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ABSTRACT

I ■ I ■ H
A progressive interest has arisen for applying biodegradable polymers to the delivery o f  

biotherapeutics. Any polymer that is going to be used in the human body should have 

propensities for high biocompatibility as well as modulated biodegradability. The group o f  

polymers most extensively studied so far in this regard is polyester polymers, like poly 

(lactic acid) (PLA), poly (glycolic acid) (PLGA), and polycaprolactone (PCL), and natural 

polymers like chitosan.

This thesis describes a way to modulate the physicochemical properties o f  

biodegradable nanoparticles by using selected hydrophilic polymers. Poly (ethylene glycol) 

(PEG) was utilised to improve the loading efficiency o f the encapsulated protein antigens as 

well as to modulate their release profiles from PLGA and PCL nanoparticles, whereas poly

pe-(2-hydroxy propyl) methacrylamide] (pHPMA) was employed to modify the surface 

characteristics o f  chitosan/DNA nanoparticles. In addition, both hydrophilic polymers were 

utilised for the covalent attachment o f targeting moieties, so that, the delivery o f the 

encapsulated antigen or DNA plasmid to their targeting site could be improved.

The effect o f PEG on the loading efficiency o f ovalbumin (OVA) in polymeric 

PLGA and PCL nanoparticles prepared by using a modified w/o/w solvent evaporation 

method was investigated. PEG with higher molecular mass improved OVA loading, and also 

OVA release was found to be dependant on the PEG content o f the nanoparticles.

PEG was also employed as an anchor for the two sugars, galactose and mannose to 

PCL nanoparticles encapsulating tetanus toxoid (TT) as vaccine delivery systems. Following 

their intranasal administration, tetanus toxoid loaded PCL-PEG-galactose or PCL-PEG- 

mannose nanoparticles induced IgG antibody titres higher than PCL nanoparticles or free 

tetanus toxoid administered. However, this was not the case following the intramuscular 

administration.

Covalent attachment o f  either the monovalent PEG or the multivalent (pHPMA) to 

chitosan/DNA nanoparticles stabilised the surface o f particles with a stealth-like shield as 

manifested in improvement in resistance to albumin binding. Moreover, the covalent 

attachment o f transferrin as a targeting ligand to pHPMA showed an improved gene 

expression in prostate cancer cell line transfected by chitosan/DNA particles. When tested in 

vivo, pHPMA-coated chitosan/DNA nanoparticles were successful in eliciting an immune 

response.



IN THE NAME OF ALLAH, THE MOST GRACIOUS. 
THE EVER MERCIFUL

"Acquire knowledge: it enables its possessor to distinguish right from the 

wrong, it lights the way to heaven; it is our friend in the desert, our society in 

solitude, our companion when friendless; it guides us to happiness; it sustains us 

in misery; it is an ornament among friends and an armour against enemies."

- Prophet Mohammad (PBUH) (c. 570 -  632)



This thesis is dedicated in its entirety to my beloved father, mother,

wife, and sons (Moustafa & Khaled)...............

This thesis would not have been possible without your love, guidance

and always believing in me



Acknowledgements

■ ■ ■ ■ ■ ■ ■ ■ I
Foremost, I would like to thank the Egyptian government, Ministry of Higher 
Education for awarding me a scholarship for the purpose of this PhD, and Professor
H. Oya Alpar, for giving me the opportunity to undertake this PhD under her 
supervision, guidance, and support and also for giving me the independence to 
explore different ideas.

I would also like to acknowledge Dr Satyanarayana Somavarapu for his advice, 
especially with the animal work. Dr Xiong Wei Li for his valuable help with the 
chitosan work. Dr Martin Read for his help with the cell culture work, and Dr Amr 
Kandil for his sincere help and friendship.

I am very grateful and would like to thank Dr Robert Falconer for his unconditional 
help with the design and synthesis of PEG-galactose and PEG-mannose conjugates. 
Thank you very much.

I would also like to express my gratitude to Keith Barnes for his valued technical 
assistance, Dave McCarthy for SEM and TEM pictures, and Steven Coppard for his 
help with the animal work.

I am grateful to all my colleagues in lab (341), all my CDDR colleagues, and all my 
colleagues in the pharmaceutics department, who made my time at the School of 
Pharmacy, London University so worthwhile and provided me with an unforgettable 
experience.

I will not forget to thank my colleagues and professors at the Faculty of Pharmacy, 
Tanta University, Egypt who encouraged me and provided me with continuous 
support, especially Professor Esmat Zain El-Deen and Dr Mohammed Osman.

Finally, but not last I would like to extend my love and appreciation to my father, my 
mother, my wife, my sons, my brother, my sister and to Dr Ashraf Hussain and his 
family for providing me with so much unconditional help and support. This thesis 
would not have been possible without your love, guidance and always believing in 
me.



Contents

Title Page 1

Abstract 2

Inspiration 3

Dedication 4

Acknowledgements 5

List of contents 6

List of Tables 13

List of Figures 16

List of Abbreviations 26

List of contents

CHAPTER 1: Introduction 28
1. Introduction 29

1.1 Peptides and proteins 29

1.1.1. Mechanisms of instability of protein antigens 29

1.1.1.1 In vitro instability 29

1.1.1.2 Metabolic instability 31

1.1.1.3 Absorption instability 32

1.1.2 Delivery of protein antigens 32
1.1.2.1 Parenteral delivery 32

1.1.2.2 Mucosal delivery 35

1.1.2.2.1 Intranasal (l.N.) immunisation 35

1.1.2.2.2 Structure of the human nasal tissue 36

1.1.2.2.3 Microparticles for intranasal immunisation 40

1.2 Formulation aspects of particulate carriers for antigen delivery 41

1.2.1 Antigen selection 41

1.2.2 Polymer selection 42

1.2.2.1 Poly (lactic acid), poly (glycolic acid), and their copolymers 46

1.2.2.2 Polycaprolactone 47

1.2.3 Formulation techniques 48



1.2.3.1 Solvent evaporation and solvent extraction technique 49

1.2.3.1.1 Single emulsion technique 49

1.2.3.1.2 The double emulsion technique 50

1.2.3.2 Phase separation (coacervation) technique 53

1.2.3.3 Spray drying technique 55

1.2.3.4 Other encapsulation techniques 55

1.3 Target-specific particulate carriers 56

1.3.1 Passive targeting 56

1.3.2 Active targeting 57

1.4 Gene delivery 58

1.4.1 Potential target diseases for gene therapy 58

1.4.2 Gene transfer methods 59

1.4.2.1 Direct injection of naked DNA 59

1.4.2.1.1 Ex vivo gene delivery 59

1.4.2.1.2 In vivo gene delivery 59

1.4.2.2 Viral vectors for DNA delivery 61

1.4.2.3 Non-viral vectors for gene delivery 62

1.4.2.3.1 Cationic lipids 63

1.4.2.3.2 Synthetic polymers 65

1.4.2.3.2.1 Chitosan 66

1.5 The immune system 67

1.5.1 Innate and adaptive immunity 68

1.5.1.1 Types of adaptive immunity 68

1.5.1.2 Specificity of adaptive immune response 69

1.5.2 Cells of the Immune System 71

1.5.2.1 Lymphocytes 71

1.5.2.2 Antigen-presenting cells 72

1.5.2.2.1 Capture of protein antigens by antigen-presenting cells 73

1.5.2.3 Effector cells 75

1.5.3 Tissues of the immune system 75

1.6 Vaccines 76

1.6.1 Passive immunisation 77

1.6.2 Active immunisation 77

1.6.2.1 Live attenuated vaccines 77



1.6.2.2 Killed/inactivated vaccines 78

1.6.2.3 Purified subunit (macromolecular) vaccines 78

1.6.2.4 Conjugate vaccines 79

1.6.2.5 DNA vaccines 79

1.7 Aims and Objectives 81

CHAPTER 2: GENERAL METHODOLOGY 82

2.1. Determination of nanoparticle sizes by photon correlation spectroscopy

(PCS) 83

2.2 Measurement of zeta-potential of nanoparticles 85

2.3 Freeze drying of polymeric particles 87

2.4 Scanning electron microscopy (SEM) for the determination of particle

morphology 87

2.5 Transmission electron microscopy (TEM) for the determination of

morphology and degree of coating of Chitosan nanoparticles 88

2.6 Determination of ovalbumin or tetanus toxoid amount in polymeric

particles by hicinchioninic acid (BCA) protein assay method 88

2.7 Determination of antigen release from polymeric nanoparticles 90

2.8 Determination of polymeric particles hydrophohicity by Rose Bengal

method 90

2.9 Determination of antigen integrity by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) 91

2.10 Agarose gel electrophoresis of DNA 93

2.11 Determination of antibody titres using an Enzyme Linked

Immunosorbent Assay (ELISA) 95

2.12 In vitro cell transfection 97

2.13 Assay for luciferase reporter gene expression 98

2.14 In vivo studies 98

2.15 Statistical Analysis 99

CHAPTER 3: Effect of PEG on the physicochemical properties of PLGA and

PCL nanoparticles 100



3.1. Introduction 101

3.2 Materials and methods 103

3.2.1 Materials 103

3.2.2 Preparation of PLGA nanoparticles 103

3.2.3 Characterisation of nanoparticles 104

3.3 Results and discussion 104

3.3.1 Preparation of PLGA nanoparticles 104

3.3.2 Characterisation of PLGA nanoparticles 106

3.3.2.1 Effect of theoretical loading on the encapsulation efficiency of OVA in 

PLGA nanoparticles 106

3.3.2.2 Influence of PEG on PLGA nanoparticle characteristics 107

3.3.2.2.1 Influence of PEG 2kDa on the size, loading, and zeta-potential of PLGA 

nanoparticles encapsulating OVA 107

3.3.2.2.2 Influence of PEG 8kDa on the size, loading, and zeta-potential of PLGA 

nanoparticles encapsulating OVA 109

3.3.3 Influence of poly (ethylene glycol) on the hydrophohicity of OVA-loaded 

PLGA nanoparticles 112

3.3.4 Integrity of OVA extracted from OVA-loaded PLGA nanoparticles prepared 

using the w/o/w solvent evaporation method 113

3.3.5 Study of in vitro OVA release from PLGA nanoparticles 114

3.3.6 Characterisation of PCL nanoparticles 115

3.3.6.1 Effect of polymer molecular mass on the encapsulation efficiency of OVA in 

PCL nanoparticles 115

3.3.6.2 Effect of OVA theoretical loading on the encapsulation efficiency of OVA in 

PCL nanoparticles 116

3.3.7 Influence of poly (ethylene glycol) on PCL nanoparticle characteristics 117

3.3.7.1 Influence of PEG 2kDa on the size, loading, and zeta-potential of PCL 

nanoparticles encapsulating OVA 117

3.3.7.2 Influence of PEG 8kDa on the size, loading, and zeta-potential of PCL 

nanoparticles encapsulating OVA 119



3.3.8 Influence of poly (ethylene glycol) on the hydrophohicity of OVA-loaded 

PCL nanoparticles 121

3.3.9 Integrity of OVA extracted from OVA-loaded PCL nanoparticles prepared 

using the w/o/w solvent evaporation method 122

3.3.10 Study of in vitro OVA release from PCL nanoparticles 123

3.3.11 Morphology of PCL nanoparticles 125

3.4. Conclusions 127

CHAPTER 4:

Investigation of PCL PEG as a targeted vaccine delivery system 129

4.1 Introduction 130

4.2 Materials and methods 132

4.2.1. Materials 132

4.2.2 Design of PEG-galactose conjugate (PEG-gal) 133

4.2.3. Design of PEG-mannose conjugate (PEG-man) 141

4.2.4 Preparation of TT-loaded nanoparticles using a w/o/w solvent evaporation 

method 145

4.2.5 Characterisation of nanoparticles 145

4.2.6 Immunisation study protocol 146

4.3 Results and discussion 146

4.3.1 Characterisation of TT-loaded polymeric nanoparticles 146

4.3.1.1 Size, surface charge and loading of TT-loaded polymeric nanoparticles 146

4.3.1.2 Morphology of TT encapsulated nanoparticles prepared using the w/o/w 

solvent evaporation method 148

4.3.2 Integrity of TT extracted from nanoparticles prepared using the w/o/w solvent 

evaporation method 149

4.3.3 Investigation of the hydrophohicity of TT-loaded nanoparticles 150

4.3.4 Release of TT from TT-loaded nanoparticles of different polymer 

compositions prepared using the w/o/w solvent evaporation method 151

4.3.5 Immune responses to TT encapsulated in polymeric nanoparticles using the 

w/o/w solvent evaporation method 152

4.3.5.1 Systemic immune response following l.M. administration of TT in various 

nanoparticle formulations 153

10



4.3.5.2 Systemic immune response following l.N. administration of TT in different

nanoparticle formulations 157

4.4 Conclusions 161

CHAPTER 5:

Surface modification of chitosan nanoparticles as a DNA delivery system 163

5.1 Introduction 163

5.2 Materials and methods 167

5.2.1. Materials 167

5.2.2 Preparation of chitosan nanoparticles 167

5.2.3. Preparation of chitosan/DNA nanoparticles 168

5.2.4 Coating of chitosan/DNA nanoparticles with hydrophilic polymers 168

5.2.5 TEM and PCS 169

5.2.6 Agarose gel electrophoresis 169

5.2.7 /« vz/ro cell transfection 169

5.3 Results and discussion 170

5.3.1 Preparation and Characterisation of chitosan particles 170

5.3.2 Investigation of DNA binding to chitosan particles 171

5.3.3 Effect of coating of chitosan/DNA nanoparticles with hydrophilic polymers

on its size and zeta potential 172

5.3.4 Determination of the efficiency of coating of chitosan particles with

hydrophilic polymers 175

5.3.5 Effect of albumin on particle size of chitosan particles 176

5.3.6 7n v/7ro cell transfection 178

5.4 In vivo evaluation of chitosan/DNA nanoparticles-DNA vaccination 180

5.4.1 Design of in vivo study 180

5.4.2 Formulation and administration of the DNA vaccine 182

5.4.3 Results of in vivo study 183

5.5 Conclusions 188

CHAPTER 6: Epilogue 190

6.1 Summary of conclusions drawn from this project 191

6.2 Future directions 193

11



CHAPTER 7: References

List of References 195

12



List of Tables

Table 1.1 Common degradation reactions in protein antigens. 30

Table 1.2 Biodegradable polymers for controlled protein 

delivery. 45

Table 1.3 Examples o f cell-specific receptors. 57

Table 1.4 The effectiveness o f vaccination for some common 

infectious diseases. 77

Table 1.5 Vaccination strategies.

Table 3.1 Design ofpreparation o f PLGA nanoparticles. 104

Table 3.2 Characterisation o f size, loading and zeta-potential 

2 aW 70% m//»

nanoparticles (n=3, Mean ± s.d.). 107

Table 3.3 Influence o f PEG 2kDa on the size, loading, and zeta- 

potential o f 5Vo m/m OVA-loaded PLGA 

nanoparticles (n=3. Mean ± s.d). 108

Table 3.4 Effect o f 10% m/m PEG 2 kDa on the size, loading, 

and zeta-potential o f 2.5, 5, and 10% m/m OVA- 

loaded PLGA nanoparticles (n=3. Mean ± s.d). 108

Table 3.5 Influence o f PEG 8kDa on the size, loading, and zeta- 

potential o f 5%) m/m OVA-loaded PLGA 

nanoparticles (n=3. Mean ±s.d.). 109

13



Table 3.6 Influence o f 10% m/m PEG 8kDa on the size, 

loading, and zeta-potential o f 2.5, 5, and 10% m/m 

OVA-loaded PLGA nanoparticles (n=3. Mean ± s.d). 110

Table 3.7 Characterisation o f size, loading, and zeta-potential 

o f 5% m/m OVA loaded PCL 10, 40, and 80K 

nanoparticles (n=3. Mean ± S.d). 116

Table 3.8 Characterisation o f size, loading and zeta-potential 

o f 2.5%, 5%, and 10% m/m OVA-loaded PCL 

nanoparticles (n=3. Mean ± s.d). 117

Table 3.9 Influence o f PEG 2 kDa on the size, loading, and zeta-

potential o f 5% m/m OVA-loaded PCL 80kDa 

nanoparticles (n=3. Mean ± s.d). 118

Table 3.10 Influence o f 10% m/m PEG 2kDa on the size, 

loading, and zeta-potential o f 2.5, 5, and 10% m/m 

OVA-loaded PCL 80kDa nanoparticles (n=3. Mean ± 

s.d). 118

Table 3.11 Influence o f PEG 8K on the size, loading, and zeta- 

potential o f 5% m/m OVA-loaded PCL 80K 

nanoparticles (n=3. Mean ± s.d). 119

Table 3.12 Influence o f 10% m/m PEG 8kDa on the size, 

loading, and zeta-potential o f 2.5, 5, and 10% m/m 

OVA-loaded PCL 80kDa nanoparticles (n=3. Mean ± 

s.d). 120

Table 4.1 Physical characterisation o f 

nanoparticles. (n=3. Mean ± s.d).

TT-loaded

147

14



Table 5.1 Effect o f coating with PEG on the particle size and

zeta-potential o f chitosan/DNA particles. 172

Table 5.2 Effect o f coating with pHPMA on the particle size

and zeta-potential o f chitosan/DNA particles. 173

Table 5.3 Effect ofAlbumin on size o f Chitosan/DNA Particles. 177

15



List of Figures 

■ ■ ■ ■ ■ ■ ■ ■
Figure 1.1 Cleavage points o f peptides. 31

Figure 1.2 Lateral wall of the nasal cavity. 37

Figure 1.3 Diagram o f the four cell types in nasal epithelium. 37

Figure 1.4 Lymphoid tissue o f Waldeyer ’s ring. 38

Figure 1.5 Schematic transverse section o f a Peyer’s patch 

lymphoid follicle (A) and transport o f particulates 

through M cells present on the overlying follicle- 
associated epithelium (B.). 39

Figure 1.6 Schematic representation o f a local mucosal 
immune response and a systemic immune response 

or tolerance via NALT and nasal mucosa. APC: 

antigen presenting cell; M: microfold epithelial 

cell, PCLN: posterior cervical lymph node; SCLN: 

superior cervical lymph node. 40

Figure 1.7 Different types o f polymers; (a) linear with end 

chain; (b) linear with side chain; (c) branched; (d) 

cross-linked; and (e) dendritic. 43

Figure 1.8 Various types of copolymers. 43

Figure 1.9 Patterns o f polymer degradation. 44

Figure 1.10 Chemical structure o f PLA, PGA, and PLGA. 46

16



Figure 1.11 Polymerisation o f PCL. 48

Figure 1.12 Schematic presentation o f manufacturing

techniques o f Micro/Nanospheres.

50

Figure 1.13 Schematic Presentation o f the double emulsion

technique. 51

Figure 1.14 Schematic presentation o f phase separation

technique. 54

Figure 1.15 Schematic presentation o f a mini spray dryer and

main process parameters influencing microparticle 

properties. 54

Figure 1.16 Schematic outline o f ex vivo gene therapy strategy. 60

Figure 1.17 Schematic outline o f in vivo gene therapy strategy. 60

Figure 1.18 Schematic diagram o f the cell-entry pathway o f

adenoviruses. 62

Figure 1.19 Schematic presentation o f cell-entry pathway o f

DNA/liposome complex. 64

Figure 1.20 Schematic presentation o f cell-entry pathway o f

polymer/DNA complex. 66

Figure 1.21 Chemical structure o f chitosan (R=H or C0CH3)

and chitin (R=COCH3). 67

Figure 1.22 The principal mechanisms o f innate and adaptive

immunity. 68

17



Figure 1.23 Types o f adaptive immunity. 69

Figure 1.24 Specificity and memory in adaptive immunity. 70

Figure 1.25 Classes o f lymphocytes. 72

Figure 1.26 The capture and display o f microbial antigens. 74

Figure 1.27 Types o f the lymphoid organs. 76

Figure 2.1 Schematic presentation o f PCS measurement. 84

Figure 2.2 Schematic presentation o f the changes in potential

with distance from the particle surface. 86

Figure 2.3 Schematic presentation o f zeta potential

measurement. 87

Figure 2.4 Chemical reactions involved in BCA protein assay. 89

Figure 2.5 Ovalbumin standard curve. 90

Figure 2.6. Effect o f SDS on protein. 93

Figure 2.7 Migration o f DNA towards the positive pole o f an

electric potential. 94

Figure 2.8 Principle o f ELISA. 95

Figure 3.1 SEM o f PLGA nanoparticles. 105

Figure 3.2 SEM o f PLGA nanoparticles obtained by using 2%

sucrose in the external aqueous phase. 105

18



Figure 3 3  SEM o f nanoparticles obtained by using lower 

centrifugation speed. 106

Figure 3,4 Effect o f PEG molecular mass on the encapsulation

efficiency o f 5%m/m OVA in PLGA nanoparticles. I l l

Figure 3 3  Effect o f 10% m/m PEG on the encapsulation 

efficiency o f OVA in PLGA nanoparticles at 

different theoretical loadings. I l l

Figure 3.6 Effect o f PEG on the hydrophohicity o f PLGA 

nanoparticles. 112

Figure 3.7 SDS-PAGE analysis o f OVA samples extracted 
from PLGA nanoparticles theoretically loaded with 
5% m/m OVA. 113

Figure 3.8 Effect o f PEG on the cumulative OVA release (%) 

from 5% theoretically loaded PLGA nanoparticles. 114

Figure 3.9 Effect o f PEG molecular mass on the encapsulation 

efficiency o f 5%m/m OVA in PCL SOkDa 

nanoparticles. 121

Figure 3.10 Effect o f 10% m/m PEG on the encapsulation 

efficiency o f OVA in PCL 80K nanoparticles at 

different theoretical loadings.

121

Figure 3.11 Effect o f PEG on the hydrophohicity o f PCL SOkDa

nanoparticles. 122

Figure 3.12 SDS-PAGE analysis o f OVA samples extracted

19



from PCL nanoparticles theoretically loaded with 

5% m/m OVA. 123

Figure 3.13 Effect o f PCL molecular mass on OVA release from 

5% m/m OVA-loaded nanoparticles over 28 days. 124

Effect o f PEG on the cumulative OVA release (%) 
Figure 3.14 from 5% theoretically loaded PCL SOkDa 

nanoparticles. 125

Figure 3.15 SEM o f PCL SOkDa, bar=2pm. 126

Figure 3.16 SEM o f PCL SOkDa with 10% m/m PEG 2kDa, 

bar=2pm. 126

Figure 3.17 SEM o f PCL SOkDa, with 10% m/m PEG SkDa, 

bar=2pm. 127

Figure 4.1 Chemical structure o f [(2,3,4,6-tetra-o-acetyl)-/3-D-

galactopyranosyl-isothiocyanate]. 133

Figure 4.2 FT HI NMR spectrum o f m-PEG-NH2. 135

Figure 4.3 FTH^ NMR spectrum o f (acetylated PEG-gal). 136

Figure 4.4 Mass spectrum o f m-PEG-NH2. 137

Figure 4.5 Mass spectrum o f PEG-gal. 13S

20



Figure 4,6 Mass spectrum o f m~PEG~NH2 (BP=5505.6). 139

Figure 4.7 Mass spectrum o f PEG-gal (BP=5641.7). 140

Figure 4.8 FT NMR spectrum o f (acetylated PEG-man). 142

Figure 4.9 Mass spectrum o f PEG-man (BP=2618.5). 143

Figure 4.10 Mass spectrum o f PEG-man (BP=5759.25). 144

Figure 4.11 SEM o f PCL nanoparticles. 148

Figure 4.12 SEM o f PCL-PEG nanoparticles. 148

Figure 4.13 SEM o f PCL-PEG-gal. 149

Figure 4.14 SEM o f PCL-PEG-man. 149

Figure 4.15 SDS-PAGE analysis o f TT samples extracted from

PCL nanoparticles. 150

Figure 4.16 Hydrophohicity o f TT-loaded nanoparticles. 151

Figure 4.17 Release ofTTfrom PCL nanoparticles. 152

Figure 4.18 TT specific serum IgG antibody titres after 4, 8,

and 12 weeks following l.M. administration o f 5LF 

TT in polymeric PCL, PCL-PEG, PCL-PEG-gal, 

and PCL-PEG-man nanoparticles or as free TT. 154

Figure 4.19 TT specific serum IgG antibody determined 1 week,

day 91, following l.M. boosting with 5LF TT in

21



polymeric nanoparticles or free IT  on day 84 o f  

primary l.M. immunised mice. 159

Figure 4.20 TT specific serum IgG2a antibody titres 84 days 

following l.M. initial administration o f 5LF TT in 

polymeric PCL, PCL-PEG, PCL-PEG-gal, and 

PCL-PEG-man nanoparticles or as free TT, and 

after 1 week, day 91, following l.M. boosting with 

5LF TT in polymeric nanoparticles or free TT on 

day 84 o f primary l.M. immunised mice. 157

Figure 4.21 TT specific serum IgQ antibody titres after 4, 8, 

and 12 weeks following l.N. administration o f 5LF 

TT in polymeric PCL, PCL-PEG, PCL-PEG-gal, 

and PCL-PEG-man nanoparticles or as free TT. 158

Figure 4.22 TT specific serum IgG antibody determined 1 week, 

day 91, following l.N. boosting with 5LF TT in 

polymeric nanoparticles or free TT on day 84 o f  

primary l.N. immunised mice (n=3. Mean ± s.d). 160

Figure 4.23 TT specific serum IgG2a antibody titres 84 days

following l.N. initial administration o f 5LF TT in 

polymeric PCL, PCL-PEG, PCL-PEG-gal, and 

PCL-PEG-man nanoparticles or as free TT, and 

after 1 week, day 91, following l.N. boosting with 

5LF TT in polymeric nanoparticles or free TT on 

day 84 o f primary l.N. immunised mice.

Figure 5.1 Stealth-like properties o f PEG and pHPMA-coated
particles.

Figure 5.2 Schematic presentation o f the design o f targeted

polymer-coated particles.

160

165

165

22



Figure 5,3 Schematic presentation o f the difference between 

lateral and steric attachment o f the polymer to 

particles: A- Steric and B- Lateral. 166

Figure 5,4 TEM o f chitosan particles. 170

Figure 5,5 Agarose gel electrophoresis o f chitosan particles 

coupling plasmid DNA pGLS at different weight 

ratios. 171

Figure 5,6 TEM o f PEG-coated chitosan/DNA particles. 173

Figure 5,7 TEM o f pHPMA-coated chitosan/DNA particles. 174

Figure 5,8 TEM o f transferrin-attached chitosan/DNA 

particles.

174

Figure 5,9 TNBS determination o f reacted amine groups on 

the surface o f PEG-coated chitosan/DNA 

nanoparticles.

175

Figure 5,10 TNBS determination o f reacted amine groups on 

the surface o f pHPMA-coated chitosan/DNA 

nanoparticles. 176

Figure 5,11 Resistance o f chitosan/DNA nanoparticles to 

polyelectrolyte exchange reactions. 178

Figure 5,12 Comparison o f the transfection activity o f 

untargeted pHPMA-coated and uncoated 

chitosan/DNA particles with transferrin-attached 

pHPMA-coated particles. 180

23



Figure 5.13 pCMV-S plasmid encoding the hepatitis B surface 

antigen. 181

Figure 5.14 Hepatitis B surface antigen specific serum IgG 

antibody titres after 2 weeks following S.C. 

administration o f 50pg o f plasmid DNA either as 

naked DNA, or formulated as chitosan/DNA or 

pHPMA-coated chitosan/DNA nanoparticles. 183

Figure 5.15 Hepatitis B surface antigen specific serum IgG 

antibody titres after 2 weeks (Week 6) following 

S.C. administration o f a booster dose o f 50pg o f 

plasmid DNA either as naked DNA, or formulated 

as chitosan/DNA or pHPMA-coated chitosan/DNA 

nanoparticles. 184

Figure 5.16 Hepatitis B surface antigen specific serum IgQ 

antibody titres after 2 weeks (Week 10) following 

S.C. administration o f a second booster dose o f 

50pg o f plasmid DNA either as naked DNA, or 

formulated as chitosan/DNA or pHPMA-coated 

chitosan/DNA nanoparticles. 185

Figure 5.17 Hepatitis B surface antigen specific serum IgG 

antibody titres 2 weeks (Week 2) following IN. 

administration o f 50pg o f plasmid DNA either as 

naked DNA, or formulated as chitosan/DNA or 

pHPMA-coated chitosan/DNA nanoparticles, and 

after 2 weeks (Week 6, and Week 10) following IN. 

administration o f two booster doses o f 50pg o f 

plasmid DNA on the 4*̂  and 8̂  ̂weeks respectively. 186

24



Fig 5,18 Hepatitis B surface antigen specific serum IgG2a 

antibody titres 2 weeks (Week 10) following I N  

and S. C. administration o f the final dose. 186

25



■ ■
List of abbreviations

m m m m m m g : ^

APC Antigen presenting cells

BALT Bronchial-associated lymphoid tissue

EGA Bicinchoninic acid

BSA Bovine serum albumin

CMI Cell mediated immunity

DCM Dichloromethane

DMEM Dulbecco’s Modified Eagles Medium

DNA Deoxyribonucleic acid

DT Diphtheria toxin

EDTA Ethylenediaminetetraacetic acid

ELISA Enzyme linked immunosorbent assay

Et Br Ethidium bromide

GATT Gut-associated lymphoid tissue

GIT Gastrointestinal tract

H2O2 Hydrogen peroxide

HBV Hepatitis B virus

HEPES 4-(2-hydroxyethyl)-1 -piperazineethanesulIonic acid

HIV Human immunodeficiency virus

IFN-y Interferon gamma

IgA Immunoglobulin A

IgD Immunoglobulin D

IgE Immunoglobulin E

IgG Immunoglobulin G

IgM Immunoglobulin M

I.M. Intramuscular

I.N. Intranasal

pi Microlitre

Pg Microgram

MALT Mucosal-associated lymphoid tissue

mg Milligram

MHC Major histocompatability complex

26



m/m Mass per mass

M/NP Microparticles and/or nanoparticles

MPS Mononuclear phagocytic system

MS Mass spectrometry

m/v Mass per volume

Mw Molecular weight

MWCO Molecular weight cut off

NALT Nasal-associated lymphoid tissue

NMR Nuclear Magnetic Resonance

OVA Ovalbumin

PBS Phosphate buffered saline

PCS Photon Correlation Spectroscopy

PCL Poly-(e-caprolactone)

PEG Polyethylene glycol

pHPMA poly-[N-(2-hydroxypropyl) methacrylamide]

PGA Poly-(glycolic acid)

PLGA Poly-(lactide-co-glycolide acid)

PLA Poly-(lactic acid)

PP Peyers patches

PSTP Pentasodium tripolyphosphate

PVA Polyvinyl alcohol

PVP Polyvinyl pyrrolidone

rpm Rotations per minute

S.C. Subcutaneous

S.d. Standard deviation

SEM Scanning electron microscopy

TAE Tris-acetate EDTA

TE Tris-EDTA

TEM Transmission Electron Microscopy

TOP Time of flight

TT Tetanus toxoid

w/o/w Water in oil in water
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Chapter 1. Introduction

1- Introduction

The term biotherapeutics may be used to indicate the molecules being 

discovered and studied through the development of biotechnology and molecular 

biology. Currently, research is focused mainly on two areas: peptides and proteins 

and nucleic acid therapies. There are many problems associated with the successful 

delivery and targeting of biotherapeutics and these will be discussed briefly below 

(Hillery, 2001).

1.1 Peptides and proteins

There is a wide variety of peptide and protein therapeutics including 

hormones, enzymes, biological response modifiers, growth factors, monoclonal 

antibodies and vaccines, the latter of which represents the major subject of my study.

As a result of the significant developments in the biotechnology and 

molecular biology fields, these substances are currently available in large quantities 

of pure and potent forms. However, there are many obstacles for their successful 

delivery (Couvreur & Puisieux, 1993; Talmadge, 1993).

1.1.1 Mechanisms of instability of protein antigens

1.1.1.1 In vitro instability

Compared to low-molecular-weight drugs or organic molecules, protein 

antigens have a complex physicochemical nature, which complicates their stability 

analysis. Whether encapsulated or not, protein antigens can become unstable due to a 

variety of chemical and/or physical instability mechanisms, as outlined in table 1 (Fu 

et a l, 2000; Jiang et a l, 2005) .

Chemical processes involve the formation or cleavage of bonds, resulting in a 

new chemical entity and altered primary structure, such as hydrolysis, deamination, 

racémisation, oxidation and deprotonation.

Physical instability refers to the changes in the higher-order structure 

(secondary and above), involving dénaturation (protein unfolding), aggregation 

and/or adsorption. Moreover, both physical and chemical processes can be
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interrelated; for example, protein unfolding can accelerate destabilising chemical 

reactions or vice versa. Among all these processes, unfolding, aggregation, 

hydrolysis, oxidation and deamination are the most common degradation pathways 

(Costantino et a l, 1994; Manning et a l, 1989).

Instability Reaction Affected protein moiety Comment

Deamination Asparagine and glutamine 
residues

May or may not influence 
Conformational epitopes

Peptide bond hydrolysis Primarily at aspartic 
residues

Commonly observed in 
PLGA displaying 

microclimate acidity

P-Elimination Cystine residues Can produce free thiol and 
aggregation by disulfide 

bond reshuffling
Disulfide bond reshuffling Cystine residues Catalyzed by trace levels 

of thiols

Oxidation Cysteine and 
methionine residues

Does not usually affect 
antigenicity

Cross-linking Lysine residues Transamidation 
uncommon under mild 

stress conditions
Thiol-disulfide

exchange
Cystine and cysteine 

residues
Important for antigens 

possessing both reactive 
amino acids

Aggregation Whole protein molecule Often delineated by 
solubilization in various 
thiol/denaturing solvents

Intramolecular
conformational

scrambling

Whole protein molecule Changes in conformation 
often affect B-cell 

epitopes

Table 1.1
Common degradation reactions in protein antigens. (Jiang et a l, 2005).

