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ABSTRACT

Poor physiochemical properties which lead to sub-optimal absorption and pharmacokinetic 

profiles have been estimated to be responsible for 40% of drug development failures. There is 

evidence that quaternary ammonium palmitoyl glycol chitosan (GCPQ) based nanoparticles 

enable the transport o f hydrophobic drugs across biological barriers and improve 

bioavailability. The current project was aimed at identifying the mechanism of action of these 

bioavailability enhancing carbohydrate nanoparticles. Our working hypothesis states that the 

polymers increase drug solubility in the gastrointestinal fluid and improve drug permeability 

across the gut membrane and we sought to identify the polymer characteristics which promote 

drug absorption. Six amphiphilic glycol chitosan based polymers were synthesized. The 

quatemised polymers formed isotropic micellar liquids whereas the non quatemised polymers 

formed dense nanoparticles. These polymers possess very low CAC values (3-lOOpM) thus 

making them stable drug delivery systems which do not fall apart upon dilution in large 

volumes of biological fluids like the blood and the gastrointestinal fluids. The quaternary 

ammonium function in the chitosan amphiphiles directed the formation of highly stable 

micellar aggregates (100-500nm) with enhanced drug loading ability. Both the quatemised and 

non quatemised polymers enhanced the oral absorption of cyclosporine and griseofulvin in 

rats. The area under the plasma level versus time curve was increased up to six fold when the 

hydrophobic dmg was administered with these polymers. The three mechanisms of oral 

absorption enhancement by these polymers are, a) by increasing the solubility o f hydrophobic 

dmgs, b) by increasing dmg residence time at the absorptive membrane of the gut via 

mucoadhesion, and c) by promoting transcellular uptake of hydrophobic molecules.

Ill



ACKNOWLEDGEMENTS

My utmost gratitude and heartfelt thanks to everyone who made it possible for me to complete this 

thesis. First and foremost, I am deeply indebted to my supervisors Professor Ijeoma Uchegbu and Dr 

Andreas Schatzlein for their invaluable expertise and guidance throughout my three years of PhD. 

Thank you for the much needed motivation and encouragement. Both of you are irreplaceable figures of 

wisdom and dedication in the scientific arena, full of a contagious enthusiasm, not to mention a genuine 

passion for research. I would also like to extend my gratitude to Dr Paul Geliert and Astra Zeneca for 

the funding given.

My sincere thanks to the people who have helped me with the various experiments. Steve Coppard and 

Dave Zeraschi, you have been very obliging and extremely kind during those long hours of in vivo 

experiments. Dave McCarthy and Dave Gathercole, you are the best when it comes to TEM and CLSM, 

your images are undoubtedly first class! Also to my dear colleagues, especially Chooi Kar Wai, 

Aikaterini Lalatsa, Hang Le and Steven MacLellan, who made life in the lab such an exciting roller 

coaster ride. You have left footprints in my heart and I am grateful for the pleasant memories we share.

To the Oranges, who have been both friend and family to me in London. David, Sue, Matthew, Lydia, 

Elle and Hannah, I can never thank you enough for your warmth and love. You have been such a 

blessing to me.

To my beloved family, thank you so much for believing in me, for laughing and crying with me, for 

sharing all my ups and downs. Dearest Daddy and Mummy, you are indeed the best parents in the 

world! Your unconditional love toward me is a beautiful reflection of God’s perfect love. Calvin and 

Eugene, I am so blessed to have such amazing brothers like you. Not to forget my caring aunts, Thye 

Moi and Yoke Ying for their moral support and words of encouragement. Also to Aunty Saw See, you 

are an angel! Thank you for all that you have done for me, I truly appreciate your kindness and 

generosity toward me.

Above all, to the true and living God, thank You so much for holding my hand and guiding my steps 

throughout this journey. Everyday You show me that I can do all things through Christ who strengthens 

me. Bless the Lord, O my soul, and all that is within me bless His holy name. Now unto Him who is 

able to do exceedingly abundantly above all that we ask or think, according to the power that works in 

us, to God our Saviour who alone is wise, be glory and majesty, dominion and power, both now and 

forever. Amen!

IV



CONTENTS
CHAPTER 1: Introduction 1

1.1 Introduction 2

1.2 The Anatomy and Physiology of the Gastrointestinal Tract 2

1.2.1 The Stomach 3

1.2.2 The Small Intestine 4

1.2.2.1 The Four Layers of the Small Intestine 5

1.2.2.2 The Intestinal Mucosa 6

1.2.2.3 Morphological Differences between the Duodenum, Jejunum and Ileum 6

1.2.2.4 The Gut-Associated Lymphoid Tissue (GALT) 8

1.2.3 The Large Intestine 8

1.2.4 Drug Absorption in the Gastrointestinal Tract 9

1.2.4.1 Transport o f Drugs across the Intestinal Membrane 9

1.2.4.1.1 Passive Diffusion 10

1.2.4.1.2 Carrier Mediated Transport (Facilitated Diffusion) 10

1.2.4.1.3 Active Transport 10

1.2.4.1.4 Endocytosis 11

1.2.4.2 Tight Junctions 11

1.2.4.2.1 Molecular Structure and Assembly of Tight Junction 11

1.2.4.2.1.1 Occludin 12

1.2.4.2.1.2 Claudin 12

1.2.4.2.1.3 Junctional Adhesion Molecule (JAM) 13

1.2.4.2.1.4 Adherens Junctions 13

L2.4.2.2 Modulation o f Tight Junction 14

1.2.4.2.2.1 Extracellular Ca^^ 14

1.2.4.2.2.2 Intercellular Processes 15

1.2.4.2.2.3 Activation of Na^-Nutrient Cotransport 15

1.3 Factors Involved in the Oral Absorption of Drugs 17

1.3.1 Physicochemical factors 17



1.3.1.1 Solubility 17

1.3.1.2 Permeability 18

1.3.1.3 pH and Ionisation 18

1.3.1.4 Molecular Size 19

1.3.2 Physiological factors 19

1.3.2.1 Unstirred Water Layer 19

1.3.2.2 Mucus 19

1.3.2.3 pH of the Gastrointestinal Fluids 20

1.3.2.4 Intestinal Metabolism by Enzymes 20

1.3.2.5 Extrusion by the Efflux Pump 20

1.3.2.6 Hepatic First Pass Metabolism 21

1.3.2.7 Gastric Emptying 21

1.3.2.8 Intestinal Motility and Transit Time 21

1.3.2.9 Influence of Food 22

1.4 Overcoming Poor Solubility for Oral Delivery of Hydrophobic Drugs 22

1.4.1 The Noyes-Whitney Equation 23

1.4.2 Particle Size Reduction 24

1.4.2.1 Micronisation 25

1.4.2.2 Nano Crystal Tehcnology 26

1.4.3 Chemical Modification 28

1.4.3.1 Salt Formation 28

1.4.3.2 Prodrugs 28

1.4.4 Cyclodextrins 30

1.4.5 Low Molecular Weight Surfactants 34

1.4.6 Lipid-Based Formulations 37

1.4.7 Polymeric Micelles o f Amphiphilic Polymers 38

1.4.7.1 Block Copolymers 40

1.4.7.2 Graft Polymers 40

1.5 Aims and Obiectives 41

VI



CHAPTER 2: Synthesis and Characterisation of Chitosan Amphiphiles 43

2.1 Introduction 44

2.1.1 Aims and Objectives 44

2.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 45

2.1.3 Gel Permeation Chromatography (GPC) -  Multi-angle laser light scattering 45

(MALLS)

2.1.4 Pyrene and Methyl Orange as Hydrophobic Probes in Aggregation Studies 46

2.1.5 Isothermal Titration Calorimetry (ITC) 47

2.1.6 Photon Correlation Spectroscopy (PCS) 48

2.1.7 Transmission Electron Microscopy (TEM) 48

2.2 Materials and Methods 49

2.2.1 Materials 49

2.2.2 Methods 49

2.2.2.1 Synthesis of Palmitoyl Glycol Chitosan (PGC) and Quaternary 49

Ammonium Palmitoyl Glycol Chitosan (GCPQ)

2.2.2.1.1 Acid Degradation of Glycol Chitosan 49

2.2.2.1.2 Synthesis of Palmitoyl Glycol Chitosan 50

2.2.2.1.3 Synthesis of Quaternary Ammonium Palmitoyl Glycol Chitosan 50

2 2 2 .2  Structural Characterisation 52

2.2.2.2.1 NMR Spectroscopy 52

2.2.22.2 Elemental Analysis 52

2.2.2.3 Molecular Weight Determination of GCPQ Amphiphiles 53

2.2.2.3.1 dn/dc measurements 53

2.2.2.3.2 Gel Permeation Chromatography (GPC) and Multi-angle laser 53 

light scattering (MALLS) measurements

2.2.2.4 Self Assembly Studies o f Chitosan Amphiphiles 53

2.2.2.4.1 Preparation of Polymer Aggregates 53

2.2.2.4.2 Pyrene 54

2.2.2.4.3 Methyl Orange 54

2.2.2.4.4 ITC 54

Vll



2.2.2A.5 Photon Correlation Spectroscopy (PCS) measurements 55

2.2.2A.6 Transmission Electron Microscopy (TEM) with negative 55

staining

2.3 Results 56

2.3.1 Structural Characterisation 56

2.3.1.1 NMR 56

2.3.1.2 Elemental Analysis 65

2.3.2 Molecular Weight Analysis 67

2.3.2.1 dn/dc measurements 67

2.3.2.2 GPC-MALLS measurements 69

2.3.3 Polymer Aggregation 73

2.3.3.1 Pyrene 74

2.3.3.2 Methyl Orange 77

2.3.3.3 ITC 79

2.3.3.4 PCS 84

2.3.3.5 TEM 8 8

2.4 Discussion 90

2.5 Conclusion 95

CHAPTER 3: Drug Encapsulation Studies 96

3.1 Introduction 97

3.1.1 Aims and Objectives 97

3.1.2 Cyclosporine as a Hydrophobic Model Drug 97

3.1.3 Griseofulvin as a Hydrophobic Model Drug 99

3.1.4 High Performance Liquid Chromatography (HPLC) 101

3.2 Materials and Methods 101

3.2.1 Materials 101

3.2.2 Methods 102

3.2.2.1 Cyclosporine Encapsulation Studies 102

3.2.2.1.1 Preparation o f Drug Loaded Polymer Aggregates 102

3.2.2.1.2 HPLC Analysis 102

V lll



3.2.2.1.3 TEM and PCS measurements of Cyclosporine Encapsulated 102

Polymer Formulations

3.2.2.2 Griseofulvin Encapsulation Studies 102

3.2.2.2.1 Preparation of Drug Loaded Polymer Aggregates 102

3.2.2.2.2 HPLC Analysis 103

3.2.2.2.3 TEM and PCS measurements o f Griseofulvin Encapsulated 103 

Polymer Formulations

3.3 Results 103

3.3.1 Cyclosporine Encapsulation Studies 103

3.3.1.1 CsA loading into chitosan amphiphiles 103

3.3.1.2 TEM and PCS measurements 105

3.3.2 Griseofulvin Encapsulation Studies 109

3.3.2.1 Griseofulvin loading into chitosan amphiphiles 109

3.3.2.2 TEM and PCS measurements 110

3.4 Discussion 114

3.5 Conclusion 122

CHAPTER 4: Oral Absorption Enhancement by Chitosan Amphiphiles: 123

In Vivo Proof of Concept

4.1 Introduction 124

4.1.1 Aims and Obj ectives 124

4.1.2 The Biopharmaceutics Classification System (BCS) 125

4.1.3 Radioimmunoassay (RIA) 126

4.2 Materials and Methods 128

4.2.1 Materials 128

4.2.2 Methods 128

4.2.2.1 Cyclosporine Oral Absorption Studies 128

4.2.2.1.1 Preparation o f polymer formulations containing cyclosporine 128

4.2.2.1.2 Cyclosporine In Vivo Studies 128

4.2.2.1.3 Blood Sample Analysis 129

4.2.2.1.4 Gravimetric Measurements 129

IX



4.2.2.2 Griseofulvin Oral Absorption Studies 130

4.2.2.2.1 Preparation o f polymer formulations containing griseofulvin 130

4.2.2.2.2 Griseofulvin In Vivo Studies 130

4.2.2.2.3 Extraction o f Griseofulvin from Plasma 130

4.2.2.2.4 HPLC Analysis of Griseofulvin in Plasma 130

4.2.2.3 Ranitidine Oral Absorption Studies 132

4.2.2.3.1 Preparation of polymer formulations containing ranitidine 132

4.2.23.2 Ranitidine In Vivo Studies 132

4.2.2.3.3 Extraction of Ranitidine from Plasma 133

4.2.2.3.4 HPLC Analysis o f Ranitidine in Plasma 133

4.2.2.4 Statistics 135

4.3 Results 136

4.3.1 Cyclosporine 7n f7vo Studies 136

4.3.2 Griseofulvin/« F/vo Studies 142

4.3.3 Ranitidine F/vo Studies 144

4.4 Discussion 145

4.5 Conclusion 153

CHAPTER 5: Mechanistic Studies using Caco-2 Cell Monolayer and 155

Investigation of Polymer Transport in the Gastrointestinal Tract

5.1 Introduction 156

5.1.1 Mechanistic Studies using Caco-2 Cell Monolayer 156

5.1.2 Investigation of Polymer Transport in the Gastrointestinal Tract 156

5.1.3 Aims and Objectives 157

5.1.4 Caco-2 Monolayer 157

5.1.4.1 Transepithelial Electrical Resistance (TEER) 158

5.1.4.2 Drug Transport across the Gastrointestinal Barrier and the Caco-2 159 

Monolayers

5.1.4.3 P-Glycoprotein Efflux Pump 160

5.1.5 Confocal Laser Scanning Microscopy (CLSM) 161

5.1.6 Coherent Anti-Stokes Raman Scattering (CARS) Microscopy 161

X



5.2 Materials and Methods 163

5.2.1 Materials 163

5.2.2 Methods 164

5.2.2.1 Transport across Caco-2 Cell Monolayer 164

5.2.2.1.1 Caco-2 Cell Cultures 164

5.2.2.1.2 TEER Experiments 164

5.2.2.1.3 Transport Studies with a Paracellular Marker Lucifer Yellow 165

5.2.2.1.4 Transport Studies with a Transcellular Marker Antipyrine 166

5.2.2.1.5 P-Glycoprotein Studies with Rhodamine-123 167

5.2.2.1.6 Statistics 168

5.2.2.2 Transport o f GCPQ in the Gastrointestinal Tract 169

5.2.2.2.1 Attaching Texas Red and Carboxyfluorescein to GCPQ 169

5.2.2.2.2 Confirmation of attachment using GPC 169

5.2.2.2.3 Preparation of Tissues and Slides 171

5.2.2.2.4 Confocal Microscopy 172

5.2.2.2.5 Multimodal Multiphoton Microscopy 173

5.3 Results 173

5.3.1 Caco-2 Studies 173

5.3.1.1 TEER Measurements 173

5.3.1.2 Transport o f Lucifer Yellow across Caco-2 Cell Monolayer 173

5.3.1.3 Transport of Antipyrine across Caco-2 Cell Monolayer 178

5.3.1.4 Transport of Rhodamine across Caco-2 Cell Monolayer 179

5.3.2 GPC Analysis 180

5.3.3 Confocal Images 182

5.3.3.1 Administration of GCPQ labelled with Texas Red 182

5.3.3.2 Uptake o f Idarubicin with and without GCPQ 185

5.3.3.3 Administration of GCPQ labelled with Carboxyfluorescein 186

5.3.3.4 Uptake of Idarubicin with labelled GCPQ 186

5.3.4 CARS Images 187

5.4 Discussion 188

5.5 Conclusion 194

XI



CHAPTER 6; Conclusions and Future Work

6.1 Conclusions

6.2 Future Work

References

Xll



LIST OF FIGURES
Figure 1.1: Anatomy of the stomach 3

Figure 1.2: Anatomy of the small intestine 5

Figure 1.3: Intestinal Sections H&E 7

Figure 1.4 Anatomy o f the large intestine 8

Figure 1.5: Intestinal Absorption o f Drugs via the Transcellular and Paracellular 9

Pathway

Figure 1.6: Tight junction structure and assembly 14

Figure 1.7 : Nutrient-induced-augmentation of paracellular permeability 16

Figure 1.8: Illustration o f the conversion of a phosphate ester prodrug (R-OPO3 ") to its 29

parent drug (R-OH) by alkaline phosphatase, a brush border enzyme, followed by 

passive diffusion o f the compound across the enterocytes

Figure 1.9: a) Structure o f cyclodextrin b) Model of cyclodextrin with a hydrophobic 31

cavity which hosts the poorly soluble drug to enable its solubilisation in the aqueous 

media

Figure 1.10: Examples o f anionic (SDS), cationic (DTAB), nonionic (n-dodecyl tetra 35

ethylene oxide) and zwitterionic (lecithin) surfactants

Figure 1.11: a) Cross section of a micelle formed by low molecular weight surfactants, 36

the hydrophobic tails are shielded from water contact by the hydrophilic heads, 

b) micellar solubilisation where the surfactants act as solubilising agents hosting poorly 

soluble drugs in their hydrophobic interior

Figure 1.12: Structural features of block copolymers and graft polymers 39

Figure 2.1 : Structure of Pyrene 46

Figure 2.2: Structure of Methyl Orange 46

Figure 2.3: Synthesis Scheme of Palmitoyl Glycol Chitosan 50

Figure 2.4: Synthesis Scheme of Quaternary Ammonium Palmitoyl Glycol Chitosan 51

Figure 2.5a: NMR spectrum of GC in D2 O 57

Figure 2.5b: COSY of GC in D2 O 58

Figure 2.6a: NMR spectrum of PGC in DMSO with a few drops of D2 O 60

Figure 2.6b: COSY of PGC in DMSO with a few drops o f D2 O 61

Figure 2.7a: NMR spectrum of GCPQ in CD3 OD with a few drops o f D2 O 63

xin



Figure 2.7b: ^H-^H COSY of GCPQ in CD3 OD with a few drops o f D2 O 64

Figure 2.8: dn/dc curve o f GC24 6 8

Figure 2.9: dn/dc curve for QH24 6 8

Figure 2.10: GPC chromatograms for GC24 and GC48 at a flow rate of 1.0ml min'* 69

Figure 2.1 la: GPC chromatograms for QH24 and QL24 70

Figure 2.11b: GPC chromatograms for QH48 and QL48 70

Figure 2.12: GPC chromatogram of GC24 in acetate buffer 71

Figure 2.13: GPC chromatogram of QH24 in 35% acetate buffer : 65% methanol 71

Figure 2.14: Effect of increasing concentrations o f GCPQ (0.0001 -  lOmg mf^) on the 74 

emission spectra o f pyrene

Figure 2.15: Effect of chitosan amphiphiles at various concentrations on the 13/11 of 75 

pyrene

Figure 2.16: Effect of increasing concentrations of GCPQ (0.0001 -  lOmg ml'^) on the 77 

absorption spectra of methyl orange

Figure 2.17: Effect of chitosan amphiphiles at various concentrations on the Xmax o f 78 

methyl orange

Figure 2.18: Dilution enthalpograms for a) QH24, b) QL24, c) QH48 and d) QL48 in 81

water at 25°C, the demicellisation of these GCPQ amphiphiles is an endothermie 

reaction as heat had to be added to maintain the cell temperature

Figure 2.18: Dilution enthalpograms for e) H24 and f) L24 in water at 25°C, the 82

demicellisation o f these PGC amphiphiles is an exothermic reaction since the cell had to 

be cooled to keep the cell temperature constant

Figure 2.19a: PCS size distribution curves o f freshly prepared polymer dispersions 85 

(unfiltered) a) QH24, b) QH48, c) FI24

Figure 2.19b: PCS size distribution curves of polymer dispersions after 3 days a) QH24, 8 6

b) QH48, c) H24

Figure 2.20: TEM images of polymer dispersions (4mg ml'^) probe sonicated (lOmin) 89

and filtered (0.45|am) a) QH24, b) QL24, c) QH48, d) QL48, e) H24 and f) L24 

Figure 2.21 : Aggregation o f PGC and GCPQ in water by the hydrophobic effect 91

Figure 2.22: Intra- and intermolecular interactions of chitosan amphiphiles in water 95

Figure 3.1: Chemical structure o f cyclosporine 98

XIV



Figure 3.2: Chemical structure of griseofulvin 100

Figure 3.3: Encapsulation of excess CsA (lOmg) by chitosan amphiphiles at various 104

concentrations

Figure 3.4: HPLC chromatogram of CsA 105

Figure 3.5: PCS size distribution graphs o f drug free polymer dispersions a) QH24 and 107

b) QL24

Figure 3.6: PCS size distribution graphs of CsA-loaded polymer formulations a) QH24, 107

and b) QL24

Figure 3.7: TEM images of CsA encapsulated polymers probe sonicated and filtered 108 

(0.45pm) a) QH24, b) QL24, c) QH48, d) QL48, e) H24 and f) L24, polymer:drug = 5:1 

(5mg mf^ of polymer to Img mT  ̂o f CsA)

Figure 3.8: Encapsulation of excess griseofulvin (lOmg) by chitosan amphiphiles at 109

various concentrations

Figure 3.9: HPLC chromatogram of griseofulvin 110

Figure 3.10: PCS size distribution graphs of drug free polymer dispersions a) QH48 and 112

b) QL48

Figure 3.11: PCS size distribution graphs o f griseofulvin-loaded polymer formulations 112

a) QH48 and b) QL48

Figure 3.12: TEM images of griseofulvin encapsulated polymers probe sonicated and 113

filtered (0.45pm) a) QH24 and b) H24, polymer:drug = 5:1 (5mg ml'^ of polymer to 

Img m f‘ o f griseofulvin)

Figure 3.13: Schematic representation o f the effect of filtration on the drug loaded 118

chitosan amphiphiles

Figure 3.14: Schematic representation of the effect of molecular weight on the aggregate 120

size formed by chitosan amphiphiles

Figure 3.15: Schematic representation of the effect of nanoparticle size on the 121

encapsulation efficiency o f a hydrophobic drug with a small molecular volume 

Figure: 4.1 : Schematic representation of the RIA principle 127

Figure 4.2: Calibration curve of Griseofulvin Spiked Plasma 131

Figure 4.3a: HPLC chromatogram of griseofulvin and diazepam in solvent 131

acetonitrile:water:acetic acid (400:600:1)

XV



Figure 4.3b: HPLC chromatogram of griseofulvin extracted from plasma after oral 132 

administration to rats

Figure 4.4: Calibration curve of Ranitidine Spiked Plasma 134

Figure 4.5a: HPLC chromatogram of ranitidine in solvent O.IM ammonium 134 

acetate:methanol:triethylamine (700:300:1)

Figure 4.5b: HPLC chromatogram of ranitidine extracted from plasma after oral 135 

administration to rats

Figure 4.6: Blood concentration o f CsA after oral administration of the unfiltered drug 137 

loaded polymer formulations to rats (CsA dose 7.5mg k g '\  polymer dose 56.25mg kg'*)

Figure 4.7: Blood concentration o f CsA after oral administration of the unfiltered drug 138 

loaded polymer formulations to rats (CsA dose 7.5mg kg'*, polymer dose 56.25mg kg'*)

Figure 4.8: Blood concentration of CsA after oral administration o f the unfiltered 139

polymer-Neoral formulations to rats (CsA dose 7.5mg kg'*, polymer dose 56.25mg kg'*)

Figure 4.9: Blood concentration of CsA after oral administration of the filtered drug 140

loaded polymer formulations to rats (CsA dose 7.5mg kg'*)

Figure 4.10: TEM images o f a) unfiltered QH24 dispersion containing CsA, and b) 141

filtered QH24 dispersion containing CsA

Figure 4.11: Plasma levels of griseoftilvin after oral administration of unfiltered drug 143

loaded polymer formulations (griseofulvin dose 25mg per rat, polymer dose 50mg per 

rat)

Figure 4.12: Blood levels of ranitidine after oral administration v^ith unfiltered polymer 144

formulations (ranitidine dose 50mg kg'*, polymer dose lOOmg kg'*)

Figure 5.1: An experimental set up of the Caco-2 cell monolayer grown on a 158

polycarbonate filter in a transwell

Figure 5.2: Transport routes of drugs across the gastrointestinal epithelial cells 160

Figure 5.3a: Calibration curve based on excitation o f Lucifer Yellow (0.2 -  20pg ml'*) 165

Figure 5.3b: Calibration curve based on emission of Lucifer Yellow (0.2 -  20pg ml'*) 166

Figure 5.4: Calibration curve o f antipyrine 167

Figure 5.5a: Calibration curve based on excitation o f rhodamine (0.05 -  1 .Opg ml'*) 168

Figure 5.5b: Calibration curve based on emission o f rhodamine (0.05 -  l.Opg ml'*) 168

Figure 5.6: Synthesis Scheme of Texas Red Attachment to GCPQ 170

XVI



Figure 5.7: Synthesis Scheme of Carboxyfluorescein Attachment to GCPQ 171

Figure 5.8: Illustration of Intestinal Swiss Roll Preparation 172

Figure 5.9: The Effect of Chitosan Amphiphiles on the TEER of Caco-2 Cell Monolayer 175

Figure 5.10: The Effect of Chitosan Amphiphiles on the transport of Lucifer Yellow 176

across Caco-2 Cell Monolayer

Figure 5.11: Total mass transported across the Caco-2 monolayer into the basolateral 177

chamber

Figure 5.12: The Effect of Chitosan Amphiphiles on the transport o f antipyrine across 178

Caco-2 Cell Monolayer

Figure 5.13: Total mass transported across the Caco-2 monolayer into the basolateral 179

chamber

Figure 5.14: The effect o f Chitosan Amphiphiles on the P-Glycoprotein Efflux Pump 180

Figure 5.15: GPC Chromatograms of a) Texas Red and b) Carboxyfluorescein 181

Figure 5.16: Molecular weight increment after attachment o f Texas Red (TR) or 182

Carboxyfluorescein (CF) onto GCPQ evidenced by the earlier elution time of TR-GCPQ 

and CF-GCPQ

Figure 5.17: Comparison o f confocal images between a control rat (al -  d l)  and a rat 183

dosed with GCPQ-TR (a2 -  d2)

Figure 5.18: Confocal images of GCPQ-TR lining the villi in the duodenum, jejunum 184

and ileum at various time points

Figure 5.19: Confocal images o f idarubicin uptake with and without GCPQ 185

Figure 5.20: Intestinal sections a) duodenum, b) jejunum, c) ileum of a rat dosed with 186

GCPQ-CF

Figure 5.21 : a) control duodenum, b) duodenum at 1 hour post dose, c) control jejunum, 187

and d) jejunum at 1 hour post dose, the red fluorescence represents idarubicin uptake 

and the green fluorescence represents the location o f GCPQ

Figure 5.22: CARS images of unlabelled GCPQ lining the villi without being absorbed 188

Figure 6.1: An illustration of the mechanism of absorption enhancement by the chitosan 200

amphiphiles

xvii



LIST OF TABLES
Table 1.1: Biological and physical properties of the gastrointestinal tract in humans 4

Table 1.2: The Henderson-Hasselbalch equation and a summary of the relationship 18

between the pKa of the drug and the pH of the solution

Table 1.3: Commercial pharmaceutical products formulated as nanocrystalline dosage 27

forms

Table 1.4: Physicochemical properties of selected cyclodextrins 32

Table 1.5: Cyclodextrin-based oral formulations on the market 33

Table 2.1: Synthesis of Chitosan Amphiphiles 52

Table 2.2: Percentage yield of glycol chitosan based amphiphilic polymers 56

Table 2.3: Palmitoylation and quaternisation levels of GCPQ polymers based on 65

NMR with the mean and standard deviation derived from the total number of batches 

produced for each polymer

Table 2.4: Elemental analysis data where mean and standard deviation were derived 6 6

from the total number of batches produced for each polymer

Table 2.5: Hydrophobic and hydrophilic substitution levels o f polymers based on 67

elemental analysis for PGC, with the mean and standard deviation derived from the total 

number of batches produced for each polymer

Table 2.6: dn/dc values o f degraded GC and GCPQ amphiphiles 67

Table 2.7: Molecular weights o f degraded GC and GCPQ amphiphiles determined by 72

GPC

Table 2.8: Critical aggregation concentrations of chitosan amphiphiles determined by 73

using various methods: the pyrene and methyl orange probes as well as the ITC 

Table 2.9: Thermodynamic parameters of chitosan amphiphilic aggregation 82

Table 2.10: PCS measurements of freshly prepared polymer dispersions, sonicated 84

(lOmin) and filtered (0.45pm)

Table 2.11 : PCS measurements of unfiltered polymer dispersions (lOmg ml'*) 84

Table 3.1: Appearance o f CsA loaded polymer formulations before and after filtration 106

(0.45 pm), polymer:drug = 5:1 (5mg mf* of polymer to Img ml'* o f CsA)

Table 3.2: Filtered (0.45pm) polymer formulations with and without CsA, polymer:drug 106

= 5:1 (5mg m f‘ of polymer to Img mf^ of CsA)

XVlIl



Table 3.3: Appearance of griseofulvin loaded polymer formulations before and after 111

filtration (0.45pm), polymeridrug = 5:1 (5mg ml'^ of polymer to Img mf* of 

griseofulvin)

Table 3.4: Filtered (0.45pm) polymer formulations with and without griseofulvin, 111

polymer: drug = 5:1 (5mg ml'* o f polymer to Img ml'^ of griseofulvin)

Table 3.5: Polymer Chemistry Features o f the Chitosan Amphiphiles 119

Table 4.1 : The Biopharmaceutics Classification System (BCS) 126

Table 4.2: Tmax, Cmax and AUC values o f the unfiltered drug loaded polymer 137

formulations

Table 4.3: Tmax, Cmax and AUC values of the unfiltered drug loaded polymer 138

formulations

Table 4.4: Tmax, Cmax and AUC values o f the unfiltered polymer-Neoral formulations 139

Table 4.5: Tmax, Cmax and AUC values of the filtered drug loaded polymer 141

formulations

Table 4.6: The amount o f GCPQ in 1ml of dispersion before and after filtration 141

(0.45 pm)

Table 4.7: Tmax, Cmax and AUC values o f the unfiltered drug loaded polymer 143

formulations

Table 4.8: Tmax, Cmax and AUC values o f the unfiltered drug loaded polymer 145

formulations

Table 4.9: Physicochemical properties and physiological parameters which determine 150

the dissolution of drugs in the gastrointestinal tract

XIX



1 w ill lift up my eyes to the hills 

From w hence com es my help? 

My help com es from  the LO RD, 
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CHAPTER 1 

Introduction

The Lord is my shepherd,

I  shall not want,

He makes me to Tie down in green pastures. 

He leads me beside the still waters.

He restores my soul.

He leads me in the paths o f  righteousness 

For His name's sake 

Psalm 23:1-3



1.1 Introduction

The oral route remains the most preferred route of administration for delivering drugs, 

offering good patient compliance due to its acceptability, convenience and ease of 

administration. The avoidance o f pain and discomfort associated with injections and the 

elimination of possible infections caused by inappropriate use or reuse of needles make the 

oral route especially relevant for the treatment o f paediatric and geriatric patients, more so in 

the case o f chronic therapies [1, 2]. Furthermore the overall cost of production for oral 

formulations is usually less expensive than for parenteral formulations because they do not 

need to be manufactured under sterile conditions [1]. Nevertheless the development of a 

successful and effective oral therapeutic formulation is often faced with many challenges 

such as drug instability in acid and alkaline environments of the gastrointestinal (GI) tract 

and unsatisfactory absorption variations o f compounds with poor physicochemical properties 

such as low solubility or low permeability [3].

The primary function of the GI tract is to digest and absorb nutrients and water while at the 

same time impede the entry of potentially noxious luminal contents such as harmful 

pathogens and toxins [4-6]. This is accomplished by the establishment of intestinal barriers 

formed by a continuous sheet of polarized columnar epithelial cells which separate the 

external luminal environment from the internal environment of the body and exhibit 

selective absorption [6 ]. Oral formulations must therefore be able to a) withstand the hostile 

acidic environment o f the stomach and the high enzymatic activity in the small intestine; b) 

circumvent the inherently impermeable intestinal epithelial barrier and the binding capacities 

of the resident mucus and luminal contents; as well as c) escape the efflux system which 

pumps substances back into the lumen, and evade first pass metabolism by the liver [2, 4].

1.2 The Anatomy and Physiology of the Gastrointestinal Tract

The GI tract is functionally divided into a primary storage region (stomach); a secretory, 

digestive and absorptive region (duodenum, jejunum, ileum); a water reclamation system 

(ascending colon); and lastly a waste product storage system (the descending and sigmoidal 

colon regions and the rectum) [7].



1.2.1 The Stomach

The main function of the stomach is for storage and mixing of food before emptying its 

contents into the duodenum [8, 9]. Food is processed into a semi solid chyme so that better 

contact with the intestinal mucosa can be achieved, thereby facilitating the absorption of 

nutrients [9], The stomach has a protective role in reducing the risk of harmful substances 

reaching the absorptive sites of the small intestine, firstly by secreting very acidic gastric 

juice which has a bacteriostatic effect and secondly by stimulation of the vomiting reflex [9].

Anatomically, the stomach can be divided into the proximal fundus and body, which serve as 

a reservoir for ingested food, and the distal antrum where mixing takes place (Figure 1.1) 

[8]. Histologically, these correspond to the proximal pepsin- and acid-secreting area and the 

distal mucus-secreting area of the gastric mucosa [10]. The slow and sustained contractions 

produced by the proximal region of the stomach are responsible for the basal pressure in the 

stomach which also controls gastric emptying [9]. The antrum acts as a homogeniser and 

grinder, breaking down large particles and propelling the contents toward the pylorus to be 

emptied into the duodenum [9].

oesophagus

lower

fundus

duodenum

body

pyloric
sphincter antrum

Figure 1.1: Anatomy of the stomach [11]

Drug absorption in the stomach is limited and extremely variable within and between 

individuals [7, 8]. This is because the motility patterns responsible for gastric emptying are 

influenced by the nature and frequency of food intake [9]. Under normal conditions where



food intake is not controlled, gastric emptying of orally administered formulations is 

unpredictable and can significantly influence the uptake o f drugs from the small intestine, 

sometimes even leading to erratic bioavailability [8 , 9].

1.2.2 The Small Intestine

The major site for food and drug absorption occurs in the small intestine [8 ]. The high 

absorptive capacity of the small intestine is due to the various structural and functional 

features o f the intestinal mucosa such as the epithelial folding and villous structures of the 

absorptive cells which considerably increase the luminal surface area [9]. The entire small 

intestine is approximately 6  meters long and is divided into the duodenum, jejunum and 

ileum (Table 1.1) [9, 12]. Lining the surface o f the small intestine are irregular finger-like 

projections known as the villi which increase the surface area by 30-fold while the barely 

visible microvilli extending from the apical surface of the intestinal cells significantly 

increase the surface area for digestion and absorption by 600-fold (Figure 1.2) [4, 13]. 

Despite the large surface area available for absorption, oral formulations have yet to 

overcome a variety of hurdles from the selective morphological barriers to the stringent 

physiological conditions of the GI, for instance, the catabolic barrier o f enzymatic activities 

presented by brush border (established by microvilli and the associated glycocalyx) and the 

thick mucus secreted by the goblet cells which contains glycoproteins, enzymes and 

electrolytes [2, 4, 14]. Furthermore the slightly acidic microclimate at the immediate surface 

of enterocytes (known as the unstirred water layer) can also have an impact on drug stability 

and solubility [2, 4, 15].

Table 1.1: Biological and physical properties of the gastrointestinal tract in humans [4, 13]

Gastrointestinal

segment

Surface Area 

(m^)

Segment Length 

(cm)

pH  of 

segment

Residence Time 

(hrs)

Stomach 3.5 0.25 1 .0 -2 . 0 1.5 (variable)

Duodenum 1.9 -35 4.0-5.5 0.5-.75

Jejunum 184 -280 5.5-7.0 1 .5-2.0

Ileum 276 -420 7.0-7.5 5.0-7.0

Colon and rectum 1.3 -150 7.0-7.5 1-60 (35 average)



1.2.2.1 The Four Layers of the Small Intestine

The small intestine has four concentric layers of tissue namely, the mucosa, submucosa, 

muscularis and serosa (Figure 1.2) [8, 9, 16]. The mucosa consists of the epithelium of 

which the absorptive cells form the largest component (-90%) and the lamina propria, 

formed by connective tissues which provide structural support [14]. The submucosa consists 

mainly of dense connective tissues sparsely infiltrated by lymphocytes, fibroblasts, 

macrophages, eosinophils and mast cells. The muscularis has an outer longitudinal layer and 

an inner circular layer of muscles which are responsible for peristalsis of the small intestine. 

The serosa contains nerves, lymph vessels and blood capillaries.
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Figure 1.2: Anatomy of the small intestine [17, 18]



1.2.2.2 The Intestinal Mucosa

The small intestine has a thick wall with deeply folded mucosal membrane which accounts 

for the increase in surface area to enable efficient digestion and absorption of food [9, 10]. 

Tiny finger-like projections of the mucosa form numerous villi [10, 19]. Each villous is 

covered by a simple colunmar epithelium and contains a network of blood capillaries and a 

lymphatic vessel called the lacteal (Figure 1.2). Most o f the cells on the surface of the villi 

have many small cytoplasmic extensions called the microvilli, which further increase the 

surface area so that absorption is greatly enhanced [10, 19]. The combined microvilli on the 

entire epithelial surface form the brush border.

The mucosa o f the small intestine is formed by a heterogeneous population o f simple 

columnar epithelium consisting of four cell types; ( 1 ) the absorptive cells (enterocytes), 

which secrete digestive enzymes and function as a barrier that selectively controls the 

absorption of nutrients, electrolytes and fluids; (2 ) the goblet cells, which produce a thick 

protective mucus; (3) the granular cells (Paneth’s cells), which help protect the intestinal 

epithelium from bacteria; and (4) the endocrine cells, which produce regulatory hormones 

[9, 13, 14, 19]. The epithelial cells are produced within tubular invaginations o f the mucosa, 

called intestinal glands or crypts, at the base of the villi. The absorptive and goblet cells 

migrate from the intestinal glands to cover the surface of the villi and eventually are shed 

from its tip whereas the granular and endocrine cells remain in the bottom of the glands [9].

1.2.2.3 Morphological Differences between the Duodenum, Jejunum and Ileum

The submucosa of the duodenum contains coiled tubular glands referred to as the Brunner’s 

glands (Figure 1.3a) which are only present in the duodenum [19]. The Brunner’s glands 

produce a protective alkaline secretion to neutralise gastric acid and does not contain 

enzymes [9]. The jejunum has a thicker and more vascular wall than the duodenum and 

contains larger and more numerous villi compared to the ileum [9]. The macroscopically 

visible, crescent-shaped folds, known as plicae circulares (Figure 1.3b) are particularly well 

developed in the jejunum but absent in the duodenum and the distal part o f the ileum [19]. 

The accumulation of lymphocytes is common in the intestinal mucosa. In the ileum, these 

lymphatic follicles present as the Peyer’s patches (Figure 1.3c) are larger and more abundant 

than anywhere else in the intestine [9].
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1.2.2.4 The Gut-Associated Lymphoid Tissue (GALT)

In attem pt to pro tect against the invasion  o f  pathogens via such a m ajo r site o f  absorption, 

the in testinal m ucosa is equipped  w ith  m ore lym phoid  cells and produces m ore an tibodies 

than any o ther organ in the body  [4]. T his part o f  the im m une system  is referred  to as the 

gut-associa ted  lym phoid  tissue (G A L T ) w hich  is form ed by  organised  structures o f  

lym phoid cells i.e. P ey er’s patches concen trated  in abundance in the ileum  [4, 14, 21]. O ther 

lym phoid  cells include the in traepithélial lym phocytes (lE L ), in tercalated  betw een  ad jacent 

epithelial cells [4]. M acrom olecules and an tigens like bacteria  and v iruses are rap id ly  

in ternalised  by  the M cells, w hich are specia lised  phagocytic en terocytes overly ing  the 

ep ithelium  o f  the P eyer’s patches, and are p resen ted  to the m ucosal im m une inductive 

regions contain ing  B cell and T cells for im m unological su rveillance [8 , 22, 23]. B esides 

that, the M cells have also  been though t to be an im portan t site o f  up take for m icro- and 

nanoparticles [22-24].

1.2.3 The Large Intestine

The large in testine has a larger d iam eter than the sm all in testine and extends from  the ileo- 

caecal ju nction  to the anus [9]. It can be d iv ided  into the caecum , ascending , transverse, 

descending and sigm oidal colon, rectum  and anus (F igure 1.4) [8 , 9]. T ransit through the 

large in testine is considerab ly  slow er than  the sm all in testine and varies betw een  ind iv iduals 

and even w ith in  the sam e person [8 ].
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Figure 1.4 A natom y  o f  the large in testine [25]



The prim ary  functions o f  the large in testine include the absorp tion  o f  w ater and electro ly tes 

and the form ation o f  a so lid  stool w hich is stored  until a conven ien t tim e for defaecation  [8 , 

9]. M ucus is also secreted  to aid the e lim ination  o f  faecal m ateria ls from  the large in testine 

by m in im ising  friction betw een  the m ucosal surface and the sem i-so lid  lum inal contents 

[10]. The colonic epithelium  consists o f  co lum nar cells w hich  d ifferen tiate  into absorptive, 

goblet and endocrine cells w ith  no villi present.

