
STUDIES INTO THE DEVELOPMENT OF AN IN-SITU 
GELLING WOUND DRESSING 

BY 

JONATHAN WILLIAM GILKES BSc (Hons) MSc 

A Thesis Submitted In Partial Fulfilment Of The Requirements Of Liverpool 
John Moores University For The Degree Of Doctor Of Philosophy 

VIII - MMII 

DEPARTMENT OF PHARMACY AND CHEMISTRY 
LIVERPOOL JOHN MOORES UNIVERSITY 

BYROM STREET 
LIVERPOOL 

L3 3AF 



TABLE OF CONTENTS 
Page No 

Table of contents i 
List of Figures V11 
List of Tables xm 
Glossary 
Acknowledgements xvü 
Abstract xvm 

1 GENERAL INTRODUCTION 1 

1.1 Wounds 1 
1.1.1 Classification of Wounds 1 
1.1.1.1 Mechanical injury 1 
1.1.1.2 Burns 1 
1.1.1.3 Ulcers 1 
1.2 Healing 2 
1.2.1 Healing mechanisms 2 
1.2.1.1 Primary intention 2 
1.2.1.2 Secondary intention 2 
1.2.1.3 Delayed primary closure 2 
1.2.1.4 Grafting and flap formation 3 
1.2.2 The healing response 3 
1.2.2.1 Inflammation 3 
1.2.2.2 Proliferation 4 
1.2.2.3 Maturation 5 
1.2.3 Factors that influence the wound healing process 6 
1.2.3.1 Circulation 6 
1.2.3.2 Infections of the wound 6 
1.2.3.3 Malnourishment 6 
1.2.3.4 Chemical agents 6 
1.2.3.5 Age 7 
1.3 Wound management 7 
1.3.1 History 7 
1.3.2 Occlusive wound management 7 
1.3.3 The properties of occlusive dressings 8 
1.3.3.1 Gaseous permeability 8 
1.3.3.2 pH 9 
1.3.3.3 Freedom from toxins and debris 9 
1.3.3.4 Impermeability of a dressing to microorganisms 9 
1.3.3.5 Thermal properties 9 
1.3.4 Dressing groups 10 
1.3.5 Occlusive wound healing 10 
1.3.6 \\'ouncl microbiology 12 
1.4 Alginates in wound management 13 
1.4.1 Structure and properties of alginates 14 
1.4.1.1 Chemical composition. 15 
1.4.1.2 Molecular weight distribution. 15 
1.4.1.3 Solubility 17 
1.4.1.4 Stability 17 

1 



1.4.2 Gel formation in sodium alginate 17 
1.4.2.1 Molecular basis of gel formation 17 
1.4.2.2 Methods of gel preparation 18 
1.4.2.2. a The diffusion method of gel formation 18 
1.4.2.2. b The internal method of gel formation 20 
1.4.2.2. c Gels by other methods 20 
1.4.2.3 Gel strength 20 
1.5 Hyaluronic acid in healing 21 
1.5.1 Structure and properties of hyaluronic acid 21 
1.5.2 Role in healing 22 
1.5.3 Scarless healing 23 
1.6 Aims of this thesis 23 

2 EXPERIMENTAL 24 

2.1 Sample preparation 24 
2.1.1 Sample preparation using cellulose based polymers 24 
2.1.1.1 Materials 24 
2.1.1.2 Equipment 24 
2.1.1.3 Formulation methods 25 
2.1.1.3. a Formulation of sodium alginate, and sodium alginate and 25 

polymer solutions 
2.1.1.3. b Calcium solution preparation 25 
2.1.2 Sample preparation using delta gluconolactone and calcium 25 

carbonate 
2.1.2.1 Materials 25 
2.1.2.2 Equipment 25 
2.1.2.3 Formulation methods 26 
2.1.2.3. a Sample preparation for investigation of rheological and water 26 

uptake properties 
2.1.2.3. b Preparation of phosphate buffer 27 
2.1.2.3. c Preparation of fresh delta gluconolactone solution 27 
2.2 Rheological methods for the characterisation of formulated 28 

gels and solutions 
2 . 2.1 Brief introduction to the theory of rheology 28 
2.2.1.1 Viscosity and elasticity of materials and ideal behaviour 28 
2.2.1.1 .a 

The viscosity of material and Newtonian behaviour 28 
2.2.1.1. b The elasticity of material and hookean behaviour 29 
2.2.1.2 The measurement of rheological properties 30 
2.2.1.3 Non-Newtonian behaviour of materials 32 
2.2.1.3. a Plastic flow 32 
2.2.1.3. b Pseudoplastic flow 32 
2.2.1.3. c Dilatant flow 33 
2.2.1.3. d Thixotropy 33 
2.2.1.4 Linear viscoelasticity 34 
2.2.1.4. a The oscillation technique 35 
2.2.1.4. b The creep technique 35 
2.2.? "1'he methods and methodology used to characterise the 36 

nccological properties of formulated gels and solutions 
2.2.2.1 Equipment 36 

ll 



2.2.2.1. a \ description of the equipment 37 
2.2.2.2 Oscillation methods used to investigate the viscoelasticity of 37 

formulations 
2.2.2.2. a Determination of the linear viscoelastic region 37 
2.2.2.2. b Investigating formulation structure with a frequency sweep 38 
2.2.2.2. c Investigating structure change with a time sweep 39 
2.2.2.3 Investigating elasticity using creep 39 
2.2.2.4 Determining viscosity using flow methods 41 
2.2.2.4. a Determining maximum stress 41 
2.2.2.4. b Determining viscosity and rate index. 42 
2.3 A method for determining the absorptive capacity of 43 

amorphous hydrogels 
2.3.1 Introduction 43 
2.3.2 Materials 45 
2.3.3 Equipment 45 
2.3.3.1 Franz cell diameters 45 
2.3.4 A method for determining the absorptive capacity of 46 

amorphous hydrogels using Franz cells and its validation 
2.3.4.1 The Franz cell method 46 
2.3.4.2 Franz cell method validation parameters 46 
2.3.4.2. a Determination of method precision 46 
2.3.4.2. b Linearity of response 46 
2.3.4.2. c Determination of method sensitivity 47 
2.3.4.2. d Determination of method accuracy 47 
2.3.4.2. e Determination of method robustness. 47 
2.3.4.3 Validation results 47 
2.3.4.3. a The precision of the Franz cell method 47 
2.3.4.3. b Linearity of response of the Franz cell method 48 
2.3.4.3. c The sensitivity of the Franz cell method 49 
2.3.4.3. d The accuracy of the Franz cell method 49 
2.3.4.3. e The robustness of the Franz cell method 50 
2.3.4.4 Discussion 50 
2.3.4.5 Summary 51 

3 INTRODUCTION TO EXPERIMENTAL DESIGN IN 52 
FORMULATION DEVELPOMENT 

3.1 Introduction 52 
3.2 Experimental designs 53 
3.2.1 Full factorial experimental designs 53 
3.2.1.1 .. \n example of a full factorial experiment 54 
3.2.1. l. a Calculating the main effects of factors 54 
3.2.1.1. b Calculating interactions 57 
3.2.1.1. c Interpreting the main effects and interactions 57 
3.2.2 Fractional factorial experimental design 58 
3.2.2.1 Calculating the main effects and interactions 59 
3.2.3 The use of experimental design to screen large numbers of 5) 6 

factors 
3.2.3.1 Calculating factor effects in a Plackest and Burman screening 6() 

experimental design 

111 



3.3 Summary of the experimental designs used in this project 63 

4 THE FORMULATION OF SODIUM ALGINATE GELS 64 
WITH CELLULOSE BASED POLYMERS 

4.1 Introduction 64 
4.2 Commercial amorphous hydrogel dressings 64 
4.2.1 Experimental 65 
4.2.2 Results 65 
4.3 Polymers of choice 66 
4.3.1 Celquat SC240C® 66 
4.3.2 Natrosol 250 MPharm® 67 
4.3.3 Aquasorb A500® 67 
4.4 Experimental 67 
4.4.1 Materials 67 
4.4.2 Methods 68 
4.4.2.1 Water uptake determination 68 
4.4.2.2 Rheological evaluation 68 
4.4.3 The formulation of sodium alginate and calcium chloride 69 
4.4.3.1 Experimental design 69 
4.4.3.2 Results 69 
4.4.3.2. a Water uptake 69 
4.4.3.2. b Rheological evaluation 71 
4.4.4 The formulation of Celquat® with sodium alginate and calcium 71 

chloride 
4.4.4.1 Experimental design 71 
4.4.4.2 Results 75 
4.4.4.2. a Water uptake 75 
4.4.4.2. b Rheological evaluation 75 
4.4.5 The formulation of Natrosol® with sodium alginate and calcium 79 

chloride 
4.4.5.1 Experimental design 79 
4.4.5.2 Results 81 
4.4.5.2. a Water uptake 81 
4.4.5.2. b Rheological evaluation 81 
4.4.6 The formulation of Aquasorb® with sodium alginate and 84 

calcium chloride 
4.4.6.1 Experimental design 84 
4.4.6.2 Results 87 
4.4.6.2. a \\"ater uptake 87 
4.4.6.2. b Rheological evaluation 87 
4.5 Discussion 90 
4.6 Conclusion 95 

5 THE APPLICATION OF DELTA 96 
GLUCONOLACTONE IN THE FORMULATION OF 
ALGINATE GELS AS IN-SITU GELLING WOUND 
DRESSINGS 

5.1 Introduction 96 

1v" 



5.2 Experimental 96 
5.2.1 Materials 96 
5.2.2 Equipment 96 
5.2.3 Methods 97 
5.2.3.1 Water uptake determination 97 
5.2.3.2 Rheological evaluation 9 
5.2.3.3 pH Determination 97 

5.2.4 The gelling of alginate with calcium carbonate and delta 97 
gluconolactone. 

5.2.4.1 Experimental design 97 
5.2.4.2 Results 98 
5.2.4.2. a Gelling time 98 
5.2.4.2. b Gel strength 98 
5.2.4.2. c Post sterilisation pH 101 
5.2.4.2. d 48h Post gelation pH 101 
5.2.4.2. e Zero rate viscosity 101 
5.2.4.2. f Rate index 101 
5.2.5 The gelling of alginate in the presence of sodium chloride, 106 

calcium carbonate and delta gluconolactone 
5.2.5.1 Experimental design 106 
5.2.5.2 Results 106 
5.2.5.2. a Gelling time 106 
5.2.5.2. b Gel strength 107 
5.2.5.2. c pH Post sterilisation 107 
5.2.5.2. d pH 48h Post gelation 111 
5.2.5.2. e Zero rate viscosity 111 
5.2.5.2. f Rate index 111 
5.2.5.3. g Water uptake 115 
5.3 Discussion 115 

5.4 Summary 119 

6 THE USE OF A SCREENING EXPERIMENTAL 120 
DESIGN TO INVESTIGATE FACTORS IN THE 
DEVELOPMENT OF AN IN-SITU GELLING 
ALGINATE FORMULATION 

6.1 Introduction 120 

6.2 Experimental 120 
6.2.1 Materials 120 
6.2.2 Equipment 12( 
6.2.3 Methods 121 
6.2.3.1 Experimental design 121 

6.2.3.2 Characterisation of formulations 121 

6.3 Results and discussion 121 
6.3.1 The effects profile of factors influencing gelling time 123 

6.3.2 The effects profile of factors influencing water uptake 1-3 

6.3.3 The effects profile of factors influencing viscosity 125 

6.3.4 The fý. ffects Profile Of Factors Influencing p' 1 127 

6.3.3 The Effects Profile Of Factors Influencing Gel strength 129 

V 



6.3.6 Choice of the most active factors 130 
6.4 Summary 131 

7 INVESTIGATION OF THE FACTORS MOST 132 
INFLUENTIAL IN THE PERFORMANCE OF AN IN- 
SITU GELLING ALGINATE SYSTEM, USING A 
FRACTIONAL FACTORIAL EXPERIMENTAL 
DESIGN. 

7.1 Introduction 132 
7.2 Experimental 132 
7.2.1 Materials 132 
7.2.2 Equipment 132 
7.2.3 Methods 133 
7.2.3.1 Experimental design 133 
7.2.3.2 Characteriastion of formulations 133 
7.3 Results and discussion 134 
7.3.1 Water uptake 134 
7.3.2 pH 138 
7.3.2.1 The influence of factors on the pH of the sterile formulations in 139 

the experimental design 
7.3.2.2 pH 48h post gelation 141 
7.3.3 Rheological characterisation of the formulations in the 141 

experimental design 
7.3.3.1 Gelling time 143 
7.3.3.2 Gel strength 145 
7.3.3.2. a Max G' 145 
7.3.3.2. b The use of the linear viscoelastic range (LVR) to determine the 147 

effects of factors on gel strength 
7.3.3.3 Viscosity 151 
7.3.3.3. a Zero rate viscosity of the sterile formulations 151 
7.3.3.3. b Rate index 151 
7.4 Summary 154 

8 GENERAL DISCUSSION 155 

8.1 Overview 155 
8.2 Formulation characterisation 155 
8.3 In-situ gelling wound dressing development 155 
8.4 Conclusion 167 

9 RECOMMENDATIONS FOR FURTHER WORK 169 

10 REFERENCES 170 

APPENDICIES 188 

vi 



LIST OF FIGURES 
Figure 1.1 1A schematic diagram showing the leapfrog migration of 5 

epidermal cells to form a new basement membrane during 

wound healing! "]. 
Figure 1.2 Schematic diagram comparing the benefits of occlusive 12 

over normal healing, notice the path of the migrating 
epidermal cells[81. 

Figure 1.3 The structural formulae of sodium alginate highlighting the 16 
different conformations. The G block structure is 
particularly important for complexing divalent ions. 

Figure 1.4 Schematic diagram of the egg box model[83], showing the 19 
binding of calcium ions by G block regions to form 
junction zones['). 

Figure 1.5 Schematic diagram showing the binding of calcium by 19 
oxygen atoms[55,62,80l 

Figure 1.6 The structure of Hyaluronic acid: NT-acetyl-ß-D- glucosamin 22 

and ß-D-glucuronic acid joined at the 1,3 and 1,4 positions 
respectively11031. 

Figure 2.1 Schematic diagram of the application of shear stress[115] to a 29 
Newtonian liquid: stress a applied in direction U, F (Where 
A= area, d= distance, U= and F= Force. ). 

Figure 2.2 A schematic representation of the change of shear stress 29 

with increasing shear rate for a Newtonian liquid11181. 
Figure 2.3 Schematic diagram of the application of shear stress[1151 to a 30 

Hookean solid: stress a applied to surface DC (Where A, B, 
C and D are the surface positions without stress applied 
and A', B', C' and D' are the surface positions with a stress 
(o) applied) . 

Figure 2.4 The truncation of a cone[1181. 31 
Figure 2.5 A sample under shear between a cone and plateU 8l 31 
Figure 2.6 A schematic representation of the thixotropic and anti- 34 

thixotropic hysteresis loops[""]. 
Figure 2.7 A schematic representation the response of a viscoelastic 36 

material to the application and removal of a constant 
stress[118] 

I figure 2.8 The linear viscolelastic region of a sample solution of 37 

=10OOw/w sodium alginate. 
Figure 2.9 The structure of a solution of 4° ow/w sodium alginate 38 

determined using a frequency sweep. 
Figure 2.10 The phase transition of an 8%w/w sodium alginate 40 

solution, induced by internal release of calcium ions 
(section 1.4.5.2. b). The gel point is where G' and G" cross. 

Figure 2.11 The use of a plastic cover and silicone oil to prevent sample 40 
dehydration during extended analyses. The sudden increase 

of G' in plot 1, is due to dehydration and not gelation. 
Figure 2.12 Determination of the maximum stress a -1° ow/\-vW sodium 41 

alginate solution could withstand. 
Figure 2.13 The determination of the flow profile of a 4°/ow/\v sodium 42 

alginate solution used a steady state method. 

vii 



Figure 2.14 Schematic diagram of a Franz cell. Key: lower compartment 43 
A, upper compartment B, Visking tubing C, plastic tube 
and cover D and horse shoe clamp E. 

Figure 2.15 The linear (red) and polynomial (blue) regression curves of 49 
the data in Table 2.3. 

Figure 3.1 The results from Table 3.2 processed using an analysis of 56 
variance in Minitabes to calculate the main effects and 
interactions of factors. 

Figure 3.2 The main effects profile of factors, a graphical 56 
representation from Minitab®. 

Figure 3.3 The interaction profile of factors, a graphical representation 58 
from Minitab®. 

Figure 3.4 Example effects profile for a 10 factor Plackett and Burman 62 
design. The effect can be presented with the units of the 
test carried out. 

Figure 4.1 Viscosity (flow) profiles of 1) Nugel® 2) Intrasite® and 3) 65 
Sterigel®. 

Figure 4.2 Creep recovery of 1) Nugel®, 44.3% 2) Intrasite 
, 

59.3°o 66 

and 3) Sterigel®, 84.3%. 
Figure 4.3 The structure of two anhydroglucose units in a cellulose 67 

derivative. The number of R groups per monomer unit 
depends on the degree of substitution. Where for Cellulose 
R=H, or for Hydroxyethylcellulose, R= (CH2CH2O)�H, 
Sodium carboxymethyl cellulose, R= CH2000- Na' 
Polyquaternium-10, R= (CH2CH2O)n R'N+(CH3)3C1. 

Figure 4.4 The main effects of sodium alginate and calcium 70 

concentration on water uptake. 
Figure 4.5 The interaction profile of alginate and calcium on water 70 

uptake. 
Figure 4.6 The main effects of sodium alginate and calcium 72 

concentration on viscosity. 
1 4igure 4.7 The interactions of sodium alginate and calcium 72 

concentration on viscosity. 
Figure 4.8 The main effects of sodium alginate and calcium 73 

concentration on creep recovery. 
Figure 4.9 The interactions of sodium alginate and calcium 73 

concentration on creep recovery. 
Figure 4.10 The main effects of sodium alginate and calcium 74 

concentration on rate index. 
I Figure 4.11 The interactions of sodium alginate and calcium 74 

concentration on rate index. 
Figure 4.12 The main effects of factors sodium alginate and Celquat' 76 

on water uptake. 
Figure 4.13 The interactions profile of factors Celquat® and alginate on 76 

water uptake. 
figure 4.14 The main effects of factors Celquat, alginate and calcium 77 

on viscosity. 

Figure 4.15 The interactions profile of factors Celquat-`, alginate and 77 
calcium on viscosity. 

'ill 



Figure 4.16 The main effects of factors Celquat®, alginate and calcium 
on % structure recovered. 

Figure 4.17 The interactions profile of factors Celquat®, alginate and 
calcium on % structure recovered. 

Figure 4.18 The main effects of factors Celquat', alginate and calcium 
on rate index. 

Figure 4.19 The interactions profile of factors Celquat®, alginate and 
calcium on rate index. 

Figure 4.20 The main effects profile of factors alginate and Natrosol' 
on water uptake. 

Figure 4.21 The interactions profile of factors alginate and \atrosol 
on water uptake. 

Figure 4.22 The main effects profile of factors Natrosol®, alginate and 
calcium on viscosity. 

Figure 4.23 The interactions profile of factors Natrosol®, alginate and 
calcium on viscosity. 

Figure 4.24 The main effects of factors N atrosol®, alginate and calcium 
on % structure recovered. 

Figure 4.25 The interactions profile of factors N atrosol®, alginate and 
calcium on % structure recovered. 

Figure 4.26 The main effects of factors NatrosoP', alginate and calcium 
on rate index. 

Figure 4.27 Interactions profile of factors Natrosol®, alginate and 
calcium on rate index. 

Figure 4.28 The main effects of factors alginate and Aquasorb® on 
water uptake. 

Figure 4.29 The interaction profile of factors alginate and . \quasorb® 
on water uptake. 

Figure 4.30 The main effects of factors Aquasorb®, alginate and 
calcium on viscosity. 

Figure 4.31 The interactions profiles of factors AquasorbX, alginate and 
calcium on viscosity. 

Figure 4.32 The main effects of factors Aquasorb®, alginate and 
calcium on °0 structure recovered. 

Figure 4.33 The interactions profile of factors Aquasorb®, alginate and 
calcium 1`0 structure recovered. 

Figure 4.34 The main effects of factors Aquasorb®, alginate and 
calcium on rate index. 

Figure 4.35 The interactions profile of factors Aquasorb', alginate and 
calcium on rate index. 

I Figure 4.36 Comparing the viscosity- profile of the top formulation 1) 
8%w/NA,, sodium alginate, 3° öw/w 

. \quasorb' and 
(º. 15° ow/wv- calcium with 2) Nugel , 

3) IntrasiteX and 4) 
Sterigel® 

Figure 4.37 Comparing the elasticity of the top formulation 1) 8°'ow/w 

sodium alginate, 3°, ow/w Aquasorb Ä and 0.1 5° ow/\t 
calcium with 2) Intrasite' 

, 
3) Stengel' and 4) Nugel' using 

creep. 
Figure 4.38 Comparing the \vater uptake performance of the top 

formulation 8°oW/\\" alginate, 3" owe-/wx" Aquasorb" and 
0.15° calcium with IntrasiteX, Sterige1 and Nugel's 

78 

78 

80 

80 

82 

82 

83 

83 

85 

85 

86 

86 

88 

88 

89 

89 

91 

91 

92 

92 

94 

94 

95 

LX 



Figure 5.1 The main effects of sodium alginate and calcium 99 
concentration on gelling time. 

Figure 5.2 The interaction profile of sodium alginate and calcium 99 
concentration on gelling time. 

Figure 5.3 The main effects of sodium alginate and calcium 100 
concentration on gel strength. 

Figure 5.4 The interaction profile of sodium alginate and calcium 100 
concentration on gel strength. 

Figure 5.5 The main effects of sodium alginate and calcium 102 
concentration on the post sterilisation pH. 

Figure 5.6 The interaction profile of sodium alginate and calcium 102 
concentration on the post sterilisation pH. 

Figure 5.7 The main effects of sodium alginate and calcium carbonate 103 
on the 48h post gelation pH. 

Figure 5.8 The interaction profile of sodium alginate and calcium 103 
carbonate on 48h post gelation pH. 

Figure 5.9 The main effects of sodium alginate and calcium carbonate 104 
on zero rate viscosity. 

Figure 5.10 The interaction profile of sodium alginate and calcium 104 
carbonate on zero rate viscosity. 

Figure 5.11 The main effects of sodium alginate and calcium carbonate 105 
on rate index. 

Figure 5.12 The interaction profile of sodium alginate and calcium 105 
carbonate on rate index. 

Figure 5.13 Main effects of sodium alginate, sodium chloride and 108 
calcium carbonate on gelling time. 

Figure 5.14 Interaction profile of sodium alginate, sodium chloride and 108 
calcium carbonate on gelling time. 

Figure 5.15 Main effects of sodium alginate, sodium chloride and 109 
calcium carbonate on gel strength. 