Over the past 10 years, there has been one additional mechanism of 

instability added to those described above. In assessing the stability of tetanus toxoid
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(TT) in the solid state, a formaldehyde-mediated aggregation pathway (FMAP) 

unique to formaldehyde-treated protein antigens was proposed. The FMAP was later 

proven to be a dominant mechanism of instability for formaldehyde-treated antigens 

in both the solid state and in PLGA microspheres (Jiang & Schwendeman, 2000; 

Jiang & Schwendeman, 2001).

1.1.1.2 Metabolic instability

Stability problems also manifest in vivo. Protein antigens are subject to 

degradation by numerous enzymes or enzyme systems throughout the body. 

Degradation involves hydrolytic cleavage of peptide bonds by proteases (Figure 1.1).

E n d o p c p i  d a s e s

H H O  H H H H H O
\  I II I I I  I I II

N — C — G — N — (., —- C — N — C — Cy — N — G — C
/ I  I I II I II I

H R  H R O R O R

Cxopcptid.-jsG

Figure 1.1
Cleavage points of peptides (Hillery, 2001).

Examples include endopeptidases, e.g. enkephalinase and cathepsin B, which 

act mainly on large peptides by cleaving internal peptide bonds. There are also 

exopeptidases, e.g. aminopeptidases, carboxypeptidases and dipeptidyl peptidases, 

which cleave peptides and proteins at their N and C termini.

Enzymatic degradation of peptides and proteins is characterised by some 

important features. Proteases and other proteolytic enzymes are widely distributed all 

over the body, and as a result, destruction of the biological activity of a protein can 

occur after the degradation of even a single bond in it. Also, several bonds are 

usually susceptible to enzyme attack, and each peptide bond may be degraded by a 

range of enzymes.
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Degradation usually occurs at the site of administration but is possible in 

every anatomical region en route to the target receptor. The enzymatic barrier of the 

gastrointestinal tract (GIT) is probably the most significant obstacle to the successful 

oral delivery of therapeutic peptides and proteins. On the other hand, much less is 

known about the nature of the enzymatic barrier in alternative routes such as the 

buccal, nasal, pulmonary, dermal and vaginal routes. However, the proteolytic 

activity in various mucosal tissues can be determined by incubating a peptide or 

protein in epithelial tissue homogenates (Brayden & O'Mahony, 1998; Lee & 

Yamamoto, 1989; Smith et a l, 1992).

1.1.13 Absorption instability

Instability of peptides and proteins during the absorption phase arise from 

both the enzymatic degradation described above and the physical barrier properties 

of the epithelium, such as its hydrophobic membranes and tight junctions. Moreover, 

the physicochemical properties of peptide and protein drugs generally make them 

unsuitable for absorption by different absorption routes and mechanisms (Hillery, 

2001).

1.1.2 Delivery of protein antigens

1.1.2.1 Parenteral delivery

Most protein pharmaceuticals, including antigens, are delivered by invasive 

routes such as subcutaneous (S.C.) and intramuscular (I.M.) injections. However, 

these conventional dosage forms have a short duration of action, and as a result, their 

effect can not be extended for more than one day. Consequently, a multiple dose 

regimen is needed which may result in patient incompliance. Moreover, the repeated 

administration in hospitals results in increased medical costs (Cleland, 1997).

In order to reduce the frequency of injection for protein parenterals, the 

protein can be embedded or encapsulated within a polymeric matrix. Depending on 

the properties of both the matrix and the protein itself, as well as the physiology of 

the injection site, the release of the protein from the injection site after administration 

can be controlled.

32



Chapter 1. Introduction

The use of polymeric matrices for protein delivery has the following advantages:

1- Reduction of the number of injections since a sustained blood level of the 

protein could be achieved by its constant release from the polymer;

2- Localized delivery of the protein pharmaceutical which is advantageous for 

some cancer therapies and vaccines as the delivery of a high dose at the target 

site would increase the efficacy of the drug and potentially reduce its toxicity;

3- Protection of the entrapped proteins against degradation in vivo because there 

will be a barrier between cells or proteases in the surrounding tissues and the 

protein until it is released from the polymer matrix; and

4- The polymeric matrix may also stabilise labile compounds that are rapidly 

degraded or cleared in vivo (Cleland et a l, 1993; Cleland et a l, 1994; 

Cleland, 1997).

Parenteral immunization using polymeric controlled release technology was first 

shown to be effective in 1979 when (Preis & Langer, 1979)entrapped bovine serum 

albumin (BSA) in a nondegradable ethylene-vinyl acetate copolymer matrix and 

induced an antibody response in mice for more than 6 months.

In order to develop a more convenient method for immunising humans, 

biodegradable polymeric micro/nanoparticles (M/NPs) have been developed. 

Generally, M/NPs can be classified according to their size into microcapsules (1- 

100pm), microspheres (200nm-30pm), nanocapsules (50-200 nm), and nanospheres 

(25-200 nm). Micro/nanocapsules can be defined as vesicular systems composed of a 

polymer membrane surrounding a cavity in which the drug is confined, whereas 

micro/nanospheres can be defined as polymer matrix systems in which the drug is 

physically and uniformly dispersed (Soppimath et a l, 2001; Langer, 2000). Particles 

less than 100 pm in diameter can be easily administered by injection through 

standard-sized needles.

For a sustained, high-level humoral immune response from a single-dose 

vaccine formulation, particles greater than 10 pm in diameter are required because 

they are capable of long-term existence at the injection site, and hence, long-term 

delivery of the antigen. However, particles smaller than 10 pm in diameter are 

readily phagocytosed by macrophages leading to direct intracellular delivery of 

antigen to antigen presenting cells (APC’s) which play a fundamental role in the 

production of T-cell dependant humoral immunity (Eldridge et a l, 1989; Tabata & 

Ikada, 1989). Another way to increase microsphere phagocytosis by macrophages is
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by altering their surface characteristics. Microspheres with hydrophobic surfaces are 

generally more readily phagocytosed than those with hydrophilic surfaces (Tabata & 

Ikada, 1989; Tabata & Ikada, 1990).

Small microspheres, which are phagocytosed by macrophages, and large 

microspheres which are not phagocytosed, have different antigen release kinetics in 

vivo. It was suggested that the ideal vaccine release pattern should mimic the antigen 

concentration profile shown during an infection course, namely a high antigen 

concentration within a few days followed by a period of delivering decreasing 

amounts of antigen (Ada, 1991).The initial high load of antigen is expected to 

influence the extent of memory T-cell formation, while the subsequent steady 

decrease in antigen load is expected to enhance the development of antibody affinity 

maturation. Consequently, the delivery system of choice for a single-injection 

vaccine could be a pulsatile system, which is characterized by discrete bursts of 

antigen, followed by a period of decreasing rates of antigen release. However, it is 

also suggested that a constant release pattern is suitable for vaccine delivery (Alonso 

et a l , 1993 ; Alonso et a l , 1994) .

As mentioned before, one of the advantages of using polymer microspheres 

for vaccine delivery is the ability to control the release pattern of the antigen 

following its administration. This allows the production of a single-injection 

formulation where multiple “pulses” of vaccine can be released at predetermined 

times following its administration (Eldridge et a l, 1992). There are many variables 

controlling antigen release kinetics from polymer microspheres, e.g. polymer 

composition and molecular weight, vaccine loading and microsphere size (Hanes et 

al, 1995; Lewis, 1990). In fact, countless antigen release profiles may be obtained 

by using combinations of:

1- Microspheres of different sizes and vaccine loadings;

2- Polymers of different compositions and molecular weights;

3- Monolithic and reservoir-type microspheres; and

4- Microspheres made from completely different polymers

Although currently there are only a small number of commercially available 

products that utilise this technology (e.g., Lupron Depot® ), these polymers have 

great utility for the controlled release of several proteins and drugs like vaccines 

(Alpar et a l, 2001; Johansen et a l, 1999b), hormones (Okada, 1997; Toshiro et a l.
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1991), insulin (Carino & Mathiowitz, 1999; Carino et a l, 2000), and anti-tumour 

agents (Gulyaev et a l, 1999).

Examples of vaccines encapsulated in polymer matrices include Group B 

Streptococcus (GBS ) (Hunter et a l, 2001), TT (Jung et a l, 2002), Japanese 

encephalitis virus (JEV) (Khang et a l, 1999), Diphtheria toxoid (DT) (Johansen et 

al, 1999a), and vibrio cholera (VC) (Yeh et a l, 2002).

1.1.2.2 Mucosal delivery

The mucosal surfaces, including the lung, nose, vagina, and lining of the 

GIT, are the site of entry of most pathogens into the body. For this reason, induction 

of high titres of secretory IgA (sIgA) is important for protection against many 

infections, and this can be achieved by immunisation via mucosal surfaces rather 

than through the parentral route (Hanes, 1997). For this reason, mucosal 

immunisation is the most effective approach for induction of long-term 

immunological memory at sites of entry for most pathogens. Moreover, mucosal 

immunisation is able to induce both local and systemic immunity. Other advantages 

of mucosal immunisation over parentral route include the elimination of the problem 

of infection due to the re-use of infected needles, especially in developing countries 

(Nossal, 2000). Furthermore, many researchers showed that vaccine administration 

at one site induced immunity at several distant mucosal sites. This can be attributed 

to the presence of a common mucosal immune system based on the mucosal- 

associated lymphoid tissue (MALT) with different forms, e.g. gut-associated 

lymphoid tissue (GALT), bronchus-associated lymphoid tissue (BALT), and nasal 

associated lymphoid tissue (NALT) (Kuper et a l, 1992; Alpar et a l, 1994; Almeida 

& Alpar, 1996).

1.1.2.2.1 Intranasal (I.N.) immunisation

As compared to other available mucosal sites like oral, pulmonary, vaginal 

and rectal sites, the nasal route provides many advantages. The nose is a practical 

site, like the mouth, for easy self-administration of vaccines. However, due to the 

fact that I.N. immunisation does not expose antigens to low pH and digestive 

enzymes like the oral route, only small doses of antigens are required, which is
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especially advantageous in case of using many of the costly recombinant antigens 

(Vajdy & O’Hagan, 2001).

In addition, I.N. immunisation has been found to induce potent responses 

both in the respiratory and the genital tracts as a result of the common mucosal 

immune system (McGhee et a l, 1999). This beneficial finding eliminates the need 

for delivery to the lower lung which is more difficult, requires sophisticated 

technology, and is potentially hazardous to health. Also, with regard to immunisation 

of the genital tract, I.N. immunisation is more convenient and acceptable, and 

induces stronger local and systemic responses.

So far, nasal delivery has been proven to be the most effective non-invasive 

alternative route for the delivery of peptides, polypeptides, and antisense DNA , with 

nasal sprays of desmopressin, oxytocin and calcitonin commercially available 

(Lansley & Martin, 2001).

1.1.2.2.2 Structure of the human nasal tissue

The nasal cavity extends 12-14 cm, from the nostrils to the nasopharynx 

(throat), and is divided in two, laterally, by the nasal septum. The nasal vestibule has 

the smallest cross-sectional area in the respiratory tract (approximately 0.3 cm  ̂ on 

each side) and extends from the entrance of the nostrils, which are guarded by 

vibrissae (hairs), to the anterior ends of the inferior turbinate (Figure 1.2).

The lining of the vestibule changes from skin at the entrance, to squamous 

epithelium and then to ciliated columnar secretory epithelium at the turbinates. The 

area from the anterior ends of the turbinates to the anterior portion of the 

nasopharynx constitutes the main nasal passage. Here the walls of the nasal septum 

are folded to create the turbinates and meatuses (air spaces). The narrow width of the 

meatuses (0.5-1.0 mm) helps to maintain contact between the air stream and the 

epithelium lining the nasal passage. The olfactory region of the nose is located 

towards the roof of the nasal cavity and is lined with non-ciliated neuro-epithelium. 

The remainder of the main nasal passage is lined with pseudostratified colunmar 

secretory epithelium consisting of basal cells, goblet cells and columnar cells which 

may be dilated or unciliated (Figure 1.3). Microvilli are found on the columnar cells 

which increase the surface area available for absorption (Lansley & Martin, 2001; 

Ugwoke et a l, 2001).
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Figure 1.2
Lateral wall o f  the nasal cavity. A: nasal vestibule, B: inferior turbinate, C: middle 
turbinate, D: superior turbinate, hatched area: the olfactory region (Lansley & 
Martin, 2001).
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Figure 1.3
Diagram o f  the four cell types in nasal epithelium. A: ciliated cell, B: non-ciliated  
cell, C: goblet cell, D: gel-m ucus layer, E: sol layer, F: basal cell, and G: basement 
membrane (U gw oke et a l ,  2001).
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Lymphoid tissues in the human pharynx are known as W aldeyer’s ring 

(Figure 1.4) and consists o f  the nasopharyngeal tonsil (adenoid), the pair o f  tubal 

tonsils, the pair o f  palatine tonsils and the lingual tonsil (Perry & W hyte, 1998). 

Aggregates o f  lymphoid cells are found on the tonsils similar to the Peyer’s patches 

in the intestine (Gebert & Pabst, 1999).

Adenoid

\

Tubal
tonsil

Palatine
tonsil

Lingual tonsil

Figure 1.4
Lymphoid tissue o f  W aldeyer’s ring (Perry & W hyte, 1998).

Fujimura, (2000) exam ined human adenoid tissue and reported that M cells  

were found and that they were similar to those found in the Peyer’s patches in terms 

o f  ultrastructure and functionality. Figure 1.5 is a diagrammatic representation 

show ing a cross-section o f  the Peyer’s patches o f  the gastrointestinal tract 

highlighting the presence o f  M cells as part o f  the follicle-associated epithelia (FAE) 

(Clark et a i ,  2001).

In addition to the lymphoid structures o f  W aldeyer’s ring, N A L T  was found  

throughout the nasal mucosa. Debertin et a i ,  (2003) also observed that lymphoid  

fo llicles were in som e instances found in clusters resem bling those found in the 

Peyer’s patches in the intestine. N A LT was mainly situated in the m iddle turbinate 

(26.4 %) and the upper nasal cavity (30.1 %). The authors also suggested that there is
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good evidence that N A L T  occurs in aggregates in tonsils as w ell as being dispersed  

throughout other nasal areas and so is a potential target for m ucosal vaccine delivery.

villi vilfi

follicle-associated  
epithelium

d om e area

crypts
lioiiicig ' \

to lymphatic 
v esse ls

particulate delivery  
vehicles

er.terocyte

,10^
I IU iJ V I '
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B
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cropha

( ^ 1
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Figure 1.5
Schematic transverse section o f  a Peyer’s patch lym phoid fo llicle (A ) and transport 
o f  particulates through M cells present on the overlying follicle-associated  
epithelium (B) (Clark et a l ,  2001).

Kuper and colleagues reviewed the uptake o f  nasally presented antigens 

(Kuper et a l ,  1992). Particulate antigens escaping the m ucociliary system  are mainly 

‘sam pled’ by the M cells and presented to the underlying immune cells. Thereafter, 

the destination o f  the antigen lies predominantly to the posterior cervical lymph
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nodes. Soluble antigens however, w ill be exposed to both intraepithélial and 

subm ucosal immune cells after general transcellular/paracellular passage through the 

nasal epithelium. The immune cells then migrate to the superficial cervical lymph  

nodes and on to the posterior cervical lymph nodes (figure 1.6). Processing at the 

posterior cervical lymph node activates a secretory m ucosal immune response 

whereas processing at the superficial cervical lymph nodes elicits a system ic immune 

response (Kuper et a i ,  1992).
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Figure 1.6
Schematic representation o f  a local mucosal immune response and a system ic 
immune response or tolerance via N A L T  and nasal mucosa. AFC: antigen presenting 
cell; M: microfold epithelial cell, PCLN: posterior cervical lymph node; SCLN: 
superior cervical lymph node (Kuper et a l ,  1992).

1.1.2.2.3 Microparticles for intranasal immunisation

The nasal m ucosa has been exam ined as a potential route o f  immunisation  

with biodegradable M /NPs. Nasal immunisation studies carried out by several 

research groups suggest that the use o f  a respiratory m ucosal delivery route can 

protect from som e infections (Eldridge et a l ,  1993). It has been found that nasal 

administration o f  tetanus toxoid adsorbed onto (A lm eida et a l ,  1993) or 

encapsulated in (Eyles et  a l ,  1999) PLA microspheres enhanced the immune 

response to the antigen as compared to the free toxoid. The group treated with the
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adsorbed TT showed an immediate increase in systemic IgG titre, while the free 

antigen produced an immune response similar to that found in non-treated animals. 

In another study, three different routes (intranasal, oral and intramuscular) were 

compared for the relative immunisation efficiency by TT encapsulated in PLA 

microspheres. It has been found that the intranasal administration induced better 

systemic and local immune responses than those obtained with oral immunisation 

(Almeida & Alpar, 1997).

Also, I.N. administration of TT encapsulated in water-soluble alginate- 

polyphosphazene microspheres showed a strong and long-lasting IgG titre whereas 

the soluble antigen failed to produce any immune response (Payne et a l, 1997).

Moreover, Human parainfluenza type 3 virus loaded into PLGA 

microspheres and given intranasaly to mice produced specific protective antibody 

responses (Ray et a l, 1993). In conclusion, intranasal immunisation appears to be a 

potential route to achieve a comprehensive immune response (Wu & Russell, 1993).

1.2 Formulation aspects of particulate carriers for antigen delivery

The design of a vaccine delivery system allowing the controlled release of 

antigens over predefined periods of time is a complex problem for which no general 

guidelines exist. The successful development of controlled release M/NPs 

encapsulating protein antigens depends on the accurate selection of three basic 

components: antigen, polymer, and manufacturing technique. Each individual 

component must be considered in conjunction with others since they are all 

interrelated (Cleland, 1997).

1.2.1 Antigen selection

Most established vaccines of bacterial or viral origin are complex mixtures of 

proteins, and this presents an enormous challenge for the characterisation of protein- 

polymer interactions. Protein-polymer interactions are necessary for many reasons;

1- Determination of the compatibility between the antigen and the drug 

delivery systems,

2- Determination of the release mechanism of the antigen under in vitro and 

in vivo conditions.
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3- Characterisation of antigen stability and shelf-life of the vaccine delivery

system.

For these reasons, it is preferable to use well- defined proteins and peptides, 

e.g. from recombinant technology, to assess the feasibility of a vaccine delivery 

systems (Kissel et a l, 1997).

1.2.2. Polymer selection

Polymers can be defined as macromolecules consisting of multiple repeating 

units, called monomers, linked together usually by covalent linkages. Polymers 

containing reactive end-groups, which allow for further chemical modification, are 

called telechelic polymers.

Polymers can be classified according to the way in which their monomers are 

linked into linear, branched or three-dimensional cross-linked networks (Figure 1.7). 

A linear polymer has no branching, e.g. poly ethylene glycol (PEG). Linear polymers 

can have pendent group associated with them, e.g. N-(2-hydroxypropyl) 

methacrylamide (HPMA) copolymers. Branched polymers are those in which the 

molecules have been formed by branching. A dendrimer is a polymer with a high 

degree of three-dimensional tree-like branching starting from a core (Kumar et al., 

2001).

Another way to classify polymers is based on the constituents of the chain. A 

polymer prepared from a single monomer is called a homopolymer, while a 

copolymer is formed from two or more types of monomers. Copolymers can be 

classified into different types according to the arrangement of their monomers. The 

monomeric units may be randomly distributed (random copolymer), in an alternating 

manner (alternating copolymer) or in blocks (block copolymer). A graft copolymer 

consists of one polymer grafted to the backbone of the other. Using A and B to 

denote the two different monomers, figure 1.8 shows different types of copolymers 

(Kumar et a l, 2001).
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Figure 1.7
Different types o f  polymers: (a) linear with end chain; (b) linear with side chain; (c) 
branched; (d) cross-linked; and (e) dendritic (Mahato, 2005).
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Figure 1.8
Various types o f  copolym ers (Kumar et a i ,  2001).
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The key point for successful delivery o f  protein antigens is the proper choice  

o f  a polym er in which the protein w ill be entrapped.

Biodegradable polym ers are mainly used due to the fact that they undergo 

either enzymatic or nonenzymatic degradation in vivo resulting in biocom patible or 

non-toxic metabolites, w hich can be excreted via normal physiological pathways. 

Moreover, biodegradable polym ers are preferred because there is no need for 

surgical removal o f  delivery device after the release o f  its protein content.

Polymer degradation can take place via tw o main patterns, namely bulk 

erosion (hom ogenous erosion), where the entire polym er matrix is subject to 

degradation at the same tim e, and surface erosion (heterogeneous erosion), where the 

degradation is limited to the polym er surface so that degradation takes place layer by 

layer (Figure 1.9) (Cleland, 1997; Sah & Chien, 2001; Sinha & Trehan, 2003).

Bulk «rosion
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Ïi 1 o Q ° 8

,  'J
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I : - 1 .

S*Ai-ftc6 erojion

Figure 1.9
Patterns o f  polymer degradation (Sah & Chien, 2001).

The selected polym er must neither affect the im m unological properties o f  the 

protein nor interact irreversibly with the entrapped protein (e.g.denaturation). Other 

polym er selection criteria include thermoplasticity, high tensile strength, controlled  

crystallinity, controlled degradation rates, controlled hydrophilicity and proven non

toxicity. Table 1.2 shows a variety o f  synthetic and naturally occurring polym ers that 

have been intensively studied over the past 30 years and used for the delivery o f  

proteins and peptides.
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Polymer Structure Degradation

Mechanism

Synthetic

Polyanhydrides
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•C-R,-C- •C -R /C -
Jn

OH
Hydrolysis

Polyorthoesters

O' O -C -0
O-Rgj n

Ester hydrolysis, 

esterase

Polyesters 

a) Lactides, Glycolides 

b) Polycaprolactone

0-C -C *
I
Ro n

Ester hydrolysis, 

esterase 

Hydrolysis

Polyiminocarbonates Hydrolysis

Polyaminoacids f H H ?  ]
— N - C - C —j— 

I R Jn

Enzymes

Polyphosphazenes r
N p-

I
R

J  n

Hydrolysis,
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Natural

Starch Amylase

Alginate pH, enzymes

Proteins (albumin, 

gelatine)

Enzymes

Table 1.2
Biodegradable polymers for controlled protein delivery (Mahato, 2005).

45



Chapter 1. Introduction

1.2.2.1 Poly (lactic acid), poly (glycolic acid), and their copolymers

The main polymers used for protein encapsulation are the biodegradable 

polyesters: poly (lactic acid) (PLA), poly (glycolic acid) (PGA), and poly (lactic-co- 

glycolic acid) (PLGA) (Figure 1.10). These polymers are typically made by ring 

opening polymerisation o f  their respective cyclic diester dimers, glycolide and 

lactide. Since the repeating unit o f  these polymers is actually glycolide or lactide, the 

nomenclature o f  these polymers should more correctly be polyglycolide, polylactide, 

and poly (lactide-co-glycolide). However, I will use the com mon names PGA, PLA, 

and PLGA. Ring opening polymerisation reaction involves heating in the presence o f  

a catalyst, usually tin chloride (SnCU), and is terminated through the addition o f  

com pounds with a free alcohol group.
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Figure 1.10
Chemical structure o f  PLA, PGA, and PLGA (Cleland, 1997).

A s mentioned above, PLA is synthesised from lactide and degrades in water 

to form lactic acid. PGA is produced from glycolide and degrades in water to form 

glycolic acid. PLGA can be synthesised by mixing lactide and glycolide in different 

ratios depending upon the desired final ratio in the polymer. Another method o f  

preparation o f  PLGA is the ring opening polymerisation o f  lactide-co-glycolide. A
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block copolymer of the form (LLLLGGGG) is produced by the former method, 

while the latter yields a more ordered copolymer (e.g.,LGLGLG), depending on the 

final ratio of lactide to glycolide. These structural differences affect the ability of the 

polymer to form amorphous and crystalline phases.

These polymers degrade by hydrolysis to their constituent acids; lactic and 

glycolic acids, which are normal metabolic products eliminated via the Krebs’s 

cycle. Moreover, biodegradability can be controlled by changing the proportion of 

PLA and PGA in the copolymer. However, the increased local acidity due to 

degradation can affect stability of proteins and also can lead to local irritation at the 

site of polymer application.

These polymers are the only biodegradable polymers approved for use in 

humans by the U.S. Food and Drug Administration (F.D.A). They have been used 

for over 25 years in resorbable sutures, e.g. Dexon® (PGA suture) and Vicryl® 

(PLGA suture). Several controlled release formulations of luteinising hormone- 

releasing hormone (LHRH) agonists were approved for use in humans, e.g. 

Leuprolide acetate (Lupron Depot®), Goserctin acetate (Zoladex®), and Triptorelin 

(Decapeptyl®). These formulations consist of an LHRH agonist encapsulated in 

PLGA microspheres, providing a continuous release of the agonist for one month 

(Perrin & English, 1997b; Roskos & Maskiewicz, 1997).

1.2.2.2 Polycaprolactone

Polycaprolactone (PCL) is composed of a cyclic ester, 6-caprolactone, and is 

prepared by ring opening polymerisation over a wide range of temperatures, 

typically in the range of 140-150°C. The polymerisation is normally catalysed by 

stannous octoate, and molecular weight is controlled by addition of chain control 

agents, usually alcohols. Linear PCL polymers can be prepared using alcohols with 

two or less functional groups, while branched polymers can prepared using 

multifunctional alcohols (Perrin & English, 1997a) (Figure 1.11).
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Figure 1.11
Polymerization of PCL

PCL is non-toxic, biocompatible and biodegradable due to the susceptibility 

of its aliphatic ester linkage to hydrolysis (Jameela et a l, 1997). Moreover, it is 

cheaper than other biodegradable polyesters, and it also has a slower degradation rate 

because of the combination of its crystallinity and high olefinic character; thus 

antigens will be released at a slower rate from PCL particles (Lemoine et a l, 1996). 

In addition, PCL is also a more hydrophobic polymer than other polyesters, and may 

therefore favour enhanced uptake from mucosa and the APCs (Kreuter et a l, 1988). 

A major advantage of lactide/glycolide and PCL polymers, beyond their single-dose 

immunisation potential and biocompatibility, is their stability at room temperature. 

Thus, if the microparticles’ release characteristics are not altered by storage at room 

temperature, these formulations may also eliminate the need to refrigerate the 

vaccine, assuming that the dried antigen is also stable.

1.2.3 Formulation techniques

Microencapsulation has been widely used for the manufacture of controlled 

release bioactive materials. It can be defined as a technology by which solid or liquid 

materials are transferred into spherical particles in a single step. For vaccine 

delivery, biodegradable microspheres can be prepared by a number of different 

methods, such as double emulsion, phase separation, and spray drying techniques 

(Figure 1.12) (Singh & O'Hagan, 1998).

A number of parenteral depot systems for protein pharmaceuticals, based on 

microspheres, have become commercially available in the market, e.g. Decapeptyl®, 

prepared by a phase separation method (Redding et a l, 1984), Parlodel LA® and 

Parlodel LAR® (Kissel et a l, 1991), produced by spray drying process, and 

Enantone®, manufactured by a (w/o/w) double emulsion process (Ogawa et a l,

1988).
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The polymer concentration in the primary emulsion mainly controls the size 

of the resultant microparticles. To produce microparticles in the size range between 

200 nm and 5 pm, a lower polymer concentration (between 2-5% m/v) should be 

used. Higher polymer concentrations, ranging from 10-16% m/v yield larger 

microparticles in the range of 20-100 pm. For oral antigen delivery with 

microparticles, the desired size range is usually less than 5 pm to facilitate its uptake 

into Peyer’s patches (Andrianov & Payne, 1998).

As shown in Figure 1.12, the antigen is dispersed as solid or as an aqueous 

solution into a solution of the polymer in volatile organic solvents using different 

ways of homogenisation, such as high-speed stirrers, ultrasound or high-pressure 

homogenisers. As a result, dispersion or water-in-oil (w/o) emulsion of the antigen in 

the polymer solution is produced and this in turn will be subjected to the 

encapsulation process.

In case of spray drying, a stream of warm air is used to rapidly remove the 

solvent from an atomised feed, thereby yielding microspheres. In case of phase 

separation method, a non-solvent is added to this dispersion or emulsion, inducing 

coacervation of the polymer, whereas in the w/o/w emulsion process, a large excess 

of an external aqueous phase is used to induce coacervation by extraction and 

evaporation of the solvent.

1.2.3.1 Solvent evaporation and solvent extraction technique

1.2.3.1.1 Single emulsion technique

The single emulsion process involves oil-in-water (o/w) émulsification. The 

polymer is first dissolved in a water immiscible, volatile organic solvent such as 

dichloromethane (DCM). The antigen is then added to the polymer solution to 

produce a solution or dispersion (Jain, 2000). This polymer-solvent-antigen 

solution/dispersion is then emulsified, using appropriate stirring and temperature 

conditions, in a larger volume of water in the presence of an emulsifier, such as poly 

(vinyl alcohol) (PVA), to create an o/w emulsion. To harden the oil droplets, the 

solvent is removed by either evaporation, in which the emulsion is maintained at 

reduced or atmospheric pressure and reduced stirring rate to enable the volatile 

solvent to evaporate, or by extraction, where the emulsion is transferred to a larger
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quantity o f  water or other suitable medium for solvent diffusion (Arshady, 1991). 

The product is finally dried under appropriate conditions or lyophilised to g ive the 

final free-flow ing microspheres (Jain, 2000; Arshady, 1991).

iili
Dispersion W /0- Emulsion

/

•  •

Spray drying
Evapoiatioii of solveiir 
m au süeaiü

P hase separation W/O/W - Emulsion

Piedpilatioii of pohinei tluongh S’olveiif exliaction evapoiatioii
iion-solvenr addition m watei phase

Figure 1.12
Schematic presentation o f  manufacturing techniques o f  M icro/Nanospheres.

1.2.3.1.2 The double emulsion technique

Figure 1.13 outlines the various steps o f  the double em ulsion process. In this 

technique, an organic polym er solution is em ulsified with an antigen aqueous 

solution creating primary water-in-oil (w /o) em ulsion. Em ulsion stabilisers, such as 

gelatine, PVA, cetyltrimethyl ammonium bromide, methyl cellu lose, and sodium  

dodecyl sulphate, can be added to the formed em ulsion to enhance its stability and to 

improve protein loading within the microparticles. These are thought to act by 

helping to prevent droplet coalescence and by increasing viscosity o f  the primary
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em ulsion to prevent partitioning o f  the protein to the external aqueous phase (A lonso  

et a i ,  1994; Sah et a l ,  1995; Singh & O'Hagan, 1998).

Antigen Aqueous solution Pohm ei Oi ganic solvent

w,

\ \ 1  O
Pimnaiy
Emulsion

aqueous phase 
+ stabilizer

\ \  i  0  AV2 
Secondly 
Emulsion

Figure 1.13
Schematic Presentation o f  the double em ulsion technique (Singh et al,  1997).

The primary em ulsion is formed using either a hom ogeniser or sonicator. 

T w o o f  the m ost com m only used hom ogenisers are made by Silverson, and 

Ultraturax. Silverson hom ogenisers are available in a w ide range o f  sizes, 

appropriate for a 5ml lab scale batch to a 500L com m ercial-scale batch. They are 

ideal for preclinical formulation preparations when used at 8000-12 ,000  rev/min. On 

the other hand, Ultraturax hom ogenisers are more suitable for lab-scale batches as
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they provide higher shearing rates up to 25,000 rev./min (Jeffery et a l, 1991; Singh 

& O'Hagan, 1998).

After the primary w/o emulsion is produced, it is added to a large aqueous 

phase containing a stabiliser. There are many factors influencing the selection of a 

stabiliser, including the desired microparticle size and porosity, type of solvent used, 

and the amount of protein being entrapped. PVA, polyvinyl pyrrolidone (PVP), and 

methyl cellulose are widely used stabilisers, of these, PVA is the most common due 

to its low toxicity (oral LD50 in rats, 20 g/kg vs. 8g/kg for PVP), good aqueous 

solubility, and availability in a range of molecular weights (Jeffery et a l, 1991; 

Singh et a l, 1997).

Upon addition of the primary o/w emulsion to the aqueous stabiliser solution, 

a w/o/w emulsion is formed. This secondary emulsion is then subjected to solvent 

removal, by either evaporation or extraction, to form the microparticles.

Solvent evaporation involves a gradual evaporation of the organic solvent 

from the multiple emulsion by stirring under ambient conditions or under nitrogen 

flushing. When utilising solvent evaporation, one important parameter is the choice 

of organic solvent. This decision is based on the desired microparticle characteristics 

and also on the toxicity of the solvents. Ethyl acetate (EA) is an attractive choice due 

to its low toxicity as compared to DCM. Moreover, EA is approved for use in the 

food industry as a flavouring agent. However, DCM has greater volatility at ambient 

conditions and this is important in the solvent evaporation process. Another 

important factor is the solubility in water, which governs the rate of solvent removal 

from the multiple emulsion and the subsequent hardening of the microparticles. The 

aqueous solubility of DCM is about 2% v/v, whereas for EA it is about 10%. In 

some situations, the removal of EA has been too rapid for the reproducible formation 

of good quality microparticles (Singh & O'Hagan, 1998; Alonso et a l, 1994; Jeffery 

et a l, 1991; Sahara/., 1995; Singhs/a/., 1997).

During the solvent extraction method, the multiple w/o/w emulsion is poured 

into an excess of aqueous phase to extract all the organic solvent from the 

microparticles and to rapidly harden the polymer droplets to form microparticles. 

Usually 4-6 times the volume of the multiple emulsion is required for complete 

extraction. This method is relatively quick and is completed within 30-60 min. 

However, due to rapid removal of the solvent, pores and cracks in the microparticles
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are sometimes visible, which lead to a high burst release of the entrapped protein 

(Schugens et a l, 1994).

Once the microparticles have been formed, they are recovered mainly by 

high-speed centrifugation followed by washing with distilled water. The 

microparticles are then air-dried under either a vacuum or nitrogen. The 

microparticles may also be freeze dried (Alonso et a l, 1994; Sah et a l, 1995; 

Schugens et a l, 1994; Singh et a l, 1997; Singh & O'Hagan, 1998).

1.2.3.2 Phase separation (coacervation) technique

Phase separation or coacervation involves decreasing the solubility of the 

encapsulating polymer by the addition of a third component to the organic polymer 

solution. It is one of the basic methods used to produce microspheres (Figure 1.14). 

