.7). Thus, while
the size decreased for supernafasactions from samples centrifuged at increaging

the values themselves should be taken as indicédttm@s therefore necessary to use

the Mastersizer to measure particle diameter by light scatter, the problem here being
that the sample size must amund 100mL (cf. ~1 mL for the NaneZS), and this
required 1:100 dilution ofthe LM6 11 t o conserve sample. Tt
vol ume sample chamberd also uses a recir
may induce changes in size of a population of soft particled (s lamellarsomes).
Nevertheless, the results show that the average particle size fe6LM®as around

6-7 pum, irrespective of dilution and/or resuspension in different buffers (saline or
PBS) or PEG (Table 4.10). This size range approximates theaineé values
measured by the NasidS, being much larger than that predicted by TEM. It would

therefore appear that a significant proportion of -6 must include aggregated
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lamellarsomes which form the suspension of lipid particulates observable to the

naked eye.
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Table 4.8.Particle size and zeta potential measurements

. . Mean Zeta-
o Centrifugation _ _ _
Sample Dilution (x ) Particle size potential
X
’ (nm)”? (mv)
LMS-611 undiluted - - 3373 -7
LMS-611 undiluted - 500 3060 -8
- - 4000 2309 -10
- - 10000 925 -9.5
LMS-611 / distilled
1:10 - 6880 -34.5
water
LMS-611/0.9%
_ 1:5 - 3200 -12.9
saline
- 1:10 - 6600 -10.7
- 1:100 - 9200 -10.7
LMS-611/1.8%
_ 1:5 - 2933 -7
saline
- 1:10 - 5676 -7
- 1:100 - 8847 -7
LMS-611 / 5% saline 1:10 - 5000 -7
2.5mL LMS-611 +
_ 5:6 - 3350 -7
0.5mL 0.9% salin@

8 the high polydispersity index (>> 0.1) suggest that these readings are nofirobust
i.e. measurement of LMB11 size must be made with the Mastersizer and not the
NancZS.

P to mimic the conditions useddr nebulisation
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Table 4.9. Particle size measurements of LM$1-PEG formulations using the

Mastersizer

Sample PEG d'(irpniier

LMS-611 - 6.558

LMS-611/ PEG mixturé 2% 6.671

- 5% 6.652

- 10% 6.692

LMS-611 / saline (controf) - 7.006

LMS-611/ PEG pelletg reconstituted withniL 204 6.428

saliné

- 5% 6.267

- 10% 6.206

- 20% 6.582

LMS-611/ PEG pellets reconstituted wittmlL 2% 6.156

phosphate buffér 506 6.227

- 10% 6.205

- 20% 6.191

LMS-611 / PEG diluted with saline 1:10 2% 6.251

- 5% 6.635

- 10% 6.465

- 20% 6.529

LMS-611 diluted with saline 1:10 (contrbl) - 9.460
*di ameter value is the average of two

0.54.

& mixture of InL LMS-611 + 100uLPEG.

b 1mL LMS-611 + 100uLsaline (control).

¢, the mixture of LMS611 / PEG centrifuged at 10,000 rpm for 15 minutes then the
pellets were reconstituted withnilL of saline.

4 mixture of LMS611 / PEG centrifuged at 10,000 rpm for 15 minutes then the
pellets were reconstituted withndL phosphatduffer.

¢ LMS-611 / PEG mixture diluted with saline 1:10.

!, LMS-611 diluted with saline 1:10.
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4.3.8. Determination of colistin concentrations in LMS611

For the purposes of experiments which sought to determine the amount of antibiotic
deposited at each stage of the MSLI following nebulisation, a method for
measurement of colistin concentration was required. However, for antibiotics such as
colistin (and thers) there is no particular fingerprint wavelength which can be used
which lies well away from 20@20 nm region, common to all organic compounds.
The far UV region suffers from strong light scatter on account of the suspended
LMS-611 particles (the samg@roblem arose during fluorescence measurements,
above), such that absorban@dues acquired around this region cannot be delineated
between light scatter and absorbance. Therefore, while it was possible to construct a
calibration curve for colistin in fiae (Figure 4.1), this needed to be repeated for
colistin in LMS-611. Determination of colistin (and other antibiotic) concentrations

in LMS-611 aerosols was therefore made indirectly by measurement of theerelativ

level of antibiotic activity.
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Figure 4.11.Colistin calibration curve.