Figure 5.16 Interaction profile of sodium alginate, sodium chloride and 109 

calcium carbonate on gel strength. 
Figure 5.17 Main effects of sodium alginate, sodium chloride and 110 

calcium carbonate on post sterilisation pH. 
1 figure 5.18 Interaction profile of sodium alginate, sodium chloride and 110 

calcium carbonate on post sterilisation pH. 
Figure 5.19 Main effects of sodium alginate, sodium chloride and 112 

calcium carbonate on 48h post gelation pH. 
Figure 5.20 Interaction profile of sodium alginate, sodium chloride and 112 

calcium carbonate on 48h post gelation pH. 
Figure 5.21 Main effects of sodium alginate, sodium chloride and 113 

calcium carbonate on zero rate viscosity 
Figure 5.22 Interaction profile of sodium alginate, sodium chloride and 113 

calcium carbonate on zero rate viscosity. 
Figure 5.23 Main effects of sodium alginate, sodium chloride and 114 

calcium carbonate on rate index. 
Figure 5.24 Interaction profile of sodium alginate, sodium chloride and 114 

calcium carbonate on rate index. 
Figure 5.25 Main effects of sodium alginate, sodium chloride and 116 

calcium carbonate on water uptake. 

x 



Figure 5.26 Interaction profile of sodium alginate, sodium chloride and 116 
calcium carbonate on water uptake. 

Figure 6.1 The effects profile of factor influence over gelling time 1214 
(factors b 1-b 10). 

Figure 6.2 The effects profile of factor influence over water uptake 124 
(factors b1-b10) XE-y= Xx 10''. 

Figure 6.3 The effects profile of factor influence over viscosity (factors 125 
b1-b10). 

Figure 6.4 The effects profile of factor influence over rate index 127 
(factors b 1-b 10). 

Figure 6.5 The effects profile of factor influence over pH of the sterile 128 
formulation (factors b 1-b 10) . Figure 6.6 The effects profile of factor influence over pH 48h post 129 
gelation (factors b 1-b 10) . Figure 6.7 The effects profile of factor influence over G' max (gel 130 
strength) (factors b 1-b 10) . Figure 6.8 Frequency chart of the influential of factors in the alginate 131 
gelling system. 

Figure 7.1 The profiles of the main effects and interactions of factors 136 
affecting water uptake (8h). 

Figure 7.2 The interaction profile of factors affecting water uptake 136 
(8h) . Figure 7.3 The profiles of the main effects and interactions of factors 137 
affecting water uptake (24h). 

Figure 7.4 The Interaction profile of factors affecting water uptake 137 
(24h). 

Figure 7.5 The profiles of the main effects and interactions of factors 140 
affecting pH of the sterile formulations. 

Figure 7.6 The interaction profiles of factors affecting pH of the 140 
sterile formulations. 

1f igure 7.7 The profiles of the main effects and interactions of factors 142 
affecting pH 48h after gelation. 

Figure 7.8 The interaction profiles of factors affecting pH 48h after 142 
gelation. 

1, igure 7.9 The profiles of the main effects and interactions of factors 144 
affecting gelling time. 

Figure 7.10 The interaction profiles of factors affecting gelling time. 144 
Figure 7.11 The profiles of the main effects and interactions of factors 146 

affecting gel strength (G' max). 
Figure 7.12 The interaction profiles of factors affecting gel strength (G' 146 

max). 
I ýigure 7.13 The profiles of the main effects and interactions of factors 148 

affecting gel strength (G*). 
Y igure 7.14 The interaction profiles of factors affecting gel strength 148 

(G*). 
Figure 7.15 The profiles of the main effects and interactions of factors I 

_5 U 
affecting gel strength (° 0(1 * lost 0-150Pa). 

figure 7.16 The interaction profiles of factors affecting gel strength 150 
(°, oG, * lost 0-150Pa). 

\1 



Figure 7.17 The profiles of the main effects and interactions of factors 
affecting zero rate viscosity of the sterile formulations. 

Figure 7.18 The interaction profiles of factors affecting zero rate 
viscosity of the sterile formulations. 

Figure 7.19 The profiles of the main effects and interactions of factors 

affecting the rate index of the sterile formulations 
Figure 7.20 The interaction profiles factors affecting the rate index of 

the sterile formulations 

152 

15- 

153 

153 

xü 



LIST OF TABLES 
Table 1.1 Classification of mechanical wounds. 
Table 1.2 Classification of wounds arising as a result of burning. 
Table 1.3 Classification of ulcerating wounds. 
Table 1.4 A summary of the three stages of wound healing! 31. 
Table 1.5 Desirable properties of an ideal occlusive dressing{20'221. 
Table 1.6 Conditions considered ideal for wound healing! 11. 
Table 1.7 The characteristics of the major dressing types, from 

referencesl20'431. 
Table 1.8 Phaeophyceae species and their gelling properties. The G/\1 

block frequency gives an idea of the effect of the G Block 
content. 

Table 2.1 The diameters of Franz cells used in this study. 
Table 2.2 Results determining the precision of the Franz cell method, 

8%w/w Sodium alginate 24h time point data (n= 18). 
Table 2.3 Different concentrations of sodium alginate, 24h timepoint 

data (g/g/cm2), used to calculate the Franz cell methods' 
linearity of response (n=33). Shown graphically in Figure 
2.13. 

1 
1 

3 
7 
8 
11 

14 

45 
48 

48 

Table 2.4 8%w/w Sodium alginate with 0.5,1 and 3%w/w 1\ quasorb' 49 
24h time point data (g/g/cm2/24h), used to calculate the 
sensitivity of the method. 

Table 2.5 The absorptive capacity of commercial amorphous 50 
hydrogels using different glassware at the 24h time point 
(g/g/cm2/24h). 

Table 3.1 The experimental design domain, giving the 4 experiments 55 
that are required to investigate the system. 

Table 3.2 The use of coded variables to represent the levels of each 55 
factor in Table 3.1. The results from the breaking strength 
tests are included. 

Table 3.3 The mean breaking strength values for determining the 55 

effects of factors: mean values of row, column and all cells. 
Table 3.4 A 25 experiment, by partitioning the design i. e., performing 59 

the experiments, where abcde is positive allows the main 
effect and first order interactions of factors to be estimated. 

Table 3.5 Plackett and Burman experimental design for 10 factors. 61 
Coded variables += high level, -= low level and 0= central 
point. 

'fable 4.1 Water uptake experiment factors and factor levels. For the 68 
investigation of sodium alginate alone the levels of calcium 
were 0° ow/w (-1) and 0.1 5° öw/w (1). 

Table 4.2 The factors and factor levels for the Theological evaluation. 68 
Table 4.3 Water uptake: factorial experimental design domain for 69 

sodium alginate and calcium. 
Table 4.4 Rheological evaluation: factorial experimental design for 69 

sodium alginate and calcium. 
Table 4.5 Results for the sodium ah iiiate and calcium chloride water 69 

uptake experiments (X, n=6 (+ standard deviation)). 

xiii 



Table 4.6 Results for the Theological evaluation of sodium alginate and 
calcium (n = 1). 

Table 4.7 Factorial experimental design for the water uptake 
experiments of Celquat® formulated with alginate in the 
presence of calcium ions. 

'c'able 4.8 Factorial experimental design for the rheological evaluation 
of Celquat® formulated with alginate and calcium. 

'fable 4.9 Water uptake results for the CelquaO, alginate and calcium 
formulation (X, n=6 (± standard deviation)). 

Table 4.10 Results for the rheological evaluation of Celquat® alginate 
and calcium (n = 1). 

Table 4.11 Factorial experimental design for the water uptake 
experiments of Natrosol® formulated with alginate in the 
presence of calcium ions. 

Table 4.12 Factorial experimental design for the rheological evaluation 
of Natrosol® formulated with alginate and calcium ions. 

Table 4.13 Water uptake results for Natrosol® formulated with alginate 
(X, n=6 (± standard deviation)) 

. 
't'able 4.14 Results for rheological evaluation of Natrosol' formulated 

with alginate and calcium (n = 1). 
Table 4.15 Factorial experimental design for the water uptake 

experiments of Aquasorb® formulated with alginate in the 
presence of calcium. 

Table 4.16 Factorial experimental design for the rheological evaluation 
of Aquasorb® formulated with alginate and calcium. 

Table 4.17 Water uptake results for Aquasorb® formulated with alginate 
in the presence of calcium (R, n=6 (± standard deviation)). 

Table 4.18 Results for rheological evaluation of Aquasorb® formulated 

with alginate and calcium (n = 1). 

'fable 5.1 Factors and levels for the experimental design investigating 
the gelation of sodium alginate and calcium carbonate. 

Table 5.2 Two factor, two level experimental design investigating the 
gelation of sodium alginate and calcium carbonate. 

Table 5.3 Results of the physical tests performed on each formulation, 

given in Table 5.9 . 
Table 5.4 Factors and Levels for the experimental design investigating 

the effects of sodium alginate, calcium carbonate and 
sodium chloride. 

't'able 5.5 Three factor, two level experimental design investigating the 

effects of sodium alginate, calcium carbonate and sodium 
chloride. 

Table 5.6 Results of the physical tests performed on each formulation, 

given in Table 5-3- 

Table 6.1 The factors and their le,, -els for the Plackett and Burman 

screening experimental design investigating the development 

of an in-situ gelling alginate formulation. 

't'able 6.2 Plackett and Burman screening experimental design for 10 
factors at 2 levels, with a central domain (coded 0) to 

estimate the precision of the experiment. 
xiv 

71 
71 

ID 

75 

79 

79 

79 

81 

81 

84 

84 

87 

87 

97 

98 

98 

106 

106 

107 

121 

122 



Table 6.3 Results of the characterisation tests carried out on each of 122 
the sixteen formulations in the Plackett and Burman 
experimental design. The sterile pH was obtained from the 
liquid formulation at Oh and the gel 48h post gelation. 

Table 6.4 The effects of factors (b 1-b 10) for each characterisation test, 123 
calculated using \finitabR. 

Table 6.5 Tally of the five most active factors for each characterisation 130 
method, to determine the most influential for further 
investigation. 

Table 7.1 A 25-1 fractional factorial experimental design, allows the 133 
estimation of main effects and first order interactions 
without confounding. 

Table 7.2 Factors and their levels for the 25-1 fractional factorial 134 
design. 

Table 7.3 Water uptake method results for each formulation in the 25-1 135 
fractional factorial experimental design (X, n=3 (± standard 
deviation)). 

Table 7.4 The main effects and interactions of factors for water 135 
uptake characterisation, in the fractional factorial 
experimental design. 

Table 7.5 pH determination results for each formulation in the 251 138 
fractional factorial experimental design (n = 1) (48h = 48h 
post gelation). 

"Table 7.6 The main effects and interactions of factors for pH 139 
determination, in the fractional factorial experimental design 
(48h = 48h post gelation). 

Table 7.7 The results from the rheological characterisation of each 143 
formulation in the 25-1 fractional factorial experimental 
design (n = 1). 

Table 7.8 The main effects and interactions of factors from the 143 
rheological characterisation of formulations in the fractional 
factorial experimental design. 

Table 8.1 A summary of results from the characterisation of 159 

amorphous hydrogels from Chapter 4 (Section 4.2.2 and 
Tables 4.5,4.6,4.9,4.10,4.13) 4.14,4.17 and 4.18). 

Table 8.2 A formulation for an in-situ gelling wound dressing. 168 

v 



GLOSSARY 

Acute wound: Wounds with no underlying healing defect that proceed to restore 

skin structure and function in an orderly fashion. 

Chronic wound: Long lasting wound [US national health statistics 3 months or 
longer]. 

I)ebride: To excise or remove devitalised or dead tissue and foreign matter 

from a wound. 

Decubitus ulcer: Ulcer in the skin over a bony prominence. 

Dehiscence: A bursting open, splitting or gaping along natural or sutured lines. 

Eschar: (scab) Thick, leathery crust of dead tissue often covering an 

underlying necrotic processes. 

Exudate: Drainage, which comes from a wound. 

Granulation tissue: Soft pink fleshy projections of tissue that form during the healing 

process in a wound. 

Granuloma: Indefinite term applied to nodular inflammatory lesions, usually 

small or granular, firn, persistent and containing compactly 

grouped mononuclear phagocytes. 

Hypertrophy: General increase of a part of an organ, not due to tumor 

formation. Synonymous with hyperplasia. 

Ischaemic: Local anemia due to mechanical obstruction (mainly arterial 

narrowing) of the blood supply. 

Keloid scar: A nodular, firm, moveable non-encapsulated linear mass of 

hyperplastic scar tissue, tender and frequently painful. 

Macerate: Softening by the action of liquid. 

Maceration: Softening by soaking or steeping. 

Necrosis: Pathological death of cells or a portion of tissue or organ, 

resulting from irreversible damage. 

Necrotic: Pertaining to or affected by necrosis. 

Slough: Necrosed tissue separated from the living structure or to separate 

from living tissue, said of a dead or necrosed part. 

't'rauma: An injury physical or mental. 

Wound: Trauma/ injury to living tissues of the body. 

Wound Dehiscence: Disruption of apposed surfaces of a wound. 
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ABSTRACT 

The management of wound healing using occlusive dressings is a relatively recent 
development. Winter (1962) in a landmark investigation, proved the ability of wounds to 
re-epithelialise more quickly under an occlusive dressing. There are a limited number of 
occlusive dressings that are capable of forming in-situ. The benefits of a dressing that can 
form in-situ, and covering the wound area completely, could include increased patient 
comfort and reduced maceration from excess exudate. This thesis investigates the 
development of an alginate based wound dressing capable of gelling in-situ. 

A new method for determining the absorptive capacity of wound dressings was 
developed and validated. The method used a Franz cell by filling the lower 
compartment with a gel and then used the upper compartment to hold a donor solution. 
This allowed the uptake of water to be monitored by weight change over time. The 
Franz cell method was used to characterise the physical properties of the hydrogel 
formulations developed in this thesis. 

The use of cellulose based polymers as gelling additives was investigated. The gels 
produced were not thought capable of forming gels in-situ. The method of manufacture 
was not representative of the intended application. The polymers used were Natrosol"' 
25OMPharm, Aquasorb® A500 and Celquat® SC240C. The polymers were formulated 

with sodium alginate and sterilised. The resultant gels could be described as amorphous 
hydrogels and were compared to the commercial products Intrasite® (Smith and 
Nephew Ltd. ), Nugel® (Johnson and Johnson) and Sterigel® (SSL). The formulation 

containing 3%w/w Aquasorb® A500 and 8°'ow/w Sodium alginate was considered as 
better than the commercial formulations, based on the characterisation methods used. 

The use of delta gluconolactone was reported in combination with sodium alginate by 
McDowell (1954). More recently delta gluconolactone was used in the manufacture of 
microbiological cell culture media (Draget et al 1989). The technique incorporated the 
use of calcium carbonate to ensure homogeneous gelation of sodium alginate with non- 
toxic by products. This method of alginate gelation was used to develop an in-situ 

gelling wound dressing. A formulation comprised of: Sodium alginate (5.5%w/w), 
Sodium alginate type LF 10/60, Sodium chloride (0.25 %w/w), Calcium carbonate 
(0.22° öw/w), Phosphate buffer (0.25%w/w), Glycerol (5° ow/w), Sodium 

carboxymethyl cellulose type low viscosity, Sodium carboxymethyl cellulose 
(0.62° öw/w), Hyaluronic acid (0.05°öw/w). This would form a gel in-situ within an hour 

and in combination with a secondary dressing allow the treatment of leg ulcers, cavity 
and burn wounds. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 WOUNDS 

Wounds arise from cellular damage or death, usually resulting from trauma, and are 

classified by the nature of trauma. 

1.1.1 Classification of Wounds 

Thomasl11 defined a wound as a defect or break in the skin that results from physical, 

mechanical or burn damage, or one that develops as a result of the presence of an 

underlying medical or physiological disorder. It is possible to classify the ý-pc of wound 

as a result of trauma. 

1.1.1.1 MECHANICAL INJURY 

Mechanical injuries arc classified by the cause of the injury. Brief summaries of different 

types of mechanical injury are found in Table 1.1. 

Table 1.1 Classification of mechanical wounds. 
Type of injury Cause 
Abrasion /laceration friction from a rough surface 
Penetrating sharp object or bullet 
Bite human or animal 
Surgical scalpel, suture etc 

1.1.1.2 BURNS 

Thermal, chemical, electrical or radiation injuries are classified by the extent of injury 

caused and are briefly summarised in Table 1.2. 

Table 1.2 Classification of wounds arising as a result of burning. 
Type of Burn Area affected 
11t Degree superficial burns of the epidermis 

and upper layers of the dermis 
2nd Degree deep dermal burns where most 

of the epidermal layer is destroyed 
3rd Degree full thickness burns where all 

elements of the skin are destroyed 

1.1.1.3 ULCERS 

Ulcerative wounds are classified by the cause of the injury. A brief summary of different 

types of ulcer can be found in Table 1.3. 



Table 1.3 Classification of ulcerating wounds. 
Type of Ulcer Origin 
Decubitus pressure to load bearing surface 
Ischaemic vasoconstriction 
Other systemic infection 

1.2 HEALING 

Immediately upon injury the wound begins to heal. It is a complex three phase process, 

which takes a minimum of 14 days to completeR2,31. The three phases of healing 

inflammation, proliferation and maturation are discussed in section 1.2-2, following an 
introduction to the methods /mechanisms of wound closure (section 1.2.1). The reader 
is directed to the text by Clarkl4l which covers the molecular and cellular biology of 

wound healing in detail. 

1.2.1 Healing Mechanisms 

The four general mechanisms of wound healing are classified by the nature in which the 

medical professional prepares the wound for healing. For each mechanism, the healing 

response is essentially the same (section 1.2.2). 

1.2.1.1 PRIMARY INTENTION 

Ilealing by primary intention or primary closure is the mechanism used on mechanical 

wounds, such as surgical incisions, which are injuries that have not become infected. 

The wound edges are drawn and held together eg., by suture. The resultant wound 

contains minimal quantities of granulation tissue and leaves only a thin scar. 

1.2.1.2 SECONDARY INTENTION 

I Iealing by secondary intention (open granulation) is applied to wounds when it is not 

possible to draw the edges together without stretching the skin, t. e. the injury is long 

standing or infection has occurred. As re-epithelialisation occurs, the wound becomes 

progressively filled with granulation tissue which, when it comes to the edges of the 

wound, triggers the reformation of the epidermis. 

1 . 2.1.3 DELAYED PRIMARY CLOSURE 

This is, a procedure , %-here the \-v-ound is prepared for suture but left `open' to allow 

iiifection to be treated or when the blood supply is poor, to allow it to improve. 



1.2.1.4 GRAFTING AND FLAP FORMATION 

iý graft, a piece of skin containing the dermis and epidermis, is removed from a different 

site on the body and placed over the wound. A successful graft reduces healing time and 
the chances of infection. When a skin flap is employed, the tissue is not completely 
detached from the body, allowing the skin to continue to receive a blood supply. 

1.2.2 The Healing Response 

Wound repair is not a simple linear process in which growth factors arc released by 

physiological events, but rather it is an integration of dynamic processes involving 

soluble mediators, formed blood elements, extracellular matrix and parenchymal cells141. 
The three phases of this process: inflammation, proliferation and maturation are 

summarised in Table 1.4. 

Table 1.4 A summary of the three stages of wound healinP131 

Phase Time Response at the Tissues surrounding 
/days Wound space the wound 

Inflammation 0-4 Coagulation Oedema and 
Inflammation 

Proliferation 5-14 Granulation tissue and Increased blood flow Collagen formation 

Maturation 15-(1 year) 
Regress of vessels Normalisation Maturation of collagen 

1.2.2.1 INFLAMMATION 

The acute inflammatory response usually- extends from the onset of injury to 

approximately the fourth day of healing, characterised by the symptoms of erthyema 

(redness), oedema (swelling), pain and clot formation. Haemostasis and the 

inflammation stage are intrinsically linked and will therefore be discussed as one. The 

process begins with vasoconstriction, reducing blood flow to the injured area. Platelets 

then start to aggregate, stimulated by the damaged tissue, swell and become adherentl4l. 

:\ positive feedback cycle is activated by platelet degranulation, releasing factors that 

attract more platelets and begin clot formation, which in turn facilitates the migration of 

epidermal cells into the wound stimulating fibroblast proliferation151. 

Blood coagulation, or clotting, is initiated at the time of injury and follows two 

pathways: the intrinsic and extrinsic pathways. Platelet aggregation in the blood vessels 

initiates the intrinsic pathway. The extrinsic pathway is initiated by the release of 
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thrombin tissue factor by damaged endothelial cells, coagulating blood within the 
wound space, which results in eschar (scab) formationl61. Clot formation is managed by 

fibrinolysis, ensuring the forming clot remains local to the wound area141. 

The large surface area provided by the aggregation of platelets and subsequent 

coagulation of blood initiates the cascades and pathways of healing. The surface 

activation of Hageman factor (factor XII)161 leads to the release of vasoactive agents 

such as bradykininl4,6»71. The subsequent increase in blood vessel permeability- allows the 
influx of leukocytes into the wound, the start of the next stage of healing, proliferation. 

1.2.2.2 PROLIFERATION 

The second phase of healing comprises two processes: i) re-epithelialisation and ii) 

granulation tissue formation, which occur simultaneously after trauma and continue 

throughout the inflammation and proliferation phases. Protection from the 

environment is ensured by re-epithelialisation. Granulation tissue formation leads to a 

return of dermal integrity. 

During re-epithelialisation the wound is covered by the migration of cells, in a leapfrog 

fashionl8,9'101, from the stratified epidermis (Figure 1.1). Phenotypic changes prevent cells 

from undergoing terminal differentiation allowing the wound space to be covered. The 

migrating cells attach themselves to the basement membrane, if this has been removed 

by the injury, the cells attach to the provisional matrix. The provisional matrix is formed 

from the fibrin clot, which provides an ideal environment for the influx cells to the 

wound site promoting the formation of granulation tissuel41. Once the wound surface is 

covered, the epidermal cells return to their intended morphology. 

Angiogenisis commences 2-3 days after injury. It is the process of new capillary 

formation from existing smallvenules in close proximity to the wound site. The wound 

takes on a granular appearance as the inflammation stage subsides. The capillaries are 

covered by an extracellular matrix, formed by the influx of material into the wound by 

fibroplasia. Fibroblasts are attracted to the wound to secrete collagenous and non- 

collagenous matrices. The extracellular matrix consists of macrophages, fibroblasts and 

endothelial cells embedded in a loose matrix of collagen (types I. II and II1,, fibrin, 

fibronectin and proteoglycans (hvaluronic acid)14,6,71 
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Figure 1.1 A schematic diagram showing the leapfrog migration of epidermal cells to form a 
new basement membrane during wound healing181. 