1.2.4 Drug Absorption in the Gastrointestinal Tract

1.2.4.1 Transport of Drugs across the Intestinal M embrane

At the in testinal epithelial surface, drugs are transported  from  the lum en into the 

b loodstream  either by  the transcellu lar route, w hich  involves the perm eation  across the 

absorptive cells o r by the parace llu lar pathw ay, via the space betw een tw o ad jacen t cells as 

illustrated in Figure 1.5 [6 , 8 , 9]. Individual cells are connected  by a series o f  in tercellu lar 

Junctions know n as the tight ju n c tio n s w hich define the charac teristics o f  the parace llu lar 

barrier and its selectiv ity  [6 ].
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Figure 1.5: Intestinal A bsorp tion  o f  D rugs v ia the T ranscellu lar and P aracellu lar Pathw ay



1.2.4.1.1 Passive Diffusion

Passive diffusion involves the passage of drug molecules across the intestinal mucosa 

following a concentration gradient i.e. from a region of high concentration in the lumen to a 

region of low concentration in the bloodstream [8-10]. The rate o f passive diffusion is 

determined by the physicochemical properties of the drug such as lipophilicity and 

molecular volume, the permeability o f the membrane and the concentration gradient between 

the apical and basolateral side of the intestinal membrane [8 , 26]. An important factor is the 

partition coefficient of a drug between the organic phase (represented by the lipid bilayer) 

and the aqueous phase (the intestinal lumen, the epithelial cytosol and the interstitial space), 

as hydrophilic substances encounter difficulty entering the lipid bilayer while those that are 

too lipophilic are reluctant to leave the lipid bilayer [4]. On the whole, the lipidic nature of 

biological membranes favours the permeation of small lipophilic compounds through the 

intestinal epithelial cells but acts as a barrier to polar and charged substances [8-10]. When 

drugs are administered into the GI tract, the plasma concentration is much lower than the 

concentration in the luminal fluid due to the rapid removal of the absorbed drug from the 

blood circulation at the absorptive site thus maintaining a concentration gradient [8 ].

1.2.4.1.2 Carrier Mediated Transport (Facilitated Diffusion)

Carrier mediated transport, also known as facilitated diffusion, as its name implies, involves 

the use of specific carriers which are membrane proteins to transfer a compound from the 

apical end to the basolateral side [4]. This process is saturable especially when sufficient 

compounds are present to fully utilise all the carriers [8 , 9]. The rate of transport is therefore 

influenced by the availability of the carriers.

1.2.4.1.3 Active Transport

The absorption of some molecules occurs against the concentration gradient by a specialised 

process known as active transport in which case an input o f energy is required. This process 

is also saturable as carrier proteins specific for certain ligands are involved. The uptake of 

nutrients such as glucose, amino acids and vitamins in the small intestine is by active 

transport [8 , 9].

1 0



1.2.4.1.4 Endocytosis

Large particles and molecules are absorbed through the intestinal membrane by an energy 

dependent mechanism called endocytosis which can be divided into phagocytosis and 

pinocytosis [9]. Antigens are captured by phagocytosis by specialised cell types of the 

immune system such as the macrophages and neutrophils. On the other hand, 

macromolecules present at the apical surface enter through random pinocytosis events. The 

process begins with interaction between the molecules in the lumen with the cell membrane 

components of the intestinal enterocytes. This is followed by an invagination observed as a 

deep infolding of the membrane to form small intracellular vesicles. The membrane of the 

vesicle is detached from the cell surface and its contents are either emptied into the cytosol 

or released at the basolateral side in an intact form [4, 8 ].

1.2.4.2 Tight Junctions

In various attempts to increase permeation across the intestinal mucosa, the paracellular 

pathway has drawn much attention. It is now known that the key barrier of the paracellular 

route is the tight junction, which forms a seal at the apical neck between two adjacent 

intestinal epithelial cells [5, 21]. Though promising, the paracellular route has not been 

extensively exploited for drug delivery purposes firstly because the physiology of the tight 

junction is not fully understood and secondly due to the challenge of finding safe and 

efficacious substances capable of increasing tight junction permeability without irreversibly 

compromising intestinal integrity and fimction as a protective barrier [27]. The use of 

potential absorption enhancers that open tight junctions such as surfactants and calcium 

chelators was limited by their cell toxicity. For example, Ca^^ chelators cause Ca^^ depletion 

in the cells, leading to the disruption of actin filaments, followed by the disruption of 

adherens junctions and diminished cell adhesion [28]. Surfactants are known to lyse cell 

membranes and have the potential to cause exfoliation of the intestinal epithelium, resulting 

in an irreversible disruption to the gastrointestinal barrier function [29].

1.2.4.2.1 Molecular Structure and Assembly of Tight Junction

The tight junction forms a continuous circumferential intercellular seal between two 

neighbouring cells and functions as a selective barrier which allows small hydrophilic 

molecules to pass through but restricts the passage of large polar compounds [1, 30, 31], At
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the same time, this regulated boundary ensures the separation of the apical and basolateral 

domains such that intermixing of compositions in the lumen and bloodstream is effectively 

limited and cell polarity is maintained [1, 30, 31]. The tight junction is formed by several 

transmembrane and cytosolic proteins which interact not only with each other but also with 

the membrane and cytoskeleton [5]. These proteins involved in the extracellular cell-to-cell 

contacts between two adjacent epithelial cells at the tight junctions [32].

1.2.4.2.1.1 Occludin

Occludin which was first identified is an integral membrane protein with four 

transmembrane domains [30, 33]. Initially, it was thought that the structural integrity 

important for barrier properties of the tight junction was contributed by the N-terminus and 

extracellular domains of occludin while the C-terminal cytoplasmic tail was supposedly 

essential for correct tight junction assembly and function [33-35]. However, some 

experiments have shown that occludin deficient cells and occludin knocked out mice 

displayed morphologically well developed and unaffected tight junctions with no barrier 

dysfunction [36-38]. Recent studies indicated that occludin is involved in signal transduction 

and conferred a regulatory role by forming complexes with tight-junction-associated- 

proteins which interact with the cytoskeleton and by directly binding to the cytoskeleton [5, 

35, 36]. Three cytosolic proteins called the zona occludins: ZO-1, ZO-2 and ZO-3 (also 

known as tight junction associated proteins) interact with occludin at the tight junction 

fibrils, coupling the tight junction to the scaffold of the cytoskeleton (Figure 1.6). ZO-1 and 

ZO-2 exist as a heterodimer and forms a stable complex with ZO-3 [39]. Other intracellular 

proteins involved in the signal transduction regulating tight junction loosening between 

adjacent cell membranes include cingulin, 7H6 antigen and Rab 13 (a small GTP-binding 

protein) [27].

1.2.4.2.1.2 Claudin

Claudin 1 and 2 show Ca^^-independent cell adhesion activity and appear to establish 

intermembrane strands characteristic o f the tight junction barrier structure and function by 

some association with occludin (Figure 1.6) [30, 37, 40]. Claudius are the major structural 

components responsible for the formation of the tight junction seal determining paracellular 

charge and size selectivity, with occludin possibly providing a coordinating and modulatory
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function [5, 31, 32, 37]. These proteins contain four putative transmembrane domains, two 

short extracellular loops and short cytoplasmic N- and C-terminus [30, 40]. As both claudin 

1 and 2  have only minor intracellular domains, it is difficult to imagine and explain how 

these proteins establish interaction with other tight junction components required for the 

regulatory control of tight junction function [32]. It is believed that claudin 1 rather than 

claudin 2  provide the primary tight junction barrier component o f the intestinal epithelium 

[31]. Clearly there is still much to be learnt about the precise structural and functional 

relationships of claudins in the formation of the tight junction barrier [40].

1.2.4.2.1.3 Junctional Adhesion Molecule (JAM)

Also localised to the tight junction, is the jimctional adhesion molecule (JAM), a 

glycosylated transmembrane protein with features of the immunoglobulin superfamily [30, 

37,41]. JAM was thought to mediate cell adhesion and more importantly facilitate monocyte 

transmigration by providing an adhesive contact required for the passage of monocytes 

through the paracellular route or by signal transduction within the cell to open the junctional 

space [30].

1.2.4.2.1.4 Adherens Junctions

Forming a second cell-to-cell contact system towards the basolateral end of the intestinal 

epithelial cells are the adherens junctions. The adherens junctions hold adjacent cells in close 

proximity and do not form firm seals like the tight junctions. They consist of the a , p and y 

catenins complexed to the transmembrane protein E-cadherin (Figure 1.6) [32]. E-cadherin 

forms divalent cation-dependent associations between adjacent epithelial cells [32]. Together 

with the tight junction, the adherens junction act as an anchor for the cytoskeletal 

components of which a complex of proteins including a-actinin, radixin and vinculin, 

securely holds part of the cytoskeleton known as the perijunctional actin-myosin II ring to 

the cadherin-catenin complex [32]. These adherens junction structures are thought to be 

important in the development of emerging functional tight junction complexes [42].
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Figure 1.6; T ight ju n c tio n  structure and assem bly  (adapted from  [32])

1.2.4.2.2 Modulation of Tight Junction

T he perm eability  o f  the parace llu lar pathw ay  tow ard  hydrophilic  com pounds is regulated  by 

ex tracellu lar Ca^^ and a cascade o f  in tercellu la r processes, both o f  w hich w ill in turn 

in fluence the in teractions o f  tight ju n c tio n  com ponents in the cy toskele ton  [43].

1.2.4.2.2.1 Extracellular

E xtracellu lar Ca^^ is required  for the in teraction  o f  com ponents o f  the adherens ju n c tio n s 

w hich  also m aintains cell-cell adhesion  [5]. T he rem oval o f  ex tracellu lar Ca^^ (fo r exam ple 

by Ca^^ chelators such as ethylene diam ine te tra-acetic  acid) can trigger tigh t ju n ctio n  

o pen ing  v ia activation o f  m yosin  light chain k inase (M LC K ). This is fo llow ed by  the 

phosphory lation  o f  m yosin  light chain  w hich induces the contraction  o f  the perijunctional 

actin -m yosin  belt thereby  resu lting  in the d isrup tion  o f  junctional in tegrity  and the loosening  

o f  tigh t junctions due to the abo lishm ent o f  cell-cell adhesion  [5, 36].
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1.2.4.2.2.2 Intercellular Processes

Several growth factors, cytokines, drugs and hormones also regulate tight junctions and their 

barrier function. The opening of tight junction is an energy dependent process initiated by 

stimulation of a specific receptor on the surface o f the gastrointestinal villi [6 , 36, 44]. The 

signalling cascade begins with the activation of Phospholipase C which subsequently 

hydrolyzes phosphatidyl inositol to release diacylglycerol (DAG) and inositol triphosphate 

( I P 3 )  [5, 32]. Protein Kinase C (PKC) is then activated directly via DAG and through the 

release o f intracellular Ca^^ via I P 3 .  PKC catalyzes the phosphorylation of target proteins 

leading to polymerization of soluble actin. The polymerization causes rearrangement of actin 

filaments resulting in the displacement of proteins including zona occludin 1 from the 

junctional complex thus disassembling the intercellular tight junctions to open the 

paracellular gate [27].

Vibrio cholerae releases a zona occludins toxin (ZOT) which loosens the intestinal epithelial 

tight junctions by altering the intercellular seal structure and assembly without irreversibly 

compromising the barrier function [27, 45]. The ZOT increases intestinal permeability 

thereby allowing passage of hydrophilic macromolecules, water and electrolytes through the 

mucosal barrier by acting via the protein kinase C pathway to induce a dose- and time- 

depiendent reorganisation of the cytoskeletal F-actin filaments involved in the regulation of 

the paracellular pathway [27, 45]. This effect is completely abolished after removal of the 

ZOT and the viability of the intestinal epithelium ex vivo did not appear to be affected [27, 

45].. The advantage o f ZOT is that its action is specific to intestinal receptors residing within 

the jejunum and ileum but not effective in the large intestine where the presence of the 

colonic micro flora could be potentially harmful if  the mucosal barrier was compromised 

[46* 47].

1.2.i4.2.2.3 Activation of Na'^-Nutrient Cotransport

Inte;stinal permeability by modulation o f the tight junction is also believed to be 

phyrsiologically regulated by the activation of the Na^-nutrient co-transporter system [6 , 43, 

48, 49]. In the small intestine, glucose and amino acids are actively transported across the 

membrane via the transcellular route. However when the concentrations of glucose and 

amiino acids exceed the maximal capacity of transcellular uptake (due to saturation of the
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active transport carriers), the N a^-nutrient eo -transporter system  is activated  to further 

enhance the absorp tion  o f  g lucose and am ino aeids from  the in testinal lum en [6 , 43, 48, 49].

APICAL
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Figure 1.7: N utrien t-induced-augm en ta tion  o f  parace llu lar perm eab ility  (adapted  from  [32])

As illustra ted  in F igure 1.7, the process begins w ith  the influx o f  Na^ and w ater into the 

epithelial cytosol v ia  the N a^-glucose co-transporters at the apical m em brane [43]. T his is 

follow ed by  the efflux  o f  Na^ at the baso lateral side o f  the cell in exchange for (v ia the 

Na^-K^ A T P ase pum p) and Ca^^ (via the Na^-Ca^^ antiporter) [43]. A n increase in cy tosolic 

Ca^^ levels leads to the activation  and phosphory la tion  o f  m yosin  light chain  k inase, 

follow ed by  the con traction  o f  the perijunctional actin -m yosin  rings o f  the cy toskele ton  to 

produce an open ing  o f  the tight ju n c tio n s [32, 50]. A lso, the ex trusion  o f  Na^ resu lts in 

osm otic d ifferences on both  sides o f  the epithelial m em brane creating  a so lvent drag effect 

v h e reb y  an increase in parace llu lar w ater flux carries nu trien ts along across the m ore 

perm eable tigh t ju n c tio n s  [6 , 50, 51].
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1.3 Factors Involved in the Oral Absorption of Drugs

Oral bioavailability is defined as the proportion o f drug that enters the systemic circulation 

compared with the same dose given intravenously. It can be calculated by taking the ratio of 

the areas under the concentration-time curves for the same dose of drug administered by the 

oral and intravenous route. Oral bioavailability would therefore not only depend on the 

amount of drug penetrating the gut mucosa i.e. fraction absorbed, but also on the extent of 

drug metabolised during passage through the intestinal barrier (by the enzymes present in the 

gut wall) and the liver (where first pass metabolism occurs) before it finally reaches the 

blood [16, 26]. The process of absorption of orally administered drugs from the GI tract and 

its subsequent bioavailability is governed by a variety o f factors from the physiological 

properties of the GI tract to the physicochemical features o f the drug and its formulation, as 

will be discussed below.

1.3.1 Physicochemical factors

The two most important physicochemical properties required for drug delivery are aqueous 

solubility and the ability of a drug molecule to permeate biological membranes [52, 53]. The 

absorption process begins with dissolution whereby the drug must first dissolve before 

permeation across the intestinal membrane can take place.

1.3.1.1 Solubility

Solubility is an essential factor for the effectiveness of a drug compound in all routes of 

administration [54]. The in vivo performance of poorly soluble drugs following oral 

administration is limited by their resistance to being wetted by the luminal fluids 

consequently leading to their inability to dissolve at sufficiently acceptable concentrations in 

the GI tract [54]. For such hydrophobic drugs, the rate at which the solid particles o f the drug 

dissolves in the GI fluids (i.e. the dissolution rate) is the slowest step, therefore exhibiting a 

rate limiting effect in the sequence of events leading to the appearance o f the drug in the 

blood [16].
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1.3.1.2 Perm eability

Absorption is also governed by the permeation o f a drug molecule across the epithelial 

membrane of the intestinal mucosa which is in turn dependent on the physicochemical 

properties of the drug, particularly its log P. The phospholipidic nature of the cell membrane 

requires a certain degree of lipophilicity for effective partitioning into the epithelial 

membrane and the subsequent diffusion across the absorptive cells to occur. For drugs which 

have high aqueous solubility, its dissolution rate is rapid and the rate at which the drug 

crosses the GI membrane may become the rate limiting step if the compound does not have 

good membrane permeability [16]. This is often a problem for hydrophilic drugs as they do 

not partition favourably into the lipid bilayer o f the intestinal epithelium, thus restricting 

their transport across the gut wall to the paracellular route via the tight junctions.

1.3.1.3 pH and Ionisation

As most drugs are weak acids or weak bases, they exist in an equilibrium of unionised and 

ionised forms [10, 16, 26]. The degree o f ionisation of a drug in the GI tract is determined by 

its molecular structure (chemical composition) and the pH of the luminal fluid in which it 

dissolves in (Table 1.2). Each drug has a pKa which is the pH at which 50% of the drug 

molecules are ionised [10, 16, 26]. Only the unionised fraction of the drug will be able to 

diffuse across the lipid bilayer of the intestinal epithelial cells.

Table 1.2: The Henderson-Hasselbalch equation and a summary of the relationship between 

the pKa of the drug and the pH of the solution

Henderson-Hasselbalch equation: pH = logio [dissociated] + pKa

[undissociated]

Compound pH  > pK a pH < pK a

Acid The ionised form predominates The unionised form predominates

Base The unionised form predominates The ionised form predominates
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1.3.1.4 Molecular size

For drugs already dissolved in the GI fluid, the rate of absorption is inversely proportional to 

the size, therefore drugs with a smaller molecular volume will diffuse through the intestinal 

mucosa more readily than larger compounds [26, 55].

1.3.2 Physiological factors

The absorption of drugs from the lumen of the GI tract into the blood capillaries in the villi 

involves the passage o f drug molecules through several barriers beginning with the diffusion 

through the unstirred water layer (UWL) followed by the mucus layer and the associated 

glycocalyx and the microvilli forming the brush border before reaching the apical cell 

membrane of the enterocytes [ 1 0 , 16].

1.3.2.1 Unstirred Water Layer

An unstirred layer of water adjacent to the epithelial membrane of the enterocytes lines the 

intestinal mucosa and can be a barrier to drug absorption [10, 16, 56]. The unstirred water 

layer (UWL) owns its existence to the cohesion properties of water i.e. its ability to form 

hydrogen bonds with other water molecules as well as hydrocarbons, proteins, glycoproteins, 

ions and other membrane structures in the lumen [52]. The UWL in the human intestine has 

a mean thickness of 40pm (range 23 -  65pm) [56, 57]. Drug molecules must first diffuse 

across this UWL before encountering the apical membrane o f the enterocytes.

1.3.2.2 Mucus

The mucosal epithelium contains goblet cells intercalated between the enterocytes. The 

goblet cells secrete a protective lubricant layer o f viscous mucus which can severely affect 

the absorption of drugs [52, 58]. The mucus is a complex mixture which consists o f water, 

glycoproteins, lipids, mineral salts and free proteins [52, 58]. Mucin, a large glycoprotein, is 

the major constituent of mucus. The intestine is covered with a continuous mucus layer of 

varying thickness between 50 and 450pm, with a turnover time approximately the same as 

the gut transit time [59]. The diffusion of drugs through the mucus depends on the relative 

size of the drug molecules, the effective thickness of the mucus layer, and any interaction or
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binding between the drug and components of the mucus [59]. It appeared that the presence 

o f mucus retards the transport of drugs to a greater extent than an equivalent UWL [59].

1.3.2.3 pH of the Gastrointestinal Fluids

The pH of the GI tract varies from a very acidic pH in the stomach within the range of 1 -2, 

to a considerably higher pH in the small intestine of approximately 5-7. Variations occur 

within an individual and between individuals depending on food intake, the overall health or 

the presence o f gastrointestinal disease such as gastric and duodenal ulcers, as well as drug 

therapy [16]. pH determines the degree o f ionisation of drug compounds as previously 

discussed, which in turn will affect the amount of drug absorbed. Furthermore, the acidic and 

alkaline environments may have an impact on the chemical stability o f certain drugs leading 

to drug degradation and loss of therapeutic action [16]. An example is the acid hydrolysis of 

penicillin in the gastric fluids of the stomach which results in the opening of the beta lactam 

ring and loss of efficacy [60].

1.3.2.4 Intestinal Metabolism by Enzymes

Due to the high enzymatic activity in the GI tract, drugs may also be metabolised by 

enzymes present in the luminal fluids and at the surface of intestinal mucosa. The prevalence 

of the cytochrome P-450 enzyme in the small intestine is now known to be a limiting factor 

of absorption and bioavailability of orally administered drugs since it appeared that more 

than 50% of drugs such as cyclosporine [61], verapamil [62], midazolam [63] are substrates 

of this enzyme [64-66]. Most drugs which are substrates for the cytochrome P450 are also 

substrates of the P-glycoprotein efflux pump and this further reduces the amount o f drug 

absorbed and oral bioavailability.

1.3.2.5 Extrusion by the Efflux Pump

Absorbed drugs may be expelled back into the lumen by the P-glycoprotein which is an 

energy dependent efflux pump located in the villi o f the small intestine [64-66]. Examples of 

substrates of the efflux pump are cyclosporine [61], verapamil [67], and midazolam [6 8 ]. 

This pump limits intestinal absorption since this transporter is widely expressed in the GI 

tract [69].
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1.3.2.6 Hepatic First Pass Metabolism

Hepatic first pass metabolism in the liver also contributes to a reduction of oral 

bioavailability. All drugs absorbed from the GI tract pass into the hepatic portal system and 

are presented to the liver, the primary site of metabolism, before reaching the systemic 

circulation [16]. For example lignocaine is extensively metabolised (70%) in the liver such 

that an insignificant amount enters the blood rendering the oral route o f administration 

ineffective [16]. Other drugs subjected to first pass effect include alprenolol, pethidine, 

organic substrates and propoxyphene [16].

1.3.2.7 Gastric Emptying

As the main site of absorption for most drugs is in the small intestine, the rate at which the 

drug is emptied from the stomach into the small intestine (i.e. gastric emptying rate) will 

have an impact on its overall absorption. The rate of gastric emptying is also particularly 

important for drugs prone to chemical degradation by the acidic pH or gastric enzymes o f the 

stomach [16]. Liquids are emptied more quickly compared to solids [10]. Gastric emptying 

is promoted by hunger, anxiety, the intake o f liquids and antiemetic drugs such as 

metoclopramide and is reduced by fatty meals, gastric ulcers, depression and drugs such as 

anticholinergics, tricyclic antidepressants and aluminium hydroxide. All these factors 

contribute to the variation in the rate of gastric emptying which then consequently result in 

erratic absorption and a high inter-and intra-individual variability in the bioavailability of a 

given drug [16].

1.3.2.8 Intestinal Motility and Transit Time

For drugs that are stable in the intestinal fluids and provided they do not form complexes 

with the luminal contents rendering them poorly absorbable, the longer the residence time of 

a drug in the small intestine, the higher the amount of drug absorbed as contact between drug 

molecules and the absorptive membrane is prolonged [65]. The propulsive intestinal 

movements determine the transit time and thus residence time o f a drug. The greater the 

intestinal motility, the faster the transit o f a drug through the GI tract, which translates to a 

shorter residence time and therefore less time for drug absorption to take place. The 

peristaltic movements are also important for the mixing of the luminal contents of the small 

intestine and can facilitate intimate contacts between the drug particles and the large surface
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area of the absorptive epithelia [70]. Mixing increase the rate o f dissolution and will 

therefore assist the absorption of poorly soluble compounds.

1.3.2.9 Influence of Food

The presence of food has been known to influence the rate and extent of drug absorption 

from the GI tract [71, 72]. Food intake, especially fatty meals, reduces the rate of gastric 

emptying, stimulates intestinal secretions and affects motility of the GI tract [71]. The 

ingestion of dietary fats induces bile release [72]. Bile salts are surface active agents which 

have an important role in the wetting of poorly soluble drugs hence resulting in an increase 

in their dissolution rate which then enhances their absorption [70, 73]. On the contrary, 

chelation of drugs such as tetracyclines and other antibiotics, with food components like 

milk and dairy products reduces drug absorption and can result in treatment failure [16, 74, 

75]. Food also increases the viscosity o f luminal fluids providing a viscous environment 

which may reduce the rate of drug dissolution in the GI tract and also affect the rate of 

diffusion of a drug across the absorptive membrane of the intestinal mucosa, both effects 

leading to a decrease in absorption and oral bioavailability [16].

1.4 Overcoming Poor Solubility for Oral Delivery of Hydrophobic Drugs

Recently there is an ongoing increase in the amount of drug candidates being discovered and 

entering the development pipeline due to advances in combinatorial chemistry, biology and 

genetics [76, 77]. The majority of drugs are relatively lipophilic as such compounds appear 

to demonstrate superior binding to receptors in the event of exerting its pharmacological 

action in the target tissues [76]. On top of that, lipophilicity is also an important factor 

determining the rate and extent of absorption through the intestinal wall following oral 

administration owing to the lipid composition of biological cell membranes [76]. Despite the 

advantages o f high lipophilicity, this feature intrinsically translates into poor solubility. In 

fact, nearly half o f the active substances being identified through the new paradigm of high 

through put receptor-based screening assays are either insoluble or poorly soluble in water 

such that pharmaceutical companies are faced with the challenge of addressing this issue 

when developing new pharmaceutical products [54, 78, 79].
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As important as the permeability of a drug across the epithelial membrane, is the ability of 

the drug to dissolve in the GI fluids as dissolution is the preceding step to permeation in the 

process of oral absorption. Unless and until dissolution of the drug formulation occurs, 

absorption cannot take place because only drug molecules in solution can permeate the 

epithelial membrane of the absorptive cells. For this reason, hydrophobic drugs have low 

oral bioavailability due to their poor solubility in the luminal fluids, and such poor 

dissolution in the GI tract subsequently limits their absorption.

Poor solubility presents a leading hurdle in the effective delivery of drug formulations, 

accounting for 40% of drug failures at the development stage [80] Measures taken to 

improve the solubility of hydrophobic drugs in order to optimise bioavailability include 

chemical modifications to form a more soluble salt or prodrug, reduction of particle size, 

complexation with cyclodextrins, the use of surfactants, formulation of emulsions, and more 

recently the exploitation o f the amphiphilic properties of polymers.

1.4.1 The Noyes-Whitney Equation

An understanding of the process of dissolution and the factors governing the solubility of 

drugs is important in pharmaceutics because drugs presented to the body must first dissolve 

before absorption across biological membranes into the bloodstream can take place. This 

simply means that any formulated drug must have some degree of aqueous solubility, 

considering that the rate at which the drug dissolves i.e. dissolution rate, inevitably 

determines its bioavailability. The Noyes-Whitney equation shows how different parameters 

influence the rate of drug dissolution [ 1 0 , 81].

Noyes-Whitney Equation: Dw/dt = DA/o (c® -  c)

Dw/dt is the rate of dissolution, D is the diffusion coefficient o f the drug, A is the surface 

area in contact with the dissolving solvent, Ô is the thickness of the diffusion layer, c* is the 

solubility of the drug in the dissolution medium or saturation solubility and c is the 

concentration of the drug in the bulk of solution.
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Parameters such as the diffusion coefficient (D) of the drug and the thickness o f the diffusion 

layer (6 ) are influenced by physiological conditions of the GI tract. The diffusion coefficient 

o f the drug is inversely proportional to the viscosity of the dissolving medium, which will be 

the GI fluids in the case of oral absorption [70]. A high viscosity reduces the diffusivity of 

the drug molecule and results in a lower rate o f dissolution. This factor is influenced by food 

intake and the effect depends on the type o f meal ingested as well as the composition and 

volume of co-administered fluids [70]. On the other hand, the thickness o f the diffusion layer 

is determined by motility patterns o f the GI tract. In the fed state, the stimulated contractions 

which facilitate efficient mixing of the luminal contents will also decrease the thickness of 

the diffiision layer, thus enhancing dissolution o f drug compounds [70].

The physicochemical properties of the drug formulation can also be manipulated to increase 

the dissolution rate. For example the surface area (A) can be increased by reducing the drug 

particle size. Most efforts however focus on improving the saturation solubility (Cs) of the 

drug and several approaches will be discussed later in this section. The equation shows a 

distinct relationship between solubility and rate o f dissolution whereby an increase in 

solubility is associated with a higher rate of dissolution. The rate o f dissolution is important 

because it determines the rate and extent of drug absorption as well as its bioavailability. For 

an oral formulation, an increase in the dissolution rate will promote better absorption in the 

gut and hence improve the oral bioavailability of the drug.

1.4.2 Particle Size Reduction

An important factor affecting the rate o f dissolution is the particle size of the drug, whereby 

the dissolution rate is directly proportional to the surface area of the drug, which increases 

with decreasing particle size [70]. For poorly soluble drugs, small particle size is especially 

crucial in order to maximise surface area and achieve higher dissolution rates with improved 

oral bioavailability [82]. The classical methods typically employed to reduce particle size are 

milling and grinding [79, 83] and high pressure homogenisation [84, 85], both of which 

involve processes based on attrition and high shear and impact. Other techniques include 

solvent exchange precipitation [8 6 , 87] as well as the more advanced novel alternative using 

the Supercritical Fluid Technology [82, 8 8 , 89] and the Nano Crystal Technology [90, 91].
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The dissolution rates of hydrophobic drugs such as cyclosporine [82], ibuprofen [54], 

amphotericin B [84], gliclazide [83] were improved by micronisation or nanosizing.

1.4.2.1 Micronisation

The process o f milling, grinding and high pressure homogenisation often require high energy 

input to break down large drug crystals into smaller particles usually in the range of 2-5pm 

[85, 8 6 ]. However, this method can cause physical (thermal) and chemical instability due to 

the disruption of the crystal lattice [82, 92]. An example is the effect of micronisation on the 

physical stability of revatropate hydrobromide where the disordered regions of the resulting 

micronised product present as the thermodynamically unstable amorphous form of the drug 

and has the tendency to recrystallise especially when water from the atmosphere is absorbed 

[83, 92]. This conversion of the drug physical state from the amorphous form to the crystal 

structure will ultimately affect the in vivo performance of the formulation [93]. Besides that, 

milled products also display broad size distribution (normal range from approximately 1 to 

25 pm), with particle size variability between batches occurring due to the difficulty in 

achieving uniformity by milling [82, 83, 85, 8 6 ]. Furthermore, jet-milling, milling in a pearl- 

ball mill or high pressure homogenisation often produce agglomerates as a result of the high 

cohesive energy on the surfaces of the drug particles which can sometimes give rise to poor 

wettability properties [87]. While microcrystallisation by solvent exchange precipitation 

produces a more homogenous system of small non-cohesive particles [83, 87], the major 

drawbacks of this method are the lengthy duration required for solvent extraction and 

extensive use of organic solvents which evoke health and safety concerns [82].

Novel size reduction techniques based on the supercritical fluid technology have been 

developed [82, 89, 94]. A compound is supercritical when both its temperature and pressure 

are above critical points. Carbon dioxide is the most widely used supercritical fluid due to its 

low critical point (Tc o f 31°C and Pc of 73.8 bar) and non toxicity apart from being 

inexpensive, non flammable and environmentally benign [82, 89].

The rapid expansion of supercritical solution (RESS) process consists of the dissolution of 

the poorly soluble compound in a suitable supercritical fluid, usually CO 2 and the sudden
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depressurization through a fine diameter nozzle or capillary which produces small particles 

with a narrow size distribution [89, 95]. RESS has the advantage of being solvent free thus 

abolishing the need for additional organic solvents or surfactants to induce particle 

precipitation [82]. Poorly soluble drugs processed by RESS such as griseofiilvin, lidocaine 

and phytosterol demonstrated substantially higher dissolution rates compared to the milled 

drug [96].

In the particle from gas saturated solution (PGSS) process, CO2 is first compressed and 

dissolved in the liquid phase of a solution of substrates or a suspension of substrates in a 

solvent at a certain temperature and pressure [94, 96, 97]. This is followed by the expansion 

of the gas saturated liquid by rapid depressurization of the mixture through a nozzle causing 

the formation of small particles by precipitation [94, 96, 97].

1.4.2.2 Nano Crystal Technology

With new advances such as the Nano Crystal Technology [85, 98], the particle size o f the 

active pharmaceutical ingredient can now be further reduced to produce submicron particles 

with their size in the nanometers range [85]. Nanosuspensions are submicron colloidal 

dispersions of pure drug particles in a liquid dispersed phase [54]. These particles are usually 

stabilised with surfactants or polymers to prevent irreversible aggregation due to the 

attractive inter-particle forces between particles in the nanometer domain such as the 

dispersion and van der Waals forces [54, 76, 99].

In vitro dissolution testing and in vivo oral bioavailability studies have demonstrated a 

dramatic increase in the drug dissolution rate and an enhanced bioavailability with the 

nanoformulations compared to the micronised drug [76, 98]. For example, Kocbek et al 

demonstrated an increase in the dissolution rate of the nanosized ibuprofen (in the form of 

lyophilised powder or granules, stabilised by Tween 80 and Poloxamer 188, particle size < 

200nm) with more than 65% of the drug being dissolved in the first 10 min compared to less 

than 15% of the micronised ibuprofen (46.22±4.35pm) [54].
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K ayser et al show ed that the nanosuspension  o f  am photeric in  B (528nm ) dem onstrated  in 

vivo e fficacy  fo llow ing  oral adm in istration  to a m ouse m odel o f  v isceral leishm aniasis. A 

sign ifican t reduction  in the liver parasite  load by  28.6%  w as observed  ind icating  superio r 

oral uptake and system ic efficacy  due to an accelerated  d isso lu tion  rate o f  the nanosized  

fo rm ulation  [84]. O n the o ther hand, the m icronised  drug Am bisom e®  and Fungizone® did 

not show  any curative effect, w ith  no sign ifican t d ifference in the liver parasite  load w hen 

com pared  to the untreated  controls [84].

M erisko-L iversidge et al also dem onstrated  the po ten tial o f  the nanocrystalline drug  form  in 

oral b ioavailab ility  enhancem ent in the clinic. Food intake appeared  to enhance the 

absorp tion  o f  danazol by six-fold . H ow ever, a dose o f  200m g o f  danazol nanosuspension  

m itigated  the positive food effect observed  w ith the com m ercial product Danocrine® i.e. the 

oral b ioavailab ility  o f  the nanosuspension  in the absence o f  food w as as good as that in the 

p resence o f  food [100]. A bolish ing  the influence o f  food on the oral b ioavailab ility  o f  

hydrophobic drugs is desirab le  in order to m inim ise variation in absorp tion  betw een the fed 

and fasted state. T able 1.3 show s five nanom edic ines w hich are curren tly  on the m arket and 

sold as oral form ulations.

T ab le 1.3: C om m ercial pharm aceutical p roducts form ulated  as nanocrystalline dosage form s 

[76, 98, 101, 102]

Product Active Ingredient 

(Indication)

Rationale for development

Rapamune®,

W yeth

S irolim us

(Im m unosuppressant)

R eform ulation  o f  the oral so lu tion  w hich 

requires re frigeration  storage and is less easy to 

adm in ister

Emend®,

M erck

A prepitan t

(A ntiem etic)

N ew  chem ical entity , fo rm ulation  as 

nanocrystals reduces fed /fasted  variab ility

TriCor®,

A bbott

Fenofibrate

(hypercho lestero lem ia)

R eform ulation  for a m ore flex ib le dosing 

reg im e and to preven t the need o f  

adm in istration  w ith  a m eal
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Triglide®, 

Skye Pharma

Fenofibrate

(hypercholesterolemia)

Reduce fed/fasted variability, as for TriCor®

Magace® ES, 

PAR

Pharmaceutical

Megestrol acetate 

(Appetite stimulant)

Reformulation o f the oral suspension to obtain a 

higher dissolution rate, bioavailability and ease 

o f administration (reduced dosing volume and 

suspension viscosity)

1.4.3 Chemical Modification

The formations o f salts and prodrugs can effectively increase drug solubility [77, 103]. 

However, they involve the synthesis o f essentially new drug entities and so require 

additional animal studies to confirm their safety and efficacy.

1.4.3.1 Salt Formation

Salts with better solubility can be formed provided the drug compound contains a basic or 

acidic function [8 6 ]. Generally, the salt form of an acidic or basic drug has a higher 

solubility than the corresponding acid or base [103, 104]. For example, the poorly soluble 

non steroidal anti-inflammatory drug, diclofenac was formulated into the salt form to 

achieve a higher solubility and dissolution rate [105, 106]. The salts of this drug is available 

in pharmaceutical products as diclofenac N-(2-hydroxytheyl) pyrrolidine which has the 

highest aqueous solubility, followed by diclofenac sodium and diclofenac diethylamine [105, 

106]. Other examples are haloperidol [107, 108] and itraconazole [109], where solubility and 

dissolution were higher with their respective mesylate and dihydrochloride salt forms. In 

some cases, salt formation may not be feasible due to the physicochemical properties o f the 

drug compound [103].

1.4.3.2 Prodrugs

Another chemical modification is the formation o f prodrugs in which case the attachment of 

a polar functional group, preferably an ionisable moiety, to the molecular structure o f a 

poorly soluble drug can result in significant solubility enhancement [77]. Careful 

consideration must be taken into account when designing a prodrug because the addition of a
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charged function in a ttem pt to increase drug  so lubility  can also po ten tia lly  reduce drug 

perm eab ility  aeross the in testinal m em brane [77].

Phosphate esters have p roven  effeetive in the oral delivery  o f  poorly  so luble paren t drug 

m olecules [77]. A parent drug com pound (R -O H ) exh ib iting  good perm eation  properties 

m ay encoun ter lim ited d isso lu tion  fo llow ing  oral adm inistration . T he form ation  o f  a 

phosphate ester prodrug  (R -O P O 3 ") im proves its w ater so lubility , thus enabling  it to d isso lve 

rapidly  in the GI fluid. A t the brush border w here the enzym e alkaline phosphatase is p resent 

in abundance, the p rodrug  is cleaved  to its orig inal h ighly  perm eable form  w here it is readily  

absorbed  by passive d iffusion  across the enterocytes into the b lood c ircu lation  (F igure 1.8) 

[77]. E xam ples o f  w a te r so luble phosphate ester p rodrugs w ith  im proved  in vivo efficacy  

fo llow ing  oral adm in istration  are fospheny to in  (active drug: pheny to in ) [ 1 1 0 , 1 1 1 ], 

estram ustine phosphate (estram ustine) [112] and stachyflin  phosphate (stachyflin ) [113]. The 

o ther prevalen t w ater so lub le function  in the design o f  p rodrugs is the am ine group w hich  is 

capable o f  pro tonation  [77].

(P rod rug )

R-OPO 3

(Drug)

ap ica l 
b ru s h  b o rd e r

R-OH + MPC

I
e n te ro c y te s

(Drug)

R-OH

Figure 1.8: Illustration o f  the conversion  o f  a phosphate  ester p rodrug  (R -O P O 3 ) to its 

paren t drug (R -O H ) by  alkaline phosphatase , a brush  bo rder enzym e, fo llow ed  by passive 

d iffusion  o f  the com pound across the enterocytes.
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The oral administration of phenytoin is often associated with erratic absorption, which can 

potentially result in sub-therapeutic levels of this antiepileptic and consequently 

breakthrough seizures [111]. The sub-optimal absorption of phenytoin is undoubtedly due to 

its poor solubility in water (lOOpg ml ‘) thus prompting the design of a prodrug [111]. The 

addition of the phosphate ester ftmction to form fosphenytoin dramatically increased the 

solubility by 4000 times to 142mg ml'* and subsequently enabled a higher Cmax (7.2pg ml * 

with fosphenytoin vs 3.9pg ml * with phenytoin) and a shorter Tmax (1.5h with fosphenytoin 

vs 3.9h with phehytoin) to be achieved following oral administration [111]. Similarly, 

reduced anti-influenza virus activity was observed with stachyflin due to its poor water 

solubility (< lpg  ml'*) which led to low absorption from the GI tract. Administration of the 

drug as a phosphate ester prodrug, the oral absorption of the parent compound was improved 

and anti-influenza virus activity was successfully achieved [113].

Nevertheless, because activation enzymes are required to cleave off certain functional 

moieties from the prodrug to yield the active parent compound, intact enzymes are necessary 

for therapeutic effects to be achieved. Therefore, differences in inter-individual metabolism 

and any food-drug interactions affecting intestinal enzyme activity may contribute to 

variation in oral bioavailability and clinical efficacy [8 6 ].