The protein and polymer emulsion is stirred with a nonsolvent for the polymer such 

as silicone oil, resulting in the formation of embryonic microspheres. The nonsolvent 

extracts the organic solvent from the polymer phase, causing precipitation of the 

polymer and entrapment of the protein in the polymer matrix. To remove the 

nonsolvent, a volatile second nonsolvent (e.g., heptane) is added, and the 

microspheres are allowed to harden in the nonsolvent. After repeated extraction with 

the volatile nonsolvent, the final microspheres are collected by washing, sieving, 

filtration, or centrifugation, and are finally dried (Edelman R, 1993; Rajeev A.Jain, 

2000).

The coacervation method offers the advantage of avoiding contact between 

the protein phase and an aqueous phase as in the solvent evaporation method, which 

improves protein stability. On the other hand, the additional solvents utilised in this 

process are usually difficult to be completely removed and this affects the safety and 

toxicity of the final product.
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Schematic presentation o f  phase separation technique (Singh et al,  1997).
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1.2.3.3. Spray drying technique

The drawbacks of the coacervation technique include its tendency to produce 

agglomerated particles, the difficulty in mass production, the requirement of 

expensive large quantities of organic solvents and the difficulty of removing residual 

solvents from the final microsphere product. Also, the double-emulsion method 

requires many steps, rigid control of the temperature and viscosity of the primary 

w/o emulsion, and is difficult to encapsulate higher concentration of hydrophilic 

drugs (Wagenaar BW, 1994).

Contrary to these methods, spray drying method is rapid, convenient, easy to 

scale-up, involves mild conditions, and is less dependent on the solubility parameter 

of the drug and the polymer (Rajeev A.Jain, 2000; Wagenaar BW, 1994). Figure 

1.15 shows a schematic presentation of the principal layout of a spray dryer and the 

main process parameters influencing microparticle properties.

1.2.3.4. Other encapsulation techniques

Several new approaches have been developed to improve the process of 

protein encapsulation in polymeric microspheres. Many of these approaches are 

based on methods that prevent protein dénaturation by processing at low temperature 

in the absence of water phase.

One of these methods is the spray freeze drying of proteins to obtain solid 

protein particles. The solid protein is then suspended in the polymer phase, and the 

suspension is then sprayed into a container with solid ethanol and liquid nitrogen. 

The microspheres formed during the spraying process settle onto the solid ethanol, 

and the solution is then warmed to -80 °C. The microspheres are suspended in the 

cold, now liquid, ethanol to extract the organic solvent from the polymer phase. 

After repeated washing with cold ethanol, the microspheres are dried by 

lyophilisation (Jeffrey L.Cleland, 1997).

Another method that utilises low-temperature processing without an aqueous 

phase is the supercritical fluid extraction technique, fri this technique, the polymer is 

dissolved in an organic solvent, and then sprayed into a continuous phase of 

supercritical carbon dioxide. The carbon dioxide acts as a nonsolvent for the polymer 

phase and extracts the organic solvent. The microsphere size should correlate to the
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density of the carbon dioxide phase (e.g., more dense, larger microspheres). This 

process provides high encapsulation efficiency and improved protein stability 

(Jeffrey L.Cleland, 1997).

1.3 Target-specific particulate carriers

1.3.1 Passive targeting

Passive targeting includes the natural or passive distribution pattern of 

M/NFs in vivo following its administration, and in this case, there is no need for 

attaching targeting ligands to the polymeric carrier matrix. These particles tend to be 

phagocytosed by cells of the mononuclear phagocytic system (MPS). As a result, 

they will be accumulated mainly in the liver and spleen due to the rich blood supply 

and the abundance of macrophages in these organs (Crommelin et al., 2001).

The passive targeting to MPS is advantageous in many cases including the 

immunopotentiation of vaccines, the treatment of macrophage-associated microbial, 

viral, or bacterial diseases (e.g. Leishmaniasis), the treatment of certain lysosomal 

enzyme deficiencies, and the activation of macrophages by loading the particles with 

macrophage-activating agents such as interferon y to fight infections or tumours. 

However, the process of steric stabilisation can be utilised to reduce the tendency of 

macrophages to rapidly phagocytose colloidal particles. This can be achieved by 

coating the particles with synthetic or biological materials that makes it energetically 

unfavourable to be approached by other macromolecules. A typical example is the 

use of flexible hydrophilic PEG chains to coat the surface of particulate carriers. This 

repulsive PEG layer will reduce surface adsorption of opsonins with the consequent 

slow down of phagocytosis and increase of the circulation time of particles.

Another example of passive targeting is to utilise the phenomenon of 

enhanced permeability and retention (EPR) exhibited by the endothelium during 

pathological conditions to deliver particles to inflammation or tumour sites. In order 

to achieve this, the size of particles should exceed the size of normal endothelial 

fenestrations so that particles can only cross inflamed endothelium. Moreover, the 

blood circulation time should be long enough to allow the particles to escape from
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circulation at the pathological sites (Hobbs et a l, 1998; Moghimi et a l, 2001; Jain,

1989).

1.3.2 Active targeting

In active targeting strategies, a targeting ligand is attached to the particles to 

allow delivery to a specific cell, tissue or organ. The targeting ligand is preferred to 

be attached covalently to the polymeric matrix.

The following table shows a list of ligands used for targeting some cell- 

specific receptors.

Cell Ligands

Parenchymal liver cells Galactose, IgA, cholesterol ester-VLDL, 

LDL

Kupffer cells Mannose-fucose, galactose (particles), 

(oxidised) LDL

Liver endothelial cells Mannose, acetylated LDL

Leucocytes Chemotactic peptides, complement C3b

VLDL = very low density lipoprotein, LD  ̂= low density lipoproteins

Table 1.3
Examples of cell-specific receptors (Crommelin et a l, 2001).

Under some pathological conditions, other receptors may become available 

like antigenic sites on pathogens, tumour-associated antigens and substances such as 

fibrin in blood clots. Also, monoclonal antibodies (MAb), located on the surface of 

particles can be used for targeting purposes (Crommelin et a l, 2001; Tomlinson, 

1987).

1.4 Gene delivery

The discovery, almost 50 years ago, of the structure of deoxyribonucleic acid 

(DNA) by James Watson and Francis Crick stands out as one of the most important 

scientific findings of the last millennium (Brooks, 2002). Due to the fact that DNA is 

crucial for human life and small changes in one or more genetic sequence have
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harmful effects on the affected individual, gene therapy has been introduced as a 

method by which genes can be used to provide the patient’s somatic cells with the 

genetic information necessary to produce specific therapeutic proteins for the 

treatment or prevention of diseases. Providing a therapeutic gene as a “pro-drug”, it 

could be possible to overcome limitations associated with the administration of 

therapeutic proteins, such as low bioavailability, inadequate pharmacokinetic profiles 

and high cost of manufacture (Mahato & Tomlinson, 2001).

1.4.1 Potential target diseases for gene therapy

Gene therapy should prove useful in the treatment of a broad range of 

medical conditions including inherited diseases, cancer, and infectious diseases.

Well over 4,000 genetic diseases have been characterised to date. Many of 

these are caused by the lack of production of a single gene product, or are due to the 

production of a mutated gene product incapable of carrying out its natural function 

e.g. cystic fibrosis occurs due to a defective gene responsible for the production of 

cystic fibrosis transmembrane regulator protein. The correction of such diseases 

could be achieved by simply inserting a healthy copy of the gene in question into 

appropriate cells of the patient using gene therapy strategies.

To date, the majority of gene therapy trials have been directed towards cancer 

therapy rather than correcting inherited genetic defects. Various strategies have been 

investigated in an attempt to treat cancer using gene therapies approach, including 

modifying lymphocytes in order to enhance their antitumour activity, modifying 

tumour cells to enhance their immunogenicity, inserting tumour suppressor genes 

into tumour cells, inserting toxin genes into tumour cells in order to promote tumour 

cell destruction, and by inserting suicide genes into tumour cells (Yamamoto & 

Curiel, 2005; Wierdl & Potter, 2005; El Aneed, 2004).

A further disease target includes those diseases caused by infectious agents, 

particularly intracellular pathogens such as HIV. The main strategy here is to 

introduce a gene into pathogen-susceptible cells. The gene product will subsequently 

interfere with pathogen survival/replication within those cells. For example, one anti- 

AIDS strategy is basede on the introduction into viral-sensitive cells of a gene^ 

coding for an altered (dysfunctional) HIV protein, which is capable of inhibiting 

viral replication (Hillery, 2001).
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1.4.2 Gene transfer methods

The method to introduce the genetic material into the target cells of a patient 

is a key component of every gene therapy protocol. A variety of gene transfer 

systems are currently employed to insert therapeutic genes into somatic cells, and 

these can generally be divided into direct injection of DNA, and delivery of DNA 

using vectors, either viral or non-viral (Bicknell & Brooks, 2002).

1.4.2.1 Direct injection of naked DNA

The direct transfer of naked DNA (i.e. a therapeutic gene sequence 

incorporated into a plasmid vector) that encodes a potentially therapeutic gene or 

DNA sequence is one of the simplest modes of DNA delivery. Naked DNA can be 

administered via two possible routes, either by ex vivo or by in vivo delivery 

(Bicknell & Brooks, 2002; Bout, 2002).

1.4.2.1.1 Ex vivo gene delivery

Cells from a number of organs and tissues (e.g. skin, hematopoietic system, 

liver, smooth muscle cells) or from tumours can be removed from the patient and 

cultured ex vivo in the laboratory (Nakamura et a l, 1998; Mann et a l, 1999). While 

in culture, a vector, usually retroviral, is used to introduce a therapeutic gene. This 

introduction is then followed by re-infusion or re-implantation of these transduced 

cells into the patient (Figure 1.16).

1.4.2.1.2 In vivo gene delivery

In vivo delivery of naked DNA is the simplest method of administration of 

therapeutic genetic material to a patient. This method of gene delivery was first 

described in 1990 when it was demonstrated that direct injection of DNA into 

skeletal muscle was sufficient for the successful introduction and expression of 

exogenous DNA encoding reporter genes such as chloramphenicol acetyltransferase, 

luciferase and P-galactosidase into myoblasts (Wolff et a l, 1990) .Other organs (e.g.

59



Chapter 1. Introduction

Tmnom cells

Hemopoietic cells

Gene tiansfeie to cwltiued cells

Figure 1.16
Schematic outline o f  ex vivo  gene therapy strategy (Bout, 1997).
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Figure 1.17
Schematic outline o f  in vivo  gene therapy strategy (Bout, 1997).
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lung, brain, and heart) are less suitable for ex vivo gene therapy, as culture of the 

cells or re-implantation is not feasible. When this is the case, somatic gene therapy 

can only be attempted by in vivo gene transfer, in other words, by administering the 

gene of interest either locally or systemically. Several modifications of this method 

have been described that increase the efficiency of uptake of naked DNA into target 

cells, including the particle bombardment or ‘gene gun’ approach (Yang et a l, 1990) 

and electroporation techniques (Rols et a l, 1998).

1.4.2.2 Viral vectors for DNA delivery

Viral vectors for DNA delivery provide a powerful means for delivering 

therapeutic genes to targeted cells following in vivo or ex vivo administration. The 

most commonly used viral vectors are retroviruses, herpes simplex viruses, 

lentiviruses, adenoviruses and adeno-associated viruses. (Oligino et a l , 2000).

Figure 1.18 is a schematic diagram of the cell-entry pathway of adenoviruses. 

The homotrimeric fibres protruding from the virus particles bind to the coxasackie 

and adenovirus receptor (CAR) on the cell surface (a). Fibers dissociate, allowing the 

penton base proteins of the virus to interact with integrins, which triggers 

internalisation into clathrin-coated vesicles (b). Upon exposure to low pH, the penton 

base proteins undergo a conformational change, rendering them membrane active 

and allowing the virus particles to escape from the early endosomes (c). The virus 

particles bind to the cytosolic protein dynein (d) and are transported along 

microtubules in the direction of the nuclear pore complexes (NPC). Once bound to 

the NPC, the viral capsids dissociate. The released genome is then imported via the 

NPCs into the nucleus (e) where the viral genome can be transcribed by the host cell 

(Mastrobattista et a l, 2005).

The advantage of using viral vectors is their natural ability to enter the cells 

and express their own proteins. This type of vector allows a high transfection rate 

and a rapid transcription of the foreign material inserted into the host genome. 

However, the use of viruses in gene therapy is limited by various factors, the first of 

which is safety. Safety concerns have been highlited following the death of a patient 

during a clinical trial that investigated the potential of gene therapy using viral 

vectors (Somia & Verma, 2000; Ferber, 2001). Second, viruses present a variety of 

potential problems to the patients such as toxicity, immune response, and
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inflammatory responses. Third, insertional mutagenesis and oncogenic effects can 

occur when used in vivo  (Lee et al., 1998). Finally, gene therapy using viral vectors 

is limited by the fact that only small sequences o f  D N A  can be inserted in the virus 

genom e, w hile large-scale production may be difficult to achieve. The lim itations o f  

viral vectors, particularly regarding safety concerns, have led to the developm ent o f  

alternative vectors based on non-viral system s (Mansouri et al., 2004).
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Figure 1.18
Schematic diagram o f  the cell-entry pathway o f  adenoviruses(01igino et al.,  2000a).

1.4.2.3 Non-viral vectors for gene delivery

Non-viral methods o f  D N A  delivery into cells have been used for the 

delivery o f  D N A  in vitro  in the laboratory for many decades. H ow ever, many o f  

these approaches, such as the chem ical methods o f  D N A  delivery [e.g. calcium  

phosphate (Graham & van der Eb, 1973) or 2-(diethylam ino)ether (DEAE)-dextran- 

mediated D N A  delivery (Vaheri & Pagano, 1965)], cannot readily be em ployed for 

in v ivo use mainly because o f  problems associated with low  delivery efficiency and 

high cytotoxicity.

Cationic phospholipids and cationic polym ers are the tw o major types o f  non- 

viral gene delivery vectors currently being investigated. Because o f  their permanent 

cationic charge, both types interact electrostatically with negatively charged D N A
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and form complexes (lipo- or polyplexes). Although liposomes formed from cationic 

phospholipids offer several advantages over viral gene transfer, e.g. low 

immunogenicity and ease of preparation (Deshpande et a l, 1998), the success of the 

liposomal approach is limited. Toxicity of the cationic lipids and the relatively low 

transfection efficiency compared to viral gene delivery vectors (Oligino et a l, 2000) 

are the main disadvantages. DNA/polymer complexes involving cationic polymers, 

on the other hand, are more stable than lipoplexes (De Smedt et a l, 2000). However, 

compared to viral vectors, the efficiency of gene delivery by cationic polymers is 

still relatively low (Garnett, 1999). Cationic polymers have been used to condense 

and deliver DNA both in vitro and in vivo. Several cationic polymers have been 

investigated that lead to increased transfection efficiencies (Ferber, 2001; Somia & 

Verma, 2000). They show structural variability and versatility including the 

possibility of covalent binding of targeting moieties for gene expression mediated 

through specific receptors (Guang Liu & De Yao, 2002; Somia & Verma, 2000).

1.4.2.3.1 Cationic lipids

Cationic lipids have been used for the delivery of drugs and genes (Zelphati 

et a l, 2001; Shi et a l, 2002). The use of cationic lipids to transfer DNA into cells 

was first described as an in vitro method of DNA delivery (Feigner et a l, 1987), and 

subsequently, this technology has been widely adopted and shown to be suitable for 

the transfection of many different cell types. Cationic liposomes also have been used 

in clinical trials to deliver therapeutic DNA; for example, the liposomal-mediated 

delivery of the CFTR gene to the nasal epithelium in patients with cystic fibrosis 

(Caplen et a l, 1995; Hyde et a l, 2000; Noone et a l, 2000) and for the treatment of 

patients with melanoma (Nabel et a l, 1993;Nabel et a l, 1996). The cationic lipids in 

use currently are a mixture of neutral [e.g. dioleoylphosphatidyl-ethanolamine 

(DOPE)] and positively charged molecules [e.g. N-l(-(2,3-dioleoyloxy)propyl)- 

N,N,N-trimethylammoniumethyl sulphate (DOTAP) and N-(l-(2,3 

dioleoyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTMA)]. The neutral 

lipids are incorporated mainly to facilitate membrane fusion (Liu & Huang, 2002). 

When the DNA and cationic lipids are mixed, DNA molecules condense and the 

positively charged lipid molecules bind to negatively charged phosphate groups on 

the DNA, which in turn form a lipid/DNA complex (Zhang et a l, 1999) (Figure
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1.19). C ells that com e into contact with the D N A  com plexes take them up via a 

process o f  non-specific endocytosis. Once inside the cell, the cationic lipid binds to 

specific cellular membranes and the transported D N A  is released into the cytoplasm. 

The therapeutic D N A  then must be transported into the nucleus where the 

therapeutic gene can be expressed, (B icknell and Brooks, 2002).
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Figure 1.19
Schem atic presentation o f  cell-entry pathway o f  D N A /liposom e com plex (Uchegbu, 

1999).

There have been several studies investigating the system ic use o f  lipoplexes  

in vivo. L ipoplexes are rapidly cleared from the bloodstream and have been found to 

be w idely distributed in the body (Liu & Huang, 2002; Song & Liu, 1998). The 

transfection efficiency o f  lipoplexes in vivo  has been shown to be relatively low .
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especially when compared to viral vectors (Audouy et al., 2002). One explanation 

for the relatively poor transfection efficiency of lipoplexes is that they are

susceptible to disruption by serum proteins (Liu & Huang, 2002; Song & Liu, 1998).
This could be overcomed by providing the particles with stealth property and 
production of efficiently targeted liposomes (Figure 1.19).
1.4.2.3 2 Synthetic polymers

Synthetic polymers, such as protective interactive non-condensing polymers 

(PING), poly(L-lysine), cationic polymers or dendrimers, offer an alternative to 

cationic lipids as a vehicle for DNA delivery into target cells (Boussif et a l, 1995; 

Wadhwa et a l, 1995 ; Kukowska-Latallo et a l, 1996; Tang & Szoka, 1997; Mumper 

et a l, 1998).

Generally, cationic polymers are widely accepted because of their ability to 

efficiently condense DNA and interact with cells (Gao & Huang, 1996). 

DNA/polymer complexes involving cationic polymers are more stable than those 

involving cationic lipids. Cationic polymers are able to condense more DNA than 

lipids. They form complexes with DNA and protect it against nuclease degradation 

(Gao & Huang, 1996). To reach cells, the complexes must readily diffuse through 

the capillary network, escape macrophage surveillance and interact with the cell 

membrane (Kuo & Saltzman, 1996). They must be internalised, possibly through 

endocytosis, then exit the endosome in the cytoplasm and reach the nucleus where 

DNA can be transcribed (Zabner et a l, 1995) (Figure 1.20).

Cationic polymers include gelatine (Truong-Le et a l, 1998; Truong-Le et a l, 

1999; Leong et a l, 1998) polyethyleneimine (Boussif et a l, 1995), poly(L-lysine) 

(Bielinska et a l, 2000; Oupicky et a l, 2000), polybrene (Mumper et a l, 1996), 

poly(L-histidine)-graft-poly(L-lysine) (Benns et a l, 2000) and chitosan (Corsi et a l,

2003). Although cationic polymers have some advantages over virus vectors, e.g. 

low immunogenicity and easy manufacture (Deshpande et a l, 1998), several 

problems, such as toxicity, lack of biodegradability, low field of gene transfection, 

biocompatibility and, in particular, low transfection efficiency, need to be solved 

prior to practical use (Oupicky et a l, 2002; Pouton & Seymour, 2001).
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Figure 1.20
Schematic presentation o f  cell-entry pathway o f  polym er/D N A  com plex  

1.4.2.3.2.1 Chitosan

The use o f  chitosan in gene delivery was described for the first time in 1995 

(Issa et al., 2005). Since then, slow  but steady progress has been made, resulting in 

chitosan now being placed among the most effective non-viral gene delivery 

system s.

Chitosan is a non-toxic, biodegradable, and polycationic polym er with low  

im m unogenicity. It is a good candidate for gene delivery because positively charged 

chitosan can be com plexed with negatively charged D N A  (M acLaughlin e t  a i ,  1998; 

Richardson et al.,  1999). Chitosan can effectively  bind D N A  and protect it from  

nuclease degradation (Cui & Mumper, 2001; Ilium et al., 2001). It has the 

advantages o f  not necessitating sonication and/or organic solvents for its preparation, 

therefore m inim ising possible damage to D N A  during com plexation. D N A -loaded  

chitosan microparticles were found to be stable during storage (Leong et a i ,  1998). 

The application o f  D N A -chitosan nanospheres has advanced in vitro  D N A  

transfection research, and data have been accum ulating that show s their usefulness 

for gene delivery (Erbacher et a i ,  1998).
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Chitosan is a linear, randomly distributed, binary heteropolysaccharide 

consisting o f  (l-4)-linked 2-acetam ido-2-deoxy-P-D-glucose and 2-am ino-2-deoxy-p- 

D-glucan units (Figure 1.21). It is derived by alkaline N-deacetylation o f  chitin, 

which is obtained from the exoskeleton o f  crustaceans and insects (Romoren et al . , 

2002).
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Figure 1.21

Chemical structure o f  chitosan (R=H or C 0C H 3) and chitin (R =C 0C H 3)

The chitosan m olecule is a copolymer o f  N-acetyl-D -glucosam ine and D- 

glucosamine. This polymer is a weak base with a pKa value o f  the D-glucosam ine 

residue o f  about 6.2-7.0 and is therefore insoluble at neutral and alkaline pH values. 

In acidic mediums, the amine groups will be positively charged, conferring to the 

polysaccharide a high charge density (Hejazi & Amiji, 2003).

Chitosan excels in enhancing the transport o f  drugs across the cell membrane. 

Its cationic polyelectrolyte nature provides a strong electrostatic interaction with 

mucus, negatively charged mucosal surfaces and other m acrom olecules such as 

D NA (Hejazi & Amiji, 2003b; Fang et al., 2001). Chitosan has been used as a 

delivery vehicle for nasal, ocular and oral drug delivery in order to prolong contact 

time and improve drug absorption, and it has also been used for gene delivery 

(Romoren et al., 2002). Intrinsic characteristics o f  chitosan make it an attractive 

polymer for a variety o f  biomedical and pharmaceutical applications.

1.5 The immune system

Immunity can be defined as the resistance o f  body to diseases, specifically  

infectious disease. The immune system  consists o f  the collection o f  cells, tissues, and 

m olecules that mediate resistance to infections. The coordinated reaction o f  these 

cells and m olecules to infectious microbes is the immune response. The physiologic
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function o f  the immune system  is to prevent infections and to eradicate established  

infections.

1.5.1 Innate and adaptive immunity

Innate and adaptive immunity constitute the defence m echanism s against 

infections. Innate immunity m echanism s provide the initial defense against 

infections. Som e o f  the m echanism s prevent infections (e.g. epithelial barriers) and 

others eliminate the m icrobes (e.g. phagocytes, natural killer (N K ) cells, and the 

com plem ent system ). Adaptive immune responses develop later and are more 

effective. It is mediated by lym phocytes and their products. A ntibodies block  

infections and eliminate m icrobes, whereas T lym phocytes eradicate intracellular 

microbes. Figure 1.22 illustrates the principal m echanism s o f  innate and adaptive 

immunity (Abbas & Lichtman, 2004; Lydyard et a i ,  2004).

Microbe

I Innate immunity

tp ith e h a l  
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Complement

H o u r s

NK
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T lymphocytes

^ ..

1 2
Time after infection

D^ys
3

Antibodies

Effector T colls

Figure 1.22
The principal m echanism s o f  innate and adaptive immunity (Abbas & Lichtman,

2004).

1.5.1.1 Types of adaptive immunity

There are two types o f  adaptive immunity, called humoral immunity, which  

provide immunity against extracellular m icrobes, and cell-m ediated immunity that 

are designed to provide defence against extracellular microbes.

B lym phocytes produce antibodies which mediate the humoral immunity. 

Antibodies are secreted into the circulation and mucosal fluids. The function o f
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antibodies is to neutralise and elim inate m icrobes and microbial toxins, and thus 

preventing the establishm ent o f  infections, however, they do not have access to 

microbes that live and divide inside infected cells.

T lym phocytes provide cell-m ediated immunity against intracellular 

microbes. There are two types o f  T lym phocytes, the helper T-lym phocytetes, which  

activate macrophages to kill phagocytosed m icrobes, and the cytolytic T 

lym phocytes, which kill infected cells and elim inate reservoirs o f  infection.

The major difference between antibodies and T lym phocytes is that 

antibodies are designed to specifically recognize extracellular microbial antigens, 

whereas T lym phocytes recognize antigens produced by intracellular microbes. 

Another important difference is that m ost T cells recognize only microbial protein 

antigens, whereas antibodies are able to recognize many different types o f  microbial 

m olecules, including proteins, carbohydrates, and lipids (Abbas & Lichtman, 2004; 

Lydyard et a i ,  2004).
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Figure 1.23
Types o f  adaptive immunity (Abbas & Lichtman, 2004).

1.5.1.2 Specificity of adaptive immune response

The specificity o f  immune responses can be explained by the observation that 

previous exposure to an antigen results in elevated responses to subsequent challenge 

with that antigen but not to challenge with other, even quite similar antigens (Figure 

1.24).
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Specificity and memory in adaptive immunity (Abbas & Lichtman, 2004).

Antigens X  and Y induce the production o f  different antibodies (specificity). 

The secondary response to antigen X is more rapid and larger than the primary 

response (m emory) and is different from the primary response to antigen Y. 

Antibody levels decline with time after each immunisation. The immune system has 

the potential for distinguishing among a huge range o f  different antigens or portions 

o f  antigens.

The primary immune response originates after the first exposure to the 

antigen, and is mediated by naive lym phocytes. Subsequent exposures to the same 

antigen lead to the developm ent o f  secondary immune responses that are usually 

more rapid, larger, and better able to eliminate the antigen than are the primary 

responses.

Secondary responses are the result o f  the activation o f  memory lym phocytes, 

which are long-lived cells that were induced during the primary immune response. 

Im m unologic memory optim izes the ability o f  the immune system  to fight persistent 

and recurrent infections, because each exposure to the microbe generates more 

memory cells and activates previously generated memory cells. M emory is also one
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of the reasons explaining the ability of vaccines to produce long-lasting protection 

against infections (Abbas & Lichtman, 2004; Lydyard et a l, 2004).

1.5.2 Cells of the Immune System

The cells of the immune system consist of lymphocytes, antigen presenting cells 

which are specialized cells that capture and display microbial antigens, and effector 

cells that eliminate microbes.

1.5.2.1 Lymphocytes

Lymphocytes are the only cells with specific receptors for antigens and are 

thus the key mediators of adaptive immunity. Although all lymphocytes are 

morphologically similar and rather unremarkable in appearance, they are extremely 

heterogeneous in lineage, function, and phenotype and are capable of complex 

biologic responses and activities (Figure 1.25). In modem times these cells are often 

distinguished by surface proteins that may be identified by panels of monoclonal 

antibodies. The standard nomenclature for these proteins is the "CD" (cluster of 

differentiation) numerical designation, which is used to delineate surface proteins 

that define a particular cell type or stage of cell differentiation and are recognized by 

a cluster or group of antibodies.

B lymphocytes are the only cells capable of producing antibodies; therefore, 

they are the cells that mediate humoral immunity. B cells express membrane forms 

of antibodies that serve as the receptors that recognize antigens and initiate the 

process of activation of the cells. Soluble antigens and antigens on the surface of 

microbes and other cells may bind to these B lymphocyte antigen receptors and elicit 

humoral immune responses. T lymphocytes are the cells of cell-mediated immunity. 

The antigen receptors of T lymphocytes only recognize peptide fragments of protein 

antigens that are bound to specialized peptide display molecules called major 

histocompatibility complex (MHC) molecules, on the surface of specialized cells 

called antigen-presenting cells (APCs). Among T lymphocytes, CD4^ T cells are 

called helper T cells because they help B lymphocytes to produce antibodies and 

help phagocytes to destroy ingested microbes. CD8^ T lymphocytes are called 

cytolytic, or cytotoxic, T lymphocytes (CTLs) because they kill cells harbouring 

intracellular microbes, that is, they lyse other cells. A third class of lymphocytes is 

called natural killer (NK) cells; these cells are mediators of innate immunity and do
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not express the kinds o f  clonally distributed antigen receptors that B cells and T cells  

do (Abbas & Lichtman, 2004; Lydyard et al., 2004).
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Figure 1.25
Classes o f  lym phocytes (Abbas and Lichman, 2004).

1.5.2.2 Antigen-presenting cells

The com m on portals o f  entry for microbes, namely, the skin, gastrointestinal 

tract, and respiratory tract, contain specialized cells located in the epithelium that 

capture antigens and transport them to peripheral lymphoid tissues. This function o f  

antigen capture is best understood for a cell type called dendritic cells because o f  

their long dendrite-like processes. Dendritic cells capture protein antigens o f  

microbes that enter through the epithelia and transport the antigens to regional lymph  

nodes. Here the antigen-bearing dendritic cells display portions o f  the antigens for 

recognition by T lymphocytes. If  a microbe has invaded through the epithelium, it
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may be phagocytosed by macrophages that live in tissues and in various organs. 

Macrophages are also capable of displaying protein antigens to T cells.

Cells that are specialized to display antigens to T lymphocytes have another 

important feature that gives them the ability to trigger T cell responses. These 

specialized cells respond to microbes by producing surface and secreted proteins that 

activate naive T lymphocytes, thus providing the second signals for T cell 

proliferation and differentiation. Specialized cells that display antigens to T cells and 

provide second signals are called professional APC. The prototypic professional 

APCs are dendritic cells, but macrophages and a few other cell types may serve the 

same function (Abbas & Lichtman, 2004; Lydyard et a l, 2004).

I.5.2.2.I. Capture of protein antigens by antigen-presenting cells

Protein antigens of microbes that enter the body are captured by professional 

APCs and concentrated in the peripheral lymphoid organs where immune responses 

are initiated (Figure 1.26) (Abbas & Lichtman, 2004; Lydyard et a l, 2004).

Microbes enter the body mainly through the skin by contact;, the 

gastrointestinal tract by ingestion , and the respiratory tract « by inhalation . Some 

insect-home microbes may be injected into the blood stream as a result of insect 

bites. All the interfaces between the body and the external environment are lined by 

continuous epithelia, whose principal function is to provide a physical barrier to 

infection. The epithelia contain a population of professional APCs that belong to the 

lineage of dendritic cells; the same cells are present in the T cell-rich areas of 

peripheral lymphoid organs and, in smaller numbers, in most other organs.

Dendritic cells capture the antigens of microbes that enter the epithelium, by 

the processes of phagocytosis (for particulate antigens) and pinocytosis (for soluble 

antigens). These cells may express receptors that enable them to bind microbes. One 

such receptor recognizes terminal mannose residues on glycoproteins, a typical 

feature of microbial but not mammalian glycoproteins. When macrophages and 

epithelial cells in tissues encounter microbes, these cells respond by producing 

cytokines, such as tumour necrosis factor (TNF) and interleukin-1 (IL-1). The 

production of these cytokines is part of the innate immune response to microbes. 

TNF and IL-1 act on the epithelial dendritic cells that have captured microbial 

antigens and cause the dendritic cells to round up and lose their adhesiveness for the
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epithelium. Now the dendritic cells are ready to leave the epithelium with their cargo 

of antigen.
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Figure 1.26

The capture and display of microbial antigens (Abbas & Lichtman, 2004).

Dendritic cells also express surface receptors for a group of chemoattracting 

cytokines (chemokines) that are normally produced in the T cell-rich areas of lymph 

nodes. These chemokines direct the dendritic cells that have exited the epithelium to 

migrate via lymphatic vessels to the lymph nodes draining that epithelium. During 

the process of migration, the dendritic cells mature from cells designed to capture 

antigens into APCs capable of stimulating T lymphocytes. This maturation is 

reflected in increased synthesis and stable expression of MHC molecules, which 

display antigen to T cells, and of other molecules, called costimulators, that are 

required for full T cell responses. The maturation of dendritic cells is presumably a 

response to the products of the microbes that these cells encountered. If a microbe
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breaches the epithelium and enters connective tissues or parenchymal organs, it may 

be captured by immature dendritic cells that live in these tissues and again 

transported to lymph nodes. Soluble antigens in the lymph are picked up by dendritic 

cells that reside in the lymph nodes, and blood-borne antigens are handled in 

essentially the same way by dendritic cells in the spleen.

The net result of this sequence of events is that the protein antigens of 

microbes that enter the body are transported to and concentrated in the regions of 

lymph nodes where the antigens are most likely to encounter T lymphocytes. Recall 

that naive T lymphocytes continuously recirculate through lymph nodes, and it is 

estimated that every naive T cell in the body may cycle through some lymph nodes 

at least once a day. Therefore, professional APCs bearing captured antigen and naive 

T cells poised to recognize antigens come together in lymph nodes. This process is 

very efficient; it is estimated that if microbial antigens are introduced at any site in 

the body, a T cell response to these antigens begins in the lymph nodes draining that 

site within 12 to 18 hours (Abbas & Lichtman, 2004; Lydyard et al., 2004).

1.5.2.3 Effector cells

The cells that eliminate microbes are called effector cells and consist of 

lymphocytes and other leukocytes. We have earlier referred to the effector cells of 

the B and T lymphocyte lineages. The elimination of microbes often requires the 

participation of other, nonlymphoid leukocytes, such as granulocytes and 

macrophages. These leukocytes may fimction as effector cells in both innate 

immunity and adaptive immunity. In innate immunity, macrophages and some 

granulocytes directly recognize microbes and eliminate them. In adaptive immunity, 

the products of B and T lymphocytes call in other leukocytes and activate the 

leukocytes to kill microbes.

1.5.3 Tissues of the immune system

The tissues of the immune system consist of the generative (also called 

primary, or central) lymphoid organs, in which T and B lymphocytes mature and 

become competent to respond to antigens, and the peripheral (or secondary)
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lymphoid organs, in which adaptive immune responses to microbes are initiated 

(Figure 1.27).
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Figure 1.27

Types of the lymphoid organs (Abbas & Lichtman, 2004).