Table 4.10.Particle size and zeta potential of (LM&1/antibiotic) formulations

Mean patrticle size by Zeta potential
Sample
DLS (um) (mV)
LMS-611 + Colistin 6.68 15
LMS-611 + Tobramycin 4.61 14

4.3.9. Determination of antibiotic and antibiotic/phage concentration in the
LMS-611 fractions collected from each stage of the MSLI by disc inhibition
method

Antibiotic activity againstP. aeruginosastrains 217M and 39324 was examined
indirectly by measuring the zone inhilzin diameter resulted from the antibiotic in

each plate (Figure 42). Therefore, atibiotic concentration in the LM$11
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fractions collected from each stage of the MSLI was calculated. Figur@saddl
4.14 show the antibiotic concentration (colistin atabramycin) in the LMS511
fractions collected from each stage of the MSLI usRtpw or Pari Boynebulisers.

For both nebulisers, dilution of colistin or tobramycin into LM@8L increased the
nebulized drug fraction deposited into the lung peripheagést 25); compared with
nebulization of the saline antibiotic solutions which were largely deposited in the
6t hroat 6 and -stagp and stage 1).wihiy suggésts that the surface
activity of the LMS611 facilitates the generation of smalleras®l droplets during

nebulization with theFlow.

Figure 4.12.Zone diameter measurements using the disc inhibition method.
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Figure 4.13. Inhibition zone diameters of colistin/LM&L1 formulations; A &B
using eFlow nebuliser fdP. aeruginosastrains 217M and 39324 respectively, C
&D usingPari Boynebuliser foP.aeruginosastrains 217M and 39324 respectively.
The cata showm asmeant SD for n=3.
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Figure 4.14.Inhibition zone diameters of Tobramycin/LMA1 formulations; A &

B using eFlow nebuliser fd?. aeruginosastrains 217M and 39324 respectively, C

& D using Pari Boy nebuliser for P. aeruginosastrains 217M and 39324
respectivelyThe data shown as mean + SD for n=3.

4.3.10. Effect of LMS611 on rheology of artifical mucus

Figures 4.5 and 4.5 show the effect of LM$11 on the apparent viscosity of the

AM measured ashear rates ¢00 s* and 1000 <, respectivelylt can be seen from

the results that the viscosity of mucus showed consistent variatiorchatiges in

the LMS611/AM ratia as the LMS-611 ratio in the formulation increagethe

viscosity of mucus decreaseThe analysis of control samples showkéd same
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results, which indicatéthat therewas noapparentifference between LM$11 and

0.9% séine regarding their effect on the extent of mucus viscosity.
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Figure 4.15. Effect of LMS611 on the apparent viscosity of AM measured at
200 s', Values reported as mean + SD (n=3).
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Figure 4.16. Effect of LMS-611 on the apparent viscosity of Aieasured at 1000
s-', Values reported as mean + SD (n=3).
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4.4 Discussion

The physicechemical properties of LM$11 are suited to pulmonary delivery for
the improvement of lung function. This is in part due to their inherent surface active
and adsorptivgroperties which lead to the disruption of mucus, bacterial biofilms

and sputum.

No inhibitory effect onP. aeruginosagrowth was observed upon -ddution of
LMS-611 withP. aeruginosanto top agar. The absence of an do#cterial effect of
LMS-611 inthis assay is contrary to experiments for biofilms grown on glass plates
or bacterial grown in planktonic form. The most likely reason is that the
lamellarsomes are immobilised in an agar matrix, rather than dispersed in media. The
results usefully allowhe bacteriophage plaque assay to proceed without interference
from any potential effect on account of the LM$1 itself. The phage distribution

data at each stage simply suggest that the phage were carried with the bulk fraction
of the aerosols generatadther than being selectively dispersed in larger or smaller
aerosols, or causing a gross change in the aerosolfsiggahage would most likely