1.4.4 Cyclodextrins

Complexation with cyclodextrins can effectively mask undesirable physicochemical 

properties o f drugs such as poor water solubility and low drug stability [114-116]. This 

feature has made the cyclodextrins and their derivatives popular modalities for increasing 

absorption rate and improving oral bioavailability o f poorly soluble drugs as well as those 

susceptible to degradation in the GI tract [114]. For example, a study by Chavanpatil et al 

demonstrated that compressed tablet containing inclusion complexes of rofecoxib with p- 

cyclodextrin had a faster onset of action which was due to improved solubility, enhanced 

dissolution and increased absorption with better oral bioavailability compared to the 

marketed formulation of rofecoxib without P-cyclodextrin [117]. Other examples of 

solubility and dissolution enhancement achieved by complexation with cyclodextrins 

include, camptothecin [118], nicardipine [119] and itraconazole [120].
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C yclodex trins (C D ) are w ater soluble cyclic o ligosaccharides (F igure 1.9a) derived  from  

starch [114]. The th ree m ajor natu ra lly  occurring  cyclodextrins are the a -C D  (six), (3-CD 

(seven), and y-CD (eight) w hich d iffer in the num ber o f  g lucopyranose units and thus their 

geom etrical size [121, 122]. The form ation o f  a truncated  cone o r a to rus structure by the 

cyclodex trins (F igure 1.9b), instead o f  a cy lindrical shape, is attribu ted  to the rig id  chair 

conform ation  o f  the g lucopyranose units [121, 122]. The hydroxyl groups are orien ta ted  

outw ards form ing  the ex terio r o f  the structure, w ith  the prim ary  hydroxyl groups o f  the sugar 

residues at the narrow  edge o f  the cone and the secondary  hydroxyl groups at the w ider edge 

[123, 124]. T he hydrophobic in terior o f  the cav ity  is free o f  hydrogen-bond ing  groups, 

m aking  it an ideal p lace for hosting  hydrophobic  drug m olecules w hereas the hydrophilic 

properties o f  its ex terio r enables so lub ilisation  in the aqueous m edia  [123, 124]. B ecause 

cyc lodex trins are fa irly  rig id  com pounds, the m ajor structural requ irem ent fo r so lubilisation  

by th is s trategy  is that the drug m ust be able to snugly  fit into the host cav ity  o f  the 

cyclodex trin  in o rder fo r com plexation  to  be successful [86, 121, 122].

a)

w>

RO

cm

cm
no

RO.

hydrophobic cavity
secondary 
, hydroxyl 

groups

primary
hydroxyl
groups

Figure 1.9: a) S tructure o f  cyclodex trin  b) M odel o f  cyclodextrin  w ith  a hydrophobic cavity  

w hich  hosts the poorly  so luble drug to enable its so lubilisation  in the aqueous m edia.
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Table 1.4: Physicochem ical properties o f  selected cyclodextrins [121]

Cyclodextrin R M olecular 

W eight (Da)

W ater Solubility 

(mg ml'*)

a-cyclodextrin (a-CD) -H 972 145

P-cyclodextrin (p-CD) -H 1135 18.5

Hydroxypropyl-p-cyclodextrin 

(HPP-CD, Encapsin®)

-CH2 CHOHCH3 1400 >600

Sulfobutylether p-cyclodextrin 

(SBEP-CD, Captisol®)

-(CH2)4 S0 3 "Na^ 2163 >500

y-cyclodextrin -H 1297 232

The natural cyclodextrins (a-CD, p-CD, and y-CD) have limited aqueous solubility, thus 

inclusion of hydrophobic drugs may result in unwanted precipitation from water [ 1 2 1 ]. 

Substituting the hydrogen bond forming hydroxyl groups with lipophilic functions was 

found to immensely increase their solubility such as observed with the hydroxypropyl (HPP- 

CD) and sulfobutylether (SBEp-CD) derivatives [121, 122, 125]. Ketorolac, an insoluble 

non-steroidal anti-inflammatory drug has been implicated in causing gastrointestinal 

ulceration. Nagarsenker et al showed that although both P-cyclodextrin and hydroxypropyl- 

p-cyclodextrin resulted in a remarkable improvement in the rate and extent of dissolution of 

ketorolac, hydroxypropyl-P-cyclodextrin proved to be superior with better oral 

bioavailability plus a further advantage of reducing the ulcer-inducing effect o f ketorolac in 

rats [126]. The first pharmaceutical product containing cyclodextrin was the sublingual 

tablets o f prostaglandin (Prostamon E™) marketed in Japan in 1976, followed by the first 

European cyclodextrin-based medicine, piroxicam, marketed as Brexin® tablets and the first 

US-approved product, itraconazole oral solution (Sporanox®) [121, 127, 128]. Table 1.5 

gives a list o f cyclodextrin-based pharmaceutical products which are currently on the market.
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Table 1.5: Cyclodextrin-based oral formulations on the market [121, 129]

Drug / CD Trade Name Indication Manufacturer

PGEz/pCD Prostarmon E Induction of labour Ono, Japan

Benexate / pCD Ulgut

Lonmiel

Antiulcerant Teikoku, Japan 

Shionogi, Japan

Nitroglycerin / pCD Nitropen Coronary dilator Nippon Kayaku, 

Japan

Cefotiam-hexetil HCl / 

aCD

Pansporin T Antibiotics Takeda, Japan

Cephalosporin / pCD Meiact Antibiotics Meiji Seika, Japan

Cetirzine / pCD Cetrizin Antihistamine Losan Pharma, 
Germany

Diphenhydramine and 

chlortheophylline / pCD

Stada-Travel Travel sickness Stada, Europe

Hydrocortisone / 

HPPCD

Dexocort Mouth wash against 

gingivitis

Actavis, Europe

Tiaprofenic acid / pCD Surgamyl Analgesic Roussel-Maestrelli,

Italy

Chlordiazepoxide / pCD Transillium Tranquilizer Gador, Argentina

Itraconazole / HPpCD Sporanox Oesophageal

candidiasis

Janssen, Belgium

Nicotine / pCD Nicorette Quit smoking Pfizer, Europe

Nimesulide / pCD Nimedex Analgesic Novartis, Europe

Omeprazole / pCD Omebeta Proton pump 

inhibitor

Betapharm, Germany
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Cyclodextrins are generally well tolerated and essentially non toxic when administered 

orally [121]. They are not significantly absorbed from the GI tract with most of the material 

excreted unchanged in the urine and faeces [121]. However, cyclodextrins have several 

disadvantages such as a low drug loading capacity and can only accommodate drugs which 

snugly fit into its hydrophobic cavity [8 6 ]. Factors which determine the success of 

cyclodextrin preparations include the molecular structure, polarity and size o f the drug as 

well as the possibility for interactions between the drug molecule and the cyclodextrin 

molecule [8 6 ].

1.4.5 Low Molecular Weight Surfactants

Solubilisation can be defined as the spontaneous dissolving of a substance in water to form a 

thermodynamically stable isotropic solution with reduced thermodynamic activity o f the 

solubilised substance [130]. Micellar solubilisation by low molecular weight surfactants has 

served as an excellent tool for dissolving hydrophobic drugs in the aqueous phase [131]. In 

general, surfactants are widely used in the pharmaceutical industry because o f their various 

applications for instance to improve wetting, control stability of emulsion and suspensions 

apart from for solubilisation purposes [132-134].

Non ionic surfactants such as Cremophor EL, Polysorbate 80, Polyoxyl stearate 40 and 

Poloxamer 188 are usually preferred due to their lower cytotoxicity and haemolytic activity 

compared to the ionic surfactants [122, 135-137]. In oral formulations, the toxicity of 

surfactants on biological membranes is usually less pronounced. However when 

administered intravenously, the side effects associated with these non ionic surfactants 

remain a safety concern [10, 122]. For instance, the most prevalent adverse reaction o f the 

paclitaxel formulation containing Cremophor EL (Taxol, Bristol-Myers Squibb) is acute 

hypersensitivity, which is characterised by dyspnoea, flushing, rash, chest pain, tachycardia, 

hypotension, angio-oedema, and generalised urticaria [138].

Examples o f anionic, cationic and zwitterionic surfactants [131] are shown in Figure 1.10. A 

fundamental feature of surfactants is the presence of two distinct regions: a hydrophilic head 

and a hydrophobic tail, which accounts for their ability to form micelles in water (Figure 

1.11), provided the concentration is above the critical micelle concentration (CMC) [10].
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T hese m icelles enable larger quantities o f  poorly  so luble com pounds to be incorporated  into 

the aqueous solution, for exam ple the so lubilisation  o f  non po lar steroidal drugs using 

non ion ic surfactants as show n by O ng et al and B arry  et al [139-141]. B esides that, due to 

the considerab ly  low  w ater concen tration  w ith in  the in terior m icellar core, hydro ly tic 

degradation  o f  a drug com pound  m ay be reduced  by m icellar so lubilisation , hence resu lting  

in an increased in the chem ical stab ility  o f  the drug  [139].

S O j N a

Sodium dodecyl sulfate (SDS)

N (CH^yBr  

Dodecyltrimethylammonium bromide (DTAB)

(O C H X H ,)«O H

n-dodecyl tetra (ethylene oxide)

+
N (C H ,),

o -  

o - ^

Dioctanoyl phosphatidylcholine (Cg-lecithin)

Figure 1.10: E xam ples o f  anionic (SD S), cation ic (D T A B ), nonionic (n-dodecyl tetra 

e thy lene oxide) and zw itterion ic (lecith in ) surfactan ts, the hydrophilic  heads are circ led  in 

b lue
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Hydrophilic head 

Hydrophobic tail

#  Water molecules 

Poorly soluble drug

Figure 1.11: a) C ross section  o f  a m icelle  form ed by low m olecu lar w eight su rfactan ts, the 

hydrophobic tails are sh ielded  from  w ate r contact by the hydrophilic  heads, b) m icellar 

so lub ilisation  w here the surfactants act as so lubilising  agents hosting poorly  so luble drugs in 

their hydrophobic in terior

Several nonionic surfactan ts, for exam ples T w eens, Spans and C rem ophor EL have been 

show n to inhibit the P -g lycopro tein  (P -gp) efflux pum p and in doing so increased  the oral 

absorp tion  o f  P-gp substrates [137]. M ore im portantly , surfactan ts are know n to increase 

m em brane flu id ity  and enhance p arace llu lar perm eability  [142]. H ow ever, in som e 

occasions, surfactan ts have dem onstrated  the poten tial o f  dam aging  cell m em brane and 

open ing  tight ju n c tio n s  as reported  by  A nderberg  et al [142]. T he au thors observed  altered  

C aco-2 cell m orpho logy  after exposure to SDS such as shorten ing  o f  the  m icrovilli and 

d isrup tion  o f  tigh t ju n c tio n s [142].

A fu rther d isadvantage o f  low  m olecu lar w eight surfactan ts is their suscep tib ility  to  d ilu tion  

in the GI fluid after oral adm in istration  o r in the blood in the case o f  in travenous 

form ulations, especially  because they  have re la tive ly  high C M C  values. S o lub ilisa tion  o f  

hydrophobic drugs only occurs above the C M C  w hich  m eans that the d isrup tion  o f  m icelles 

due to d ilu tion  in large vo lum es o f  b io log ical fluids w ould  resu lt in unw anted  p recip ita tion  

o f  the so lubilised  drug [2, 143].
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1.4.6 Lipid-Based Formulations

Recently, much attention has been geared towards the development o f lipid emulsions, 

suspensions and solutions, to enhance the intestinal absorption and oral bioavailability of 

poorly soluble drugs. Particularly gaining increasing popularity and substantial interest 

among the various lipid-based formulations are the self-emulsifying drug delivery system 

(SEDDS) and self-microemulsifying drug delivery system (SMEDDS) [72, 144, 145]. All 

these arise from observations that oral bioavailability of hydrophobic compounds is 

significantly improved when co-administered with fatty meals therefore proving the 

beneficial effect of lipid ingestion on drug absorption [72, 144, 145]. The absorption 

enhancement is mainly due to the natural physiological process of lipid digestion and 

solubilisation by bile salts into mixed micelles [144, 145]. While the primary function of the 

intestinal lymphatic system is to assimilate dietary lipid from the gut, it has been recognised 

that lymphatic transport can contribute considerably to the uptake o f hydrophobic drugs 

from the GI tract [146]. These drugs are transported to the systemic circulation in association 

with the chylomicrons and the very low density lipoproteins (VLDL) [146].

Self-emulsifying formulations (SEDDS and SMEDDS) are physically stable isotropic 

mixtures consisting of the drug substance solubilised in natural or synthetic oils, surfactants 

and cosolvents, which spontaneously emulsify upon mild agitation (provided by the 

digestive motility of the stomach and intestine) and dilution in the GI fluids to form a fine 

oil-in-water emulsion or microemulsion [72, 146, 147]. SEDDS typically produce opaque 

emulsions with a droplet size between 100 and 300nm while SMEDDS form optically 

transparent or slightly opalescent microemulsions with a droplet size less than 50nm [72, 

147]. Common excipients used in the preparation of these oral lipid-based formulations are 

dietary oils composed o f medium-chain (coconut or palm seed oil) and long-chain (com, 

soybean, vegetable oil) triglycerides, lipid soluble solvents (polyethylene glycol, ethanol, 

propylene glycol, glycerine) and various surfactants (Cremophor EL, Polysorbate 80, D -a- 

tocopherol polyethylene glycol 100 succinate) [146,147].

Although the exact mechanisms of absorption enhancement are not fully understood in 

detail, it is generally believed that the contributing factors involve an increase in drug
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solubilisation and membrane permeability, the inhibition of the P-glycoprotein efflux pump 

and pre-absorptive metabolism by gut membrane-bound cytochrome enzymes (by the 

pharmaceutical excipients e.g. Cremophor EL, polyethylene glycol. Tween 80, Span 80) as 

well as the promotion of lymphatic transport which delivers the drug directly to the systemic 

circulation while avoiding hepatic first pass metabolism [137, 146, 148]. Several lipid-based 

pharmaceutical products are already currently on the market for example, Neoral® 

(cyclosporine), Norvir® (ritonavir), Fortovase® (saquinavir) and Agenerase® (amprenavir) 

[72, 145, 148]. Despite possessing numerous advantages and beneficial properties, the use of 

SEDDS and SMEDDS can sometimes be limited by their drug loading capacity and the 

usage level of excipients, especially as surfactants and cosolvents can be toxic at high doses 

consequently limiting their daily and per-dose uptake levels [148].

1.4.7 Polymeric Micelles of Amphiphilic Polymers

Amphiphilic polymers consisting of hydrophilic and hydrophobic segments can 

spontaneously self assemble in water to form stable aggregates, known as polymeric 

micelles, where the hydrophobic inner cores are protected by the hydrophilic outer shells 

[149, 150]. Polymeric micelles offer promising possibilities as drug delivery vehicles, 

especially since their hydrophobic domain can serve as a reservoir for various poorly soluble 

drugs [149-151]. Unlike low molecular weight surfactants, polymeric micelles have very low 

critical aggregation concentrations (CACs) hence making them better solubilisers which not 

only afford higher drug loading but are also advantageously stable to dilution by large 

volumes of biological fluids in vivo [134, 152]. The self assembly, size and morphology of 

the polymeric micelles can be engineered by controlling their structural architectures such as 

molecular weight and the degree o f hydrophilic and hydrophobic substitution [149, 153, 

154]. Amphiphilic polymers can be classified into block copolymers (di-block and tri- 

block)and graft polymers (Figure 1.12) [134].
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1.4.7.1 Block Copolymers

Block copolymers are built from linear macromolecules consisting of at least two monomers 

with differing solubility linked to each other at the end of the polymer chain [155]. They can 

be either di-block (AB), tri-block (ABA), or multiblock (AB)n, in which case A represents 

the hydrophilic block and B is the hydrophobic block [134, 156]. The hydrophilic sections 

are usually formed by poly(acrylic acid), poly(vinyl pyridine), poly(ethylene oxide) (PEG) 

or polyethylene glycol (PEG), while the hydrophobic cores generally consist of poly(L- 

amino acids), poly(L-lactic acid), poly(D, L-lactide), poly(e-caprolactone), poly(propylene 

oxide), poly(butylene oxide) and polystyrene [134, 155, 157-159]. The tendency to form self 

assemblies in water is due to the large solubility differences between the hydrophilic and 

hydrophobic segments [160].

Both PEG and PEG are widely used as the hydrophilic segments especially in intravenous 

administration, firstly because they impart stearic stability to the polymeric micelles hence 

minimising protein adsorption and cellular adhesion making them highly biocompatible in 

blood; and secondly because PEG- and PEG-based block copolymers are able to evade rapid 

clearance and non specific capture (e.g. via opsonisation and phagocytosis) by the 

reticuloendothelial system [152, 157, 158, 161]. Gther utilities of polymeric micelles in drug 

delivery also include their ability to solubilise hydrophobic compounds and protect drug 

molecules from hydrolysis, their small particle size, the excellent thermodynamic stability as 

a result o f such low GAG values and their potential for extended release formulations of 

various drugs [152,157, 158]. For example, polymeric micelles formed by block copolymers 

have been used to encapsulate hydrophobic drugs such as amphotericin B [161], 

cyclosporine A [2], indomethacin [152], paclitaxel [162] and triamterene [163].

1.4.7.2 Graft Polymers

Graft polymers are constructed by attaching hydrophobic side chains onto a water soluble 

polymer chain and they resemble a comb-like structure. Examples of hydrophilic polymer 

backbones include glycol chitosan [164, 165], polyethyleneimine [166, 167], poly-L-lysine 

[154, 168], poly-L-omithine [169], dextran [170], and hydroxypropylcellulose [171]. Gn the 

other hand, hydrophobic pendant groups grafted onto the polymer backbone are alkyl chains 

[172], cetyl chains [166], palmitoyl chains [164] and cholesteryl moieties [173] which make
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the hydrophobic cores for accommodation o f poorly soluble drugs. Graft polymers aggregate 

in water to form polymeric micelles [149], nanoparticles [166] or bilayer vesicles [154]. 

Amphiphilic graft polymers can form both intra- and intermolecular associations since the 

grafted hydrophobic side chains are more loosely packed compared to the hydrophobic 

blocks of the block copolymers [134].

Cheng et al demonstrated oral bioavailability enhancement of cyclosporine A when the drug 

was encapsulated into nanoparticles formed by quaternary ammonium cetyl 

polyethyleneimine [166]. Qu et al reported bioavailability enhancement for two hydrophobic 

drugs when encapsulated in carbohydrate based nanoparticles formed by graft polymers. The 

authors observed an increase in the anaesthetic activity of a centrally acting drug, propofol, 

after intravenous administration to mice as well as an improvement in prednisolone 

absorption across the cornea upon topical application in rabbits [174]. This study 

demonstrated the ability of their drug delivery vehicle to enhance the transport of 

hydrophobic drugs across biological membranes.

1.5 Aims and Objectives

The aim of this project was to elucidate the mechanism by which the glycol chitosan 

amphiphiles improve the oral absorption of drugs with low solubility and poor permeability. 

Our working hypothesis states that the polymers assist oral absorption firstly, , by increasing 

the solubility o f poorly soluble compounds in the gastrointestinal fluid and secondly, by 

facilitating the permeation of the drug molecule across the intestinal membrane. The specific 

objectives are:

1. To synthesise six glycol chitosan based polymers with different molecular weights 

and different levels of hydrophobic and hydrophilic substitution.

2. To structurally and physically characterise the polymers:

4  The degree of hydrophobic and hydrophilic substitutions were determined by 

Nuclear Magnetic Resonance (NMR) and elemental analysis.

The molecular weights were measured using Gel Permeation Chromatrography -  

Multi-angle Laser Light Scattering (GPC-MALLS).
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4  The spontaneous aggregation of the polymers in water which is an important 

feature for the solubilisation of hydrophobic drugs was studied using the 

hydrophobic probes, pyrene and methyl as well as by Isothermal Titration 

Calorimetry (ITC).

4k The morphology and size of the polymer aggregates were also assessed using 

Transmission Electron Microscopy (TEM) and Photon Correlation 

Spectroscopy (PCS).

3. To perform polymer drug encapsulation studies using two hydrophobic model drugs, 

cyclosporine and griseofulvin.

4. To study in vivo oral absorption enhancement by the polymers using a rat model. 

Class II and III candidates of the Biopharmaceutics Classification System (BCS) 

were employed to investigate the ability o f the polymers to improve the oral 

absorption of a low solubility drug (griseofulvin) and a poor permeability drug 

(ranitidine).

5. To determine the mechanism of absorption enhancement by the polymers using the 

Caco-2 cell monolayer in vitro model:

4  The effect of the polymers on the tight junctions of the Caco-2 cell monolayer 

was investigated by measuring the transepithelial electrical resistance (TEER) of 

the cell monolayer in the presence and absence of the polymers and a positive 

control (PEI 25 kDa).

& The paracellular transport of Lucifer Yellow and the transcellular transport of 

antipyrine (when dosed with and without the polymers) were studied.

& Any possible inhibitory effects on the P-glycoprotein efflux pump by the 

polymers were investigated by determining the amount of rhodamine transported 

from the apical to the basolateral chamber and from the basolateral to the apical 

chamber.

6 . To investigate the translocation of GCPQ in the gastrointestinal tract by laser 

scanning confocal microscopy (LSCM) and multimodal multiphoton microscopy 

equipped with coherent anti-Stokes Raman scattering (CARS).
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CHAPTER 2 

Synthesis and Characterisation of 

Glycol Chitosan Based Amphiphiles

Come unto Me, 

all you who labour and are heavy laden, 

and I  will give you rest.

Take My yoke upon you and learn from  Me, 

fo r  /  am gentle and lowly in heart, 

and you will fin d  rest fo r  your souls.

For My yoke is easy and My burden is light. 

Matthew 11:28-30
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2.1 Introduction

Micelles are formed only above the critical micelle concentration (CMC) when amphiphiles 

begin to self associate in such a way that the hydrophobic regions avoid contact with water 

by being shielded by hydrophilic coronas which interact favourably with water molecules 

[10]. Poorly soluble drugs can be encapsulated in the hydrophobic domains of the micelles, 

enabling the delivery of these drugs to the desired site o f action at concentrations higher than 

their intrinsic solubility [2, 131]. Although micelles formed by low molecular weight 

surfactants have the advantage of being small with a narrow size distribution, these micelles 

often fall apart when diluted in biological fluids such as the blood or the gastrointestinal 

fluid, resulting in the premature release and precipitation of hydrophobic drugs [2, 143]. 

Apart from the undesirable collapse of the micelles, the monomers can trigger lysis of cell 

membranes thus giving rise to safety concerns [143]. Consequently interest has shifted to the 

more stable and less cytotoxic polymeric micelles and nanoparticles, formed when 

amphiphilic polymers are placed in the aqueous environment [134, 156, 158]. The self 

assemblies o f these amphiphilic polymers occur at concentrations far lower than those 

observed with surfactants, and because of such low critical aggregation concentration 

(CAC), they are more stable toward dilution in biological fluids [2, 134, 156].

2.1.1 Aims and Objectives

The aim of this section o f the project was to synthesise and characterise six glycol chitosan 

based amphiphiles as previously reported by Uchegbu et al [164, 165] in order to 

characterise their mechanism of oral absorption enhancement. The objectives were:

a) to synthesise chitosan amphiphiles of different molecular weights with varying levels of 

hydrophobic and hydrophilic substitution,

b) to structurally characterise these polymers using NMR / elemental analysis (to calculate 

the degree o f hydrophobic and hydrophilic substitution) and gel permeation chromatography 

(to determine the molecular weights of the polymers),

c) to measure the critical aggregation concentration of the chitosan amphiphiles by 

isothermal titration calorimetry as well as fluorescence and UV spectroscopy using pyrene 

and methyl orange as the hydrophobic probes.
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d) to measure the size of the polymer aggregates by photon correlation spectroscopy and 

obtain images of the nanoparticles using transmission electron microscope with negative 

staining.

2.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

The principles o f nuclear magnetic resonance (NMR) spectroscopy are based on the 

excitation of protons ('H) or carbon-13 (*^C) atoms by radiation in the radiofrequency region 

causjing their spins to switch from a parallel orientation which is aligned with the applied 

magnetic field to an antiparallel orientation which is aligned against the applied magnetic 

field [175, 176]. The range of frequencies required for excitation and the signal patterns 

produced when the excited atoms relax are very characteristic o f the chemical structure of 

the molecule [175, 176]. The frequency of the signal is known as the chemical shift (6 ) and 

is determined in relation to the protons o f a standard, usually tetramethylsilane (TMS), 

which are arbitrarily assigned a shift o f ô=Oppm. The area under each peak in the *H NMR 

spectra is proportional to the number of contributing protons. In the presence of an 

electtronegative group which withdraws electron density from neighbouring protons, the 

deshielded proton will require less applied magnetic field to change the direction of its spin. 

This; results in a downfield shift (i.e. to the left o f a spectrum) compared to the more shielded 

protons which are surrounded by circulating electrons [175-177]. 'H-*H COSY shows the 

NM R spectra in two dimensions and the interactions between neighbouring protons, known 

as spin-spin coupling, can be observed [175-177].

2.1.3 Gel Permeation Chromatography (GPC) -  Multi-angle laser light scattering 

(MALLS)

Gel permeation chromatography (GPC), also known as size exclusion chromatography 

(SEC) separates molecules by their hydrodynamic volume, which is dependent on both 

molecular weight and molecular conformation o f a compound in solution [178]. When a 

polymer solution is passed through a column packed with polymeric gel, the smaller 

molecules are trapped in the pores thus allowing the larger molecules to emerge from the 

column more quickly. The eluting compound is characterised for molecular weight by an 

interferometric refractometer which measures changes in the refractive index of the sample
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w ith changes in concen tration  (dn/dc) and a m ulti-angle laser light scattering  (M A L L S) 

detecto r w hich m easures the in tensity  o f  light scattered  by  the po lym ers elu ting  from  the 

colum n [178-180]. The detection  technique o f  the  M A LLS system  is based on tw o light 

scattering princip les, firstly  that the am ount o f  light scattered  is proportional to m o lecu lar 

m ass and concen tra tion , and secondly  that the angu lar varia tion  o f  scattered  light is d irectly  

related  to the m o lecu lar size [181, 182].

2.1.4 Pyrene and Methyl Orange as Hydrophobic Probes in Aggregation Studies

The se lf  assem bly  o f  am phiphiles in the aqueous env ironm ent can be studied using 

hydrophobic p robes such as pyrene and m ethyl orange. T his m ethod  is often  used  to 

determ ine the critica l m icelle concentration  (C M C ) o f  low m olecu lar w eight surfactan ts or 

the critical agg regation  concentration  (C A C ) in the case o f  am phiphilic  po lym ers [183-192]. 

Both pyrene and m ethyl orange are very  sensitive to changes in polarity  o f  the surrounding  

environm ent and p referen tia lly  partition  w ith in  the hydrophobic in terior o f  m icellar cores or 

am phiphilic aggregates. The spontaneous se lf  associa tion  o f  am phiphiles is reflected  by the 

changes in their respective  fluorescence and absorp tion  spectra [183-192].

Figure 2.1: S tructure o f  Pyrene

Figure 2.2: S tructure o f  M ethyl O range
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There are five predominant vibronic bands in the fluorescence spectra of pyrene [186], The 

intensity of the first vibronic peak (Ii) is significantly enhanced in polar solvent in contrast to 

the third vibronic peak (I3) which has minimal intensity variation with polarity [185, 186, 

192]. When pyrene encounters a non polar environment such as the hydrophobic domain 

formed by polymer aggregates, there will be an increase in the intensity o f I3 in relation to I, 

hence causing an increase in the I3/I1 ratio [185, 186, 190-192]. Meanwhile, the Imax of 

methyl orange in aqueous media has a range of 462 -  465 nm [183, 184, 187-189]. 

Localization of this anionic azo dye in hydrophobic cores of micelles results in a 

hypsochromic shift of the Àmax to a shorter wavelength, which is due to lesser hydrogen 

bonding of the azo nitrogens in methyl orange with the water molecules [183, 184, 187-189].

2.1.5 Isothermal Titration Calorimetry (ITC)

The critical aggregation concentration (CAC) can also be determined by isothermal titration 

calorimetry (ITC) which operates on the thermodynamics principles of self assembly of 

amphiphiles [193-196]. The thermodynamic changes in micellisation and demicellisation, 

such as enthalpy and entropy, Gibbs free energy as well as heat capacity can all be obtained 

in a single measurement with the ITC [193, 197]. This technique is ultra sensitive to 

temperature differences and can measure the amount of heat absorbed or released upon 

mixing of two components at a constant temperature [198]. The calorimeter consists of a 

sample cell and a reference cell enclosed in an adiabatic jacket. The reference cell usually 

contains water or buffer. In a demicellisation experiment, a micellar solution is titrated into 

the sample cell which contains either water or buffer, causing a change in the temperature of 

the cell depending on whether the reaction is exothermic or endothermie [198]. An 

exothermic reaction releases heat and increases the temperature in the sample cell. In 

response, the feedback power to the sample cell will decrease in order to maintain equal 

temperature (isothermal) between reference cell and sample cell. On the contrary, in an 

endothermie reaction, heat is absorbed hence causing the temperature of the sample cell to 

decrease. In this case, the feedback power is increased so that constant temperature is 

maintained. The input o f power required to compensate for heat changes in order to maintain 

equal temperatures in both cells, is measured over time and used to determine the enthalpic 

change and ultimately the thermodynamics of a reaction [193, 197].
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2.1.6 Photon Correlation Spectroscopy (PCS)

Particles in a liquid sample exhibit Brownian motion (i.e. random collision of particles in 

solution with solvent particles), and scatter light with varying intensities. Photon correlation 

spectroscopy (PCS) measures particle size (1 to 5000nm) based on the concept that smaller 

particles move faster than larger ones, thus causing a higher rate of fluctuation in their 

scattered light [199]. The PCS utilises these fluctuation differences to determine the particle 

size distribution o f a given sample and the data is expressed as a size distribution graph with 

the x-axis representing size and the y-axis representing intensity of light scattered by 

particles within that size range [199]. The hydrodynamic radius measured in PCS is slightly 

larger than the actual geometrical radius due to solvation of particles and is proportional to 

the diffusion coefficient of the sample [199].

2.1.7 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) operates on the same principles as light 

microscopy except that a beam of electron (instead of light) is transmitted through an ultra 

thin specimen in a vacuum environment to produce contrast images that have different 

electron densities [200]. Because electrons have a much lower wavelength than light, high 

resolution in many orders of magnitude is attainable in TEM thus enabling the visualisation 

of fine details on samples such as polymer aggregates [200]. The samples are placed on 

copper grids and viewed through the holes in the grid and techniques such as replication, 

heavy metal staining and solvent etching are usually used to increase image contrast [178].
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2.2 M ateria ls and M ethods

2.2.1 Materials

G lycol C hitosan Sigm a-A ldrich  C o., U .K.

Palm itic A cid N -hydroxysuccin im ide E ster S igm a-A ldrich  C o., U .K.

Sodium  B icarbonate Fluka, U .K

N -m ethy l-2 -pyrro lid inone Sigm a-A ldrich  C o., U .K .

M ethyl Iodide S igm a-A ldrich  C o., U .K.

Sodium  Iodide S igm a-A ldrich  C o., U .K .

Sodium  H ydroxide Fluka, U.K.

A m berlite IRA -93 R esin F luka, U .K.

H ydrochloric A cid S igm a-A ldrich  C o., U .K.

O rganic Solvents F ischer Scien tific, U .K.

D euterated Solvents S igm a-A ldrich  Co., U .K.

Pyrene Fluka, U.K.

M ethyl O range Sigm a-A ldrich  C o., U.K.

2.2.2 Methods

2.2.2.1 Synthesis of Palmitoyl Glycol Chitosan (PGC) and Q uaternary Ammonium 

Palmitoyl Glycol Chitosan (GCPQ)

The synthesis steps w hich  involved acid  degradation  o f  g lycol chitosan, pa lm itoy la tion  and 

quatern isa tion  o f  the degraded  glycol ch itosan  w ere carried  out using the sam e m ethods 

reported by W ang et al [153] and U chegbu et al [164, 165] to  produce six glycol ch itosan  

based am phiphiles (T ab le  2.1).

2.2.2.1.1 Acid Degradation of Glycol Chitosan [153]

G lycol ch itosan  (2g) w as d isso lved  in hydroch loric  acid (4M , 150m l) and p laced in a 

preheated w ater bath at 50°C. A t tim e points 24 and 48 hours, the reaction w as stopped  and 

the products (G C 24 and G C 48 respectively) w ere isolated  and purified  by  exhaustive 

d ialysis (V isk ing  seam less cellu lose tubing, m olecu lar w eigh t cut o f f  (M W C O ) 12-14000 

D alton, M edicell In ternational Ltd., U .K .) against w ater (5L) w ith  6 changes over a period
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2 4  hours. T he resu ltan t p roduct w as freeze dried  and recovered  as a cream -co loured  co tton 

w o o l-lik e  solid.

2,2.2.1.2 Synthesis of Palmitoyl Glycol Chitosan [164]

P alm itoy la tion  o f  the degraded  glycol ch itosan  w as carried  out as p rev iously  described  by 

U chegbu  et al (F igure 2.3) [164]. G lycol ch itosan  (500m g) and sodium  bicarbonate (376m g) 

were disso lved  in a m ix ture o f  abso lu te ethanol (24m l) and w ater (76m l). A so lu tion  o f  

palm itic  acid  N -hydroxysuccin im ide (792m g) d isso lved  in abso lu te  ethanol (150m l) w as 

added  drop w ise to the glycol ch itosan  so lu tion  w ith  continuous stirring  over a period  o f  1 

hour. The m ix ture w as then stirred for 72 hours and the product iso lated  by evaporating  o ff  

m ost o f  the ethanol and ex tracting  the rem ain ing  aqueous phase w ith  diethyl e ther 

(3x100m l). The aqueous m ix ture o f  the po lym er w as exhaustive ly  d ialysed  (M W C O  = 12- 

14000 Da) against w a te r (5L) w ith 6 changes over a period  o f  24 hours. T he resu ltan t 

p roduct (PG C ) w as freeze dried to give a w hite co tton-like solid.

*

H,CHO
M ONH,

N H

HO
M ONH,

Glycol Chitosan

Palmitoyl Glycol Chitosan

Figure 2.3: S ynthesis Schem e o f  Palm itoyl G lycol C hitosan

2.2.2.1.3 Synthesis of Q uaternary Ammonium Palmitoyl Glycol Chitosan [165]

Q uatern isation  o f  palm itoy l glycol ch itosan  w as carried  using  the sam e m ethod  as that 

reported  by U chegbu et al (F igure 2.4) [165]. P alm itoyl glycol ch itosan (300m g) w as 

dispersed  in N -m ethy l-2 -pyrro lid inone (25m l) for 1 hour at room  tem perature. Sodium
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hydrox ide (40m g), sodium  iodide (45m g) and m ethyl iodide ( Ig )  w ere added and the 

reaction stirred  under a stream  o f  n itrogen  at 36°C  for 3 hours. The qu atem ised  product w as 

recovered  by p recip ita tion  w ith d iethyl e ther and w ashed  w ith  copious am ount o f  absolu te 

ethanol to  give a light brow n solid. The solid  w as d isso lved  in w ater (100m l) to give a 

yellow  so lu tion  w hich  w as exhaustively  d ialysed  (M W C O  = 12-14000 Da) against w ater 

(5L ) w ith 6 changes over a period  o f  24 hours. T he quaternary  am m onium  iodide w as then 

passed  through a co lum n packed w ith  A m berlite  IR A -93 C l '. The co lum n w as packed  w ith 

one volum e o f  the resin  (30m l) and subsequen tly  w ashed w ith  hydroch lo ric  acid  (IM , 90m l) 

fo llow ed by  d istilled  w ater until a neutral pH  w as obtained. T he clear eluate from  the 

colum n w as freeze dried  to give a transparen t fibrous solid (G C PQ ).

*

no
N i l

no
N H ,

Palmitoyl Glycol Chitosan

H O
N HCH3I

H O

Quartemary Ammonium 
Palmitoyl Glycol Chitosan

Figure 2.4: S ynthesis Schem e o f  Q uaternary  A m m onium  Palm itoyl G lycol C hitosan
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Table 2.1 : Synthesis o f  Chitosan Amphiphiles

Type of 

Polymer

Polymer

Name

Glycol Chitosan 

Degradation Time (hrs)

GCiPNS 

feed ratio (mg)

Quatemisation

PGC H24 24 500:792 No

PGC L24 24 500:396 No

GCPQ QH24 24 500:792 Yes

GCPQ QL24 24 500:396 Yes

GCPQ QH48 48 500:792 Yes

GCPQ QL48 48 500:396 Yes

2.2.2.2 Structural Characterisation

2.2.2.2.1 NMR Spectroscopy

NMR and 'H -‘H COSY (Bruker AMX 400MHz spectrometer, Bruker Instruments, U.K.) 

experiments were performed on all polymer solutions. GC was dissolved in deuterated water 

(D2 O). The non quatemised polymers (PGC) were analysed in deuterated dimethyl sulfoxide 

(DMSG) with a few drops D2 O. The quatemised polymers were analysed in deuterated 

methanol (CD3 OD) with a few drops o f D2 O. The level o f palmitoylation was calculated by 

comparing the ratio o f palmitoyl methyl protons (ô = 0.89 ppm) to sugar protons (ô = 3.5-4.5 

ppm) and the level o f quatemisation calculated by comparing the ratio o f quatemary 

ammonium protons (ô = 3.45 ppm) to sugar protons.

2.2.2.2.2 Elemental Analysis

PGC samples were subjected to simultaneous determination of carbon, hydrogen and 

nitrogen present within each compound. The polymer samples (2mg) were wrapped in tin 

foils and combusted at 1800°C in pure oxygen. The combustion products were catalysed and 

interferences were removed before being swept away into the detector zone where each 

element was separated and eluted as CO2 , H2 O and NO2 . The signals were recorded using 

Perkim Elmer 2400 Analyser and converted to percentages o f the elements found in the 

particular sample which was used to compute the levels of palmitoylation.
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2.2.23  Molecular Weight Determination of GCPQ Amphiphiles

2.2.2.3.1 dn/dc measurements

The specific refractive index increment (dn/dc) of the degraded glycol chitosan (GC) was 

measured in acetate buffer (0.3M CHsCOONa / 0.2M CH3 COOH, pH 5) at 40°C with an 

Optilab DSP Interferometric Refractometer (Wyatt Technology Corporation, U.S.A.) set at 

X=690nm. Filtered samples (0.2pm) of five concentrations ranging from 0.1 to 1 mg ml ’ 

were manually injected at a flow rate of 0.3ml min ’. The data obtained was processed using 

the Wyatt DNDC for Windows version 5.90.03 software. The dndc of GCPQ was measured 

similarly but using a mixture o f acetate buffer (0.3M CHgCOONa / 0.2M CH3 COOH pH 5): 

methanol (35:65) as the mobile phase.

2.2.2.3.2 Gel Permeation Chromatography (GPC) and Multi-angle laser light scattering 

(MALLS) measurements

The molecular weights o f GC and GCPQ were measured using GPC-MALLS equipped with 

DAWN® EOS™ MALLS (^=690nm), Optilab DSP Interferometric Refractometer 

(X=690nm) and QBLS detectors (Wyatt Technology Corporation, U.S.A.) using acetate 

buffer (0.3M CH3 C 0 0 Na / 0.2M CH3 COOH, pH 5) for GC and a mixed solvent of acetate 

buffer (0.3M CH3C0 0 Na / 0.2M CH3 COOH, pH 5):methanol (35:65) for GCPQ. Filtered 

samples (0.2pm, 200pl) were injected into a POLYSEP™-GFC-P 4000 column (300 x 

7.8mm, Phenomenex, U.K.) fitted with a POLYSEP™-GFC-P guard column (35 x 7.8mm, 

Phenomenex, U.K.) by a Waters 717 Plus autosampler at a loading concentration of 5-lOmg 

ml ’ with a flow rate of 1.0ml min ’ for GC samples and 0.8 ml min ’ for GCPQ samples. 

The data were analysed using ASTRA for Windows version 4.90.08 software. Toluene and 

bovine serum albumin (BSA) were used for DAWN® EOS™ MALLS calibration and 

normalisation respectively.

2.2.2.4 Self Assembly Studies of Chitosan Amphiphiles

2.2.2.4.1 Preparation of Polymer Aggregates

Self assembled polymer amphiphiles in aqueous were prepared by probe sonication 

(Soniprep 150 Instruments, Sanyo, U.K) of PGC and GCPQ in distilled water (or the
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required diluent for self assembly studies with pyrene and methyl orange) for 5 minutes at 

75% of its maximum output.

2.2.2.4.2 Pyrene

A dilute aqueous solution of pyrene (2pM) was prepared by first dissolving pyrene in 

ethanol (0.4mg ml'*). lOOpl of this solution was pipetted into a volumetric flask (100ml) and 

the ethanol was evaporated off under a stream of nitrogen. The solution was then made up to 

100ml with distilled water. Using the aqueous pyrene solution as the solvent, polymer 

solutions of various concentrations (IxlO^m g ml * to lOmg ml *) were prepared by probe 

sonication as previously described. The fluorescence emission spectra o f the pyrene polymer 

samples were recorded (340 -  600nm) at an excitation wavelength of 335nm using the 

fluorescence spectrophotometer (Perkin Elmer LS50-B). The aqueous pyrene solution also 

served as a control. The 13/11 ratio was calculated fi*om the intensity o f the third (383nm) 

and first (375nm) vibronic peaks in the pyrene emission spectra [165, 186]. Measurements 

were performed in triplicates.

2.2.2.4.3 Methyl Orange

A solution of methyl orange (25pM) in borate buffer (0.02M, pH 9.4) was prepared by 

dissolving methyl orange (1.64mg) and borax (1.526g) in distilled water (200ml). This 

solution was used as the solvent to make various concentrations of polymer solutions ( 1 x 1 0 "̂  

mg ml * to lOmg ml'*) by probe sonication as previously described. The samples were 

incubated at room temperature (25°C) for 1 hour before the absorption (350 -  600nm) was 

recorded using the UV-Vis spectrophotometer (Shimadzu, U.K.). The aqueous methyl 

orange solution served as a control [166, 201]. Measurements were performed in triplicates.

2.2.2.4.4 ITC

Heat of demicellisation was measured using a VP-ITC MicroCalorimeter (MicroCal, LLC, 

Northampton, MA USA). The sample cell was filled with degassed ultra pure water. 

Polymer samples at concentrations higher than their CAC values were loaded into a syringe 

(250 pL). At each 360s interval, the polymer sample (10 pL) was injected into the sample 

cell and the heat flow was measured as a function o f time. The syringe was rotated at 310
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rpm to for even mixing throughout the experiment. Data analysis was carried out using the 

MicroCal Origin® version 7.0 Software. Each titration experiment was repeated (n = 3) at 

room temperature (25 °C).