1.6. Vaccines

Vaccination is the process of stimulating protective adaptive immune 

responses against microbes by exposure to non-pathogenic forms of the microbes. 

Considered one of the most successful medical strategies of the twentieth century, 

conventional vaccines routinely administered are very effective in preventing a 

number of infectious diseases. This prevention is illustrated by the fact that mass 

vaccination has resulted in the worldwide eradication of smallpox during the 1970s. 

Moreover, diphtheria, pertussis, tetanus, poliomyelitis, measles, mumps, and rubella 

are under control in developed countries, as well as in an increasing number of 

developing countries, because of the application of childhood vaccines.

Table 1.4 shows that there is a striking decrease in the incidence of selected 

infectious disease for which effective vaccines have been developed (Abbas & 

Lichman, 2004).

A major goal of modem vaccine technology is to fulfil all requirements of the 

ideal vaccine, that, is 100% efficient in all individuals of any age, provides lifelong 

protection after single administration, does not evoke an adverse reaction, is stable 

under various conditions, is easy to administer, preferably orally, is available in 

unlimited quantities and is cheap.
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Disease Max. number 
of cases

Number of 
cases in 2000

Percent
change

Diphtheria 206 .9 3 9 (1921) 2 -99.99

Measles 894,134  ( 1941) 63 -99.99  ^

Mumps 152 .2 0 9 ( 1968) 315 -99.80

Pertussis 265.269  ( 1934) 6.755 -97.73

Polio (paralytic) 21 ,2 6 9 ( 1952) 0 - 100.0

Rubella 5 / . 6 8 6 (1969) 152 -99,84

Tetanus 1.5 6 0 (1923) 26 -98.44

Haemophilus 
influenzae type B

'-20.000  (1984) 1.212 -93,14

Hepatitis B 26.611 ( 1985) 6,646 -75.03

Table 1.4
The effectiveness of vaccination for some common infectious diseases (Abbas & 
Lichtman, 2004).

1.6.1 Passive immunisation

This occurs naturally in the human life cycle in pregnancy, when antibodies 

are passed from the mother to the baby via the placenta. Continuation of such 

transfer occurs via breast milk when a mother chooses to breastfeed her baby. 

Antibodies can also be transferred to patients by injection of antibodies collected 

from animals or other humans. As there is only antibody transfer, passive 

immunisation provides only treatment not prophylaxis, as no memory response is 

elicited. There is also a great risk of hypersensitivity reactions to the foreign 

antibody.

1.6.2 Active immunisation

This can occur either naturally as a memory response to previous infection or 

can be acquired due to priming with a vaccine. A vaccine can basically be of one 

of the following types:

1.6.2.1 Live attenuated vaccines

Live vaccines have been generally found to provide greater protection against 

infection than killed vaccines. This is probably due to the activation of both cell-
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mediated and humoral immune responses by live vaccines (Norimatsu et a l, 2004). 

As the vaccine will replicate within the host cells, there is exposure of the antigen to 

the recipient over some time hence possibly reducing booster requirements. 

However, as the vaccine is live there is a chance that the vaccine may revert back to 

its virulent form. Live vaccines are prepared by eliminating bacterial or viral 

pathogenicity by subjecting the microorganism to growth through different non

human hosts or unfavourable cell culture conditions. As the microorganism adapts to 

grow in the new environment, they lose their capacity to grow in the human host 

Examples include the Bacillus Calmette-Guerin (BCG), Sabin polio vaccine and 

measles vaccine.

1.6.2.2 Killed/inactivated vaccines

These are composed of microorganisms that are killed/inactivated after heat 

or chemical treatment to prevent replication (and return to virulence) in the host. 

There is however a possibility of virulence if inactivation is incomplete but once it is 

assured there is no risk of reversion. Care must be taken to preserve the antigenic 

element during process and so chemical inactivation (with formaldehyde or 

alkylating agents) is preferred over heat treatment. Two examples of such vaccines 

are the Salk polio and pertussis vaccines. Killed/inactivated vaccines are more 

thermostable than live attenuated vaccines and so costs associated with temperature 

regulation are reduced. However, as there is no replication of the organism within 

the host, only humoral immunity is attainable and booster doses are often required 

due to an insufficient memory response (Goldsby et a l, 2003; Lydyard et a l, 2004).

1.6.2.3 Purified subunit (maeromolecular) vaccines

There is no risk of virulence with these systems, which can be one of the 

following:

1- The purified polysaccharide coat of the bacteria of interest which initiates the 

production of antibodies that will coat the vaccine and promote phagocytosis. 

However, cell-mediated immunity is not activated (Goldsby et a l, 2003; Lydyard et 

al, 2004).

2- The antigenic surface proteins of pathogens such as the hepatitis B vaccine, which 

consists of the major surface antigen of the virus. The proteins can be produced by
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extraction or through using recombinant deoxyribonucleic acid (DNA) technology 

by cloning the protein into bacterial, yeast, insect or mammalian cultures.

3- Toxoid (inactivated bacterial toxins) based; such as purified diphtheria and tetanus 

toxoid vaccines in which the toxins are inactivated with formaldehyde.

The use of subunit antigens for mucosal delivery usually requires the use of 

adjuvants to improve both the activation of systemic and mucosal immunity. 

Protective immunity against intranasal challenge with influenza virus in female 

ferrets was demonstrated following the intranasal administration of influenza virus 

haemagglutinin in a virosomal preparation (Lambkin et a l, 2004). Protective 

immunity in female BALB/c mice against a low dose challenge with subcutaneous 

administration of Yersinia pestis was shown (Eyles et a l, 2004) following 

transcutaneous immunisation with FI and V proteins from Y. pestis when delivered 

with cholera toxin. Therefore, the use of subunit antigens provides a safer alternative 

to the use of live or killed vaccines and through the use of adjuvants can elicit 

protective immunity.

1.6.2.4. Conjugate vaccines

A conjugate vaccine is created by the chemical coupling of a polysaccharide 

and a protein. Many bacteria which cause systemic infection a ^  surrounded by a 

capsule composed of polysaccharides, and vaccination using these purified 

polysaccharides can protect people firom diseases. Polysaccharides are recognized 

poorly by helper T-cells, but this is overcome by chemically linking the 

polysaccharide to a carrier protein such as diphtheria or tetanus toxoid known to be 

recognized by T-cells (Goldsby et a l, 2003;Lydyard et a l, 2004).

1.6.2.5. DNA vaccines

Following administration of plasmid DNA, host cellular mechanisms are 

used to express the encoded antigen and so the protein produced will be processed as 

an intracellular pathogen. This leads to the activation of the production of cytotoxic 

T-lymphocytes which may be necessary for protection against certain infections such 

as HIV (Crotty & Andino, 2004). A further advantage of DNA vaccines is that 

multiple antigenic components can be encoded for in one plasmid, resulting in the
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opportunity for vaccinating against a number of diseases in one formulation. If the 

antigenssvere to be expressed over a period of time, then such continuous exposure of 

the antigen to the host could lead to a greater memory immune response than if the

antigens were to be delivered in a single dose (if not in a controlled release 

formulation). Other advantages of DNA vaccines would include lower costs of 

production, ease of modifying plasmid DNA to follow changing strains of pathogens 

and lower storage and transportation costs as plasmid DNA is heat-stable 

(McCluskie & Davis, 1999; Bergmann-Leitner & Leitner, 2004).

However, the immune response to naked DNA may be low in humans (Mollenkopf 

et al., 2004) and so high quantities of plasmid may need to be given. Thus, immune 

responses to plasmid DNA formulations often need to be optimised by modification 

of plasmid DNA, co-administration with adjuvants/carriers or delivery in live 

attenuated bacterial or viral vectors. The use of salmonella bacterium has been 

shown to produce cell-mediated and humoral responses against encoded antigens 

(Hormaeche & Khan, 1996) as has the adenovirus vector (Perkus & Paoletti, 1996). 

Table 1.5 summarises different vaccination strategies (Abbas & Lichman, 2004).

Type of vaccine Exemptes Form of protection

Live attenuated, 
or killed, bacteria
Live attenuated 
viruses

BCG. cholera

P o l i o ,  r a b i e s

Subunit (antigen) Tetanus toxoid, 
vaccines diphtheria toxoid

Conjugate
vaccines

Synthetic
vaccines
Viral vectors

DNA vaccines

Haemophilus
influenzae

Hepatitis
(recombinant proteins)

Clinical trials of HIV 
antigens in canary 
pox vector

Clinical trials ongoing 
for several infections

Antibody response

Antibody response; 
cell-rriediated immune 
response

Antibody response

Helper T cell-  
dependent antibody 
response

Antibody response

Cell-mediated and 
fiumoral immune 
responses

Cell-mediated and 
humortil immune 
responses

Tablel.5
Vaccination strategies (Abbas & Lichtman, 2004).
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1.7 Aims and objectives of the present study

The aim of this project was to modulate the physicochemical properties of 

biodegradable nanoparticles by using the hydrophilic polymers, poly (ethylene 

glycol) (PEG) and poly- [N-(2-hydroxypropyl) methacrylamide] (pHPMA) in order 

to improve the loading efficiency of the encapsulated biotherapeutics, as well as to 

modulate their release profile. In addition, both hydrophilic polymers were utilised 

for the covalent attachment of targeting moieties, so that, the delivery of the 

encapsulated antigen or DNA plasmid to the targeting site could be improved.

In order to achieve this aim, the following main objectives were set:

• To prepare and characterise the antigen loading efficiency of PCL and 

PLGA nanoparticles after blending of these biodegradable polymers 

with PEG in the organic phase using the w/o/w solvent evaporation 

method, and to investigate the effect of PEG on antigen integrity, 

particle hydrophobicity, and antigen release profile.

• To design and synthesize PEG-mannose or PEG-galactose conjugates 

in order to provide an approach for attachment of mannose or 

galactose residues on PCL biodegradable nanoparticles for targeting 

mannose receptors on the surface of macrophages, or binding with 

MGL respectively for improved immune response following I.M. and 

I.N administration.

• To investigate the physicochemical changes induced in 

chitosan/DNA particles following their coating with the hydrophilic 

polymers PEG and pHPMA. Following this, a targeting ligand, 

transferrin, would be introduced by simple mixing with the 

multivalent pHPMA polymer solution during the coating of 

chitosan/DNA nanoparticles. The particles would then be subjected to 

an in vitro uptake study. Finally, coated and uncoated chitosan/DNA 

nanoparticles would be tested for their ability to elicit an immune 

response in vivo in the mouse model following S.C. and I.N. 

administration.
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Chapter 2. General methodology

2.1- Determination of nanoparticle sizes by photon correlation spectroscopy 

(PCS)

The size of nanoparticles was determined using the Malvern ZetaMaster 

2000, (Malvern Instruments, Malvern, UK) employing the PCS technique. It is a 

useful technique for determination of the particle sizes of submicron particles in the 

range of 3 to 1000 nm. 5mg of the nanoparticles were dispersed in 1 ml of 0.22 pm 

filtered ddHiO, and all the samples passed the minimum criteria set by Malvern 

instruments with regard to polydispersity, count rate, and signal to noise ratio. 

Values were represented as z-average diameter. The instrument was calibrated using 

1 pm standard polystyrene particles dispersed in filtered ddHaO.

The theory behind PCS technique is based on the use of dynamic light 

scattering for determination of the size and shape of particulate systems. The electric 

field of the incident light imparts an oscillating polarisation on the particles in the 

sample. Those particles whose polarity differs fi"om the surroundings scatter the 

incident light. The particles are in constant motion within the sample (Brownian 

motion) and this movement causes fluctuations in the detected intensity signal. It is 

assumed that the duration of the fluctuations provides physical information about the 

particles, including size.

The diffusivity of a particle suspended in a liquid is inversely proportional to 

the liquid’s viscosity. According to Stokes-Einstein equation, the diffusion 

coefficient, D, of the particles, in a liquid is given by the equation:

D = kBT /bTTTjr (1)

Where kg is Boltzmann’s constant, T is the temperature in Kelvin, r| is the viscosity 

of the liquid in which the particles are suspended and r is the radius of the particles.

Since the fluctuation of the intensity signal is caused by the motion of 

particles, those particles that diffuse more quickly are characterised by a smaller 

fluctuation time. As seen in equation (1), the diffusion coefficient is inversely 

proportional to the size of the particles, and, consequently, the smaller the particle, 

the shorter the fluctuation time.

A correlation equation can be used to determine the relationship between the 

measurements of a fluctuating signal. For a monodisperse system in Brownian 

motion, the diffusion of the particles in erratic motion causes the intensity
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autocorrelation equation to decay exponentially where W, the line width of the 

spectrum, is related to the diffusion coefficient by:

W = Dq2 (2)

and the scattering vector, q, is given by: 

q = AnplXo sin (0/2) (3)

Where n is the refractive index of the liquid medium, 0 is the scattering angle 

and Xo is the laser wavelength in air. Geometrically, the scattering vector is defined 

as the difference between the scattered wave vector and the incident wave vector 

(Figure 2.1).

Detector

Laser Scattering
Sample

Figure 2.1
The incident wave vector, si, is scattered in all directions upon reaching the 
scattering sample, but only the light of the wave vector sf is detected. The geometry 
of the apparatus defines the scattering vector q where the angle 0 is called the 
scattering angle.

By combining equations (1), (2) and (3), an equation for the radius of the scattering 

particle is obtained as: 

r = kBTq2 / 6%qW (4)

PCS digitally measures the intensity fluctuations of a signal at the level of the 

photon. Multiple measurements are taken of the number of photons that reach a 

detector in a sample time. For each sample time, the autocorrelation function is 

computed by an automated correlator. When the logarithm of the autocorrelation 

function is graphed versus time, the slope of the resulting line is the line width, W.
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Using equation (4), the size of the scattering particles can then be determined (Kaye, 

1999;Pecora, 1985).

2.2- Measurement of zeta-potential of nanoparticles

Determination of zeta-potential was carried out by laser anemometry, using a 

Malvern zetamaster (Malvern instruments, UK). 5 mg samples were first dispersed 

in distilled water then diluted in 0.001 M potassium chloride solution, which acts as 

a weak electrolyte, to obtain a sample of appropriate concentration for the 

measurement of electrophoretic mobility.

Zeta-potential is the electrical potential that exists at the stem plane of a 

particle, which is an imaginary surface separating the thin layer of liquid bound to 

the particle surface and showing elastic behaviour fi-om the rest of liquid showing 

normal viscous behaviour (Figure 2.2). When dispersed in a solution, colloidal 

particles are electrically charged due to their ionic characteristics. As a result, the 

distribution of ions in the neighbouring interfacial region will be affected by the net 

particle surface charge, and the counter ions (fixed layer) concentration vsdll increase. 

A cloud-like area composed of ions of opposite polarities is formed outside the fixed 

layer.

The net result will be the formation of an electrical double layer in the region 

of the particle-liquid interface, with an inner region formed of ions bound relatively 

strongly to the surface, and an outer or diffuse ionic region. The potential in this 

region, therefore, decays with the distance fi*om the surface, until at a certain 

distance it becomes zero I (Florence & Attwood, 1998).

When a voltage is applied to the solution in which particles are dispersed, 

particles are attracted to the electrode of the opposite polarity, accompanied by the 

fixed layer and part of the diffuse double layer. The electric potential just outside the 

stem plane is known as the zeta-potential.

Zeta potential can be calculated vrith the following Smoluchowski's formula:
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Figure 2.2
Schematic presentation o f  the changes in potential with distance from the particle 
surface.

The principle o f  determining zeta potential is very simple (Figure 2.3). 

A controlled electric field is applied via electrodes immersed in a sample suspension 

and this causes the charged particles to move towards the electrode o f  opposite 

polarity. Viscous forces acting upon the moving particle tend to oppose this motion 

and equilibrium is rapidly established between the effects o f  the electrostatic 

attraction and the viscosity drag. The particle therefore reaches a constant terminal 

velocity.
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Inside of the cell (measurement container) 

Eloctrodo —  surface
kM diffusion layer contarnimg 
zefa poior>bai

Solution
MIgraton

Electrode

J*OStJ«vo
“electrode

kxvc stationary bod layer 
(ion fixed layer bed) 

Partxies that are the o b ^  
of measu'emen;

Figure 2.3
Schematic presentation o f  zeta potential measurement adopted from http://nition.com

2.3- Freeze drying of polymeric particles

A liquots o f  diluted solutions o f  washed polym eric particles were added to 

20m L clear freeze-drying glass containers, covered with Parafilm M film perforated 

with 12 needle width holes, and frozen at -70”C for 2 hours. After that, the samples were 

lyophilised for 48 hours using the Edwards Micro M odulyo freeze dryer, Crawley, 

Sussex, UK, under vacuum drawn by an Edwards E2M 5 high vacuum pump.

Dried polym eric particles with encapsulated antigen were stored at room temperature 

in desiccators.

2.4- Scanning electron microscopy (SEM) for the determination of 

nanoparticles morphology

Scanning electron m icroscopy w as used to analyse the size, m orphology, and 

surface o f  nanoparticles prepared. A thin layer o f  nanoparticles w as put into 

aluminium substrate using carbon discs. The surface was then coated with a gold  

film  under an Argon atmosphere in a sputter coater (Em scope SC500). 

Micro/nanoparticles were analysed under m agnification with a scanning electron  

m icroscope (Cambridge Instruments Stereoscan 90B , 25 kV, Cambridge, UK).
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2.5- Transmission electron microscopy (TEM) for determination of morphology 

and degree of coating of Chitosan nanoparticles

TEM provides a much higher spatial resolution than SEM, and can facilitate 

the analysis of features on the atomic scale (in the range of a few nanometers) using 

electron beam energies in the range of 60 to 350 KV.

Unlike SEM, which relies on dislodged or reflected electrons from the specimen to 

form an image, TEM collects the electrons that are transmitted through the specimen. 

TEM uses an electron gun, like SEM, to produce the primary beam of electrons that 

will be focused by lenses and apertures into a very thin and coherent beam. This 

beam is then controlled to strike the specimen. A portion of this beam, which is 

transmitted to the other side of the specimen, is collected and processed to form the 

image.

A Philips, CM 120 biotwin, was used in this study. Coated and uncoated chitosan 

particles were added onto carbon-coated copper grids (300 mesh). Excess sample on 

the surface was filtered off and a 1% phosphor-tungstick-acid stain was added to 

provide a contrast. A high voltage (80-200KV) finely focused electron beam was 

passed through the sample. Contrast is derived by electrons scattering from atoms in 

the material. Electrons undergo diffraction from lattice plane in crystalline materials 

yielding phase identification.

2.6 Determination of ovalbumin and tetanus toxoid amounts in polymeric 

particles by bicinchoninic acid (BCA) protein assay method

The encapsulation efficiency of model antigen was calculated by comparing 

the actual loading to the theoretical loading of the antigen used in the preparation of 

the nanoparticles, as follows:

% Particle loading efficiency = (actual loading/theoretical loading) x 100

The amount of actual antigen loading of peptide encapsulated per unit weight 

of particles was determined using the BCA assay. The BCA Protein Assay combines 

the well known reduction of Cu^  ̂to Cu^  ̂by protein in an alkaline medium with the 

highly sensitive and selective colorimetric detection of the cuprous cation (Cu^^ by 

bicinchoninic acid (Figure 2.4).
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Protein + Cû+

Q
■OOC^(^^N n(^^VcOO- 

CU1++2BCA—  y ± (  cu’- ) = (  
ooc \ 0 / W \ 0 /

Figure 2.4
Chemical reactions involved in BCA protein assay

The first step is the chelation o f  copper with protein in an alkaline medium to 

form a blue coloured com plex (biuret reaction). In the second step o f  the colour 

development reaction, BCA, a highly sensitive and selective colorimetric detection 

reagent reacts with the cuprous cation (Cu'^) to form a purple coloured reaction 

product by the chelation o f  two m olecules o f  BCA with one cuprous cation (Figure 

2.4). The purple coloured reaction product is water soluble and can be measured 

spectrophotometrically at 570 nm. The reaction that leads to BCA colour formation 

as a result o f  the reduction o f  Cu^  ̂ is also strongly influenced by the presence o f  any 

o f  four amino acid residues (cysteine or cystine, tyrosine, and tryptophan) in the 

amino acid sequence o f  the protein. At elevated temperatures, the peptide bond itself 

is responsible for colour development, and as a result, the reaction is performed at 

bÔ 'C to increase the sensitivity and reduce the variation in the response o f  the 

assay to protein composition.

This technique has the advantages o f  compatibility with ionic and non-ionic 

detergents and minimal protein-to-protein variation. On the other hand, it is limited 

in that it interacts with most reducing agents and copper chelators (Smith et al., 

1985;W iechelman et a i ,  1988;Shihabi & Dyer, 1988).

A 5mg nanoparticles sample was digested in 1 M NaOH at 37°C overnight 

until the polymer was dispersed. The solution was then neutralized to pH 7 with 

HCl, and 20 pL o f  the neutralised solution was added to 3 wells. To each well was 

then added 200 pL o f  BCA reagent. A  series o f  calibrated protein standards were 

prepared in the same medium as the samples for each assay run (Figure 2.5). One set 

o f  standards was run on each microtitre plate as a control measure. Reproducibility
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and accuracy of protein absorption were checked by use of a minimum of three 

absorption determinations for each standard, blank or test sample. After colour 

development proceeded at 60° C for 30 minutes and after cooling to room 

temperature, the absorbance of the contents of each well was determined at 570 nm 

using a microtitre plate reader (Dynatech, USA).

Standard Curve of OVA

y = 1.2382X + 0 .0018  

= 0 .9986

0 0 .2  0 .4  0 .6

OVA Concentration, (mg/ml)

Figure 2.5
Ovalbumin standard curve

2.7 Determination of antigen release from polymeric nanoparticles

In vitro release of antigen from particles was performed to determine its 

release rate. This was performed by incubation of 5mg of particles in 1 ml of 

phosphate buffered saline (PBS), pH 7.4, containing 5 mM SDS and 0.01 % sodium 

azide as a bacteriostatic agent, in eppendorf tubes. The particles were incubated at 

37°C and shaken. Samples were removed at appropriate time intervals, centrifuged 

and the amount of ovalbumin or tetanus toxoid in the samples analysed using a BCA 

assay. Fresh buffer was added to replace the volume removed.

2.8 Determination of polymeric particles hydrophobicity by Rose Bengal 

method

Hydrophobicity of the formulations was determined using a Rose Bengal 

(4,5,6,7-Tetrachloro-2’ ,4’5’7’tetraiodofluorescein) dye (Lukowski et a l, 1992). 1, 2 

and 4mg of particles were weighed out and 1 ml of a lOpg/ml Rose Bengal solution

90



Chapter 2. General methodology

was added and was left to shake overnight. The formulation was centrifuged and the 

supernatant was measured at 547 nm for the content of Rose Bengal.

Surface hydrophobicity was quantified by measuring the adsorption of the 

hydrophobic dye Rose Bengal on the particles at increasing surface area in the 

suspension, using a spectrophotometer (Beckman, DU 650, USA). Suspensions with 

constant Rose Bengal concentration (lOpg/ml) but increasing particulate 

concentration were prepared. The aqueous phase and the surface of the particles are 

considered as two phases and the Rose Bengal undergoes partitioning between these 

phases. At each particle concentration the partitioning quotient was calculated and 

plotted versus the increasing particle concentration. The slopes of the obtained 

straight lines are a measure of the degree of surface hydrophobicity. The value of the 

slope increased with increasing surface hydrophobicity. The partitioning quotient is 

calculated as the fraction of particle-adsorbed Rose Bengal to a Rose Bengal-water 

blank and represents the partitioning of Rose Bengal between the particles and 

surrounding aqueous medium according to the following equation;

Partitioning quotient = (Rose Bengal-water blank)iivv^Q -  (supernatant) iiv>siQ
(Rose Bengal-water blank)uvx549

A partitioning quotient of 0 would represent no association of Rose Bengal to 

particles (i.e. particles with minimum hydrophobicity) and a partitioning quotient of 

1 would represent complete association of Rose Bengal to particles (i.e. particles 

with maximum hydrophobicity).

2.9 Determination of antigen integrity by sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis (SDS-PAGE)

Protein stability was assessed by sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Electrophoresis is the process of moving charged 

molecules in solution by applying an electrical field across the mixture. Because 

molecules in an electrical field move with a speed dependent on their charge, shape, 

and size, electrophoresis has been extensively developed for molecular separations. 

As an analytical tool, electrophoresis is simple and relatively rapid. It is used chiefly 

for analysis and purification of very large molecules such as proteins and nucleic
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acids, but can also be applied to simpler charged molecules, inducting charged 

sugars, amino acids, peptides, nucleotides, and simple ions. Highly sensitive 

detection methods have been developed to monitor and analyse electrophoretic 

separations (Andrews, 1986). Electrophoresis of macromolecules is normally carried 

out by applying a thin layer of a sample to a solution stabilised by a porous matrix. 

Under the influence of an applied voltage, different species of molecules in the 

sample move through the matrix at different velocities. At the end of the separation, 

the different species are detected as bands at different positions in the matrix. A 

matrix is required because the electric current passing through the electrophoresis 

solution generates heat, which causes diffusion and convective mixing of the bands 

in the absence of a stabilizing medium. The matrix can be composed of a number of 

different materials, including paper, cellulose acetate, or gels made of 

polyacrylamide, agarose, or starch. In acrylamide and agarose gels, the matrix also 

acts as a size-selective sieve in the separation. At the end of the run the separated 

molecules can be detected in position in the gel by staining or autoradiography, 

quantified by scanning with a densitometer, and the gel dried for permanent storage 

(Andrews, 1986; Dunn, 1993).

In SDS-PAGE separations, migration is not determined by intrinsic electrical 

charge of polypeptides but by molecular weight. Sodium dodecylsulfate (SDS) is an 

anionic detergent that denatures proteins by wrapping around the polypeptide 

backbone. In so doing, SDS confers a net negative charge to the polypeptide in 

proportion to its length. When treated with SDS and a reducing agent, the 

polypeptides become rods of negative charges with equal charge densities (charge 

per unit length) (Figure 2.6). SDS-PAGE can resolve complex mixtures into 

hundreds of bands on a gel. The position of a protein along the lane gives a good 

approximation of its size, and, after staining, the band intensity is a rough indicator 

of the amount present in the sample (Dunn, 1993).

SDS-PAGE of released and extracted protein was performed using a Bio-Rad 

Mini-Protean II electrophoresis system. Briefly, discontinuous gels were prepared 

with stacking and separating gels of 5 and 15% polyacrylamide, respectively. Protein 

solutions were diluted in Tris-buffer, pH 6.8, containing 10% SDS. Electrophoresis 

of samples was performed at a constant voltage mode at 200 volts using a Bio-Rad 

power supply in a Tris/glycine/SDS buffer. The gels were stained with a 0.1% 

Coomassie blue fixative solution, destained with aqueous solution of 45% methanol
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and 10% acetic acid and then dried. A  series o f  prestained protein markers (Bio-Rad) 

w as used as low  molecular w eight standards.

BEFORE SDS charged R-groups

hydrophobic areas

AFTER SDS

Figure 2.6
Effect o f  SDS on protein

2.10 Determination of DNA binding efficiency using agarose gel electrophoresis

Agarose gel electrophoresis is the easiest and com m onest w ay o f  separating 

and analysing D N A . The purpose o f  the gel might be to look at the D N A , to quantify 

it or to isolate a particular band. The D N A  is visualised in the gel by addition o f  

ethidium bromide. This binds strongly to D N A  by intercalating between the bases 

and is fluorescent i.e. it absorbs invisible U V  light and transmits the energy as 

visib le orange light.

The technique o f  electrophoresis is based on the fact that D N A  is negatively 

charged at neutral pH due to its phosphate backbone. For this reason, when an 

electrical potential is placed on the D N A  it w ill m ove toward the positive pole 

(Figure 2.7).

The rate at which the D N A  w ill m ove toward the positive pole is slow ed by 

allow ing D N A  to m ove through an agarose gel. This is a buffer solution (which  

maintains the proper pH and salt concentration) with 0.75%  to 2.0% agarose added. 

The agarose forms a porous lattice in the buffer solution and the D N A  must slip
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through the holes in the lattice in order to m ove toward the positive pole. This slow s  

the m olecule down. Larger m olecules w ill be slow ed down more than smaller 

m olecules, since the smaller m olecules can fit through the holes easier. A s a result, a 

mixture o f  large and small fragments o f  D N A  that has been run through an agarose 

gel w ill be separated by size.

Figure 2.7

Migration o f  DN A towards the positive pole o f  an electric potential

To pour a gel, agarose powder is m ixed with electrophoresis buffer to the 

desired concentration, and then heated in a m icrowave oven until com pletely melted. 

The com position and ionic strength o f  the electrophoresis buffer has an effect on the 

electrophoretic mobility o f  D N A . Tris-acetate (TAE) is com m only used with  

plasmids electrophoresis as a buffer due to its resolving power for supercoiled D NA . 

After that, ethidium bromide (0.5 ug/m l) was added to the gel at this point to 

facilitate visualisation o f  D N A . After cooling the solution to about 60°C , it was 

poured into a casting tray containing a sample com b and allow ed to solidify at room  

temperature.

After the gel solidification, the com b was removed with care. The gel, still in 

its plastic tray, was inserted horizontally into the electrophoresis chamber and 

covered with buffer. Sam ples containing D N A  m ixed with the loading buffer were 

then pipeted into the sample w ells, the lid and power leads were placed on the 

apparatus, and a current w as applied. To confirm that current is flow ing, bubbles 

com ing o f f  the electrodes can be observed. D N A  w ill migrate towards the anode, 

which is usually coloured red.
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2.11 Determination of antibody titres using an Enzyme Linked Immunosorbent 
Assay (ELISA)

The ELISA is an important, high efficiency im m unoassay that replaced the 

com plem ent fixation and hemagglutination inhibition as primary assays in the 1980s. 

In the ELISA, tissue sam ples (especially blood serum) are assayed to detect the 

presence o f  antibodies. The presence o f  antibodies indicates that the sample source 

has been exposed to an antigen. A ntibodies serve as the antigen's fingerprints, 

indirectly indicating its presence in a host. Thus, the ELISA is an indirect 

immunoassay. The ELISA typically works by binding antigens to a solid surface and 

then adding serum samples, secondary antibody, and a reporter label, with wash  

steps in between. A ntibodies in the tissue w ill bind to both the antigen and the 

antibody (or another antigen i f  it's a sandwich assay). The secondary antibody w ill 

bind to the label, which fluoresces. After washing, the only fluorescence w ill be due 

to antibodies, since they w ill anchor the secondary antibody and labels to the 

antigen, which is bound to the solid surface, w hich is also known as the solid phase 

(Figure 2.8) (Crowther, 1995; Janeway Jr. et « /.,2001).

Figure 2.8

Principle o f  ELISA
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The ELISA technique has many advantages. At first. Substances, e.g., 

antibodies or antigens may be passively adsorbed to solid surfaces, such as plastics, 

which allows a great deal of flexibility in assay design. Microtiter plates in a 96 well 

format are commercially available for use in ELISA, along with suitable equipment 

for easy manipulation and dispensing of reagents. This allows use of small volumes 

and gives the ELISA the potential of handling high numbers of samples rapidly.

Also, since one of the reactants in the ELISA is attached to a solid-phase, the 

separation of bound and free reagents is easily made by simple washing procedures. 

Moreover, the result of an ELISA is a colour reaction that can be observed by eye 

and read rapidly using specially designed multichannel spectrophotometers. This 

allows data to be stored and analyzed statistically (Crowther, 1995).

Serum tetanus toxoid (TT)-specific, or hepatitis B surface antigen (HB)-specific 

antibodies were detected according to the following procedures:

1. Immulon® plates were coated with 50 pL of TT or HB (1 pg TT or HB/50 

pL PBS (pH 7.4)) per well and incubated overnight at 4 °C.

[PBS (pH 7.4): One PBS tablet (Sigma-Aldrich Co. (Poole, England)) 

dissolved in 200 mL deionised water].

2. The solution was removed from the wells by inversion and the plates washed 

three times with PBS-T and once in deionised water by immersion into the 

relative solution and subsequent agitation by tapping each side of the plate 

twice using the palm of the hand before removal of the solution by plate 

inversion. After the final wash, the plates were dried by inverting and blotting 

against clean paper towels and placed in a 37 °C incubator for 5 min. [Wash 

buffer (PBS-T): 40 g sodium chloride, 1 g potassium chloride, 7.21 g 

Disodium hydrogen orthophosphate, 1 g potassium di-hydrogen 

orthophosphate, 2.5 pL Tween 20, deionised water to 5 L]

3. Block buffer (100 pL) was added to each well and the plates were incubated 

for 1 h at 37 °C. The plates were then washed and dried as in step 2.

[Block buffer: 4 %m/v BSA in PBS (pH 7.4)]

4. Serum samples diluted in PBS (initial dilution) were then placed into the first 

column of each plate typically as a 1 in 16 to a 1 in 640 dilution and then 

serially diluted (1 in 2) in PBS along each plate row so that the final volume 

in each well was 50 pL. The initial dilution was estimated so that within 

subsequent serial dilutions, the sample antibody concentrations would be
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reduced to the levels of the naïve standard serum obtained from non

immunised mice (used on each plate as a negative control). The plates were 

then incubated for 1 h at 37 °C, washed and dried as in step 2.

5. Antibody conjugate (50 pL), appropriate to the antibody being investigated, 

was added to each well according to the following dilutions: IgG: 1 in 1,000, 

IgG2a: 1 in 2,000. The plates were then incubated for 1 h at 37 °C and then 

washed and dried as in step 2.

6. Substrate solution (50 pL) was added to each well and the plates were 

incubated for 30 min at 37 °C to allow colour development. The plates were 

then read at 405 nm using a microtitre plate reader (Dynatech, USA) and 

antibody titres calculated by comparison to the naïve standard serum on each 

plate.