be dispersed in the aqueous media, existing as large hydrophilic macromolecular
assemblies, rather thancapulated within the lamellaomes or embedded in the

lipid layers. This observation can be related to the distribution of bacteriophage
examined by CLSM which suggest that the phage were most likely dispersed in the
aqueous media, rather than encapsulatgdirwLMS-611. This is consistent with

their large hydrophilic, macromolecular nature. The retained lytic activity of the

phage is encouraging since it provides evidence that the phage have not been
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denatured/inactivated following formulation with LMB1 and subsequent
nebulisation.The TEM images compare well with those acquired for the 18115
dispersed in aqueous media during CLSM imaging. Golstehal, (2010)
successfully developed dry powder inhaler dosage gdon bacteriophagesvia

lyophilisation,thatwereselective foB. cepaciacomplex andP. aeroginosa

The standard therapy foP. aeruginosarespiratory infections is parenteral
administration of artpseudomonal antibioticklowever, this route of administration
gives poor penatation of the antibiotics into the endobronchial space (Hageshan

al., 2007). Therefore, inhalation of aerosolised antibiotics enables delivery of high
concentrations directly to the lungs with minimal systemic absorption and toxicity
(Smith, 2002). Thenost commonly used aerosolised antibiotics are tobramycin and
colistimethate sodiumyhich can be delivered twice daily for prolonged periods of
time (Smith, 2002). It has been suggested that improvements in aerosol delivery
systems have allowed shorterboésation times, which may improve patient
compliance (Gelleret al., 2007) and there are a various commercially available
nebulisers that have been tested as alternatives to administration of antibiotics such
as tobramycin (Clavedt al.,2007) The eFlav nebuliser is designed to deliver liquid

or suspension formulations for inhalation more rapidly than jet nebulisers. In a study
conducted by Lenney and-@mrkers(2011),comparng lung deposition of inhaled
tobramycinvia eFlowor PariLC Plus jet nebusation it ws shownthatthe required
nebulisation time was shortéar the eFlowthan theLC Plus nebuliser (¥ersus20

min, respectively) However, while lung deposition in healthy subjects was

comparable between both devicas CF patients wholdung deposition was40%
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less with the eFlow rapid compared witike LC Plus nebuliser (8.9ersus15.1%

respectively) (Lennegt al.,2011).

In this study, two nebulisers were used and compared regatdiggdeposition of
the formuhtions. We further investigated the potential for -imsmulation of
antibiotics and bacteriophage by dispersion into k813 and nebulization of
aerosolized droplet3.he results showhat the antibiotics diluted into LM811 were
predominantly dpositedm stages & of the MSLI, compared to stages 1 and 2 when
diluted in saline (control). The addition of LM&A1 to the antibiotic formulation
shifts the deposition to the deep lufidpis is particularly notieable with theeFlow
nebuliserand suggests thathe surface activity of the LM811 facilitates the
generation of smaller droplets via nebulisation, particularly nebulisation by
membrane vibrationeflow). Thus, adding LM$11 to antibiotic solubn for
nebulisation means lesdrug is lost through imméion at the throat and upper
airways. However, the addition of phage does not make a markehseas regards

bacterial kill.

Since nucus isa non-Newtonian fluid,rheological &€sting must be performed over a
range of shear rates to give a profilevidtosity related to shear. From the viscosity
data shown, it is evident that LIMEBL1 has an effect on the mucus viscosity.sEhe
rheologicaldata provided an insight into the potential utility of LNA$1 asavehicle

to improve drug delivery to the airway lung by enhancing their penetration. The
results are comparable to a study conducted by Yang amerk@rs for inhalable

antibiotic delivery for treatment of cystic fibrosis using a dry powder. These workers
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found that blank and Ciprofloxacin powdechno significant effect on the viscosity
of artificial mucus, while by calelivering of ciprofloxacin with DNase, the thick

artificial mucus became a thin liquid in lebsin 30 min (Yangt al.,2010.
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Chapter 5: Conclusions and future work

5.1. Conclusions
Within this thesis, the potential of bacteriophdggded formulations as an
alternative therapy for antibiotic resistant infections associated with MRSA or

P.aerwginosawas explored.