2.2.2.4.5 Photon Correlation Spectroscopy (PCS) measurements

The Z-average mean hydrodynamic diameter of each polymer self assembled systems was 

measured by photon correlation spectroscopy (Malvern Zetasizer 3 GOGHS a, Malvern 

Instruments Ltd., U.K) at room temperature (25°C). The polymer samples were prepared at a 

concentration o f 4mg ml'^ and lOmg ml * and filtered (0.45pm) to remove dust particles. 

Unfiltered polymer samples (lOmg ml *) were also measured freshly prepared and after 3 

days.

2.2.2.4.6 Transmission Electron Microscopy (TEM) with negative staining

TEM was used to visualise polymer self assemblies in the aqueous environment. The 

negative stain used was 1% w/v uranyl acetate aqueous solution. A drop of sample was 

pipetted onto a support film followed by application of the negative stain. The images were 

captured using an energy filtering electron microscope (FEI CM 120 Bio Twin, Eindhoven, 

The Netherlands) operating at 120kV.
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2.3 Results

Six glycol chitosan based amphiphilic polymers were successfiilly synthesised and the 

reaction yields recorded in Table 2.2. The yield was calculated by dividing the weight of the 

freeze dried product by the weight o f the starting materials used in the synthesis steps and 

multiplying with 1 0 0  to obtain a percentage.

Table 2.2: Percentage yield o f glycol chitosan based amphiphilic polymers, (n represents the 

number of batches synthesised)

Polymer Yield (% )

QH24(n = 9) 64.389 ± 5.054

Q L24(n = 9) 71.241 ±5.485

QH48(n = 6 ) 75.956 ±4.833

QL48 (n = 6 ) 73.374 ±5.208

H 24(n = 3) 89.248 ±7.814

L24 (n = 3) 91.610 ±2.506

2.3.1 Structural Characterisation

2.3.1.1 NMR

The NMR spectra for GC, PGC and GCPQ are shown in Figures 2.5a-b, 2.6a-b and 2.7a-b 

respectively.

The protons assignments for GC are listed:

Ô2 . 0  = CHs (acetyl-glycol chitosan)

Ô3.2-3.3 = CH (C2 sugar proton, glycol chitosan) 

Ô3.6-4.3 = sugar protons 

Ô4.4 = water protons

Ô5.0 = CH (C l sugar proton, glycol chitosan)
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Figure 2.5a: H N M R  spectrum  o f  GC in D 2 O
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The proton assignments for PGC are listed as first reported by Uchegbu et al [164]: 

Ô0.85 = CH 3 (palmitoyl)

Ô1.25 = CH] (palmitoyl)

Ô1.50 = CH] (palmitoyl desbielded by carbonyl)

Ô2.00 = CH3 (acetyl-glycol chitosan)

Ô2.20 = CH] (adjacent to carbonyl protons)

Ô2.5 = dimethyl sulfoxide protons

Ô2.60 = CH (C2 sugar proton, glycol chitosan)

Ô2.70 = CH (C2 sugar proton, palmitoyl glycol chitosan)

53.2-4.2 = sugar protons 

Ô4.4 = water protons

Ô5.0 = CH (Cl sugar proton, glycol chitosan)
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Figure 2.6a: 'H NMR spectrum of PGC in DMSO with a few drops of D2 O, the absence of 

C 1 and C2 protons was because the sugar was not very soluble in DMSO which is a non 

polar solvent
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Figure 2.6b: 'H-'H COSY of PGC in DMSO with a few drops of DjO, the absence of Cl 

and C2 protons was because the sugar was not very soluble in DMSO which is a non polar 

solvent
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The proton assignments for GCPQ are listed as previously reported by Uchegbu et al [165]: 

Ô0.90 = CH3 (palmitoyl)

Ô1.30 = CH] (palmitoyl)

Ô1.65 = CH] (palmitoyl deshielded by carbonyl)

Ô2.05 = CH] (acetyl-glycol chitosan)

Ô2.2-2.4 = CH] (adjacent to carbonyl protons)

Ô2.7-3.2 = CH3 (dimethyl-amino-glycol chitosan)

Ô3.45 = CH] (trimethyl-amino-glycol chitosan)

Ô3.5-4.5 = sugar protons

03.30 = methanol protons

Ô4.5-5.0 = water protons

Ô5.0 = CH (C l sugar proton, glycol chitosan)

62



HO
NH H

HO

HO

HO

NH

1 .0 0.56 .0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2 .0 1.5 ppm

Figure 2.7a: 'H NMR spectrum of GCPQ in CD3 OD with a few drops of D2 O
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The extent of hydrophobic and hydrophilic modification in GCPQ (Table 2.3) was estimated 

based on the chemical shift in the *H NMR spectra [164, 165]. The calculations were 

performed using the ratio of palmitoyl methyl protons (ô = 0.9 ppm) to sugar protons (Ô = 

3.5-4.5 ppm) and the ratio o f quaternary ammonium (5 = 3.45 ppm) to sugar protons as 

shown in the example below [164, 165].

Palmitoylation = chemical shift of palmitoyl methyl protons at 0.89 ppm / 3 x 100% 
(mole %) chemical shift o f sugar protons at 3.5-4.5 ppm /1 0

= 3/3 X 100%
58.78/10

= 17.013%

Quaternisation = chemical shift of quaternary ammonium protons at 3.45 ppm / 9 x 100% 
(mole %) chemical shift o f sugar protons at 3.5-4.5 ppm /1 0

= 5.19/9 X 100%
58.78/10

= 9.811%

Table 2.3: Palmitoylation and quaternisation levels of GCPQ polymers based on NMR 

with the mean and standard deviation derived from the total number of batches (n) produced 

for each polymer

Polymer Palmitoylation (mole %) Quaternisation (mole %)

QH24(n = 9) 16.144± 1.101 8.296 ± 1.321

QL24 (n = 9) 14.458 ± 2.288 8.071 ±1.544

QH48 (n = 6 ) 15.484 ±0.488 11.424 ±0.636

QL48(n = 6 ) 9.024 ± 1.272 14.499 ±4.108

2.3.1.2 Elemental Analysis

Elemental analysis was performed on the degraded glycol chitosan (GC) and palmitoyl 

glycol chitosan (PGC) samples and the major elements found were expressed as percentages 

in Table 2.4.
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Table 2.4: Elemental analysis data where the mean and standard deviation were derived from 

the total number of batches (n) produced for each polymer

Polym er C arbon Hydrogen Nitrogen

GC24 (n = 3) 35.925 ±0.127 6.638 ± 0.607 4.855 ± 0.337

H24 (n = 3) 53.343 ±0.115 8.020 ± 0.636 4.073 ± 0.225

L24 (n = 3) 50.300 ±0.401 7.823 ±0.517 4.697 ± 0.050

Palmitoylation levels for PGC (Table 2.5) were calculated from the elemental analysis data 

as shown below.

GC

C H N

35.80/12 7.23/1 5.14/14

2.983 7.230 0.367

8.128 19.700 1

PGC

C H N

49.84/12 8.42/1 4.69/14

4.153 8.420 0.335

12.397 25.134 1

divide by N moles to make N = 1 mole

divide by N moles to make N = 1 mole

The difference is obtained by subtracting GC from PGC 

C : H : N

4.269 : 5.434 : 0

For every 1 mole of nitrogen, there is 4.269 moles o f carbon. The palmitoyl chain attached to

GC has 16 carbons with the formula CH3 (CH2 )i4 -C, therefore 4.269/16x100% = 26.281%

gives the hydrophobic modification.
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Table 2.5: Hydrophobic and hydrophilic substitution levels of polymers based on elemental 

analysis for PGC, with the mean and standard deviation derived from the total number of 

batches (n) produced for each polymer

Polymer Palmitoylation (mole %) Quaternisation (mole %)

H24 (n = 3) 49.486 ±8.971 non quatemised

L24 (n = 3) 27.148 ±4.367 non quatemised

2.3.2 Molecular Weight Analysis

2.3.2.1 dn/dc measurements

The refractive index for the degraded GC (GC24 in Figure 2.8) and the GCPQ amphiphiles 

(QH24 in Figure 2.9) were measured and expressed as dn/dc values in Table 2.6.

Table 2.6: dn/dc values o f degraded GC and GCPQ amphiphiles

Polymer

1“ Batch

dn/dc

2"“ Batch average

GC24 0.141 0.140 0.1405

GC48 0.131 0.130 0.1305

QH24 0.248 0.228 0.2380

QL24 0.203 0.237 0 . 2 2 0 0

QH48 0.235 0.268 0.2515

QL48 0.208 0.249 0.2285
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2.3.2.2 GPC-MALLS measurements

The m olecu lar w eights o f  the degraded  G C (G C 24, G C 48) (F igure 2 .10) and the G C PQ  

am phiph iles (Q H 24, Q L 24, Q H 48 and Q L 48) (F igure 2.11) w ere m easured  and are show n in 

T able 2.7. The m olecu lar w eight o f  GC decreased  w ith increasing  degradation  tim e because 

longer exposure to hydrochloric acid  w ould  allow  m ore bonds on the sugar to be hydro lysed  

into sho rter chains [153]. G C 48 w as subjected  to 48 hours acid  hydro lysis, w hich w as 

double the acid degradation  tim e o f  G C 24 (24 hours acid hydrolysis). A  faster e lu tion  w as 

observed w ith G C 24 indicating  that it had a h igher m olecu lar w eight than G C 48 as expected.
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Figure 2.10: G PC  chrom atogram s for G C 24 and G C 48 at a flow  ra te o f  1.0ml m in '’

Sim ilarly , w ith  the G C PQ  am phiphiles, Q H 24 and Q L 24 eluted  before Q H 48 and Q L48 

indicating  that their m olecu lar w eights w ere h igher. This w as expected  as Q H 24 and Q L 24 

were synthesised  using the b igger m olecu lar w eight G C 24 w hereas Q H 48 and Q L 48 w ere 

synthesised  using  the sm aller m olecu lar w eight G C 48. Q H 24 eluted  before Q L24 because it 

had a sligh tly  h igher palm itoy la tion  level (16% ) com pared to Q L 24 (14% ) w hich contribu ted
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te its extra m olecular w eigh t (F igure 2.9a). In the sam e m anner, Q H 48 w hich had a h igher 

palm itoylation level (15% ) than Q L 48 (9% ) e lu ted  faster than Q L48 due to its h igher 

m olecular w eight as show n in the chrom atogram  below  (F igure 2.9b).
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Figure 2.1 lb : G PC  chrom atogram s for Q H 48 and Q L48

70



As illustrated in the following figures (Figures 2.12 and 2.13), there was only one elution 

peak in the GPC chromatograms of GC24 and QH24. The two small peaks (in blue) 

observed from the R1 detector did not come from the polymer but represented the exclusion 

limit of the column (the negative peak) and the injection solvent peak (positive peak) due to 

the difference between the solvent in the reservoir and the sample, which the RI was 

sensitive enough to detect. The high polydispersity (Mw/Mn > 1) in the polymers was 

attributed to the random acylation (by the palmitic acid ester) and alkylation (by methyl 

iodide) as previously observed and reported by Uchegbu et al [154, 165].
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Figure 2.12: GPC chromatogram of GC24 in acetate buffer
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Figure 2.13: GPC chromatogram of QH24 in 35% acetate buffer : 65% methanol
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Table 2.7: Molecular weights of degraded GC and GCPQ amphiphiles determined by GPC, 

* molecular weights of PGC determined from calculations

Polym er jst Batch 2 nd Batch Average Polydispersity

Mw M n Mw Mn Mw Mw/Mn

GC24 9907 7103 10410 8885 10159 1.283

GC48 8015 6128 5769 5537 6892 1.175

QH24 11430 10530 12960 9911 12195 1.197

QL24 10820 10510 12130 6503 11475 1.447

QH48 9795 9499 7600 7457 8698 1.025

QL48 9323 8017 7042 6248 8183 1.145

H24 16693* - 15367* - 16030* -

L24 13572* - 13205* - 13389* -

The molecular weights o f PGC could not be determined by GPC because there was no 

suitable solvent in which PGC could completely dissolve. Such was the requirement for the 

accurate measurements of molecular weights because amphiphilic polymers have the ability 

to form aggregates and if not fully dissolved in the chosen solvent, the GPC would then be 

measuring the molecular weight of the aggregates and not the polymer itself. For this reason, 

the molecular weights o f H24 and L24 had to be calculated based on their palmitoylation 

levels as shown in the examples below.

Molecular weight of GC24 = 9907

Therefore number of GC monomers = 9907/205 = 48.33

Weight contributed by palmitoylation of GC to produce H24

= % palmitoylation x number of GC monomers x molecular weight o f palmitoyl chain 

= 58.75/100 X 48.33 x 239 

= 6786 daltons

Therefore molecular weight of H24 = 9907 + 6786 = 16693 daltons
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Weight contributed by palmitoylation of GC to produce L24

= % palmitoylation x number o f GC monomers x molecular weight of palmitoyl chain 

= 31.73/100x48.33x239 

= 3665 daltons

Therefore molecular weight of L24 = 9907 + 3665 = 13572 daltons

2.3.3 Polym er Aggregation Studies

The critical aggregation concentration (CAC) for the GCPQ and PGC amphiphiles were 

determined using three different methods, the first two involved the use of hydrophobic 

probes (pyrene and methyl orange) and the third by ITC which was probe free. Each method 

gave different CAC values as shown in Table 2.8, but the trend was generally the same i.e. 

the PGC amphiphiles had lower CAC values than the GCPQ amphiphiles except for the 

methyl orange approach. The CAC values of the GCPQ amphiphiles obtained by ITC were 

close to the methyl orange absorbance method, and they both gave lower CAC values than 

the pyrene fluorescence method.

Table 2.8: Critical aggregation concentrations o f chitosan amphiphiles determined by using 

various methods: the pyrene and methyl orange probes as well as the ITC

Polym er Pyrene M ethyl Orange ITC

mg ml * mM mg ml * mM mg ml * mM

QH24 0.5295 0.046 0.2372 0 . 0 2 1 0.2167 0.019

QL24 0.6136 0.057 0.2766 0.026 0.2667 0.025

QH48 0.8548 0.087 0.2562 0.026 0.1933 0 . 0 2 0

QL48 1.0277 0 . 1 1 0 0.3770 0.040 0.2333 0.025

H24 0.1342 0.008 0.6039 0.036 0.0467 0.003

L24 0.3047 0 . 0 2 2 0.8663 0.064 0.0933 0.007
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2.3.3.1 Pyrene

The in tensities o f  the v ibronie bands in pyrene m onom er fluorescence are governed  by  the 

polarity  o f  the surrounding  env ironm ent and these varia tions in the v ibronie band  in tensity  

ratio (I3 / I 1) have been used to determ ine the C A C  values o f  the G C PQ  and PG C am phiphiles 

[165, 185, 186]. B ecause pyrene is hydrophobic by nature, it is poorly  so luble in w ate r and 

exhibits low  fluorescence in tensity  due to se lf  quench ing  [186]. W hen pyrene partitions into 

the in terio r non po lar reg ions o f  am phiphilic aggregates, a change in the I3 / I 1 ra tio  o f  its 

em ission  spectra is observed as show n in F igure 2 .14  [165, 185, 186].
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Figure 2.14: E ffect o f  increasing  concen trations o f  G C PQ  (0.0001 -  lOmg m l ’) on the 

em ission  spectra o f  pyrene

C onsisten t w ith  prev ious findings, the  I3 / I 1 ra tio  increased  w ith increasing  po lym er 

concentrations as the increase in the num ber o f  aggregates m eant that there w ere m ore 

hydrophobic dom ains availab le  for pyrene to partition  into [185, 186]. A graph o f  I3 / I 1 ratio  

against po lym er concentration  w as p lo tted  and the C A C  w as obtained  from  the in tersection  

o f  the tw o tangential lines as dem onstrated  in F igure 2.15. T he first p lateau  in the low er 

concentration  range ind icated  the p resence o f  free m onom ers in the bu lk  solu tion  (i.e. the 

absence o f  aggregates) and the beginn ing  o f  the curve reflec ted  the starting  po in t o f  the 

aggregation  process. The second p lateau w hich occurred  at h igh concen tration  ind icated  that
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the  aggregation  o f  p o lym er in the aqueous env ironm ent w as com plete. T he C A C  values o f  

the ch itosan  am phiph iles fall in the range o f  0.5 -  1.0 m g m l ' depending  on the degree o f  

hydrophobic and hydroph ilic  substitu tions as w ell as their m olecu lar w eights. F irstly , the 

C A C  values ob tained  using the pyrene probe w ere low er for po lym ers w ith h igher 

palm itoy la tion  levels. Secondly , the C A C  increased  w ith increasing  quatern isa tion  levels. 

T hirdly , it w as observed  that the C A C  w as inversely  proportional to the m o lecu lar w eigh t o f  

the ch itosan  am phiph iles, w hereby  a decrease in C A C  fo llow ed an increase in the po lym er 

m olecu lar w eight.
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Figure 2.15: E ffect o f  ch itosan  am phiph iles at various concentrations on the 13/11 o f  pyrene

To briefly  rev isit the basics o f  m icelle form ation, the prim ary  reason  fo r the aggregation  o f  

am phiphiles is the atta inm ent o f  a state o f  m inim um  free energy, in w hich case a system  

tends to decrease its overall free energy  by  rem oving  hydrophobic groups from  the aqueous 

environm ent [10]. A t low concen tration  o f  am phiphiles, an adequate decrease in the overall 

free energy  o f  the system  is achieved by  the accum ulation  o f  these am phiphiles at the surface
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in attempt to remove the hydrophobic groups from unfavourable contact with water 

molecules. However as the concentration of amphiphiles increases, the surface becomes 

saturated that it can no longer accommodate additional amphiphilic molecules. At this stage, 

which is the critical aggregation concentration, the amphiphiles begin to associate in the bulk 

solution as aggregates. The hydrophobic groups of the amphiphiles form the cores of the 

aggregates in order to be shielded from the aqueous media.

With the conventional low molecular weight surfactants, a longer alkyl chain length would 

stimulate micellisation at a lower concentration [190]. Likewise, the self assembly studies 

showed that the chitosan amphiphiles with a higher degree of hydrophobic substitution had a 

greater tendency toward aggregation. This is because, with increasing palmitoylation levels 

(such as in H24 and L24), the amphiphiles were more likely to encounter significant 

unfavourable interaction between their hydrophobic alkyl chains and the water molecules at 

a far lower concentration than the quatemised chitosan amphiphiles with lower 

palmitoylation levels (QH24, QL24, QH48 and QL48). Consequently these alkyl chains 

would aggregate to form hydrophobic cores which are free from water contact and this 

phenomenon is associated with a reduction in the overall free energy of the system. PGC 

was more hydrophobic than GCPQ as quaternisation imparted a positive charge on the 

amphiphiles resulting in additional hydrophilicity. Thus PGC had lower CAC values than 

GCPQ (H24 < L24 < QH24 < QL24 < QH48 < QL48).

QH48 and QL48 had higher quaternisation levels than QH24 and QL24, making them more 

hydrophilic. Such high quaternisation levels enabled QH48 and QL48 to favourably interact 

with the water molecules particularly at low concentrations such that the hydrophobic effect 

of the palmitoyl chains only kicked in at higher concentrations thus accounting for the higher 

CAC values of QH48 and QL48 despite having very close palmitoylation levels with QH24 

and QL24. It also appeared that the higher molecular weight of QH24 and QL24 could have 

contributed to their lower CAC values. This observation has also been previously reported 

for a class of polyethyleneimine amphiphiles whereby polymer molecular weight had an 

impact on the CAC values of the amphiphiles, with lower CAC values observed for 

polymers with a higher molecular weight [2 0 2 ].
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2.3.3.2 Methyl Orange

Methyl orange had a X̂ ax of 465nm in borate buffer and was known to undergo a 

hypsochromic shift when it favourably interacts with the hydrophobic domains of the 

polymer aggregates [183, 184, 187-189]. Methyl orange was placed in increasing polymer 

concentrations and a left shift of the Imax towards a shorter wavelength indicated the 

presence of polymer self assemblies in the aqueous environment (Figure 2.16). The CAC 

was determined from the intersection of two tangential lines on the absorbance versus 

polymer concentration sigmoidal curve (Figure 2.17).
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Figure 2.16: Effect of increasing concentrations of GCPQ (0.0001 -  lOmg ml" ) on the 

absorption spectra of methyl orange

At low concentrations between 0.00001 -  0.1 mg ml'% there was no change in the A,max of 

methyl orange, indicating that these concentrations were below the CAC, therefore no
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aggregates were formed at this stage and methyl orange was still residing in a polar 

environment interacting with water molecules via hydrogen bonding [201]. At higher 

concentrations of 0.2 -  30mg ml ', which were above the CAC, aggregation was reflected by 

the hypsochromic shift of methyl orange À̂ ax, a consequence of the non covalent 

interactions between methyl orange and the hydrophobic palmitoyl chains which formed the 

interiors of the aggregates as well as less hydrogen bonding between methyl orange and 

water molecules [201]. Here it was observed that the À̂ ax of methyl orange was shifted from 

465nm to a lower wavelength of 427nm by GCPQ. The presence of the quaternary 

ammonium functional group made GCPQ positively charged and cationic surfactants have 

been reported to cause such abrupt such blue shifts to 430nm [184].
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Figure 2.17: Effect of chitosan amphiphiles at various concentrations on the Imax of methyl 

orange

The CAC of the GCPQ amphiphiles depended on their palmitoylation and quaternisation 

levels. The trend was similar to pyrene, with QH24 having the lowest CAC and QL48
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having the highest CAC (QH24 < QL24, QH48 < QL48). QH24 and QL24 were overall 

more hydrophobic than QH48 and QL48 due to lower quaternisation levels and thus formed 

aggregates at lower concentrations. The influence of the degree of hydrophobic and 

hydrophilic substitutions in the GCPQ amphiphiles on their CAC values indicated that the 

hydrophobic interactions were important in determining the intermolecular interactions with 

methyl orange [188]. Surprisingly, the more hydrophobic PGC amphiphiles had higher CAC 

values than the GCPQ amphiphiles, contrary to what was expected. An explanation given by 

Buwalda et al was that the aggregation of cationic amphiphiles occurred at concentrations 

below their CAC [183, 184]. Due to the presence of the positively charged quaternary 

ammonium functional group, the GCPQ amphiphiles fall into the category o f cationic 

amphiphiles and it is possible that their CAC values were underestimated. However when 

compared to the CAC values obtained by ITC, it was clear that the CAC values of the PGC 

amphiphiles were overestimated by methyl orange, possibly because PGC had a very low 

solubility in the borate buffer and formed large dispersion which had the tendency to 

precipitate out o f solution. Hence, this method was deemed unsuitable and inaccurate in 

determining the CAC of the PGC amphiphiles.

2.3.3.3 ITC

The CAC was also characterised with ITC, a probe free method which measures the heat 

change during demicellisation [193, 195, 196, 203, 204]. The polymer solution was placed in 

a syringe at a concentration higher than its CAC and was gradually diluted in water 

contained in the sample cell. A typical enthalpogram for the dilution of a micellar solution of 

low molecular weight surfactants would be a sigmoidal curve consisting of three regions. 

The initial region represented the pre-micellar range, where the overall concentration in the 

sample cell was below the CMC and the observed enthalpic effects were due to the 

dissociation of the micelles to individual units when diluted in water [193, 196, 204]. The 

second stage corresponded to the transition phase as the CMC was eventually reached and 

individual surfactant monomers began to form micelles as more of the micellar solution was 

titrated into the sample cell [193, 196, 204]. In the third region, the micelles were no longer 

dissociating as the concentration was well above the CMC and the heat output observed in 

the enthalpogram was due to the dilution of the concentrated micellar solution [193, 196, 

204]. The dilution enthalpograms of GCPQ and PGC are shown in Figure 2.18. Instead of

79



the sigmoidal shape commonly observed with surfactants, the enthalpograms exhibited 

gradual changes o f enthalpy with increasing concentration, similarly demonstrated by 

polymeric micelles [205, 206]. However the events happening during the dilution of a 

concentrated polymer solution were comparable to those exhibited by the low molecular 

weight surfactants. At beginning o f the titration, the aggregates dissociated when diluted in 

the sample cell but with increasing concentration, the first aggregate was formed at the start 

of transition (ST), observed by a change in slope of the enthalpogram which reflected the 

CAC, and this aggregation continued until the end of transition (ET). After this stage, the 

concentration in the sample cell was already above the CAC, thus the heat changes measured 

were attributed to the dilution of polymer aggregates.

The enthalpy o f demicellisation (AHdemic) can be determined by taking the difference 

between the two horizontal lines as shown in Figure 2.16. Thermodynamic parameters such 

as the Gibbs free energy change (AGdemic) and the entropy change (TASdemic) were derived 

according to the following equations: AGdemic = -  RT In CAC and TASdemic = AHdemic -  

AGdemic where R = gas constant (8.3144 J mol ’K'^), T = temperature in K (25°C = 298 K) 

and the CAC expressed in mole fraction units. Because the demicellisation o f GCPQ (QH24, 

QL24, QH48 and QL48) was observed to be an endothermie process, as evidenced by the 

input of heat in Figure 2.16, the aggregation of GCPQ would be an exothermic reaction, 

having a similar magnitude of enthalpy but bearing an opposite negative sign. On the other 

hand, the demicellisation of PGC (H24 and L24) was an exothermic process which required 

the removal of heat, thus aggregation of PGC would be endothermie, having the same 

magnitude o f enthalpy but with an opposite positive sign.

The huge reduction in the Gibbs free energy evidently showed that the chitosan amphiphiles 

formed thermodynamically stable aggregates (Table 2.9). Also, the large negative values of 

the Gibbs free energy were primarily due to the entropy contribution, which is a common 

effect in aggregation processes driven by hydrophobicity [196]. Like most micellar systems, 

the aggregation reaction of the chitosan amphiphiles is entropy driven at room temperature, 

with the entropy term (TAS) determining the free energy changes (AG) [10].
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Figure 2.18: Dilution enthalpograms for a) QH24, b) QL24, c) QH48 and d) QL48 in water 

at 25°C, the demicellisation of these GCPQ amphiphiles is an endothermie reaction as heat 

had to be added to maintain the cell temperature.
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Figure 2.18: Dilution enthalpograms for e) H24 and f) L24 in water at 25”C, the 

demicellisation of these PGC amphiphiles is an exothermic reaction since the cell had to be 

cooled to keep the cell temperature constant.

Table 2.9: Thermodynamic parameters of chitosan amphiphilic aggregation

Polymer AGmic (J mole ') AHmic (J mole ') TASmk (J m ole')

QH24 26941 956 27897

QL24 26290 418 26708

QH48 26481 359 26840

QL48 26253 1434 27687

H24 31682 -359 31323

L24 29454 -167 29287

The aggregations process involves a balance between the repulsive forces of the hydrophilic 

headgroups (e.g. the positively charged quaternary ammonium function in GCPQ) and the 

attractive forces of hydrophobic alkyl chains (e.g. the palmitoyl pendant groups in the 

chitosan amphiphiles) [207]. The water molecules surrounding the ehitosan amphiphiles are 

said to be more ordered than other water molecules in the bulk solution [10]. When an
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amphiphilic molecule is transferred into an existing aggregate, this order is lost [10]. This 

removal of the hydrophobic group from the ordered structure o f water results in an increase 

of disorder known as the entropy of the system and AG will in turn become more negative 

[207].

A larger entropy (TASdemic) of aggregation was observed in the PGC amphiphiles as they 

possessed a higher degree o f hydrophobic substitution compared to the GCPQ amphiphiles 

(H24 > L24 > QH24, QL24, QH48, QL48). The entropy change was attributed to the 

enhanced hydrophobic interactions between the palmitoyl chains [196] and also because an 

increase in hydrophobicity would require larger hydration of their more compact 

hydrophobic domains and thus produce a significant collapse in the water structure [203].

The change of heat enthalpy is determined by factors such as the hydration of the monomer, 

the formation of aggregates, the nature of headgroups which can lead to charge repulsion, 

and the conformational changes of the water structure as a result o f the breaking and 

regeneration of hydrogen bonds in response to the removal of hydrophobic groups from its 

water structure [208-211]. Heat is released (exothermic) when a monomer is transferred into 

an aggregate contributing to the formation of aggregate and also during the reformation of 

broken hydrogen bonds between the water molecules [208, 211]. On the contrary, heat is 

absorbed (endothermie) in order to break the hydrogen bonds of the water molecules as well 

as to overcome the electrostatic repulsion between the charged headgroups [210, 211]. The 

sum of these processes explains the endothermie reaction observed in the PGC amphiphiles, 

in which case the high palmitoylation levels of H24 and L24 resulted in more breaking of 

hydrogen bonds between the water molecules to accommodate aggregates with large 

hydrophobic domains. In order words, the removal of the palmitoyl chains during the 

aggregation o f PGC amphiphiles in water involved more bond breaking than bond formation 

thus absorbing heat from the surrounding environment. On the other hand, the aggregation of 

the GCPQ amphiphiles appeared to be exothermic, as the amount of heat absorbed by the 

repulsion between the hydrophilic headgroups was less than the amount of heat released 

during the formation of hydrogen bonds between the quaternary ammonium function and the 

surrounding water molecules.
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2.3.3.4 PCS

Clear isotropic micellar liquids were formed by the quatemised polymers i.e. GCPQ (QH24, 

QL24, QH48, QL48) whereas the non quatemised polymers i.e. PGC (H24, L24) formed 

cloudy dense nanoparticles. The hydrodynamic diameters of the particles in water were 

measured by PCS and summarised in Tables 2.10 and 2.11.

Table 2.10: PCS measurements o f freshly prepared polymer dispersions, sonicated (lOmin) 

and filtered (0.45pm)

Polymer

Dispersions

4mg mf* lOmg ml *

Mean Size Polydispersity Mean Size Polydispersity

QH24 118.6 1 . 0 0 209.0 1 . 0 0

QL24 119.8 1 . 0 0 180.4 1 . 0 0

QH48 191.3 0.28 201.9 0.46

QL48 145.0 0.29 200.3 0.53

H24 2 1 0 . 2 0.89 216.6 0.84

L24 233.3 0.78 241.7 0.72

Table 2.11: PCS measurements of unflltered polymer dispersions (lOmg ml *)

Polymer

Dispersions

freshly prepared after 3 days

Mean Size Polydispersity Mean Size Polydispersity

QH24 329.6 1 . 0 0 0 523.7 1 . 0 0 0

QL24 285.2 1 . 0 0 0 315.9 0.700

QH48 228.2 0.650 355.6 0.720

QL48 202.3 0.690 492.4 0.250

H24 708.0 1 . 0 0 0 795.9 1 . 0 0 0

L24 692.6 1 . 0 0 0 732.3 1 . 0 0 0
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Figure 2.19a: PCS size distribution curves of freshly prepared polymer dispersions 

(unflltered) a) QH24, b) QH48, c) H24
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Figure 2.19b: PCS size distribution curves of polymer dispersions after 3 days a) QH24, b) 

QH48, c) H24
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The freshly prepared unflltered chitosan amphiphiles formed aggregates with wide 

polydispersities as illustrated in Figure 2.19a. Both the intensity and volume size distribution 

graphs had more than one peak, each peak representing the aggregate population within a 

particular size range. The majority of the smaller aggregates population were generally 

between 2 0 -  100 nm while the larger aggregates were approximately 500 nm for the GCPQ 

amphiphiles and more than 500 nm for the PGC amphiphiles. It can be seen that the 

polymers with a bigger molecular weight, QH24 and H24, displayed a higher volume o f the 

large aggregates (500 nm) compared to QH48, which had a lower molecular weight and 

preferentially aggregated into smaller particles (< 50 nm).

When the polymer dispersions were measured again after a period of 3 days, larger 

aggregates were observed. The polydispersities remained wide with the presence of 

secondary and tertiary peaks in the size distribution graphs (Figure 2.19b). Two populations 

of large aggregates can be seen for QH24, the first peak displaying aggregates between 100 

and 500 nm, and the second peak representing particles > 600 nm. A high volume of 

micelles (<50 nm) was detected in the QH48 polymer dispersion, although the population of 

large aggregates (200 -  500 nm) increased after 3 days. As for H24, three peaks were seen, 

the first two representing aggregates of 50 -  100 nm and 500 nm respectively, and the third 

peak displaying a high volume of particles > 700 nm thus implying that the aggregates of 

H24 had the tendency to associate into larger particles overtime.

With reference to Tables 2.10 and 2.11, smaller aggregates were observed with the 

quatemised GCPQ polymers compared to the non quatemised PGC polymers because the 

higher palmitoylation levels in both H24 and L24 meant that they had bigger hydrophobic 

cores to shield from water contact hence resulting in the formation of larger aggregates 

which appeared as cloudy dispersions. On the other hand, the presence of the quatemary 

ammonium methyl groups in the GCPQ polymers made them more hydrophilic and 

therefore more soluble than the PGC polymers such that they appeared as clear solutions. 

Moreover, they formed smaller aggregates in water because o f their lower palmitoylation 

levels which meant there were less hydrophobic chains making the interior cores of the 

aggregates.

87



An increase in the size o f the polymer aggregates was observed with a higher concentration 

(lOmg ml’*) and this was due to the increase in the number o f palmitoyl chains in the liquid 

forming larger hydrophobic domains in attempt to avoid contact with water. All the filtered 

(0.45 pm) polymer dispersions had smaller particle sizes compared to their unfiltered 

counterparts as filtration not only removed unwanted dust particles but also polymer 

aggregates which were larger than the pores of the filters.

With the unflltered samples, an increase in particle size was also observed three days after 

preparations which was possibly due to the polymer aggregates coming together to form 

even bigger aggregates as a result o f further inter and intra-molecular interactions within an 

individual polymer chain as well as between two different polymer chains. It also appeared 

that the molecular weight of the polymer had an effect on the particle size. H24 and L24 

formed larger aggregates than QH24 and QL24 due to their bigger molecular weight. The 

nanoparticles of QH24 and QL24 were in turn larger than the smaller molecular weight 

QH48 and QL48.

2.3.3.S TEM

The morphology of the polymer aggregates was studied using TEM. Negative staining with 

uranyl acetate was used to enhance the contrast of the images. The dark background 

observed was due to the scattering of deflected electron beams which cannot pass through 

the electron dense background [200]. On the other hand, the samples appeared white because 

the electron beams were able to pass through the low density area o f the samples and 

produce fluorescence upon reaching the screen [200]. The polymers formed spherical 

nanoparticles with a wide size range of 100 -  300 nm (Figure 2.20). Such huge 

polydispersity could be attributed to the varying degree of intra- and intermolecular 

interactions between the palmitoyl chains of the chitosan amphiphiles. With QL48, small 

clusters of micelles were observed apart from the nanoparticles. On the other hand, with H24 

and L24, a number of individual micelles (~ 50 nm) could be seen surrounding the 

nanoparticles (100 -  200 nm).
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Figure 2.20: TEM images of polymer dispersions (4mg ml ') probe sonicated (lOmin) and 

filtered (0.45pm) a) QH24, b) QL24, c) QH48, d) QL48, e) H24 and f) L24
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2.4 Discussion

Chitosan is a non toxic naturally occurring polymer with wide pharmaceutical applications 

[212-215]. The physicochemical properties of chitosan are influenced by the degree of 

deacetylation and the molecular weight [215, 216]. Chitosan was used here because its 

ability to enhance the penetration of drugs across biological membranes by opening of tight 

junctions can be exploited in the fabrication of a drug delivery system for the oral route [164, 

217-219]. The low solubility of chitosan has been attributed to its high molecular weight and 

degrading the polymer into lower molecular weight chains is known to improve its solubility 

in water [214]. In this project, glycol chitosan (GC) was selected as the starting material as 

the glycol group was responsible for the increased solubility compared to chitosan [150].

Two different molecular weights o f GC were achieved by varying the acid degradation time 

(24 and 48 hrs). It was previously reported by Wang et al that this degradation proceeded at 

a fast rate initially but gradually slowed down due to limited cleavage sites for acid 

hydrolysis [153]. An increase in the molecular weight distribution (Mw/Mn) was also 

expected with longer degradation times but as the product was dialysed using a dialysis 

tubing with MWCO = 12-14000 Da, some small molecular weight fractions would have 

been lost [153]. It was also observed that only compounds with molecular weights which are 

a tenth of the molecular weight cut off point were able to easily diffuse out o f the dialysis 

tubing. Hence it was not surprising when the measured molecular weights of the degraded 

GC and the synthesised chitosan amphiphiles were found to be less than 12000 Da despite 

using the MWCO = 12-14000 Da dialysis tubing.

The attachment o f palmitoyl chains to GC and the méthylation of the amines on the sugar to 

produce quatemary ammonium functional groups were confirmed by NMR. The grafting of 

these 16-carbon-hydrophobic moieties onto the water soluble GC backbone was necessary to 

produce an amphiphilic polymer, capable o f self assembly (Figure 2.21) [164]. After all, it is 

a known fact that the initiation of aggregation was driven by hydrophobic interactions with 

longer alkyl chains promoting aggregation at a lower concentration [184, 190, 195, 201]. 

However, an alkyl chain length beyond 18 carbons would not favour aggregation due to a 

reduction in the flexibility of the polymer [220].
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Figure 2.21 : A ggregation  o f  PG C and G C PQ  in w ater by the hydrophobic effect

It is w orth  m ention ing  that grafting  reactions (e.g. palm itoy la tion) have been prev iously  

reported  to lead to an increase in m olecu lar w eigh t d istribu tion  (M w /M n) such as observed  

in the G C PQ  am phiphiles [154]. T he exp lanation  for th is w as that the attack  by the grafting  

agents occurs random ly, hence p roducing  a heterogeneous popu la tion  o f  hydrophobica lly  

m odified  polym ers [154]. O nce palm itoy la ted , PG C  w as found to have a low  so lub ility  in 

w ater, therefore som e o f  the am phiph iles w ere quatem ised  so that an increase in so lubility  

could be achieved. The G C PQ  am phiphiles had im proved  so lub ility  profiles com pared  to the 

PGC am phiphiles as the q uatem ary  am m onium  functional group increased  the rate o f  

hydration o f  the po lym er in w ater and con tribu ted  to a b e tte r stab ility  o f  the s e lf  assem bled  

aggregates.

M éthylation o f  the am ines w as found to be h igher in the case o f  the low  m olecu lar w eight 

polym ers (Q H 48 and Q L 48 com pared to  Q H 24 and Q L 24) due to increased  steric h indrance 

in the h igher m olecu lar w eight po lym ers as suggested  by W ang  et al [154]. This w as because 

the longer po lym er chains w ere m ore prone to form ing  inter- and in tram olecu lar in teractions.
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thus leading to inter- and intramolecular crowding which then limited quaternisation of the 

tertiary amines on the sugar backbone [154].

For a series of amphiphilic polymers, if  the sugar chain is kept constant, an increase in the 

molecular weight and degree of hydrophobic substitution will decrease the CAC [221-223]. 

To a lesser extent, if the length of the core-forming hydrophobic segment is maintained at a 

constant length, an increase in the length of the hydrophilic chain will cause an increase in 

the value of the CAC [221-223]. The driving force of such aggregation tendency is the 

hydrophobic effect in which a system always seeks to reduce free energy, in this case by 

minimizing unfavourable contact between the hydrophobic chains and the aqueous phase 

through the formation of a hydrophobic core stabilised by a hydrophilic shell [10].

O f the three methods used to determine the CAC of the chitosan amphiphiles, ITC would be 

the most accurate because it did not employ the use of a probe. Furthermore, calorimetry is 

known to be sensitive in detecting enthalpy changes due to the molecular interactions o f the 

polymer aggregates during self assembly [203]. All the thermodynamic quantities for 

micellisation are equivalent in magnitude but opposite in signs to the thermodynamic 

quantities for demicellisation [193]. The ITC showed that the aggregation behaviour o f the 

chitosan amphiphiles was entropy driven and strongly governed by the balance between the 

attractive forces of the hydrophobic groups and the repulsive electrostatic and hydration 

forces of the headgroups [210, 211]. Polymers with higher palmitoylation levels are 

associated with larger entropy gain. On the other hand, the change in enthalpy occurred as a 

result of the removal of large hydrophobic groups from water contact and is determined by 

the sum of the endothermie and exothermic processes involved. The absorption of heat takes 

place when hydrogen bonds between water molecules at the surface of the cavity are broken 

[211]. Heat is also absorbed to overcome charge repulsion between headgroups as such 

repulsion can prevent aggregation [210]. Conversely, heat is released during the formation of 

aggregates and the re-bonding of the water molecules by hydrogen bonding upon removal of 

hydrophobic groups from their water cavity [208, 211]. It appeared that the aggregation 

process of the GCPQ amphiphiles was not only entropy driven but also enthalpy driven as 

demonstrated by their exothermic AHmic apart from their positive ASmic-
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Pyrene and methyl orange have been reported to be able to induce aggregation below the 

CAC due to their hydrophobic nature [183, 192, 201, 224, 225]. However, it was surprising 

that the CAC values obtained by the pyrene method for the chitosan amphiphiles were 

unexpectedly higher than the CAC values determined by ITC; while the CAC values 

determined with methyl orange closely agreed to the ITC. This observation was difficult to 

explain as there were no records o f such findings reported in literature. Consequently, the 

possibility of premicellar aggregation induced by pyrene was ruled out.