[Substrate solution: One tablet of 2, 2’-Azino-bis (3-Ethylbenzthiazoline-6- 

sulfonic acid) tablets (diammonium salt) (ARTS) is dissolved in 15 ml of 

citrate buffer. Immediately prior to use 1.5 pL of hydrogen peroxide (30 

%v/v) was added],

[Citrate buffer (pH 4.0): 4.6 g citric acid, 9.78 g Di-sodium hydrogen 

orthophosphate, deionised water to 500 ml]

2.12 /if vitro cell transfection

The PC-3 (human prostate cancer) cells were grown in Dulbecco’s Modified 

Eagles Medium (DMEM) containing 1 mM Glutamax, glucose (Ig/L, Invitrogen) 

and 10% foetal calf serum (PCS). The cells were maintained in 5% CO2 and 95% air 

at 37°C. The cells were harvested with trypsin-EDTA. The day before the 

transfection assay, cells were seeded into a 48-well cell culture plate at 20,000 

cells/well/5OOpl volume medium.

On the day, the cells were checked for the degree of confluence. A 

confluence of between 50-80% was used for transfection assays. The media was 

taken out and discarded. PBS (500 pL) was added to each well for washing and then 

discarded. Cell culture medium (200 pL) was added in each well. The chitosan/DNA 

particles (50 pL) containing 1 pg of pGL3-Control was added to each well (n = 3). 

The plates were then incubated at 37°C and 5% CO2 for 3-5 h. Following this, the
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medium was removed and the wells were washed with 500 îL of PBS. Fresh 

medium (500 îl) was then added to each well. The cell culture plate was incubated 

at 37°C and 5% CO2 for another 48 h. Transfection using SuperFect® (Qiagen, 

USA) as positive controls was carried out as described in the manufacturer’s 

instructions.

2.13 Assay for luciferase reporter gene expression

Two days post-transfection of the cells, at 37°C and 5% C02, media was 

removed from the wells. 500 pL of PBS (Dulbeco x 1) was added to each well for 

washing. PBS was removed from the wells. The Promega Lysis buffer (5 x) was 

diluted with a ratio of 1:10 to a 0.5 x solution. 100 pL of the working lysis solution 

(0.5 x) was added to each well. The plate was left at room temperature to incubate for 

30-60 min. The cells were then checked with a photomicroscope to make sure that 

they had been lysed. The lysate (20 pL) was taken for determination of protein 

amount with Bio-Rad protein assay reagent. Another 20 pL of the lysate was taken 

from each well and placed into a 96-well black plate to which 100 pL of the Steady- 

Glok Luciferase Assay System was added. The plate containing the cell lysates was 

assayed for fluorescent intensity using a Wallac Victor2 microplate reader (1420 

Multi-label counter, Wallac Oy, Turku, Finland) giving relative light units (RLU). 

The RLU were normalized to protein amounts in the cell extracts measured by the 

Bio-Rad protein assay method to RLU/mg protein.

2.14 /if vivo studies

The PCL, PCL-PEG-galactose, and PCL-PEG-mannose nanoparticles were 

administered through intramuscular (I.M.) and intranasal (I.N.) routes. Three Balb/c 

female mice 4-6 weeks were investigated per formulation, and all handling 

procedures were performed as dictated by the Animal Scientific Procedures Act 

1986.

For the I.M. administration of TT, TT-loaded nanoparticles or free TT 

equivalent to 5LF TT in 50 pi PBS, was administered per mouse 100 pi blood 

samples were collected by tail bleeding after 4, 8 and 12 weeks.
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For the I.N. administration of TT, TT-loaded nanoparticles or free TT equivalent to 

5LF TT in 20 pi PBS, was administered per mice. The mice were anesthetized with 

fluorethane before I.N. administration of TT-loaded nanoparticles. The serum was 

analysed by the ELISA assay method for the presence of specific antibodies against 

TT.

pRc/CMV-HBs DNA vaccine was formulated with chitosan nanoparticles, 

and administered to female Balb/c mice. For comparison, groups of mice were also 

immunised with pHPMA-coated chitosan particles, as well as naked DNA. Each 

mouse received 50pg of plasmid DNA, with every group consisting of three animals 

(n=3). 200 pi volumes of the formulations were administered via the S.C. route, 

whereas volumes of 20 pi were administered via the I.N. route.

The mice received three doses at 4-week intervals and serum was collected 

two weeks after each dose. The serum was analysed by the ELISA assay method for 

the presence of specific antibodies against the encoded protein of hepatitis B surface 

antigen.

2.15 Statistical Analysis

Comparison of hydrophobicity and immune responses between different 

groups of animals were analysed for significance using Student’s unpaired t-test. 

Differences with p<0.05 were considered significant.
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Chapter 3, Effect of PEG on the physicochemical
 Properties of PLGA and POL nanooarticies

3.1 Introduction

Antigen encapsulation in biodegradable polymeric M/NP is a major means of 

prolonged antigen delivery. The most commonly used method for encapsulating 

proteins in polymeric M/NP is the w/o/w solvent evaporation technique. The w/o/w 

solvent evaporation method was first used in 1988 to prepare PLGA microparticles 

for the encapsulation of leuprolide acetate (Ogawa et a l, 1988). This technique is 

simple, however, there are many critical factors to control the properties of the final 

particles formed. One of the major problems encountered is the inefficient loading of 

hydrophilic drugs and proteins into M/NP when prepared both from PLGA and PCL 

polymers.

Many approaches have been developed to improve the loading of hydrophilic 

drugs, DNA or vaccines in M/NP using the w/o/w solvent evaporation method. One 

approach is by using more hydrophobic emulsifiers such as PVP (Capan et a l, 

1999; Conway et a l, 1997). Another approach is through increasing the polymer 

concentration (Youan et al, 1999). Also, by controlling the temperature (Yang et a l, 

2000), addition of a salt such as NaCl to the internal aqueous phase (Chen et a l, 

2002), adjusting pH of the phases, and/or by using different organic solvents or co

solvents in the formulation process (Bodmeier & McGinity, 1988; Freytag et a l, 

2000; Ruan et a l, 2002; Youan et a l, 1999).

The aim of this study is to produce particles with high loading efficiencies in 

order to reduce the loss of expensive drugs, such as proteins and vaccines, during the 

formulation process, and to prepare a delivery system that can modulate the release 

of the encapsulated protein over a desired period of time. Also, the diffusion of 

proteins through PCL is too slow for practical application, and this limitation can be 

circumvented by blending PEG with PCL, a strategy that needs extensive 

investigation (Benoit et a l, 1999; Lin et a l, 1999; Zhang & Zhuo, 2005).

The use of blends of biodegradable polymers with PEG as carriers represents 

an appealing approach for controlling the loading and release of proteins and 

vaccines. Several benefits are expected from polymer-PEG M/NP as compared to 

those made from the biodegradable polymer alone. First, the presence of a PEG 

coating layer at the microparticles surface hinders its opsonisation and uptake by the 

MPS, thus increasing its half life in the circulation, which has proven beneficial for 

targeting purposes (Torchilin, 2000; Coombes et a l, 1997). Secondly, due to the
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amphiphilic nature of the polymer-PEG blend, a better dispersion of the protein- 

containing aqueous phase into the organic phase involved in the double emulsion 

process is achieved, thus improving protein encapsulation efficiency. Moreover, the 

presence of PEG chains in the matrix could possibly reduce the interactions between 

the hydrophobic matrix and the entrapped proteins and thereby their aggregation and 

inactivation. Also, the PEG coating prevents the possible readsorption of protein 

molecules released from the microparticles onto their own surface. In addition, the 

presence of PEG inside the matrix of the microspheres increases their hydrophilicity, 

and consequently, their water uptake and their degradation rate (Quellec et a/., 

1999).

PEG can be used in the formulation of biodegradable micro-nanoparticles in 

different ways. One method, which I employed in this chapter, is through blending 

with the polymer. Blends of PLGA with PEG have improved the delivery capacity 

and release profiles of PLGA microparticles in a study where two model proteins 

were entrapped with high efficiency using a w/o/w emulsion/solvent extraction 

technique (Cleek et a l, 1997). The initial burst effect was dependent on the PLGA- 

PEG blend ratio. Moreover, the release rate increased and the particle size decreased 

in direct relation to PEG content. Also, protein loaded microparticles from blends of 

PLGA and PEG have been prepared using a w/o/o solvent extraction technique, with 

much higher protein entrapment, marked reduction of the burst effect and more 

uniform and controllable release characteristics (Yeh et a l, 1995; Lavelle et a l, 

1999).

Another method involves the use of PLA-PEG block copolymers. By using 

diblock PEG-R copolymers with different PEG molecular weights (2, 5, 12, and 

20kDa), nanospheres were formed by an emulsion/evaporation procedure. It has 

been shown that drug release is a function of diblock or multiblock PEGn-R 

copolymer composition and molecular weight, nanosphere size, and drug loading, so 

that different release patterns can be achieved by an appropriate choice of polymer 

composition and drug loading (Gref et a l, 1994).

Moreover, proteins can be encapsulated by a solid/o/w (s/o/w) emulsion 

method using PEG as protein micronisation adjuvant. This process involves two 

consecutive steps. The first step is the micronisation of protein by freeze drying with 

PEG, which is based on the aqueous phase separation phenomenon induced by 

freezing condensation. The second step is the encapsulation by an s/o/w emulsion
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method. PEG is not only a phase separation inducing agent, but it is also an 

amphiphilic polymer which can play an important role in the modification of protein 

release from microspheres (Morita et a l, 2000).

3.2 Materials and methods

3.2.1 Materials

PLGA (50:50), (MWt 14kDa), was purchased from Medisorb, Alkermes 

controlled therapeutic systems, (USA). PCL (MWt 10 kDa, 40 kDa and 80 kDa) was 

purchased from Aldrich Chemicals Co. Dichloromethane (DCM) was purchased 

from BDH (UK). Polyvinyl alcohol, (PVA) (87-89% hydrolysed, MWt 13-23 kDa) 

and OVA (grade IV) was purchased from Sigma (UK). PEG (MWt 2kDa, 8 kDa) 

used in this experiment was purchased from Sigma (UK).

All other chemical reagents not specified in this text were supplied by Sigma 

Chemical Co. (Poole, Dorset, UK) and were at least of reagent grade.

3.2.2 Preparation of PLGA nanoparticles

PLGA nanoparticles were prepared by a w/o/w solvent evaporation 

technique. This involved drop wise addition of 1ml of 2.5% m/v aqueous solution of 

PVA , containing theoretical ovalbumin loading of 2, 5, or 10% m/m based on 

polymer, to 4ml of DCM containing 200 mg of the polymer and different amounts of 

PEG ranging from 0% to 10% m/m, according to the experiment, based on the 

polymer, whilst homogenising using an ultra-turax homogeniser (T25, IKA 

Labortechnik) at a speed of 12,000 revolutions per minute (rpm) for 2 minutes. The 

resulting w/o emulsion was subsequently added drop wise to 50ml of 1.25% m/v 

aqueous PVA solution whilst homogenising at a speed of 12,000 rpm using 

Silverson homogeniser (Silverson Machines, Chatham, Bucks) for 6 minutes. The 

homogenisation process was performed over ice and the resulting w/o/w emulsion 

was stirred continuously and allowed to evaporate overnight. The particles were then 

collected by centrifugation (JA centrifuge with JA-20 rotor, Beckman) at 4°C and 

10,000 rpm for 30 minutes and washed with water a further 3 times using the same
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centrifugation parameters. The sediment obtained was resuspended in water and 

freeze dried (Edwards freeze dryer) for 48h.

3.2.3 Characterisation of nanoparticles

The nanoparticles obtained were characterised with respect to their size 

distribution, loading and surface charge, as described in sections 2.1, 2.6, and 2.2. 

The integrity of OVA and TT extracted from the polymeric nanoparticles was 

determined using SDS-PAGE technique as described in section 2.9. The morphology 

of the polymeric nanoparticles was studied using SEM as described in section 2.4. 

The hydrophobicity of the polymeric nanoparticles was measured using Rose Bengal 

binding constants as described in section 2.8. Antigen release profiles from the 

polymeric nanoparticles were determined as described in section 2.7.

3.3 Results and discussion

3.3.1 Preparation of PLGA nanoparticles

All formulations were made using the protocol described in the methods 

section. The following formulations were prepared to study the effect of PEG on the 

loading efficiency of OVA:
Polymer W1 W2 Solvent PEG Protein

200mg PLGA 1ml o f 2.5% 

m/v aq. 

PVA sol.

50ml o f  1.25% 

m/v aq. PVA sol.

DCM

4ml

OVA

lOmg

200mg PLGA 1ml o f 2.5% 

m/vaq. 

PVA sol.

50ml o f  1.25% 

m/v aq. PVA sol.

DCM

4ml

20mg 

2 kDa
OVA

lOmg

200mg PLGA 1ml o f 2.5% 

m/v aq. 

PVA sol.

50ml o f  1.25% 

m/v aq. PVA sol.

DCM

4ml

20mg 

8 kDa
OVA

lOmg

Table 3:1
Design of preparation of PLGA nanoparticles

Centrifugation was performed at 30,000 rpm for 30 minutes. A hard mass of the 

particles was formed which can not be redispersed, and this could be attributed to the
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high centrifugation speed used. In order to solve this problem, the experiment was 

repeated changing the centrifugation speed as the following:

a) At 15,000 rpm for 30 minutes
Again, a hard mass was obtained, and only a small portion of it could be 

redispersed into nanoparticles which are very polydisperse. Figure 3.1 shows the 

morphology of the obtained particles examined by SEM.

Figure 3.1
PLGA nanoparticles.

b) At 15,000 rpm for 30 minutes, and using different sucrose concentrations 

in the external aqueous phase

The morphology of PLGA nanoparticles was examined following the addition of 

sucrose, 1% and 2%, m/v to the external aqueous phase. The polydispersity of the 

particles was improved following the addition of sucrose, with greater effect of 2% 

m/v concentration (figure 3.2). Sucrose acts as a cryoprotectant during the freeze- 

drying stage and hence preventing particle aggregation (Jeong et al., 2005).

m

^  ̂  Vf
----- 1 ? Mm6 riiOIQ? lef 1340

Figure 3.2
SEM of PLGA nanoparticles obtained by using 2% sucrose in the external aqueous 
phase.
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C) At a centrifugation speed of lOK rpm for 30 minutes

The particles were completely redispersed, and figure 3.3 shows the 

morphology of the obtained nanoparticles examined by SEM.

Figure 3.3
Nanoparticles obtained by using lower centrifugation speed.

As a result, this centrifugation speed was chosen for preparation of PLGA 

nanoparticles.

3.3.2 Characterisation of PLGA nanoparticles

3.3.2.1 Effect of theoretical loading on the encapsulation efficiency of OVA in 

PLGA nanoparticles

OVA content of PLGA nanoparticles was determined using BCA assay as 

explained in section 2.6.

The influence of theoretical OVA loadings on the loading efficiencies of 

PLGA nanoparticles was investigated. The OVA loading efficiency of PLGA 

nanoparticles decreased when the theoretical OVA loading increased (Table 3.2). 

PLGA nanoparticles loaded with 2.5, 5, and 10% m/m theoretical OVA loading 

resulted in loading efficiencies of 56.4, 45.8, and 37.7% respectively. This could be 

attributed to an increase in the concentration gradient of OVA between the primary 

w/o emulsion phase and the external aqueous phase, which led to an increase in the 

amount of OVA dissolving across the external aqueous phase (Yang et al, 2001).
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The z-average diameter of the nanoparticles was between 266 and 282 nm 

and the polydispersity between 0.253 and 0.289, while zeta-potential values were 

between -7.9 and -8.7 mV with no effect of protein loading on zeta-potential.

2L-average, 

nm ±  s.d.

Zeta- 

potential, 

mV ± s.d.

Polydispersity 

Index ±  s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

Efficiency 

% ± s.d.

266 ± 4 - 8.5 ± 1.5 0.253 ± 0.034 2.5 1.41 ± 0 .20 56.4 ± 2.3

271 ± 5 -8.7 ± 2.2 0.289 ±0.021 5 2.29 ± 0.05 45.8 ± 1.4

282 ± 9 - 7.9 ± 0.9 0.277 ± 0.067 10 3.77 ± 0 .47 37.7 ± 3 .5

Table 3.2
Characterisation of size, loading and zeta-potential of 2.5%, 5%, and 10% m/m 
OVA-loaded PLGA nanoparticles (n=3. Mean ± s.d.).

3.3.2.2 Influence of poly (ethylene glycol) on PLGA nanoparticle characteristics

Poly (ethylene glycol) (PEG) with different molecular masses and different 

weight percentages of PLGA was investigated as a means for increasing OVA 

loading. PEG was blended with PLGA in the DCM organic phase during the 

manufacturing process.

3.3.2.2.1 Influence of PEG 2kDa on the size, loading, and zeta-potential of 

PLGA nanoparticles encapsulating OVA

When PEG 2kDa was blended with PLGA in the organic phase, 

nanoparticles were successfully prepared using the w/o/w solvent evaporation 

method. As shown in table 3.3, the z-average diameter of the nanoparticles was 

between 271 and 296 nm. The nanoparticle diameter was not significantly affected 

by PEG. The loading efficiency of the particles increased from 45.4% to 62.2% as 

PEG 2 kDa increased from 1 to 10% m/m. The zeta potential values increased also 

from -8.7 mV for PLGA nanoparticles to -0.9 mV for nanoparticles with 10% m/m 

PEG 2 kDa. This increase of zeta potential values towards a value of zero could be 

due to the presence of PEG which masked the zeta potential values (Laçasse et al, 

1998).
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PEG 2 kDa

% m/m

Z-average, 

nm ± s.d.

Zeta-potential, 

mV ± s.d.

Polydispersity 

Index ± s.d.

Theoretical 

Loading, 

% m/m

Actual 

Loading, 

% m/m ± 

s.d.

Loading 

Efficiency 

% ± s.d.

0 271 ± 5 -8.7 ± 2.2 0.289 ±0.021 5 2.29 ± 0.05 45.8 ± 1.4

1 296 ± 3 -2.4 ± 1.3 0.267 ± 0.044 5 2.27 ±0.12 45.4 ± 2.2

2 285 ± 1 - 1.2 ± 0 .9 0.273 ± 0.053 5 2.53 ± 0.47 50.6 ± 1.8

5 280 ± 3 -1.1 ± 0 .6 0.198 ±0.015 5 2.87 ± 0.38 57.4 ± 2 .5

10 273 ± 2 -0.9 ± 0.2 0.224 ± 0.033 5 3 .11± 0.26 62.2 ±3.1

Table 3.3
Influence of PEG 2kDa on the size, loading, and zeta-potential of 5% m/m OVA- 
loaded PLGA nanoparticles (n=3. Mean ± s.d.).

When PLGA nanoparticles blended with 10% m/m PEG 2 kDa were loaded 

with theoretical OVA loading of 2.5 and 10% m/m, the z-average diameter of the 

nanoparticles was found to be between 268 and 280 nm respectively, as shown in 

table 3.4. The loading efficiency of the nanoparticles decreased from 69.6% to 

46.2% by increasing the theoretical OVA loading from 2.5 to 10% m/m respectively, 

however, these values are still significantly higher than those of PLGA 

nanoparticles. Zeta potential values of the nanoparticles were between -0.9 and -1.72 

mV, due to the masking effect of PEG on zeta potential(Lacasse et a l, 1998), with 

no significant effect of the actual loading on the values measured.

PEG 2kDa 

%m/m

Z-average, 

nm ± s.d.

Zeta- 

potential, 

mV ± s.d.

Polydispersity 

Index ± s.d.

Theoretical 

Loading, 

% m/m

Actual 

Loading, 

% m/m ± 

s.d.

Loading 

Efficiency 

% ± s.d.

10 268 ± 4 - 1.72 ± 0 .8 0.263 ±0.015 2.5 1.74 ±0.65 69.6 ± 2.3

10 273 ± 2 -0.9 ± 0.2 0.224 ± 0.033 5 3.11± 0.26 62.2 ± 3.1

10 280 ± 6 -1 .5  ±0.07 0.133 ±0.026 10 4.62 ± 0.77 46.2 ± 2.7

Table 3.4
Effect of 10% m/m PEG 2 kDa on the size, loading, and zeta-potential of 2.5, 5, and 
10% m/m OVA-loaded PLGA nanoparticles (n=3. Mean ± s.d.).
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3.3.2.2.2 Influence of PEG 8kDa on the size, loading, and zeta-potential of 

PLGA nanoparticles encapsulating OVA

When PEG 8kDa was blended with PLGA in the organic phase, 

nanoparticles were successfully prepared using the w/o/w solvent evaporation 

method. As shown in table 3.5, the z-average diameter of the nanoparticles was 

between 271 and 279 nm. The nanoparticle diameter was not significantly affected 

by PEG. The loading efficiency of the particles increased significantly from 48% to 

70.8% as PEG 8kDa increased from 1 to 10% m/m. The zeta potential values 

increased also from -8.7 mV for PLGA nanoparticles to -1.1 mV for nanoparticles 

with 10% m/m PEG 3.35 kDa. Again, this could be attributed to the masking effect 

of PEG on zeta potential (Laçasse et a l, 1998).

When PLGA nanoparticles blended with 10% m/m PEG 8kDa were loaded 

with theoretical OVA loading of 2.5 and 10% m/m, the Z-average diameter of the 

nanoparticles was found to be between 265 and 282 nm respectively, as shown in 

table 3.6. The loading efficiency of the nanoparticles decreased from 81.6% to 

55.1% by increasing the theoretical OVA loading from 2.5 to 10% m/m respectively, 

however, these values are still higher than those of PLGA nanoparticles. Zeta 

potential values of the nanoparticles were between -1.1 and -1.55 mV with no 

significant effect of the theoretical loading on the zeta-potential values measured.

PEG 

8kDa 

% m/m

Z-average, 

nm ±  s.d.

Zeta- 

potential, 

mV ± s.d.

Polydispersity 

Index ± s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

Efficiency 

% ± s.d.

0 271 ± 5 -8.7 ±  2.2 0.289 ±0.021 5 2.29 ±0 .18 45.8 ± 1.4

1 270 ± 2 -2.1 ± 1.0 0.187 ±0.013 5 2.4 ±  0.23 48 ± 1.6

2 279 ± 3 - 1.6 ± 1.4 0.233 ± 0.048 5 2.76 ± 0.35 55.2 ± 2.9

5 277 ± 4 -1.2 ± 0 .9 0.179 ±0.022 5 3.22 ± 0 .29 64.4 ±2.1

10 268 ± 3 -1.1 ± 0 .5 0.294 ± 0.039 5 3.54 ± 0 .16 70.8 ± 2.8

Table 3.5
Influence of PEG 8kDa on the size, loading, and zeta-potential of 5% m/m OVA- 
loaded PLGA nanoparticles (n=3. Mean ± s.d.).

109



Chapters, Effect of  PEG on the physicochemical
 Properties of PLGA and PCL nanooarticies

PEG 8kDa 

%m/m

Z-average, 

nm ± s.d.

Zeta- 

potential, 

mV ± s.d.

Polydispersity 

Index ± s.d.

Theoretical 

Loading, 

% m/m

Actual 

Loading, 

% m/m ± 

s.d.

Loading 

Efficiency 

% ± s.d.

10 265 ± 2 - 1.55 ± 0 .4 0.292± 0.044 2.5 2.04 ± 0.65 81.6 ±2.25

10 268 ± 3 -1.1 ± 0 .5 0.294 ± 0.039 5 3.54 ± 0 .16 70.8 ± 2.8

10 282 ± 6 - 1.46 ± 0 .27 0.178 ±0.081 10 5.51 ±0.77 55.1 ± 1.43

Table 3.6
Influence of 10% m/m PEG 8kDa on the size, loading, and zeta-potential of 2.5, 5, 
and 10% m/m OVA-loaded PLGA nanoparticles (n=3. Mean ± s.d.).

Figure 3.4 shows that both PEG 2kDa and PEG 8kDa significantly increase 

the loading efficiency of PLGA nanoparticles theoretically loaded with 5% m/m 

OVA. The loading efficiency increases significantly from 45.8% up to 62.2 and 

70.8% by blending with 10% m/m of PEG 2kDa and PEG 8kDa respectively. In both 

cases, the loading efficiency increases gradually by increasing PEG concentration 

from 1 to 10% m/m. PEG 8kDa exhibits a significantly greater effect as compared 

with PEG 2kDa.

This can be explained with reference to the amphiphilic nature of the PEG- 

PLGA blend, where a better dispersion of the protein-containing aqueous phase into 

the organic phase involved in the double emulsion process is achieved, thus 

improving the protein encapsulation efficiency. Also, the presence of PEG chains in 

the matrix could possibly reduce the interactions between the hydrophobic matrix - 

and the entrapped proteins and thereby their aggregation and inactivation. PEG 

8kDa, with a higher molecular mass renders PLGA nanoparticles more hydrophilic 

as compared with PEG 2kDa.

110



Chapter 3, Effect of PEG on the physicochemical
 Properties of PLGA and PCL nanooarticies

cQ)
Ü
E
LU
co*3
JS
3(A
Q.
3c
LU

80

70

60

50

40

30

20

10

0
0 2 5 101

P E G  2 k D a  

P E G  8 k D a

PEG concentration, %m/m

Figure 3.4
Effect of PEG molecular mass on the encapsulation efficiency of 5%m/m OVA in 
PLGA nanoparticles (n=3. Mean ± s.d.).

Figure 3.5 shows that PEG increases the loading efficiency of PLGA 

nanoparticles at different theoretical OVA loading levels as explained before.
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Figure 3.5
Effect of 10% m/m PEG on the encapsulation efficiency of OVA in PLGA 
nanoparticles at different theoretical loadings (n=3. Mean ± s.d.).
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3.3.3 Influence of PEG on the hydrophobicity of OVA-loaded PLGA 

nanoparticles

Blending of PEG with PLGA polymer during the formulation of PLGA

nanoparticles may affect the hydrophobicity of the nanoparticles. Particle surface

hydrophobicity was evaluated by adsorption of the hydrophobic dye Rose Bengal as

described previously in section 2.8 (Gessner et al, 2000; Muller et al, 1997).

Briefly, a fixed amount of dye was added to nanoparticle suspensions of increasing

concentration. Rose Bengal undergoes partitioning between the particles surface and

the dispersion medium. The partitioning quotient (PQ) for each particle

concentration was calculated according to the equation:

Partitioning quotient = (Rose Bengal-water blank),,vy< ^ 9 -  (supernatant)
(Rose Bengal-water blank)uvx5 4 9

A PQ of 0 would represent no association of Rose Bengal (lowest 

hydrophobicity), while a PQ of 1 would represent complete association of Rose 

Bengal to the particles (highest hydrophobicity). PQ was plotted as a function of the 

total surface area resulting in straight lines (Figure 3.6). The slopes were taken as a 

measure of the degree of surface hydrophobicity; the steeper the slope, the more 

hydrophobic is the surface. This method assumes that all samples used will possess 

the same surface area.
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Figure 3.6
Effect of PEG on the hydrophobicity of PLGA nanoparticles.
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PLGA nanoparticles prepared from blends of PLGA and the hydrophilic 

polymer PEG are significantly more hydrophilic than particles prepared from only 

PLGA. Moreover, PLGA nanoparticles containing PEG 8kDa are significantly more 

hydrophilic than particles containing PEG 2kDa.

3.3.4 Integrity of OVA extracted from OVA-loaded PLGA nanoparticles 

prepared using the w/o/w solvent evaporation method

During the preparation of PLGA nanoparticles by the w/o/w solvent 

evaporation technique, the contact between OVA and the organic solvent DCM and 

the stress put upon OVA in the homogenisation process, may cause damage to the 

structure of OVA or enhance its aggregation with a consequent loss of activity 

(Jeffery et al., 1993).

SDS-PAGE was used to analyse the molecular size of OVA structure as an 

indication of its integrity.

Molecular 
m ass, kDa

66

45
36
29
24
20

Figure 3.7
SDS-PAGE analysis of OVA samples. Samples were extracted from PLGA 
nanoparticles theoretically loaded with 5% m/m OVA. Lane description: 1) 
Molecular mass marker, 2) Free OVA, 3) OVA extracted from PLGA nanoparticles, 
4) OVA extracted from PLGA nanoparticles with 10% m/m PEG 8kDa, 5) OVA 
extracted from PLGA nanoparticles with 5% m/m PEG 8kDa, 6) OVA extracted 
from PLGA nanoparticles with 10% m/m PEG 2kDa, 7) OVA extracted from PLGA 
nanoparticles with 5% m/m PEG 2kDa
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SD S- PAGE analysis (Figure 3.7) show ed that the bands relating to O V A  

released from PLGA and PLGA/PEG nanoparticles prepared using the w /o /w  

solvent evaporation technique coincided with the bands for native O VA. There were 

no additional bands to indicate the presence o f  high molecular m ass aggregates or 

fragments greater or less than 45 kDa. This w ould suggest that the structure integrity 

o f  O VA w as not significantly affected by the preparation technique.

3.3.5 Study of in vitro OVA release from PLGA nanoparticles

The cumulative m ass release profiles for ovalbumin (O V A ) depended on the 

PEG content o f  the nanoparticles as shown in figure 3.8. The nanoparticles showed  

an initial burst release o f  the loaded O V A  ranging from 25.2%  to 51.47%  within the 

first 24 hours. O VA release result for PLGA formulation showed a smaller burst 

effect during the first 24 hours (25.2% ). This was in accordance with other studies o f  

PLGA particles loaded with proteins (Cleek et a i ,  1997a;Alonso et a i ,  1994).

PLGA

10% PE G  2kD a in PLGA  

10% PE G  BkDa in PLGA

50  V -

4 0  T

Time, days

Figure 3.8
Effect o f  PEG on the cum ulative O V A  release (%) from 5% theoretically loaded 
PLGA nanoparticles

Comparatively, the release rate o f  entrapped O V A  was greater from particles 

made from blends o f  PLGA and 10% PEG. Particles made with blends o f  PLGA and 

10% PEG showed a large burst w ithin the first 24 hours, with particles made from 

PEG BkDa showed a higher burst effect (51.47% ) than those made with PEG 2kDa  

(45.8% ).
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This can be attributed to the leaching out of PEG from the polymer blends, 

forming molecular pores and channels within the polymer matrix which may 

enhance OVA release. Particles made with higher molecular weight PEG may have 

more molecular pores and channels due to higher hydrophilicity.

3.3.6 Characterisation of PCL nanoparticles

3.3.6.1 Effect of polymer molecular mass on the encapsulation efficiency of 

OVA in PCL nanoparticles

Nanoparticles were successfully prepared from PCL 10, 40, and 80kDa 

polymers using the w/o/w solvent evaporation method. Table 3.7 shows that the z- 

average diameter of the particles increased from 485 nm up to 553 nm as the 

molecular mass of PCL increases from lOkDa to 80kDa. This can be attributed to the 

increase in viscosity as a result of increasing polymer molecular mass. These results 

are in accordance with previously reported data (Yang et a l, 2001) showing an 

increase in PCL microparticle size as the molecular mass increased.

When the PCL molecular mass increased from 10 to 40 to 80K, the loading 

efficiency of the nanoparticles increased from 34.4 to 42.2 to 59.6% respectively. 

Various factors can be responsible for the increase in loading efficiency. First, an 

increase in the molecular mass of PCL lead to an increase in the viscosity of the 

organic phase, this in return reduces protein diffusion into the external aqueous 

phase before particle hardening. Also, higher molecular mass PCL exhibits a lower 

degree of crystallinity as compared to low molecular mass PCL and therefore higher 

loading can be achieved. This is because the crystalline part of the polymer is 

essentially impermeable to water, hence, OVA is likely to be entrapped in the 

amorphous phase of the polymer (Conway et a l, 1996).

Zeta-potential values were between -5.40 and -4.62 mV, and did not appear 

to be dependant on the molecular mass of the polymer.
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Polymer Z-average, 

nm ±  s.d.

Polydispersity 

Index ± s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual 

Loading, 

% m/m ± 

s.d.

Loading 

Efficiency 

% ± s.d.

PCL

lOkDa 485 ± 3 0.357 ±0.061 - 4.62 ± 1.4 5 1.72 ± 0 .20 34.4 ± 2.3

PCL

40kDa 507 ± 4 0.255 ± 0.044 -5.40 ±2.1 5 2.11 ±0.05 42.2 ± 1.4

PCL

80kDa 553 ± 6 0.432 ±0.081 -5 .32  ± 0 .8 5 2.98 ± 0.47 59.6 ± 3 .5

Table 3.7
Characterisation of size, loading, and zeta-potential of 5% m/m OVA loaded PCL 
10,40, and 80K nanoparticles (n=3. Mean ± S.d.).

3.2.6.2 Effect of theoretical OVA loading on the encapsulation efficiency of 

OVA in PCL nanoparticles

The PCL 80K polymer was chosen for further optimisation studies because it 

led to the highest loading efficiency as explained in section 3.2.6.1. The influence of 

theoretical OVA loadings on the loading efficiencies of PCL nanoparticles was 

investigated. Table 3.8 shows that the OVA loading efficiency of PCL nanoparticles 

decreased when the theoretical OVA loading increased. PCL nanoparticles loaded 

with 2.5, 5, and 10% m/m theoretical OVA loading resulted in loading efficiencies of 

70.8, 59.6, and 42.3% respectively. This could be attributed to an increase in the 

concentration gradient of OVA between the primary w/o emulsion phase and the 

external aqueous phase, which led to an increase in the amount of OVA dissolving 

across the external aqueous phase (Yang et a l, 2 0 0 1 ).

The z-average diameter of the nanoparticles was between 543 and 559 nm 

and the polydispersity index between 0.277 and 0.329, while zeta potential values 

were between -  2.9 and -5.32 mV with no effect of protein loading on zeta potential.
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Polymer Z- 

average, 

nm ±  s.d.

Polydispersity 

Index ±  s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

Efficiency 

% ± s.d.

PCL 80K 543 ± 2 0.277 ±0.012 - 3.72 ± 1.4 2.5 1.77 ± 0 .10 70.8 ± 1.4

PCL 80K 553 ± 6 0.313 ±0.046 - 5.32 ± 0.8 5 2.98 ±  0.47 59.6 ± 3 .5

PCL 80K 559 ± 5 0.329 ± 0.058 -2 .9  ± 2 .2 10 4.23 ± 0.42 42.3 ± 4.2

Table 3.8
Characterisation of size, loading and zeta-potential of 2.5%, 5%, and 10% m/m 
OVA-loaded PCL nanoparticles (n=3. Mean ± s.d.).