Lyophilized nasal inserts harbouring bacteriophage were formulbstedusenasal
decolonization offers an effective treatment strategy. The physical properties of the
lyophilisates were measured by using suitablevitro testing methods which can
narrow wn the most viable formulation for future studies. We concluded that
lyophilized nasal inserts harbouring doses of bacterioplageesponding to doses
used in previous clinical trials of bacteriophage therayan be formulated and
remain stable in thdridge for up to 1 year. The addition of mannitol to the
lyophilizate does not confer added stability to the bacteriophages and may be omitted
if this was the sole consideration. However, given that lyophilization can be a costly
step, formulations whichlry to a defined percentage more rapidly may be preferred
on these grounds, in which case the 1% HPMC/1% mannitol formulation would be
preferred. Increasing the relative amount of HPMC in the blend with mannitol would
appear to stabilize the amorphous fooh mannitol in the lyophilizate, though
transition of mannitol from its amorphous to crystalline form does not affect
bacteriophage stability, the structure of the internal matrix, or the distribution of the

bacteriophages with the matrix.
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The phageCMC formulation represents a new approach for bacteriophage
bioprocessing and solid state formulation for the storage and transport of phage. The
activity of the phage powders was found to depend on the type of amino acid carrier,
the presence or absence dlslizer, the organic solvent and the storage conditions.
We have shown that the use of organic solvents for bioprocessing of phages is not
necessarily harmful if the process is controlled, with careful selection of solvents,
stabilizing additives and dnyg conditions. Although there are safety issues should
be considered when handling large volumes of organic solvent, the practice is well
established and controlled in many small molecule processes; one notable example
being continuous process crystallipat in the pharmaceutical industryhe phage

CMC process requires the addition of trehalose or BSA as stabilizer and drying under
elevated humidities to accelerate the removal of organic solvent. Core carriers with
high aqueous solubilities are requirethem isobutanol is used as the solvent, and
other carriers such as inositol and potassium phosphate could be usefully compared
against glycineThe stability of the immobilized phage decreased over time while
storing the powders at room temperature or @@ .S\evertheless, the lytic activity of

the phageCMC following one month storage at room temperature was comparable
to doses of phage reported in the literature regarding therapeutic application in man.
These results demonstrate a feasible approachdasttiiage and transport of phage

in the solid state. It is expected that other groups aiming to bhiageptherapies

into mainstream \Wstern medicine will be able to utilize the method reported here
for various applications; such as rapid concentratiod drying of phage stock

solutions, and storage/ shipment of phages at room temperature. Further testing of
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the process with other phage families would be useful since phage therapies are

likely to require the use of multiple phage strains.

Lamellasom&' was used in the study as a vehicle to provide stable and reliable
carrier for the bacteriophages and antibiotic drugs due to its inherent surface active
properties. We concluded that LMS has the potential to improve the pulmonary

delivery of nebulized soligns of antibiotics or bacteriophage.

Visualisation of LMS formulations using other imaging technigsiesh asfreeze
fracture electron microscopy and magnetic resonavadd be helpful to define the

structure and lamellarity of the vesicles to use @othier applications.

The efficiency of LMS reported here allows future work for designing other
multilamellar vesicles as amphiphimsed delivery systems, eithematural
amphiphile using liposomes or synthetic polymeric amphiphilic membranes, to use

for pulmonary delivery or for other pposes.

Further work such am vivo studies ould be performed with these aforementioned

points taken into consideration.

5.2 Other opportunities for bacteriophageloaded formulations

The emergence and spread mbfoundly antibiotic resistant pathogens is well
documented. MRSAhas been known as a major source of antibiotic resistant
infections in hospitals and in the community, that now needs to be treated by
Or eser veddrheegoropean Centrei far ®iseaPrevention & Control has

collated data on the use of antibiotic doses consumed every year in the European
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community. With data from 2010 (the latest year available) it shows that in the UK,
every day, there are 18.7 doses of antibiotics for every 1,80plg(around 2 %).
This fractionmay appear reasonably hiddut in fact it islower than othelEuropean
countries: for instance,France, Greece and Spalrave a higher frequency of
antibiotic usesince theirhealthregulations allow the purchase of antifics as an

over the counterd service.