Quatemary ammonium ions are known to interact with the anions of methyl orange at 

concentrations far below the CAC [188]. The association of the azo dye -  amphiphilic 

polymer complex is indicated by an abrupt blue shift o f the Imax of methyl orange from 

464nm to a shorter wavelength of approximately 414 -  419nm [187]. At this point the 

methyl orange molecules are bound to the surface o f the cationic aggregates. Upon further 

addition of amphiphiles, this short absorption band will decrease in intensity and another 

absorption band appearing at a longer wavelength (423 -  450nm depending on the polymer) 

will start to increase in intensity, indicating the tme CAC value of the amphiphile. Although 

this occurred for most o f the cationic amphiphiles such as the polyethyleneimine 

amphiphiles [166], methyl orange did not induce aggregation below the CAC of the chitosan 

amphiphiles as the ^max of methyl orange consistently shifted to a shorter wavelength. The 

CAC values obtained using the methyl orange probe agreed closely with those obtained by 

ITC confirming that the reliability of this approach in studying the self assembly o f the 

GCPQ amphiphiles. Despite the minor discrepancies between the three methods, all o f them 

showed that the chitosan amphiphiles had very low CAC values (3 - 1 0 0  pM), thus making 

them potential drug delivery vehicles which are stable to extreme dilution in biological fluids 

[134, 165, 220]. There are not many amphiphilic polymers which have been reported to 

possess such low CAC values in the pM region. An example is the functionalised poly(D,L- 

lactide)-block-poly(ethylene oxide) micelles with CMC values as low as -0.1 -  0.3 pM 

[226] while the majority o f amphiphilic polymers have CAC values typically in the mM 

region such as the mono-endcapped hydrophobically modified poly(sodium acrylate)s (0.2 -

2.4 mM) [205]. The commonly used Pluronic F 127 and Polysorbate 80 have CMC values of 

620 pM [227] and 10.7 pM respectively [10].
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Although the absolute CAC values were different, the relative trend was generally similar in 

that the more hydrophobic polymers stimulated aggregation at a lower concentration. The 

PGC amphiphiles with a higher degree o f hydrophobic substitution had lower CAC values 

than the GCPQ amphiphiles which had additional hydrophilicity imparted by the quatemary 

ammonium function. It has been reported that an increase in molecular weight favours 

aggregation [174]. This was not demonstrated by the data obtained using the ITC and methyl 

orange probe (Table 2.8). However, looking at the CAC values determined using the pyrene 

approach, it was observed that the higher molecular weight chitosan amphiphiles exhibited 

lower CAC values. The hypothesis was that the higher molecular weight chitosan 

amphiphiles had a greater tendency to form multiple inter- and intramolecular bonding 

between the hydrophobic pendant groups, and these bonds were thought to stabilise the 

aggregates [174]. The ability to form inter- and intrapolymer hydrophobic and hydrogen 

bonds contributed to the entropy gain consistent with the aggregation process whereby the 

water structure is lost as a result o f the micellisation event [174]. On the other hand, the 

lower molecular weight amphiphiles were less likely to form multiple hydrophobic inter- 

and intramolecular contacts due to their shorter polymer chains.

Looking at the PCS data, the size of the polymeric nanoparticles formed by self association 

in water seemed to be influenced by its molecular architecture with the lower molecular 

weight amphiphiles forming smaller nanoparticles due to a greater degree of curvature [154]. 

Wang et al demonstrated that the size o f palmitoyl glycol chitosan polymeric vesicles could 

be controlled by controlling the polymer molecular weight [153]. Previous studies on the 

influence o f molecular architecture on vesicle formation o f poly-L-lysine-based polymers 

bearing pendant hydrophobic palmitoyl and hydrophilic polyethylene glycol groups, also 

revealed that the assembly of these polymers into bilayer vesicles was strongly affected by 

the level of hydrophobic substitution besides the molecular weight [154]. Similarly, Bai et al 

reported that the mechanism of association and the strength of interaction during aggregation 

were significantly influenced by molecular architecture and polymer characteristics which 

include the degree of substitution, the chain conformation as well as the hydrophobicity of 

the polymer backbone and pendant groups [195, 196]. As polymer concentration was 

increased, the increase of hydrophobic side group concentration followed, resulting in the 

strengthening of intermolecular interactions between different polymer chains [195]. On the
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other hand, h igher palm itoy la tion  levels on the GC backbone w ould  contribu te  to the 

s trengthening  o f  in tram olecu lar in teractions w ith in  the sam e po lym er chain, favouring  the 

form ation o f  com pact and stable nanoparticles (F igure 2.22) [195].

intramolecular interactions 
within the same chain

intermolecular interactions 
between different chains

Figure 2.22: Intra- and in term olecu lar in teractions o f  ch itosan am phiphiles in w ater 

2.5 C on clu sion

Six glycol ch itosan based am phiph iles w ith  vary ing  degrees o f  hydrophobic  (palm itoyl 

chains) and hydrophilic (qua tem ary  am m onium  m ethyl groups) substitu tions w ere 

synthesised  and s tm ctu rally  characterised . No doubt the hydrophobic palm itoyl chains w ere 

responsib le for the spontaneous aggregation  o f  these am phiph ilic  po lym ers in w ater. S e lf 

assem bly  studies show ed that PG C  and G C PQ  form ed associa tions at very  low  

concen trations (3 -  100pm ) and the size o f  the ir nanopartic les ranged  from  lOOnm to 

500nm . Such a feature m akes them  potential vehicles in the delivery  o f  hydrophobic drugs.
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CHAPTER 3 

Drug Encapsulation Studies

Be anxious fo r  nothings 

but in everything by prayer and supplication, with thanksgiving, 

let your requests be made known to God; 

and the peace o f  God which surpasses all understanding, 

will guard your hearts and minds through Christ Jesus. 

Philippians 4:6-7
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3.1 Introduction

The development of successful drug delivery systems involves the careful considerations of 

numerous aspects, with the first and foremost being the safety and efficacy of the drug 

formulation [139]. Ideally, the concentration of the drug upon reaching the site o f action 

must be high enough to produce a therapeutic effect, yet not too high that it becomes toxic. 

Also, the drug should not exert any detrimental effects to healthy cells. Because of their 

ability to spontaneously form thermodynamically stable self assemblies in water, 

amphiphilic polymers can be used as drug carriers for delivery and targeting [131, 134]. 

Apart from being able to minimise drug degradation or and reduce harmful side effects by 

specific targeting, these polymers are useful in the solubilisation of poorly soluble drugs 

[131, 134]. Furthermore the hydrophobic interior o f the aggregates can serve as a reservoir 

from which the entrapped drug is slowly released over a longer duration of time [134, 152, 

163]. For example, the amphiphilic polymers reported by Djordjevic et al and Kim et al were 

not only able to encapsulate hydrophobic drugs such as triamterene and indomethacin but a 

controlled release of those drugs was also achieved [152, 163].

3.1.1 Aims and Objectives

The aim of this section was to characterise the polymer chemistry features which promote 

the formation of stable drug particles with a high level of drug loading. Cyclosporine and 

griseofulvin were used as hydrophobic model drugs and the amount of drug encapsulated by 

the polymers was measured by high performance liquid chromatography. The objectives 

were to prepare and characterise chitosan amphiphile drug particles for their size and drug 

loading capacity using the model drugs cyclosporine and griseofulvin.

3.1.2 Cyclosporine as a Hydrophobic Model Drug

Cyclosporine (CsA) is a potent immunosuppressant with a narrow therapeutic window used 

as first line to prevent transplant rejection as well as to treat autoimmune diseases [228, 229]. 

This hydrophobic cyclic undecapeptide (C6 2H 111N 1 1O 12) is insoluble in water (20pg ml ' at 

25°C) because of its chemical composition (Figure 3.1) which consists of hydrophobic 

amino acids linked via eleven amide bonds, seven of which are N-methylated [166, 170, 

230]. The four intramolecular hydrogen bonds within the molecule further contribute to the
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rig id ity  o f  its structure [166, 170, 230]. B ecause o f  its lipophilic nature (log P 2 .92) and high 

m olecu lar w eight (1202D a), C sA  is p o orly  absorbed  in the gastro in testinal (G I) tract, g iv ing  

rise to low  bioavailab ility  and inconsisten t pharm acokinetic  p ro files [61, 231-233]. C sA  is 

also a substrate  o f  several m etabo lizing  enzym es w hich include the cy tochrom e P -450 3A 

(C Y P 3A ) and the m ulti-drug  transporter P -g lycopro tein  (P-gp) efflux  pum p w hich  actively  

carries absorbed  C sA  back  into the lum en  [61, 231]. The presence o f  both C Y P3A  and P-gp 

in gastro in testinal cells further lim its the absorp tion  o f  CsA.
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Figure 3.1: C hem ical structure o f  cyclosporine

The first m arketed  oral fo rm ulation  o f  C sA  w as a erude o il-in -w ater em ulsion  

(Sandim m une® ). H ow ever the d raw baek  o f  th is prepara tion  w as that its absorp tion  depended  

on ém ulsification  by b ile  salts and d igestion  by the pancreatic  enzym es resu lting  in 

considerab ly  high inter- and in tra-ind iv idual variab ility  w ith  an oral b ioavailab ility  range o f  

1% to 89%  in transp lan t patients [61, 231, 234-236]. T his consequently  led to the 

developm ent o f  an im proved  fo rm ulation  (Neoral®) w hich is a very  fine m icroem ulsion  

con tain ing  polyoxyl-40  hydrogenated  casto r oil (C rem ophor EL®) w hich served  as the 

surfactan t, com  oil (m ono-, di-, and tri-g lycerides), p ropylene glycol, e thanol and D L- 

tocophero l [61, 237]. This p re-concen trate  form ulation  show ed im proved
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immunosuppressive efficacy due to a more consistent bioavailability and less 

pharmacokinetic variability, consequently transplant patients receiving Neoral® experienced 

less graft rejection compared to Sandimmune® [61, 231].

Besides microemulsions [232], the use of cyclodextrins [238], microspheres [233, 239], 

nanoparticles [166, 228, 229] and liposomes [240] to enhance the oral absorption of CsA 

have been documented. For instance, the microemulsion system formulated by Gao et al for 

oral delivery, demonstrated a 3.5 fold increase in the maximum blood concentration (Cmax) 

o f CsA in rats and a 3.3 fold increase in the area under the curve (AUC) compared to 

Sandimmune®. However, there was no significant difference in the Cmax and AUC when 

compared to Neoral®. The formulation was made of caprylic/capric triglyceride (Captex 

355®) as an oil, polyoxyethylated castor oil (Cremophor EL®) as a surfactant, Transcutol® as 

a cosurfactant and saline [232]. Although cyclodextrins were effective in increasing the 

dissolution rate of CsA, they were found to cause shedding of the intestinal epithelial cells 

and villous atrophy in the everted rat intestinal sac model which raises concerns regarding its 

safety with continuous long term administration [238].

CsA loaded microspheres containing sodium hyaluronate and sodium lauryl sulphate, 

prepared by spray drying showed comparable oral absorption and Cmax values with Neoral® 

[233] and so did the oil-free polyelectrolyte nanosystems developed by Cheng et al [166]. 

On the other hand, the CsA loaded nanoparticles reported by Bekerman et al and Wang et al 

appeared to be slightly superior to Neoral in that higher Cmax (~L2 and 2.0-fold respectively) 

and AUC values (-1.1 and 1.6-fold) were achieved following oral administration [228, 229].

3.1.3 Griseofulvin as a Hydrophobic Model Drug

Griseofulvin is an antifimgal drug used to treat dermatophytoses. Today it is no longer used 

as first line treatment because of its poor physicochemical properties, which make 

formulation and delivery very difficult. The poor solubility (9pg mT^ at 25°C) o f this 

lipophilic compound (log P 2.18) is the cause of its erratic absorption and limited 

bioavailability [241]. Hence, griseofulvin has been replaced with more effective antifimgal 

drugs such as imidazoles and allylamine.
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Figure 3.2: Chemical structure of griseofulvin

Various ways to increase the dissolution rate o f griseofulvin in an attempt to improve its 

bioavailability have been reported, some of which involve a combination of more than one 

method. Particle size reduction by micronisation is a well known technique, frequently 

applied in the formulation of poorly soluble drugs, including griseofulvin [242]. Rapid and 

uniform absorption was reported for micronised griseofulvin dispersed in a com oil-in-water 

emulsion [243]. Meanwhile, solid solutions of griseofulvin demonstrated an improved 

solubility when polyethylene glycol and sodium dodecyl sulphate were used [244]. An 

increase in the dissolution rate o f griseofulvin was also achieved by complexation with p- 

cyclodextrins [245], formulation with nanoparticles [246] or microparticles [247] that 

contain surfactants, and formulation as a fast-disintegrating lyophilized dry emulsion tablet 

[248].

Apart from those methods, lipid based formulations such as microemulsions and self- 

emulsifying systems that have been reported to improve the oral delivery of lipophilic dmgs 

have likewise enhanced the bioavailability of griseofulvin by 2 -fold and even as high as 

nearly 5-fold in a study conducted by Dahan et al (lipid based formulation F = 65.7 ± 10 % 

vs griseofulvin in water F = 13.4 ± 4.7 %) [147, 249, 250]. Another slightly different 

approach to enhance the bioavailability of griseofulvin is by using a bioadhesive polymer i.e. 

poly(acrylic acid) cross-linked with 2,5-dimethyl-1,5-hexadiene, to increase gastrointestinal 

residence time hence allowing for increased contact between griseofiilvin and the absorptive 

membrane [251]. The authors of this study observed an increase in the Cmax and AUC by 

4.22- and 3.97-fold respectively with the bioadhesive polymer formulation when compared 

to the aqueous suspension o f griseofulvin [251].
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3.1.4 High Performance Liquid Chromatography (HPLC)

High performance liquid chromatography (HPLC) is one of the most extensively used 

analytical chromatographic techniques for both quantitative and qualitative analysis 

pharmaceuticals. A sample is passed through a column which is the stationary phase, driven 

by a flow o f liquid mobile phase and the rate of elution depends on the partitioning between 

the two phases. Compounds that partition weakly onto the stationary phase will have a low 

retention time and elute quickly whereas compounds that partition strongly into the 

stationary phase will elute slowly thus having a higher retention time. The retention time of a 

particular compound is influenced by the relative affinities for each phase based on size, 

charge and adsorption (i.e. adhesion to solid or liquid surfaces) [175, 176, 179, 180]. 

Columns are tightly packed with small (3-10pm) uniform particles and are usually either 

straight phase silica gel that retain compounds by polar interactions or the commonly used 

reversed phase octadecylsilane (ODS) where compounds are retained by hydrophobic van 

der Waals interactions [175, 176, 179, ISO]. Analysis of the eluting compounds is achieved 

by using detectors such as the UV spectrophotometer, diode array detectors (monitors 

absorbance over the whole UV spectrum at once), refractometers (monitor changes in the 

refractive index of the solution), fluorimeters (based on fluorescent emission) and 

radioactivity detectors (for radiolabelled compounds) [175, 176, 179, ISO].

3.2 Materials and Methods

3.2.1 Materials

Chitosan Amphiphiles Synthesised in Chapter 2

Cyclosporine LC Laboratories, U.S.

Griseofulvin Sigma-Aldrich Co., U.K.

Acetonitrile Fischer Scientific, U.K.

Tarr-butyl-methyl-ether Sigma-Aldrich Co., U.K.

Phosphoric Acid Fluka, U.K.

Acetic Acid Fluka, U.K.
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3.2.2 Methods

3.2.2.1 Cyclosporine Encapsulation Studies

3.2.2.1.1 Preparation of Drug Loaded Polymer Aggregates

Various concentrations (4mg ml ' to 40mg ml ') of polymer dispersions in distilled water 

were prepared by probe sonication and transferred to glass vials containing pre-weighed CsA 

powder (lOmg). The drug was incorporated into the polymer aggregates by probe sonication 

on ice for 5 min at 75% maximum output. The formulations were stored at 2-8°C overnight 

and analysed the following day.

3.2.2.1.2 HPLC Analysis

The drug encapsulated polymer formulations were filtered (0.45pm) to remove 

unencapsulated drug particles. The filtrate was dissolved in acetonitrile:water (1:1) and 

analysed by the HPLC system equipped with Waters 515 HPLC Pump, Waters 717 plus 

Autosampler and Waters 486 Tunable Absorbance Detector. A reverse phase column, 

Waters Asymmetry Spherisorb 0DS2 (5pm, 250 x 4.6mm) maintained at 80°C with a Jones 

Chromatography Column Heater model 7971 was used. The mobile phase was 

acetonitrile:water:/er/-butyl methyl ether:phosphoric acid (600:350:50:1) at a flow rate of 1.2 

ml min ' and the injection volume was 20pl. The CsA peak was detected at 210nm with a 

retention time of 8.168min. The data was analysed using Waters Empower computer 

software. A calibration curve for CsA (r^>0.99) was obtained using various concentrations of 

standard solutions ranging from 0.5pg ml ' to lOpg ml '.

3.2.2.1.3 TEM and PCS measurements of Cyclosporine Encapsulated Polymer 

Formulations

TEM imaging and PCS measurements were performed on cyclosporine encapsulated 

polymer formulations (polymer to drug ratio = 5:1) as previously described.

3.2.2.2 Griseofulvin Encapsulation Studies

3.2.2.2.1 Preparation of Drug Loaded Polymer Aggregates

Various concentrations (4mg ml ' to 40mg ml ') o f polymer dispersions in distilled water 

were prepared by probe sonication and transferred to glass vials containing pre-weighed
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griseofulvin powder (lOmg). The drug was loaded into the polymer aggregates by probe 

sonication for 5 min at 75% maximum output and the amount of drug incorporated analysed 

by HPLC.

3.2.2.2.2 HPLC Analysis

The drug encapsulated polymer formulations were filtered (0.45pm) to remove 

unencapsulated drug particles. The filtrate was dissolved in acetonitrile:water (1:1) and 

analysed by the HPLC system equipped with Waters 515 HPLC Pump, Waters 717 plus 

Autosampler and Waters 486 Tunable Absorbance Detector. A reverse phase column, 

Waters Asymmetry Spherisorb 0DS2 (5pm, 250 x 4.6mm) maintained at 60°C with a Jones 

Chromatography Column Heater model 7971 was used. The mobile phase was 

acetonitrile : water: acetic acid (700:300:1) at a flow rate of 1.0 ml min* and the injection 

volume was 20pl. The griseofiilvin peak was detected at 292nm with a retention time of 

3.453min. The data was analysed using Waters Empower computer software. A calibration 

curve for griseofulvin (r^>0.99) was obtained using various concentrations of standard 

solutions ranging from 0.5pg ml * to lOpg ml *.

3.2.2.2.3 TEM and PCS measurements of Griseofulvin Encapsulated Polymer 

Formulations

TEM imaging and PCS measurements were performed on griseofulvin encapsulated polymer 

formulations (polymer to drug ratio = 5:1) as previously described.

3.3 Results

3.3.1 Cyclosporine (CsA) Encapsulation Studies

3.3.1.1 CsA loading into chitosan amphiphiles

Figure 3.3 shows the amount of CsA encapsulated by the chitosan amphiphiles in the 

colloidal region. A higher drug loading capacity was observed with increasing concentration 

of the GCPQ amphiphiles. This was because an increase in the polymer concentration would 

consequently lead to an increase in the number and size of aggregates formed and thus more 

available hydrophobic cores for the hydrophobic drug to partition into. The GCPQ 

amphiphiles demonstrated superior encapsulation of CsA in the colloidal region compared to
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the PGC am phiphiles, thus show ing the im portance o f  quatem ary  am m onium  functional 

group. Q H 24 and Q L24 w ere sign ifican tly  b e tte r than the o ther fo rm ulations because o f  a 

h igher m olecu lar w eight than  Q H 48 and Q L 48. On the o ther hand, the PGC am phiphiles 

w ere inso luble at po lym er concen trations o f  20m g m l ' and above. The cloudy d ispersions 

form ed upon  addition o f  C sA  m ade filtration  im possib le  due to a h igh back  pressure from  

the suspension . H ence the am ount o f  d rug  incorporated  at h igher concen trations o f  PG C 

could  not be determ ined. N evertheless, it w as observed  that the m axim um  dm g loading 

capacity  had already  been  achieved at low er concen trations o f  the PG C am phiphiles. The 

am ount o f  C sA  incorporated  by H24 and L24 at po lym er concen trations o f  lOmg m l ' and 

15mg m l ' d id not differ, ind icating  that the m axim um  am ount o f  C sA  that could  be 

encapsu lated  by  the PG C  am phiphiles in this co llo idal reg ion  w as 0 .1 8m g m l ' and it was 

likely  that this figure w ould  not increase even i f  h igher PG C concen trations w ere used. 

H ow ever, as un im pressive as this m ay  seem , 0 .1 8m g ml ' is close to a 10-fold increase 

com pared  to C sA  in w ater (in trinsic so lub ility  =  2 0 p g  ml ').

h QH24
□ QL24
h QH48

QL48
□ H24
b L24

10 15 20 25

c o n c e n tra tio n  o f po ly m er so lu tio n s  (mg/ml)

Figure 3.3: E ncapsula tion  o f  excess C sA  (lO m g) by  ch itosan  am phiphiles (co llo idal fraction 

after filtration  through 0.45 pm  filters) at various concen trations, at 2-8°C , n =  3

* =  statistical sign ificant d ifference (p<0.05) from  fo rm ulations at the sam e po lym er 

concentration
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Figure 3.4: H PLC  chrom atogram  o f  CsA  

3.3.1.2 TEM and PCS measurements

A fter filtration to rem ove excess undisso lved  C sA , the drug loaded po lym er fo rm ulations 

appeared  clear both for the G C FQ  and PGC am phiphiles (Table 3.1). B efore filtration , the 

G C PQ  am phiphiles w ere translucent w hile the PGC am phiphiles w ere cloudy. A fter 

overn igh t storage in tem peratures o f  2 -8°C , the G C PQ  form ulations w ere sligh tly  c learer and 

the PG C  form ulations appeared  less cloudy  but no t translucent. From  the PCS data, it could 

be observed  that there w as an increase in the size o f  the aggregates after accom m odating  

C sA  in their hydrophobic dom ains (T able 3.2). C sA  has a high m olecu lar vo lum e hence by 

occupy ing  the cores o f  the aggregates, the drug  caused the expansion  o f  the resu lting  

nanosystem .

It can be observed from  F igure 3.5 that the filtered  po lym er d ispersions had good 

polydispersities in the absence o f  a hydrophobic drug, desp ite  hav ing  m ore than  one 

popu lation  size. The polydispersities w ere h igher in the C sA  loaded p o lym er form ulations, 

w ith the larger aggregates (500 nm ) being  m ore in abundance than the sm aller aggregates 

(100 nm ) as show n in F igure 3.6.
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The T E M  (F igure 3.7) show ed a range o f  size for the nanoparticles from  lOOnm to 500nm , 

som e o f  w hich w ere close to the m ean  partic le  size m easured  by the PCS. In general, the 

po lym er aggregates w ere spherical in shape. The absence o f  C sA  crysta ls dem onstrated  that 

the drug  had been incorporated  into the hydrophobic cores o f  the po lym er aggregates and 

that any rem ain ing  unencapsulated  drug  had been  filtered  out.

Table 3.1: A ppearance o f  C sA  loaded po lym er fo rm ulations before and after filtration  

(0 .45pm ), po lym er:drug  =  5:1 (5m g m l '  o f  po lym er to Im g  m l ' o f  C sA )

Polym er Before filtration A fter filtration

Q H 24 T ranslucen t C lear

Q L24 T ranslucen t C lear

Q H 48 T ranslucen t C lear

QL48 T ranslucen t C lear

H24 C loudy C lear

L24 C loudy C lear

Table 3.2: F iltered  (0 .45pm ) po lym er form ulations w ith and w ithout C sA , po lym er:d rug  =

5:1 (5m g m l ' o f  po lym er to 1 m g ml" ' o f CsA)

Polymers Polymer in W ater Polymer with Encapsulated CsA

Mean Size (nm) Polydispersity Mean Size (nm) Polydispersity

Q H 24 212.3 &28 32&8 0.55

Q L24 184.4 0 . 2 0 2363 0 J 8

Q H 48 201.4 0.29 244.2 0.25

Q L48 119.9 0.92 2 0 2 2 0.14

H24 24T5 0.52 479.9 0.77

L24 2 2 0 . 0 (163 360.1 0.94
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Figure 3.7: TEM images of CsA encapsulated polymers probe sonicated and filtered 

(0.45pm) a) QH24, b) QL24, c) QH48, d) QL48, e) H24 and f) L24, polymer.drug = 5:1 

(5mg m l' of polymer to Img m l' of CsA)
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3.3.2 Griseofulvin Encapsulation Studies

3.3.2.1 Griseofulvin loading into chitosan amphiphiles

Figure 3.8 show s the am ount o f  griseofu lv in  encapsulated  by the ch itosan  am phiphiles in the 

collo idal region. As the po lym er concen tration  w as increased, the am ount o f  g riseofu lv in  

incorporated  into the aggregates and hence so luble  in w ater w as h igher. A gain  th is w as 

attribu ted  to the increase in the am ount o f  hydrophobic cores for g riseo fu lv in  to reside in so 

that unfavourab le contact w ith w ate r m olecu les could be avoided. O nce again , the 

quaternary  am m onium  functional groups contribu ted  to the enhanced  encapsu lation  

effic iency  o f  the G C PQ  am phiphiles.

h QH24
q QL24
y  QH48

QL48
□  H24
y  L24

0 .8

o 0.6

10 15 20 25

co n c en tra tio n  o f po lym er so lu tio n s  (mg/ml)

Figure 3.8: E ncapsu la tion  o f  excess g riseofu lv in  (lO m g) by ch itosan  am phiph iles (co llo idal 

fraction afte r filtration  th rough 0.45 p m  filters) at various concentrations, at 25°C , n =3

* = statistica l sign ifican t d ifference (p<0.05) from  form ulations at the sam e p o lym er 

concentration , ® =  statistical sign ifican t d ifference (p<0.05) betw een L24 and H 24

A t concen trations o f  6 -  20m g m l ', Q H 48 w as sign ifican tly  b etter than the o ther 

form ulations. O f  the tw o PG C am phiphiles, L24 dem onstrated  a h igher drug loading  

capacity  than  F124 at 10 -  20m g ml '. A s occurred  w ith  CsA, the cloudy  d ispersions form ed 

at high concen trations (i.e. > 20m g m l ')  o f  PG C m ade filtration  im possib le, thus the am ount
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o f  drug incorporated  at such polym ers concentrations eould  not be determ ined  unlike the 

G C PQ  am phiphiles. The m axim um  drug loading capacity  ach ieved  by  the PG C am phiph iles 

w as 0 .13m g ml ' for H 24 and 0 .23m g ml ' for L24 and these figures w ere un likely  to 

increase because additional po lym er (i.e. h igher eoncen trations o f  PG C ) could no longer be 

incorporated  into the aqueous m edia.
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Figure 3.9: H PLC  chrom atogram  o f  griseofu lv in  

3.3.2.2 TEM and PCS measurements

T he filtered drug  loaded po lym er form ulations w ere clear as filtration w ould  ev idently  

rem ove not only  excess undisso lved  g riseofu lv in , bu t also the larger nanopartieles form ed by 

the ch itosan am phiphiles (T able 3.3). H ow ever, before filtration, both the G C PQ  and PG C 

am phiph iles appeared c loudy  due to  undisso lved  griseofu lv in  d ispersing  in w ater, w hieh 

w ould  eventually  preeip ita te  out o f  so lu tion  i f  left to stand for longer periods. T he PCS data 

show ed an inerease in the size o f  the aggregates afte r incorporation  o f  g riseofu lv in  (Table 

3.4). The po lyd ispersities w ere also w ider in the g riseofu lv in -loaded  po lym er form ulations 

com pared  to the drug free po lym er d ispersions. In F igure 3 .10, the first peak, w hich 

represen ted  the volum e o f  sm all aggregates (<50 nm ), w as h igher than the second peak, 

w hich  corresponded to the volum e o f  large nanopartieles (100 -  500 nm ). In F igure 3.11, it 

can be seen that upon eneapsu lation  o f  griseofu lv in , the second peak  (500 nm ) w as h igher 

than  the first (50 -  100 nm ), suggesting  that the aecom m odation  o f  g riseofu lv in  into the 

hydrophobic cores o f  the aggregates led to an inerease in partic le  size.
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The TEM (Figure 3.12) showed that QH24 and H24 formed small micelles (<100nm) which 

had the tendency to associate with each other and transform into large nanopartieles 

(~250nm). The same observation was reported by Qu et al, where the micelles hierarchically 

organised themselves to form larger aggregates by intermolecular bridging between two 

micelles [174]. The authors also suggested that the presence of a hydrophobic drug induced 

the aggregation of the small clusters of micelles leading to the formation of a more dense 

nanoparticle [174]. The size observed in TEM was smaller than the mean particle size as the 

PCS measures the hydrodynamic radius of the particle which could be slightly larger than 

the actual geometrical radius due to hydration o f the particles by water molecules.

Table 3.3: Appearance o f griseofulvin loaded polymer formulations before and after 

filtration (0.45pm), polymer: drug = 5:1 (5mg m f' o f polymer to Img ml* of griseofulvin)

Polymer Before filtration After filtration

QH24 Cloudy Clear

QL24 Cloudy Clear

QH48 Cloudy Clear

QL48 Cloudy Clear

H24 Cloudy Clear

L24 Cloudy Clear

Table 3.4: Filtered (0.45pm) polymer formulations with and without griseofulvin, 

polymer: drug = 5:1 (5mg ml* of polymer to Img ml* of griseofulvin)

Polymers Polym er in W ater Polym er with Encapsulated griseofulvin

M ean Size (nm) Polydispersity M ean Size (nm) Polydispersity

QH24 212.3 0.28 262.5 0.91

QL24 184.4 0 . 2 0 281.5 0.97

QH48 201.4 0.29 250.9 0.46

QL48 119.9 0.92 232.8 0.27

H24 244.5 0.52 401.5 0.92

L24 2 2 0 . 0 0.63 383.6 0.79
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Figure 3.12: TEM images of griseofulvin encapsulated polymers probe sonicated and fdtered 

(0.45pm) a) QH24 and b) H24, polymendrug = 5:1 (5mg ml ' of polymer to Img ml ' of 

griseofulvin)
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3.4 Discussion

It has been appreciated that compared to the low molecular weight surfactants, amphiphilic 

polymers are more stable because o f their lower CAC values, hence making them more 

reliable as drug carriers. The low CAC ensures that the polymeric aggregates do not 

dissociate when diluted in large volumes of biological fluids causing premature precipitation 

o f the encapsulated drug before reaching its targeted site of action [2, 134, 156]. At the CAC 

and concentrations slightly above it, the amphiphilic polymers begin to self assemble into 

loose aggregates while co-existing in equilibrium with individual polymer chains or 

monomers [134, 152]. Some water may still be present in the cores of these loose aggregates 

but as the polymer concentration further increases, the monomer-micelle equilibrium shifts 

towards micelle formation and the aggregates become more condensed and stable, excluding 

residual solvent out of their cores [134, 152]. The water distribution within the aggregates is 

anisotropic, with water concentration being highest at the surface o f their hydrophilic shells 

and gradually decreasing towards the interior core so that their hydrophobic domains are 

completely water free [131]. The position of a drug molecule will therefore depend on its 

polarity, with the hydrophobic compounds favourably sitting in the core and substances of 

intermediate polarity positioning themselves at the outer shell-inner core interface [131].

Both CsA and griseofulvin were loaded into the aggregates by physical entrapment without 

the use of any organic solvent to first dissolve the drug. The input of ultrasonic energy by 

probe sonication facilitated the association between the drug and the hydrophobic cores of 

the polymer aggregates. Drug loading studies reported in literature commonly employ the 

dialysis method and the oil in water emulsion method which both involve the use of organic 

solvents such as chloroform, dimethylformide and ethanol [2, 143, 152, 156, 158, 163]. 

Briefly, the drug is dissolved in the organic solvent and dialysed against the polymer in 

water [2, 143, 163]. Alternatively, both drug and polymer can be dissolved in the organic 

solvent miscible with water and the mixture dialysed against water [158]. The oil in water 

emulsion technique begins with dissolving the drug in a volatile, water immiscible solvent 

and adding it dropwise into water (which contains the polymer) with vigorous stirring in an 

open air system so that the organic solvent can be evaporated off [152, 156, 158]. The main 

disadvantage of these methods is that residual traces of organic solvent may still remain in
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the formulation if the dialysis was insufficient or if completed evaporation of the solvent is 

not achieved.

Encapsulation of CsA and griseofulvin was thermodynamically driven by the hydrophobic 

effect similar to the self assembly of the polymer in water whereby the free energy of the 

system was decreased by the removal of hydrophobic fragments from the aqueous 

environment [134]. The hydrophobic nature of these two model drugs, reflected by their high 

log P values (log P of CsA = 2.92, log P of griseofulvin = 2.18), caused the favourable 

partitioning of these drugs into the hydrophobic cores formed by the palmitoyl chains of the 

chitosan amphiphiles.

Most drug loading studies usually involved a filtration step to remove any excess drug [2, 

152]. An alternative to filtration is centrifugation [246]. It should be noted that filtering the 

drug loaded polymer formulations has the disadvantage of removing some of the larger 

nanopartieles, which also have the ability to incorporate hydrophobic drugs. Thus the drug 

loading capacity of the polymer could have been underestimated, especially if  the polymer 

had the tendency to form aggregates larger than 500nm during self assembly. Also it must be 

emphasised again that it was the colloidal region (particle size range of less than 450nm) 

studied for the drug encapsulation efficiency o f the chitosan amphiphiles.

The loading capacity of any drug carriers will depend on a variety o f factors for instance the 

chemical structure and polarity of both drug and carrier as well as temperature and pH [134]. 

For the CsA encapsulation studies, the formulations were stored at 2-8°C overnight to allow 

more drug to partition into the polymer aggregates because the solubility of CsA was better 

at lower temperatures [166, 252]. CsA exhibited unusual solubility behaviours in that, its 

solubility is inversely proportional to temperature i.e. the intrinsic solubility of CsA 

decreases with increasing temperature [252]. According to Molpeceres et al, the solubility of 

CsA in water at 10°C was 134.84pg ml ’ but it decreased to 3.69pg ml ’ at 37°C [230]. 

Augustijns et al also reported that CsA was more soluble at lower temperatures, with a 

solubility of 72pM (86.54pg ml ’) at 5°C which dropped by more than an order of 

magnitude at 37°C [169].
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The differences in solubility are attributed to the rigid conformation adopted by CsA due to 

the stronger intramolecular hydrogen bonds at higher temperatures which then decrease the 

solvation of CsA. A decrease in temperature causes weakening of these bonds which 

consequently leads to an increase in solubility, which was why the polymer formulations 

containing CsA had to be sonicated on ice. Subjecting the CsA loaded formulations to lower 

temperatures of 2-8°C increased the solubility o f CsA and allowed for more drug 

incorporation into the aggregates, and this was reflected in the improved appearance of the 

formulations i.e. the GCPQ formulations appeared clearer than it did at room temperature 

and the PGC formulations looked less cloudy although not translucent. Cheng et al reported 

a transformation from clear isotropic liquids to translucent dispersions when the polymer 

formulations containing CsA were left to stand at 25 and 37°C [166]. The increase in 

solubility o f CsA at low temperatures also accounted for the higher encapsulation levels 

observed with CsA compared to griseofulvin.

O f the two hydrophobic drugs, griseofulvin had a lower molecular volume and a lower log P 

and was expected to be better incorporated into the polymer aggregates. However, 

griseofulvin has a lower solubility (9pg ml'*) than CsA (20pg ml ‘) due to its high crystal 

lattice energy, as reflected in its high melting range between 217 -  224°C [253] while CsA 

has a melting point of 148 -  151°C [254]. The melting points o f solids are indicators of 

molecular cohesion and a trend of decreasing aqueous solubility has been associated with 

increasing melting point [10]. Poor solubility arises from an increase in energy required to 

overcome the intermolecular attractive forces o f the griseofulvin molecules, separate them 

from of the crystalline lattice and immerse the solute molecules in the solvent [16]. This 

explains why the amount o f griseofulvin encapsulated by the polymers were far lower than 

the amount of encapsulated CsA.

In terms of polymer chemistry, this study showed that the GCPQ amphiphiles had a higher 

drug loading capacity than the PGC amphiphiles and this was attributed to presence o f the 

quaternary ammonium function. With reference to Figures 3.3 and 3.8, the amount of CsA 

and griseofulvin incorporated into solution by QH24, QL24, QH48 and QL48 were more 

than double the amount of hydrophobic drug encapsulated by H24 and L24. Firstly,
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quaternisation was found to increase the solubility of the GCPQ amphiphiles allowing higher 

concentrations of the polymer to dissolve in water and form clear micellar liquids. 

Consequently this led to the formation of more aggregates available for the incorporation of 

the hydrophobic drug. On the other hand, the number o f aggregates formed by the PGC 

amphiphiles was limited by the low water solubility o f PGC amphiphiles, hence it was not 

surprising that the PGC amphiphiles did not exhibit a high drug loading capacity.

Secondly, the quaternary ammonium function led to the formation of smaller nanopartieles 

by repulsion of the positive charges on the sugar backbone. The GCPQ nanopartieles 

containing CsA had a size range of 202.2 -  328.8 nm while the CsA-loaded PGC 

amphiphiles formed larger aggregates o f 360.1 -  479.9 nm (Table 3.2). Similarly, the GCPQ 

nanopartieles containing griseofulvin were smaller in size (268.9 -  311.1 nm) than the 

griseofulvin-loaded PGC aggregates (395.6 -  401.5 nm) (Table 3.4). Furthermore, it was 

suggested that intermolecular interactions between different polymer chains could be due to 

insufficient shielding of the hydrophobic cores from the aqueous environment by the 

hydrated corona [255]. This increase in intermolecular interactions between the PGC 

amphiphiles consequently led to the formation o f larger nanopartieles which could have been 

filtered out along with a portion of encapsulated drug (Figure 3.13). In contrast, the 

quaternary ammonium function ensured sufficient hydration of the hydrophobic cores, hence 

making it possible for the GCPQ amphiphiles to form smaller aggregates by having more 

intramolecular interactions than intermolecular associations between different chains.

For CsA, QH24 and QL24 demonstrated remarkable drug loading capacity. This superiority 

was attributed to the higher molecular weight as well as the higher hydrophobic to 

hydrophilic ratio of these two polymer compared to QH48 and QL48 (Table 3.5). The 

molecular weight of the polymer has an impact on micelle stability, with the higher 

molecular weight polymers forming more stable aggregates [174]. The enhanced stability 

with increasing molecular weight is reflected in the influence of molecular weight on the 

dmg loading capacity of the polymer [174]. Qu et al showed that for polymers with the same 

levels of hydrophobic and hydrophilic substitutions, the polymer with a higher molecular 

weight demonstrated superior encapsulation of propofol and prednisolone [174].
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Figure 3.13: Schematic representation of the effect of filtration on the drug loaded chitosan 

amphiphiles, only encapsulated drug could pass through the filter, free drug that did not 

dissolve was removed and so were the larger aggregates of PGC.
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Table 3.5: Polymer Chemistry Features o f  the Chitosan Amphiphiles

Polymer Average Palmitoylation Q uaternisation Hydrophobic to

Mw (mole % ) (mole % ) Hydrophilic ratio

QH24 12195 16.144 ± 1.101 8.296 ± 1.321 1.945998

QL24 11475 14.458 ±2.288 8.071 ±1.544 1.791352

QH48 8698 15.484 ±0.488 11.424 ±0.636 1.355392

QL48 8183 9.024 ± 1.272 14.499 ±4.108 0.622388

H24 16030 49.486 ±8.971 non quatemised -

L24 13389 27.148 ±4.367 non quatemised -

As previously stated, the repulsion by the quaternary ammonium function increased the 

curvature of the aggregates, leading to the formation of smaller and more spherical 

nanopartieles [139]. Because of higher quaternisation levels and a lower molecular weight, 

QH48 and QL48 had smaller hydrophobic cores to accommodate CsA (Figure 3.14). CsA 

has a high molecular weight of 1202 Da and thus a high molecular volume. An increase in 

the size of the hydrophobic core afforded by high palmitoylation levels would therefore 

facilitate the incorporation o f CsA as observed with QFI24 and QL24 [134]. Drug 

encapsulation studies conducted by Qu et al demonstrated that the formation of more apolar 

domains assisted the incorporation of higher amounts of hydrophobic drug into the aqueous 

media, hence the more hydrophobic the polymer, the greater the amount o f drug 

encapsulated [174]. For the same reason, QH48 was superior to QL48 in the encapsulation 

of griseofulvin.

The results also showed that in the case of griseofulvin, QH48 was superior to QH24 and 

QL24 for more than one polymer concentration (6 -  20mg ml'^). Griseofulvin has a lower 

molecular weight (352.8 Da) than CsA and also a smaller molecular volume. It is possible 

that some of the aggregates formed by QH48 were too small to accommodate large amounts 

of CsA but sufficient enough to incorporate high amounts o f griseofulvin, thus accounting 

for the good encapsulation for griseofulvin shown by QH48. A possible explanation was that 

probe sonication increase the interaction between griseofulvin and the chitosan amphiphiles 

and when the drug had a small molecular weight, it easily came into contact with the
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hydrophobic cores o f  sm aller aggregates (F igure 3.15). H ow ever, at h igher concen trations o f  

30 -  40m g ml ',  it w as observed  that Q H 24 and Q L24 w ere equ ivalen t to Q H 48 in the 

encapsulation  o f  griseofu lv in , suggesting  that there w as no d ifference in the size o f  their 

aggregates and that the larger apolar dom ains form ed at h igher concen trations p layed  a m ore 

sign ificant role in drug encapsulation. In o ther w ords, the aggregates could  have increased  in 

size as the concentration  o f  the po lym er w as increased.