3.3.7 Influence of poly (ethylene glycol) on PCL nanoparticle characteristics

PEG with different molecular masses and different weight percentages of 

PCL SOkDa was investigated as a means for increasing OVA loading. PEG was 

blended with PCL in the DCM organic phase during the formulation process.

3.3.7.1 Influence of PEG 2kDa on the size, loading, and zeta-potential of PCL 

nanoparticles encapsulating OVA

When PEG 2kDa was blended with PCL SOkDa in the organic phase, 

nanoparticles were successfully prepared using the w/o/w solvent evaporation 

method. As shown in table 3.9, the z-average diameter of the nanoparticles was 

between 548 and 575 nm. The nanoparticle diameter was not significantly affected 

by PEG. The loading efficiency of the particles increased from 59.6% to 71.2% as 

PEG 2kDa increased from 1 to 10% m/m. The zeta potential values increased also 

from -5.32 mV for PCL nanoparticles to -0.8 mV for nanoparticles with 10% m/m 

PEG 2kDa. This could be attributed to the masking effect of PEG on zeta potential. 

This effect could be also due to the fact that PEG could increase the resistance of 

particles to move which accounts for the reduction in zeta-potential (Laçasse et al, 

1998).
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PEG

2kDa

%m/m

z-
average, 

nm ±  s.d.

Polydispersity 

Index ± s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

Efficiency 

% ± s.d.

10 544 ± 5 0.237 ±0.019 - 1.1 ± 0 .34 2.5 2.01 ± 0 .42 80.4 ± 2.2

10 548 ± 2 0.224 ± 0.035 -0.8 ± 0.22 5 3.56 ±0.15 71.2 ±3 .3

10 556 ± 2 0.169± 0.016 -1 .1  ± 0 .06 10 4.81 ± 0 .64 48.1 ± 4 .6

Table 3.9
Influence of PEG 2kDa on the size, loading, and zeta-potential of 5% m/m OVA- 
loaded PCL SOkDa nanoparticles (n=3. Mean ± s.d.).

When PCL SOkDa nanoparticles blended with 10% m/m PEG 2kDa were 

loaded with theoretical OVA loading of 2.5 and 10% m/m, the z-average diameter of 

the nanoparticles was found to be between 544 and 556 nm respectively, as shown in 

table 3.10. The loading efficiency of the nanoparticles decreased from SO.4% to 

4S.1% by increasing the theoretical OVA loading from 2.5 to 10% m/m respectively, 

however, these values are still higher than those of PCL nanoparticles. Zeta potential 

values of the nanoparticles were between -O.S and -1.1 mV with no significant effect 

of the theoretical loading on the zeta-potential values measured.

PEG

2kDa

%

m/m

Z-average, 

nm ± s.d.

Polydispersity 

Index ± s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

EfHciency 

% ± s.d.

0 553 ± 6 0.286 ± 0.032 - 5.32 ± 0.8 5 2.98 ± 0.33 59.6 ± 2.6

1 569 ± 2 0.379 ±0.018 -1.2 ± 0 .6 5 3.00 ± 0 .36 60.0 ± 3 .8

2 575 ± 3 0.347 ± 0.022 - 2.2 ± 1.3 5 3.13 ± 0 .26 62.6 ± 2 .4

5 570 ± 5 0.224 ± 0.048 -1.0 ± 0.6 5 3.22 ± 0 .47 64.4 ± 3 .4

10 548 ± 2 0.186 ±0.023 -0.8 ± 0.2 5 3.56 ± 0 .28 71.2 ± 2 .2

Table 3.10
Influence of 10% m/m PEG 2kDa on the size, loading, and zeta-potential of 2.5, 5, 
and 10% m/m OVA-loaded PCL SOkDa nanoparticles (n=3. Mean ± s.d.).
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33.7.2 Influence of PEG 8K on the size, loading, and zeta-potential of PCL 80K 

nanoparticles encapsulating OVA

When PEG 8 K was blended with PCL in the organic phase, nanoparticles 

were successfully prepared using the w/o/w solvent evaporation method. As shown 

in table 3.11, the z-average diameter of the nanoparticles was between 553 and 573 

nm. The nanoparticle diameter was not significantly affected by PEG. The loading 

efficiency of the particles increased from 62.8% to 82.4% as PEG 8 kDa increased 

from 1 to 10% m/m. The zeta potential values increased also from -5.32 mV for PCL 

nanoparticles to -1.12 mV for nanoparticles with 10% m/m PEG 2kDa.

PEG 

8kDa 

% m/m

Z-average, 

nm ±  s.d.

Polydispersity 

Index ± s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual 

Loading, 

% m/m ± 

s.d.

Loading 

Efficiency 

% ± s.d.

0 553 ± 6 0.252 ± 0.073 -5 .32  ±0.81 5 2.98 ± 0.47 59.6 ± 3 .5

1 561 ± 5 0.265 ± 0.046 -2.41 ± 1.22 5 3.14 ±0.21 62.8 ± 2.4

2 573 ± 2 0.327 ± 0.065 - 1.83 ±0.65 5 3.38 ± 0.36 67.6 ± 2.8

5 565 ± 5 0.218 ±0.052 -1 .44±  1.11 5 3.71 ± 0 .46 74.2 ± 1.6

10 554 ± 1 0.186 ±0.025 -1.12 ±0.53 5 4 .12± 0 .15 82.4 ± 3 .3

Table 3.1]
Influence of PEG 8 K on the size, loading, and zeta-potential of 5% m/m OVA- 
loaded PCL 80K nanoparticles (n=3. Mean ± s.d.).

When PCL 80kDa nanoparticles blended with 10% m/m PEG 8 kDa were 

loaded with theoretical OVA loading of 2.5 and 10% m/m, the z-average diameter of 

the nanoparticles was found to be between 547 and 556 nm respectively, as shown in 

table 3.12. The loading efficiency of the nanoparticles decreased from 89.6% to 

62.1% by increasing the theoretical OVA loading from 2.5 to 10% m/m respectively, 

however, these values are still higher than those of PCL nanoparticles. Zeta potential 

values of the nanoparticles were between -1.11 and -1.34 mV with no significant 

effect of the theoretical loading on the zeta-potential values measured.

119



Chapter 3, Effect of PEG on the physicochemical
 Properties of PLGA and PCL nanooarticies

PEG

8kDa

%m/m

Z-average, 

nm ± s.d.

Polydispersity 

Index ± s.d.

Zeta- 

potential, 

mV ± s.d.

Theoretical 

Loading, 

% m/m

Actual

Loading,

% m/m ± s.d.

Loading 

Efficiency 

% ± s.d.

10 547 ± 4 0.285± 0.033 - 1.34 ± 0 .62 2.5 2.24 ± 0.53 89.6 ± 2.25

10 554 ± 1 0.211 ±0.046 -1.12 ± 0 .54 5 4 .12± 0 .15 82.4 ± 3 .3

10 556 ± 4 0.152 ±0.065 - 1.11±0.17 10 6.21 ± 0 .64 62.1 ± 1.38

Table 3.12
Influence of 10% m/m PEG 8 kDa on the size, loading, and zeta-potential of 2.5, 5, 
and 10% m/m OVA-loaded PCL SOkDa nanoparticles (n=3. Mean ± s.d.).

Figure 3.9 shows that both PEG 2kDa and PEG SkDa significantly increase 

the loading efficiency of PCL SOkDa nanoparticles theoretically loaded with 5% 

m/m OVA. The loading efficiency increases significantly from 59.6% up to 71.2 and 

S2.4% by blending with 10% m/m of PEG 2kDa and PEG SkDa respectively. In both 

cases, the loading efficiency increases gradually by increasing PEG concentration 

from 1 to 10% m/m. PEG SkDa exhibits greater effect as compared with PEG 2kDa.

This can be explained with reference to the amphiphilic nature of the PEG- 

PCL blend, where a better dispersion of the protein-containing aqueous phase into 

the organic phase involved in the double emulsion process is achieved, thus 

improving the protein encapsulation efficiency. Also, the presence of PEG chains in 

the matrix could possibly reduce the interactions between the hydrophobic matrix 

and the entrapped proteins and thereby their aggregation and inactivation. PEG 

SkDa, with a higher molecular mass renders PCL nanoparticles more hydrophilic as 

compared with PEG 2kDa.

Figure 3.10 shows that PEG increases the loading efficiency of PCL 

nanoparticles at different theoretical OVA loading levels as explained before.
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Figure 3.9
Effect of PEG molecular mass on the encapsulation efficiency of 5%m/m OVA in 
PCL SOkDa nanoparticles.
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Figure 3.10

Effect of 10% m/m PEG on the encapsulation efficiency of OVA in PCL SOkDa 
nanoparticles at different theoretical loadings.

3.3.8 Influence of PEG on the hydrophobicity of OVA-loaded PCL 

nanoparticles

Blending of PEG with PCL SOK polymer during the formulation of PCL 

nanoparticles may affect the hydrophobicity of the nanoparticles. Particle surface
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hydrophobicity was evaluated by adsorption of the hydrophobic dye Rose Bengal as 

described previously in section 2.8 (Gessner et al, 2000; Muller et al, 1997).

The slopes were taken as a measure of the degree of surface hydrophobicity; 

the steeper the slope, the more hydrophobic is the surface. This method assumes that 

all sample used will possess the same surface area.
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Figure 3.11
Effect of PEG on the hydrophobicity of PCL 80kDa nanoparticles.

PCL nanoparticles prepared from blends of PCL and the hydrophilic polymer 

PEG are more hydrophilic than particles prepared from only PCL. Moreover, PCL 

nanoparticles containing PEG 8 K are more hydrophilic than particles containing 

PEG 2kDa.

3.3.9 Integrity of OVA extracted from OVA-loaded PCL nanoparticles 

prepared using the w/o/w solvent evaporation method

During the preparation of PCL nanoparticles by the w/o/w solvent 

evaporation technique, the contact between OVA and the organic solvent DCM and 

the stress put upon OVA in the homogenisation process, may cause damage to the 

structure of OVA or enhance its aggregation with a consequent loss of activity 

(Jeffery et al, 1993).

SDS-PAGE was used to analyse the molecular size of OVA structure as an 

indication of its integrity.
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Figure 3.12
SDS-PAGE analysis of OVA samples. Samples were extracted from PCL 
nanoparticles theoretically loaded with 5% m/m OVA. Lane description: 1) 
Molecular mass marker, 2) Free OVA, 3) OVA extracted from PCL nanoparticles, 4) 
OVA extracted from PCL nanoparticles with 10% m/m PEG 8 kDa, 5) OVA 
extracted from PCL nanoparticles with 5% m/m PEG 8 kDa, 6 ) OVA extracted from 
PCL nanoparticles with 10% m/m PEG 2kDa, 7) OVA extracted from PCL 
nanoparticles with 5% PEG 2kDa.

SDS- PAGE analysis (Figure 3.12) showed that the bands relating to OVA 

released from PLGA and PLGA/PEG nanoparticles prepared using the w/o/w 

solvent evaporation technique coincided with the bands for native OVA. There were 

no additional bands to indicate the presence of high molecular mass aggregates or 

fragments greater or less than 45 kDa. This would suggest that the structure integrity 

of OVA was not significantly affected by the preparation technique.

3.3.10 Study of in vitro OVA release from PCL particles

A small difference in OVA release profile for the PCL 10, 40, and 80kDa 

nanoparticles was observed (Figure 3.13) with the low molecular mass PCL 

nanoparticles releasing more OVA at a faster release rate than the high molecular 

mass PCL nanoparticles. A small burst release of 7% to 9% was observed for the 

80K and 40kDa PCL nanoparticles, followed by a steady increase of the OVA 

release profile. After 28 days, 32, 45 and 57% of OVA was released by the 80kDa,
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40kDa, and lOkDa PCL nanoparticles. This was in accordance with work done by 

other research groups that showed a higher initial release rate of antigen, BSA, from 

low molecular mass PCL as compared to high molecular mass PCL (Bodmeier et al., 

1989; Yang et ai, 2001). This could be due to strong interactions between the 

hydrophobic polymer surface and antigen (Puri et al, 2000).
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Figure 3.13
Effect of PCL molecular mass on OVA release from 5% m/m OVA-loaded 
nanoparticles over 28 days (n=3. Mean ± s.d.).

Figure 3.14 shows that the cumulative mass release profiles for OVA depended on 

the PEG content of the PCL 80kDa nanoparticles. For PCL nanoparticles, an OVA 

burst release of 7% was observed in the first 24 hours. This initial burst increased to 

15 and 19% for particles containing 10% m/m PEG 3.35kDa and PEG 8 kDa 

respectively. After the initial OVA release, a steady continuous increase in the 

release profile was observed. After 28 days, a cumulative total of 32, 51, and 63% of 

OVA were released from PCL particles, PCL particles with 10% m/m PEG 2kDa, 

and from PCL particles with 10% PEG 8 kDa respectively.
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Figure 3.14
Effect of PEG on the cumulative OVA release (%) from 5% theoretically loaded 
PCL 80kDa nanoparticles.

The greater initial burst and cumulative mass release of OVA from particles 

containing PEG can be attributed to the leaching out of PEG from the polymer 

blends that would form molecular pores and channels within the polymer matrix, 

which in turn, may enhance OVA release. Particles made with higher molecular 

weight PEG may have more molecular pores and channels due to higher 

hydrophilicity.

3.3.11 Morphology of PCL nanoparticles

The size distribution of the nanoparticles showed by scanning electron 

microscopy (Figures 3.15-3.17) the formation of mono-disperse and spherical 

nanoparticles.
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Figure 3.15
SEM of PCL 80kDa, bar=2|am.

Figure 3.16
SEM of PCL 80kDa with 10% m/m PEG 2kDa, bar=2p,m.
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Figure 3.17
SEM of PCL 80kDa, with 10% m/m PEG 8 kDa, bar=2tim

3.4 Conclusions

Low MWt and high MWt PEG were blended with PLGA and PCL polymers, and 

their influence on the loading efficiency of OVA in polymeric nanoparticles was 

investigated using the w/o/w solvent evaporation method. The use of PEG 2kDa and 

PEG 8 kDa was shown to be successfully employed to increase the antigen loading 

efficiencies of PLGA and PCL nanoparticles, with PEG 8 kDa nanoparticles resulting 

in a higher antigen loading efficiencies than PEG 2kDa. OVA loading efficiencies in 

PLGA and PCL nanoparticles were found to be gradually increased by increasing 

PEG concentration from 1 to 10% m/m.

The presence of PEG in the organic phase containing the polymer matrix 

renders its nature more amphiphilic, and as a result, a better dispersion of the 

protein-containing aqueous phase into the organic phase involved in the double 

emulsion process is achieved, thus improving the protein encapsulation efficiency. 

Also, the possibility of interactions between the hydrophobic polymer matrix and the 

entrapped proteins could be reduced due to the presence of PEG chains in the 

polymer, with the prevention of aggregation and inactivation of encapsulated protein. 

PEG 8 kDa, with a higher molecular mass renders PLGA and PCL nanoparticles 

more hydrophilic as compared with PEG 2kDa.

Also, PEG was found to increase the zeta-potential of the polymeric 

nanoparticles due to its masking effect.
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The antigen was shown to retain its original size on SDS-PAGE gels following 

formulation into polymeric nanoparticles.

The hydrophobicity of the polymeric nanoparticles was affected by PEG 

employed in the organic phase during the production of the nanoparticles. PEG 8 kDa 

polymeric nanoparticles exhibited a higher degree of hydrophilicity as compared to 

PEG 2kDa nanoparticles.

Moreover, the antigen release profile fi*om the nanoparticles showed that PEG 

8 kDa polymeric nanoparticles had faster antigen release profiles than PEG 2kDa 

nanoparticles.

In conclusion, it is clear that PEG can be employed successfiilly to produce 

nanoparticles with improved loading efficiencies, and to prepare a delivery system 

that can modulate the physicochemical properties and release profiles of the 

encapsulated protein over a desired period of time.
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4.1 Introduction

In order to achieve sufficient protective immune responses, multiple vaccine 

administrations are required as previously mentioned in chapter 1. This necessitates 

the development of vaccination schemes with multiple immunisations, to which 

patient compliance in developing countries is seriously low. Also, most vaccines are 

administered via the parenteral route, and this creates the problem of infection with 

fatal diseases like HIV and hepatitis due to the re-use of infected needles, especially 

in developing countries. Consequently, the development of a vaccine delivery system 

that increases the immunogenicity of mucosally-delivered antigens and delivers the 

required immune profile after a single administration is required.

The advantages of developing vaccine delivery systems from biodegradable 

polymers were discussed in details in chapter 1. Esparza & Kissel, (1992) compared 

the immunogenic potential of tetanus toxoid (TT) when either adsorbed to 

aluminium hydroxide (TT-alum) or entrapped in microparticles consisting of PLA- 

PLGA copolymer. They reported that the microencapsulated TT showed higher and 

longer lasting secondary antibody response in mice as compared with TT-alum. 

Raghuvanshi et a i, (1993) also used TT-loaded PLGA 65:35 microspheres to induce 

long-lasting immune response in rats which was comparable with conventional 

schedule of TT immunization. Men et a l, (1995) reported that a single injection of 

three TT microspheres mixtures of PLA, PLGA 50:50, and PLGA 75:25 with 

different particle sizes and degradation rates induced similar antibody responses to 

those obtained with three injections of TT-alum in mice.

However, PLA, PLGA, and PCL have some drawbacks due to their 

hydrophobic nature. This nature is the reason for a lower encapsulation efficiency of 

hydrophilic antigens and a higher burst effect of antigen release from microspheres. 

In addition, it leads to the creation of acidic microenvironment within the 

microspheres during the initial release rate in vivo as it prevents water permeation 

leading to accumulated acidic breakdown products (lactic acid and glycolic acid) in 

the centre of microspheres (Zhou et a i, 2003). To overcome these disadvantages, a 

second hydrophilic polymer, PEG, is introduced by blending with the hydrophobic 

polymers in different ratios. Several advantages are expected from PEG inclusion 

like higher protein encapsulation efficiency, higher protein stability during 

encapsulation and release, and higher initial burst with controlled protein release rate.
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Tobio et a l, (1998) reported that PLA-PEG nanoparticles provided extended 

delivery of TT with much greater penetration through the rat nasal mucosa of TT 

into the blood circulation and the lymph nodes than PLA nanoparticles. Moreover, 

PLA-PEG nanoparticles persisted in the blood circulation for 48 h. Vila et al., (2002) 

showed that PEG coating improved the stability of PLA nanoparticles in the 

gastrointestinal fluids and helped the transport of encapsulated TT across the 

intestinal and nasal mucosa of mice, with improved local and systemic immune 

responses to TT. Also, Vila et a l, (2004a) revealed that PEG-PLA particles are able 

to cross the rat nasal epithelium and indicated that the PEG coating around the 

particles has a role in stabilising nanoencapsulated TT in PLA particles in mucosal 

fluids, hence eliciting a high and long lasting immune response. Moreover, PLA- 

PEG nanoparticles with a high PEG coating density and a small size were more 

significantly transported through the rat nasal epithelium than uncoated PLA 

nanoparticles and also than PLA-PEG nanoparticles with a lower coating density 

(Vila et a l, 2004b; Vila et a l, 2005).

In addition to the role of PEG in mucosal delivery of particles, PEG can be 

employed as an anchor for hydrophilic species, such as polysaccharides, to 

biodegradable microparticles for the production of targeted vaccine delivery systems 

(Coombes et a l, 1997). The immune response of some vaccine formulations was 

enhanced after the covalent attachment of antigens or cytokines to synthetic particles 

(Sedlik et a l, 1996; Gombotz & Pettit, 1995).

Lectins on antigen presenting cells are potentially involved in the antigen 

uptake and the cellular recognition and trafficking. Two of these, the macrophage 

mannose receptor and the macrophage lectin specific for galactose and/or N- 

acetylgalactosamine (MGL) were found only in immature dendritic cells (DC) which. 

play a crucial role in the immune system by processing and presenting a variety of 

antigens to T cells (Higashi et a l, 2002; Apostolopoulos & McKenzie, 2001; 

Martinez-Pomares et a l, 2001). Hence, the use of PEG-mannose or PEG-galactose 

conjugates could provide an approach for attachment of mannose or galactose 

residues on biodegradable microparticles for targeting these lectins, which in turn 

could improve specific antigen presentation by DC and thus improve vaccine 

immunogenicity (Egan et a l, 2004; Keler et a l, 2004, Higashi et a l, 2002 ).
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In this study, biocompatible and biodegradable polymeric nanoparticles with 

entrapped TT as a vaccine delivery system were investigated, for the ultimate aim of 

developing a controlled release vaccine that require only a single mucosal 

administration of polymeric particles. By preparing delivery systems consisting of 

blends of PCL with PEG-mannose or PEG-galactose conjugates, particle systems 

can be obtained with more effective inducement of antibody response.

PCL degrades into both lactic and glycolic acids which are easily eliminated, 

but at a slower rate than PLGA and therefore does not generate an unfavourable acid 

environment for antigens as PLGA does (Lemoine et a l, 1996). The hydrophobicity 

of PCL would also favour uptake of nanoparticles by the NALT (Alpar et a l, 1994). 

In addition, its in vitro stability and low cost make it of interest as a matrix for 

controlled release.

The solubility of PEG in both aqueous solutions and organic solvents makes 

it suitable for end group derivatisation and chemical conjugation to biological 

molecules under mild conditions. PEG is rapidly cleared in vivo without structural 

change and clearance is dependent on molecular weight. Below a molecular weight 

of about 20 kDa the molecule is cleared in the urine, and higher molecular weight 

PEGs are cleared more slowly in the urine and faeces. PEG is only weakly 

immunogenic even at high molecular weights and the lack of toxicity of PEG has 

been revealed over many years of use in foods, cosmetics and pharmaceuticals 

(Roberts et al., 2002).

By preparing a vaccine carrier system consisting of PCL polymer physically 

blended with PEG-conjugates, a delivery system is prepared that will combine the 

advantages of both polymers.

The potential of such delivery systems containing TT was investigated as 

vaccine delivery system. Nanoparticles in the size range of 358 to 373nm were 

prepared, characterised, and compared for the induction of TT specific serum IgG 

antibody titres after l.M. and LN. administration.

4.2 Materials & Methods

4.2.1 Materials

PCL (MWt SOkDa) was purchased fi*om Aldrich Chemicals Co. 

Dichloromethane (DCM) was purchased from BDH (UK). Polyvinyl alcohol, (PVA)
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(87-89% hydrolysed, MWt 13-23K) and OVA (grade IV) was purchased from Sigma 

(UK). m-PEG-NHz (MWt 2kDa, lOkDa) was purcheised from Nectar (UK ). 

Galactose isothiocyanate and mannose isothiocyanate were purchased from sigma 

(UK). TT (5000LF/ml) was a gift from the serum institute of India, Pune, India. All 

other chemical reagents not specified in this text were supplied by Sigma Chemical 

Co. (Dorset, UK) and were at least of reagent grade.

4.2.2 Design of PEG-galactose conjugates (PEG-gal)

The production of the PEG-galactose conjugate is based on the reaction 

between m-PEG-NH2 and galactose isothiocyanate [(2,3,4,6-tetra-0-acetyl)-p-D- 

galactopyranosyl isothiocyanate] to form m-PEG-aminocarbonothioyl-p-D- 

acetylgalactopyranosylamine ( acetylated PEG-gal).

?  O Ac

O A c N O S
O A c

Figure 4.1
Chemical structure of [(2, 3,4, 6-tetra-0-acetyl)-p-D-acetylgalactopyranosyl- 
isothiocyanate.

Two different molecular weights of mPEG-NH: were used 2kDa and 5kDa to 

produce two conjugates.

Briefly, mPEG-NH: (l.Og, O.Smmol) was dissolved in 3ml of dry DCM, 

transferred to a flask, and then galactose isothiocyanate (195mg, O.Smmol, lEq) and 

35pL triethylamine (0.25 mmol, O.SEq) were subsequently added to the reaction 

mixture. The solution was allowed to stir at room temperature for 12h.

The reaction mixture was diluted with 20ml of DCM, washed with 10ml of 

5% HCl solution and then dried with magnesium sulphate.

The organic phase was then filtered and evaporated to dryness. The residue 

was purified by colunm chromatography using chloroform 1 0 :1  methanol as mobile 

phase.
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m-PEG aminocarbonothioyl-P-D-acetylgalactopyranosylamine, the reaction 

product, was deacetylated by dissolving in 6 ml of IM NaOH and allowed to stir at 

room temperature for 2h. NaOH was neutralised by using amberlite ion exchange 

resin.

Following filtration and washing of the resin with distilled water, the end 

product, m-PEG aminocarbonothioyl-P-D-galactopyranosylamine (PEG-gal), was 

lyophilised to produce a white solid.

All moisture sensitive reactions were carried out under a nitrogen atmosphere 

using oven-dried glassware. Solvents were dried over standard drying agents and 

fi*eshly distilled prior to use. Reactions were carried out at room temperature unless 

otherwise specified. Purification was achieved by column chromatography through 

Sorbsil C60-H40/60, using the mobile phases indicated for thin layer 

chromatography.

Reaction progress was monitored by thin layer chromatography on Kieselgel 

60 F254 using the mobile phases indicated. Visualisation was achieved by UV light 

and by charring with sulphuric acid. The ion exchange resin used was Amberlite IR- 

120(IT).

The production of PEG-gal was confirmed by using both Fourier Transform (FT) 'H 

NMR spectroscopy and mass spectrometry (MS).

NMR spectra were recorded at room temperature for CDCI3 solutions. *H 

NMR spectra were recorded using a Bruker Avance 400 MHz NMR spectrometer 

(Bruker, USA). Chemical shifts are reported in ppm downfield fi*om internal TMS.

Mass spectra were obtained using a Micromass-Q'-TOF ultima global tandem 

mass spectrometer (Waters, USA), using MALDI-TOF ionisiation, with use of 

appropriate matrix.

By comparison of FT *H NMR spectra of both m-PEG-amine before (Figure 4.2) 

and after (Figure 4.3) the conjugation with galactose, the following features confirm 

the covalent binding between PEG and galactose:

1- Multiplet (M), IH, H-4 galactose proton, at Ô 5.24

2- M, IH, H-3 galactose protons, at 5 5.14

3- M, 2H, H-6 , galactose protons, at 8  4.07

4- M, 164H, PEG, and H-5 galactose protons, at 8  3.8-3.36

5- 4 singlets (S), 12H, 4 OAc galactose protons, at 8  2.114
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Also, the mass spectrometry indicates a shift in molecular weight: the mass 

spectra of PEG-gal (Figures 4.5 and 4.7) show a higher molecular weight than that of 

m-PEG-NH2 (Figures 4.4 and 4.6) by almost the same molecular weight as that of 

the sugar moiety, galactose (213), indicating its binding to PEG.

M fl

;n

Figure 4.2
FT NMR spectrum of m-PEG-NH2 .
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Figure 4.3
Fourier Transform (FT) 'H NMR spectrum of m-PEG-aminocarbonothioyl-p-D-

acetylgalactopyranosylamine (acetylated PEG-gal).
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Figure 4.4
Mass spectrum o f m-PEG-NH2 (2320.3).
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Figure 4.5
Mass spectrum o f PEG-gal (BP=2555.0).
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Figure 4.6
Mass spectrum o f m-PEG-NH] (BP=5505.6).
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Figure 4.7
Mass spectrum of PEG-gal (BP=5641.7).
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4.2.3 Design of PEG-mannose conjugates (PEG-man)

The production of PEG-mannose conjugate is based on the reaction between m- 

PEG- NH2 and mannose isothiocyanate [(2,3,4,6-tetra-0-acetyl)-P-D- 

mannopyranosylisothiocyanate] to form m-PEG-aminocarbonothioyl-p-D- 

acetylmannopyranosylamine ( acetylated PEG-man).

Two different molecular weights of mPEG-NH2 were used 2kDa and 5 kDa to 

produce two conjugates.

mPEG-NH2 (l.Og, 0.2mmol) was dissolved in 3ml of dry DCM, transferred to a 

flask, and then galactose isothiocyanate (78mg, O.Smmol, lEq) and 14pL 

triethylamine (0.1 mmol, O.SEq) were subsequently added to reaction mixture. The 

solution was allowed to stir at room temperature for 1 2 h.

The reaction mixture was diluted with 20ml of DCM, washed with 10ml of S% 

HCl solution and then dried with magnesium sulphate. The organic phase was then 

filtered and evaporated to dryness. The residue was purified by column 

chromatography using chloroform 1 0 :1  methanol as mobile phase.

The reaction product, m-PEG aminocarbonothioyl-p-D-acetylmannopyranosylamine, 

was deacetylated by dissolving in 6 ml of IM NaOH and allowed to stir at room 

temperature for 2h. NaOH was neutralised by using amberlite H  ̂ion exchange resin. 

Following filtration and washing of the resin with distilled water, the end product, 

m-PEG aminocarbonothioyl-p-D-mannopyranosylamine (PEG-man), was 

lyophilised to produce a white solid.

The production of PEG-man was confirmed by using both FT ^H NMR 

spectroscopy and mass spectrometry (MS).

FT ^H NMR spectrum of acetylated PEG-man (figure 4.8) revealed a 

Multiplet (M),1H, H-4 sugar proton, at 5 5.24, M, IH, H-3 sugar protons, at 5 5.14, 

M, 2H, H-6 , sugar protons, at 5 4.07, M, 164H, PEG, and H-5 sugar protons, at 5 

3.8-3.36 and 4 singlets (S), 12H, 4 OAc mannose, at 5 2.114.

The presence of the characteristic 4 singlets of acetylated mannose indicates the 

covalent binding of mannose isothiocyanate and m-PEG-NH2, while these 4S do not 

appear on NMR spectrum of mPEG-NH2 (Figure 4.2).

Again, the mass spectrum of PEG-man (Figures 4.9 and 4.10) show a higher 

molecular weight than that of m-PEG-NH2 (Figure 4.4 and 4.6) by nearly the same 

molecular weight of the sugar moiety, mannose, indicating its binding to PEG.
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Figure 4.8
FT ’H NMR spectrum of m-PEG-aminocarbonothioyl-p-D- 
acetylmannopyranosylamine (acetylated PEG-man).
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Figure 4.9
Mass spectrum of PEG-man (BP=2618.5).
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Figure 4.10
Mass spectrum of PEG-man (BP=5759.25).
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4.2.4 Preparation of TT-loaded nanoparticles using a w/o/w solvent evaporation 

method

PCL nanoparticles were prepared using a w/o/w solvent evaporation 

technique. This involved drop wise addition of 1ml of 2.5% m/v aqueous solution of 

PVA, containing 200 pL tetanus toxoid (TT), to 4ml of DCM containing 200 mg of 

the polymer (PCL SOkDa) and 10% m/m of PEG-galactose conjugate (2kDa and 

5kDa) and PEG-mannose conjugate (2kDa and 5kDa), based on polymer, whilst 

homogenising using an ultra-turax homogeniser (T25, IKA Laboratories) at a speed 

of 12.000 revolutions per minute (rpm) for 2 minutes. The resulting w/o emulsion 

was subsequently added drop wisely to 50ml of 1.25%m/v aqueous PVA solution 

whilst homogenising at a speed of 12.000 rpm using Silverson homogeniser with the 

large probe (Silverson machines, Chesam, Bucks) for 6  minutes. The 

homogenisation process was performed over ice and the resulting w/o/w emulsion 

was stirred continuously and was allowed to evaporate overnight. The particles were 

then collected by centrifugation at 4°Cand 10 000 rpm for 30 minutes and washed 

with water a further 3 times using the same centrifugation parameters. The sediment 

obtained was resuspended in water and freeze dried for 48 h.

4.2.5 Characterisation of nanoparticles

The nanoparticles obtained were characterized with respect to their size 

distribution, loading and surface charge, as described in sections 2 .1 , 2 .6 , and 2 .2  

respectively. The integrity of OVA and TT extracted from the polymeric 

nanoparticles was determined using SDS-PAGE technique as described in section 

2.9. The morphology of the polymeric nanoparticles was studied using SEM as 

described in section 2.4. The hydrophobicity of the polymeric nanoparticles was 

measured using Rose Bengal binding constants as described in section 2.8. TT 

release profiles from the polymeric nanoparticles were determined as described in 

section 2.7.

Immunisation was done as described below in the immunization study 

protocol and serum from the in vivo experiment was analysed for TT specific serum 

IgG antibodies.

145



Chapter 4, Investigation of PCL-PEG nanoparticles
____________ as targeted vaccine deiiverv svstem s

4.2.6 Immunisation study protocol

The PCL, PCL-PEG-galactose, and PCL-PEG-mannose nanoparticles were 

administered through intramuscular (LM.) and intranasal (LN.) routes. Three Balb/c 

female mice 4-6 weeks were investigated per formulation, and all handling 

procedures were performed as dictated by the Animal Scientific Procedures Act 

1986.

For the LM. administration of TT, TT-loaded nanoparticles or free TT 

equivalent to 5LF TT in 50 pi PBS, was administered per mouse 4  GO pi blood 

samples were collected by tail bleeding after 4, 8  and 12 weeks.

For the I.N. administration of TT, TT-loaded nanoparticles or free TT 

equivalent to 5LF TT in 20 pi PBS, was administered pei^mouse-The mice were 

anesthetized with fluorethane before LN. administration of TT-loaded nanoparticles. 

100 pi blood samples were collected by tail bleeding after 4 and 8  and 12 weeks. 

Following the collection of blood in eppendorph tubes, the tubes were left at 4°C 

overnight to clot and the plasma was separated the following day, before being 

analysed using ELISA.