Rates of MRSA have been dropping nationally as hospitals increased attention on
infection control; however, the intensive and continuous use of {sEactrum
antibiotic therapy particularly cephalosporin and maeently quinolone has been
implicated in incidence ofClostridium difficile infection, now the most common
cause of hospital acquired diarrhoea (CDAD) (Meaateal., 2010).C. difficile has
become an important pathogen globally, and emergence is strongly correlated with
antibiotic use: more than 90% of cases occur-posbiotic treatment as the stable,
healthy flora of the gut is destroyed. In a study of 28 hospitals in the South#daest o
USA, it was found thaC. difficile was 25% more common than MRSA. Therefore,

C. difficile appears to have overtaken the widely feared MRSA as the most common

hospitatacquired infection.

Meader and cevorkers recently reported that bacteriophagatinent significantly
reduces viabl€. difficile and prevents toxin production in an in vitro model system

(Meaderet al.,2010).

This suggests another avenue for the use of treatment with bacteriophages to reduce

bacterial infection. Moreover, prophylacttreatment with bacteriophage could
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dramatically reduce the burden of I nfect
flora therefore avoiding secondary complications. Phage resistance is known but
could be dealt with: cocktails of bacteriophage couédused against strains of

resistant bacteria to reduce the possibility of developing resistance.

5.3.Would the community accept the use of bacteriophage as a

treatment?

On the basis of public reaction to genetically modified proteins and their fear of the
term 6 v i ,ritweufd be expected that people would not readily accept the use of
viruses as a treatment even if the treatin directed against bacteridhis
psychological factor should not be a barrier. We nexgllan that virusesaturally

exist in every ecological niche that bacteria are found including food, water and even
within our bodies, existing in their bacterial host in the lower gut. Modern vaccines
are attenuated live viruses but in the recent past, the MMR vaccineejgated at

the first hint of a potential problem, triggered by the media focus on poor research.

The possibilities of phage therapy has been realised in other disehses,access
to mucous membras allows bacterial colonisation. Phage delivery tovéigina
has been successfully developed to remove colonizing streptococci, the leading cause

of neonatal meningitis and sepsis (Cheng 2005).
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Formulation and Evaluation of A Novel Bacteriophage Delivery System for
MRSA Nasal Colonisation

M. Alfadhet, C. Wallé
YUniversity of Strathclyde, Glasgow, UK.

ABSTRACT

We describe a new solid state dosage form for bacteriophage therapy of nasal metsa$tiamt
Staphylococcus aureudIRSA) infections. Lyophilised nasal inserts carrying bacteriophage were
formulated from 12% w/v hydroxypropyl methylcelluke (HPMC), chosen on account of its
bioadhesive properties, and 1% mannitol.

The physical nature of the lyophilisate was characterised by scanning electron microscope (SEM) and
differential scanning calorimetry (DSC). The localisation of fluorestairled bacteriophage within

the inserts was determined by confocal laser scanning microscopy (CLSM). The relationship between
formulation parameters to bacteriophage stability was determined for residual water content, measured
by Karl Fischertitration (KF), and water vapour sorption, assessed by dynamic vapour sorption
(DVS).

Lytic activity determined by plaque assay showed only modest loss of the bacteriophage titre after
lyophilisation and storage over 1 year. On comparison of the CLSMesnagd SEM micrographs,

the bacteriophages seemed to be homogenously distributed throughout the matrix, without evidence of
aggregation. The water content results obtained by Kiadhertitration correlated well with the

water vapour sorption results thie DVS.

We conclude that bacteriophage can be successfully formulated without significant loss of lytic
activity in water soluble, bioadhesive matrices for nasal delivery, representing a potential treatment
for MRSA colonisation.
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Formulation and evaluation of a novel bacteiophage delivery system for MRSA
nasal colonisation

M. Alfadhet, C. Wallé

'University of Strathclyde, Glasgow, UK.