#

aggregates formed by the 
lower molecular weight 
chitosan amphiphiles 
e.g. QH48 and QL48

aggregates formed by the 
higher molecular weight 

chitosan amphiphiles 
e.g. QH24 and QL24

—  glycol chitosan backbone

—  palmitoyl chains

#  quarternary ammonium functions

CsA with a large molecular volume

Figure 3.14: Schem atic represen ta tion  o f  the effect o f  m olecu lar w eight on the aggregate size 

form ed by ch itosan am phiphiles, a h igher encapsu lation  o f  C sA  w as ach ieved  w hen larger 

hydrophobic dom ains w ere form ed, w hich w ere in turn  favoured  by  a h igher m olecu lar 

w eight.
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Higher kinetic energy of the  
smaller QH48 nanopartieles

Lower kinetic energy of the  
larger QH24 nanopartieles

—  glycol chitosan backbone

—  palmitoyl chains

#  quarternary ammonium functions

0 ^  griseofulvin with a small molecular volume

Figure 3.15: Schem atic represen ta tion  o f  the effect o f  nanoparticle  size on the encapsulation  

efficiency  o f  a hydrophobic drug w ith  a sm all m olecu lar volum e, sm aller partic les d iffused  

at a h igher rate, and contact w ith griseofu lv in  w as increased  thus assisting  its partition ing  

into the hydrophobic cores.

In this study  the am ount o f  drug w as fixed at lOm g m l ',  and concen trations o f  the ch itosan  

am phiph iles w ere varied. The increase in drug  loading capacity  observed  w ith increasing  

po lym er concentrations can be in terpreted  in tw o w ays w hich  lead to  a sim ilar conclusion . 

T he first in terpretation  w as that increasing  the po lym er concen tration  increased the 

concen tration  o f  the hydrophobic dom ain  thus enabling  m ore drug  to be incorporated . A nd 

the second in terpretation  w as that the feed ratio  o f  po lym er to drug affected  the 

encapsulation  efficiency  o f  the form ulation. D jord jev ic et al show ed that the encapsu lation  

efficiency  w as strongly  influenced  by  the drug to po lym er feed ratio  (by w eight) [152]. In 

their study, the h ighest en trapm ent o f  their hydrophobic m odel drug, indom ethacin  w as 

ob tained  w hen the h igher m olecu lar w eight hydrophilic  b lock  w as used  and the best feed
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ratio was when the amount of polymer was ten times the amount of drug [152]. This was 

observed with QH48 loaded griseofulvin, whereby at certain feed ratios o f polymer to drug, 

the encapsulation efficiency was superior to the other chitosan amphiphiles.

3.5 Conclusion

The efficiency of drug encapsulation by the chitosan amphiphiles was found to be dependent 

on the polymer chemistry i.e. molecular weight as well as palmitoylation and quaternisation 

level. Firstly, a high molecular weight favoured drug loading, especially for drug compounds 

with high molecular volume such as cyclosporine. This is due to the ability o f the higher 

molecular weight polymers to form larger aggregates with bigger hydrophobic domains in 

which the hydrophobic drug can reside in. Secondly, while a certain degree of hydrophobic 

substitution was essential to promote the aggregation of the nanopartieles, high 

palmitoylation levels can also limit the amount of polymer that can be incorporated into the 

aqueous media and this in turn can severely reduce drug loading as observed with the PGC 

amphiphiles. Thirdly, the quaternary ammonium function directed the GCPQ amphiphiles to 

form highly stable micellar aggregates and enhanced the drug loading ability o f the resulting 

nanosystem. Also, higher drug encapsulation was achieved with higher concentrations o f the 

chitosan amphiphiles.
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CHAPTER 4 

Oral Absorption Enhancement 

by Chitosan Amphiphiles: 

In Vivo Proof of Concept

Surely He has borne our griefs,

And carried our sorrows,

Yet we esteemed Him stricken.

Smitten by God, and afflicted.

But He was wounded fo r  our transgressions.

He was bruised fo r  our iniquities.

The chastisement fo r  our peace was upon Him, 

And by His stripes we are healed.

All we like sheep have gone astray.

We have turned, every one, to his own way. 

And the Lord has laid on Him the iniquity o f  us all. 

Isaiah 53:4-6
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4.1 Introduction

The oral route is the most convenient and acceptable choice o f drug administration in the 

treatment of many diseases, with good patient compliance [2, 256]. However, the oral 

delivery o f 50% of drug compounds is hampered by their poor solubility in water, which 

subsequently leads to unsatisfactory bioavailability profiles, sub-therapeutic blood levels and 

lack of dose proportionality [147, 257]. For this reason, poor solubility remains a major 

challenge in the formulation of hydrophobic drugs, consequently contributing to 40% of 

drug failures at the development stage [80]. At the Drug Delivery Technologies & Deal- 

Making Summit in September 2005, the statistics pointed out that 10% of marketed drugs 

have solubility problems; more than a third of drugs being developed in the pipeline are 

poorly soluble; and nearly two thirds of drugs coming directly from synthesis have low 

solubility [258]. For hydrophobic compounds, the poor dissolution in the gastrointestinal 

lumen is the rate limiting step in drug absorption. Consequently, the absorption of poorly 

soluble drugs is often erratic and inconsistent, resulting in high inter and intra-patient 

variability [147]. One approach to enhance the oral absorption and bioavailability of 

hydrophobic drugs is by formulating polymer based delivery systems, which apart from 

improving drug dissolution rates, can provide some level of protection against pH changes 

and degrading enzymes in the gastrointestinal tract, prolong the retention time of the drug at 

the absorptive sites as well as facilitate drug transport across epithelial barriers [2].

4.1.1 Aims and Objectives

In this chapter, the ability of the chitosan amphiphiles to enhance the oral absorption of 

cyclosporine, griseofulvin and ranitidine was investigated. Cyclosporine has a high 

molecular weight, a high molecular volume and a high log P which renders it poorly soluble 

in water. These features are known to hinder its absorption in the gastrointestinal tract apart 

from the fact that it is a substrate of the P-glycoprotein efflux pump as well as the 

cytochrome P-450 metabolizing enzyme. The working hypothesis states that the chitosan 

amphiphiles promote absorption by increasing both drug solubility and gut permeability. 

Griseofulvin was selected as the model drug because it is a Class II drug in that it has low 

solubility but good intestinal permeability. An enhancement in griseofulvin absorption 

would be an indication that the polymer works by increasing the solubility of hydrophobic
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drugs. On other hand, ranitidine was used as the model drug because it falls into the Class III 

category of high solubility but low permeability drugs and the aim was to investigate if the 

polymer could also increase gut permeability and therefore improve the absorption of 

ranitidine.

4.1.2 The Biopharmaceutics Classification System (BCS)

The Biopharmaceutics Classification System (BCS) categorizes drugs into four groups 

(Table 4.1) based on their aqueous solubility and intestinal permeability. The BCS is used to 

characterise the influence of solubility and permeability on the rate and extent o f drug 

absorption in the gastrointestinal (GI) tract [259], taking into account the physicochemical 

properties of a drug and its formulation as well as the physiology o f the oral route [260]. The 

absorption o f an oral formulation is a complex process which involves several events i.e. a) 

the dissolution of the drug from the solid dosage form, b) the solubility of the drug as a 

function of its physical and chemical characteristics, c) the effective permeability of the drug 

at the intestinal membrane and d) the pre-systemic metabolism of the drug [259]. Pick’s First 

Law can be applied to the intestinal membrane with the absorption across the mucosal 

surface represented by the equation J = ?w x Cw where J is the flux or mass transported 

across the gut wall, ?w is the effective permeability o f the drug at the epithelial membrane 

and Cw is the concentration of the drug at the membrane [260-262].

Drugs with high solubility and higher permeability are classified as Class I and they are 

predicted to be well absorbed when administered orally. On the contrary, the oral 

bioavailability of compounds in the Class II, III and IV categories can be severely restricted 

by their poor solubility, poor permeability or both, hence presenting a challenge to the 

development of such products with acceptable amount of drug that arrives in the systemic 

circulation [256]. Class II drugs have too low a solubility to be consistent with complete 

absorption, despite having good intestinal membrane permeability. Conversely, complete 

absorption o f Class III compounds is hampered by their inability to penetrate the gut wall 

due to such low permeability, even though they have good solubility. Meanwhile those that 

fall into the Class IV category have neither sufficient solubility nor permeability for good 

absorption to be achieved [263].
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Table 4.1: The Biopharmaceutics Classification System  (B C S ) [2 6 0 -2 6 2 ,  264 , 265]

Class I Class II

H.CO

High solubility  

H igh perm eability  

e.g. m etoprolol

Low  so lubility  

H igh perm eab ility  

e.g. g riseofu lv in

ÇH,

OCH,

Class III Class IV

H3C.
N

CH3

High so lubility  

Low  perm eab ility  

e.g. ranitid ine

.0 ,
w  / / I 'CHr,

N O ,

L ow  so lubility  

Low  perm eab ility  

e.g. fu rosem ide

F  o

4 . 1 . 3  Radioimmunoassay (RIA)

The princip le  o f  rad io im m unoassay  (R IA ) is based  on com petitive b ind ing  betw een tw o 

antigens (i.e. the rad ioactively  labelled  antigen and the un labelled  an tigen) onto specific 

an tibodies (F igure 4.1).

C sA  was first ex tracted  from  w hole b lood  using  m ethanol. The m ethanol ex tracts contain ing  

unlabelled  C sA  w ere incubated  w ith  constan t am ounts o f  '^"I-labelled C sA  and A nti- 

C Y C  LO -Trac SP Im m unosep for one hour [266]. D uring th is period, the '^^I-labelled C sA  

and the un labelled  C sA  w ill both  com pete for a lim ited  num ber o f  specific an tibody  b ind ing  

sites. A fter incubation, the sam ples w ere cen trifuged  to p recip ita te  the bound an tigen- 

an tibody  com plex  [266]. T he rem ain ing  free and unbound C sA  in the supernatan t w as 

decanted  and the rad ioactiv ity  o f  the pelle t w as counted  using a gam m a scin tilla tion  coun ter 

[266]. The rad ioactiv ity  o f  the pellet is inversely  p roportional to the concentration  o f  C sA  in 

the sam ple.
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addition of unlabelled CsA ^  ^ w j
J  from blood samples X  m w

T Y #
i25|-iabelled C sA  ■

unlabeled CsA

*
0 0 ^ 0  free unbound antigen left

• • • in the supernatant

precipitation of the heavier 
bound complex as pellets

Figure: 4.1: Schem atic represen ta tion  o f  the RIA  principle
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4.2 Materials and Methods

4.2.1 Materials

Chitosan Amphiphiles Synthesised Chapter 2

Cyclosporine LC Laboratories, U.S.

Neoral® lOOmg ml * oral solution Norvatis Pharma SA, France

Griseofulvin Sigma-Aldrich Co., U.K.

Ranitidine Sigma-Aldrich Co., U.K.

Sodium Hydroxide Fluka, U.K.

Sodium Chloride Sigma-Aldrich Co., U.K.

Ethyl Acetate Sigma-Aldrich Co., U.K.

Cyclo-Trac SP-Whole Blood Radioimmunoassay Kit DiaSorin Inc., U.K.

Acetonitrile Fischer Scientific, U.K.

Methanol Fischer Scientific, U.K.

Acetic Acid Fluka, U.K.

Ammonium Acetate Fluka, U.K.

4.2.2 Methods

4.2.2.1 Cyclosporine Oral Absorption Studies

4.2.2.1.1 Preparation of polymer formulations containing cyclosporine

The polymers (15mg ml'*) were formulated with cyclosporine (2mg ml'*) in distilled water 

by probe sonication on ice for lOmin at 75% of its maximum output. The formulations were 

stored overnight at 2-8°C. The commercial formulation Neoral was diluted to a concentration 

of 2mg ml‘*. A suspension of CsA in water (2mg ml'^) was also prepared as the control. Prior 

to oral administration, all formulations were analysed by HPLC to determine the exact 

concentration for dose calculations.

4.2.2.1.2 Cyclosporine In Vivo Studies

Male Wistar rats (weight 200-250g) were starved for 12 hours before dosing and for a 

further 4 hours thereafter. The rats had free access to water throughout the study. Unfiltered 

cyclosporine (7.5mg kg *) formulations were given to rats by oral gavage in a single dose
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(~2ml) [166]. Approximately 0.3ml of blood was sampled from the tail vein at Ih, 2h, 4h 

and 6 h post administration. The animals were killed after 24h which was the last time point 

o f the experiment and 2ml of blood was obtained by cardiac puncture. Filtered polymer 

formulations containing CsA were also dosed to the rats for comparison.

4.2.2.1.3 Blood Sample Analysis

Cyclosporine blood levels were analysed using a specific monoclonal antibody 

radioimmunoassay kit (Cyclo-Trac SP-Whole Blood Radioimmunoassay Kit, Diasorin Inc., 

U.K.) according to the manufacturer’s instructions [266]. Briefly, the whole blood samples 

were first extracted with methanol, vortexed for 30s and centrifuged at 1600g for 5min at 

room temperature. 50pl of methanol extract supernatant was added to lOOpl of Cyclo- 

Trac SP and 1ml of Anti Cyclo-Trac SP and the mixtures were incubated for Ihr at room 

temperature. After that, the mixtures were centrifuged at 1600g for 20min at room 

temperature, the supernatant was immediately decanted and the radioactivity of the 

precipitate in each tube was determined using a gamma scintillation counter (Cobra TT Auto 

Gamma Counter, Packard Bioscience).

4.2.2.1.4 Gravimetric Measurements

Gravimetric studies were conducted to investigate the amount o f polymer lost due to 

filtration. The weights o f empty vials and vials containing GCPQ (15mg) were recorded. 

Polymer dispersions (15mg ml ’) were prepared in water, sonicated (lOmin at 75% 

maximum output) and filtered (0.45pm) as previously described. The filtrate was freeze 

dried and weighed. The weight differences indicated the amount of polymer filtered out. 

Similarly, for the CsA encapsulated polymer formulations, the necessary weights were 

recorded to identify differences in the amount of polymer between the unfiltered and filtered 

polymer formulations containing CsA. HPLC analysis was also performed on the filtered 

formulations to measure the amount of the remaining CsA after filtration.
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4.2.Z.2 Griseofulvin Oral Absorption Studies

4.2.2.2.1 Preparation of polymer formulations containing griseofulvin

The polymers (25mg ml'*) were formulated with griseofulvin (12.5mg ml ') in distilled water 

by probe sonication for lOmin at 75% of its maximum output and orally administered on the 

same day.

4.2.2.2.2 Griseofulvin In Vivo Studies

Male Wistar rats (weight 200-250g) were given free access to food and water throughout the 

study. Griseofulvin (25mg) formulations with and without the polymer were administered to 

the rats by oral gavage in a single dose (-2ml). Approximately 0.5ml o f blood was sampled 

from the tail vein into heparinised tubes (BD Vacutainer, BD, U.K.) at Ih, 2h, 4h and 6 h post 

administration and the levels determined by HPLC. The animals were killed after 24h at the 

end of the experiment and 2ml of blood was obtained by cardiac puncture for HPLC 

analysis. The blood samples were centrifuged for lOmin at 2000rpm (Micro Centaur, Sanyo, 

U.K.) and the plasma was collected and frozen while awaiting analysis.

4.2.2.2.3 Extraction of Griseofulvin from Plasma

Griseofulvin was extracted from the plasma samples by protein precipitation using a 

modified method o f that reported by Wong et al. [247] The frozen plasma samples were left 

at room temperature (25°C) to thaw. Acetonitrile (0.6ml) was added to the plasma (0.3ml) 

and the sample mixture was vortexed and probe sonicated for 2min at 75% maximum output. 

Then the sample mixture was centrifuged at SOOOrpm for lOmin and the supernatant 

collected into a glass vial and freeze dried. The remaining residue was reconstituted with 

mobile phase (200pl) which consisted of acetonitrile : water: acetic acid (400:600:1) 

containing diazepam (0 .2 pg ml ') as the internal standard.

4.2.2.2.4 HPLC Analysis of Griseofulvin in Plasma

The samples were analysed using the Agilent Technologies 1200 Series chromatographic 

system which consisted of a vacuum degasser, a quaternary pump, a standard and 

preparative autosampler, a thermostatted column compartment and a variable wavelength 

UV detector. The flow rate was set at 1.5ml min ' with an injection volume of 50pl.
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S eparation  w as ach ieved  using  a reversed  phase co lum n (S unfire  C IS  0 D S 2  5 p m , 4.6 x 

250m m ) fitted w ith  a guard  m ain tained  at 60°C. A standard  curve (r^>0.99) w ith  a 

concen tration  range o f  0.1 pg  ml ' to l.O pg ml ' w as constructed  based on AUG ratios o f  

g riseofu lv in  to d iazepam . D rug free p lasm a w ere spiked w ith  standard  ethanolic so lu tions o f  

g riseofu lv in  and ex tracted  using the sam e m ethod  described  above. T he ex traction  efficiency  

for griseofu lv in  recovery  from  plasm a w as 73.43 ±  8.81 %. T he g riseofu lv in  and diazepam  

peaks w ere detected  a t 292nm  w ith re ten tion  tim es o f  9 .4m in and 16.4m in respectively .
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Figure 4.2: C alibration curve o f  G riseofu lv in  Spiked P lasm a
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Figure 4.3a: H PL C  chrom atogram  o f  griseofu lv in  and d iazepam  in so lvent

aceton itrile :w ater.ace tic  acid (400:600:1)
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Figure 4.3b: H PLC chrom atogram  o f  griseofu lv in  ex tracted  from  plasm a after oral 

adm inistration  to rats

4.2.2.3 Ranitidine Oral Absorption Studies

4.2.2.3.1 Preparation of polymer formulations containing ranitidine

The polym ers (20m g ml ')  w ere form ulated  w ith  ran itid ine (lO m g m l ')  in d istilled  w ater by 

probe sonication  on ice fo r 5m in at 75%  o f  its m axim um  output. T he fo rm ulations w ere 

stored  overn ight at 2-8°C. The com m ercial form ulation  Zantac w as d ilu ted  to a concen tration  

o f  lOm g ml '. P rior to oral adm inistration , all form ulations w ere analysed  by H PL C  to 

determ ine the exact concen tration  for dose calculations.

4.2.2.3.2 Ranitidine In Vivo Studies

M ale W istar rats (w eight 200-250g) w ere allow ed  free access to food and w ater th roughout 

the study. R anitid ine (50m g kg ')  form ulations w ith  and w ithout the po lym er w ere 

adm inistered  to the rats by  oral gavage in a single dose (-2 m l) . A pprox im ate ly  0 .5m l o f  

b lood w as sam pled  from  the tail vein  into heparin ised  tubes (B D  V acutainer, BD, U.K..) at 

Ih , 2h and 4h post adm inistration  and the levels determ ined  by H PLC. T he an im als w ere 

killed  after 24h at the end o f  the experim ent and 2m l o f  b lood  w as obtained  by card iac
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puncture for HPLC analysis. The blood samples were centrifuged for lOmin at 2000rpm 

(Micro Centaur, Sanyo, U.K.) and the plasma was collected and frozen while awaiting 

analysis.

4.2.2.3.3 Extraction of Ranitidine from Plasma

Ranitidine was extracted from plasma samples using a modified method of that reported by 

Campanero et al. [267] The frozen plasma samples were thawed at room temperature (25°C). 

A solution of 5M sodium hydroxide and 3M sodium chloride (0.3ml) was added to the 

plasma (0.3ml) and the mixture was vortexed for Imin. Ethyl acetate (0.5ml) was added in 

and the mixture was vortexed for another 2min. The resulting plasma mixture was 

centrifuged at 2000rpm for lOmin. The organic phase was transferred into a glass vial and 

freeze dried. The remaining residue was then reconstituted with mobile phase (200pi) which 

consisted of O.IM ammonium acetate : methano 1 : tri ethy lamine (700:300:1)

4.2.2.3.4 HPLC Analysis of Ranitidine in Plasma

The samples were analysed using the Agilent Technologies 1200 Series chromatographic 

system which consisted of a vacuum degasser, a quaternary pump, a standard and 

preparative autosampler, a thermostatted column compartment and a variable wavelength 

UV detector. The flow rate was set at 1ml min'' with an injection volume of 50pl. Separation 

was achieved using a reversed phase column (Sunfire CIS 0D S2 5pm, 4.6 x 250mm) fitted 

with a guard maintained at 40°C. A standard curve (r^>0.99) with a concentration range of 

0.1 pg ml ' to 5.0pg ml ' was constructed by spiking drug free plasma with standard solutions 

of ranitidine. The drug was extracted using the same method described above. The extraction 

efficiency for griseofulvin recovery from plasma was 89.49 ± 9.49 %. The ranitidine peak 

was detected at 320nm with a retention time of 5 .Imin.
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Figure 4,5b: H PLC chrom atogram  o f  ran itid ine ex tracted  from  p lasm a after oral 

adm in istration  to rats

4.2.2.4 Statistics

S tatistical significance w as tested  w ith  one-w ay analysis o f  variance A N O V A  using  the 

M IN IT A B ®  15 S tatistical Softw are.
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4.3 Results

4.3.1 Cyclosporine In  Vivo Studies

Rats are found to exhibit rather similar CsA pharmacokinetic profiles to humans making the 

rat model relevant in the present study [268]. At an oral dose o f 7.5mg kg'*, with a polymer 

to drug ratio of 15:2, the GCPQ amphiphiles demonstrated significant oral absorption 

enhancement of CsA (Figure 4.6, Table 4.2). Peak concentrations (Cmax) of CsA in rats were 

observed at 4h (Tmax) consistent with literature findings [228, 268] and all the GCPQ 

formulations had higher AUCs than Neoral and CsA given as a suspension in water. While 

QH48 and QL48 were statistically comparable to Neoral; it was observed that QH24 and 

QL24 were significantly better than Neoral at two time points, despite the high inter

individual variability of both polymer formulations. Compared to CsA in water at 4h, a five

fold increase in the blood levels o f CsA was observed with QH24 and QL24 while Neoral 

achieved a three-fold absorption enhancement. At 6 h, CsA blood concentration of the QH24 

and QL24 formulations were double o f that observed with Neoral.

Surprisingly, although the PGC amphiphiles did not show favourable drug loading capacity 

for CsA, this did not hamper their ability to assist the oral absorption o f CsA. CsA blood 

levels achieved with H24 and L24 were as good as Neoral (Figure 4.7, Table 4.3).

The polymers (QH24 and H24) were also given together with Neoral, and the CsA 

absorption enhancement achieved was significantly higher than Neoral on its own at Ih, 2h, 

4h and 6 h even after taking into account the large standard deviations due to the high inter

individual variability (Figure 4.8, Table 4.4). The data demonstrates the ability o f these 

polymers to further facilitate the absorption of Neoral.
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Figure 4.6: Blood concentration of CsA after oral administration of the unfiltered drug 

loaded polymer formulations, n = 16 (CsA dose 7.5mg kg'% polymer dose 56.25mg kg'')

* = statistical significant difference of QH24 and QL24 from Neoral (p < 0.05)

” = CsA was significantly lower than all the formulations (p < 0.05)

Table 4.2: Tmax, Cmax and AUC values of the unfiltered drug loaded polymer formulations, 

n = 16, * = statistically significantly higher than CsA in water (p < 0.05), 

t  = statistically significantly higher than Neoral (p < 0.05)

Formulations T m a x  (hrs) C m a x  (ng/ml) AUC ng h/ml

Neoral 4 1904 ± 554* 19598 ±3085*

CsA in water 4 721 ±227 9176± 1545

QH24 4 3465± 1395* t 31244± 1045* t

QL24 4 3221 ± 1058* t 28717± 3097* f

QH48 4 2110 ±534* 24517 ±2399*

QL48 4 2421 ±600* 23033 ±2518*
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Figure 4.7: B lood concentration  o f  C sA  after oral adm in istration  o f  the unfiltered  drug 

loaded po lym er form ulations, n =  16 (C sA  dose 7 .5m g kg ', po lym er dose 56.25m g kg ')

 ̂=  statistical significant d ifference from  N eoral (p < 0.05)

Table 4.3: T m ax, C m ax and A U C  values o f  the unfiltered  drug  loaded po lym er fo rm ulations, 

n = 16, * =  statistica lly  sign ifican tly  h igher than C sA  in w ater (p < 0.05)

Formulations T m a x  (hrs) C m a x  (ng/ml) AUC ng h/ml

N eoral 4 1 9 0 4  ± 5 5 4 * 1 9 5 9 8  ± 3 0 8 5 *

C sA  in w ater 4 7 2 1  ± 2 2 7 9 1 7 6 ±  1 5 4 5

H 2 4 4 2 2 7 8  ±  6 5 6 * 2 4 6 4 4  ±  5 6 2 2 *

L 2 4 4 2 0 0 6  ±  9 5 8 * 1 9 3 2 1  ± 6 3 6 1 *
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Figure 4.8: Blood concentration of CsA after oral administration of the unfiltered polymer- 

Neoral formulations, n = 12 (CsA dose 7.5mg kg ', polymer dose 56.25mg kg ')

” = statistical significant difference from CsA (p < 0.05)

* = QH24 and H24 were significantly better than Neoral and CsA (p < 0.05)

Table 4.4: Tmax, Cmax and AUC values of the unfiltered polymer-Neoral formulations, 

n = 12, * = statistically significantly higher than CsA in water (p < 0.05), 

t  = statistically significantly higher than Neoral (p < 0.05)

Formulations Tmax (hrs) C m a x  (ng/ml) AUC ng h/ml

Neoral 4 1904 ±554* 19598 ±3085*

CsA in water 4 721 ±227 9176± 1545

QH24 + Neoral 4 3731 ± 1853* t 36854 ± 10292* t

H24 + Neoral 4 3574± 1555* t 38180±5132* t
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On the other hand, when the GCPQ formulations were filtered, the absorption enhancing 

property of the polymers was lost and the CsA blood levels were no different from what was 

achieved with CsA in water (Figure 4.9, Table 4.5). This was definitely not due to the 

administration of a lower dose because the concentration of CsA in the filtered fonuulations 

was measured by HPLC prior to administration and dose adjustments were made to ensure 

that the rats received a similar CsA dose of 7.5mg kg '. However it is worth mentioning that 

that the polymer to drug ratio in the filtered formulations was no longer 15:2 as filtration had 

removed some polymer as shown in Table 4.6.
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Figure 4.9: Blood concentration of CsA after oral administration of the filtered drug loaded 

polymer formulations, n = 4 (CsA dose 7.5mg kg ')

* = statistical significant difference of Neoral from CsA (p < 0.05)
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T able 4.5: T m ax, C m ax and A U C  values o f  the filtered  drug loaded  po lym er fo rm ulations, 

n = 4, * =  statistica lly  sign ifican tly  h igher than C sA  in w ater (p<  0.05)

Formulations (hrs) (ng/ml) AUC ng h/ml

N eoral 4 1904 ±  554 * 19598 ±  3085 *

CsA  in w ater 4 721 ± 2 2 7 9 1 7 6 ±  1545

Filtered  Q H 24 4 759 ± 3 3 4 12012 ± 2 8 4 5  *

F iltered  Q L24 6 971 ± 3 5 8 14531 ± 3537 *

Filtered Q H 48 6 388 ± 5 6 6937 ±  970

F iltered  Q L48 6 754 ± 3 3 7 11827 ± 4 0 1 8  *

Table 4.6: The am ount o f  G C PQ  in 1ml o f  d ispersion  before and afte r filtration (0 .4 5 p m )

GCPQ Polymer dispersions CsA encapsulated polymer formulations

Amount before Amount after GCPQ before GCPQ after CsA after GCPQ : CsA

filtration (mg) filtration (mg) filtration (mg) filtration (mg) filtration (mg) Ratio

Q H 24 15 10.79 15 5.05 2.07 5:2

QL24 15 8.74 15 9.49 1.98 9:2

QH 48 15 1 1 . 0 0 15 8.53 2.12 9:2

QL48 15 10.08 15 8.43 1.94 8:2
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Figure 4.10: TEM  im ages o f  a) unfiltered  Q H 24 d ispersion  con tain ing  C sA , and b) filtered  

Q H 24 d ispersion  contain ing  CsA
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It was observed that filtration had a significant effect on the CsA encapsulated GCPQ 

formulations, removing nearly half the amount o f polymer in the case o f QL24, QH48 and 

QL48 and approximately two thirds of QH24. This not only demonstrated the importance of 

having a high polymer concentration in the formulation and hence a high polymer to drug 

ratio, but also the role played by the larger nanoparticles in promoting the oral absorption of 

CsA. The TEM (Figure 4.10) showed that the unfiltered formulation consisted of small 

micelles (~50-100nm) and drug swollen particles (~500-850nm) with their cores expanded 

due to CsA encapsulation. As previously mentioned in Chapter 3, the presence of a 

hydrophobic drug shifts polymer aggregation from micellar clusters to dense nanoparticles 

[174]. Studies with CsA microemulsions have also shown that increasing the CsA content in 

a formulation inevitably led to an increase in particle size [228, 232]. The filtered 

formulation on the other hand, consisted of smaller nanoparticles no larger than 450nm. It 

appears that what had been filtered out were the large particles of the polymer.

4.3.2 Griseofulvin In Vivo Studies

As a Class II drug, the absorption of griseofulvin is rate limited by the dissolution process 

and the differences in the in vivo dissolution behaviour could be responsible for the large 

inter-individual variation in the absorption kinetics [269]. As can be observed in Figure 4.11 

and Table 4.7, the polymers enhanced the oral absorption of griseofulvin, enabling 

significantly higher plasma levels of griseofulvin to be achieved. Here, GCPQ was superior 

to PGC. The AUC was increased by approximately four-fold with QH24 and close to five

fold with QH48. The statistics however showed no difference between QH24 and QH48. It 

was postulated that such favourable absorption was due to the increased solubility of 

griseofulvin via encapsulation by the polymers. Again it was noted that although the PGC 

polymers did not show favourable encapsulation of griseofulvin in the colloidal region, they 

were still able to promote the absorption of this poorly soluble drug in vivo. In fact, a two

fold increase in the AUC was observed with the PGC formulations, suggesting that 

griseofulvin could have been encapsulated by the larger PGC nanoparticles (>450nm) and 

this allowed for higher concentrations o f griseofulvin to be available in the gastrointestinal 

fluid. The results demonstrated that both the GCPQ and PGC polymers were able to 

overcome solubility limitations of Class II drugs and subsequently enhance the absorption of 

poorly soluble drugs.
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5.0 Griseofulvin
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Figure 4.11 : P lasm a levels o f  g riseofu lv in  after oral adm in istration  o f  unfiltered  drug  loaded 

po lym er form ulations, n = 4 (griseofu lv in  dose 25m g per rat, po lym er dose 50m g per rat)

* =  polym er form ulations w ere sign ifican tly  b e tte r than griseofu lv in  (p < 0.05)

® =  G C PQ  form ulations w ere sign ifican tly  b etter than  PG C form ulations (p <  0 .05)

T able 4.7: T m ax, C m ax and A U C  values o f  the unfiltered  drug  loaded p o lym er form ulations, 

n = 4, * =  statistica lly  sign ifican tly  h igher than g riseofu lv in  (p < 0.05)

Formulations T m a x  (hrs) C m a x  ( P g / m l ) AUC pg h/ml

G riseofulvin 4 0.528 ± 0 .2 1 7 5.743 ± 2 .5 5 2

Q H 24 4 3.051 ± 0 .7 2 4  * 19.612 ± 4 .8 6 9 *

QH 48 4 3.223 ±  1.213 * 29 .317 ± 7 .3 4 3  *

H24 4 1.066 ± 0 .1 6 5  * 11.851 ± 6 .2 3 7  *

L24 4 1.311 ± 0 .2 9 3  * 14.549 ± 2 .2 4 4  *
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4.3.3 Ranitidine In Vivo Studies

R anitid ine is a hydrophilic com pound and encoun ters no d ifficu lty  d isso lv ing  in the GI 

fluids. H ow ever, ran itid ine has been classified  as a C lass III d rug due to its low  perm eability  

across the gut m em brane. The purpose o f  this study  w as to investigate  i f  the po lym ers could  

increase the perm eab ility  o f  ran itid ine so that h igher blood levels can be achieved.

Zantac
Ranitidine
QH24
QH48
H24
L24

0 2 4 6 8 10 12 14 16 18 20 22 24

Time of Blood Sampling (hrs)

Figure 4.12: B lood levels o f  ran itid ine after oral adm in istration  w ith  unfiltered  po lym er 

form ulations, n =  4 (ran itid ine dose 50m g kg ', po lym er dose lOOmg kg ’)

* =  Zantac w as sign ifican tly  h igher than  ran itid ine (p < 0.05)

 ̂= Q H 24 and Q H 48 w ere sign ifican tly  h igher than  ran itid ine (p < 0.05)
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Table 4.8: Tmax, Cmax and AUC values of the unfiltered drug loaded polymer formulations, 

n =  4, * = statistically significantly higher than ranitidine (p < 0.05)

Form ulations Tmax (hrs) Cmax (ng/ml) AUC ng h/ml

Ranitidine 2 1.299 ±0.463 11.982 ±2.884

Zantac 2 2.393 ± 0.858 * 22.825 ± 5.385 *

QH24 2 2.342 ± 0 .197* 20.225 ± 2.877 *

QH48 2 2.303 ± 0 .418* 19.622 ±3.027 *

H24 2 1.705 ±0.193 15.887 ±4.234

L24 2 1.474 ±0.188 15.426 ±0.566

In Figure 4.12 and Table 4.8, Zantac was observed to have significantly better absorption 

than ranitidine powder dissolved in water and it was possible that the excipients could have 

contributed to this effect. Ethanol is one of the excipients in the Zantac syrup formulation 

[270] and Taub et al has reported an increase in the permeation of mannitol across Madin- 

Darby Canine Kidney (MDCK) cells at ethanol concentrations of more than 5% [271]. It 

seemed likely that ethanol might have an effect on the tight junctions of the intestinal 

mucosa, thus facilitating the permeation of Zantac in rats. However this postulation remains 

inconclusive as the exact concentration of ethanol in Zantac was not known.

At Ih post-dose, Zantac yielded the highest plasma level, while the polymers exhibited 

similar profiles to ranitidine. At 2h and 4h, QH24 and QH48 were comparable to Zantac in 

that significantly higher blood levels of ranitidine were achieved with these polymers 

compared to ranitidine on its own. This suggested that QH24 and QH48 had the ability to 

improve the permeation o f ranitidine across the intestinal membrane, possibly by increasing 

the paracellular transport o f the drug. H24 and L24 however did not demonstrate any further 

advantage to ranitidine at all time points.

4.4 Discussion

The absorption of CsA is known to be slow and incomplete following oral administration 

with a bioavailability of 20-30% in rats [268]. The high degree o f intra- and inter-individual 

variability has been reported for CsA and is attributed to poor absorption and intestinal
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metabolism particularly because CsA is a substrate of the P-glycoprotein efflux pump as 

well as the cytochrome P-450 [170, 234]. Besides that, it has also been reported that the 

absorption of CsA is promoted by bile and Wagner et al have shown that rats with 

cannulated bile duct had very low absorption of CsA [268]. Sandimmune®, the first oral 

formulation o f CsA forms a crude oil in water emulsion with rather large droplet size (1pm) 

and requires émulsification by bile salts into a mixed micellar phase before absorption can 

occur [61]. Neoral®, on the other hand, is a microemulsion which forms a fine homogeneous 

dispersion (droplet size < 1 0 0 nm) which mimics the mixed micellar phase, therefore leading 

to a more rapid absorption [61]. The mean absolute bioavailability o f Sandimmune® is 

approximately only 30% but with Neoral®, an improved bioavailability of 40-60% has been 

reported [228, 240].

Microemulsions are clear isotropic dispersions which consist of two immiscible liquids, 

usually oil in water, stabilised by an interfacial film of surfactants [232]. As drug delivery 

systems, microemulsions have the capacity to solubilise hydrophobic drugs, protect against 

biological degradation such as enzymatic hydrolysis and enhance absorption as a result of 

surfactant-induced permeability changes [232]. Although Neoral® demonstrated improved 

bioavailability, the variability remains high ranging from approximately 2 0 % to 60% [61, 

228]. Furthermore Neoral® contains high concentrations o f polyoxyethylated castor oil 

(Cremophor EL) as the surfactant. Cremophor EL is not an inert vehicle and can exert 

biological and physiological toxicity such as nephrotoxicity and anaphylactic reactions, 

however these effects are fortunately less pronounced when administered orally [138, 143, 

228, 229].

Most o f the reported oral delivery systems which enhanced the bioavailability of CsA are oil 

based, involving the use of surfactants to improve the solubility of CsA and to increase the 

thermodynamic stability of the oil based formulations. For example, Gao et al formulated a 

microemulsion system and chose Cremophor EL and diethylene glycol monoethyl ether 

(Transcutol) as the surfactants because they were known to enhance intestinal permeability 

by causing reversible local damage of the microvilli [228, 232]. Captex 355, which consisted 

o f medium chain glycerides derived from coconut oil was selected as the oil as it was
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thought to assist in the absorption o f the formulated drug [232]. Likewise, Bekermen et al 

developed a dispersible concentrated oil formulation that consisted of solid triglycerides, a 

water miscible organic solvent, and a mixture of surfactants and emulsifiers [228]. Even the 

CsA loaded Eudragit RS and RL nanoparticles reported by Ubrich et al employed the use of 

Maisine which are fatty acid esters and Cremophor EL [234]. Murdan et al successfully 

devised two self dispersing non lipidic drug delivery systems which had equivalent 

bioavailability to Neoral®, but yet again the formulation consisted of amphiphilic surfactants 

[272]. According to the authors, the advantageous properties o f their formulations included 

the ability o f the surfactants to enhance intestinal permeability and the action o f Polysorbate 

80 as an inhibitor of the P-glycoprotein efflux pump [272].

Cheng et al appeared to be one of the very few who developed a non oily, surfactant free oral 

formulation of CsA which demonstrated significant bioavailability enhancement as good as 

Neoral® [166]. The formulation was a polyelectrolyte nanosystem prepared from 

poly(ethylenimines) derivitised with cetyl chains and quaternary ammonium groups and had 

the ability to encapsulate high amounts of CsA [166]. Similarly, oil free oral formulations of 

CsA were formulated using the GCPQ and PGC polymers, which are carbohydrates grafted 

with palmitoyl chains and quaternary ammonium groups as discussed in Chapter 2. Even in 

the absence of surfactants, emulsifiers and organic solvents known to assist the dissolution 

of CsA, the drug loaded GCPQ and PGC formulations were able to enhance the oral 

absorption of CsA. Qu et al showed that bioavailability enhancement via other routes can 

also be achieved with these amphiphilic chitosan based polymers [174]. The carbohydrate 

nanoparticles not only assisted the absorption o f topically applied prednisolone across the 

cornea to the aqueous humour, but were also able to efficiently deliver substantial amounts 

of intravenous propofol across the blood brain barrier, and induce anaesthesia rapidly [174].

The rate and extent o f gastrointestinal uptake is highly dependent on particle size, with the 

smaller particles crossing the intestinal membrane more readily [22, 143, 273, 274]. 

Contrary to findings in the current study, it is often believed that small particle size is a 

prerequisite for efficient absorption in the GI tract [22, 143, 273]. For instance, a study 

carried out by Bekerman et al showed a correlation between the formulation particle size and 

oral bioavailability of CsA in human volunteers [228]. The best bioavailability was attained
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when formulations formed nanodispersions less than lOOnm as the uptake of smaller 

particles by the intestinal cells was generally considered to be more efficient compared to 

microparticles [228]. This was supported by Gao et al who showed that the oral 

bioavailability of CsA in rats was enhanced by their microemulsion system because of the 

reduced droplet size of the formulation [232]. Furthermore, it was also gathered from their 

study that the higher CsA blood levels observed with Neoral® was attributed to a smaller 

particle size of 39nm versus Sandimmune® which had a particle size of 864nm.

Filtration had two effects on the CsA loaded GCPQ formulations, firstly, the larger polymer 

aggregates were removed from the formulation, and secondly, the polymer to drug ratio was 

reduced as a result o f lower polymer concentration in the filtered formulation. Here, the 

smaller particle size did not appear to enhance the oral absorption of CsA. It was therefore 

proposed that in this case, small particle size was not essential for absorption enhancement 

as it was highly likely that the polymers were not absorbed in the GI tract. Particle size 

would only be relevant if  the GCPQ nanoparticles crossed the intestinal barrier together with 

the incorporated hydrophobic drug. And if that were the case, then of course uptake would 

be dependent on size, with the smaller particles crossing the GI tract more readily than the 

larger ones [22, 273]. Ubrich et al reported that the advantage of larger particles was that 

they had smaller surface area and hence drug leakage was less likely [234]. Murdan et al 

showed that their novel gel based formulations were bioequivalent to Neoral® despite 

relatively large droplet sizes of the formulation. Their study supported the proposition that 

particle size was not the key factor in facilitating the absorption o f CsA but more 

importantly, the drug must be presented in a soluble form at the intestinal surface [272].

Our studies show that polymer concentration had a significant impact on the absorption of 

CsA. Higher concentrations of GCPQ resulted in higher blood levels of CsA. It was possible 

that these polymers possessed bioadhesive properties that led to an extended residence time 

of the formulations in the GI tract. Thus it seemed likely that the higher the concentration of 

GCPQ, the stronger the bioadhesion of the drug loaded carbohydrate nanoparticles onto the 

intestinal membrane, hence prolonging contact between CsA and the absorptive cells in the 

gut. Unlike microemulsion droplets, the prolonged contact afforded by the carbohydrate 

nanoparticles ensured a high concentration gradient of CsA at the site of absorption and it
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was thought that for this reason, Neoral® was better absorbed when administered with the 

polymers (QH24 and H24). Wang et al devised a CsA nanoparticle colloid using Xanthum 

gum which was a polysaccharide, and managed to show oral bioavailability enhancement 

superior to Neoral® by nearly two fold [229]. One speculation given by the authors for this 

increase in bioavailability was that by being encapsulated in the nanoparticle carrier, CsA 

was protected from degradation by GI secretions and pH change. And the other hypothesis 

postulated was that CsA was highly dispersed in the nanoparticle matrix, and the 

nanoparticles increased the bioadhesion of CsA to the GI mucosa [229].