4.3 Results and discussion

4.3.1 Characterisation of TT-loaded polymeric nanoparticles

4.3.1.1 Size, surface charge and loading of TT-loaded polymeric nanoparticles

Nanoparticles were successfully prepared using the w/o/w solvent 

evaporation method. Results presented in table 4.1 show the particle diameter, the 

particle distribution, the antigen loading, and the zeta-potential obtained for the 

various nanoparticles. Nanoparticles were characterised by a mean Z-average 

diameter in the range of 558 to 573nm. All nanoparticle preparations were 

homogeneous and characterized by spherical surfaces. Loading efficiencies for the 

different formulations were between 84.9% and 94.26%, and the highest loading 

efficiencies were shown by PCL-PEG blend nanoparticles prepared by using PEG 

5kDa. This can be explained with reference to the amphiphilic nature of the PEG- 

PLGA blend, where a better dispersion of the TT-containing aqueous phase into the

146



Chapter 4, Investigation of PCL-PEG nanoparticles
____________ as targeted vaccine deiiverv svstem s

organic phase involved in the double emulsion process is achieved, thus improving 

the protein encapsulation efficiency. Also, the presence of PEG chains in the matrix 

could possibly reduce the interactions between the hydrophobic matrix and the 

entrapped TT and thereby their aggregation and inactivation. PEG with a higher 

molecular mass renders PLGA nanoparticles more hydrophilic as evidenced before 

in chapter 3, with slightly higher encapsulation efficiencies.

The zeta-potential values of the nanoparticles were low for all the 

nanoparticles. Surface charge values between -1.09 and -6.13 mV were measured, 

with PCL nanoparticles giving the highest values. Surface charge for all the different 

formulations used was only slightly negative. The presence of PEG decreases the 

negativity on the nanoparticles’ surface. It was reported that the uptake of particles 

by APC could be both dependent and non-dependent on the particle surface charge 

(Tabata & Ikada, 1988; Roser et a l, 1998). Positive formulations such as chitosan 

particles exhibited a highly efficient binding to the negatively charged nasal mucosal 

surfaces with improved nasal mucosal uptake due to electrostatic interaction (Ilium 

et a l, 1994). On the other hand, negatively charged formulations such as PLGA 

(Alpar et a l, 1994) has also shown to be taken up successfully by mucosal surfaces. 

As a result, it could be concluded that the charge of the particles could slightly affect 

the uptake of the particles following mucosal administration.

Polymer
Z-average, 

nm ±  s.d.

Polydispersity 

Index ±  s.d.

(rag)

Zeta-potential, 

mV ± s.d.

Loading 

Efficiency 

% ± s.d.

PCL 565 ± 4 0.2 ± 0.064 - 6.13 ± 1.2 84.9 ± 1.86

PCL-PEG 2kDa 577 ± 3 0.267 ± 0.04 -1.09 ± 0 .32 88.52 ± 1.16

PCL-PEG 5kDa 570 ± 6 0.242 ±0.01 -1.28 ± 1.09 91.93 ± 1.22

PCL-PEG-gal

(2kDa) 572 ± 6 0.348 ± 0.02 - 1.83 ±0.31 91.73 ± 1.4

PCL-PEG-gal

(5kDa) 573 ± 5 0.413 ± 0.033 -1.16 ±0.83 93.86 ±0.31

PCL-PEG-man

(2kDa) 558 ± 4 0.297 ± 0.063 -1.51 ±0.11 90.8 ± 1.31

PCL-PEG-man

(5kDa) 568 ± 3 0.358 ± 0.025 -1.33 ±0.13 94.26 ± 0.76

Table 4.1
Physical characterisation of TT-loaded nanoparticles. (n=3. Mean± s.d.).
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PCL-PEG, PCL-PEG-gal and PCL-PEG-man nanoparticies made from PEG 5kDa 

were selected for further studies due to their higher encapsulation efficiency.

4.3.1.2 Morphology of TT encapsulated nanoparticles prepared using the w/o/w 

solvent evaporation method

The morphology of the polymeric nanoparticles prepared by the w/o/w 

solvent evaporation method was investigated using SEM. Figures 4.11 to 4.14 shows 

the formation of spherical and mono-disperse nanoparticles from PCL and PCL-PEG 

blend polymers.

m

m

Figure 4.11
SEM of PCL nanoparticles, bar=2pm.

Figure 4.12
SEM of PCL-PEG nanoparticles, bar=2p,m.
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Figure 4.13
SEM of PCL-PEG-gal, bar=2|im.

Figure 4.14
SEM of PCL-PEG-man, bar=2)im.

4.3.2 Integrity of TT extracted from nanoparticles prepared using the w/o/w 

solvent evaporation method

The molecular mass of the TT encapsulated in the nanoparticles using the w/o/w 

solvent evaporation method was investigated by SDS-PAGE. The TT antigen is 

shown on the gel prior to encapsulation as a band at around 150 kDa. The molecular 

mass of TT remained following exposure to DCM, homogenisation and 

lyophilisatioan. This was observed for the all the nanoparticle formulations. The
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SDS-PAGE gel shown in figure 4.15 showed that no aggregation or degradation of 

the TT had occurred during the formulation process. PVA acts as a protective 

polymer to the antigen by being adsorbed at the oil/water interface of droplets to 

produce a steric barrier, which protects the antigen against the external organic 

solvent. Also, as mentioned before, the presence of PEG chains in the matrix could 

possibly reduce the interactions between the hydrophobic matrix and the entrapped 

TT and thereby their aggregation and inactivation. Other proteins have also been 

reported to be successfully encapsulated into PCL nanoparticles (Lamprecht et al., 

2000).

Figure 4.15
SDS-PAGE analysis of TT samples. Lane description: 1) Free TT, 2) TT extracted 
from PCL nanoparticles, 3) TT extracted from PCL-PEG nanoparticles, 4) TT 
extracted from PCL-PEG-gal, 5) TT extracted from PCL-PEG-man.

4.3.3 Investigation of the hydrophobicity of TT-Ioaded nanoparticles

The hydrophobicity of the nanoparticles shown in figure 4.16 was determined 

using Rose Bengal dye. Particle surface hydrophobicity was evaluated by adsorption 

of the hydrophobic dye Rose Bengal as described previously in section 2.8 (Gessner 

et al., 2000; Muller et al., 1997).

The slopes were taken as a measure of the degree of surface hydrophobicity; 

the steeper the slope, the more hydrophobic is the surface. This method assumes that 

all sample used will possess the same surface area.
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Nanoparticles prepared from PCL are significantly more hydrophobic than 

those prepared from blends of PCL and PEG, PEG-gal, or PEG-man.
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Figure 4.16
Hydrophobicity of TT-loaded nanoparticles

4.3.4 Release of TT from TT-Loaded nanoparticles of different polymer 

compositions prepared using the w/o/w solvent evaporation method

The in vitro release of TT from nanoparticles was determined according to the 

procedure previously described in section 2.7. As it was described in Chapter 3, the 

release rate is dependent on two simultaneous processes, diffusion through the 

polymer matrix and erosion of the polymer surface and/or bulk matrix. Thus, the 

release rate is dependent on the physico-chemical properties of the polymer, the 

protein loading level, size, the protein distribution into the matrix, and the porosity 

of the nanoparticles. The antigen release profiles are shown in figure 4.17 below.

The release profile of TT from the polymeric nanoparticles followed the 

degradation rate of the polymers, with the hydrophobic PCL having the slowest 

release profile. The PCL-PEG blend formulation showed the highest release profile. 

Formulations made from blends of PCL and PEG-galactose or PEG-mannose 

showed comparable release profiles which were also comparable to that of PCL-PEG 

blend nanoparticles. The antigen release profiles for the PCL and PCL-PEG 

formulations (PCL-PEG, PCL-PEG-galactose, and PCL-PEG-mannose blend 

formulations) showed a gradual release of the entrapped TT-antigen following an
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initial burst release. A small burst release, 9%, was observed for the PCL 

formulation over the first 24h, whereas PCL-PEG formulations showed initial burst 

release between 19-24% over the first 24h, and the release was continuous over 

672h (28 days) for all the formulations. PCL-PEG nanoparticles exhibited antigen 

release between 46-51 % after 28 days which is significantly higher than the release 

from PCL nanoparticles with only 30% release after 28 days. The greater initial burst 

and cumulative mass release of TT from particles containing PEG can be attributed 

to the leaching out of PEG from the polymer blends that would form molecular pores 

and channels within the polymer matrix, which in turn, may enhance TT release as 

discussed before in Chapter 3.

PCL
30 PCl^PBG-gal

PCLrPEG-man

30
-10

Time, days

Figure 4.17
Release of TT from nanoparticles (n=3. Mean ± s.d.).

4.3.5 Immune responses to TT encapsulated in polymeric nanoparticles using 

the w/o/w solvent evaporation method

Following intramuscular (I.M.) and intranasal (LN.) administration of TT, TT 

specific serum IgG, and IgG2a specific antibody responses to entrapped TT were 

compared with the titres obtained with free antigen.

The results illustrated the ability of nanoparticles to induce a higher immune 

response over a longer period of time as compared with free TT.
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Serum IgG is generally observed in response to an antigenic stimulus and is 

found in serum in larger quantities than the other antibody isotypes. After antigen 

binding, IgG has a high affinity to macrophage receptors which thus leads to the 

further processing of the antigen. It can be further divided into subclasses having 

different biological activities.

The production of antibodies of the IgGl subclass is a good indicator of the 

activity of a Th2 response, predominately activates B cells, whereas the presence of 

antibodies of the lgG2a subclass is a good indicator of the activity of a Tyl response 

(cell-mediated immunity) (McNeela & Mills, 2001). Thl response predominately 

encourages T cell and macrophage activation and inflammation. Macrophages are 

activated by interferon- y released fi*om Thl cells, whereas T cells are activated by 

the release of the cytokine interleukin- 2  fî om Thl cells which then bind to class 1 

MHC-antigen cells and multiply into an effector cell known as a cytotoxic T 

lymphocyte (CTL) (Kuby, 1997). CTLs recognise and kill altered cells (e.g. virus 

infected and tumour cells) and have been shown to be important in the immune 

response against intracellular pathogens such as HIV (Crotty & Andino, 2004).

4.3.5.1 Systemic immune response following I.M. administration of TT in 

various nanoparticle formulations

After a single I.M. administration of 5LF free TT and loaded into polymeric 

nanoparticies, TT specific IgG antibody titres obtained were significantly higher 

(p<0.05) for all the TT-loaded nanoparticies than for free TT, as shown in figure 

4.18 below.

The most hydrophobic nanoparticies, the PCL nanoparticies, induced higher 

immune responses than the less hydrophobic nanoparticies according to the 

following order: PCL>PCL-PEG-man>PCL-PEG-gal>PCL-PEG>TT. The higher 

serum IgG antibody response could be attributed to more efficient uptake by APC’s. 

PCL, PCL-PEG-man, PCL-PEG-gal, and PCL-PEG induced antibody titres that are 

22.4, 12.8, 16, and 12.8 times higher than free TT respectively after 4 weeks 

following one priming. After 8  weeks, according to the same order of particles, 

antibody titres that are 40, 28, 24, and 16 times higher than fi*ee TT were obtained. 

These values were further increased to 77, 64, 51, and 44 times higher than free TT 

after 12 weeks. PCL nanoparticies induced antibody titres significantly higher
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(p<0.05) than PCL-PEG, PCL-PEG-gal, and PCL-PEG-man nanoparticies after 8  

and 12  weeks.
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Figure 4.18
TT specific serum IgG antibody titres after 4, 8 , and 12 weeks following LM. 
administration of 5LF TT in polymeric PCL, PCL-PEG, PCL-PEG-gal, and PCL- 
PEG-man nanoparticies or as free TT (n=3. Mean ± s.d.).

PCL-PEG-gal and PCL-PEG-man nanoparticies induced significantly higher 

immune response as compared to PCL-PEG nanoparticies (p<0.05). This higher 

immune response could be due to better uptake by immature DC due to the presence 

of mannose and galactose residues which target the macrophage mannose receptor 

and the macrophage lectin specific for galactose respectively.

A positive effect of the hydrophobicity of the polymer on the serum IgG 

antibody response was observed for the nanoparticies after LM. administration 

showing that the hydrophobicity of the polymer had a positive influence on the 

immune response obtained. This was in accordance with Kreuter et al, (1988) and 

Alpar et al, (1994) who reported that association of antigens with more hydrophobic 

polymers could induce higher antibody titres. Also, Raghuvanshi et al, (2002) 

reported that antibody titres from PLA were twice higher than PLGA due to the 

presence of an additional methyl group in PLA which renders it more hydrophobic. 

The induction of higher immune response by hydrophobic polymer could also be 

explained with reference to improved antigen adsorption and retention characteristics 

(Eldridge eta l, 1992).
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Jameela et a l, (1997) reported that the delivery of BSA antigen from PCL 

microparticles was shown to result in a prolonged release profile in vitro, and 

following LM. administration, an immune response equivalent to a 3-injections 

conventional schedule was observed.

No significant relation was observed between the antigen release profile and 

the immune response in this study after either I.M. or LN. administration. 

Contrasting data has been published which show that the influence of antigen release 

profile on the immune response is controversial. The burst release was reported to be 

undesirable due to the release of a significant amount of the antigen at the beginning 

of the release period leaving only smaller amounts of the antigen available over the 

remaining release period (Tabata et a l, 1994). Raghuvanshi et al (2002) controlled 

the initial burst release of TT antigen from the PLA and PLGA particles by 

incorporation of different concentrations of PVA in the internal aqueous phase 

during particle formulation. As a result, polymer particles having different in vitro 

release characteristics were produced and the anti-TT antibody titres in vivo were 

also found to be in accordance with the in vitro release characteristics of TT from the 

particles. Anti-TT antibody titres from the stabilized particles were much better than 

that observed from particles made without stabilisers.

On the other hand, Singh et a l, (2001), reported that there was no any 

adverse effect of the high burst release of DT- loaded nanoparticies on immune 

response stimulation following I.M. administration. Also, it was shown that the 

continuous protein release from particles in vitro was as beneficial as the plateau 

release type with regard to immune response after either I.M. or I N. administration.

A booster dose of 5LF TT (free and encapsulated in nanoparticies) was given 

to the mice on day 84 through I.M. route. The level of serum IgG antibody titres 

increased significantly for all polymeric nanoparticies as shown in figure 4.19. The 

TT specific serum IgG antibody titres increased the most for PCL nanoparticies 

follwed by PCL-PEG-man and PCL-PEG-gal, and then PCL-PEG nanoparticies. No 

significant difference was observed between PCL-PEG-man and PCL-PEG-gal 

nanoparticies after boosting. The boosting with PCL nanoparticies resulted in 

antibody titre about 16 times higher than that produced with free TT. PCL-PEG-man 

and PCL-PEG-gal nanoparticies resulted in antibody titres 13 and 11 times that of 

free TT respectively, and PCL-PEG nanoparticies resulted in antibody titres 9.5 

times that of free TT. The difference in the magnitude of the immune response
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induced by either PCL-PEG-man or PCL-PEG-gal nanoparticies and that induced by 

PCL-PEG nanoparticies is significant (p<0.05) due to better antigen presentation by 

the sugar-containing nanoparticies.

TT encapsulated in PCL nanoparticies induced the highest serum antibody 

titre values, and this indicates that the primary administration of PCL activated more 

Th cells than free TT and other nanoparticies, possibly due to higher adjuvant 

properties.
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Figure 4.19
TT specific serum IgG antibody determined 1 week, day 91, following LM. boosting 
with 5LF TT in polymeric nanoparticies or free TT on day 84 of primary LM. 
immunised mice (n=3. Mean ± s.d.).

In order to determine if the immune response elicited by TT encapsulated in 

polymeric nanoparticies was more characteristic of Thl or Th2  type responses, the 

titres of TT-specific IgG2a antibody were examined after 84 and 91 days. Titres of 

the IgG2a subclass were shown to be comparable to total IgG titres as shown in 

figure 4.20, which is characteristic of a mixed Thl/Th2 response.
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Figure 4.20
TT specific serum IgG2a antibody titres 84 days following I.M. initial administration 
of 5LF TT in polymeric PCL, PCL-PEG, PCL-PEG-gal, and PCL-PEG-man 
nanoparticies or as free TT, and after 1 week, day 91, following LM. boosting with 
5LF TT in polymeric nanoparticies or free TT on day 84 of primary LM. immunised 
mice (n=3. Mean ± s.d.).

4.3.5 2 Systemic immune response following I.N. administration of TT in 

different nanoparticle formulations

After a single LN. administration of 5LF free TT and loaded into polymeric 

nanoparticies, TT specific IgG antibody titres obtained were significantly higher 

(p<0.05) for all the TT-loaded nanoparticies than for free TT, as shown in figure 

4.21 below.

After a single I.N. administration of 5LF TT, the polymeric formulations 

resulted in the induction of an immune response significantly higher (p<0.05) than 

free TT according to the following order: PCL-PEG-man>PCL-PEG-gal>PCL- 

PEG>PCL>TT. PCL-PEG-man, PCL-PEG-gal, PCL-PEG, and PCL induced 

antibody titres that are 22, 26, 16, and 8 times higher than free TT respectively after 

4 weeks following one priming. After 8 weeks, according to the same order of 

particles, antibody titres that are 40, 32, 24, and 8 times higher than free TT were 

obtained. These values were further increased to 90, 77,51, and 44 times higher than 

free TT after 12 weeks. PCL-PEG-gal, PCL-PEG-man nanoparticies induced 

antibody titres significantly higher (p<0.05) than PCL-PEG nanoparticies, which 

also induced a significantly higher antibody titre as compared to PCL nanoparticies.

157



Chapter 4, Investigation of PCL-PEG nanoparticies
____________ as targeted vaccine deiiverv svstem s

oO)

10000

1000

100

10

B 4 Weeks
□ 8 Weeks
□ 12 Weeks

PCL PCL-PEG PCL-PEG-gal PCL-PEG-man 

Formulation

Figure 4.21
TT specific serum IgG antibody titres after 4, 8 , and 12 weeks following LN. 
administration of 5LF TT in polymerie PCL, PCL-PEG, PCL-PEG-gal, and PCL- 
PEG-man nanoparticies or as free TT (n=3. Mean ± s.d.).

The higher serum IgG antibody response triggered by PEG-containing 

nanoparticies could be, in part, due to the role of PEG in stabilising 

nanoencapsulated TT in PCL particles in the nasal mucosal fluids. Also, PEG could 
improve the hydrophilicity and the mucoadhesive properties of the nanoparticies, 

and henee, their ability to cross the mice nasal epithelium with improved uptake by 

the M-cells of the NALT, thus eliciting a high and long lasting immune response.

This was in accordance with Tobio et al., (1998) who reported that PLA-PEG 

nanoparticies provided extended delivery of TT with much greater penetration 

through the rat nasal mucosa of TT into the blood circulation and the lymph nodes 

than PLA nanoparticies, and in accordance with Vila et al, (2002), who 

demonstrated that PEG coating improved the stability of PLA nanoparticies in the 

gastrointestinal fluids and helped the transport of encapsulated TT across the 

intestinal and nasal mucosa of mice, with improved local and systemic immune 

responses to TT. Also, Vila et al, (2004a), revealed that PEG-PLA particles were 

able to cross the rat nasal epithelium and indicated that the PEG coating around the 

particles has a role in stabilising nanoencapsulated TT in PLA particles in mucosal 

fluids, hence eliciting a high and long lasting immune response. Moreover, PLA- 

PEG nanoparticies with a high PEG coating density and a small size were more 

significantly transported through the rat nasal epithelium than uncoated PLA
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nanoparticies and also than PLA-PEG nanoparticies with a lower coating density 

(Vila et a l , 2004b; Vila et a l , 2005).

The higher serum IgG antibody response triggered by both PEG-man and 

PEG-gal nanoparticies as compared to PCL-PEG nanoparticies could be attributed to 

more efficient uptake by DC. DC is the major constituent of APC’s, these cells may 

express receptors that enable them to bind antigens. One such receptor recognizes 

terminal mannose residues on glycoproteins, a typical feature of microbial but not 

mammalian glycoprotein, and the lectin specific for galactose and/or N- 

acetylgalactosamine (MGL).When macrophages encounter nanoparticies containing 

such galactose and mannose residues, these cells could respond by producing 

cytokines, such as tumour necrosis factor (TNF) and interleukin-1 (IL-1). The 

production of these cytokines is part of the innate immune response, and as a result, 

an improved overall immune response (Egan et a l, 2004; Keler et a l, 2004, Higashi 

et a l, 2 0 0 2  ).

A booster dose of 5LF TT (free and encapsulated in nanoparticies) was given 

to the mice on day 84 through I.N. route. The level of serum IgG antibody titres 

increased significantly for all polymeric nanoparticies as shown in figure 4.22. The 

TT specific serum IgG antibody titres increased the most for PCL-PEG-man and 

PCL-PEG-gal nanoparticies followed by PCL-PEG nanoparticies, and then PCL 

nanoparticies. The boosting with PCL-PEG-man nanoparticies resulted in antibody 

titre about 10.7 times higher than that produced with free TT, PCL-PEG-gal 

nanoparticies resulted in antibody titres 9.3 times that of free TT, PCL-PEG and PCL 

nanoparticies resulted in antibody titres 6.7 and 5.3 times that of fi*ee TT 

respectively.

TT encapsulated in PCL-PEG-man and PCL-PEG-gal nanoparticies induced the 

highest serum antibody titre values, and this indicates that their primary 

administration activated more Th cells than free TT and other nanoparticies, possibly 

due to better uptake by dendritic cells as explained earlier.
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Figure 4.22
TT specific serum IgG antibody determined 1 week, day 91, following I.N. boosting 
with 5LF TT in polymeric nanoparticies or free TT on day 84 of primary I.N. 
immunised mice (n=3. Mean ± s.d.).

In order to determine if the immune response elicited by TT encapsulated in 

polymeric nanoparticies was more characteristic of Thl or Th2  type responses, the 

titres of TT-specific lg02a antibody were examined after 84 and 91 days. Titres of 

the lg02a subclass were shown to be comparable to total IgG titres as shown in 

figure 4.23, which is characteristic of a mixed Thl/Th2 response.
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Figure 4.23
TT specific serum lgG2a antibody titres 84 days following I.N. initial administration 
of 5LF TT in polymeric PCL, PCL-PEG, PCL-PEG-gal, and PCL-PEG-man 
nanoparticies or as free TT, and after 1 week, day 91, following LN. boosting with 
5LF TT in polymeric nanoparticies or free TT on day 84 of primary LN. immunised 
mice (n=3. Mean ± s.d.).
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4.4 Conclusions

PEG was utilized in this study for attaching two different carbohydrate 

moieties, galactose and mannose, to PCL nanoparticies for the formulation of novel 

targeted vaccine delivery systems. PEG-gal and PEG-man residues were prepared by 

the chemical reaction between m-PEG-NH2 and galactose isothiocyanate or 

mannose isothiocyanate respectively. The covalent binding of galactose and 

mannose residues to PEG was confirmed by both Fourier FT *H NMR spectroscopy 

and mass spectrometry (MS).

TT-loaded nanoparticies with size between 558 and 573nm have been 

successfully prepared from PCL polymer and its blends ^vith PEG, PEG-gal, and 

PEG-man using the w/o/w solvent evaporation method. The integrity of the TT 

encapsulated in the polymeric nanoparticies was retained after formulation into 

nanoparticies, as confirmed by the SDS-PAGE technique. The nanoparticies 

prepared demonstrated release profiles which were dependent on the polymer 

composition.

All the polymeric nanoparticies induced TT specific serum IgG antibody 

responses significantly higher (p<0.05) than free TT, following LM. and I.N. 

administration.

Following I.M. administration, the IgG antibody responses were dependent 

on the composition of nanoparticies, with the PCL loaded nanoparticies induced the 

highest TT-specific serum IgG antibody response, followed by PCL-PEG-man and 

PCL-PEG-gal, and finally by PCL-PEG nanoparticies.

A positive effect of the hydrophobicity of the nanoparticies on the immune 

response was observed following I.M. administration and it counts for the difference 

in the uptake of nanoparticies and hence for the difference in immune response. This 

effect was not observed following LN. administration of the nanoparticies which 

could be due to a more complex uptake mechanism.

Following I.N. administration, PCL-PEG-man and PCL-PEG-gal induced 

TT-specific serum IgG antibody responses significantly higher than PCL-PEG and 

PCL nanoparticies. The higher serum IgG antibody response triggered by PEG- 

containing nanoparticies could be, in part, due to the role of PEG in stabilising 

nanoencapsulated TT in PCL particles in the nasal mucosal fluids. Also, PEG 

improves the hydrophilicity and the mucoadhesive properties of the nanoparticies.
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and hence, their ability to cross the nasal epithelium with improved uptake by the M- 

cells of the NALT, thus eliciting a high and long lasting immune response.

The higher serum IgG antibody response triggered by both PEG-man and 

PEG-gal nanoparticies as compared to PCL-PEG nanoparticies could be attributed to 

more efficient uptake by DC due to the presence of mannose and galactose residues. 

The macrophage mannose receptor and the macrophage lectin specific for galactose 

and/or N-acetylgalactosamine (MGL) were found only in immature DC and play a 

crucial role in the immune system by processing and presenting antigens to T cells.

The TT-specific serum IgG2a antibody responses following LM. and LN. 

administration were found to be comparable to total IgG titres, and this indicated a 

mixed Thl/Th2  responses.
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5.1 Introduction

Chitosan is a positively charged natural biodegradable and biocompatible 

polymer. It is a linear polysaccharide consisting of p-1, 4-linked monomers of 

glucosamine and N-acetyl glucosamine (Figure 1.21) (Romoren et a l, 2002).

Like other cationic polymers, the mechanism of chitosan-mediated gene 

delivery is not clearly understood. It has been proposed that cationic polymers are 

able to condense DNA efficiently and deliver the complex into a variety of cell 

types. When mixed together, DNA condenses and the positively charged chitosan 

particles bind to the negatively charged phosphate groups on the DNA with the 

formation of chitosan/DNA complex. The initial interaction between the positively 

charged chitosan/DNA complex and the negatively charged heparan sulphate 

proteoglycans (HSPG) on the cell membrane provides an anchor for the complex to 

be taken up by endocytosis. Once inside the cell, DNA is released into the 

cytoplasm, and for a successful gene expression, an early escape from the 

endosomes, followed by nuclear translocation and gene transcription are required 

(Sato et a l, 2001;Kopatz et a l, 2004).

The major obstacle to the non-viral gene delivery vectors in vivo is the 

binding of serum proteins on their surfaces, which restrict their access to target 

tissues. Moreover, it can inhibit the transfection activity in vitro. To overcome this 

obstacle, covalent attachment of the monovalent hydrophilic polymer PEG, and the 

multi valent hydrophilic polymer poly- [N-(2-hydroxypropyl) methacrylamide] 

(pHPMA) was thought to stabilise chitosan/DNA particles, and as a result, to 

improve its resistance to protein binding and phagocytosis as shown 

diagrammatically in figure 5.1 (Dash et a l, 2000; Oupicky et a l, 2002).

Coating of particles with hydrophilic polymers is based on the attack of the 

amino groups on the chitosan surface to the ester linkage on the monovalent m-PEG 

succinimidyl propionate and the multivalent pHPMA with 8  mol% of methacryloyl 

glycine-glycine 4-nitrophenyl ester (Figure 5.2).
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Figure 5.1
Stealth-like properties of PEG and pHPMA-coated particles (www.nectar.com).
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Figure 5.2
Schematic presentation of the design of targeted polymer-coated particles (Fischer et 
al, 2000).

The key difference between the two polymers is the possibility of using the 

multivalent reactive pHPMA polymer to bind around the surface of the particles
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linking together surface amino groups and providing lateral stabilisation in addition 

to the steric stabilization provided by both polymers (Figure 5.3). Moreover, a 

targeting ligand e.g. transferrin can be mixed easily to during the coating reaction 

with the production of targeted polymer-coated particles as shown in figure 5.2 

(Fischer et al, 2000).

Figure 5.3
Schematic presentation of the difference between lateral and steric attachment of the 
polymer to particles: A- Steric and B- Lateral.

The covalent attachment of PEG or pHPMA polymers to the particle surface 

will provide a stealth-like shield around them, thus improving the particle resistance 

to protein binding and phagocytic uptake. Consequently, a longer circulation time 

will be available for the particles in vivo to reach its target site, and this can be 

significantly improved by attaching a targeting ligand to the particle surface.

So, the aim of this study is to investigate the physicochemical changes 

induced in chitosan/DNA particles following their coating with the hydrophilic 

polymers PEG and pHPMA. Secondly, a targeting ligand, transferrin, was 

introduced by simple mixing with the multivalent pHPMA polymer solution during 

the coating of chitosan/DNA nanoparticies. The particles were then subjected to an 

in vitro uptake study. Finally, coated and uncoated chitosan/DNA nanoparticies were 

tested for their ability to elicit an immune response in vivo in the mouse model. For 

this purpose, pRc/CMV-HBs (pCMV-S) plasmid encoding the hepatitis B surface 

antigen (small or S protein) was used.
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5.2 Materials and methods

5.2.1 Materials

The polysaccharide chitosan glutamate was supplied from Pronova 

Biomedical (Protosan, G112, 75% deacetylated, Mw =150 kDa, Oslo, Norway). 

pHPMA (MA-GG-ONP) Poly- [N-(2-hydroxypropy 1) methacrylamide, linked to 

dipeptide (Gly-Gly) moieties terminated in 4-nitrophenoxy groups, Mw = 35 kDa, 

was the kind gift of Dr Simon S. Briggs (Birmingham University). mPEG- 

succinimidyl propionate (mPEG-SPA, Mw = 5kDa) was purchased from Shearwater 

Corporation, USA. Sodium tripolyphosphate (PSTP) was purchased from Fluka, UK. 

pGL-3 Plasmid encoding firefly luciferase, 5.2 kb, was purchased from Promega,

UK. Transferrin was purchased from Sigma, UK.

All other chemical reagents not specified in this text were supplied by Sigma 

Chemical Co. (Poole, Dorset, UK) and were at least of reagent grade.

Hepatitis B plasmid encoding hepatitis B surface antigen was purchased from Aldevron, USA,

5.2.2 Preparation of chitosan nanoparticies

Chitosan nanoparticies were prepared by an ionic gelation procedure (Li et 

ai, 2003). Briefly, Chitosan was dissolved in 6 % (v/v) acetic acid to a 3% (w/v) 

solution as a stock. The stock solution was diluted with deionised water into a 

working solution with a concentration of 200pg/ml. Sodium tripolyphosphate 

(PSTP) was dissolved in distilled water to a concentration of 5% w/v. In a 20 ml 

glass universal, 5 ml of chitosan solution was added. A bar spin was placed in the 

glass universal which was then placed on an electro-magnetic stirrer for stirring at a 

speed of 200 rpm. Under stirring, lOpl of PSTP was added to the chitosan solution. 

Chitosan particles were collected after stirring for 60 minutes. The size and the 

morphology were assessed by TEM and PCS. The original aqueous particle 

suspension was kept at ambient condition.

5.2.3 Preparation of chitosan/DNA nanoparticies

Chitosan/DNA nanoparticies were prepared by mixing a stock suspension of 

the chitosan particles in distilled water with a solution of DNA (200pg/ml) with a
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ratio of chitosan/DNA between 1:1 and 10:1. The mixture had a concentration of 

DNA of 20|ig/ml and was stirred for 20 minutes at room temperature.

5.2.4 Coating of chitosan/DNA nanoparticies with hydrophilic polymers

Coating of particles with hydrophilic polymers is based on the attack of the 

amino groups on the chitosan surface to the ester linkage on the monovalent m-PEG 

succinimidyl propionate and the multivalent pHPMA with 8 mol% of methacryloyl 

glycine-glycine 4-nitrophenyl ester. Coating of particles with PEG was carried out 

by addition of m-PEG succinimidyl propionate (5kDa) (20mg/ml in water) to the 

particles at different PEG/chitosan molar ratios followed by the addition of IM 

HEPES (BDH, UK) buffer (pH 6 .8 ) to give a final HEPES concentration of lOmM.

To introduce the multivalent polymer coating, pHPMA (35kDa) (20mg/ml in 

water) was added to the particles in 10 mM HEPES, pH 6 .8 , applying different 

pHPMA/chitosan molar ratios. The reaction was allowed to proceed overnight at 

room temperature with the remaining reactive groups aminolysed with amino ethanol 

(0.1% v/v), added 2 hours before the use of the particles. The particles were purified 

by removing excess polymer by passing them through vivaspin 2 0  centrifugal 

concentrators (MWCO 10,000 and 50,000). The concentrated particles were 

reconstituted to the original volume by adding HEPES buffer.

Coated and uncoated chitosan/DNA particles were incubated with an equal 

volume of 5% aqueous solution of albumin (BSA) (Sigma, UK) overnight, and their 

size was determined by PCS.

Transferrin (lOOpg/ml) was covalently attached through simple mixing with 

the complexes during the coating reaction, Ih after the addition of pHPMA.

5.2.5 TEM and PCS

Morphological examination of chitosan particles and chitosan/DNA particles 

was performed using TEM (Philips CM 12, Philips Co., Netherlands). The samples 

were negatively stained with 1% uranyl acetate and placed on copper grids for 

viewing by TEM.

The sizes of the particles were determined by Photon Correlation 

Spectroscopy (PCS). The Z average diameters and the polydispersity index were

168



Chapter 5, Surface modification of chitosan
nanoparticies as DNA deiiverv svstem s

recorded. 1 ml samples were added in cuvettes with four transparent sides. The 

cuvette was put in the PCS chamber (Malvern Instruments, UK) to determine the 

size and size distribution.

5.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis was employed to confirm the coupling of DNA 

with chitosan. Agarose was dissolved in Tris-acetate EDTA (TAB) buffer to a 1% 

(w/v) concentration by boiling on an electric heating plate. Agarose solution was left 

to cool down to 50®C, then 5 pi of ethidium bromide (Et Br) (10 mg/ml) was added 

in 1 0 0  ml of the agarose solution and the warm gel solution was then poured into a 

gel casting tray vsdth a sample comb. Et Br was included in the gel matrix for 

enabling the fluorescent visualization of the DNA fragments under UV light. 

Agarose gels were submerged in electrophoresis buffer ( IX  TAE) in a horizontal 

electrophoresis apparatus. lOpl samples of chitosan/DNA complexes containing 0.2 

-  0.4 pg of DNA were mixed with sample loading buffer and loaded into the sample 

wells. Electrophoresis was performed at 200 mA for 40 minutes at room 

temperature. On completion of electrophoresis, the gel was observed by a 

transilluminator under UV light, and photographs of the fluorescent Et Br stained 

DNA separation pattern were taken.