1.2.2.3 MATURATION 

The final phase of healing sees the remodelling of the extracellular matrix, cell 

maturation and apoptosis of endothelial cells and myofibroblasts. Wounds gain only 

about 20°'0 of their final strength by the third week after trauma. Thereafter, the rate at 

which wounds gain tensile strength is slow and they fail to attain the same breaking 

strength as uninjured skin. At its maximum strength a scar is only 70% as strong as 

intact skinf2I. 

1? xtraccilular matrix components serve several critical functions for effective wound 

repair. First, during granulation tissue formation, fibronectin provides a provisional 

substratum for the migration of and growth of cells, a linkage for myofibroblasts to 

effect wound contraction and a focus for collagen fibrillogcnesis. The presence of large 

quantities of highly hydrated hyaluronic acid in granulation tissue provides a matrix that 

is easily penetrated by migrating parenchymal cells. The early formation of types I, 111 

and V' collagen fibrils, provides tensile strength for the wound. As the matrix matures 
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over the ensuing weeks fibronectin and hyaluronic acid disappear. Collagen bundles 

grow in size, increasing wound tensile strengthl41 

1.2.3 Factors That Influence The Wound Healing Process 
The discussion has so far assumed that healing has progressed without interference. The 

following section details factors that can impair the wound healing process. 

1.2.3.1 CIRCULATION 

Blood supply has a great influence on healing. Once haemorrhaging has stopped and the 
healing process has started, the wound consumes more energy- and nutrients than 

uninjured tissue. Conditions affecting the blood supply will therefore affect the rate and 

quality of healing131. These conditions include i) arteriosclerosis (hardening arteries), ii) 

diabetes, iii) venous stasis (low blood flow) and iv) those that affect the blood cells, such 

as anaemia (oxygen levels), leukaemia (white blood cells) and polycythaemia (red blood 

cells). 

1.2-3.2 INFECTIONS OF THE WOUND 

The presence of bacteria, in the wound does not necessarily lead to infection. The 

balance between the number and virulence of bacteria and the effectiveness of the 

immune response determines whether colonisation leads to infection. Wound 

microbiology is discussed in section 1.3.6. 

1.2.3.3 MALNOURISHMENT 

Vitamin, protein (and amino acid) and trace element deficiencies have the potential to 

impair healing. Vitamin A aids epithelisationl11l and vitamin C0121 is required for collagen 

synthesis. Proteins and amino acids are required for new tissue and cell formation. race 

elements such as zinc are required for protein synthesis113"41 and calcium is very 

important for clot formationl41. 

1 2.3.4 (: I IF-\II(,. \1, : \Glý. N"I'S 

Drugs affect wound healing indirectly, e. g., vasoconstrictors such as nicotine reduce 

blood floýwl's1, topical antibiotics wem found to impair healin016,1-1 Linc« eavcr ei a4181 

found that antiseptic solutions of, 1% povidone iodine, 0.25% acetic acid, 3% hydrogen 

peroxide and 0. 
-5')')o sodium hvpochlorite, delayed wound healing. 
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1.2.3.5 AGE 

Physiological differences of the skin affect healing the skin of the aged is thinner, drier, 

more fragile and more easily bruisedl7'191. Inappropriate use of adhesive bandages to treat 

ulcers for example, can remove new epithelial tissue leading to new sites of ulcerationl201. 

1.3 WOUND MANAGEMENT 

Clinicians require dressings that are capable of maintaining the wound in an ideal 

environment for successful, rapid healing. The desirable properties of an ideal dressing 

are listed in Table 1.5. However, it must be noted that it is not possible for a single 

dressing to heal all types of woundl201. The huge variety of dressings available on the 

market is testament to thisl20,211. 

ingl20°ý. ', able 1.5 Desirable properties of an ideal occlusive dress 
Properties of an ideal dressing 

Ability to handle excess exudate 
Removal of toxic substances 
Moist cnvironment over the wound 
Gaseous exchange permitted 
Barrier to microorganisms 
Thermal insulation provided 
Freedom from particulate contaminants 
Removal without trauma to new tissue 

1.3.1 History 

For an in depth history of wound management the reader is referred to the work of 

Spyratou[ 1. 

1.3.2 Occlusive Wound Management 

Florence Nightingale, during the Crimean war (1851-1853), made the first steps towards 

effective wound management practice by establishing the foundations of modern 

nursing techniques. The mainstay of dressings, from then up to the 1950's, were 

absorbent non-occlusive materials retained by various adhesive tapes or bandages. The 

advice to allow the wound to breathe was followed unquestioninglyyl241. It was generally 

accepted that in order to prevent infection a wound should be kept as dry as possibleº3l. 

Flic most significant advance in the development of wound management occurred with 

the advent of occlusive healing. F. arly investigators of occlusive wound management 
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were Bloom1251, Bull et ad61 and Schilling et aI2 1. The first investigation to prove that 

wounds healed more rapidly under occlusion was carried out by Winterl "I. Using a 
porcine model, Winterl281 showed that an occlusive dressing (polyethylene) epithelialised 
the wound twice as rapidly as a wound left open to the air. 

An occlusive dressing can be defined as a dressing that forms a barrier between the 

wound and the outside environment. Semipermeable dressings are permeable to water 

vapour, oxygen and other gases but are impermeable to water and bacteria. 

Semiocclusive dressings have a greater absorptive mechanism, and together with 

semipermable films, maintain a moist wound surfacePM. A water vapour exchange, of 

approximately 2500g/m2/24h compared to a 5-7000g/m2/24h loss of water from an 

uncovered wound, prevents dehydrationl29,301. 

1.3.3 The Properties Of Occlusive Dressings 

The ideal properties of an occlusive dressing are outlined in (Table 1.6) with the 

conditions required for rapid cutaneous wound healing. 

Table 1.6 Conditions considered ideal for wound healing''I. 
Ideal conditions for healing 

Moist with exudate, not macerated 
Free of toxins & debris from the dressing 
Optimal temperature for healing 
Undisturbed from frequent dressing changes 
At an optimum pH value 
Free of clinical infection & excessive slough 

1.3.3.1 GASEOUS PERMEABILITY 

The gaseous permeability of an occlusive dressing exerts a certain amount of control 

over the wound environment. The wound dressing should prevent dehydration but 

allow the evaporation of excess wound fluid. Film dressings such as Opsite®, which has 

a vapour permability four times that of skin, can still retain exudate[301. The oxygen levels 

in the wound arc also important. Gradients of oxygen concentration exist and tend 

towards zero at the centre of the woundl31l. Consequently angiogenic migration 

progresses towards the centre of the wound, stimulated by the secretion of angriogenic 

factors by hvpoxic macrophages I32.331 
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1.3.3.2 VH 
Oxygen levels, cellular activity1321 and bacterial proliferationl301 can all be potentially 
affected by the pH of the wound and, by default, so can the dressing. Leveen et aP41 
demonstrated how a 0.9 unit change in wound pH resulted in a 5-fold increase in 

oxygen level. In a study on wounds left for delayed primary closure Lipton ei aA351 found 
that of 51 clean uncontaminated wounds 18 became infected. Wounds closed below the 
critical pH, pH 7.2, would undergo suppuration. However, under the occlusive dressing 

Granuflexa wound pH was found to be pH 5.6 24h after dressing{36!. Thomaslhl 

concluded that dressings that directly or indirectly reduce the pH of exudate might help 

to prevent infection. The microbiology of the wound is dealt with in section 1.3.6. 

1.3.3.3 FREEDOM FROM TOXINS AND DEBRIS 

It is important to ensure that dressings are free from material that will cause adverse 

reactions. As early as 1913 it was recognised that small cellulose particles, entering a 

wound could cause a foreign body reaction and granulomal371. Wood fibres in the 

wound (from surgical gowns) were found to cause amongst other reactions, keloid scars 

and wound dehiscencel381. Fibres from cotton dressings become stuck in wound exudate 

and glue the dressing to the woundl391. Dressing removal damaging the wound retards 
healing. Alginates are thought to be biodegradable because they are natural polymers, 

although this theory has been reconsideredl191. 

1.3.3.4 IMPERMEABILITY OF A DRESSING TO MICROORGANISMS 

The ability of a dressing to prevent microbial penetration is important, equally important 

is the ability of the same dressing to prevent the escape of pathogens. Two methods 

used to prevent the exudate reaching the dressing surface (strike through) which 

provides a pathway through which bacteria can enter the wound are i) cellulose layers 

(isolated from the wound surface) to transport exudate laterally and ii) hydrophobic 

layers to physically prevent strike throughl1l. 

1.3.3.5 T14 ERMXL PROPERTIES 

Enzymatic activity in the wound is probably susceptible to temperature, -%tiwhich will have 

an affect on healing. A wound does not quickly regain normal metabolic ratesi391, 

because phagocvtic and mitotic activities are sensitive to temperatures below 

The role of the dressing is therefore important to ensure that the wound is kept at an 
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ideal temperature. In a study using pigs housed at 21°C, LockI401 compared wound 
temperatures under different dressings. The temperature of an open wound was found 

to be 21°C, covered with cotton wool 25-27°C, with a polyurethane sheet 30-32°C and 
with Synthaderm (polyurethane foam) 33-35°C. The latter two dressing are occlusive 
and raise the wound temperature above the critical value of 28°C. 

1.3.4 Dressing Groups 

There are 5 main groups of occlusive and semi-occlusive dressings, manufactured from 

a variety of products. They are: 1) hydrogel, 2) alginate, 3) hvdrocolloid, 4) foam and 5' 

film. The characteristics and the advantages/ disadvantages associated with products 
from the different groups are sununarised in Table 1.7. 

1.3.5 Occlusive Wound Healing 

The formation of a scab (eschar) is nature's method of protecting the , round as the 

processes of wound healing continue. The scab is not vapour (water) proof, but protects 

the underlying tissue from contamination and damage. Under the layer of dried exudate 

is a dehydrated and non-viable layer of the dermis. There is no obvious layer separation. 

Water loss by evaporation is balanced by the re-wetting of the tissue below. 'T'here is a 

clear disadvantage of allowing a wound to heal this way, as seen in Figure 1.2. Under the 

occlusive dressing the epidermal cells migrate unimpeded over the wound bed 

compared to the route taken by the epidermal cells under the scab, first studied by 

Hinman and Maibach[411. The epidermal cells must cleave a passage under the dry, dermis 

before the latter stages of healing can commence[81. The scab is detached by the 

regeneration of the epidermis. 

Wounds covered with an occlusive dressing do not form a scab and remain hydrated. 

The survival of epidermal cells in the hair follicles and sweat glands within the wound 

site improves the chances of rapid healing. They are the source of the new basement 

membrane. 1-fence, the hydrated wound surface allows the rapid movement of cells and 

during dressing changes, avoids secondary damage. The result of dehydration of the 

dermal laver is to cause further trauma. The occlusive dressing prevents maceration of 

the wound by absorbing excess exudate. 
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Table 1.7 The characteristics of the major dressing types, from references 120'43] 

Dressing Type Composition Indication Advantages Disadvantages 
Hydrogel Crosslinked .. cute/chronic Soothing, Secondary 

polymer matrix, partial thickness cooling, non dressing 
96% water. exudative, adherence and required, cost 

painful wounds. absorptive. and frequency 

of changes. 
Alginate Calcium Full/partial Highly- Secondary- 

alginate fibres thickness with absorbent, dressing, cost, 
woven/non high exudate haemostat, not ideal for 

woven. and post gelling provides dry wounds. 

Hydrocolloid Mixture of 
adhesive, 
absorbent 
polymers and 
a gelling agent. 

operative 
wounds. 
Acute/chronic 

or full thickness 
wounds, 
pressure sores, 
stasis ulcers. 

Cost, foul 

smell, may 
disrupt new 
epithelium. 

moist 
environment. 
Debrides 

wound, non 
adherence, 
absorptive, 
protects and 
reduced 
dressing 
frequency. 

Foam Polyurethane Acute/chronic Debrides, May become 

foam, with partial thickness absorptive, incorporated 

hydrophilic and wounds, offers extra into wound, 
hydrophobic wounds with protection secondary 

surfaces. surrounding against further dressing 
dermatitis. damage. required. 

Film Polyurethane or Superficial Fluid retention, Cost, low 

co-polyester burns, graft decreases absorption, may 
film with donor sites, wound pain at adhere to 

adhesive acute partial donor site, wound, does 

backing. thickness transparency'. not debride. 

wounds with 
low exudate. 
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Figure 1.2 Schematic diagram comparing the benefits of occlusive over normal healing, 
compare the paths of the migrating epidermal cellst81. 

The effects of pH, oxygen level and temperature are complex and can have both 

detrimental as well as beneficial effects on the healing wound. In the case of 

macrophages, important mediators ui the healing process, the hypoxic environment of 
the wound stimulates the phages to secrete the factors which encourage angiogenic 

migration towards the centre of the woundl331. Consequently an occlusive dressing can 

promote or prolong the hypoxic environment. The effect on macrophages in this 

respect is particularly important since hypoxia may reduce their production of some 
inflammatory and pain reducing mediators such as prostaglandin and at the same time 

enhance others that encourage angiogenesisl421. Wounds without a blood supply would 

not, however, benefit from dressings promoting hypoxia. 1431. 

Collagen synthesis and fibroblast proliferation under occlusion affect the healing 

wound. Occluded wounds are infiltrated by fibroblasts and collagenous material earlier 

than non-occluded woundsl28!, producing wounds with reduced scarri11g44I. The 

biosynthesis of collagen in occluded wounds is 20-60°, o greater than normal woundsl43l. 

1.3.6 Wound Microbiology 

The skin harbours a large number of microbes and it is therefore very difficult to keep a 

wound free from bacteria. The three species of bacteria associated with clinical infection 

are Staphyloc'occ'uf l ureus, Strphylot'oct7ls hytcus and Pseuudoinonas (le, 7(ginosa145'46.4 i. NIertz and 

lj. aglesteinI-ml indirectly showed that the type of bacteria found in a wound depends on 

the dressings used. A wound healing normally is colonised by gram positive bacteria, 
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whereas, a wound healing under occlusion is colonised by both gram positive and gram 
negative bacteria (gram negative bacteria are not as resistant to desiccation as gram 
positive). Mertz and Eaglesteinl481 failed to mention the presence of Pseiidomonas 

aeruginosa, the gram negative bacteria most often associated with clinical infection, 

particularly in burn woundsI461. 

Occlusive dressings characteristically produce a moist environment \A-hich provides ideal 

conditions for the proliferation of pathogenic microorganism, and this characteristic 
led to the criticism that infection would be sure to followt241. although it has been 

shown that under occlusion bacteria do proliferate 149,501, a review by Hutchinson and 
McGukin1241 showed that infection rates of occlusive and non-occlusive dressings were, 
2.6% and 7.6% respectively. It was concluded that the proliferation of bacteria under 

occlusive dressings is inevitable but is in general not detrimental to wound healing. In 

fact, the presence of bacteria are thought to promote more rapid healingl'41. 

An inflammatory response is induced by both wound healing and infection. It is 

therefore essential to differentiate between colonisation and infection of a wound to 

ensure it is treated correctly. The characteristics of infection are the invasion of viable 

tissue by pathogens and a polymorphonuclear response. Burn wounds are the wounds 

most notorious for becoming infected131. Clinical practice dictates that occlusive 

dressings are not used for infected wounds. Occlusive dressings that reduce the 

proliferation of bacteria have been investigatedL«1, but the use of such dressings on 

infected wounds was considered questionable until the benefits are clinically proven. 

1.4 ALGINATES IN WOUND MANAGEMENT 

The early history of alginates in wound management can be traced to records of the use 

of seaweed by coastal populations for the healing of burnst511. Blaine1521 performed 

animal experiments to investigate the histological effects of alginate implanted into 

various tissues and the use of a calcium alginate gel on experimental wounds. Passe and 

Blaine1531, and Olivier and Blaine1541 found calcium and sodium alginate were absorbed, 

with no evidence of adverse histological changes when used without antiseptic agents. 

The rate of absorption varied with location and vascularity of tissue. The use of 

alginates was v. idespread up to the 1970's and a survey showed that alginates w%-ere being 

13 



used in some 70 hospitals in one form or another111. The high cost of manufacture led a 
decline in their use[55I 

Since this decline modern manufacturing processes have enabled the widespread use of 
alginates in wound management[15,561_ Gilchrist and Martin i5T1 were the first to use the 

modern material in a clinical stud}, of foot injuries and supported the findings of 
Blaine1521. The biodegradability of sodium alginate has, however, come into 

question158,59'601. The fact remains that it is biocompatiblel19,611 and therefore a useful 
basis for further studies into wound management products. Calcium alginate fibre 

dressings, which were successfully used and clinically proven to improve wound 
healing(51,58,611, have a very high content of calcium and exhibit good haemostatic 

properties. 

1.4.1 Structure And Properties Of Alginates 

Alginates are recovered commercially from marine brown algae (Phaeophyceae), agar and 

carrageenans from red marine algae (Rhodophyceae). Some of the species of Phaeopbyeeufe 

used for the production of alginates are summarised in Table 1.8. The frequencies (FG of 
FM) of G and M blocks, were calculated from 13C NMRI62,631 and give an indication of 

the physical properties of the alginate types, which are discussed in section 1.4.1.1, in 

more detail. The more useful physical properties of alginates include water retention, 

enhanced gelling and viscosity (thickener) [621. Alginates are widely used in over 300 

industrial, pharmaceutical and medical applications155,561. 

Table 1.8 Pbaeophyceae species and their gelling properties. The G/M block frequency gives 

an idea of the effect of the G Block content. 
Phaeophyceae Alginate gel Frequency 
Species properties FG/FM/Fcc 
11ý1acrocystis pyrifera medium strength 0.39/0.61/0.16 
L. aminaria hyperborea high strength Stipe 0.68/0.32/0.56 
Lammara digitala medium strength 0.41/0.59/0-25 
Larni11ariajapon ca low strength 0.35/0.65/0.18 

scophylhum »odoslun low strength 0.36/0.64/0.16 
I: cklon a ll1xvizaa medium strength 0.45/0. D: )/0.22 
Lesso»ia »igrecce»s medium strength 0.38/0.62/0.19 
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1.4.1.1 CHEMICAL COMPOSITION 

Sodium alginate is comprised of two monosaccharide units; a- L- gulopyranuronic acid 
(abbreviated G) and ß- D- mannopyranuronic acid (abbreviated M1), linked by (1- 4) 

glycoside bonds (Figure 1.3). A true block copolymer sodium alginate has alternating 

regions of G, M. GM, GGM and MMG blocks with no repeating uniti621. The structure 

or block sequence of the polymer is dependant upon factors such as growth 

environment, plant age and area of extraction from the plantl&1. The prevalence of G 

blocks increases with age and structural importance within the plant (leaf < stem < 

stipe), providing a certain amount of species and regional dependence upon the 

structure and therefore properties of sodium alginate (Table 1.8). The randomness 

associated with the structure of an alginate polysaccharide chain, leads to a composition 
distribution 1621with regard to the true ratio of G and M. The G block content in 

particular affects the physical properties of alginate gels and has a direct bearing on their 

commercial application. 

1.4.1.2 MOLECULAR WEIGHT DISTRIBUTION. 

Alginates, as with all polysaccharides are polydispersc, i. e. they differ in small 

constitutive details[651. Thus molecular weights are given as an average: the number (Me) 

or weight average (Mw), the ratio MW/Mo is the polydipersity index PI, where, for 

uniform polymers the PI value is 0 and for narrowly distributed polymers PI is about 

1.041651. Smidsrod and HaugE661 reported a PI value of 3 for Laminarza digitata. In a study 

which involved the fractionation of alginate samples based on their molecular weight, 

Martinsen et aI1631 found that separation was not based on monomer composition for 

Alacrocystis pyrifera and Lami»aria hyperborea'. Differences in molecular weight of alginates 

were related to the different types of preparation and purification processesl55l. The role 

of molecular weight with regard to gel strength is discussed in section 1.4.2.3. Nlartinsen 

et aA631 noted that the molecular weight may be of importance in controlling the porosity 

and pore we distribution of the capsular membrane during microencapsulation. The 

importance of a narrow molecular weight distribution is, however, emphasised when 

considering the immobilisation of cells for implantable materials. The leakage of low 

molecular weight fragments potentially affects biocompatibility[671 
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1.4.1.3 SOLUBILI"I1" 

A major factor contributing to the wide application of alginates is their solubility in cold 
water[551. As an anionic polyelectrolyte, the solubility is to a large extent governed by the 
fact that the driving force of swelling and dissolution is the entropy of mixing, caused by 
free counter ions[62,681. Solubility is affected by pH, salt and divalent ion concentration. 
The pKa, values of G and M monomers are 3.38 and 3.65 respectively-[551 reducing pH to 
these and lower pH values will cause the precipitation of alginic acid from solution[69. -01 
The addition of divalent ions to sodium alginate solutions leads to the formation of 
insoluble gels[521 

1.4.1.4 STABILITY 

Alginate salts and free acids are generally stable 1621 but under the correct conditions, are 

prone to hydrolysisl621. The glycosidic linkages of alginates are susceptible to both acid 

and alkaline degradationl71'721 and oxidation by free radicalsl731. Microorganisms can also 
degrade alginatesi741. The mechanism responsible for degradation at high pH is an alkali- 

catalysed (3-alkoxy elimination reaction171,5I. At or below pl-I 5, proton catalysed 
degradation is responsible and as the pH reaches the pKa of the uronic acids the 

mechanism of degradation is again different, due to intramolecular catalysisl761. 

1.4.2 Gel Formation In Sodium Alginate 

Alginate solutions immediately form gels on addition of divalent metal ions, for which 

there is an order of affinity e. g., with Laminaria digitata Pb > Cu > Cd > Ba > Sr > Ca 

>Co, Ni, Zn, Mn > Mg! 551. The discussions throughout this text will be based around 

calcium because its salts have been used extensively throughout the project, due mainly 

to its haemostatic properties[- '781 and toxicity compared to cadmium and leadI191. The 

immediacy of this room temperature reaction is such that, without controlling the 

availability of calcium ions, gel formation is heterogeneous. 

1.1 2.1 MOLECULAR BASIS OF GFL FORMATION 

In the solid state, N1 regions have a flat ribbon like twofold conformation, similar to that 

of other equatorial linked hexosans such as cellulose 1801. A buckled conformation is 

adopted in the G block regions as a consequence of the residues being linked di-axially 

restricting rotation about the glycosidic bondI801 (Figure 1.3). This molecular 

conformation is ideal for complcxing divalent ions as described by the egg box 
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mode1l8l, 82831 (Figure 1.4). The carboxy groups are positioned so that a `cavity' i, formed 
between two juxtaposed G regions allowing the divalent ions to be chelated by the 
alginate (Figure 1.5) forming junction zones. Morris et ad811 studied gelation using 
circular dichroism to determine the extent of junction zone formation with increasing 

calcium concentration. They found that, at calcium concentrations higher than the 

stoichiometric requirement of the alginate, aggregates were formed (Figure 1.4). The 

formation of dimers of different multiplicity were confirmed by Stokke et aA841 using 

small angle X-ray diffraction. They suggested that the egg box model should include the 

use of aggregation numbers of laterally associated chains that depend both on the 

calcium concentration and the type of alginate. 