For poorly soluble drugs like CsA and griseofulvin, dissolution is the rate limiting step in the 

drug absorption process. The dissolution of Class II and Class IV drugs is not only governed 

by the physicochemical properties of the compound but many physiological factors can also 

have a profound impact on the dissolution rate in the GI tract (Table 4.9) [70, 261, 263]. 

Important parameters affecting dissolution can be identified from the following adaptation of 

the Noyes-Whitney equation [70, 261, 263]:

DR=

r

where dissolution rate (DR) is a function of

D the diffusion coefficient of the drug,

A the surface area of the drug, 

h the effective boundary layer thickness,

Cs the saturation concentration of the drug under the local GI conditions,

Xd the amount o f drug already dissolved, and 

V the volume of GI fluid available to dissolve the drug

The diffusivity of a drug is inversely proportional to its molecular size and the viscosity of 

the intestinal fluids [259].
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Table 4.9: Physicochemical properties and physiological parameters which determine the 

dissolution of drugs in the gastrointestinal tract (adapted from [259, 263])

Param eters Physical Factors Physiological Factors

Diffusion coefficient Molecular size Viscosity o f the luminal contents

Surface area Particle size Native surfactants in gastric secretions

Wettability and bile components

Boundary layer thickness Motility patterns and flow rates

Solubility Lipophilicity pH, buffer capacity, bile components 

and food contents

Amount o f drug already 

dissolved in solution

Permeability

Volume of GI fluids Secretions and co-administered fluids

Smaller particles have a higher surface area thus favouring dissolution. Furthermore wetting 

effects by the native surfactants in the GI lumen can increase the effective surface area 

[263]. The solubility o f the drug is not just dependent on its physical and chemical 

characteristics such as log P and molecular volume, but also on the medium into which it 

must dissolve and in terms of oral absorption, the luminal fluids and secretions as well as 

food contents in the GI tract [70, 259, 263]. Co-administered fluids and GI secretions can 

increase the available volume into which the drug must dissolve [263]. Apart from that, food 

intake also stimulates the secretion of gastric acid, bile and pancreatic juice [70, 259]. 

Peristaltic contractions in the gut are associated with efficient mixing that results in the 

boundary layer thickness becoming smaller which is why dissolution and absorption are 

frequently better in the fed state compared to the fasted [70]. The amount o f drug already in 

solution will determine the driving force for dissolution, and the rate of dissolution is 

influenced by the difference between the solubility of the drug (Cs) and the concentration of 

the drug in the solution (XdA^). Highly permeable drugs such as those in the Class II 

category will be quickly absorbed and therefore concentrations in the GI fluid will remain 

lower, thus maintaining a maximal driving force for dissolution.
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It can be concluded here that the polymers were able to overcome the dissolution hurdle of 

these drugs. The GCPQ polymers proved to be better than the PGC polymers because o f the 

increased hydrophilicity imparted by the quaternary ammonium function. The quaternary 

ammonium function favoured dmg encapsulation as discussed in the previous chapter. Here, 

it appeared that higher concentrations of CsA and griseofulvin in the GI fluid were attainable 

with GCPQ which accounted for the better absorption compared to PGC. And yet it should 

not be dismissed that the PGC polymers also demonstrated solubility enhancement of 

hydrophobic drugs, for had this not been the case, one would not have seen an increased 

absorption and subsequently higher blood levels of dmg with PGC as compared to the 

control (i.e. a suspension of dmg in water). After all, PGC also aggregated in water to form 

dense nanoparticles capable of dmg encapsulation. This meant that the PGC nanoparticles 

could deliver CsA and griseofulvin at concentrations higher than the dmgs’ intrinsic 

solubility to the absorptive membrane in the gut, despite having a lower capacity o f 

solubility enhancement when compared to GPCQ.

As pointed out in previous studies, the bioavailability of griseofulvin can be enhanced by 

addressing its solubility problem so that dissolution is increased or by administration of the 

dmg following a fatty meal to facilitate émulsification of the dmg by bile components [144, 

248, 249, 251, 275]. A study by Fujioka et al on the in vivo dissolution behaviour and GI 

transit o f griseofulvin indicated that a longer residence time could lead to higher dissolution 

and absorption o f griseofulvin [269]. Thus besides an increase in the dissolution rate of 

griseofulvin, it seemed highly suggestive that the polymers could have also improved the 

absorption o f griseofulvin by bioadhesion. As supporting evidence, Tur et al also reported 

that the presence o f a bioadhesive polymer led to an increased intimacy o f griseofulvin with 

the absorptive cells in the GI tract thereby contributing to higher bioavailability and 

satisfactory plasma levels o f the dmg [251].

Ranitidine is indicated for the treatment of peptic ulcer and alleviates the symptoms by 

inhibiting basal and stimulated secretion of gastric acid. Although the effect on ranitidine on 

acid secretion does not show considerable inconsistency, inter-individual variability in oral 

bioavailability was reported to be high [276]. According to Amidon et al, the rate and extent 

of dmg absorption of Class 111 dmgs may be highly variable but if  dissolution is rapid i.e.
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85% dissolved in less than 15min, this variation would be due to differences in 

gastrointestinal transit, luminal contents and membrane permeability [261]. Ranitidine can 

dissolve in water in high concentrations and does not face the same solubility issues as 

griseofulvin. In this case, dissolution is not the rate limiting step in the absorption of 

ranitidine but as a Class III drug, it has poor intestinal permeability which hampers complete 

absorption of the drug. The oral bioavailability of ranitidine is usually 50-60% [277].

The transport of small hydrophilic drugs like ranitidine across the gut membrane is via the 

paracellular pathway with the small intestine being the main site of absorption [277, 278]. It 

was reported that low permeability compounds often exhibit site dependent absorption [265, 

279]. The extent of absorption would therefore depend on the residence time of the drug in 

the GI tract, which can be affected by excipients that modify GI transit time [265, 279]. 

Using excised segments of the jejunum, ileum and colon from a rat, Ungell et al determined 

the regional permeability of the intestine for 19 drugs with different physicochemical 

properties and observed a significant decrease in permeability for hydrophilic drugs and a 

significant increase in permeability for hydrophobic drugs in the colon [280]. It is known 

that compared to the small intestine, the tight junctions in the colon are much tighter, having 

higher transepithelial electrical resistance (TEER) thus leading to a significantly lower 

paracellular permeability in the colon [281]. Applying this knowledge to the absorption of 

ranitidine, it was likely that permeability enhancement can be achieved by a) opening the 

tight junctions to increase paracellular transport and b) prolonging drug residence time at the 

main site of absorption.

Cationic polymers such as chitosan were considered to be able to interact with the negatively 

charged sialic acid residues of the mucus and reversibly open up the tight junctions o f the 

intestinal epithelial cells thus paving the way for paracellular transport [212, 234, 282]. The 

mucus secreted by the goblet cells is a protective barrier that lines the intestine and prevents 

the invasion of pathogens and harmful substances into the blood stream [256]. Adherence of 

chitosan to the intestine and interactions between the cationic chitosan amphiphiles and the 

mucus layers could have caused the barrier to be less efficient hence promoting drug 

absorption [256]. For example, Damge et al proposed that the attraction between their 

electropositive nanoparticles due to Eudragit RS and the electronegative mucus layer
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covering the intestinal epithelium increased the residence time of the drug and established a 

close contact to the absorption surface of the GI tract, thus creating a longer lasting drug 

gradient concentration towards the blood [282].

Unlike the GCPQ polymers, the PGC polymers did not appear to increase the absorption of 

ranitidine thus it did not seem likely that PGC opened tight junctions and promoted 

paracellular transport. On the other hand, the slight increase in ranitidine absorption 

displayed by GCPQ led to postulations that the extra positive charge imparted by the 

quaternary ammonium function onto the polymer resulted in stronger electrostatic attractions 

with the mucus and possibly the opening of tight junctions as well. In fact Davis et al 

suggested that a positive charge should confer an advantage in gastroretention and binding to 

the mucus blanket [256]. Though inconclusive at this stage, it appeared that GCPQ acted as a 

permeation enhancer by increasing drug residence time via bioadhesion and by causing a 

change in the physical barrier function of the gut wall. However, the mechanism of the 

absorption and permeation enhancement by the polymers cannot be determined from the in 

vivo studies alone and warrants further investigations with in vitro models.

4.5 Conclusion

The GCPQ and PGC polymers were able to promote the oral absorption of CsA and 

griseohilvin. The absorption enhancement appeared to be associated with an increase in the 

solubility of these poorly soluble drugs via encapsulation in the hydrophobic domains of the 

amphiphilic polymers, thus overcoming the rate limiting step. Besides that, a polymer to 

drug ratio of 15:2, together with the presence of the large nanoparticles proved to be 

necessary for the oral absorption o f CsA, revealing that polymer concentration played a role 

as well. The GCPQ polymers also demonstrated the ability to improve intestinal 

permeability, thereby facilitating the absorption of ranitidine, which was classified as a low 

permeability drug. It appeared that the permeation enhancement mechanism could possibly 

involve the opening of tight junctions to promote paracellular transport as well as 

bioadhesion to increase drug residence time so that contact of drug with the absorptive site is 

prolonged. Therefore, key questions which remained unanswered but will be addressed in 

the next chapter are:
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1) How does the polymer enhance drug permeation across the intestinal membrane?

2) Is the mechanism of permeation enhancement by opening o f tight junction to 

increase the paracellular transport of hydrophilic compounds or is it by improving the 

transcellular transport of drug molecules?

3) Does the polymer enhance oral drug absorption by inhibition of the p-glycoprotein 

efflux pump?

4) Does the polymer exhibit any bioadhesive properties which may contribute to an 

increase in drug residence time in the gut?
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CHAPTER 5 

Mechanistic Studies using 

Caco-2 Cell Monolayer 

and

Investigation of Polymer Transport in 

the Gastrointestinal Tract

Yet in all these things we are more than conquerors through Him who loved us. 

For /  am persuaded that neither death nor life, 

nor angles nor principalities nor powers, 

nor things present nor things to come, 

nor height nor depth, nor any other created thing, 

shall be able to separate us from  the love o f  God 

which is in Christ Jesus our Lord.

Romans 8:3 7-39
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5.1 Introduction

5.1.1 Mechanistic Studies using Caco-2 Cell Monolayer

The importance of understanding the absorption, distribution, metabolism and elimination 

(ADME) of potential drug candidates at the early stage of drug discovery has led to 

increasing efforts that focus on the development of reliable screening techniques. At this 

present age, many in vitro experiments are available for the prediction of drug solubility and 

permeability in relation to oral absorption in vivo [283]. Cell based permeability assays 

include transport studies across monolayers of Caco-2 cells and the Madin-Darby Canine 

Kidney (MDCK) cells [284, 285]. More recently the parallel artificial membrane permeation 

assay (PAMPA) has been introduced as a more rapid in vitro assay for high through put 

permeability screening [286].

The cell culture approach utilises cell monolayers in a two-chamber diffusion system that 

mimics drug passage from the intestinal lumen into the blood. In pharmaceutical research, 

these cell based permeability assays can be used to predict oral absorption qualitatively, 

determine mechanisms of transport, and investigate the effects of gastrointestinal pH on drug 

absorption or the effects of excipients on drug permeability [284]. However care should be 

taken when interpreting the data obtained from in vitro studies as they do not represent the 

actual and more complex conditions in vivo. Although in vivo absorption studies in animals 

are useful to know the total absorption of drugs, the results obtained include all factors 

contributing to absorption and thus can be highly variable due to the differences in the GI 

physiology between animal and humans [285]. An estimation of drug bioavailability based 

on animal studies is therefore not 100% guaranteed in humans [285]. Moreover it is not 

possible to identify or single out factors that affect absorption nor can one determine the 

mechanism of action of the drug delivery system with the in vivo models.

5.1.2 Investigation of Polymer Transport in the Gastrointestinal Tract

The uptake and translocation of particles in the intestine has been an area of controversy for 

many years [22, 24, 273]. It was previously believed that the gastrointestinal epithelium was 

an impenetrable barrier to particles, but more recently it has been accepted that the passage 

of particles across the intestinal mucosa of the digestive tract occurs in minute quantities via
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the M cells in the Peyer’s patches, the isolated follicles of the gut-associated lymphoid 

tissues (GALT) as well as via the intestinal enterocytes [22, 24, 273]. The route and extent of 

uptake was found not only to be dependent on particle size, but also on the type and 

composition of the polymers which include the hydrophobicity and surface charge of the 

particles [14, 22]. Smaller particles traverse the gut wall more readily, hydrophobic particles 

achieve higher uptake levels, and negatively charged particles are very poorly absorbed 

[273, 287, 288].

5.1.3 Aims and Objectives

The aim of the first section in this chapter was examine the mechanism of action o f GCPQ 

and PGC as oral bioavailability enhancers using the Caco-2 cell monolayer, which is an in 

vitro model for the intestinal epithelial barrier. The ability of the polymers to promote 

transport via the paracellular and transcellular pathway was investigated using Lucifer 

Yellow (a paracellular marker) and antipyrine (a transcellular marker). Besides that, the 

polymers were also examined for inhibitory effects on the P-glycoprotein (P-gp) efflux 

pump which is also another contributing factor to the rate and extent of oral drug absorption. 

Transport of rhodamine, a substrate of the P-gp was studied with the polymers and in the 

presence of a P-gp inhibitor, verapamil.

The aim of the work described in the second part of this chapter was to investigate the 

uptake of the carbohydrate nanoparticles in the gastrointestinal tract. GCPQ was labelled 

with a fluorescent dye and dosed to a rat by oral gavage. Intestinal sections were viewed 

under the confocal microscope to track the position of the polymer. Absorption enhancement 

by GCPQ was also examined using idarubicin as the hydrophobic fluorescent drug.

5.1.4 Caco-2 Monolayer

In the GI tract, the highly polarized cells known as the enterocytes make up 90% of the 

intestinal epithelia and are responsible for absorptive functions [14]. The apical side of the 

enterocytes consists of an extensive brush border which is exposed to the intestinal lumen 

while the basolateral end faces the bloodstream. Between the enterocytes and the blood are 

selective membrane barriers which the drug must first traverse before entering the systemic 

circulation. Caco-2 cells are derived from the human colon adenocarcinoma cell line and
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they  spon taneously  d ifferen tiate  into po larized  cells w ith apical and baso lateral surfaces, 

fo rm ing  w ell defined tigh t junc tions and brush borders sim ilar to the m icrovilli [13, 289, 

290]. T he C aco-2 m onolayer is a w ell charac terised  in vitro model (F igure 5.1) w idely  used 

for the pred ic tion  o f  in testinal perm eability  because it show s functional p roperties o f  the 

hum an in testine and m im ics m ost transport pathw ays o f  the GI ep ithelium  [290-292]. 

A rtu rsson  et al show ed good correlation  betw een  in vitro perm eab ility  across C aco-2 cells 

and in vivo absorption and  concluded that the C aco-2  m odel can be used to p red ic t drug 

transport by  d ifferent pathw ays across the in testinal ep ithelia  [293, 294].

polycarbonate
filter

apical chamber

lateral c

Caco-2 cell 
monolayer

Figure 5.1: A n experim ental set up o f  the C aco-2 cell m onolayer grow n on a po lycarbonate  

filter in a transw ell

5.1.4.1 Transepithelial Electrical Resistance (TEER)

The transep ithelial electrical resistance (T E E R ) is a m easure o f  the epithelial in tegrity  o f  the 

in tact C aco-2  cell m onolayer w hich w ill increase as the cells becom e m ore confluen t and 

tight ju n c tio n s  are fu lly  developed  [143, 290, 295]. A  m axim um  is usually  reached  afte r 15- 

21 days [143, 285, 289, 296]. The tigh t ju n c tio n s o f  these d iffe ren tia ted  po larized  in testinal 

cells form  a barrier that restric ts the p arace llu lar perm eation  pathw ay  w hich  is the preferred  

absorp tion  route for sm all hydrophilic com pounds [290]. T he T E E R  correlates w ell w ith 

changes in paracellu lar perm eability . A  reduction  in the T E E R  value re flects an increase in 

the cell m onolayer perm eab ility  due to  the open ing  o f  tigh t ju n ctio n s  w hich allow s a h igher
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flow of ions through the tight junctions and an increase in flux of hydrophilic molecules [5]. 

As the tight junctions formed by the Caco-2 cell monolayer resemble those in the human 

colon, they have a far higher TEER of 150-450Q cm'^ and are unrealistically tighter, 

deviating from the normal TEER of the epithelial barrier of the small intestine which range 

from 25-400 cm'^ [13, 289, 297]. Furthermore it has been shown that the TEER values of 

Caco-2 cells derived from different laboratories can vary as much as 20-fold and range from 

80-14200 cm"  ̂ [13]. Besides TEER measurements, the monolayer integrity can alternatively 

be evaluated by using a hydrophilic marker which is passively transported across the cells by 

the paracellular pathway [289, 290, 295].

5.1.4.2 Drug Transport across the Gastrointestinal Barrier and the Caco-2 Monolayers

Transport of substances across the intestinal epithelial barrier or the Caco-2 cell monolayer 

can either be through the cells i.e. transcellular pathway or in between adjacent cells i.e. 

paracellular pathway (Figure 5.2) [2, 293]. Both routes involve a passive diffusion process 

which requires the existence o f a concentration gradient to enable drug transport across the 

cell membrane. While the surface area for paracellular uptake is limited, the overall surface 

area available for transcellular transport is extensive [298]. The transcellular route can take 

the form of a) passive diffusion, b) carrier mediated transport and c) endocytosis [2, 4, 293].

The route of transport of a drug compound and the extent of its uptake depend on its 

physicochemical properties such as chemical composition, molecular size, charge, 

hydrophobicity or lipophilicity and capability for hydrogen bonding [2, 299]. Most drugs are 

usually taken up via the transcellular route provided they are able to partition efficiently into 

and out of the lipid bilayers of the intestinal membrane [293]. This route is also favoured by 

lipophilic compounds which are prone to diffuse through the lipid bilayers [293, 295]. On 

the other hand, hydrophilic drugs and charged molecules are restricted to the paracellular 

pathway and the aqueous channels which absorb water soluble vitamins and minerals [293, 

295].
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d i s s o l u t i o n
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TRANSCELLULAR
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Figure 5.2: T ransport routes o f  d rugs across the gastro in testinal ep ithelial cells

5.1.4.3 P-Glycoprotein Efflux Pump

The P -g lycoprotein  (P -gp) is a m em ber o f  the A T P -b ind ing  cassette  (A B C ) transporte r 

expressed  in the epithelial and endothelial surfaces o f  the in testine, liver, kidneys as w ell as 

the blood brain barrier [298, 300]. Function ing  as a b io logical barrier, the P -gp is responsib le  

for the extrusion  o f  toxins and xenobio tics out o f  cells [301]. In the in testine, the P-gp serves 

as an efflux pum p by carry ing  com pounds back  in to  the lum en o f  the gut, thereby  lim iting 

oral absorp tion  o f  drugs and leading to variab le and non linear pharm acok inetics [298, 300, 

301]. D rugs w hich are know n to be P -gp substrates show  an average b ioavailab ility  o f  47%  

suggesting  that being a substrate o f  the efflux  pum p does not alw ays guarantee low  

b ioavailab ility  [302]. For com pounds that are h igh ly  so luble and highly  perm eab le, the 

contribu tion  o f  the P-gp to the overall absorp tion  is usually  insign ifican t as high 

concentrations o f  drug can  cause saturation  o f  these efflux pum ps [298, 300, 301]. H ow ever, 

the P-gp can becom e a lim iting  facto r i f  the d isso lu tion  or perm eation  rates o f  the drug  are 

very slow , o r i f  the drug is given in a very  sm all dose [301]. N ot only  has the inh ib ition  and 

induction o f  the P-gp efflux been reported  to cause sign ifican t d rug-drug  in teractions, but
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apart from that, it is also involved in the development of multi-drug resistance in cancer 

chemotherapy [298, 301, 303, 304].

5.1.5 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is a well established technique for obtaining 

high resolution images from biological specimens [305-307]. It is frequently used to 

qualitatively detect fluorescent particles in cells and tissue sections [308, 309]. Excitation 

light from a laser is directed onto the specimen containing a fluorescent dye and the 

fluorescence emission can be observed under the microscope. CLSM enables detailed 

examination of cellular structures as well as tracking of fluorescent probes in intact tissue 

sections.

One of the limitations of CLSM resides in the range of lasers for which efficient fluorophore 

excitations can be achieved [305]. Furthermore, exposure to high intensity laser illumination 

can be destructive to viable cells or tissues and cause photobleaching o f the fluorophore 

[305]. Photobleaching is a process in which the molecular structure o f a dye is altered as a 

result o f absorption of excitation light leading to a gradual reduction of fluorescence 

intensity [307]. Another common problem encountered in CLSM is the autofluorescence of 

biological samples, which can increase as the tissue deteriorates [310, 311]. Detection of 

weak fluorescence is made difficult by the presence of autofluorescence. Autofluorescence 

can be minimised by fixing the specimen, selecting fluorescent probes with longer excitation 

and emission wavelengths, and using filters with narrow bandwidths [310,311].

5.1.6 Coherent anti-Stokes Raman scattering (CARS) Microscopy

Coherent anti-Stokes Raman scattering (CARS) is the latest addition to non-linear 

microscopy and offers label-free imaging with chemical specificity by probing the 

vibrational structure of molecules within the sample volume (for reviews see reference [312- 

314]). A pump beam, of frequency cOp and a Stokes beam, cos, interact with the sample via a 

four-wave mixing process. When the beat frequency (cOp -  cOs) is tuned to match a Raman 

active vibrational mode, molecules are coherently driven with the excitation fields, resulting 

in the generation of a strong anti-Stokes signal. Recent developments in ultrafast light
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sources have advanced CARS microscopy as a tool for biological imaging with many 

advantages over conventional imaging; the non-linear generation of the CARS signal 

confines optical excitation to a focus where the photon flux is highest, thus providing 

intrinsic optical sectioning and high spatial resolution; the use of infrared excitation gives 

CARS excellent depth penetration (up to several hundred microns); contrast is derived from 

intrinsic sample properties. CARS microscopy has been applied to visualise intracellular 

trafficking, including that o f lipid droplets [315] and polystyrene nanobeads [316].

Unlabelled GCPQ was visualised within the gastrointestinal tissue using a multimodal 

multiphoton microscopy, which simultaneously combined two-photon excited fluorescence 

(TEPF), second harmonics generation (SHG) and coherent anti-Stokes Raman scattering 

(CARS) microscopy. cOp -  ©s was tuned to match the Raman modes of abundant and highly 

respective bonds within the GCPQ polymer and the location of these GCPQ nanoparticles 

within the gastrointestinal tissue was then identified by CARS microscopy. Multiphoton 

excitation o f autofluorescence and SHG were used to co-register the position of the 

nanoparticles at a cellular resolution.
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5.2 M ateria ls and M ethods

5.2.1 M aterials

C hitosan  A m phiphiles Synthesised  in C hap ter 2

L ucifer Y ellow  D ipotassium  Salt S igm a-A ldrich  C o., U .K.

A ntipyrine Fluka, U .K .

V erapam il S igm a-A ldrich  C o., U .K .

R h o d am in e-123 Fluka, U .K.

PEI 25kD a S igm a-A ldrich  C o., U .K .

T issue C ulture M edia L ife Sciences, G ibcoB R L , U .K .

T ransw ell 12-well p lates w ith polycarbonate cell C om ing  Life Sciences, U .K .

culture inserts

M ethanol F ischer Scientific, U .K .

T exas Red ' -X  Succinim idyl Ester Invitrogen Ltd., U .K.

5-C arboxyfluorescein  N -S uccin im idy l E ster F luka, U .K.

Sodium  B icarbonate S igm a-A ldrich  C o., U .K.

D im ethyl Sulfoxide (D M SO ) S igm a-A ldrich  C o., U .K.

H ydroxylam ine H ydrochloride Fluka, U .K.

Sodium  H ydroxide Fluka, U .K.

S ephadex G-25 Sigm a-A ldrich  Co., U .K.

Idarubicin H ydrochloride S igm a-A ldrich  C o., U .K.

P araform aldehyde EM  grade A gar Scientific, U .K .

Phosphate B uffer Saline (PB S) tablets S igm a-A ldrich  C o., U .K .

C itifluo r A F l C itifluo r Ltd., U .K .

O C T  C om pound V W R  In ternational L td., U .K.
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5.2.2 Methods

5.2.2.1 Transport across Caco-2 Cell Monolayer

5.2.2.1.1 Caco-2 Cell Cultures

Caco-2 cells (passage number 50-60) were seeded on Trans well® 12-well plates with 

polycarbonate permeable cell culture inserts (area 1 cm^, pore diameter 0.4pm) at a seeding 

density o f 64000 cells cm'^. Dubelcco’s Modified Eagle’s Medium (DMEM) supplemented 

with foetal bovine serum (FBS 10% w/v), non-essential amino acids (1% w/v), L-glutamine 

(1% w/v), penicillin (lOOU ml'*) and streptomycin (lOOpg ml'^) was used as the culture 

medium and added to the basolateral compartments. Cell suspension in the same medium 

(0.5ml) was added to the apical compartments and the cells were incubated at 37°C in an 

atmosphere o f 95% relative humidity and 10% CO2 . The cells were maintained for 21 days 

to allow maturation, confluence and p-gp expression as well as an increase in transepithelial 

electrical resistance (TEER) which indicated the formation of tight junctions in the cell 

monolayer. The culture media in both the apical and basolateral compartments were changed 

every other day. TEER and transport studies were conducted 21 days post seeding after 

confirming the integrity o f the monolayers.

5.2.2.1.2 TEER Experiments

The TEER of the Caco-2 monolayers were measured using a Millicell®-ERS meter 

(Millipore, Bedford, MA, USA) connected to a pair of electrodes which were separately 

placed in the apical and basolateral compartments. Polymer dispersions (5mg ml'*) were 

prepared in Hank’s balanced salt solution (HBSS) containing Ca^^ and Mg^^ supplemented 

with penicillin (lOOU ml *) and streptomycin (lOOpg ml'*). The culture medium was first 

aspirated from the transwells and HBSS was added into both the apical and basolateral 

compartments and the cells incubated for an hour at 37°C in an atmosphere of 95% humidity 

and 10% CO2 . The TEER of the cells in HBSS was then measured prior to the addition of 

the polymer solutions (0.5ml) in the apical compartments. TEER measurements were carried 

out at 40-minute-intervals. At time point 160min, the polymer solutions were removed and 

replaced with fresh HBSS and the TEER was measured again after one hour to determine if 

the effect o f the polymers on the Caco-2 monolayer was reversible. Control experiments
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w ere also perfo rm ed  under sim ilar conditions using  H B SS as a negative control and PEI 

2 5kD a (0 .4 p g  ml ')  as a positive control,

5.2.2.1.3 Transport Studies with a Paracellular M arker Lucifer Yellow

Polym er d ispersions (5m g m l ')  w ere p repared  in H B SS con tain ing  L ucifer Y ellow  (0 .5m g 

ml ') . T he culture m edium  w as asp ira ted  o ff  and rep laced  w ith  H B SS con tain ing  Ca^^ and 

Mg^^ supplem ented  w ith penicillin  (lOOU m l ' )  and strep tom ycin  (lOOpg m f ' )  in the 

baso lateral com partm ents. Po lym er so lu tions w ith L ucifer Y ellow  w ere added to the apical 

com partm ents and the transw ells w ere incubated  at 37°C , 95%  hum id ity  and 10% C O 2 for 

160m in. B asolateral sam ples (1m l) w ere taken every  40m in and rep laced  w ith  equal vo lum es 

o f  fresh H B SS. The fluorescent read ings for the L ucifer Y ellow  sam ples at various tim e 

points w ere analysed at ^excitation = 485nm  and ^emission =  530nm  and the fluorescence 

converted  to concentration  using the standard  curve (r^>0.99) (F igures 5 .3a and 5.3b). 

Sim ilarly , control experim ents w ere also  perform ed w ith L ucifer Y ellow  on its ow n as the 

negative control and L ucifer Y ellow  dosed  w ith  PEI 25kD a (0 .4 p g  m l"') as the positive 

control.

^  400
y = 15.024X + 34.999 

= 0.9991
tnco

-4-» 300
c
8  2 0 0  

8  1 0 0

2
o
3

0 5 10 15 20
concentration  of Lucifer Y ellow  (ug/ml)

Figure 5.3a: C alibration  curve based  on excita tion  o f  L ucifer Y ellow  (0.2 -  2 0 p g  m l ')
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Figure 5.3b: Calibration curve based on emission of Lucifer Yellow (0.2 -  20pg ml'*)

5.2.2.1.4 Transport Studies with a Transcellular Marker Antipyrine

Polymer dispersions (5mg ml'*) were prepared in HBSS containing antipyrine (0.4mg ml'*). 

The culture medium was aspirated off and replaced with HBSS containing Ca^^ and Mg^^ 

supplemented with penicillin (lOOU ml'*) and streptomycin (lOOpg ml'*) in the basolateral 

compartments. Polymer solutions with antipyrine were added to the apical compartments 

and the transwells were incubated at 37°C, 95% humidity and 10% CO2 for 160min. 

Basolateral samples (0.5ml) were taken every 40min and replaced with equal volumes of 

fresh HBSS. The amount o f antipyrine in the basolateral samples were analysed with the 

Agilent Technologies HPLC 1200 Series, equipped with a vacuum degasser, a quaternary 

pump, a standard and preparative autosampler and a variable wavelength UV detector. 20pl 

of sample was injected through an Onyx Monolithic C l 8  5pm column (2 x 100 x 4.6mm) 

fitted with a guard maintained at 30°C in the thermostatted column compartment (Agilent 

Technologies 1200 Series) at a flow rate of 1.5 ml min *. The mobile phase consisted of 

methanol:water (30:70). Antipyrine was detected at a wavelength of 254nm and had a 

retention time of 4.998min. The data was analysed using the Agilent Chemstation Software 

where area under the curve (AUC) was converted to concentration using a calibration curve 

(r^>0.99) prepared with standard solutions ranging from 0.5pg ml * to lOpg ml * as shown in 

Figure 5.4.
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5.2.2.1.5 P-Glycoprotein Studies with Rhodamine-123

The transport of rhodamine-123 across Caco-2 monolayer from apical to basolateral and vice 

versa was studied with and without the polymer dispersions as well as with verapamil 

(positive control) which is known to inhibit the p-gp pump. Polymer dispersions (Im g ml'*) 

were prepared in HBSS containing rhodamine-123 (5pM). Verapamil (lOOpM) was also 

prepared with rhodamine-123 and used as a positive control. The culture medium was 

aspirated off and replaced with HBSS containing Ca^^ and Mĝ "̂  supplemented with 

penicillin (lOOU ml *) and streptomycin (lOOpg ml *) in the basolateral compartments. 

Rhodamine-123 with and without the polymer as well as with verapamil were added to the 

apical compartments and the transwells incubated at 37°C, 95% humidity and 10% CO2 for 

90min. Basolateral samples (1ml) were taken after 90min incubation and the fluorescence 

measured at .̂excitation = 485nm and êmission = 530nm and converted to concentration using the 

standard curve (r^>0.99) (Figures 5.5a and 5.5b). In another experiment, rhodamine-123 was 

placed in the basolateral compartment with the polymer solutions and verapamil added to the 

apical side. Apical samples were taken after 90min of incubation at 37°C, 95% humidity and 

1 0 % CO2 and the fluorescence measured as previously described.
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Figure 5.5b: Calibration curve based on emission of rhodamine (0.05 -  l.Ofig ml'*)

5.2.2.1.6 Statistics

Statistical significance was tested with one-way analysis of variance ANOVA using the 

MINITAB® 15 Statistical Software and in some cases, the statistical difference between two 

populations were compared using the student’s t-test from Microcal Origin 6.0.
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S.2.2.2 Transport of GCPQ in the Gastrointestinal Tract

5.2.2.2.1 Attaching Texas Red and Carboxyfluorescein to GCPQ

Attachment of the red fluorescent probe, Texas Red to GCPQ (Figure 5.6) was carried out 

using the labelling protocol provided by Molecular Probes, Invitrogen [317]. GCPQ (lOOmg) 

was dissolved in sodium bicarbonate buffer (O.IM, 10ml). Texas Red-X succinimidyl ester 

(5mg) was dissolved in DMSO (0.5ml) and was slowly added (50-100pl) to the GCPQ 

solution with continuous stirring. The reaction mixture was incubated for 1 hour at room 

temperature. The reaction was stopped by adding freshly prepared hydroxylamine (1.5M, 

0.1ml) into the mixture. Briefly, hydroxylamine was prepared by dissolving hydroxylamine 

hydrochloride (210mg ml *) in distilled water and the pH adjusted to 8.5 with sodium 

hydroxide (5M). The resulting hydroxylamine solution was diluted with equal amounts o f 

distilled water and thoroughly mixed. The hydroxylamine containing reaction mixture was 

incubated for another 1 hour at room temperature. The mixture was then exhaustively 

dialysed against water (5L with 6  changes over a period of 24 hours) using the dialysis 

tubing with a molecular weight cut off (MWCO) point of 12-14000 Da. The labelled GCPQ 

was purified from unreacted Texas Red by passing the dialysate through a Sephadex G-25 

column (2x100ml). The first fraction was collected and freeze dried. This reaction was 

protected from light throughout the whole process. Attachment of the green fluorescent 

probe, Carboxyfluorescein to GCPQ (Figure 5.7) was similarly carried out using this 

protocol.

5.2.2.2.2 Confirmation of attachment using GPC

GPC analysis was used to confirm the attachment o f the fluorescent probes (Texas Red and 

Carboxyfluorescein) to GCPQ as well as to ensure complete removal of unreacted dye from 

the labelled polymer. The molecular weights o f the labelled and unlabelled GCPQ were 

compared using GPC-MALLS equipped with DAWN® EOS™ MALLS (X.=690nm), Optilab 

DSP Interferometric Reffactometer (X=690nm) and QELS detectors (Wyatt Technology 

Corporation, U.S.A.). The mobile phase consisted of a mixed solvent o f acetate buffer (0.3M 

CHgCOONa / 0.2M CH3 COOH, pH 5):methanol (35:65). Filtered samples (0.2pm, 200pl) 

were injected into a POLYSEP™-GFC-P 4000 column (300 x 7.8mm, Phenomenex, U.K.) 

fitted with a POLYSEP™-GFC-P guard column (35 x 7.8mm, Phenomenex, U.K.) by a
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W aters 717 Plus au tosam pler at a load ing  concentration  o f  5 -lO m g ml'* w ith  a flow  rate o f  

1ml m in '. The data w ere analysed using  A ST R A  for W indow s version  4 .90.08 softw are. A n 

increase in the m olecu lar w eight dem onstra ted  by an earlier elu tion  tim e o f  the labelled  

G C PQ  com pared  to the unlabelled  G C P Q  estab lished  the a ttachm ent o f  the fluorescen t dye 

to the polym er.

so"

Texas Red

---Q-
Ho;

NH H

OHHO

40

GCPQ

Protect from light

;02NH(CH,),__c=0 NH H

n(ChT o—
S0 3

Figure 5.6: Synthesis Schem e o f  T exas Red A ttachm ent to G C PQ
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Figure 5.7: Synthesis Schem e o f  C arboxyfluorescein  A ttachm ent to G C PQ  

S.2.2.2.3 Preparation of Tissues and Slides

Texas R ed-G C PQ  (15m g m l ')  in d istilled  w ater w as dosed to M ale W istar rats by oral 

gavage. A separate group o f  rats w ere o rally  dosed  w ith idarubic in  (2m g m l ')  w ith  and 

w ithout G C PQ  (15m g m l '). The an im als w ere sacrificed  after 30m in, 1 hour, 2 hours and 4 

hours and the ir intestines harvested . T he sm all in testine w as d iv ided  into three sections, the 

duodenum  (~8cm ), je ju n u m  (~30cm ) and ileum  (-2 0 c m ) [318]. Each section  w as ro lled  into 

a sw iss roll (F igure 5.8), em bedded in O C T  com pound  and frozen  in liquid nitrogen. This 

procedure w as carried out as qu ick ly  as possib le  (i.e. w ith in  lOmin) to avoid  the 

deterioration  o f  tissues w hich  could contribu te to an increase in au tofluorescence during
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confocal m icroscopy. T he tissues w ere sectioned  into thin slices (1 0 p m ) using  a cryosta t 

(L eica CM  1850) set at -25°C . The slices w ere p laced  on P olysine™  m icroscope adhesion  

slides and fixed w ith 0 .4%  parafo rm aldehyde (w /v) in PBS so lu tion  w hich m ust be fresh ly  

prepared  to reduce au tofluorescence. T he slides w ere soaked in PBS for lOm in, fo llow ed by 

m ounting  o f  the an tifade agent, C itifluo r A F l ,  onto the sliced tissues to m inim ise 

fluorescence fading w hen exposed to light. A cover slip w as p laced  on the slide and the 

edges sealed  w ith nail polish.

\ cut open along 
the dotted line

intestine \

?
lumen

(1)

I  lumen

(2)

roll the 
intestine

(3)

i
swiss roll

(4)

10pm thick

swiss roll

(5)

cover slip

10pm slice

slide

(6)

edges sealed with 
nail polish

(7)

Figure 5.8: Illustration o f  Intestinal Sw iss Roll P reparation

5.2.2.2.4 Confocal Microscopy

A Z eiss LSM  510 L aser Scanning C onfocal M icroscopy  Im aging System , equ ipped  w ith an 

argon ion laser (L A SO S L aserteknik  G m bH , C arl Zeiss P rom enade 10) and linked to a 

Fujitsu S iem ens com puter w ith the LSM  510 version  3.2 softw are, w as used to qualita tively  

detect fluorescence in the tissue sections. The lasers w ere ad justed  in the green fluorescence
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mode to yield an excitation wavelength of 488nm and the red fluorescence mode to yield and 

excitation wavelength of 543nm.

5.2.2.2.5 Multimodal Multiphoton Microscopy

Multiphoton autofluorescence and second harmonic generation were excited using a mode- 

locked femtosecond Ti: sapphire oscillator (Mira 900D, Coherent) with a pulse width of 

approximately 100 fs at 76 MHz repetition rate at 800 nm. Average power at the sample was 

between 5 and 20 mW. The dual wavelength picosecond excitation required for CARS 

microscopy was generated using an optical parametric oscillator (OPO) (Levante Emerald, 

APE, Berlin) pumped with a frequency doubled NdiVandium picosecond oscillator (High-Q 

Laser Production GmbH). The pump laser generated a 6  ps, 76 MHz pulse train at 532 nm 

with adjustable output power up to 10 W. The OPO produced collinear signal and idler 

beams with perfect temporal overlap and provided continuous tuning over a range of 

wavelengths. The signal beam was used as the pump, ranging from 670 to 980 nm and the 

idler formed the Stokes beam ranging from 1130 to 1450 nm. The maximum combined 

output power of the signal and idler was approximately 2 W and average power at the 

sample was between 10 and 30 mW.

Imaging was performed using a modified inverted microscope and confocal laser scanner 

(1X71 and FV300, Olympus UK). To minimise light loss the standard galvanometer 

scanning mirrors were replaced with silver galvanometric mirrors and the tube lens was 

replaced with a MgF2 coated lens. The scanning confocal dichroic was replaced by a silver 

mirror with high reflectivity throughout the visible and NIR (21010, Chroma Technologies). 

A flip mirror was used to direct the light into the scan unit and select between the 

femtosecond and picosecond beams. A 60X, 1.2 NA water immersion objective (UPlanS 

Apo, Olympus UK) was used.

SHG was detected in the forwards direction and collected by an air condenser (NA=0.55) 

and directed via collimating lenses onto a dichroic mirror, which removed the fundamental 

wavelength and separated the SHG from the CARS signal. The SHG signal was then isolated 

by a band pass filter (F10-400-5-QBL, CVl) and focused onto a red-sensitive 

photomultiplier tube (R3896, Hamamatsu Country). Multiphoton fluorescence was measured
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in the epi-direction after spectral separation from the excitation source by a dichroic mirror 

(670dcxr, Chroma Technologies), and isolation by bandpass filters (CG-BG-39-1.00-1 and 

F70-500-3-PFU, CVI) using a photomultiplier tube (R3896, Hamamatsu Country) mounted 

at the back port of the microscope. The forward-CARS signal was collected by the air 

condenser, transmitted by the dichroic mirror and directed onto a red-sensitive 

photomultiplier tube (R3896, Hamamatsu Country). The epi-CARS signal was collected 

using the objective lens and separated from the pump and Stokes beams by a long-wave pass 

dichroic mirror (z850rdc-xr. Chroma Technologies, Country) and directed onto a second 

R3896 photomultiplier tube at the rear microscope port. The anti-Stokes signal was isolated 

at each photodetector by a single band-pass filter centered at 750 nm (HQ750/210, Chroma 

Technologies Country).
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5.3 R esu lts

5.3.1 Caco-2 Studies

5.3.1.1 TEER Measurements

The T E E R  value o f  the C aco-2 m onolayers afte r 21 days w as 300-500Q  cm'^. The T E E R  is 

a re flec tio n  o f  the parace llu lar perm eab ility  as w ell as an indication  o f  m onolayer integrity .
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Figure 5.9: The E ffect o f  C hitosan  A m phiph iles (n =  3) on the T E E R  o f  C aco-2  Cell 

M onolayer, *  =  statistical sign ificant d ifference (p<0.05) from  the control (H B SS)

A decrease  in the T E E R  w as an ind ication  o f  pertu rbations o f  the ionic perm eab ility  o f  the 

cell m o n o lay er [319]. A s expected, PEI 25kD a, the positive control know n to open tight 

ju n c tio n s [166, 319], caused a 25%  reduction  in the T E E R  o f  the cell m onolayers (F igure 

5.9). H ow ever th is effect persisted  even  after the rem oval o f  PEI 25kD a until 24hrs later, 

w hen  the cell m onolayers gradually  recovered  from  the reversib le  effect o f  PEI 25kD a. No 

sign ifican t change in the T E E R  w as observed for G C PQ  and PG C , ind icating  that the 

po lym ers do not open tigh t junctions.