5.2.7 In vitro cell transfection

The ability of particles to transfect cells was tested using the prostatic cell 

line PC-3 (ATCC, Manassas, US). Approximately 100,000 PC-3 cells per 24 wells 

were seeded 24 h prior to transfection. On the day of transfection, the medium was 

changed to serum-fi-ee DMEM (250 pi). The cells were transfected by addition of 

25pi of particles (containing 20pg/ml DNA, at 0.5 pg per well). The particles were 

incubated on the cells for 4h and then the medium was removed and serum plus 

DMEM medium added (500 pi). Following a 24-72 h incubation period, the cells 

were washed with phosphate buffered saline (PBS), lysed in Promega lysis buffer 

( 1 0 0  pi) and luciferase activity with respect to protein concentration measured as 

described in section 2.13.
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5.3 Results and discussion

5.3.1 Preparation and Characterisation of chitosan particles

PSTP plays an essential role in the preparation of chitosan particles. By 

controlling the amount of PSTP, homogenously sized nanoparticies can be prepared 

as shown in figure 5.4. It has been found that when the correct amount of PSTP was 

added into chitosan solution, the solution changed from a clear solution into an 

opalescent solution, indicating the gelation of the system and the formation of 

chitosan particles. By increasing the amount of PSTP beyond this level, the white 

colour of the system becomes more obvious due to aggregation and precipitation of 

particles. Chitosan/PSTP m/m ratio of 5:1 was found to be optimal for particle 

formation.

The particle size of chitosan particles was about 62nm as determined by PCS. 

PSTP is a strong basic salt, which is present in its ionised form in the aqueous phase. 

Tripolyphosphate anions interact with the ammonium cations on the chitosan chains 

leading to the cross-linking of linear chitosan molecules into particles.

Figure 5.4
TEM of chitosan particles, bar=200 nm
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5.3.2 Investigation of DNA binding to chitosan particles

The degree of interaction of chitosan particles with DNA was investigated by 

using agarose gel electrophoresis technique. It is expected that the electrostatic 

interaction between chitosan and DNA will cause retardation of DNA in the well. 

The degree of retardation is dependant on the chitosan/DNA m/m ratio (figure 5.5). 

At a chitosan/DNA m/m ratio of 8:1, complete binding between chitosan and DNA 

occurs.

Figure 5.5
Agarose gel electrophoresis of chitosan particles coupling plasmid DNA pGL3 at 
different weight ratios of chitosan to pGL3. Lane 1, chitosan/DNA 0:1; Lane 2, 
chitosan/DNA 1:1; Lane 3, chitosan/DNA 2:1; Lane 4, chitosan/DNA 4:1; Lane 5, 
chitosan/DNA 8:1; Lane 6 , chitosan/DNA 10:1.

5.3.3 Effect of coating of chitosan/DNA nanoparticies with hydrophilic polymers 

on its size and zeta potential

Coating of chitosan particles with either PEG or pHPMA increased its size as

shown in tables 5.1 and 5.2, and figures 5.6 and 5.7.
Tables 5.1 and 5.2 show that coating of chitosan particles with either PEG or

pHPMA increase the size from 62 nm up to 103nm. Incorporation of transferrin

(lOOpg/ml) to pHPMA-coated chitosan/DNA particles (1:1) led to increase in size

from 101 to 195nm (Figure 5.8).

Coating of chitosan particles with hydrophilic polymers also decrease the

zeta potential of the particles, with the monovalent PEG producing almost neutral

surface charge, while the multivalent pHPMA renders the particles with negative
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charge (Tables 5.1 and 5.2). The negative charge arises from a partial hydrolysis of 

reactive 4-nitrophenyl groups during the coating, yielding negatively charged 

carboxylate groups, and the higher the concentration of pHPMA used, the higher was 

the negativity of zeta-potential values. Incorporation of transferrin (lOOpg/ml) to 

pHPMA-coated chitosan/DNA particles (1:1) led to increase in particle negativity 

from -21.6 to -25.2nm (Table 5.2).

PEG/chitosan 

Coated System 

(Molar Ratio)

Z-average, 

nm ±  s.d.

Polydispersity index 

± s.d.

Zeta Potential, 

mV ± s.d.

Uncoated 62 ± 2 0.326 ±0.013 15.9 ± 0 .4

0.25:1 68 ± 1 0.149 ±0.035 1.9 ± 0 .4

0.5:1 66 ± 2 0.171 ±0.042 1.67 ± 0 .6

1:1 97 ± 2 0.159 ±0.039 1.1 ±0.1

10:1 95 ± 1 0.283 ± 0.047 1.5 ± 0 .2

Table 5.1
Effect of coating with PEG on the particle size and zeta-potential of chitosan/DNA 
particles.

pHPMA/chitosan 

coated system 

(Molar Ratio)

Particle Size 

(nm) ± SD

Polydispersity index 

± s.d.

Zeta Potential 

(mV ± SD)

Uncoated 62 ± 2 0.326 ±0.013 15.9 ± 0 .4

0.25:1 65 ± 1 0.460 ±0.219 -18.9 ± 4 .5

0.5:1 70 ± 1 0.338 ±0.137 -19.2 ± 3 .9

1:1 101 ± 2 0.372 ±0.139 -21.6 ± 6.6

10:1 103 ± 1 0.330 ± 0.095 -21.6 ± 0 .4

Transferrin-targeted 195 ± 3 0.439 ±0.196 -25.2 ± 1.4

Table 5.2
Effect of coating with pHPMA on the particle size and zeta-potential of 
chitosan/DNA particles.
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Figure 5.6
TEM of PEG-coated chitosan/DNA particles, bar = 200nm.

Figure 5.7
TEM of pHPMA-coated chitosan/DNA particles, bar = 200nm.
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Figure 5.8
TEM of transferrin-attached chitosan/DNA particles, bar = 200nm.

5.3.4 Determination of the efficiency of coating of chitosan particles with 

hydrophilic polymers

Covalent reaction between the reactive esters of both mPEG-SPA and 

pHPMA-ONP with chitosan/DNA nanoparticies would be expected to decrease the 

number of free amine groups on the surface of particles. To prove this, the content of 

reactive amine groups on the surface of chitosan particles was determined before and 

after the coating reaction by the TNBS (2, 4, 6 -trinitrobenzenesulfonic acid) assay 

method. Briefly, 0.4 ml of 0.1 M sodium borate solution was mixed with 0.4 ml of 

nanoparticies and 20 pi of TNBS solution (0.03 M in water). Absorbance at 420 nm 

was measured after 30 min incubation at 20°C. The number of free amine groups 

measured using TNBS was presented as a percentage of the number determined 

using the equivalent quantity of free chitosan/DNA nanoparticies. As expected, it 

was found that the higher the concentration of the hydrophilic polymer in the coating 

solution, the greater is the percentage of reacted amine groups on the surface of 

chitosan particles (Figures 5.9 and 5.10).
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PEG/chitosan molar ratio

Figure 5.9
TNBS determination of reacted amine groups on the surface of PEG-coated 

chitosan/DNA nanoparticles.

0 .25:1

pHPMA/chltosan molar ratio

Figure 5.10
TNBS determination of reacted amine groups on the surface of pHPMA-coated 
chitosan/DNA nanoparticles.
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5.3.5 Effect of albumin on particle size of chitosan particles

It was found that the incubation of chitosan/DNA particles with 5% m/v 

aqueous albumin solution resulted in an increase in the diameter of uncoated 

particles from around 62 nm to over 1130 nm as shown in table 5.3. In comparison, 

particles modified with either PEG or pHPMA remained at a similar range of 

diameters even in the presence of albumin, suggesting that the coated particles were 

resistant to albumin-induced aggregation.

The inability of albumin to bind the coated particles could be attributed to the 

shielding effect provided by the monovalent PEG and multivalent pHPMA chains. 

Both polymers render the particles surface with steric stability and, as a result, a 

stealth-like property as manifested in improvement in resistance to bind albumin.

Although both hydrophilic polymers can provide the particles with steric 

stability, the major difference between the monovalent and multivalent types of 

surface modification is the ability of the multivalent modification with pHPMA 

polymer to provide also lateral stabilisation to the particles. This is manifested by the 

resistance of pHPMA-coated particles to polyelectrolyte exchange reactions. Figure 

5.11 shows that the incubation of chitosan/DNA nanoparticles with the polyanion, 

heparin, led to the release of DNA from the nanoparticles, whereas pHPMA-coated 

nanoparticles are laterally stabilised and resistant to polyelectrolyte exchange 

reactions. In comparison, PEG-coated nanoparticles show no increase in resistance to 

heparin, and DNA was released from the particles. This was in accordance with the 

work done by Oupicky et a l, (2002b), who compared polyplexes containing DNA 

and poly-L-lysine (PEL) surface modified carriers with either monovalent PEG or 

multivalent pHPMA. He showed that both PLL/DNA polyplexes and PEG-coated 

polyplexes release free DNA following incubation with the polyanion poly-L- 

aspartic acid, while pHPMA-coated polyplexes exhibit resistance to the 

polyelectrolyte exchange reaction.
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System

Particle diameter ± SD “ (nm)

Incubation

with

Control Albumin

Chitosan/DNA imcoated 62 ± 2 1078 ± 3 **

1130 ±7*^

Chitosan/DNA /PEG 1:0.25 68 ± 1 71 ± 2

75 ± 1

Chitosan/DNA/PEG 1:0.5 66 ± 2 68 ± 4

72 ± 3

Chitosan/DNA /PEG 1:1 97±2 102 ± 3

103 ± 4

Chitosan/DNA /PEG 1:10 95 ± 1 105 ± 2

110± 1

Chitosan/DNA /HPMA 1:0.25 65 ±1 69 ± 5

103 ± 6

Chitosan/DNA /HPMA 1:0.5 70 ± 1 75 ± 3

81 ± 4

Chitosan/DNA /HPMA 1:1 101 ± 2 105 ± 4

111 ± 3

Chitosan/DNA /HPMA 1:10 103 ± 1 108 ± 2

1 1 3 ± 8

Table 5.3: Effect of Albumin on size of Chitosan/DNA Particles 
 ̂Polydispersity Indices for all systems were not higher than 0.17 
 ̂The Particle Size after 2h incubation 
 ̂The Particle Size after 24h incubation
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Figure 5.11
Resistance of chitosan/DNA nanoparticles to polyelectrolyte exchange reactions. All 
nanoparticles were incubated with heparin (400 units/ml) and subjected to agarose 
gel electrophoresis. Lane 1: free DNA, Lane 2: chitosan/DNA nanoparticles. Lane 3: 
PEG-coated chitosan/DNA nanoparticles. Lane 4: pHPMA-coated nanoparticles.

5.3.6 In vitro cell transfection

The ability of various chitosan particles to transfect cells and achieve 

expression of the transgene was evaluated by incubation with cultured cells in vitro. 

The cell line used in the culture work was the prostate adenocarcinoma, PC-3, cell 

line.

Coated and uncoated chitosan/DNA nanoparticles (encoding the luciferase 

gene) were incubated with the cultured cells in serum-free medium. Following 

incubation, expression of the luciferase enzyme was detected indirectly, by 

measuring the fluorescence generated. The results obtained were displayed in figure 

5.12.

As the results show, all chitosan particles were successful in transfecting the 

cells, but the magnitude of transfection was variable. Uncoated chitosan/DNA
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particles yielded a higher level of transfection as compared to pHPMA-coated 

particles. The attachment of transferrin to the surface of pHPMA-coated chitosan 

particles significantly enhanced the transfection activity compared with either the 

uncoated chitosan/DNA particles or the untargeted pHPMA-coated chitosan 

particles. The attachment of transferrin to the pHPMA-coated chitosan particles 

enhanced transfection activity through increasing the cellular uptake of particles. The 

enhanced efficiency of gene expression may be also due to an improved cellular 

routing exhibited by transferrin-targeted chitosan particles. Furthermore, the 

presence of pHPMA coating reduced non-specific interactions of the chitosan 

particles with cell membranes, and as a result, the selectivity of delivery to target 

cells was improved, and this agrees with findings in other research papers (Dash et 

al, 2000; Kwok et a l, 2000).

The results obtained also suggest that the particle surface charge greatly 

affects the transfection efficiency as the untargeted pHPMA-coated chitosan 

particles, which bear a negative charge, yielded the lowest level of luciferase gene 

expression. This is in accordance with previous findings of other researchers, which 

show that efficient in vitro transfection of cells require cationic reagents (Zhang et 

al, 2004). Generally, cultured cells preferentially appear to interact and internalise 

particles that bear a strong positive charge, with the internalisation of uncharged and 

negatively charged particles are less frequent (Roser et a l, 1998).

Furthermore, the results fi'om this study also appear to confirm previous 

findings regarding the effect of particle hydrophobocity on cell uptake (Rudt & 

Muller, 1993; Sahoo et a l, 2002). Coating of chitosan/DNA particles with the 

hydrophilic polymer pHPMA decreases the transfection efficiency as compared with 

the uncoated particles. The increased hydrophilicity of a particle reduces the non

specific interactions of the particle with the cell membrane and thus particle uptake. 

Coating of particles with the hdrophilic polymer PEG is a good example of such 

effect (Kwok et a l, 2000).
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Figure 5.12
Comparison of the transfection activity of untargeted pHPMA-coated and uncoated 
chitosan/DNA particles with transferrin-targeted pHPMA-coated particles. Superfect 
was used as a control.

5.4 In vivo evaluation of chitosan/DNA nanoparticles - DNA vaccination

5.4.1 Design of in vivo study

The chitosan/DNA particles were tested for their ability to elicit an immune 

response in vivo in the mouse model. For this purpose, pRc/CMV-HBs (pCMV-S) 

plasmid encoding the hepatitis B surface antigen (small or S protein) was used 

(Figure 5.13).

Hepatitis B virus (HBV) is an important health problem, as it is the major 

predisposing factor of chronic hepatitis and liver disease all over the world, and in 

particular, the third world countries. Although effective vaccines against hepatitis B 

were available for many years, there are over 370 million people who are infected 

with HBV (Mancini-Bourgine et al., 2006).

HBV is often referred to as the silent killer and infection with HBV may 

eventually develop into serious complications such as liver cirrhosis or 

hepatocellular carcinoma. Licensed vaccines against HBV, consisting of 

recombinant hepatitis B surface antigen (HBsAg), are widely used. It is well- 

established that such vaccines provide humoral immune response leading to 

protection against infection.
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Figure 5.13
pCMV-S plasmid encoding the hepatitis B surface antigen, (www.aldevron.com).

However, viral persistence is thought to be related to poor HBV-specific T- 

cell responses. The cellular immune response has been shown to be one of the most 
important factors contributing to virus elimination from infected hepatocytes, and 

thus, play an important role in preventing subsequent development of chronic liver 

disease (Rottinghaus et al., 2003; Jaganathan & Vyas, 2006).

The development of a DNA vaccine against hepatitis B will provide the 

advantage of stimulating cytotoxic T cells as the antigenic protein is produced 

intracellularly. This will lead to the development of cellular immunity, which is very 

important in fighting the intracellular virus and thus protecting the liver from its 

harmful effect.

Another advantage of a DNA vaccine is the ease with which DNA is 

produced in large quantities and great purity due to the recent advances in 

biotechnology field.

Moreover, vaccination with DNA vaccines may result in expressed proteins 

that resemble the original viral antigen, so it is safer to use with increased 

immunogenicity (Rottinghaus et al., 2003).
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Since the mucosal surfaces are the main entry site for most infectious 

pathogens including HBV, it is crucial to develop mucosal vaccination against HBV 

as the vaccines currently available in the market produce only humoral immunity, 

with the antibodies generated in this way do not reach mucosal surfaces.

So, in this study, the potential of chitosan/DNA particles containing pCMV-S 

plasmid encoding the hepatitis B surface antigen was investigated as a DNA vaccine 

delivery system. The prepared nanoparticles were compared for the induction of 

hepatitis B surface antigen specific serum IgG antibody titres following S.C. and I N. 

administration.

5.4.2 Formulation and administration of the DNA vaccine

The DNA vaccine was formulated with chitosan nanoparticles, and 

administered to female Balb/c mice. For comparison, groups of mice were also 

immunised with pHPMA-coated chitosan particles, as well as naked DNA. Each 

mouse received 50pg of plasmid DNA, with every group consisting of three animals 

(n=3). The dose chosen was typical for DNA vaccination of mice using conventional 

methods of administration. 2 0 0  pi volumes of the formulations were administered 

via the S.C. route, whereas volumes of 20 pi were administered via the I.N. route.

The mice received three doses at 4-week intervals and serum was collected 

two weeks after each dose. The serum was analysed by the ELISA assay method for 

the presence of specific antibodies against the encoded protein of hepatitis B surface 

antigen.

The assay was designed to detect the T-dependant antibodies in order to 

determine the nature of the immune response. When T-dependant antibodies were 

produced, this indicates the involvement of T-helper cells which stimulate the B- 

lymphocytes.

The major role of T-helper cells is to regulate the immune response via 

cytokine production. According to the cytokines produced, the immune response can 

be classified into a Thl or Th2 immune response as described earlier in Chapter 4. 

The type of the immune response developed in response to an infection may greatly 

influence its outcome. As a result, it is very important to determine the nature of 

immunity induced by a DNA vaccine.
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A Thl response is generally aimed at intracellular parasites, thus, it is 

strongly cell-mediated (Sher & Coffman, 1992; Levy et ai, 2004). On the other 

hand, the Th2 response is generally aimed at extracellular parasites (Urban, Jr. et ai, 

1992; Jamicki & Fallon, 2003). In case of hepatitis B vaccine, the desirable response 

would be a Thl response as it will include a strong CTL element which is crucial in 

fighting the intracellular virus infection and thus protecting the liver from its 

damaging effect. Hence, the mouse sera were analysed for the presence of total IgG, 

as well as IgG subtype IgG2a, which is an indicator for Thl response.

5.4.3 Results of in vivo study

The animals received the first dose of the DNA vaccine were bled after two 

weeks and the sera were analysed by ELISA for the presence of hepatitis B surface 

antigen specific serum IgG antibody. The results obtained suggest that the first dose 

was not sufficient to elicit a detectable immune response (Figure 5.14).

DNA Chitosan/DNA

Formulation

pHPMA-Coated

Figure 5.14
Hepatitis B surface antigen specific serum IgG antibody titres after 2 weeks 
following S.C. administration of 50pg of plasmid DNA either as naked DNA, or 
formulated as chitosan/DNA or pHPMA-coated chitosan/DNA nanoparticles (n=3. 
Mean ± s.d.).

At week 4 following the first injection, the mice received the first booster 

dose. After two weeks, all groups were bled and the sera were analysed for the
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presence of hepatitis B surface antigen specific serum IgG antibody (Figure 5.15). 

Similar to the response to the first dose, the second dose was not effective in 

producing effective immune response as there was no significant difference in the 

antibody titres between mice received naked DNA and those received chitosan/DNA 

nanoparticles. However, the hydrophilic pHPMA coated nanoparticles appeared to 

give rise to an antibody response, as indicated by antibody titres that differed 

significantly from those of naked DNA.
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Figure 5.15
Hepatitis B surface antigen specific serum IgG antibody titres after 2 weeks (Week 
6 ) following S.C. administration of a booster dose of 50pg of plasmid DNA either as 
naked DNA, or formulated as chitosan/DNA or pHPMA-coated chitosan/DNA 
nanoparticles (n=3. Mean ± s.d.).

The study was continued by the administration of a third dose of the vaccine 

in week 8 from the beginning of the immunisation schedule. Following a period of 

two weeks after the second booster dose, sera were collected and analysed by ELISA 

for total IgG. The titres obtained confirmed the results obtained following the 

previous vaccine administration (Figure 5.16). The only formulation that gives a 

significant immune response is that of the pHPMA-coated chitosan/DNA 

nanoparticles.
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Figure 5.16
Hepatitis B surface antigen specific serum IgG antibody titres after 2 weeks (Week 
10) following S.C. administration of a second booster dose of 50pg of plasmid DNA 
either as naked DNA, or formulated as chitosan/DNA or pHPMA-coated
chitosan/DNA nanoparticles (n=3. Mean ± s.d.).

The in vivo results following the I.N. administration of the same

immunisation schedule were similar to that obtained following S.C. injections

(Figure 5.17). These results could be explained with reference to the findings of Vila 

el al. (2004a) where PEG was employed as a hydrophilic coat of PLGA

nanoparticles used as a vehicle for TT. The antigen was administered intranasally, 

resulting in strong and long lasting immunity in the case of PEG-coated particles, 

which was superior to untreated PEA. He suggested that the steric stabilisation, 

which PEG afforded to the nanoparticles, was primarily responsible for the observed 

improvement in immunity. It is likely that the same applies to pHPMA, as its 

hydrophilic nature also allows its use to form stealth particles.

In order to obtain further confirmation of the findings, the lgG2a subtype 

titres were also measured (Figure 5.18). Considerable lgG2a antibody response was 

observed for the pHPMA-coated chitosan nanoparticles. In contrast, there was no 

significant difference between the titres of naked DNA and chitosan/DNA 

nanoparticles. The presence of this subtype may provide an indication of a Thl type 

(cellular) immune response, and this is in accordance with the general tendency of 

DNA vaccines to provide cellular immunity.
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Figure 5.17
Hepatitis B surface antigen specific serum IgG antibody titres 2 weeks (Week 2) 
following I.N. administration of 50pg of plasmid DNA either as naked DNA, or 
formulated as chitosan/DNA or pHPMA-coated chitosan/DNA nanoparticles, and 
after 2 weeks (Week 6 , and Week 10) following I.N. administration of two booster 
doses of 50pg of plasmid DNA on the and weeks respectively, (n=3. Mean ± 
s.d.).
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Figure 5.18
Hepatitis B surface antigen specific serum lg02a antibody titres 2 weeks (Week 10) 
following I.N. and S.C. administration of the final dose.

The results clearly show that the most hydrophilic formulation, pHPMA- 

coated chitosan nanoparticles, exhibited the highest immune response. These results 

are unexpected and did not correlate with the in vitro uptake studies which suggested
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that the most hydrophilic particles would be the least effective in eliciting an 

immune response due to the lower uptake by professional APC’s.

These results could be explained with reference to the hydrophobicity and 

surface charge of the particles which has a strong effect on its biodistribution and 

cell uptake. In case of DNA vaccination, the uptake profile of a DNA delivery 

system could have a strong effect on the antigen presentation and the resulting 

immune response.

DNA vaccines are widely distributed following S.C. administration, with 

plasmid DNA detectable within a day in organs like spleen, lungs and lymph nodes 

(Lunsford et a l, 2000). Since the particle surface characteristics, such as surface 

charge and hydrophobicity, greatly influence the interactions of the particles with 

biomolecules and other components of the extracellular environment, it could also 

affect the distribution and uptake of DNA vaccine particles.

It has been reported that highly hydrophobic or cationic particles are poorly 

distributed in vivo due to their high susceptibility to protein binding (Laznicek & 

Laznickova, 1995; Tandia et a l, 2003; Kim et a l, 2005). On the other hand, 

particles with hydrophilic surface exhibit long circulation time and wide 

biodistribution due to their resistance to protein binding. This stealth like property 

gives the pHPMA-coated chitosan/DNA nanoparticles the advantage of its wide 

distribution after administration, and as a result, there would be a great chance for 

the coated nanoparticles to be encountered by professional APC’s. In comparison, 

the uncoated chitosan/DNA nanoparticles, which have more hydrophobic and more 

cationic surface, may have limited distribution due to binding to proteins at the site 

of injection. Consequently, the uptake of the uncoated nanoparticles by professional 

APC’s may be reduced with an overall reduction of the immune response.

This hypothesis is supported by the earlier results in section 5.2.5 which 

revealed that there was a significant difference in binding to albumin between the 

coated and uncoated chitosan nanoparticles. pHPMA-coated chitosan particles were 

significantly more resistant to albumin adsorption as compared to the uncoated 

particles as the hydrophilic coat provides the particles with steric stability and 

prevents the non-specific protein binding.
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5.5 Conclusions

Chitosan/DNA nanoparticles were prepared successfully using an ionic 

gelation procedure. The size of the nanoparticles was 62 nm as determined by PCS.

The physicochemical changes induced in chitosan/DNA nanoparticles 

following their coating with either PEG or pHPMA were examined. The size of the 

nanoparticles increased from 62 nm up to 103 nm. Incorporation of transferrin 

(lOOpg/ml) to pHPMA-coated chitosan/DNA particles (1:1) led to further increase in 

size from 101 to 195 nm. Coating of chitosan particles with hydrophilic polymers 

also decrease the zeta potential of the particles, with the monovalent PEG produced 

nearly neutral surface charge, while the multivalent pHPMA rendered the particles 

with negative charge. The negative charge arised from a partial hydrolysis of 

reactive 4-nitrophenyl groups during the coating, yielding negatively charged 

carboxylate groups, and the higher the concentration of pHPMA used, the higher was 

the negativity of zeta potential values.

Both hydrophilic polymers, PEG and pHPMA, provided the nanoparticles 

with a steric shield that is manifested in protection of the particles against 

aggregation after incubation with albumin. However, only the multivalent polymer, 

pHPMA, provided the particles with lateral stability in addition to the steric stability 

as indicated by the stability of the nanoparticles to polyelectrolyte exchange 

reactions following incubation with heparin.

The in vitro evaluation of chitosan/DNA nanoparticles suggested that coating 

with the hydrophilic polymer pHPMA resulted in reduction of cell uptake due to 

steric stabilisation of the particles by the polymer, apd also due to the loss of the 

positive charge of the particles. However, it was found that the attachment of 

transferrin to the surface of pHPMA-coated chitosan particles enhanced the 

transfection activity through increasing the cellular uptake of particles. The enhanced 

efficiency of gene expression could be attributed to a possible improved cellular 

routing by transferrin-targeted chitosan particles. Furthermore, the presence of 

pHPMA coating reduced non-specific interactions of the chitosan particles with cell 

membranes, and as a result, the selectivity of delivery to target cells was improved.

In general, the in vitro study suggested that nanoparticles coated with the 

multivalent hydrophilic polymer, pHPMA, would be more likely utilised for 

targeting different cell lines after attachment of suitable targeting ligands.
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The in vivo evaluation of pHPMA-coated and uncoated chitosan/DNA 

nanoparticles gave unexpected results compared to in vitro data: the more 

hydrophilic pHPMA-coated particles were successful in inducing the production of 

T-dependant antibody response to the encoded hepatitis B surface antigen following 

both S.C. and I.N. administration. On the other hand, the uncoated particles and also 

the naked DNA failed to induce a humoral response following both S.C. and I.N. 

administration. These results did not correlate with the in vitro uptake studies which 

suggested that the most hydrophilic particles would be the least effective in eliciting 

an immune response due to the lower uptake by professional APC’s.

The stealth like property gave the pHPMA-coated chitosan/DNA 

nanoparticles the advantage of their wide distribution after S.C. administration, and 

as a result, there would be a great chance for the coated nanoparticles to be 

encountered by professional APC’s. Following I.N. administration, this hydrophilic 

coat also provided the particles with both steric and lateral stabilisation, and hence, 

an improved stability in the nasal mucosal fluids, with improved overall uptake by 

the immune system.
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Chapter 6. Epilogue

6.1 Summary of conclusions drawn from this project

Due to the significant development in the biotechnology and molecular 

biology fields, vaccine antigens and DNA plasmids are currently available in large 

quantities of pure and potent forms. However, there are many obstacles for their 

successful delivery, mainly their in vivo instability and rapid clearance from the 

body. Moreover, their wide distribution throughout the body to non-target tissues 

will result in wastage of biotherapeutics and possible side-effects.

To overcome such obstacles, biodegradable polymers can be employed 

successfully for the delivery and targeting of biotherapeutics. Any polymer that is 

going to be used in the human body should have propensities for high 

biocompatibility as well as modulated biodegradability. The group of polymers most 

extensively studied so far in this regard is polyester polymers, like poly (lactic acid) 

(PLA), poly (glycolic acid) (PGA), poly (lactic-co-glycolic acid) (PLGA) and 

polycaprolactone (PCL), and natural polymers like chitosan.

This project aimed at modulating the physicochemical properties of 

biodegradable nanoparticles by using the hydrophilic polymers, poly (ethylene 

glycol) (PEG) and poly-[N-(2-hydroxypropyl) methacrylamide] (pHPMA) in order 

to improve the loading efficiency of encapsulated antigen or DNA plasmid and to 

modulate the release profile. In addition, both hydrophilic polymers were utilised for 

the covalent attachment of targeting moieties, so that, the delivery of the 

encapsulated antigen or DNA plasmid to the target site could be improved.

In this project, the effect of PEG on the loading efficiency of ovalbumin 

(OVA) in polymeric PLGA and PCL nanoparticles was investigated using a 

modified w/o/w solvent evaporation method. PEG with higher molecular mass 

improved OVA loading, and also OVA release was found to be dependant on the 

PEG content of the nanoparticles. Several benefits were expected from the use of 

blends of biodegradable polymers with PEG regarding controlling the loading and 

release of vaccine antigens. The amphiphilic nature of PEG could provide a better 

dispersion of the aqueous phase containing the vaccine with the organic phase during 

the émulsification process, and as a result, a high loading efficiency is expected. 

Moreover, PEG would prevent the possible interaction between the hydrophobic 

polymer and the antigen, thus preventing its inactivation which adds to the stability 

and loading of the antigen. In addition, the presence of PEG in the polymer blend
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would create molecular pores and channels within the particles upon contact with the 

release medium, and this in turn would improve the release of the encapsulated 

antigen.

In addition to the role of PEG in improving the loading and release of 

encapsulated antigen, it was also employed, in this project, as an anchor for the 

polysaccharides galactose and mannose to PCL nanoparticles encapsulating tetanus 

toxoid (TT) as vaccine delivery systems. It was found that following their intranasal 

administration, tetanus toxoid loaded PCL-PEG-galactose or PCL-PEG-mannose 

nanoparticles induced IgG antibody titres higher than PCL nanoparticles or free 

tetanus toxoid administered. However, this was not the case following the 

intramuscular administration. The use of PEG-mannose or PEG-galactose conjugates 

would provide an approach for attachment of such bioactive materials on 

biodegradable nanoparticles for targeting the macrophage mannose receptor and the 

macrophage lectin specific for galactose and/or N-acetylgalactosamine (MGL),which 

were found only in immature dendritic cells (DC), thereby improving specific 

antigen presentation by DC and the overall vaccine immunogenicity.

Further uptake studies of labelled antigen encapsulated in these novel 

targeted delivery systems by human DC line that can be differentiated into immature DC 

were needed to visualise the fate of the particles by using confocal laser scanning 

microscopy.

Results from this project also showed that the covalent attachment of either 

the monovalent PEG or the multivalent (pHPMA) to chitosan/DNA nanoparticles 

stabilised the surface of particles with a stealth-like shield as manifested in 

improvement in resistance to albumin binding. Moreover, the covalent attachment of 

transferrin as a targeting ligand to pHPMA showed an improved gene expression in 

prostate cancer cell line transfected by chitosan/DNA particles. When tested in vivo, 

pHPMA-coated chitosan/DNA nanoparticles were successful in eliciting an immune 

response. The rationale behind this study was based on the observation that the major 

obstacle to the non-viral gene delivery vectors in vivo was their binding to serum 

proteins which restricts their access to target tissues. Moreover, it could inhibit the 

transfection activity in vitro. To overcome this obstacle, covalent attachment of the 

monovalent hydrophilic polymer PEG, and the multivalent hydrophilic polymer 

pHPMA was thought to stabilise chitosan/DNA particles, and as a result, to improve 

its resistance to protein binding and phagocytosis. Consequently, a longer circulation
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time could be available for the particles in vivo to reach their target site, and this 

would be significantly improved by attaching a targeting ligand to the particle 

surface.

The complexity of the process by which chitosan/DNA nanoparticles were 

delivered and an immune response to the encoded antigen was induced requires 

further investigation. The hydrophilicity and multivalent nature of pHPMA-coated 

formulation opens the possibility of active targeting to DC after attachment of a 

suitable targeting ligand like mannose to the surface of coated nanoparticles, thus 

improving the immune response.

6.2 Future directions

The inadequate immune response against many naturally occurring 

tumors could be due to the absence of correct presentation of tumor 

antigens by the tumor or due to the absence of any effector T cells 

recognising the tumor antigen. Thus, improvement of the presentation 

of tumor antigens by DC may improve the development of an 

adequate immune response against cancer. For this purpose, tumor 

antigens could be encapsulated in our novel DC targeted bidegradable 

delivery systems.

PEG could be utilised as an anchor for attachment of hydrophilic 

species such as proteins and polysaccharides to biodegradable 

micro/nanoparticles for the production of novel targeted delivery 

systems for drugs and vaccines. The targeting moieties could be first 

conjugated with PEG before attachment to the particle surface during 

the manufacturing process. Examples include the use of galactose 

moieties for targeting of macromolecular drug carriers to hepatocytes 

for the treatment of various liver conditions. Another example could 

be the covalent attachment of antigens or cytokines to PEG for 

enhancing and modifying the immune response. Moreover, the 

covalent binding between PEG and cholera toxin B subunit (CTB)
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could be utilised to improve the immune response to antigens 

targeting the intestinal mucosa following oral vaccination.

Surface modification of biodegradable particles with the multivalent 

hydrophilic polymer pHPMA with 8  mol% of methacryloyl glycine- 

glycine 4-nitrophenyl ester is based on the attack of the amino groups 

on the biodegradable particle surface to the ester linkage on pHPMA 

surface. This multivalent polymer is capable of binding around the 

surface of the particles linking together surface amino groups and 

providing lateral stabilization in addition to the steric stabilization. 

Examples of biodegradable polymers include chitosan and poly 

(lactide-co-lysine) and poly (lactide-co-polyethylenimine) grafted 

copolymers. Moreover, a targeting ligand could be mixed easily to 

pHPMA during the coating reaction with the production of targeted 

polymer-coated particles. Examples of targeting ligands include 

transferrin and monoclonal antibodies for targeting tumour cells thus 

minimising the side effects exhibited by anticancer drugs like 

doxorubicin. Lectins and mannose could be used for targeting APC’s 

with vaccines. Galactose could be used for targeting hepatocytes with 

different therapeutic agents for liver conditions.
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