ABSTRACT: Bacteriophage therapy is limited by a lack of understanding regarding their formulation

as medicines that will efficiently deliver phage as therapeutics agents without deterioration. Since the
oral route of administration minimizes the lytic activity dfages, nasal delivery system is proposed

as an alternative. We hypothesize that using a nasal insert harbouring bacteriophage as the therapeutic
agent will lead to more efficacious deliver locally. To this emel formulated lyophilised nasal inserts
carnying bacteriophage selective f&. aureusand evaluated the effect of lyophilisation on phage
viability. The evaluation of the formulations demonstrated that the bacteriophage were successfuly
formulated without significant effecin the viability of bacteriophage to infect bacteria

INTRODUCTION : Methicillin resistantS. aureugMRSA) is considered the most important cause

of antibiotic resistant infections. Recently, phage therapy has received more interest as alternative
theray for MRSA infections. The objective of our study was to formulate a new dosage form for
bacteriophage therapy of MRSA infections. We formulated a lyophilised nasal insert using
hydroxypropylmethylcellulose (HPMC) polymer due to its bioadhesion propedpnhbl was added

to some of the formulations. It was selected because it is a non hygroscopic material that used
extensively in the pharmaceutical formulations. We evaluated the effect of lyophilisation on the phage
viability and the activity of phages dog storage within a period of time. The effect of the selected
polymer has also been studied.

METHODS: Formulations were prepared by various concentrations of HPMC and mannitol. The
formulations were synthesized by lyophilisation using freeze dryicignique. The lytic activity of
bacteriophages before and after lyophilisation was evaluated by plaque assay method which was used
for determination of the concentration of the phages in plaque forming unit per ml (pfu/ml). The
physical nature of the lyopisate was characterised by scanning electron microscope (SEM)
technique. The localisation of fluorescddtbelled bacteriophage within the inserts was determined by
confocal laser scanning microscopy (CLSM). The relation of formulation parameters toophctge

stability was studied. The residual water content was measured by performirigskagrtitration

(KF) and the water vapour sorption of the formulations was assessed by dynamic vapour sorption
apparatus (DVS).

RESULTS AND CONCLUSION: It is known that lyophilisation may affect the activity of
bacteriophages (Puapermpoonsirial.,2010). The plague assay was performed to examine the lytic
activity of the formulated bacteriophage. The phage titer loss during lyophilisation was b#asona
low, suggesting that the phage was efficiently dispersed in the gel and lyophilised without significant
detrimental effects on phage viability. The Iytic activity of phage during storage was also studied. We
found thatthe phage titer loss during stgea for 60 day was very low. To examine possible
aggregation of the bacteriophage during formulatifumorescein labelled bacteriophage were
formulated and lyophilised. On comparing the CLSM and SEM micrographs, the bacteriophages
appear to be homogenoustystributed throughout the lyophilised nasal insert and no evidence of
aggregation is apparent. The water content results obtained byigehkrtitration correlated well

with the water sorption results of the DVS. Taking in considereation the pragemsiameters that

need to be measured, we have presented a new successful formulation for bacteriophage therapy.
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Improved pulmonary delivery of antibiotics and bacteriophage using
Lamellasomes™.

Munerah Alfadhell*, Graham Park2, Christopher van der Wallel

1, University of $rathclyde, Glasgow, G4 ORE, UR, Lamellar Biomedical Ltd, Caledonian House,
Phoenix Crescent, Bellshill, ML4 3NJ, UK

Abstract

Background: LamellasomesTM (LMS) are multilamellar vesicles of phospholipids and cholesterol,
representative of lamellar bodigs the lung. Their physicehemical properties are suited to
pulmonary delivery for the improvement of lung function. One area of therapeutic interest is cystic
fibrosis (CF), since the CF lung may harbor antibioéisistant bacteria, such as mucoid isaf
Pseudomonas aeruginosa.

Purpose: To improve the pulmonary delivery of nebulized solutions of antibiotics or bacteriephag
by dilution into LMS.