The binding of calcium ions in the junction zones is thought to proceed by a co- 

operative mechanisml80'851. Binding of the first cation between any pair of chains causes 

alignment which facilitates binding of the next cation, and so on along the sequenceIs5I. 
The minimum block length required for this to occur is not known, but it is at least 2G 

monomers'861. The average length of junction zones is thought to be in the region of 20 

G monomers["']. Once formed the junction zones are considered irreversible because 

they are kinetically trappedl861 by the high activation energy of reopeningM. 

The gel point, as Matsumoto et af891 state, occurs when the number of intermolecular 

interaction points per polymer molecule reaches a certain value, which is independent of 

molecular weight. Up to this point it is possible that a pre-gel state is formedE901. 

1.4.2.2 M[ T1IODS OF GEI. PREPARATION 

The two main methods for preparing calcium alginate gels are diffusion and internal (in- 

situ) gelation. 

1.4.2.2. a TllE DIFFI'SION METHOD OF GEL FOR: AL\TION 

The immediacy of gelation is such that a solution of sodium alginate can be dropped 

into a bath of free calcium ions, without the alginate dispersing any further. The gel is 

formed by the diffusion of the calcium ions into the alginate solution. Though the 

method is simple and relatively rapid, there arc disadvantages. The gels produced arc 

inherently heterogeneoust'I, factors affecting homogenit , include the concentration of 

calcium ions, molecular weight and G, block distribution155,621 
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Figure 1.4 Schematic diagram of the egg box modelt"31, showing the binding of calcium 
ions by G block regions to form junction zonesI841. 
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1.4.2.2. b 'I IE INTERNAL METHOD OF GEL FORMATION 
The use of insoluble calcium salts allows the dispersion of calcium throughout a 

solution of sodium alginate. Until the salts are dissolved to release calcium ions a gel 

cannot be formed. The controlled (slow) release of an acid liberates calcium ions- by- 

reaction with the insoluble salt. The release of the acid must be controlled. Draget et 

ad911 found that simply adding hydrochloric acid lead to heterogeneous gels. By far the 

best method for producing gels is the use of the slowly hydrolysing compound delta 

gluconolactone. The initial chemical reaction is hydrolysis, delta gluconolactone 
hydrolyses in water, with ring opening, to produce a carboxyl group. Upon this slow 

acidification, the insoluble calcium carbonate converts to the carbonate anion (HCO3-) 

and free calcium ionsI921. The gel produced has a homogenous structure with properties 

dependant upon the concentration of calcium ions, molecular weight and G block 

distribution of the alginate. The method was first patented in 1934 by 
, \IcDowell[93, and 

has found many applications especially in the area of cell immobilisation 1241. However, 

its use for wound management products has yet to be demonstrated. 

1.4.2.2. c GELS BY OTHER METHODS 

Delta gluconolactone was used to set gels without the presence of divalent ions. Morris 

and Chilversl941 used a 1: 1 mixture of alginate and pectin to form a stable low pH gel. 

Draget et ad951 achieved similar results with just alginate. The use of EDTA to complex a 

soluble calcium salt was reported[961. Cole and Garbe19l, 981 have patented formulations 

using acetic acid to dissolve a salt producing a foam. Rapid, even mixing through a 

double barrel syringe and mixing nozzle avoided heterogeneity. 

1.4.2.3 G) F. 1, STRENGTH 

The strength of alginate gels depends strongly on the composition and sequence of 

monomers in the alginate molecule[621. Not only is the presence of glucuronic acid 

important, but the quantity and distribution are vital to the properties of the ge11M. 99I. 

Glare1551 noted that low G alginates form gels more quickly than high G alginates but are 

unable to increase their strength by increasing the calcium content once all the G block 

regions have been filled. high G alginates form strong brittle gels and low G alginates 

form softer more malleable gels. 

20 



The dependence of alginate gel strength on molecular weight reaches a maximum and 
then gel strength becomes independent of molecular weight188'92,951. Smidsrod and Haug 
foundl88l gel strength (stiffness) became independent from molecular weight at a degree 

of polymerisation (DP) of 400. This independence was confirmed more recently by 
J 

Draget et ad92'951 for calcium alginate gelsI921 and alginic acid gels1951, though the molecular 
weights vary. In the study on calcium alginate gels1921 the method of preparation had a 
profound effect on the magnitude of the point of independence from molecular weight. 
The alginate gels formed in-situ became independent from molecular weight at a level 3- 
4 times greater than gels formed by dialysist921. 

The concentration of alginate has a bearing on the strength of gel produced. There is a 
linear relationship between the square of alginate concentration and gel strengthI881. As a 
function of calcium ion concentration, gel strength reached a maximum and then 
further addition of alginate resulted in a weaker gell741. 

1.5 HYALURONIC ACID IN HEALING 

Hyaluronic acid was associated with more rapidI1001, even scarless healing1'0'1. Its 

properties and role in healing are discussed below. 

1.5.1 Structure And Properties Of Hyaluronic Acid 

Hyaluronic acid (now more commonly known as hyaluronan) 1102,1031 is a high molecular 

weight polysaccharide. It has a glycosaminoglycan structure with a repeat disaccharide 

unit of N-acetyl-ß-D- glucosamin and 3-D-glucuronic acid, linked together by alternate 

31,3 and (31,4 glycosidic bonds forming a long linear unbranched polysaccharide 

chain"1031 (Figure 1.6). Hyaluronan is found in most eukaryotic tissues and synthesis takes 

place on the inner surface of the plasma membrane of a cell[1041. The molecular weight 

of the polymer varies greatly, depending on its source11041, from thousands to millions of 

I)altons[102, "03'1041 Hyaluronan is found throughout the human body, soft connective 

tissue having the highest and the blood the lowest concentrations, with half of its total 

amount found in the skin11011. Degradation occurs in the lymphatic system, at the lymph 

nodes11°4. '011. The low molecular weight fractions that arc absorbed by the blood are 

either metabolised in the liver or excreted by the kidncy11041. The enzymes responsible 

for the degradation of hvaluronan are hyaluronidase, 3-N-acetyl-D-hcxo>samidase and 3 
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D-glucuronidase[lo4,1o61 with hvaluronan being broken down to its constituent 
monosaccharides. 
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Figure 1.6 'lie structure of Hyaluronic acid: N-acetyl-3-D- glucosamin and 
ß-D-glucuronic acid joined at the 1,3 and 1,4 positions respectivelyý103ý 

1.5.2 Role In Healing 

The beneficial effects of hyaluronan on the wound healing process are reported as being 

more rapidI100I and scarless healing{1011. The healing process was discussed in section 1.3. 

The discussion below gives an overview of the role of hyaluronan. It should be noted 
however, that the full extent of the role of hyaluronan is still unknownU1071 

I Iyaluronan plays a dual role. During the inflammatory phase it activates and moderates 

this phase of healing. Activation is seen through the enhancement of cell infiltration, 

and an increase in the production of proinflammatory cytokines. Moderation is seen 

through inhibition of inflammatory proteinases, free radical scavenging, and antioxidant 

properties[107l During the granulation or proliferation phase, cell proliferation is aided 

by facilitating cell detachment. The hyaluronan rich hydrated extracellular matrix aids 

cell migration. The low molecular weight fragments of hyaluronan stimulate 

angiogenisis[108l. In contrast, high molecular weight fragments of hyaluronan retard 

angiogenisis[1071 

The most exciting developments toward the healing process become apparent in the 

final stages of healing. The migration of basal keratinocytes is facilitated by the presence 

of hyaluronan, via a CI)44 mediated mechanism, the remodelling phase, where a 

hvaluronan rich matrix may reduce collagen deposition leading to reduced scarring, as 

scen in foetal healing110 1. 
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1.5.3 Scarless Healing 
The ability of a wound to heal without scarring was shown in a number of foetal 

modelsl1091 and by Hellström and Laurentl1101 in an experiment on the tympanic 

membrane using a hyaluronan based dressing. The ability- of a foetus to heal without 

scarring is not a foregone conclusion. Healing with scarring will occur after a certain 

point during gestation, which was found to be approximately the second trimester lll 
humans and 100-120 days for the foetal lamb11111. The healing of foetal wounds differs 

from those in the postnatal period. The inflammatory phase is lacking and collagen 

synthesis is activated in the early phase, but does not lead to excessive bundle formation 

(typical of adult scar tissue). One of the striking differences in the healing process is the 

continued and progressive presence of hyaluronan in foetal wound tissue 1'041 

The high concentration of hyaluronan in the foetal environment, i. e. amniotic fluid, does 

not however, predispose the wound to scarless healing. Studies investigating the effects 

of amniotic fluid and healing have shown that simply bathing the wound in amniotic 

fluid does not lead to scarless healing{1121. An understanding of foetal wound healing 

may lead to therapeutic strategies to help avert scarring and fibrosis, which would have a 

tremendous impact on both medical and surgical practice. 

1.6 AIMS OF THIS THESIS 

It is the intention to investigate the use of sodium alginate as the basis of an in-situ 

gelling wound dressing. This will be achieved by the following: 

1 Using different polymers to induce gelation and or improve water uptake 

capacity of sodium alginate. 

2 Determining the ability of delta gluconolactone to be used for the gelation of an 

alginate wound dressing. 

3 Characterising the absorptive capacity of the delta gluconolactonc system, and 

the gelation time using rheological techniques. 

4 Developing a dressing to provide a suitable environment for healing. 

5 Characterising the absorptive capacity of dressings produced using a simple and 

reproducible method. 
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CHAPTER 2 EXPERIMENTAL 

Characterisation of samples was achieved using rheological methods and a new method 
for determining water uptake capacity using Franz cells. The Franz cell method was 
simple, flexible and reproducible. The aims of this chapter are to: 
i) Introduce the different methods for sample preparation. 
ii) Introduce rheology and the rheological methods used and 
iii) Introduce the Franz cell method for determining the absorptive capacity of gels and 
its validation. 

2.1 SAMPLE PREPARATION 

This section is split into two parts. Section 2.1.1 details the methods used to formulate 

gels using polymers to modify the properties of sodium alginate (used in section 2.3 and 
Chapter 4) and section 2.1.2 details the methods used to formulate gels using delta 

gluconolactone and calcium carbonate (used in Chapters 5,6 and 7). 

2.1.1 Sample Preparation Using Cellulose Based Polymers 

2.1.1.1 MATERIALS 

Sodium alginate, LF 10/60, FMC Biopolymer, PO BOX494 N-3002, Drammen, 

Norway. Calcium chloride, AR, BDH Laboratory Supplies, Poole, Dorset, England. 

Aquasorb A500®, Hercules Ltd. Aqualon Division. Salford, Manchester. England. 

Natroso1250M Pharm®, I lercules Ltd. Aqualon Division. Salford, Manchester. kngland. 

Celquat SC240C®, National Starch and Chemical Ltd. Daventry, Northamptonshire, 

England. 

2.1.1.2 1FQUIPMEN'I' 

Oertling Balance, 4 Place, Oerding, Smethwick, West Midlands. England Carrimed 

Rheometer, ( : SL' 500, TA Instruments, Leatherhead, Surrey. England. Bench top 

. 
Autoclave, Dixons Surgical Instruments Ltd. \\'ickford, Essex. England. 
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2.1.1.3 FORMLLAIION METHODS 

2.1.1.3. a FORMULATION OF SODIUM ALGINATE, AND SODIUM ALGINATE 
AND POLYMER SOLUTIONS 

A 100ml beaker was tared on a balance, the correct weight of solution (water or calcium 
solution section 2.1.1.3. b) was added (± 0.005g) and the weight recorded. The correct 
amount of excipient was then placed into a glass weighing boat (± 0.005g) and the 
weight recorded. The beaker was fixed under an overhead stirrer and a vortex formed in 
the solution prior to the addition of excipient. The full amount of excipient was 
introduced before appreciable thickening had occurred. The formulation was then 
stirred for 20 min or until there was complete dissolution. All samples were sterilised, in 

screw top jars, using a bench top autoclave (parameters: 1 psi, 121 °C for 15 min). 

2.1.1.3. b CALCIUM SOLUTION PREPARATION 

The level of calcium was 0.15%w/w, 10.4mmol/L, higher than that in human , erUM[1131 
to give the dressings haemostatic propertiesi78l. (Calcium chloride dihydrate R ̀ I :\I 
147.02). 

2.1.2 Sample Preparation Using Delta Gluconolactone And Calcium Carbonate 

2.1.2.1 MATERIALS 

Sodium alginate, LF 10/60, LF 10/60 US, LF 10/60 D, FMC Biopolymer, PO BOX494 

N-3002, Drammen, Norway. Hyaluronic acid, MV, FMC Biopolymer, PO BO_X494 N- 

3002, Drammen, Norway. Glycerol, Spectrophotometric Grade 99. x° o, Aldrich 

Chemical Company, Gillingham, Dorset. England. Sodium carboxymethylcellulose, low, 

medium and high viscosity, Fluka Chimie, Buckinghamshire. England. Calcium 

carbonate, Sturcal f, Specialty Minerals, Birmingham. England. Di-sodium hydrogen 

orthophosphate, AR, BDH Laboratory Supplies, Poole, Dorset. England. Potassium di- 

h), drogcn orthophosphate, AR, BDH Laboratory Supplies, Poole, Dorset. England. 

Delta-gluconolactone, GPR, Aldrich Chemical Company, Gillingham, Dorset. England. 

Sodium chloride, SAR, BDI I Laboratory Supplies, Poole, Dorset. England. I lydrochloric 

acid, AR, BDI- I Laboratory Supplies, Poole, Dorset. England. 

2.1.2.2 1 ;. () L IPNIl"NT 

()ertling Balance, 4 Place, Oertling, Smethwick, West Midlands. England. Overhead 

stirrer, janke, BI)II Laboratory Supplies, Poole, Dorset. England. III 8579 Bench top 
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pl-I meter, Hanna instruments, BDH Laboratory Supplies, Poole, Dorset. England. 
Carrimed Rheometer, CSL2 500, TA Instruments, Leatherhead, Surrey. l. ngland. 
Thermostatically controlled water bath. Grant w38, BDH Laboratory Supplies, Poole, 

Dorset. England. Bench top Autoclave, Dixons Surgical Instruments Ltd. Wickford, 

Essex. England. 

2.1.2.3 FORMULATION METHODS 

The method outlined below is the basis of sample preparation for the experiments in 

Chapters 5,6 and 7. The method outlines the process and timing for formulating a gel 
for water uptake and rheological evaluation as part of an experimental design. The 

experiments in Chapters 5,6 and 7 differ slightly in the constituents, number of batches 

prepared and the tests performed for each experimental design. 

2.1.2.3. a SAMPLE PREPARATION FOR THE INVESTIG. \TION OF 

RHEOLOGICAL AND WATER UPTAKE PROPERTIES 

The day before a water uptake and gelling experiment three separate batches of a 

formulation were prepared. Two batches were required for the water uptake experiment 

and one batch was required for the rheological evaluation. The following excipients 

were dissolved or dispersed in the diluent (water). The amount of diluent added varied 

according to the amounts of excipients (max formulation weight at this point 65g). The 

excipients were sodium alginate, calcium carbonate, hyaluronic acid, phosphate buffer 

(section 2.1.2.3. b), sodium chloride, and sodium carboxymethyl cellulose. 

The mixing of excipients produced viscous solutions, which were poured into pre 

weighed Schott flasks. The filled Schott flasks were re-weighed and steam sterilised in a 

bench top autoclave (parameters: 15 psi, 121°C for 15 min). After cooling the flasks 

were weighed to account for any water loss and placed in a thermostatically controlled 

water bath for equilibration. After equilibration (1h), two Schott flasks were removed 

from the water bath for the water uptake experiment. \ny weight difference was 

accounted for with distilled water with stirring for 10 min. Glycerol (if required) was 

added at this point. Gelation was induced by adding 5ml of freshly prepared delta 

gluconolactone solution (section 2.1.2.3. c) by syringe and stirring was continued for 

? min (total fornlulation weight 70g). The solution was no\V gelling and was quickly 

transferred to pre-weighed Franz cells before setting. The Franz cells were sealed and 
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inverted ready for the water uptake experiment to begin the next morning. When the 
Franz cells were weighed (time = zero) and the water uptake experiment commenced, 
by the introduction of water to the upper compartment of the Franz cell. The method 
for assessing water uptake is described in more detail in section 2.3.4. 

The third batch of alginate solution was removed from the water bath, water and 

glycerol were added as described above. This was then used for the gelling experiment. 
32.5g was transferred to a second vessel at the correct temperature and stirred, 2.5ml of 
freshly prepared delta gluconolactone solution (section 2.1.2.3. c) was added and stirred 
for a further 2min. To observe gelation, 1ml of the now gelling solution was transferred 

to the rheometer and 5 min post addition of the delta gluconolactone solution the 

rheological investigation commenced. In the event of rapid gelling timings were reduced 

and a note taken of the changes. The viscosity of the sample was determined from the 

sample, of the third batch, left after removal of the 32.5g for gelling. Rheological 

methodology can be found in section 2.2. 

2.1.2.3. b PREPARATION OF PHOSPHATE BUFFER 

The phosphate buffer solution was prepared as for phosphate buffer 0.33\I pl 1 7.5 in 

the British Pharmacopoeia 11141. 

2.1.2.3. c PREPARATION OF FRESH DELTA-GLUCONOI,:, CTONE SOLUTIO\T 

Throughout the experiment a ratio of 1: 2 calcium: delta gluconolactone was used, to 

obtain a final pH 7, based on the work by Draget et aA741. The delta gluconolactone 

solution was prepared in 10m1 of deionised water. The amount of delta gluconolactone 

used was calculated from the amount of formulation sterilised, to ensure the 1: 2 ratio 

calcium: delta gluconolactonc was preserved. 
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2.2 RHEOLOGICAL METHODS FOR THE CHARACTERISATION OF 
FORMULATED GELS AND SOLUTIONS 
The information that can be gained from profiling the rheological properties of 
formulations will help greatly in determining the suitability of a particular formulation 
for use as a wound gel. 

2.2.1 A Brief Introduction To The Theory Of Rheology 
Rheology can be simply defined as the study of the deformation and flow of materials. 
The application of a force to a sample and measurement of the deformation is a 
fundamental aspect of determining rheological properties. This brief introduction to the 

rheology of materials is not exhaustive and the reader is referred to the texts by Barnes 

et ate' 151, BarnesI1161 and WhorlowIll11 for a more detailed discussions on the theory and 

application of rheological techniques. The introduction covers the concepts of viscosity, 

and elasticity and the ideal materials that exhibit these properties: the Newtonian liquid 

for viscosity and the Hookean solid for elasticity. The instrumentation used throughout 

this project for the determination of the rheological properties, a TA Instruments Carri- 

Med CSL2 500 controlled stress rheometer, is described. With the basic principles 
introduced the discussion expands into the subject of materials that do not exhibit ideal 

properties and the methodology used to investigate these materials. The materials 
investigated throughout this project show non-ideal rheological properties. Section 2.2 .2 
covers the methodology used. 

2.2.1.1 VISCOSITY AND ELASTICITY OF MATERIALS AND IDEAL 

BEHAVIOUR 

2.2.1.1. a TIDE V'ISCOSI77" OF MATERIAL AND NE\TONIAN BEHAVIOUR 

Viscosity is a measure of the resistance to flow, of a substance, to an applied forcelll11 

The force (F) per unit area (. \) of motion F/A (the shear stress (7) (Figure 2.1), is 

proportional to the velocity gradient U/d (shear rate y). The constant of this 

proportionality is the viscosity coefficient (i) Equation 2.1. 

6- fly ([quation 2.1) 

Materials that exhibit properties, which fit the expression above, are known as 

Newtonian systems. Newtonian s stems can be described by the following 

characteristics: 1, the only stress generated in simple shear flow is the shear stress 6, the 
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Figure 2.1 Schematic diagram of the application of shear stress("', to a Newtonian liquid: 
stress o applied in direction U, F (Where A= area, d= distance, U= and F= Force. ). 

normal stress difference being zero. ii) The shear viscosity does not vary with shear rate. 
iii) The viscosity is constant with respect to time of shearing and the stress ui the liquid 
falls to zero immediately shearing is stopped. In any subsequent shearing, however long 

the period of resting between measurements, the viscosity is as previously measured. An 

example of the rheological profile for a Newtonian liquid is given in Figure 2.2. 

6 

Y 

Figure 2.2 A schematic representation of the change of shear stress with increasing shear 
rate for a Ncwtonian liquid'"a1 

2.2.1.1. b '1'I I Iý. Fi ASTICITY OF MATERIAL AND HOOKEAN BEI LIVIOUR 

F. lasticity is a measure of the resistance to shearU1161. For a Hookean solid when a stress 

is applied (to the surface DC Figure 2.3), this results in an instantaneous and 

proportional deformation. Once deformation is complete there is no further movement 

of the deformed state, but this state will persist as long as stress is applied. The elasticity 

modulus (G) is constant of proportionalit}, between the strain or shear applied (y) and 

the resultant shear stress (6) Equation 2.2. 
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Figure 2.3 Schematic diagram of the application of shear stresst"'I to a Hookean solid: stress 
o applied to surface DC (Where A, B, C and D are the surface positions without stress 
applied and A', B', C' and D' are the surface positions with a stress (a) applied). 

6=Gy (Equation 2 . 2) 

An example of `material' that obeys Hooke's law is a spring, a linear elastic clement. 
When a stress is applied the strain is instantaneously proportional. ;\ graph of stress 

against strain will be a straight line through the origin, the strain must change 
instantaneously when the stress changes, and then remain constant until the stress again 

changes. The behaviour of many metals and other hard solids can be represented 

accurately by the I looke model, provided the strains are small11171 

2.2.1.2 THE MEASUREMENT OF RITEOLOGICAL PROPERTIES 

'T'hroughout this study a cone and plate rheometer was used to determine the 

rheological properties of the materials produced: the rheometer was a TA Instruments 

Carri-Med CSL2 500, a controlled stress rheometer. The discussion will therefore 

concentrate on this instrument. The measuring geometry (cone or plate) was held on a 

drive shaft supported by an air bearing. low inertia motor applied a torque to the 

measuring geometry, with the resultant displacement measured via an optical encoder. 

The torque range of the instrument was 0.0001-5-0 mN. m. The optical encoder 

measured the angular deflection (displacement) to give an absolute measure of strain. 

"1'he peltier plate was located on top of a pneumatic ram, a circulating water bath was 

used to aid in the heating and cooling of the peltier plate. The measuring geometry, used 

throughout this study-, «-aS a 4cm diameter acrylic cone with a cone angle of 2° and was 

truncated at 57[tm, Figure 2.4 shows how a cone is truncated. 
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With a cone and plate rheometer, the gap between cone and plate must be zero to 

ensure that the applied stress is uniform across the whole of the cone. The truncation of 

the cone ensures this is achieved consistently. The shear rate in a sample (Figure 2.5) for 

the Carri-Med CSL2 500 is calculated using Equation 2.3, where w is the angular 

frequency of the rotating geometry and (Fy) =1 /tan 0,0 is the gap angle (when using a 

cone). The shear rate is independent of sample properties. 