5.3.1.2 Transport of Lucifer Yellow across Caco-2 Cell Monolayer

Due to the form ation  o f  tight ju n c tio n s by the C aco-2 m onolayer, L ucifer Y ellow , a 

parace llu lar m arker w hich is transported  in betw een  tight junc tions, dem onstrated  very  low
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perm eability , w ith neglig ib le am ounts crossing  the m onolayer. A gain  w ith  the positive 

contro l PEI 25kD a, p arace llu lar perm eab ility  w as increased and large am ounts o f  L ucifer 

Y ellow  w as transported  from  the apical to the baso lateral cham ber (F igure 5.10).

I
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-^ P G C (5 m g /m l)  

control (Lucifer Yellow 0.5mg/ml) 
PEI (0.4ug/ml)

O  1 5 -
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Figure 5.10: T he Effect o f  C hitosan  A m phiphiles (n =  3) on the transport o f  L ucifer Y ellow  

across C aco-2 Cell M onolayer

*  =  statistical significant d ifference (p<0.05) from  the control (L ucifer Y ellow  on its ow n)

The polym ers G C PQ  and PG C  did cause a slight increase in the transport o f  Lucifer Y ellow  

w hich w as statistica lly  sign ifican t w hen com pared  to the contro l i.e. L ucifer Y ellow  on its 

ow n (F igure 5.10). H ow ever in com parison  to the positive contro l, the effect o f  the polym ers 

w as not as huge, hence from  the T E E R  m easurem ents and the parace llu lar transport studies, 

it w as observed  that the ch itosan  am phiph iles d id  not cause significan t opening  o f  tight 

junctions. W ith reference to F igure 5.11, it appeared  that the parace llu lar pathw ay  in C aco-2 

m onolayer w as saturable as both concen trations o f  L ucifer Y ellow  (0 .2m g ml ' and 0 .5m g
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ml ')  w hen  dosed  in the apical cham ber resu lted  in approxim ately  sim ilar am ounts o f  L ucifer 

Y ellow  at the baso lateral cham ber after 160m in. The d ifference betw een  the tw o 

concen trations studied  w as also not s ta tistica lly  sign ificant even w hen the polym ers w ere 

used. This saturation o f  the parace llu lar pathw ay  dem onstrated  the lim ited  surface area o f  the 

parace llu lar route as w ell as the effectiveness o f  tigh t ju n ctio n s as a p arace llu lar b arrier in 

the cell m onolayer. W hile PGC and G C PQ  enabled  m ore than  tw o-fo ld  increase in the 

am ount o f  Lucifer Y ellow  transported , both polym ers w ere still no t com parable to the 

positive control PEI 25kD a in w hich case the open ing  o f  tigh t ju n ctio n s  in the C aco-2 cell 

m onolayer led to a large increase in the p arace llu lar transport o f  L ucifer Y ellow .
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Figure 5.11: Total m ass transported  across the C aco-2 m onolayer into the baso lateral 

cham ber by the chitosan am phiphiles (n =  3)

* = statistica l sign ificant d ifference (p<0.05) from  the contro l (L ucifer Y ellow  on its ow n)

0.2LY  =  0 .2m g ml ' L ucifer Y ellow  dosed  in the apical cham ber 

0 .5LY  =  0 .5m g ml ' L ucifer Y ellow  dosed  in the apical cham ber
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5.3.1.3 T ransport of Antipyrine across Caco-2 Cell Monolayer

A ntipyrine is a transcellu lar m arker w hich passively  d iffuses across the C aco-2 m onolayer 

w ith good perm eability  [15]. For the contro l i.e. an tipyrine on its ow n, the concen tration  o f  

an tipyrine in the basolateral cham ber reached  a p lateau  after 80m in (F igure 5.12) ind icating  

that this w as the m axim um  am ount that can traverse the m onolayer. B oth polym ers 

sign ifican tly  increased the transport o f  an tipyrine resu lting  in a h igher m axim um  plateau. 

G C PQ  w as superio r to PG C at three tim e points, 80m in, 120m in and 160min.

GCPQ (5mg/ml)
_  PGC (5mg/ml)
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Figure 5.12: T he Effect o f  C hitosan  A m phiph iles (n =  3) on the transport o f  an tipyrine 

across C aco-2 C ell M onolayer

*  = statistical sign ifican t d ifference (p<0.05) from  the control (an tipyrine on  its ow n) 

t  = statistica l sign ifican t d ifference (p<0.05) betw een  G C PQ  and PGC
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Figure 5.13 show ed the total m ass o f  an tipyrine at the baso lateral end after 160m in. An 

increase in the transcellu lar transport o f  an tipyrine w as observed  w ith a h igher concen tration  

(5m g m f ' )  o f  G C PQ  even though at a low er concen tration  ( I m g  m l ' ) ,  G C PQ  w as still able 

to sign ifican tly  im prove an tipyrine transport across the C aco-2 m onolayer. A s for PG C , the 

total am ount o f  an tipyrine transported  from  apical to baso lateral w as h igher than the control 

w ith 5m g m f  ' o f  PGC but no t w ith Im g  m f ' .  A lthough there seem ed to be a sligh tly  h igher 

total am ount w ith 5m g mf* PG C com pared  to Im g  m f ' PG C , the d ifference w as not 

statistica lly  significant. O nce again G C PQ  proved  to be better than PG C in prom oting  

transcellu lar transport across the cell m onolayer.
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Figure 5.13: Total m ass transported  across the C aco-2 m ono layer into the basolateral 

cham ber by the ch itosan  am phiphiles (n =  3)

* =  statistical sign ificant d ifference (p<0.05) from  the control (an tipyrine on its ow n) 

t  =  statistical significant d ifference (p =  0 .00667) betw een G C PQ  5m g ml"' and Im g  ml"'

5.3.1.4 Transport of Rhodamine across Caco-2 Cell Monolayer

The P-gp is expressed  in abundance in C aco-2  cells [69, 320]. The fluorescent dye, 

rhodam ine 123 is a lipophilic drug w hich  passively  d iffuses across the cell m onolayer by the 

transcellu lar route but being  a substrate o f  the P -gp efflux pum p, it is exported  back  to the 

apical side hence lim iting transport across to reach  the baso lateral end [300, 304]. T he flux 

o f  rhodam ine across the cell m onolayer w as assessed  in both  d irections, the absorp tive 

(apical to baso lateral) and the secreto ry  (baso la teral to apical). The am ount o f  rhodam ine
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was observed to be higher in the apical than the basolateral indicating that rhodamine was 

exported by the P-gp (Figure 5.14). In the presence of verapamil, a P-gp inhibitor [69], 

rhodamine was better absorbed through the cell monolayer thus yielding higher amounts in 

the basolateral than in the apical. The polymers showed a similar trend to rhodamine on its 

own, in which case not much rhodamine was transported across from the apical to the 

basolateral direction. Thus, unlike verapamil, GCPQ and PGC did not inhibit the P-gp to 

promote the transport of rhodamine across the cell monolayer.

.£ 200

î i  100

Rhodam ine

*

Verapamil GCPQ PGC

Figure 5.14: The effect of Chitosan Amphiphiles (n = 3) on the P-Glycoprotein Efflux Pump. 

Rhodamine was first placed in the apical compartment and the amounts transported across 

the monolayer to the basolateral compartment are represented by the white bars. In a 

separate experiment, rhodamine was then placed in the basolateral compartment and the 

amounts transported across to the apical compartment are represented by the black bars.

*  = statistical significant difference from the control (rhodamine on its own)

5.3.2 GPC Analysis

The GPC chromatograms of Texas Red and Carboxyfluorescein are shown in Figure 5.15 a) 

and b) respectively. The late elution time exhibited by both dyes relects their low molecular 

weight.
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Figure 5.15: GPC Chromatograms of a) Texas Red and b) Carboxyfluorescein

Figure 5.16 shows the GPC chromatograms of the fluorescently labelled GCPQ after 

attachment of Texas Red (red line) and Carboxyfluorescein (green line). The labelled GCPQ 

eluted earlier than GCPQ (blue line) due to a higher molecular weight after attachment of the 

dye. There were no additional peaks observed after 20min in Figure 5.16, comfirming that 

any excess unattached dye had been successfully removed by gel filtration.
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Figure 5.16: M olecular w eight increm ent afte r attachm ent o f  T exas Red (T R ) or 

C arboxyfluorescein  (C F) onto G C PQ  evidenced  by the earlier elu tion  tim e o f  T R -G C P Q  and 

C F-G C PQ

5.3.3 Confocal Images

5.3.3.1 Administration of GCPQ labelled with Texas Red

Tw o assum ptions w ere m ade during this experim ent, firstly  that the a ttachm ent o f  a 

fluorescent label did no t a lter the behav iou r o f  G C PQ  in the gastro in testinal tract, and 

secondly  that the dye w as not cleaved  by any intestinal enzym es. In testinal tissues have 

naturally  occurring  fluorescence know n as au tofluorescence, often observed  in the green 

channel (505-550nm ) bu t less frequently  in the red  channel (> 560nm ) [24]. H ence in the 

initial stage o f  this study, it w as m ore appropriate  to use a red fluorescent dye to tag the 

po lym er in o rder to d istinguish  betw een  in terference o f  green au to fluorescence in the event 

o f  po lym er uptake. T exas R ed has an  exc ita tion  w avelength  o f  589nm  and an em ission  

w avelength  o f  615nm . T he detection  o f  any fluorescence in the red  channel w ould  indicate 

the location o f  the polym er. From  figures 5.17 and 5.18, it w as observed that G C P Q -T R  

lined the villi and w as not absorbed. A  control rat w as dosed  w ith w ater and no red  

fluorescence w as observed  but au tofluorescence could  be detected  in the green channel.
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G C P Q -T R  
lining th e  vill

G C P Q -T R  
lining th e  villi

Figure 5.17: Comparison of confocal images between a control rat (al -  d l) and a rat dosed 

with GCPQ-TR (a2 -  d2)

al, a2  = green channel; b l, b2  = red channel; c l, c2  = electron microscope image; 

d 1 , d2  = overlay of images from the green and red channel

red fluorescence of GCPQ-TR lining the villi observed in b2) and d2) but not detected in b l) 

and d l) of the control
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D u od en u m Jejunum Ileum

Figure 5.18: Confocal im ages o f  G C P Q -T R  lin ing the villi in the duodenum , je junum  and 

ileum  at various tim e points
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S.3.3.2 Uptake of Idarubicin with and without GCPQ

Figure 5.19 show s the absorption o f  idarubic in  w ith  and w ithou t G C PQ . T he con tro ls w ere 

de liberate ly  m ade dark by ad justing  the settings in such a w ay so as to m inim ise 

au tofluorescence. T he sam e settings w ere then reused to v iew  tissues o f  rats dosed  w ith 

idarubic in  so that fluorescence in tensity  could  be com pared.

Duodenum Jejunum Ileum

control

Idarubicin
alone

Idarubicin 
+ GCPQ

Figure 5.19: C onfocal im ages o f  idarubicin  up take w ith  and w ithou t G C PQ , a) control 

duodenum , b) control je ju n u m , c) contro l ileum , d) duodenum  w ith idarubic in , e) je ju n u m  

w ith  idarubicin , f) ileum  w ith  idarubicin , g) duodenum : idarubicin  +  G C PQ , h) je junum : 

idarubicin  + G C PQ , and i) ileum : idarubicin  + G C PQ
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The h igher in tensity  o f  red  fluorescence observed  in F igure 5.19 g), h) and i) w as an 

ind ication  o f  enhanced absorp tion  o f  idarubicin  w hen adm in istered  w ith G C PQ . This 

dem onstrated  the ab ility  o f  the po lym er to enhance the perm eation  o f  idarubic in  across the 

intestinal m em brane.

S.3.3.3 Administration of GCPQ labelled with Carboxyfluorescein

A green fluorescent label w as attached to G C PQ  to be adm in istered  w ith  idarubicin  w hich 

exhib ited  red fluorescence. A s can be observed  in F igure 5.20, the g reen  fluorescence o f  

G C PQ -C F  lining the villi w as not as strong as the red fluorescence seen previously . T he 

fluorescence in the m iddle o f  the villi w as due to au tofluorescence and not because o f  

po lym er up take in the gastro in testinal tract.

Figure 5.20: Intestinal sections a) duodenum , b) je junum , c) ileum  o f  a rat dosed  w ith 

G C PQ -C F

5.3.3.4 Uptake of Idarubicin with labelled GCPQ

The contro l rat w as dosed  w ith  w ater on ly  and the confocal im ages ob tained  w ere dark  w ith 

no fluorescence observed in all channels. The gain o f  the green channel w as reduced  until no 

au tofluorescence could  be detected  in the m iddle o f  the villi. T his w as done so that any 

fluorescence seen inside the villi w ould  represen t idarubic in  absorp tion  w ithou t the 

in terference o f  au tofluorescence. The sim ilar settings w ere applied  w hen im aging  the tissues 

o f  a rat dosed w ith G C P Q -C F  together w ith idarubicin. F igure 5.21 show s the uptake o f  

idarubicin  in the presence o f  the po lym er. G C PQ -C F  w as not absorbed  but m erely  adhered
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to the villi, and this adhesion guaranteed a close proximity of idarubicin to the absorptive 

cells hence paving the way for an increase in transcellular uptake of idarubicin.

Figure 5.21: a) control duodenum, b) duodenum at 1 hour post dose, c) control jejunum, and 

d) jejunum at 1 hour post dose, the red fluorescence represents idarubicin uptake and the 

green fluorescence represents the location of GCPQ

5.3.4 CARS Images

The pictures obtained from CARS imaging (Figure 5.22) show no absorption of GCPQ with 

an unlabelled polymer. This agrees with the observations made from the previous confocal 

images. Again what can be seen is GCPQ (tuned to give a red signal) lining the villi of the 

gut and there was no uptake of the polymer as no signal was detected inside the villi.

187



Figure 5.22: CARS images of unlabelled GCPQ lining the villi without being absorbed 

5.4 Discussion
Indeed the Caco-2 cell line which is of human colonic origin has been extensively used in 

drug permeability studies for the prediction of oral absorption during the early stages of drug 

discovery and development [13, 290]. The popularity of this in vitro model arises from the 

fact that the Caco-2 cells display functional characteristics similar to the epithelium of the 

small intestine in that they form a polarized monolayer of well differentiated columnar 

absorptive cells expressing a brush border on their apical surface with typical intestinal 

enzymes and transporters [5, 321, 322]. The presence of established and structured tight 

junctions between adjacent cells creates a tight epithelium presenting a paracellular and 

transcellular barrier comparable to the gastrointestinal barrier [5, 321, 322]. The majority of 

drug transport studies are carried out on the Caco-2 monolayer and are of a mechanistic 

nature [293]. The Caco-2 cell monolayer is acknowledged as a good model for passive 

transcellular transport which is the most common drug permeation route in the intestine 

[293]. However for drugs that are slowly and incompletely absorbed, the correlation between 

the Caco-2 monolayer and the human jejunum was reported to be qualitative rather than 

quantitative [323]. Such drugs demonstrated lower permeability in the Caco-2 monolayer, 

with a transport rate slower by 30 -  80 fold compared to the human jejunum [323]. The 

reason was because the tight junctions of the Caco-2 monolayer were unrealistically much 

tighter and had higher TEER values than the tight junctions of the intestinal absorptive cells 

[13,281,285,293].
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As mentioned earlier, the Caco-2 cells have TEER values of typically 150-450Q cm'^ whilst 

the more permeable epithelial cells of the small intestine have a much lower TEER of 25- 

40Q cm'^ [13, 289, 297]. Thus it is not surprising that one of the disadvantages of this model 

was that the permeability of hydrophilic compounds tend be underestimated due an impaired 

over tightened paracellular pathway [285]. For example, atenolol, a Class III drug, was 

found to have significantly lower permeability in the Caco-2 monolayers (i.e. the permeated 

amount was less than 0.1%) despite having an in vivo absorption of 50% [262, 285]. In 

another case, the transport rate of poorly permeable compounds such as mannitol and 

creatinine in the jejunum was 300-fold higher than that in the Caco-2 monolayers [13]. As a 

matter of fact, the majority of the small polar molecules such as ranitidine, furosemide and 

hydrochlorothiazide were observed to be poorly permeable in the Caco-2 model despite 

showing satisfactory oral bioavailability in humans (>50%) [13]. This demonstrated the 

failure of Caco-2 model to depict the actual fraction absorbed in humans. To overcome this 

problem, leakier membrane structures such as the MDCK cells have been employed [271, 

284, 292]. The MDCK also had the added advantage of much shorter culture periods 

reaching confluence with established tight junctions within 2 - 6  days as opposed to a 

minimum of 14 days with the Caco-2 cells [271, 284, 292].

Another limitation of the Caco-2 model is that the monolayer consists solely of absorptive 

cells, in contrast to the small intestine where apart from the enterocytes, there are other cells 

present as well for instance, the endocrine cells, M cells and the mucus producing goblet 

cells. Not only are the goblet cells found in abundance throughout the GI tract but more 

importantly the mucus produced can be a barrier affecting drug absorption [13, 290]. For 

instance, the passive diffusion of lipophilic drugs such as testosterone is limited in the 

presence of mucus and may therefore be overestimated in the Caco-2 model where this 

factor has been neglected [5]. It also appeared that surfactants which proved to be 

permeation enhancers in the cell monolayers had reduced potency in vivo because the lack of 

mucus in the cell monolayers led to an overestimation of the efficacy of these agents [5]. To 

overcome this problem, some groups have co-cultured Caco-2 cells with mucus producing 

goblet cells such as the HT29-MTX [290]. Apart from the absence of mucus in the Caco-2 

monolayer, the influence of physiological parameters for example gut motility, transit time
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and sink conditions, are not taken into account. The unstirred water layer (UWL) in the GI 

tract is approximately 30-100 pm thick with efficient peristaltic mixing at the mucosal 

surface but in Caco-2, the UWL has been reported to be 1550 pm [283, 324]. Clearly the 

highly dynamic setting in vivo is more complex than the controlled and relatively static 

setting o f the in vitro cell monolayer model [5]. Furthermore, Caco-2 cell lines have the 

tendency to overexpress the P-gp efflux pump as most cancer cells do, while the expression 

o f the metabolising enzyme CYP3A4 is either low or absent [13, 292].

Falling into the Class I category, antipyrine is well absorbed (97%) owing to its good 

permeability as well as solubility [69, 260]. It was likely that the transport of antipyrine 

across the Caco-2 monolayer would correlate well with its in vivo absorption. Hence it 

would not be wrong to conclude that the polymers would enhance its absorption in vivo as it 

did in vitro and it seemed possible that the polymers had the potential to enhance 

transcellular transport o f lipophilic drugs. GCPQ was superior to PGC possibly due the 

presence of the quaternary ammonium function which imparted higher density of positive 

charge onto the polymer leading to increased bioadhesion or it could also simply be because 

GCPQ formed smaller micellar particles as opposed to the nanoparticles o f PGC.

A study conducted by Ranaldi et al on the effect of chitosan on the permeability of Caco-2 

cells demonstrated an irreversible opening o f tight junctions by chitosan (degree of 

acétylation 22.3%), marked by a decrease in the TEER to 20% of its initial value after 60min 

incubation with chitosan (0.01%) and an increase in inulin paracellular transport [319]. This 

effect was concentration dependent in that higher concentrations of chitosan resulted in more 

significant increase in monolayer permeability [319]. The group then arrived at a conclusion 

that the continuous ingestion of chitosan may have widespread health effects by altering 

intestinal barrier function allowing the entrance of potentially toxic substances into the 

bloodstream [319].

Despite many literature reports that chitosan increase permeability by the opening of tight 

junctions [216-219, 325, 326], it was observed here in our study that both GCPQ and PGC 

had no effect on the tight junctions and hence did not increase the paracellular permeability
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of the Caco-2 monolayer. No change in the TEER was observed with GCPQ and PGC. Also, 

although the transport of Lucifer Yellow was slightly enhanced by the polymers, the effect 

was not as significant as the positive control PEI 25kDa. This could be attributed to 

differences in cell line properties as well as differences in polymer chemistry. After all in 

most studies where chitosan had a pronounced effect on tight junctions, the unmodified form 

of chitosan was used whereas here glycol chitosan was grafted with palmitoyl chains and 

methylated to form quaternary ammonium functions and these modifications could have 

changed the nature of chitosan. For example, a study by Cheng et al showed that while the 

unmodified form o f PEI I.SkDa, lOkDa and 25kDa significantly decreased the TEER of the 

Caco-2 cell monolayer to a minimum of 85% of its initial value, the modified amphiphilic 

polymer i.e. quaternary ammonium cetyl PEI did not have any effect on the integrity of the 

tight junctions at concentrations up to 4pg ml ’[166]. In the same manner, modification of 

glycol chitosan by palmitoylation and quaternisation could have abolished the chitosan effect 

on tight junction opening. It was also reported that chitosan opened epithelial tight junctions 

in a pH-dependent manner [327]. At an acidic pH of 4, chitosan-glutamate not only 

increased Caco-2 permeability to mannitol but also caused an irreversible damage to the cell 

monolayer [328]. However at pH 7, chitosan-glutamate had no effect on the TEER of the 

monolayer i.e. the cell viability was not affected and there was no increase in mannitol 

permeation [328]. The effects of chitosan at lower pH are thought to be mediated through the 

positive charge of the primary amines [327]. According to the authors, it was presumed that 

a direct interaction between the cationic chitosan molecule and the negatively charged cell 

membrane was the mechanism underlying the alteration of permeability [328].

Apart from chemical modification o f chitosan, there may be differences in the molecular 

weight and degree o f acétylation between the various chitosan batches. It was also thought 

that degrading glycol chitosan to a lower molecular weight could have contributed to its lack 

of effect on the tight junctions of the cell monolayer as it was shown that the high molecular 

weight poly-L-lysine (300 OOODa) increased permeability to a greater extent than the low 

molecular weight poly-L-lysine (30 OOODa) [319]. Schipper et al demonstrated that chitosans 

with different chemical compositions varied in their toxicity and effects on the permeability 

of Caco-2 monolayers [326]. The opening of tight junctions, reflected by a reduction in
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TEER and an increase in paracellular transport of mannitol was more pronounced in the 

chitosan with a high degree o f acétylation (35%) and a high molecular weight (170kDa) 

compared to the chitosan with a lower degree of acétylation ( 1 %) and a lower molecular 

weight (31kDa). Meanwhile, the chitosan with 49% acétylation and a molecular weight of 

22kDa had no influence on epithelial permeability and was used as the negative control in 

their study [326]. Moreover, Kotze et al reported that N-trimethyl chitosan chloride with a 

quaternisation level of 12.28% did not reduce the TEER as much as chitosan hydrochloride 

and chitosan glutamate [325]. Hence it can be concluded that degradation and chemical 

modification of glycol chitosan resulted in a chitosan amphiphile which did not physically 

impair the protective barrier function of the intestinal cells.

From the confocal images, it appeared that GCPQ did not traverse the intestinal membrane 

and was not taken up in the duodenum, jejunum or ileum. Additionally pictures obtained by 

a novel imaging technique CARS, which advantageously does not require any labelling of 

the polymer, confirmed that GCPQ adheres to the villi but is not taken up in the gut. It was 

possible that the mucus barrier prevented the absorption of the polymer as suggested by 

Schipper et al [329]. Furthermore, the systemic uptake of colloidal particulates has been 

found to be low i.e. in the order of 1-2% of the administered oral dose [288]. Jani et al 

showed that only trace amounts of less than 5% of the administered dose of nanoparticles 

was actually absorbed in the GI tract and for positively charged nanoparticles, their intestinal 

uptake through the gut membrane was even more unlikely [282, 288]. It seemed likely that 

the positive charge on GCPQ hindered its uptake but at the same time promoted the 

bioadhesion of the polymer onto the mucosal surface. This bioadhesion appeared to be an 

important absorption enhancement mechanism of the polymer.

Orally administered chitosan nanoparticles are thought to diffuse by Brownian motion in the 

GI fluid and upon encountering the mucosal surface, the nanoparticles become immobilised 

at the intestinal membrane by an adhesion mechanism called bioadhesion [330]. In most 

cases, this adhesion involves a large degree of interaction with the mucus layer lining the 

surface of the GI tract, hence the more specific term to describe this behaviour is 

mucoadhesion [330]. The intestinal mucus consists of hydrated high molecular weight 

glycoproteins (mucins) forming a continuous adherent blanket over the mucosal surface.
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From the literature, chitosan is known to possess mucoadhesive properties due to 

electrostatic interactions with the sialic acid groups of mucins in the mucus layer [215, 216, 

256, 329].

According to Damge et al, the ability of positively charged nanoparticles to strongly adhere 

to the gut membrane had a role in facilitating drug absorption and can lead to oral 

bioavailability enhancement. The ammonio-methyl groups of Eudragit RS conferred a global 

positive charge to their nanoparticles, causing the polymer to interact with the negatively 

charged mucus layer covering the intestinal epithelium [282]. This consequently resulted in a 

prolonged residence time o f the drug loaded nanoparticles at the absorptive surface and 

created a drug concentration gradient between the lumen and the blood [282]. Similarly, a 

possible explanation for the increase in idarubicin uptake when administered with GCPQ 

was because of a longer residence time in the GI tract achieved by mucoadhesion of the 

polymer. This consequently led to a longer lasting localised concentration of idarubicin at 

the absorptive mucosal surface and a higher driving force for transcellular diffusion across 

the intestinal epithelium.

Bravo-Osuna et al evaluated chitosan mucoadhesion in an ex vivo model, by applying 

nanoparticle suspensions onto rat intestinal mucosal surfaces and measuring the amount of 

nanoparticles that remained attached to the mucosa after a two-hour-incubation period [330]. 

The study showed that chitosans with higher molecular weights generally demonstrated 

better mucoadhesion but it varied with the nanoparticle concentration. For example, at 2 and 

lOmg ml'% chitosan 20 000 Da was no different from chitosan 100 000 Da but at 5mg ml ', 

chitosan 100 000 Da was significantly better than chitosan 20 000 Da by nearly two-fold 

[330]. On the other hand, chitosan 100 000 Da demonstrated significantly increased 

mucoadhesion compared to chitosan 50 000 Da at concentrations of lOmg ml ' and below, 

but then at 20mg ml ', chitosan 50 000 Da emerged as the most superior mucoadhesive 

polymer having significantly better mucoadhesion than chitosan 100 000 Da [330].

Modifications to chitosan have been performed in attempt to improve mucoadhesion and 

permeation enhancement [331]. For instance, it was reported that the addition o f a thiol
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group increased the mucoadhesion capacity through the formation of disulfide bonds with 

cysteine residues o f the mucus glycoproteins [330, 332].

The bioavailability of a variety of drugs has been improved by the use o f mucoadhesive 

chitosans [215]. Ma et al reported prolonged reduction in serum glucose levels after peroral 

administration of chitosan-insulin nanoparticles to diabetic rats [333]. In their study, the 

nanoparticles were also fluorescently labelled and the authors observed an association 

between the nanoparticles and the intestinal epithelia leading them to conclude that the 

intestinal uptake o f insulin was facilitated by mucoadhesion of the chitosan nanoparticles 

[333]. Intragastric delivery of calcitonin formulated in lipid nanoparticles coated with 

chitosan demonstrated a 27% decrease in serum calcium level which was maintained for 24 

hours suggesting that improved gastroretention afforded by the mucoadhesion of chitosan 

enabled the drug effect to be sustained over a longer duration [334]. Likewise our study 

showed that mucoadhesion of GCPQ in the gut led to higher transcellular uptake of 

idarubicin although the polymer itself was not absorbed.

5.5 Conclusion
As discussed earlier, there is a strong correlation between permeation across the Caco-2 cell 

monolayer and in vivo absorption for compounds with good solubility and good 

permeability. However, because of the exaggerated tightness of the tight junctions in the 

Caco-2 cell monolayer, there is a likelihood that the results from the paracellular transport 

studies may not be representative of the in vivo situation due to membrane differences 

between the in vitro model and actual intestinal mucosa. As the Caco-2 model has been 

recognised to possess most of the cellular features of the absorption epithelium, the cell 

monolayer was employed for mechanistic evaluations and not for quantitative prediction of 

fractions absorbed in vivo.

From the Caco-2 studies, it was concluded that the mechanism of absorption enhancement 

by GCPQ and PGC was not by the opening of tight junctions to increase paracellular 

permeability, neither was P-gp inhibition the mechanism of action. Despite the polymers’ 

lack o f effect on the TEER of the Caco-2 cell monolayer, a slight enhancement in the
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paracellular transport of Lucifer Yellow was observed, in agreement to the data from the 

ranitidine studies in which GCPQ was found to increase the oral absorption of ranitidine in 

rats by increasing drug permeability. Additionally the polymers were found to improve the 

transcellular uptake of antipyrine suggesting that the administration o f drugs together with 

the polymers led to an increase in the transcellular absorption o f drugs. It was also concluded 

that GCPQ was not absorbed in the gastrointestinal tract but adhered instead to the villi. This 

bioadhesion / mucoadhesion is important in prolonging contact between the drug and the 

absorptive cells and is an important mechanism of oral absorption enhancement by the 

polymer as demonstrated by increased idarubicin uptake when administered with GCPQ.
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CHAPTER 6 

Conclusions and Future Work

Oh, taste and see that the Lord is good,

Blessed is the man who trusts in Him!

Oh, fear the Lord, you His saints!

There is no want to those who fear Him.

The young lions lack and suffer hunger.

But those who seek the Lord shall not lack any good thing. 

Psalm 34:8-10
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6.1 Conclusions

The chitosan amphiphiles were synthesised by first degrading glycol chitosan into smaller 

chains with a lower molecular weight followed by the grafting of hydrophobic palmitoyl 

groups onto the sugar backbone to produce an amphiphilic polymer. For some polymers, the 

amines on glycol chitosan were methylated to form quaternary ammonium functional groups 

which imparted additional hydrophilicity to the resulting chitosan amphiphiles. The 

polymers spontaneously aggregated in water at very low concentrations to form spherical 

nanoparticles with their hydrophobic cores well shielded from water molecules by their 

hydrophilic shells. At a concentration of 10 mg m l'\  the non quatemised polymers formed 

dense nanoparticles (600-700nm) while the quatemised polymers formed isotropic micellar 

liquids (200-3GOnm) which appeared clear.

The critical aggregation concentration (CAC) o f these polymers was strongly influenced by 

the degree of hydrophobic substitution and the molecular weight. As the aggregation process 

was thermodynamically driven by the hydrophobic moieties, polymers with higher 

palmitoylation levels had lower CAC values. The CAC also decreased with increasing 

molecular weight. Unlike most pharmaceutically approved low molecular weight surfactants 

and block copolymers which have CAC values in the mM region, the GCPQ and PGC 

polymers have very much lower CAC values i.e. in the pM range (3-lOpM). Because of 

such low CAC values, the GCPQ and PGC polymers are more stable to dilution in large 

volumes of biological fluids for instance the blood and the gastrointestinal fluid. This feature 

makes them reliable as dmg carriers for parenteral and oral formulations.

The dmg loading capacity o f the chitosan amphiphiles appeared to be dependent on polymer 

chemistry. Firstly, a high level of hydrophobic substitution led to the formation of 

nanoparticles with larger hydrophobic domains which facilitated the incorporation of 

hydrophobic dmgs. Secondly, the quaternary ammonium function directed the formation of 

highly stable micellar aggregates in the colloidal region with an enhanced dmg 

encapsulation ability. For this reason, the GCPQ polymers demonstrated a higher degree of 

dmg encapsulation compared to the PGC polymers. For example the amount o f CsA 

incorporated into solution by the GCPQ polymers was at least five times higher than the
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PGC polymers. Similarly, in the case of griseofulvin, the amount of drug encapsulated by the 

GCPQ polymers was two to five-fold higher than the PGC polymers. Thirdly, the polymers 

with a higher molecular weight formed more stable aggregates with superior drug loading 

capacity. The amount o f drug encapsulated by the chitosan amphiphiles also increased as the 

polymer concentration of the resulting nanosystem was increased.

When it comes to oral absorption, poor solubility is a bigger problem than poor permeability. 

It has been observed that drugs with low solubility have very limited absorption in the GI 

tract despite displaying good permeability. This shows that a high rate of permeation across 

the intestinal mucosa is simply not enough to facilitate satisfactory absorption in situations 

where dissolution is the rate limiting step [53, 271, 335]. Conversely, compounds with good 

aqueous solubility can be well absorbed even though they have a low permeation rate across 

the gut wall [53, 271, 335]. For example, in this project, the poorly soluble Class II drug, 

griseofulvin, demonstrated inadequate oral absorption despite possessing good intestinal 

permeability. On the other hand, ranitidine, a Class III compound displaying high solubility 

but low permeability, was better absorbed than griseofulvin, in that higher blood levels were 

achieved despite the low permeation rate of ranitidine across the gut membrane.

The chitosan amphiphiles were found to improve the oral absorption of griseofulvin and CsA 

by addressing the solubility problem of these hydrophobic drugs. The polymers increased the 

solubility of griseofulvin and CsA in the aqueous phase, thus enabling the delivery of higher 

concentrations of drug at the absorptive site. The GCPQ amphiphiles resulted in a 59 -  71% 

increase in the AUC of CsA and a 69 -  79% increase in the AUC of griseofulvin. 

Interestingly although the PGC amphiphiles did not display a high drug encapsulation profile 

in the colloidal region, they were still able to act as absorption enhancers as observed in the 

in vivo oral absorption studies. The PGC amphiphiles increased the plasma AUC of both 

CsA and griseofulvin by two fold. This suggested that the mechanism of absorption 

enhancement by the chitosan amphiphiles did not merely reside in their ability to incorporate 

poorly soluble drugs in their hydrophobic cores and improve their solubility in the GI fluid. 

Besides that, the GCPQ amphiphiles also improved the oral absorption of ranitidine 

demonstrating their potential as permeation enhancers.
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The polymer concentration of the drug loaded nanosystem appeared to have a significant 

impact on the oral absorption of CsA. The filtration of the CsA loaded GCPQ formulations 

resulted in the removal of larger nanoparticles and the reduction o f polymer concentration 

and polymer to drug ratio. Consequently, bioadhesion onto the intestinal mucosa was less; 

whereas with higher concentrations of GCPQ, stronger bioadhesion could be achieved, 

hence prolonging the close contact between CsA and the absorptive cells o f the intestine.

Having established the ability of GCPQ and PGC to enhance the oral absorption of 

hydrophobic drugs, the mechanism of action o f these polymers was then investigated using 

the Caco-2 cell monolayer. According to literature reports, there is a strong correlation 

between permeation across the Caco-2 cell monolayer and in vivo absorption for compounds 

with good solubility and good permeability [293, 294]. However, because of the exaggerated 

tightness of the Caco-2 monolayer tight junctions, there is a likelihood that the results from 

paracellular transport studies may not be replicated in vivo due to membrane differences 

between the in vitro model and the actual intestinal mucosa. Thus the data obtained from the 

Caco-2 studies must be interpreted with caution as in vitro models have limitations in 

mimicking the more complex actual conditions in the gastrointestinal tract. It is important to 

carefully consider and take into account other factors involved in oral drug absorption which 

are lacking in the Caco-2 model for example peristaltic mixing of gut contents, intestinal 

motility and secretion of mucus and other enzymes.

In this project, the Caco-2 model was employed as a mechanistic tool to determine the 

mechanism of absorption enhancement by the polymers and not to predict the degree o f drug 

absorbed in vivo. The chitosan amphiphiles had no significant effect on the TEER of the 

Caco-2 monolayer. Although the total amount of Lucifer Yellow transported across the 

monolayer was significantly tripled in the presence of the polymers, both GCPQ and PGC 

did not increase the paracellular transport o f Lucifer Yellow to the same extent as the 

positive control PEI 25kDa. However, the transcellular transport of antipyrine was 

significantly increased in the presence of the polymers. The polymers also did not reduce the 

efflux of the P-gp substrate rhodamine, as higher concentrations o f rhodamine were observed 

in the apical chamber compared to the basolateral chamber in the presence of the polymers. 

From these mechanistic studies with the Caco-2 model, it was gathered that the chitosan
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am phiphiles w ere able to facilitate transcellu lar up take o f  drugs but did not appear to have a 

sign ificant effect on the tigh t ju n c tio n s and show ed  no inhib ition  o f  the P-gp efflux pum p 

(F igure 7.1). T he confocal im ages show ed  adhesion  o f  G C PQ  to the in testinal m ucosa w ith 

no significant po lym er uptake observed. T he m ucoadhesion  o f  the ch itosan  am phiph iles in 

the GI tract w as thought to pro long  drug  residence tim e as w ell as locally  increase drug 

concentration  at the absorp tive m ucosal surface resu lting  in a h igher driv ing  force for 

transcellu lar d iffusion  across the in testinal ep ithelium  w hilst the nanoparticles rem ained 

trapped in the m ucus layer.

In conclusion , the ab ility  o f  the ch itosan  am phiph iles to enhance the oral absorp tion  o f  

hydrophobic drugs by increasing  the ir so lub ility  in the G I fluid and facilita ting  their 

transcellu lar uptake by m ucoadhesion , offers the possib ility  o f  fabricating  a p rom ising  oral 

form ulation consisting  o f  a nanosystem  in w hich hydrophobic drugs are encapsulated .

Increasing 
dissolution rate

O Bioadhesion

Inhibition of P-gp ■  
efflux pump g

Facilitating ^  
ran sce llu la r^ranscellularW  g
transportQ _ ■

I Opening of 
tight junctions

Figure 6.1: A n illustration  o f  the m echan ism  o f  absorp tion  enhancem ent by the ch itosan  

am phiphiles
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6.2 Future Work

Indeed the chitosan polymers have been proven to be promising drug carriers. However 

further studies are still required to thoroughly understand how other polymer chemistry 

features can affect oral bioavailability enhancement in vivo. For instance, it would he 

interesting to investigate the effect o f molecular weight and the degree o f hydrophobic and 

hydrophilic substitution on bioadhesion of the polymer in the gastrointestinal tract.

It seemed likely that the quaternary ammonium function improved the interaction between 

GCPQ and the intestinal mucosa. This can be established by tagging PGC with a fluorescent 

dye and obtaining confocal images of gut sections in the similar manner as performed for 

GCPQ. Apart from that, questions regarding polymer residence time in the intestine as well 

as polymer interaction with the mucus harrier would need to be answered eventually. 

Although chitosan is generally considered to be non toxic, Schipper et al reported an 

increase in mucus secretion by the goblet cells when exposed to the unmodified chitosan 

[329]. This was thought to be a protective mechanism whereby a mucus barrier is formed to 

inhibit the diffusion of chitosan across the intestinal cells [329]. Schipper et al then 

speculated the possibility of chitosan depleting the mucus layer of the intestinal cells in the 

long run [329]. Thus the effect of the GCPQ and PGC amphiphiles on the morphological and 

functional properties of the intestinal membrane should be extensively evaluated to ensure 

the safety of these polymers in vivo.

It was believed that although nanoparticles with a size range of 50nm to 1pm experienced a 

low percentage of absorption into the blood circulation, the uptake of these particles into the 

lymphatic system can reach 2-3% of the administered dose and much higher if  specific 

ligands such as lectin and invasion molecules are attached to the surface [22]. Hence, despite 

coming to a conclusion that the polymer is not absorbed in the gastrointestinal tract, it would 

be good to quantify the accumulation of the polymer in other organs such as the brain, liver, 

kidney and spleen as there is a possibility of lymphatic uptake of the polymer to a small 

extent. This can be done by radiolabelling the polymer and then measuring the radioactivity 

levels in the various organs.
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Furthermore, the possibility o f formulating a tablet or capsule containing the polymer as a 

dissolution and absorption enhancer is worth investigating especially for poorly soluble 

dmgs. It appeared that the ratio of polymer to drug played a significant role in the oral 

absorption of CsA, thus this factor should be studied alongside. It is also important that 

stability studies are carried out on the drug loaded polymer formulations. At the same time, 

bioavailability enhancement by the polymer via other routes of administration such as the 

intravenous and transdermal route should be studied on a range of drug with different 

physicochemical properties.

Last but not least, the safety profile of the polymer needs to be addressed despite numerous 

reports supporting that chitosan lacks immunogenic effects and is biocompatible and 

biodegradable [212, 213, 215]. It is vital to assess the toxicity of the polymer in different cell 

lines and determine the lethal dose of the polymer in animals. The effect o f continuous and 

long term exposure to the polymer on the morphology and functional properties o f living 

cells and tissues ought to be examined both in vitro and in vivo to clarify any doubts 

regarding the safety and toxicity of polymer in chronic administration.
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