Methods: Saline (control), bacteriophage or antibiotic (colistin, tobramyin) was diluted 1:6 into LMS
and nebulized using either a Pdmdy or eFlow nebulizer (PARI GmbH). The aerosol mass median
aerodynamic diameter (MMAD) was evaluated using a multi stage liquid impinger (MSLI) and
compared to measurements of size by light scattering. Zeta potential wssrattusing a Zetasizer

and structure imaged by transmission electron microscopy (TEM) and confocal laser scanning
microscopy (CLSM). Following nebulization, the lytic activity of bacteriophage from each stage of
the MSLI was examined by plaque assay, antibiotic concentrations were determined indirectly by
inhibition of P. aeruginosa growth.

Results: TEM micrographs showed that LMS is composed of multilamellar vesicles with various
sizes from the sulmicron to several microns. CLSM of labeled LMS arthge showed that the
phage did not partition into the vesicle or lipid lamellae. Small but significant differences between the
MMAD of LMS aerosols generated by the Pboy and eFlow were found (3.3 and 4.1 um
respectively). The zeta potential of LMS sesged in 0.9% saline was betwed® to-70 mV.
Bacteriophage remained stable in LMS since their Iytic activity and deposition were the same as for
resuspension in saline (control). Antibiotics diluted into LMS were predominantly deposited in stages
3-5 ofthe MLSI, compared to stages 1 and 2 when diluted in saline (control).

Conclusion The dilution of antibiotic into LMS rather than saline increased the nebulized drug
fraction deposited into the deep | Bng,Thwist hs ulgegsess
that the surface activity of the LMS facilitates the generation of smaller aerosol droplets during
nebulization, particularly for nebulization using the eFlow.
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Bioprocessing of Bacteriophages via Rapid Dryingrdo Micro -Crystals.
M. Al-fadhet, E. AlvarezGonzalez, C. Wallé
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Abstract- Here we present an alternative phage bioprocess method involving-poecipitation

of an aqueous mixture of phage and a crystallisable carrier (glutamine or glycine). Free
flowing dry powders generated have a phage titre high enough to permit subsequent
formulation steps following bioprocessing. The phageoated microcrystals remain stable
under storage at room temperature for at least one month. We anticipate that this generic
bioprocessing technique will have application to other phage families as requirefbr the
development of phage therapies.

INTRODUCTION

Bacteriophage may providdternative therapies for antibiotic resistant bacterial infectur.
goal is toinvestigate the utility of rapid eprecipitation, immobilization and drying of piga onto
amino acid carriersThe approach draws from the process of generating protein coated microcrystals
(PCMCs).

METHODS

Carrier (glutamine or glycine) and stabilizers (trehalose or albumin) were dissolved in aqueous
phage stock solution. Thisolution was added drepise to excess organic solvent (isopropanol or
isobutanol) while stirring. The immediately formed phagated microcrystals (phagaMC) were
harvested by vacuum filtration. Powders were dried at constant temperature and relatdigy hum
until constant weight. The lytic activity of the phage was examined by plaque assay and powder
morphology imaged by scanning electron microscopy (SEM). Residual water content was
determined by KarFischertitration (KF).

RESULTS AND DISCUSSION

The ativity of the phage powders was found to depend on the type of amino acid carrier, the
presence or absence of stabilizer, the organic solvent and the storage conditions. The stability of the
immobilized phage decreased over time. Nevertheless, the dyitityaof the phageCMC following
one month storage at room temperature was comparable to doses of phage reported in the literature
regarding therapeutic application in man. A relatively high residual water content was shown to arise
from the hygroscopioature of the phage.

SEM micrographs showed that the ph&)dC morphology was dependent on the amino acid
carrier: glutamine generating a thin layer morphology, with glycine generatinglefeied, discrete
spherical aggregates.
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Fig.1. SEM micrographs of dried pha@®C generated from mixing with isopropanol. (A) GIn and 5 % w/w trehalose,
(B) GIn and 5 % w/w BSA, (C) Gly and 5 % w/w trehalose, (D) Gly and 5 % w/w BSA.