Shear rate = (Fy) ü Equation 2.3 

The shear stress is calculated using Equation 2.4 Where (Fa) = (3/2nR3) and T is the 

torque (mN. m) . 
Shear stress = (FQ) T 

Figure 2.5 A sample under shear between a cone and plate 

Equation 2.4 
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f however, the disadvantages of the cone and plate are that: 1) at high stress values 
`secondary flow' could occur exemplified by shear thickening. 2) Temperature effects, 

such as sample heating can also affect the properties of a sample, the use of temperature 

controlled plates compensate for this. 

2.2.1.3 NON-NEWTONIAN BEHAVIOUR OF MATERIALS 
The ideal properties of a liquid i. e., Newtonian properties, described in section 2.2.1. la 

are exhibited by a fraction of liquid materials. The majority of liquids exhibit non- 
Newtonian properties, the following sections introduce plastic flow, pseudoplastic flow, 

dilatant flow and the concept of thixotropy. 

2.2.1.3. a PLASTIC FLOW 

Plastic flow is characterised by a yield value, materials exhibiting this property are more 

commonly known as Bingham bodies. A Bigham body does not begin to flow until a 

shearing stress, corresponding to the yield value is surpassed. The resistance to flow at 

low shear stress allows Bingham bodies to be classed as solids, because at stresses below 

the yield value, the material acts as an elastic material. Plastic flow can be described 

using Equation 2.5, where at stresses greater than the yield value c y, the flow curve is 

linear, with an intercept of ay on the shear stress axis. U is the plastic viscosity, and is 

equal to the slope of the flow curve. 

a- ßY = Uy Equation 2.5 

WhorlowU '7I notes that the Bingham model rarely represents the behaviour of plastics 

I. e., solid or molten polymers, but adequately represents the behaviour of concentrated 

suspensions and emulsions. 

2.2.1.3. b PSEUI)OPLASTIC FLOW 

Pscudoplastic (shear thinning) flow as a general rule is exhibited by polymers in solution 

and is characterised by a decrease in material viscosity with an increase in shear rate. In 

contrast to Bingham bodies there is no yield value. The curved flow profile of shear 

thinning materials results from a shearing action of the long chain molecules, such as 

linear polymers. As the shear stress increases the normally disarranged molecules begin 

to align their long axe,, in the direction of flow, reducing the shear rate. It is possible to 

model the flow curve using the Cross model (Equation 2.6), which requires four 

parameters to describe a flows curve: 
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(i -i )/(ilo-r )= 1/(1+, KI)m) (Equation 2.6) 

lo, the viscosity at very low shear values, r the viscosity- at very high shear values, and 
K which is a constant with dimensions of time; m is a dimensionless constant. The 

degree of shear thinning is described by the value of m from the Cross model (Equation 

2.6). A value of m tending toward zero describes a more Newtonian material and m 

tending toward unity describes a more shear thinning materiall1161. The constant m was 

used throughout Chapters 4,5,6 and 7 to assess the shear thinning nature of 
formulations. The models/laws must be seen as being empirical in nature and coming 
from curve fitting exercises, such that often only parts of these models fit a curve'1151. 

2.2.1.3. c DILATANT FLOW 

Dilatant (shear thickening) flow describes materials that exhibit an increase in resistance 

to shear with an increase in shear rate. Concentrated suspensions- of non-aggregating 

solid particles will show shear thickening. The particular circumstances and severity of 

shear thickening will depend on the phase volume, the particle size distribution and the 

continuous phase viscosity. In a flow curve a region of shear thickening usually follows 

a shear thinning region, brought about by two dimensional layering. The layered 

arrangement is unstable, and is disrupted above a critical shear stress. The ensuing 

random arrangement increases viscosityt1171. Barnest"61 notes that the severity of shear 

thickening can be reduced by widening the particle size distribution. 

2.2.1.3. d THIXOTROPY 

A reversible time dependent decrease of viscosity is termed thixotrpy. The accepted 

definition of thixotropy is a gradual decrease of the viscosity under shear stress followed 

by a gradual recovery of structure when the stress is removed11151. Thixotropy will 

normally occur when a liquid is shear thinning. As the shear stress is gradually reduced 

(down curve) the flow curve will be displaced from the up curve, a schematic 

representation can be seen in Figure 2.6. Anti-thixotropy is a gradual increase in 

viscosity under stress followed by a gradual recovery of structure also shown in Figure 

2.6. 
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figure 2.6 A schematic representation of the thixotropic and anti-thixotropic hysteresis 
loops ["8ý 

The finite time taken for any shear induced change in material micorstructure to take 

place, implies that flow history must be taken into account when making predictions 

about flow behaviour. During shearing microstructure is brought to a new equilibrium, 

over a time, by competition between affects, of shear stress and Brownian motion/flow 

induced structure build-up. When shearing ceases, Brownian motion (the only force left) 

is able to slowly rebuild the microstructure, lost during shearing, which can take hours 

to completeU"7I 

2.2.1.4 LINEAR VISCOELASTICITY 

I inear viscoelasticity is the simultaneous existence of viscous and elastic properties in a 

material"1151. It is possible to obtain information on the molecular structure, material 

parameters and functions from an investigation of the linear viscoelastic properties. 

'T'here four types of rheological test that can be used to investigate the linear viscoelastic 

region, these are creep oscillation, stress relaxation and start-upI1161. The test used in this 

thesis were creep and oscillation, the methodology for these tests is discussed in section 

?. 2.2. The creep test is the immediate application of a constant stress to a sample and 

observing the resultant strain over time. The oscillation technique is the application of 

an oscillatory stress or strain as input and monitoring the resultant strain or stress as out 

put. The linear viscoelastic region is the region over which the response to an applied 

stress remains linear as the stress increases. Therefore, creep and oscillation techniques 

34 



can be non destructive when carried out at stresses/ strains within the linear viscoelastic 

region. 

2.2.1.4. a 1 -lE OSCILLATION TECI INIQUE 

The determination of viscoelastic properties is achieved by the application of an 

oscillatory shear to a sample. In very simple terms the sample is `wobbled'. When 

conducting an oscillation experiment a sinusoidal stress wave applied to the sample, by- 

the geometry, is measured. The phase of the resultant strain wave is indicative of the 

properties of the sample. For example, applying an oscillatory shear to a Newtonian 

liquid; the properties of a Newtonian liquid are discussed in section 2.2.1.1. a. .A 

sinusoidal stress wave produces a sinusoidal strain wave that is exactly 90° out of phase, 

with the applied stress. Where as, for a Hookean material; properties are discussed in 

section 2.2.1.1. b. A sinusoidal stress wave produces a sinusoidal strain wave that is 

perfectly in phase, with the applied stress. The liquid like response, which a certain 

amount out of phase with the input, is described by the loss modulus G". This is a 

measure of the energy lost/dissapated per cycle of the input. The solid like response, 

which is a certain amount in phase with the input, is described by the storage modulus 

G'. This is a measure of the energy stored within the material and can be recovered 

from it per cycle of input. 

The storage (GD and loss (G") modulus are the most useful parameters gained from 

oscillation investigations. Other parameters useful for describing a material are: 1) the 

complex modulus (G*) Equation 2.7,2) the dynamic viscosity (r') Equation 2.8, and 3) 

tan delta (tan 8) Equation 2.9. 

G* _ (G'2 + G"z) 1/2 Equation 2.7 

yl) = G"/w Equation 2.8 

tan 8= G"/G' Equation 2.9 

2.2.1.4. b '1'I IE CREIE: P TI , (: HNIQLTE 

The determination of viscoelastic properties is achieved by the application of a constant 

stress and observing the response of the material to the applied stress and then 

removing the stress and observing the recovery of structure over time. The response for 

most viscoelastic materials to the application of a constant stress (Figure 2.7), is an 

immediate elastic response, then there is a delayed elastic response and then a viscous 
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Figure 2.7 A schematic representation the response of a viscoelastic material to the 
application and removal of a constant stress' 1181. 

response as the material reaches a steady state position to the applied stress 
(retardation). On the removal of the applied stress, the recovery of the sample material 
is obtained. There is an instant elastic recovery, followed by elastic recovery region. The 

viscous flow region is not recovered, because reaching a steady state irreversibly 

destroys the structure. 

The industrial use of the creep method is seen as a realistic representation of the effects 

of gravity on a sample. This has found wide application in the manufacture of paints 

and dyes11161 

2.2.2 The Methods And Methodology Used To Characterise The Rheological 

Properties Of Formulated Gels And Solutions 

This section describes the rheological methods employed to characterise formulated gels 

and solutions. The formulations used as examples in this section were prepared as 

outlined in section 2.1. The gelation of formulations prepared in section 2.1.2 was 

observed using a time sweep method, described in section 2.2.2.2. c. 

2.2.2.1 FOUIPNIENT 

(; arrinied Rheornetrr, CSL 2 500, T. \ Instruments. Leatherhead, Surrey, England 
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2.2.2.1. a A DESCRIPTION OF THE EQUIPMENT 

The Carrimed rheometer was a controlled stress cone and plate rheometer. The 

geometry used was an acrylic cone that had a diameter of 4cm and a cone angle of 2°. 

The gap between the cone and plate was set at : 7km, as specified on the cone. 

2.2.2.2 OSCILLATION METHODS USED TO INVESTIGATE THE 

VISCOELASTICITY OF FORMULATIONS 

Oscillation methods were used to investigate the extent of the viscoelastic nature of 

formulations and to determine the gelling time of samples. 

2.2.2.2. a DETERMINATION OF THE LINEAR VISCOELASTIC REGION 

The linear viscoelastic region of a formulation was determined by the application of an 

increasing oscillatory stress at a fixed frequency (1Hz). The method was used to find an 

oscillatory stress that will not damage the structure of the sample during oscillatory 

procedures. The linear viscoelastic region is the region over which the response to an 

applied oscillatory stress remains linear as the stress increases (Figure 2.8). The stress 

value at the centre of the linear region was chosen for use in oscillatory investigations. 

10.00 

Linear region 

" 
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" 
" 

1.000 t 
0.01000 0.1000 1.000 10.00 

osc. stress (Pa) 

0 

0 

100.0 1000 

Figure 2.8111c linear viscoelastic region of a sample solution of 4° ow/w sodium alginate. 
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The sample used in Figure 2.8 was a sterile solution of 4' o«-/w sodium alginate. The 

following parameters were used in the rheometer method file: 1) Step type, torque ramp. 

2) l1requency, 1.00 Hz. 3) Ramp mode, log. 4) Temperature, 25°C. 5) Start value, 0.08Pa. 

6) End value, 15OPa. 7) No of data points, 21. 

2.2.2.2. b INVESTIGATING FORMULATION STRUCTURE WITH A 

FREQUENCY SWEEP 

The frequency sweep was performed to determine the response of a solution to an 

increasing angular frequency at a fixed oscillatory stress, within the linear viscoelastic 

region. The response of G' and G" to the applied frequency gives an indication of the 

structure of a gel. A predominating value of G' suggests more solid like properties and a 

predominating value of G" suggests a more liquid like nature. 

Figure 2.9 is an example of a frequency sweep performed on a sterile solution of 

4%w/w sodium alginate. The following parameters were used in the rheometer method 
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figure 2.9 The structure of a solution of 4" ow/w sodium alginate determined using a 

frequcnc}y sweep. 
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file: 1) Step type, frequency ramp. 2) Controlled variable, oscillation stress. 3) Ramp 

mode, log. 4) Temperature, 25°C. 5) Start frequency, 0.01 Hz. 6) End frequency-, 10 Hz. 
7) Applied stress value, 2.00 Pa. 8) Number of data points, 21. 

2.2.2.2. c INVESTIGATING STRUCTURE CHANGE WITH ýA TIME SWEEP 
The phase transition or gelation of formulations, prepared for gelling (section 2.1.2), \V-as 

observed with a time sweep. The change in the values of G' and G" was observed over 
time by performing repeated frequency sweep methods at fixed oscillatory shear 

(2Pa) and angular frequency (1Hz) over time. The point of phase transition was 

calculated at the time at which G' and G" crossed (Figure 2.10). The duration of the 

method was 3h, as a result a combination of a plastic cover and silicone oil was used to 

prevent sample dehydrationl1181. The effectiveness of the method is demonstrated in 

Figure 2.11. A 4%w/w sodium alginate solution was analysed using a time sweep for 3h 

10mm with and without a cover and silicone oil. Without the cover and oil the value of 
G' rises with time, which would interfere with the gelation profile. 

The following parameters were used in the rheometer method file to investigate the 

gelling formulation in Figure 2.10 and the non-gelling alginate solution in Figure 2.11: 1) 

Step type, time ramp. 2) Controlled variable, oscillation stress. 3) Temperature, 25°C. 4) 

Oscillation frequency, 1.00 Hz. Applied stress value, 2.00 Pa. 5) Ramp duration, 190 

min. 

2 . 2.2.3 INVESTIGATING ELASTICITY USING CREEP 

Samples were investigated for their elastic nature using a creep test. Samples were tested 

immediately after a frequency sweep. The change of strain against time was measured, a 

shear stress of ? Pa was applied for 4 min. Then the recovery of the samples' structure 

was determined for a further 4 min, by measuring the strain with out the application of a 

stress. The following parameters were used in the rheometer method file: 1) 

Temperature, 25°C. 2) Retardation; Applied stress value, 2.00Pa and Max step time, 

4.00 min. 3) Recovery-; Applied stress value, 0.00 Pa and Max step time, 4.00 min. 
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Figure 2.10 The phase transition of an 8%w/w sodium alginate solution, induced by 
internal release of calcium ions (section 1.4.5.2. b). The gel point is where G' and G" cross. 
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figure 2.1 1 llie use of a plastic cover and silicone oil to prevent sample dehydration during 

extended analyses. The sudden increase of G' in plot 1, is due to dehydration and not 

gelation. 
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2.2.2.4 DETI; RNII\I\G VISCOSITY USING FLOW METHODS 

2.2.2.4. a DETERMI\I\G MAXIMI M STRESS 

A linear method of increasing shear stress was applied to find a value for the maximum 

shear any formulation could withstand. The shear stress was started at a value of 2Pa 

and then ramped over 5 min to 1000Pa. Figure 2.12 is an example maximum stress 

determination performed on a sterile solution of 4%w/w sodium alginate. 

The following parameters were used in the rheometer method file: 1) Step type, 

continuous ramp. 2) Controlled variable, shear stress. 3) Ramp mode, linear. 4) 

Temperature, 25°C. 5) Start stress, 2.00Pa. 6) End stress, 1000Pa. 7) Ramp duration, 5 

min. 
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Figure 2.12 Determination of the maximum stress a 4' o\V/w sodium alginate solution could 

withstand. 
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2.2.2.4. b DE"IT: RMINING VISCOSITY AND RATE INDEX 

A steady state method was used to investigate and determine the viscosity and shear 

thinning properties of a formulation. The method produces fewer, but more accurate 

points on the resultant curve and an example is given in Figure 2.13. The viscosity and 

rate index (shear thinning ability) were determined using the Cross model section 

2.2.1.3). The following parameters were used in the rheometer method file: 1) Step type, 

stepped ramp. 2) Controlled variable, shear stress. 3) Ramp mode, log. 4) Temperature, 

25°C. 5) Start stress, 2.00 Pa. 6) End stress, 300 Pa. 7) Number of data points, 16. 
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I'igure 2.13 The determination of the flow profile of a 4° ow/w sodium alginate solution 

used a steady state method. 
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2.3 A METHOD FOR DETERMINING THE ABSORPTIVE CAPACITY OF 

HYDROGELS 

2.3.1 Introduction 

Franz cells (Figure 2.14) are predominantly used for investigating percutaneous 

absorptionl"9,1201 where a donor solution or gel is held in the upper compartment (B) 

and a receptor solution is held in the lower compartment (A). Aliquots of the solution 

are removed and analysed to quantify absorption by the receptor solution. The gels 

formulated for this project were intended for use in wound management and to that 

end, they must be capable of absorbing fluids expelled from a wound during healing. 

C 

is 

5. ̀ 

Figure 2.14 Schematic diagram of a Franz cell. Key: lower compartment A. upper 

compartment B, Visking tubing C. plastic tube and cover D and horseshoe clamp 1 F. 
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There is a paucity of methods describing the capacity- of amorphous hydrogell to absorb 
fluid. Shigeyama et a41211 used a Franz cell to investigate the absorptive capacity of a 
cream for the treatment of bedsores. The cream was layered on top of Visking tubing 
(C) (Figure 2.14). A nylon tea bag method was used to determine the absorptive capacity 

of gel dressings 11221 and dry powdersi1231. Thomas and Loveless11241 used a method based 

on an agar gel to assess the capacity of gels to absorb or donate liquid, but the method 

provided no restrictions on the gel. A Padington cup method was applied to the 
determination of the absorptive capacity of sheet hydrogel dressings11221 but this method 

was not applicable to amorphous or in-situ forming hydrogels. 

Unrestricted swelling of a gel during analysis does not mimic the wound environment. 
The tea bag methodl1z1 was used mainly, it would seem, for the determination of the 

absorptive capacity of personal care products, such as nappy fillings. :A gel dressing 

applied to a wound under a secondary dressing will absorb fluid and, as a result, the gel 

will swell. The swelling will impinge on both the wound and the secondary bandage. 

The Franz cell provides such an environment, the \'isking tubing being the wound 

surface and the side arm representing the secondary dressing. The \'isking tubing is 

exposed to a certain amount of pressure as the gel expands; it is not rigid and expands 

slightly. The side arm, on the other hand, by virtue of its diameter will provide a certain 

amount of hindrance to a swelling gel as would be expected by a secondary bandage or 

dressing. By simply filling the lower reservoir with the gel and separating the 

compartments with Visking tubing, it is possible to model the wound environment. 

The method used in this study was validated, using three Franz cells (manufactured by 

Crown glass), by determining the precision, reproducibility, sensitivity- and the 

robustness of the method. The accuracy and linearity of response were more difficult 

validation parameters to fulfill using this method, but were addressed.. dozen Franz 

cells were custom made to cope with the large number of absorptive capacity 

determinations required in Chapters 4,5,6 and 7, the robustness of the method will 

indicate the ability to compare results from two different types of cells.. All Franz cells 

were labeled with a letter on the upper and lower compartments, these letters were 

retamcd throughout this project. 
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2.3.2 Materials 

Refer to section 2.1.1.1, the solutions formulated for this section were manufactured 

using the methods outlined in section 2.1. 

2.3.3 Equipment 

Refer to section 2.1.1.2, the equipment outlined was used in combination with the 
following equipment: Franz cells, A-C, Crown Glass Ltd. USA. Franz cells, D-0, Mr. B. 

Chappell, Liverpool University, England. Vernier, 548-71ORS, \litatoyo, Japan. Balance 

2, Precisia Balances, Zurich, Switzerland. 

2.3.3.1 FRANZ CELL DIAMETERS 

The internal diameters of all cells were calculated using a Vernier (a measuring device), 

to allow the calculation of the area of gel in contact with the Visking tubing and 

therefore determine the absorptive capacity of gels in cm2 using a conversion factor. 

The results are summarised in Table 2.1. The average results from nine Vernier 

measurements are quoted because the cells were not perfectly round. 

Table 2.1 The diameters of Franz cells used in this study. 

Cell 
Custom or Average Average Conversion 
Commercial Diameter cm Area cm2 factor 

A Commercial 15.38 1.86 0.54 
B Commercial 14.93 1.75 0.57 
C Commercial 15.67 1.93 0.52 

D Custom 16.12 2.04 0.49 

E Custom 15.53 1.89 0.53 

F Custom 15.23 1.82 0.55 

G Custom 15.58 1.91 0.52 

H Custom 16.08 2.03 0.49 

I Custom 16.65 2.18 0.46 

J Custom 17.60 2.43 0.41 

K Custom 16.13 2.04 0.49 

1, Custom 16.46 2.13 0.47 

NI Custom 17.00 2.27 0.44 

N Custom 16.10 2.03 0.49 

0 Custom 1x. 98 2.01 0.50 
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2.3.4 The Franz Cell Method For Determining The Absorptive Capacity Of 
Hydrogels And Its Validation 

2.3.4.1'1'1 IE FRANZ CELL METHOD 

The following method was used on all formulations prepared for the determination of 

absorptive capacity. All samples were poured into the lower compartment (A) of the 
Franz cells (Figure 2.14). The Visking tubing (C) and upper compartment (B) were then 

secured in place, using a horseshoe clamp (E). To ensure no sample loss due to swelling 

or drying during the experiment, an extra piece of plastic tubing with a cover (D) was 

attached to the side arm. The cells were covered with Parafilm®, inverted and left at an 

angle overnight to ensure that any air bubbles at the gel/membrane interface moved 
into the side arm. Water absorption was observed by recording the change in weight of 

the Franz cell with time. Compartment (B) was emptied of distilled water, dried with 

tissue paper and the weight recorded at hourly intervals for 9h or 12h, then at 24h. 

Following the weight determination, compartment (B) was refilled with distilled water 

and the experiment resumed. 

2.3.4.2 FRANZ CELL METHOD VALIDATION PARAMETERS 

The methods for formulation manufacture and absorptive capacity determinations arc 

described in sections 2.1.1 and 2.3.4.1 respectively. 

2.3.4.2. a DETERMINATION OF METHOD PRECISION 

Three 120g batches (X, Y and Z) of 8'/10 w/w sodium alginate and calcium chloride were 

prepared and each batch was characterised on a different day (X1 and X2, Yi and Y2, and 

Zi and Z2) e. g., X1 on the day after manufacture and X2 two days after manufacture with 

storage in a fridge. 

2.3.4.2. b LINEARITY OF RESPONSE 

Two 60g batches of 2° o w/w (Si and S2), 5° ö w/w (Ui and U2), 6° o w/w (V1 and V'2) or 

8()'o w/w (Vt and \\'2) sodium alginate with calcium chloride were prepared. Three 60g 

batches of 4% w/w (Ti. T2 and T_3) sodium alginate and calcium chloride were similarly 

prepared. Each batch was prepared and characterised separately. 
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2.3.4.2. c DETERMINATION OF \I1 I'HOD SENSITIVITY 
Two 60g, batches of 8% w/w sodium alginate and calcium chloride, were formulated 

with 0.5% w/w (Pi and P2), 1% w/w (Q1 and Q2) and 3% w/w (Ri and R2) Aquasorb®. 

Each batch was prepared and characterised separately. 

2.3.4.2. d DETERMINATION OF METHOD ACCURACN 

Three commercially available formulations were characterised for their water uptake 

capacity: Sterigel® from SSL International (formerly Seton Healthcare), \ugel® from 

Johnson and Johnson Medical and Intrasite gel® from Smith and Nephew Healthcare 

Ltd. The Oertling balance was calibrated at 7 points between 0.05 and 200g (Appendi_x 

1). 

2.3.4.2. e DETERMINATION OF METHOD ROBUSTNESS 

The robustness of the method was determined firstly by comparing between batch and 

between Franz cell differences, of absorptive capacity from the precision experiment 

(batches X, Y and Z). Secondly by comparing the two types of Franz cell, using the data 

generated characterising the commercial gels from section 2.3.4.2. d. A comparison was 

made of the absorptive capacity determined using the commercial and custom made 

cells. Thirdly, the use of a second balance (Balance 2) for characterising a batch (f3) of 

4%w/w sodium alginate (section 2.3.4.2. b) and comparing the three sets of data 

absorption data. 

2.3.4.3 VALIDATION RESULTS 

The results obtained in sections 2.3-4.2. a -2.3.4.2. e to determine precision, linearity, 

sensitivity, accuracy and robustness of the Franz cell method are found in Tables 2.2- 

2.5 respectively. The balance calibration data can be found in Appendix 1. 

2.3.4.3. a "Ii IE PRECISION OF THE FRANZ CELL MITI 101) 

The precision of the method was determined using the data from Table 2.2. The mean 

absorbency of water at 24h was 0. ()29 g/g/cm2/24h with a standard deviation of ±0. (X)2 

g/g/cm2/2-ßh and an RSD of 5.6'o (n=18). A two way A\OrA was performed to 

determine any between batch or between cell differences. There were no significant 

differences between either the batch of alginate or the Franz cell used (p>U. (): -)i. 
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Table 2.2 Results determining the precision of the Franz cell method, 8° °,, t-/w Sodium 
alginate 24h time point data (n=18). 

Water Uptake (g/g/cm2) 
Batch Franz cell 

abc 
x, 0.026 0.031 0.030 
X. 0.031 0.030 0.030 

Yl 0.029 0.028 0.029 
Y2 0.030 0.032 0.029 

Z, 0.028 0.027 0.027 

Z2 0.029 0.032 0.028 

2.3.4.3. b LINEARITY OF RESPONSE OF THE FRANZ CELL MF'I'I IOD 

The linearity of the response of absorptive capacity to an increase in concentration was 

determined by regression analysis of the data shown in Table 2.3. A graphical 

representation comparing the applicability of linear or polynomial regression to the 

curve is seen in Figure 2.15. The r2values are 0.948 (SD 0.005) and 0.956 (SD 0.003) for 

linear and polynomial regression respectively (n=33). 

Table 2.3 Different concentrations of sodium alginate, 24h time point data (g/g/cm), used 
to calculate the Franz cell methods' linearity of response (n=33). Shown graphically in 
Figure 2.15. 

Water uptake (g/g/cm) 

Alginate Cell 
(%w/w) Batch a b c 

2 S1 0.0105 0.0115 0.0085 
2 S, 0.0106 0.0110 0.0108 
4 Tl 0.0235 0.0214 0.0225 
4 T, 0.0248 0.0244 0.0241 
4* T3 0.0229 0.0246 0.0227 
5 U1 0.0245 0.0259 0.0246 
5 U, 0.0242 0.025 0.0243 
6 V1 0.0313 0.0326 0.0317 
6 ", 0.0273 0.0286 0.0277 

8 \l', 0.0325 0.0350 0.0318 
8 All 0.0350 0.0371 0.0331 

*1 : 1tra batch used for robustness determination. 
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Figure 2.15 The linear (red) and polynomial (blue) regression curves of the data in Tablc 2.3. 

2.3.4.3. c THE SENSITIVITY OF THE FRANZ CELL METHOD 

The ability of the method to differentiate between small changes in polymer 

concentration was assessed using a one way ANOVA, to analyse the data in Table 2.4. 

The response of the Franz cell method to small differences in added polymer 

(Aquasorb®) concentration were significant (p<0.05). 

Table 2.4 8%w/w Sodium alginate with 0.5,1 and 30 ow/w Aquasorb® 24h time point data 
(g/g/cm2/24h), used to calculate the sensitivity of the method. 

Aquasorb® Franz cell 
(%w/w) Batch a b c 

0.5 P1 0.0327 0.0342 0.0294 
0.5 P2 0.0314 0.0316 0.0324 
1 Q1 0.0342 0.0356 0.0340 
1 Q2 0.0337 0.0360 0.0341 
3 R, 0.0386 0.0397 0.03i i 
3 R, 0.0399 0.0413 0.0390 

IF. FRANZ (}'LL ý11Iý: "1'1 IOD 

The Oerding balance was calibrated at 7 points between 0.05g and ? (K)g (using non- 

traceable calibration weights), the linear regression of the balance readings gave a r2 

0.999 (SD ±0.017g) (Appendix 1). The accuracy was also estimated by the 

charactcrisation of commercially available amorphous hyýdrogels. These were Sterigc la, 
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Kugel® and Intrasite gel®, which absorbed 0.024,0.035 and 0.031 g/g/cm2/24h 
respectively (Table 2.5). 

Table 2.5 The absorptive capacity of commercial amorphous by drogels using different 
glassware at the 24h time point g/g/cm2/24h). 

Hydrogel Cell 

a b c d e f 
Nugel"' 0.0333 0.0342 0.0332 0.0367 0.0404 0.0471 

0.0370 0.0368 0.0358 d e f 
Intrasite gel® 0.0307 0.0313 0.0303 0.0362 0.0381 0.0415 

- 
0.0336 0.0335 0.0293 e f g 

Stengel" ' 0.0231 0.0236 0.0228 0.0254 0.0224 0.0210 
0.0246 0.0245 0.0233 

2.3.4.3. e THE ROBUSTNESS OF THE FRANZ CELL METHOD 

The robustness of the Franz cell method was tested in three ways. 1) The two way- 
ANOVA treating the batch of alginate (X, Y and Z) and the Franz cell used proved 

there were no significant differences between the absorption results for either the batch 

of alginate or the Franz cell(P>0.05). 2) The accuracy investigation characterised the 

commercial amorphous hydrogels using both the custom made (D, E, F and G) and the 

commercial (Crown glass) Franz cells (A, B and C). The absorption results were 

compared using a one way ANOVA treating the type of glassware (section 2.3.4.3. e, 

Table 2.5). For both Intrasite gel® and Nugel® there was a significant difference seen 

between the two sets of glassware (P<0.05). However, for Stengel* there was no 

significant difference (P>0.05). 3) 3 batches of 4%w/w sodium alginate (Ti, T2 and T3) 

were characterised in section 2.3.4.2. b. The robustness of the method was tested by 

characterising batch T3 using a second balance. A one way ANO'A treating the 

absorption results generated using two different balances, proved there was no 

significant difference (P>0.05). 

2.3.4.4 DISCUSSION 

The Franz cell method for determining water uptake capacity gave good precision, the 

relative standard deviation for the mean result of three different batches (X, V and I) of 

alginate was 5.6° ö. A two way ANOV. \ treatment of the data (section 2.3. ß. 2. a 'fable' 

2.2) showed no significant difference between the batch of alginate (X, V and 'l. ) and the 

The franz cells (A, 13 and C) used (p>O. (1)). e sensitivity of the method was also 

acceptable with the differentiation of small changes in the polymer concentration 
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possible. The one way A OVA performed on the data in Table 2.4 (section 2.3. D-?. c) 
showed that all three polymer concentrations provided responses which were 
significantly different. f lowever, the absorption response of the Franz cell method to an 
increase in polymer concentration (section 2.4.3.3. b) was not linear. The accuracy was 
assessed on the basis of the balance calibration, which gave a r2 value 0.999 for the 
response of the balance to 7 different calibration weights 

The robustness of the Franz cell method was tested in three ways. Firstly, a two way 
ANOVA was applied and gave a very good indication of the effects of different batches 

and cells, with no significance attributed to either. A second test was applied by using a 

second balance during the response linearity experiment (section 2.3.4.2. b), which 

proved there was no significant difference between the balances used (P>0.05). 

The third test of robustness was the comparison of the source of glassware used to 

characterise the absorptive capacity of the commercial amorphous hydrogels. A one way 
ANOVA treating the source of glassware proved that for Intrasite gel" and Nugel R 

there was a significant difference between the absorption levels in different glassware 

(P<0.05). With this in mind the only conclusion to be drawn was that the Franz cell 

method was not robust enough to compare absorption results from glassware of 

different sources. 

2.3.4.5 SUMMARY 

The method was validated with respect to precision, accuracy and sensitivity. The 

relation between alginate concentration and water uptake capacity was not linear. The 

level of the robustness was adequate for the purposes of the project at hand, but this did 

not extend to the use of different glassware (Crown or Custom) within a particular 

experiment. The causes of the difference between the glassware were not elucidated. 
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CHAPTER 3 INTRODUCTION TO EXPERIMENTAL DESIGN IN 
FORMULATION DEVELOPMENT 

3.1 INTRODUCTION 

The process of experimentation can be divided into a number of stagesI1251: 

1) Choice of experimental factors (variables) and their levels. 

ii Selection of a response from which to estimate the effects of factors. 

iii) Choice of suitable experimental design to efficiently investigate the factors 

chosen. 

iv) Experimentation and data analysis 

v) Conclusions 

The choice of an experimental design is an important part of the experimental process. 
The planning stages (i and ii above) and experimentation carried out previously will 
influence design choice. The summary below can be used to aid the choice of 

experimental designsI1261. Only four specific designs are mentioned, there is not the 

space here to cover the large number of designs available. A more detailed discussion on 

the subject and the types of experimental designs and their applications can be found in 

the texts by Clarke and KempsonF1271 and, Lewis et aA1281. 

i) Large number of factors: an experiment with a large number of factors requires a 

screening design that will identify factors that influence or may influence a 

process or formulation. 

ii) Small number of factors: an experiment with a small number of factors or when 

the results of a screening procedure identify influential factors. A factorial or 

fractional factorial experimental design can be used to estimate the effects and 

interactions of factors. 

iii) Predicting response: Response surface methodology can then be used to predict 

the response of the formulation or process over the experimental domain. 

iv) Optimisation: To find the best combination of factors in a system, graphical 

algebraic or mathematical methods can be used, in conjunction with the models 

from response surface methodology studies. Sequential simples optimisation can 

also be used. 
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General principles that should be applied to the chosen design are that factor ranges 
should span the domain of interest (or design space). The design should be balanced r. e., 
all factors should have the same number of levels (amounts,,. The factors chosen and 
the factors with interactions of interest should have minimal or zero correlation between 

them i. e., they are independent. 

The advantages of using the types of experimental design (reduced factorial) for this 

project are 1) fewer number experiments are required to complete a task, 2) greater 

confidence in the results and 3) an ability to determine the effect and the interactions of 
factors (variables). However, the disadvantages of using experimental designs are that it 

is not possible to predict the results for a formulation outside the design domain. 

Replication of the experiments is required to improve the data quality and the choice of 

the experimental design is crucial in preventing the wrong information from being 

generated. 

3.2 EXPERIMENTAL DESIGNS 

Experimental design can be defined as the strategy for setting up experiments in such a 

manner that the information required is obtained as efficiently and precisely as 

possiblcI1281. The sections below introduce three experimental designs: full factorial 

(section 3.2.1), fractional factorial (section 3 . 2.2) and, Plackett and Burman screening 

designs (section 3.2.3). 

3.2.1 Full Factorial Experimental Designs 

A factorial experimental design is the investigation of factors at different levels to see 

whether the factors operate independently of one another or whether there is 

interaction between them12-1. Factorial experimental designs are, in some ways, seen as 

inefficient because all factors in a design are tested at each level. As a result, the number 

of experiments increases to the power of the number of factors. An example of this 

would be a two level experiment with four factors (24) requiring 16 experiments. Simply 

by adding an extra factor would increase the number of experiments to 32. Similarly 

investigating four factors at three levels (34) would require 81 experiments. As outlined 

in section 3.1 factorial experiments are useful for small numbers of factors. An example 

follows to introduce the process of estimating the effects and interactions of factors iU1 a 

factorial experimental design. 
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3.2.1.1 AN EXAMPLE OF A FULL FACTORIAL EXPERIMENT 
A theoretical investigator looked at the effect of two factors on the breaking strength of 

a gel. The factors were type of natural polymer included and the gel thickness. The 

levels of the factors were as follows: a) the polymers were cellulose and alginate and b) 

the gel thickness was 2mm and 5mm. The experimental design domain is shown in 

Table 3.1. Table 3.2 represents the same design domain using coding for the levels i. e., 

-1 represents the low level of a factor and +1 represents the high level of a factor. The 

coding can also be represented as simply a+ or a- sign. Experimentation took place in 

a random order. The breaking strength was determined (with an arbitrary unit 'X-) and 

the results are recorded in Table 3.3 

To estimate the effects of factors on breaking strength, the results in Table 3.3 were 

analysed by analysis of variance (ANOVA) using Minitab®. : -A copy of the processed 

results is given in Figure 3.1, the results can be explained more easily by following 

through the manual calculation of the results. The main effects of factors are calculated 

in section 3.2.1.1. a and the interactions of factors are calculated in section 3.2.1.1. b. 

3.2.1.1. a CALCULATING THE MAIN EFFECTS OF FACTORS 

The effect of a variable is represented by its main effect and this distinguishes it from 

the effects of interactions. The main effects of factors are calculated using the following 

principal (represented graphically in Figure 3.2): 

Main effect of a Variable = Mean response, high level - Mean response, low level 

(Equation 3.1) 

Polymer effect determined by using the row means Table 3.3: 

4.88 (Breaking strength mean with alginate) - 4.85 (Breaking strength mean with 

cellulose) = 0.03X (Equation 3.2) 

Thickness effect determined by using the column means Table 3.3: 

5.5 (Breaking strength mean at high thickness) - 4.23 (Breaking strength mean at 

low thickness) = 1.27X (Equation 3.3) 

The mean of all the results (4.86) is, used as the point from -which the factor effects can 

be shown to exist. The dotted line crossing the graph horizontally in Figure 3.2. 
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Table 3.1 The experimental design domain, giving the four experiments that are required to investigate the system. 
Experiment polymer gel thickness /mm 

1 cellulose 2 

2 cellulose 5 

3 alginate 2 

4 alginate 5 

Table 3.2 The use of coded variables to represent the levels of each factor in Table 3.1. The 
results from the breaking strength tests are included. 

Experiment polymer gel thickness breaking strength /X 

1 -1 -1 3.85 

-1 +1 5.85 

3 +1 -1 4.60 

4 +1 +1 5.15 

Table 3.3 The mean breaking strength values for determining the effects of factors: mean 

values of row, column and all cells. 
Factors Gel thickness 

: Mean 
Polymer 2mm 5mm 

Cellulose 3.85 5.85 4.85 

Alginate 4.60 5.15 4.88 

Mean 4-23 5.5 4.86 
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Factorial Fit 

Estimated Effects and Coefficients for Strength 

Term Effect Coef 
Constant 4.8625 
polymer 0.0250 0.0125 
thickness 1.2750 0.6375 
polymer*thickness -0.7250 -0.3625 

Analysis of Variance for Strength (coded units) 

Source DF Seq SS Adj SS Adj MS F 
Main Effects 2 1.6263 1.6263 0.8131 * 
2-Way Interactions 1 0.5256 0.5256 0.5256 * 
Residual Error 0 0.0000 0.0000 0.0000 
Total 3 2.1519 

P 

* 

Figure 3.1 The results from Table 3.2 processed using an analysis of variance in Minitab"' to 
calculate the main effects and interactions of factors. The F and P values are blank (*) 
because there was not enough data to calculate them. 
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( Figure 3.2 The main effects profile of factors, a graphical representation from Mtinitab'. 
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3.2.1.1. b CALCULATING INTERACTIONS 

The possibility of an interaction being present can be determined by comparing the 
values of the cells, not the means, as follows. Increasing the gel thickness from 2 to 
5mm when using cellulose increases the breaking strength by 2.0X. Whereas, by 
increasing the gel thickness from 2 to 5mm using alginate the breaking strength 
increased by only 0.55X. This inconsistency is seen as an interaction between polymer 
type and gel thickness, i. e., the effect of gel thickness depends on the type of polymer 
used. A graphical representation of these interactions can be found in Figure 3.3. The 

calculations are given below. 

Interactions are calculated as follows: 

Interaction = '/2(Effect factor x at high level of y- effect of factor x at low level 

of y) (Equation 3.4) 

The interaction of gel thickness and polymer is as follows using Equation 3.4 

Interaction = '/2 ((3.85-4.60)-(5.85-5.15)) = -0.725. The interaction can also be calculated 

as the difference between the means of the diagonal cells in Table 3.3. 

3.2-1.1. c INTERPRETING THE MAIN EFFECTS AND INTERACTIONS 

From these calculations (section 3.2.1.1. a and 3.2.1.1. b) the main effects of the factors 

polymer type and gel thickness and the interaction between them have been estimated. 

The effect of changing the level of polymer type increases the gel strength by 0.03X and 

the effect of changing the level of gel thickness from 2 to 5mm increases the gel 

strength by 1.27X. However, an interaction between polymer type and gel thickness has 

been observed, which undermines the usefulness of the previous statements. Though 

the estimates of the main effects of the factors are not wrong they can mislead. \ "hens an 

interaction is present the main effects must be considered with reference to the 

interaction. The result of the example is that for maximum gel strength, cellulose should 

be used at a high gel thickness. 
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Figure 3.3 The interaction profile of factors, a graphical representation from Minitab'. 

3.2.2 Fractional Factorial Experimental Design 

The inefficiency of factorial designs can be combated by the use of fractional factorial 

designsI1 7'1281. By taking advantage of confounding, the number of experiments can be 

reduced. Confounding is where the effect of a factor or interaction cannot be fully 

resolved from another. Ideally, the highest resolution should be used in an investigation 

to ensure the quality of the design. However, it is possible to use designs of lower 

resolution. A five factor design at two levels, for example, requires 25 (32) experiments 

to completely resolve the main effects and interactions. However, with the use of a 

fractional factorial design, the main effects and first order interactions of the game five 

factors, can be estimated in half the experiments. The 25 experimental design is 

partitioned at the highest order of interaction, a 25-1 experiment, 'f'able 3.4 summarises 

how the design is, partitioned. A more detailed discussion can be found in Clarke and 

Kcmpsonl1'71 and I, cw1, cat (//41281 
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Table 3.4 A 25-' experiment, by partitioning the design i. e., performing the experiments. 
where abcde is positive allows the main effect and first order interactions of factors to be 
estimated. 

A 25-1 experimental design. 
Experiment Treatment " 

level Partitioning 
abcde abcde 

1 1 - - - - - 2 a + - - - - + 
3 b - + - - - + 
4 c - - + - - + 
5 d - - - + - + 
6 e - - - - + + 
7 ab + + - - _ - 8 ac + - + - - - 9 ad + - - + - - 10 ae + - - - + _ 
11 be - + + - - - 12 bd - + - + - - 13 be - + - - + - 14 cd - - + + - - 
15 ce - - + - + - 16 de - - - + + - 
17 abc + + + - - + 
18 abd + + - + - + 
19 abe + + - - + + 
20 acd + - + + - + 
21 ace + - + - + + 
22 ade + - - + + + 
23 bcd - + + - + + 
24 bce - + + - + + 
25 bde - + - + + + 
26 cdc - - + + + + 
27 abcd + + + + - - 
28 abce + + + - + - 
29 abde + + - + + - 
30 acde + - + + + - 
31 bcde - + + + + - 
32 abcde + + + + + + 

3.2.2.1 CALCULATING THE MAIN EFFECTS AND INTERACTIONS 

It is possible to analyse the data from fractional factorial designs using. 1) the long hand 

methods outlined in section 3.2.1,2) the use of ANOV11 or mathematical models (such 

as multi linear regression and first order additive modelsI128l) produce the same 

resultsIl'`'' and 3) The use of statistical software packages, one example is Minitab' 

(used throughout this project), allowing rapid data processing. The example design in 
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section 3.2 highlights the benefits of using a statistical package for calculating and 
representing the main effects and interactions of factors. 

3.2.3 The Use Of Experimental Design To Screen Large Numbers Of Factors 
The often large number of factors identified for investigation at the planning stage of an 
experiment can be incorporated into a screening design to rapidly assess factors for 

potential effects in a given system. A low resolution fractional factorial design can be 

used to screen large numbers of factors. The design described here and used in Chapter 

6 is a design developed by Plackett and BurmanI1261. These are efficient low resolution 
designs, which allow for example, ten factors to be screened at two levels in sixteen 

experiments: this includes four repeated experiments at the centre of the design. The 

four repeated experiments allow an estimate to be made of the standard error for the 
design, a limiting value and therefore by direct comparison the significance of any factor 

effectsl1281. By varying the levels of all factors at the same time, the influence of a factor 

is determined with greater precision because the result of each experiment enters equally 
into the calculation of the estimate of factor activity. Thus the error for each experiment 
is spread across twelve experiments, minimising its influence. The factor effects are 

estimated using a first order additive model. 

3.2.3.1 CALCULATING FACTOR EFFECTS IN A PLACKETT AND BUR IAN 

SCREENING EXPERIMENTAL DESIGN 

A Plackett and Burman design of ten factors, a to j, is given in Table 3.5 with 

accompanying coded variables. There are a total of sixteen experiments, which are 

completed in a random order. Experiments 1-12 estimate the factor effects and 13-16 

are used to estimate the precision. The long hand calculation is given below to 

demonstrate the use of a first order additive model. The use of Minitab® is much faster, 

the only manual calculation is that of the limiting value. 

Using a first order additive model for ten variables, yo = result, ß= estimate of factor 

cffcct and c= error (Fquation 3.011281. 

1'0 = 00 + Ry\a + 
F'b\h .... 

+0 I\I +e (I quation 3.5) 
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The results from each experiment can be described by combining the factor effects as in 

Equation 3.6 (refer to Table 3.5), where the estimates of the effect of each factor are 

combined taking into consideration their sign as in Table 3.5. 

Yi = PO- Pa- Pb 
.... - ßj*+ ci (Equation 3.6) 

............... to................ 

y12 = PO 
- 

Ra + ßb+ ßc + Rd 
""""- 

PI + C12 

Table 3.5 Plackett and Burman experimental design for 10 factors. Coded variables 
high level, -= low level and 0= central point. 