CONCLUSION

These results demonstrate a feasible and rapy@ioach for the storage and transport of phage
in the solid state. The method would also allow rapid concentration of phage from dilute solutions.
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ARTICLE INFO ABSTRACT

Article history: Nasal carriage of methicillin-resistant Staphylococcus aureus (MRSA) poses an infection risk and eradica-
Received 30 April 2011 tion during hospitalization is recommended. Bacteriophage therapy may be effective in this scenario but
Received in revised form 1 July 2011 suitable nasal formulations have yet to be developed. Here we show that lyophilization of bacteriophages
Accepted 4 July 2011

in 1 ml of a viscous solution of 1-2% (w/v) hydroxypropyl methylcellulose (HPMC) with/without the addi-
tion of 1% (w/v) mannitol, contained in Eppendorf tubes, yields nasal inserts composed of a highly porous
leaflet-like matrix. Fluorescently labeled bacteriophage were observed to be homogenously distributed

Available online 13 July 2011

g?étvgirg;hage throughout the wafers of the dried matrix. The bacteriophage titer fell 10-fold following lyophilization to
Staphylococcus aureus 102 pfu per insert, then falling a further 100- to 1000-fold over 6 to 12 months storage at 4°C. This com-
Nasal insert pares well with a total dose of 6 x 10° pfu in 0.2 ml liquid applied into the ear during a recent clinical trial
Lyophilization in humans. The residual water content of the lyophilized inserts was reduced upon the addition of man-

nitol to HPMC, but this did not have any correlation to the lytic activity. Mannitol underwent a transition
from its amorphous to crystalline state during exposure of the inserts to increasing relative humidities
(as would be experienced in the nose), although this transition was suppressed by higher HPMC concen-
trations and the presence of buffer containing gelatin and bacteriophages. Our results therefore suggest
that lyophilized inserts harboring bacteriophage selective for S, aureus may be a novel means for the
eradication of MRSA resident in the nose.

Hydroxypropyl methylcellulose

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bacteriophages have long been known to be clinically effec-
tive and safe to use in animals and humans (Weber-Dabrowska
et al., 2000). Their administration commonly involves only simple
solutions for oral or topical administration (Soothill et al., 2004).
Forexample, concurrent bacterial infection including septicemia in
patients was reportedly treated after oral administration of bacte-
riophages three times a day (Weber-Dabrowska et al., 2001, 2003).
Controlled release formulations of bacteriophages have included
the development of microencapsulated bacteriophage Felix O1
for oral delivery using chitosan-alginate-CaCl, systems (Ma et al.,
2008), and polyester microspheres as dry powders for pulmonary
delivery (Puapermpoonsiri et al., 2009). Pulmonary delivery of a
Burkholderia capacia complex (BCC) bacteriophage by nebulization

* Corresponding author. Tel.: +44 0141 548 5755; fax: +44 0141552 6443.
E-mail address: chris.walle@strath.ac.uk (C.F. van der Walle).
! Currentaddress: Faculty of Pharmaceutical Sciences, Ubon Ratchathani Univer-
sity, Ubon Ratchathani 34190, Thailand.

0378-5173/$ — see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.07.006

has demonstrated that bacteriophages can successfully reduce bac-
terial lung infection (Golshahi et al, 2008). However, it is only
recently that a controlled clinical trial has been reported, inves-
tigating the efficacy and safety of bacteriophages in ear drop
preparations for the treatment of antibiotic resistant Pseudomonas
aeruginosa in chronic otitis (Wright et al., 2009).

The current emergence and spread of profoundly antibiotic
resistant pathogens is well documented. Methicillin-resistant
Staphylococcus aureus (MRSA) is a major source of antibiotic resis-
tant infections in hospitals and the community, though nasal
decolonization offers an effective treatment strategy (Critchley,
2006). The nasal cavity is a common route for local and systemic
drug delivery, including poorly bioavailable polar drugs such as
peptides, since the ‘first pass” hepatic metabolism is avoided (Illum,
2003). The nose is highly vascularized and the tight junctions of the
nasal epithelium may be transiently loosened during dehydration
todeliveryvehicles (Arora et al., 2002 ). However, mucociliary trans-
port is rapid, which decreases the residence time to short periods of
less than 30 min (Mygind and Dahl, 1998). It is for this reason that
oligosaccharide bioad hesive polymers are attractive (Henriksen et
al,, 1996; Soane et al., 1999), since their hydration at the mucosa
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