Factors Result 
1 , Apcr 111C11l 

Xa Xb Xe xa Xe Xf Xg Xh X; YlLj y 

1 - - - - - - - - - - yI 
2 + + - + + + - - - + y, 
3 - + + - + + + - - - V3 
4 + - + + - + + + - - y4 
5 - + - + + - + + + - ys 
6 + - + + - + + + y6 
7 - - - + - + + - + + y, 
8 + - - - + - + + - + Y8 
9 + + - - - + - + + - y9 
10 + + + - - - + - + + ylo 
11 - + + + - - - + - + yll 
12 + - + + + - - - + - Y12 
13 0 0 0 0 0 0 0 0 0 0 Y13 
14 0 0 0 0 0 0 0 0 0 0 y14 
15 0 0 0 0 0 0 0 0 0 0 y15 
16 0 0 0 0 0 0 0 0 0 0 y16 

Therefore to estimate the effect of each factor ((3a), a linear combination of the values of 

the results in column y may be taken with the same signs for the column X,, (Equation 

3.7): 

R9+ 
,Ö 

(- Ci + C2.... +C12) 7--- ,ö 
(- 

}'1 
+ Y2- }'3.... + y12) (Equation 3.7) 

The combination of responses on the left hand side of Equation 3.7 is represented by 

bA, which is an unbiased estimate of the effect ßa. The random errors ca ; are normally 

distributed about zero and therefore b. =P. 11281. The effects can be calculated for each 

factor as in Equation 3.7a and presented graphically as an effect profile. An example 

effects profile is sho vii in Figure 3.4. 

bý j1o (-N-1+ý 10-V 11 +V 12) (Equation 3.7,, i\ 
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The significance of these effects can be calculated as an estimate of the precision of the 

experiment based on the coded 0 variablesf1281. Thus, by calculating the standard 
deviation (a) of results y13, y14, yis and y16, an estimate of the standard error for each 

coefficient can be calculated: (Q/\10 = a). The value of Student's t for a probability of 

95% is 3.18 at three degrees of freedoml1291. Thus effects exceeding a limiting value 

(Figure 3.4) of (x * 3.182) are considered significant at 95% confidence limit. 

The disadvantages of using Plackett and Burman screening designs are that the designs 

are limited to factors at two levels, contain considerable confounding! and do not 

indicate the existence of interactions between factors. It is also possible to screen large 

numbers of factors with fractional factorial designs. The advantages of screening with 

fractional factorial designs are that designs of lower resolution (fewer experiments) can 

be supplemented to give full factorial information on key factors. Potential interactions 

can also be investigated by the selection of a suitable alias pattern (partitioning). 
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Figure 3.4 ample effects profile for a 10 factor Plackett and Burman design. The effect 

can be presented with the units of the test carried out. 
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3.3 SUMMARY OF THE EXPERIMENTAL DESIGNS USED IN THIS 

PROJECT 

The experimental designs described in section 3.2 are utilised in Chapters 4,5,6 and 7 

of this thesis, in an effort to improve data quality and the efficiency- of research wk ith 

expensive excipients. The full factorial experimental designs were used for investigating 

small numbers of factors in Chapters 4 and 5. A Plackett and Burman screening design 

was used to investigate 10 factors in Chapter 6. This investigation was followed by the 

use of a fractional factorial design (Chapter 7), to determine the main effects and 

interactions of the factors found to have the most significant effects in Chapter 6. 
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CHAPTER 4 THE FORMULATION OF SODIUM ALGINATE GELS WITH 
CELLULOSE BASED POLYMERS 

4.1 INTRODUCTION 

The ideal properties of a wound dressing (section 1.3, Table 1.5) are well 
documentedll, 2°1, however, the ideal physical properties of wound gels are more difficult 

to determine. In order to compare the gels formulated in this chapter and assess their 

potential for development as wound dressings, three commercially available hydrogel 
(physical) dressings were characterised (section 4.2). Ideal properties for hydrogel 

(physical) dressings can be considered as ease of application, conformation to the 

wound surface and an ability to absorb exudate. 

The in-situ gelation of a wound gel i. e., the formation of a gel state by the wound 
dressing within the wound space, has a number of benefits for wound healing. The 

wound is completely covered by the wound dressing, before gelation occurs, and 

therefore the dressing conforms intimately to the wound surface providing a uniform, 

absorptive and occlusive environment for healing. 

The aim of this section is to characterise three commercially available amorphous 
hydrogel dressings and to formulate alginate gels, using calcium ions and three different 

cellulose based polymers. The ability of sodium alginate to form a physical gel in the 

presence of divalent metal ions was discussed previously in section 1.4. 

4.2 COMMERCIAL AMORPHOUS HYDROGEL DRESSINGS 

The commercial hydrogels characterised were: Sterigel® from SSL International 

(formerly Seton Healthcare. NB the original formulation not the reformulated product 

released in 2000), Nugel® from Johnson and Johnson Medical and Intrasitc gel® from 

Smith and Nephew Healthcare Ltd. The aim was to use the same methods to 

characterise the commercial gels that were used to characterise the manufactured gels. 

The properties used to compare the gels were water absorptive capacity, viscosity and 

elasticity'. 
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4.2.1 Experimental 

Gels were characterised for their rheological and water uptake properties using the 

methods outlined in sections 2.2 and 2.3 respectively. 

4.2.2 Results And Discussion 

The water uptake capacity of Sterigel® was 0.023g/g/cm2/24h, lower than both \ugel® 

and Intrasite 
, which had water uptake capacities of 0.041g/g/cm2/24h and 

0.039g/g/cm2/24h respectively. The rheological properties of Intrasite®, Nugel® and 

Sterigel® are presented in Figures 4.1 and 4.2. The viscosity of Intrasite® and Kugel® 

were similarly high (Figure 4.1). A high viscosity means application to the wound would 

be much more difficult, though conformation to the wound surface would be achieved, 

albeit slowly because of the high viscosity. 
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Figure 4.1 Viscosity (flow) profiles of 1) Nugel® 2) Intrasite® and 3) Stenge 
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The high elastic nature of Sterigel® (Figure 4.2) may reduce conformation to the wound 

surface, i. e., the recovery of structure is such that the gel may not mould to the wound 

surface. The relatively low viscosity (Figure 4.1) of Sterigel® on the other hand, enables 

ease of application. Nugel® and Intrasite® were far more viscous making application 
difficult. The viscous nature and low structure recovery would ensure conformation to 

the wound surface. 

0. ' 

0.0 

0.0 

0.0 
7) 

0.0 
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-0.0 
T, I ITS, - ,-1r r-. i IITI , r, ,T1 -r r, Ir -r . 

200.0 300.0 400.0 500. C 

time (s) 

figure 4.2 Creep recovery of 1) Nugel®, 44.3% 2) Intrasite®, 59.3% and 3) Stengel ®, 84.3%. 

4.3 POLYMERS OF CHOICE 

The polymers chosen for formulation with sodium alginate were Natrosol 250 

NIPharm® (Hercules), Celquat SC24OC® (National Starch Company) and Aquasorb 

A500* (I Icrculcs). 
m 

4.3.1 Celquat SC240C® 

Celquat SC240(: '' is the commercial name of Polyquaternium -10 (Figure 4.3). Its 

cationic nature has potentially beneficial consequences when mixed with sodium 

alginate. The large number of positive charges have, theoretically, the potential to 
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interact with the anionic binding sites on the alginate polymer i. e., forming a gel when 

mixed. 

4.3.2 Natrosol 250 MPharm" 

Natrosol 250 MPharm® is hydroxyethyl cellulose and was chosen for its ability to `hear 

thinº1301. Its structure is given in Figure 4.3. Therefore a gel prepared with NatrosolI 

would be relatively easy to expel into the wound and allow exudate to be absorbed. 

4.3.3 Aquasorb A500® 

Aquasorb A500® is sodium carboxymethyl cellulose. Its structure is given in Figure 4.3 

and was chosen because of its ability to absorb water. A formulation with a low polymer 

concentration could be introduced into the wound more easily and still be capable of 

absorbing more exudate than a formulation with a high polymer concentration. 

ROCH 2 OR O 
RO 

O, 
,O% RO O OR ROCH2 

Figure 4.3 The structure of two anhydroglucose units in a cellulose derivative. The number 

of R groups per monomer unit depends on the degree of substitution. \Vhere for Cellulose 

R=II, or for Hydroxyethyl cellulose, R= (CH2CH, O)A Sodium carboxymethyl cellulose, 
R= CH2000 Na' and Polyquaternium-10, R= (CH2CI I2O)1, R'N+(CI I3)3C1. 

4.4 EXPERIMENTAL 

4.4.1 Materials 

Sodium alginate, LF 10/60, FMC Biopolymer, PO BOX494 N-3002, Drammen, 

Norway. Calcium chloride, SAR, BDH Laboratory Supplies, Poole, Dorset, England. 

NatrosoF'250MPharm, Hercules Ltd., : \qualon Division. Salford, Manchester. England. 

Cclquat`' SC240C, National Starch & Chemical Ltd., Davcntry, Northamptonshire, 

England. Aquasorb® . \500, Hercules Ltd., . \qualon Division. Salford, \lanchcstcr. 

I ý'. iigland. 
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4.4.2 Methods 

The factorial experimental designs for investigating sodium alginate, Celquat*, 

tiatrosol , and Aquasorb" are given in sections 4.4.3,4.4.4,4.4.5 and 4.4.6 respectively. 

4.4.2.1 WATER UPTAKE, DETERMINATION 

The levels of the factors to be investigated are given in Table 4.1. The methods for gel 

manufacture and water uptake determination can be found in sections 2.1 and 2.2 

respectively. 

`fable 4.1 Water uptake experiment factors and factor levels. For the investigation of 
sodium alginate alone, the levels of calcium were 0%w/w (-1) and 0.150 o«-/w (1). 

Concentration %w/w 
Level 

-1 
1 

Alginate Celquatt Aquasorb, ` 
431 
863 

Natroso1R' 
1 
3 

4.4.2.2 RHEOLOGICAL EVALUATION 

The levels of the factors to be investigated are given in Table 4.2. The methods for gel 

manufacture and rheological evaluation can be found in sections 2.1 and 2.3 

respectively. 

Table 4.2 The factors and factor levels for the rheological evaluation. 
Concentration %w/w 

Level 
Algmate Calcium Celquat® Natrosol® Aquasorb® 

-1 40311 
180.15 633 

The elastic nature of the formulations was assessed using creep profiles. The percentage 

of structure recovery was calculated using Equation 4.1: 

', o structure recovered = (max strain - recovered strain) /max strain x 1OO" o 

(Equation 1.1) 

The closer °'o structure recovered was to 100% (Equation 4.1) the more elastic the 

formulation. The rate index (shear thinning ability) was calculated using the Cross model 

(scction 2.2.1.3). 
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4.4.3. The Formulation Of Sodium Alginate And Calcium Chloride 
4.4.3.1 EXPERIMENTAL DESIG\ 
The effect of the presence of calcium on the uptake capacity of sodium alginate was 
investigated, using the factorial experimental design in Table 4.3. The rheological 
evaluation was carried out with the factorial experimental design shown in Table 4.4. 

Table 4.3 Water uptake: factorial experimental design domain for sodium alginate and 
calcium. 

Experiment 1 2 3 4 

Level Alginate -1 1 -1 1 
Calcium -1 -1 1 1 

't'able 4.4 Rheological evaluation: factori al experimental design for sodium alginate and 
calcium. 

Experiment 1 2 3 4 

Level Alginate -1 1 -1 1 
Calcium -1 -1 1 1 

4.4.3.2 RESULTS 

4.4.3.2. a WATER UPTAKE 

The water uptake experiment investigated the effects of increasing alginate 

concentration and adding calcium, on the ability to absorb water. The results of the 

factorial experimental design (Table 4.3) are tabulated (Table 4.5). These data were 

processed using the statistical program Minitab® to calculate the main effects and 

interactions of factors. 

Table 4.5 Results for the sodium alginate and calcium chloride water uptake experiments 
(X, n=6 (± standard deviation)). 

Experiment 1234 
0.028 0.043 0.030 0.042 

Water uptake g/g/cm2 (±0.003) (±0.002) (±0.002) (±0.003) 

The main effect of increasing alginate concentration (Figure 4.4) was to increase the 

absorptive capacity. The addition of calcium ions had a small positive effect compared 

to the effect of alginate (Figure 4.4). The parallel profiles of Figure 4.5 suggest that no 

interactions exist between the factors with regard to water uptake. 
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Figure 4.4 "Ihe main effects of sodium alginate and calcium concentration on water uptake. 
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Hure 4.5 The interaction profile of alginate and calcium on water uptake. 
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4.4.3.2. b RIH[EOLOGICAL EVALUATION 
The rheological evaluation estimated the effects of alginate and calcium concentration 

on the viscosity (flow and rate index) and elastic properties (creep recovery). The results 

are tabulated (Table 4.6), these data were processed using Minitab® to calculate the 

effects of factors. Both factors increase the viscosity of the formulation (Figure 4.6). 

The presence of calcium had a much greater effect at the highest level of alginate, as 

seen in the interaction profile (Figure 4.7). The elasticity of the formulation increased 

with level of both alginate and calcium. The effects of both factors on creep recover)- 

were positive (Figure 4.8). The effect was more pronounced at the higher factor level as 

shown by the interaction profile (Figure 4.9). The ability of the formulation to shear thin 

was estimated using the rate index (section 2.2.1.3). The main effect profile (Figure 4.10) 

shows that alginate slightly increases the rate index whereas, calcium reduces this ability. 

There were no interactions between factors for rate index(Figure 4.11). 

Table 4.6 Results for the rheological evaluation of sodium algin ate and calcium (n = 1). 
Experiment 12 34 
Viscosity (Flow)/Pa. s 0.38 6.07 1.39 123 

% Structure Recovered -0.49 -2.16 -1.73 36.26 

Rate Index 0.82 0.92 0.27 0.44 

4.4.4 The Formulation Of Celquat® With Sodium Alginate And Calcium Chloride 

1-4-4-1 EXPERIMENTAL DESIGN 

A factorial experimental design was used to investigate the effects of Celquat" on water 

uptake when formulated with sodium alginate and calcium ions. The design can be 

found in Table 4.7. The rheological evaluation was carried out with the factorial 

experimental design shown in Table 4.8. 

Table 4.7 Factorial experimental design for the water uptake experiments 
formulated with alginate in the presence of calcium ions. 

Experiment 1234 

Level 
Alginate -1 1 -1 1 
Cclquat® -1 -1 11 

of Celquat" 
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Figure 4.6 The main effects of sodium alginate and calcium concentration on viscosity. 
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Figure 4.8 The main effects of sodium alginate and calcium concentration on creep 
recovery. 
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Figure 4.9 The interactions of sodium alginate and calcium concentration on creep recovery. 
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Figure 4.10 The main effects of sodium alginate and calcium concentration on rate index. 
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Figure 4.11 The interactions of sodium alginate and calcium concentration on rate index. 
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Table 4.8 Factorial experimental design for the rheological evaluation of Celquat" 
formulated with alginate and calcium. 

Experiment 12345678 

Alginate -1 -1 -1 -1 1111 

Level Calcium -1 -1 11 -1 -1 11 

Celqua. t® -1 1 -1 1 -1 1 -1 1 

4.4.4.2 RESULTS 

4.4.4.2. a WATER UPTAKE 

The results of the water uptake experimental design (Table 4.7) are tabulated (Table 4-9). 

These data were processed using Minitab® to determine the main effects and 
interactions of factors; alginate, calcium and Celquat®. The effects of alginate 

concentration on water uptake were positive (Figure 4.12), increasing absorptive 

capacity with increasing level. By contrast Celquat® had a negative effect reducing 

absorptive capacity with increasing level. There were no interactions between factors 

(Figure 4.13), neither factor having a more significant effect in the presence of the other. 

Table 4.9 Water uptake results for the Celquat®, alginate and calcium formulation 
(X, n=6 (± standard deviation)). 

Experiment 1 2 3 4 

Water uptake g/g/cm2 
0.013 0.030 0.004 0.021 

(±0.013) (±0.002) (±0.001) (±0.002) 

4.4.4.2. b RI TEOLOGICAL EVALUATION 

The rheological evaluation estimated effects of three factors (alginate, calcium and 

Celquat®) on the viscosity (flow and rate index) and elastic properties (creep recovery). 

The results are tabulated (Table 4.10), these data were processed using Minitab" to 

calculate the effects of factors. The main effects of the factors on viscosity were positive 

(Figure 4.14). Alginate, calcium and Celquat® concentration increased the viscosity with 

increase in level. The interaction profile (Figure 4.15) indicates no interaction between 

alginate and Celquat® or Celquat' and calcium. There was an interaction betwzcti 

alginate and calcium; calcium increased the viscosity more at higher levels of alginate. 

The elasticity of the formulation appeared to be unaffected by the increase in level of 

al late or Celquat® (Figure 4.16). Calcium, by contrast had a v-cry positive effect, 91, 

increasing elasticity with an increase in level. The interaction profiles (Figure 4.17) 

suggest that an interaction does exist between alginate and calcium. Calcium increased 
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Figure 4.12 The main effects of factors sodium alginate and Celquat® on water uptake. 
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Figure 4.13 The interactions profile of factors Celquat® and alginate on water uptake. 
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Figure 4.14 The main effects of factors Celquat®, alginate and calcium on viscosity. 
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elasticity more at higher levels of alginate. There is only a slight interaction between 

alginate and Celqua. t®, Celquat® having a more significant effect on elasticity- at lower 

levels of alginate. No interaction was evident between calcium and Celquat-" 

Table 4.10 Results for the rheolog ical evaluation of Cel quat' algi nate and calcium (n = 1). 
Experiment 1 234 5 67 8 

Viscosity (Flow)/Pa. s 13.7 88.0 827 3877 15.9 67.4 4187 10190 

% Structure Recovered -1.58 4.04 32.1 42.81 -0.62 -0.31 48.53 49.89 

Rate Index 0.56 0.61 0.53 0.60 0.55 0.62 0.50 0.56 

The effects of factors alginate and calcium on rate index were negative (Figure 4.18) 

whereas Celquat® had a positive effect, increasing the rate index shear (thinning ability) 

with an increase in level. Celqua. t® showed no interaction between either alginate or 

calcium (Figure 4.19). Alginate and calcium appear to have a slight interaction, where at 

higher levels of alginate the presence of calcium has a greater effect reducing the shear 

thinning ability of the formulation. 

4.4.5 The Formulation Of Natrosol® With Sodium Alginate And Calcium 

Chloride 

4.4.5.1 EXPERIMENTAL DESIGN 

A factorial experimental design was used to investigate the effects of Natrosol® on water 

uptake when formulated with sodium alginate and calcium ions. The design can be 

found in Table 4.11. The rheological evaluation was carried out with the factorial 

experimental design shown in Table 4.12. 

Table 4.11 Factorial experimental design for the water uptake experiments of Natrosol' 

formulated with alginate in the presence of calcium ions. 

Experiment 1234 

Level 
Alginate -1 1 -1 1 

Natrosol ® -1 -1 11 

Table 4.12 Factorial experimental design for the rheological evaluation of \atrosol 

formulated with alginate and calcium ions. 

Experiment 12345678 

. \1giiiate -1 -1 -1 -1 1111 

Level Calcium 11111 -1 11 

Nat o, sol _11111111 
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Figure 4.18 The main effects of factors Celquat"", alginate and calcium on rate index. 
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4.4.5.2 RESULTS 

4.4.5.2. a WATER UPTAKE 

The results of the experimental design (Table 4.11) are tabulated (Table 4.13). These 

data were processed using Minitab® to determine the main effects and interactions of 
factors; alginate, calcium and Natrosol® concentration. The effects of alginate 

concentration on water uptake were positive (Figure 4.20), increasing absorptive 

capacity with increasing level. By contrast, Natrosol® had no effect on absorptive 

capacity with increasing level. There were no interactions between factors (Figure 4.21), 

the profiles remaining parallel with increasing level. 

Table 4.13 Water uptake results for Natrosol ® formulated with alginate 
(X, n=6 (± standard deviation)). 

Experiment 1234 
0.026 0.040 0.026 0.040 Water Uptake g/g/cm2 (±0.002) (± 0.002) (± 0.003) (±0.003) 

4.4.5.2. b RHEOLOGICAL EVALUATION 

The rheological evaluation estimated the effects of alginate and calcium concentration 

on the viscosity (flow and rate index) and elastic properties (creep recovery). The results 

are tabulated (Table 4.14), these data were processed using Minitab® to calculate the 

effects and interactions of factors. The main effects of all three factors are positive 

(Figure 4.22), increasing the viscosity of the formulation with increasing level. The 

interaction profile (Figure 4.23) suggests that calcium had a greater effect increasing 

viscosity at higher levels of both Natrosol® and alginate. The interaction between 

alginate and Natrosol® was less pronounced (Figure 4.23) at higher levels of alginate, 

increasing the level of Natrosol® increased viscosity more. 

Table 4.14 Results for rheological evaluation of Natrosol ® formulated with alginate and 

calcium (n = 1). 
Experiment 12345678 

Viscosity (Flow)/Pa. s 

% Structure Recovered 

Rate Index 

12.93 83.34 481.2 116 4 29.43 15 3.6 1502 5186 

-2.38 1.01 15.73 31.10 -3.16 7.5 60.62 32.65 

0.50 0.65 0.53 0.61 0.45 0.57 0.53 0.61 
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Figure 4.20 The main effects profile of factors alginate and Natrosol® on water uptake. 
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The presence of Natrosol® had little effect on the elastic nature of the formulation 

(Figure 4.24), but both alginate and calcium increased elasticity with increasing level. 

There was a slight interaction between alginate and \atrosol®, where, at higher levels of 

alginate Natrosol® had a greater effect (Figure 4.25). Calcium and Natrosol® did not 
interact, but alginate and calcium did, increasing elasticity to a greater extent at higher 

levels of both alginate and calcium. The main effect of Natrosol® on rate index (Figure 

4.26) was to improve the shear thinning ability of the formulation with an increase in 

level. Calcium also had a slight positive effect, whereas alginate had a negative effect 

with an increase in level. The interaction profile provides evidence of a slight positive 

effect of calcium due to an interaction with alginate (Figure 4.27). At higher levels of 

alginate, calcium increased the rate index. There were no interactions between Natrosol® 

and alginate, the slight divergence of the profile for Natrosol® and calcium suggests an 

interaction exists; at high levels of Natrosol® the rate index was much greater with less 

calcium present. 

4.4.6 The Formulation Of Aquasorb® With Sodium Alginate And Calcium 

Chloride 

4.4.6.1 EXPERIMENTAL DESIGN 

A factorial experimental design was used to investigate the effects of Aquasorb® on 

water uptake which can be found in Table 4.15. The rheological evaluation was carried 

out with the factorial experimental design in Table 4.16. 

Table 4.15 Factorial experimental design for the water uptake experiments of Aquasorb® 

formulated with alginate in the presence of calcium. 
Experiment 1234 

Alginate -1 1 -1 1 
Level Aquasorb® -1 -1 11 

Table 4.16 Factorial experimental design for the rheological evaluation of . lquasorb 

formulated with alginate and calcium. 
Experiment 1? 345678 

Alginate -1 -1 1 -1 1111 

Level Calcium -1 1171 -1 11 

. \quasorb -1 1 -1 1 -1 1 -1 1 
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4.4.6.2 RESULTS 

4.4.6.2. a WATER U PT. -\-KE 
The results of the experimental design (Table 4.15) are tabulated (Table 4.1-7 ). These 

data were processed using Minitab® to determine the main effects and interactions of 
factors; alginate, calcium and Aquasorb® concentration. The main effect of factors; 

alginate and Aquasorb®, was to increase the absorptive capacity with an increase in level 

(Figure 4.28). Interaction between factors did not occur with the interaction profile 

remaining parallel (Figure 4.29). 

Table 4.17 Water uptake results for Aquasorb® formulated with alginate in the presence ýt 
calcium (x, n=6 (± standard deviation)). 

Experiment 1234 

Water Uptake g/g/cm2 
0.030 0.038 0.038 0.043 

(±0.002) (±0.003 (±0.01)4) (±0.003) 

4.4.6.2. b RFIEOLOGICAL EVALUATION 

The rheological evaluation estimated the effects of alginate and calcium concentration 

on the viscosity (flow and rate index) and elastic properties (creep recovery). The results 

arc tabulated (Table 4.18), these data were processed using Minitab , to calculate the 

effects and interactions of factors. 

Table 4.18 Results for rheological evaluation of Aquasorb® formulated with alginate and 

calcium (n = 1). 

Experiment 1 2 3 4 5 6 7 8 

Viscosity (F1ow)/Pa. s 4.6 396 320 6870 24.7 520 1828 18830 

% Structure Recovered -0.97 23.3 60.60 83.49 -1.18 15.37 64.91 70.0 

Rate Index 0.54 0.38 0.50 0.67 0.34 0.31 0.54 0.76 

All three factors had a positive effect on viscosity. The main effects profile (Figure 4.30) 

shows an increase in viscosity with an increase in level for alginate, calcium and 

, 
\yuasorb' . 

There were also interaction,, between all three factors (Figure 4.31). Alginate 

and calcium interacted at a higher level of alginate, where increasing the level of calcium 

had a much greater effect, increasing viscosity. This effect was mirrored by the 

interaction of Aquasorb®' and calcium, at higher levels of calcium Ayuasorb" had a 

much greater effect oil viscosity. Alginate and r\quasorb" interact, such that at higher 

levels of al pnate, : \quasorb' had a much greater effect increasing viscosit4 
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The elasticity of the formulations was affected differently by all three factors 0`igu. re 
4.32). Alginate had a slight negative effect on elasticity with increasing level. Ilo-, w-ever 

calcium, and to a lesser extent Aquasorb®, increased elasticity with increasing level. 

There were no large interactions between factors (Figure 4.33). The rate index or shear 

thinning ability of the formulations (Figure 4.34) was decreased by the increase of 

alginate level and increased by the increase of both calcium and Aquasorb g levels. The 

interaction between alginate and calcium (Figure 4.35) was such that at higher levels of 

alginate the rate index was increased more by an increase in calcium level. Calcium and 

Aquasorb® also interacted, at the lower level calcium, increasing the level of Aquasorb' 

had a negative effect on rate index. The interaction of alginate and Aquasorb® was 

slight. However, at low levels of alginate increasing the level of Aquasorb® had no effect 

on rate index. At higher levels of alginate there was an effect from increasing the 

Aquasorb® level, the rate index increased. 

4.5 DISCUSSION 

The experiments of section 4.4 showed that the presence of calcium affects the 

rheological properties of the formulations, increasing viscosity (Figure 4.6) and elastic 

properties (Figure 4.8), but reducing the ability to shear thin (Figure 4.10). The increase 

in viscosity was due to the binding of calcium with the G block regions of alginate(1311, 

an effect discussed in section 1.4.1, preventing the molecules from sliding or flowing 

past each other'1161. However, the concentration of calcium used and the method of 

introduction to the formulation did not allow gelation to occur. 

(. clquat® was chosen as an additive because of its cationic nature. The large number of 

positive charges have, theoretically, the potential to interact with the anionic binding 

sites on the alginate polymer i. e., forming a gel when mixed. The rheological profile of 

the formulations containing Celquat® showed an increased viscosity (Figure 4.14) and 

rate index (Figure 4.18), but there was no effect on the elastic nature of the formulation 

(Figure 4.16). The presence of Cclquat-' had a detrimental effect on the absorptive 

capacity of the gels, reducing the capacity to absorb water (Figure 4.12). 
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\atrosol ' was chosen for its ability to shear thin, the Theological profiles show that 
Natroso1 "- had a positive effect on rate index increasing the shear thinning ability- with 
an increase in level (Figure 4.26). However, this benefit was tempered by the lack of 
effect on the absorptive capacity (Figure 4.20). There were no positive interactions with 
alginate or calcium to suggest the rate index would increase at lower concentrations of 
Natrosol'R (Figure 4.27), a significant disadvantage. The increase in viscosity associated 

with the presence of Natrosol® suggests a lower concentration would have to be present 
to ensure adequate absorption. Natrosol® had no effect on the elastic nature of the 
formulation (Figure 4.24). 

The presence of Aquasorb® in the formulations improved the absorptive capacity 
(Figure 4.28) considerably more than either Natrosol® or CelquatK. The rheological 

profile was potentially beneficial, though the viscosity did increase with 1\quasorb K level 

(Figure 4.30), an effect seen with Natrosol® and Celquat®. The presence of , iquasorb R 

had a positive effect on the elastic nature of the formulation, increasing the 0'0 structure 

recovered (Figure 4.32). This would potentially allow less calcium to be used and further 

improve the absorptive capacity and reduce the viscosity of the formulation. Aquasorb® 

had a slight positive effect on the rate index, increasing the ability to shear thin (Figure 

4.31). 

The gels formulated here were not capable of gelling in-situ, mixing two formulations 

from a syringe would not have the desired effect. The formulations would not shear thin 

to a degree to allow the gel to flow easily onto the wound and the elasticity of the 

formulation would be too low to consider the formulation as a gel. The physical 

characterisation of the formulations showed that the performance best matches those of 

an amorphous hydrogel and not that of a gel. A direct comparison of the commercial 

samples characterised shows that the formulation containing 8%w/www alginate, 

0.15° ow/w calcium and 3° ow/w . \quasorb, "R' performed equally as well in terms of 

viscosity (Figure 4.36), elasticity (Figure 4.37) and absorptive capacity (Figure -1.38). The 

problems associated with the presentation of the formulation to the patient could 

present a difficult selling point. The large amount of alginate in the formulation conveys 

a dark green colour, which could have potentially poor patient acceptability compared to 

the clear Intrasite' gel. 
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4.6 CONCLUSION 

The addition of the polymers Natrosol®, Celquat ' and Aquasorb®, modified the 

properties of sodium alginate solutions. In particular the formulation containing 

Aquasorb®: 8%w/w sodium alginate, 0.15%w/w calcium (as calcium chloride) and 

3%w/w Aquasorb® improved the absorptive capacity, elasticity and rate index. The 

formulation performed on a par with both Nugel® and Intrasite®, using the methods of 

characterisation in Chapter 2. Though the use of the term hydrogel (physical) could be 

questioned because the polymer content was 12''0, the quoted water content for a 

hydrogcl dressing is 96% Table 1.7. The performance of these gels with regard to in-situ 

gelation was poor. 
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CHAPTER 5 THE APPLICATION OF DELTA GLUCONOLACTONE IN 

THE FORMULATION OF ALGINATE GELS AS IN-SITU GELLING 

WOUND DRESSINGS 

5.1 INTRODUCTION 

Delta Gluconolactone was introduced in section 1.4.5.2 as a gelling agent for alginate 

systems. Draget et ad74>911 used an alginate system gelled by calcium carbonate and delta 

gluconolactone as a microbiological culture medium. The use of calcium carbonate as 

the insoluble calcium salt, produced a gel with the relatively non toxic by-products 

carbon dioxide, water and gluconic acidI741. The application of this sv-stem as a wound 

dressing has not been reported. The following sections investigate the use of a sodium 

alginate, calcium carbonate, sodium chloride and delta gluconolactone gelling system as 

an in-situ gelling wound dressing. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Sodium alginate, LF 10/60, FMC Biopolymer, PO BOX494 N-3002, Drammen, 

Norway. Calcium carbonate, Sturcal f, Specialty Minerals, Birmingham. England. Di- 

sodium hydrogen orthophosphate, AR, BDH Laboratory Supplies, Poole, Dorset. 

England. Potassium di-hydrogen orthophosphate, AR, BDH Laboratory Supplies, 

Poole, Dorset. England. Delta gluconolactone, GPR, Aldrich Chemical Company, 

Gillingham, Dorset. England. Sodium chloride, AR, BDH Laboratory Supplies, Poole, 

Dorset. England. Hydrochloric acid, AR, BDH Laboratory Supplies, Poole, Dorset. 

I? ngland. 

5.2.2 Equipment 

Oertling Balance, 4 decimal places, Oertling, Smethwick, West Midlands, England. 

(; arrimed Rheometer, CSL2 X00, TA Instruments Ltd. Surrey, England. Bench top 

Autoclave, Dixons Surgical Instruments Ltd. \Vickford, IF sscx, England. Glass Franz 

cells, Custom made by Nir. B. Chappel, Glass blower. Liverpool University-, Liverpool, 

F; ngland. Overhead stirrer, Janke, BDII Laboratory Supplies, Poole, Dorset, England. 

Bench pH meter, HI 8579 1l anna instruments. BDH Laboratory- Supplies, Poole, 

I)orsct, I ligla 1d. 
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5.2.3 Methods 

Experimental designs were used to investigate a sodium alginate based system as an in- 
situ gelling wound dressing. A two factor, two level, full factorial design «was used to 
investigate gelling with i) calcium carbonate and delta gluconolactone (section 5.2.3, and 
ii) sodium chloride, calcium carbonate and delta gluconolactone (section 5.2.4). 

5.2.3.1 WATER UPTAKE DETERMINATION 

The methods for gel manufacture and water uptake determination are described in 

sections 2.1 and 2.2 respectively. 

5.2.3.2 RHEOLOGICAL EVALUA'T'ION 

The methods for gel manufacture and rheological evaluation are described ui sections 
2.1 and 2.3 respectively. 

5.2.3.31211 DETERMINATION 

The methods for determining formulation pI-I are described in section 2.1. 

5.2.4 The gelling of alginate with calcium carbonate and delta gluconolactone. 

5.2.4.1 EXPERIMENTAL DESIGN 

The p1-I, rheology of the pre-gel solution and the gelling of formulations prepared from 

sodium alginate, calcium carbonate and delta gluconolactone were investigated using a 

two factor, two level experimental design (Factors and levels are given in Table 5.1 and 

the experimental design in Table 5.2). 

'T'able 5.1 Factors and levels for the experimental design investigating the gelation of sodium 
alginate and calcium carbonate. 

Concentration %w/w 
Level 

Sodium Alginate Calcium Carbonate 

-1 
0.16 

150.32 
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Table 5.2 Two factor, two level experimental design investigating the gelation of sodium alginate and calcium carbonate. 
Experiment 

Factor 
1? 34 

Alginate 
-1 +1 -1 +1 

Calcium 
-1 -1 +1 +1 

5.2.4.2 RESULTS 

The results of the physical evaluation are presented collectively ui Table 5.3 and are 
discussed individually below. In more detail, the tests performed were rheological 

evaluation of gelling time, gel strength, zero rate viscosity, rate index and the phl (post 

sterilisation and post gelation). 

Table 5.3 Results of the physical tests performed on each formulation, given in Table 5.21. 

Test 
Experiment 

1? 34 

Gelling time /min 22.7 310.8 6.3 27.7 

Gel Strength (G') /Pa 183 121 1663 2429 

pH Post sterilisation 9.2 8.8 9.2 8.9 

pH 48h post gelation 6.5 5.8 7.1 6.9 

Zero rate viscosity /Pa. s 0.1 1.8 0.1 1.6 

Rate index 0.05 0.75 0.06 0.80 

)2.4.2. a GELLING TIM11E. 

Increasing the level of sodium alginate increased gelling time; increasing the level of 

calcium decreased gelling time (Figure 5.1). The interaction profile (Figure 5.2) indicates 

an interaction existed between alginate and calcium carbonate, such that at higher levels 

of algMate, calcium carbonate had a greater effect on gelling time. 

5.2. -1.2. b G 1; 1, STRE\GTH 

The main effects of factors were to increase gel strength (Figure 5.3). Calcium carb{ mate 

had greater effect increasing gel strength compared to sodium alginate. The interaction 

profile suggests a slight interaction existed bet\vveen sodium alginate and calcium 

carbonate (Figure 5.4), calcium carbonate had a greater effect on gel strength at higher 

lcý cl" cýE alý*1natC. 
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Figure 5.1 The main effects of sodium alginate and calcium concentration on gelling time. 
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Figure 5.3 The main effects of sodium alginate and calcium concentration on gel strength. 
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5.2.4.2. c POST STERILISATION pH 
The pH post sterilisation was increased by calcium carbonate and decreased by sodium 

alginate (Figure 5.5). The interaction profile shows no interactions between factors 

(Figure 35.6). 

5.2.4.2. d 48h POST GELATION pH 
The pH 48h post gelation was reduced by increasing the level sodium alginate and 

increasing the level of calcium carbonate increased pH (Figure 5.7). The interaction 

profile (Figure 5.8) suggests that the pH was affected more by sodium alginate at lower 

levels of calcium carbonate; evidence of a slight interaction. 

5.2.4.2. e ZERO RATE VISCOSITY 

Calcium carbonate had no effect on the zero rate viscosity (Figure 5.9). Increasing the 

level of sodium alginate increased viscosity. There were no interactions between factors 

(Figure 5.10) . 

5.2.4.2. f RATE INDEX 

Shear thinning was unaffected by calcium carbonate, whereas increasing the level of 

sodium alginate increased the shear thinning ability of the formulation (Figure 5.11). 

There were no interactions between factors (Figure 5.12). 
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5.2.5 The Gelling Of Alginate In The Presence Of Sodium Chloride, Calcium 
Carbonate And Delta-Gluconolactone 

5.2.5.1 EXPERIMENTAL DESIGN 

The pH, rheology of the pre gel solution, gelling and water uptake of formulations 

prepared from sodium alginate, sodium chloride, calcium carbonate and delta 

gluconolactone were investigated using a two factor, two level, experimental design 
(Factors and their levels are given in Table 5.4 and the experimental design is given in 

Table 5.5). 

Table 5.4 Factors and Levels for the experimental design investigating the effects of sodium 
alginate, calcium carbonate and sodium chloride. 

Concentration %w/w 
Level 

Sodium Alginate 

-1 2 

15 

Calcium Carbonate 

0.20 

0.28 
0 

0.9 

Table 5.5 Three factor, two level experimental design investigating the effects of sodium 
alginate, calcium carbonate and sodium chloride. 

Experiment 
Factor 

12345678 

Sodium alginate -1 +1 -1 +1 -1 +1 -1 +1 

Calcium carbonate -1 -1 +1 +1 -1 -1 +1 +1 

Sodium chloride -1 -1 -1 -1 +1 +1 +1 +1 

5.2.5.2 RESULTS 

The results of the pH, water uptake determination and rheological evaluation are 

presented collectively in Table 5.6 and discussed individually below. 

5.2.5.2. a GELLING TIME 

The gelling time of the formulation was increased by increasing the level of alginate 

(Figure 5.13). Whereas increasing the level of both calcium carbonate and sodium 

chloride reduced gelling time. The profiles for main effects and interactions (Figure 

5.14) remain unchanged for alginate and calcium when compared to Figures 5.1 and 5.2. 

There was an interaction between sodium chloride and calcium carbonate: at low levels 

Sodium Chloride 
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of calcium carbonate increasing the level of sodium chloride reduced the gelling time 

more than with higher levels of calcium carbonate. 

Table 5.6 Results of the physical tests performed on each formulation, given in Table 
5.5. 

Experiment 
Test 

1 2 3 4 5 6 7 8 

Gelling time /min 15.9 81.0 7.2 36.6 17.7 41.3 12.3 25.0 

Gel Strength (G') /Pa 704 341 1106 1858 1534 714 1649 978 

pH Post sterilisation 9.4 9.2 9.5 9.0 8.9 8.7 8.7 8.6 

pH 48h post gelation 6.9 6.2 6.8 6.6 6.6 6.1 6.7 6.7 

Zero rate viscosity /Pa. s 0.09 1.74 0.14 1.73 0.15 3.17 0.14 3.43 

Rate index 0.08 0.79 0.05 0.76 0.09 0.39 0.08 0.39 

Water uptake /g/g/cm2 0.008 0.024 0.004 0.021 0.004 0.011 0.000 0.008 

5.2.5.2. b GEL STRENGTH 

Increasing the level of sodium alginate lead to a decrease in gel strength (Figure 5.15). 

The effects of increased levels of calcium carbonate or sodium chloride were to increase 

the strength of the gel. The interaction profile (Figure 5.16) highlights interactions 

between factors. Sodium chloride increased gel strength at lower levels of calcium 

carbonate and decreased the gel strength at higher levels of calcium carbonate. The 

effect was repeated at high levels of alginate. Gel strength was reduced by increasing the 

level of sodium chloride. The interaction between sodium alginate and calcium 

carbonate shows that calcium carbonate increased gel strength more at higher levels of 

sodium alginate compared to the lower levels. However, overall gel strength was lower 

at higher levels of sodium alginate. 

5.2.5.2. c pH POST STERILISATION 

The main effect of sodium alginate was to reduce the pH of the formulation post 

sterilisation, with an increase in level (Figure 5.17). Calcium carbonate also had a 

negative effect on pH with an increase in level. The presence of sodium chloride in the 

formulation had a large negative effect compared to sodium alginate or calcium 

carbonate. "There were no interactions present between factors (Figure 5.18). 
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Figure 5.13 Main effects of sodium alginate, sodium chloride and calcium carbonate on 
gelling time. 
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Figure 5.15 Main effects of sodium alginate, sodium chloride and calcium carbonate on gel 
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Figure 5.16 Interaction profile of sodium alginate, sodium chloride and calcium carbonate 
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Figure 5.17 Main effects of sodium alginate, sodium chloride and calcium carbonate on post 
sterilisation pH. 
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5.2.5.2. d pH 48h POST GELATION 

The main effect of increasing the level of sodium alginate was to reduce pH (Figure 

5.19). Calcium carbonate increased pH with level and sodium chloride reduced pH with 

an increase of level. The interaction profiles indicate that sodium alginate and calcium 

carbonate interact as do calcium carbonate and sodium chloride (Figure 5.20). The pH 

of the formulation increased more at higher levels of alginate when the calcium 

carbonate level was increased. The interaction of calcium carbonate and sodium chloride 

suggests that the pH was reduced more by increasing the level of sodium chloride at 

lower levels of calcium carbonate. 

5.2.5.2. e ZERO RATE VISCOSITY 

Calcium carbonate had a very slight effect on the viscosity of the formulation (Figure 

5.21). Alginate and sodium chloride increased viscosity with an increase in level. The 

interaction profile shows a slight interaction between sodium alginate and sodium 

chloride. There were no interactions between calcium carbonate and sodium alginate or 

sodium chloride (Figure 5.22). 

5.2.5.2. f RATE INDEX 

Calcium carbonate very little effect on rate index (Figure 5.23), alginate increased rate 

index (shear thinning) with an increase in level and sodium chloride reduced rate index 

with an increase in level. The interaction profile returns no interactions between sodium 

alginate and calcium carbonate or calcium carbonate and sodium chloride. There was a 

slight interaction between sodium alginate and sodium chloride (Figure 5.24). 
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index. 
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5.2.5.3. g WATER UPTAKE 

The main effect of sodium alginate was to increase the absorptive capacity of the 
formulation with an increase in level. Both calcium carbonate and sodium chloride 
decreased the absorptive capacity with an increase in level (Figure 55.25). The interaction 

profiles (Figure 5.26) show no interactions between sodium alginate and calcium 
carbonate or calcium carbonate and sodium chloride. There was a slight interaction 

between alginate and sodium chloride, increasing the level of sodium chloride at higher 

level of alginate reduced absorptive capacity to a greater extent than at the lower level of 

sodium alginate. 

5.3 DISCUSSION 

"1'his study investigated the formulation of sodium alginate, calcium carbonate, sodium 

chloride and delta gluconolactone as an in-situ gelling wound dressing. The discussion 

covers the investigation of sodium alginate gelled by calcium carbonate and delta 

gluconolactone (section 5.2.4) and the investigation of sodium alginate, calcium 

carbonate, sodium chloride and delta gluconolactone (section 5.2.5). 

The gel point or point of phase transition from a liquid to a gel is difficult to define 

rigorously1891, but is considered as the cross over point of G' and G" determined at a 

fixed angular frequency11321. In the results presented in both sections 5.2.4 and 5.2.5 

gelling time was reduced by an increase in the level of calcium carbonate(Figure 5.1 and 

5.13). Alginate increased gelling time with an increase in level and sodium chloride 

reduced gelling time. Increasing alginate level increased gelling time, because the number 

of potential junctions that could be formed increased. Therefore taking longer for the 

minimum number calcium ions to form a stable junction zone, thought to be in the 

region of 20 G monomers 163,133,1341, than at a lower level of alginate. 

The mechanism of gelation was introduced in section 1.4, where calcium ions form 

stable junction zones between the G block regions of alginate polymers. The carboxyl 

groups present on the monomers coordinate calcium ions[1351. The type of alginate used 

was Protanal LF 10/60 FMC Bioploymer) which contained approximately 69", ö G 

monomers1991. With such a high level of G monomers there was the potential to form 

gels rapidly. The shortest gelling time for a 2° o w-/w solution was 6.3 min (Table 5.3). 
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The risk of using a high G block content alginate was syneresis occurring at high levels 

of calcium. Syneresis is the contraction of a gel, through aggregation of the polymer 

chainsl811, a second class of junction zone seen at high levels of calciumº1361. The higher 

level of calcium for the formulations detailed in Tables 5.2 and 5.5 was not great enough 
to cause syneresis. 

The effect of sodium chloride was to reduce gelling time (Figure 5.13). The screening 

effect of salt on polyelectrolytes[68,137,138,139] allows the polymer to exist as a random 

coil[140'661. In this state the polymer chain is more flexible(1411 and can form junction 

zones more easily[1421 than in its perturbed state. In the presence of calcium carbonate 

the pII of the formulation was between 8-9 and above pH 5 sodium alginate exists as a 

negatively charged polyelectrolyte[861. The presence of sodium chloride in the 

formulation therefore, effectively screens the negative charge and allows the polymer to 

maintain its form as a random coil. Sodium ions are also thought to compete with 

calcium ions for binding sites[135,1431, which would increase gelling time. Ilowevv-er, the 

concentration where an effect occurs is thought to be approximately 0.5114'1, which 

was higher than in these formulations. 

The absorptive capacity of formulations was investigated using the Franz cell method 

outlined in Chapter 2. Increasing the level of alginate increased the absorptive capacity 

of the formulation (Figure 5.25). Both calcium carbonate and sodium chloride reduced 

the absorptive capacity (Figure 5.25). Three factors are thought to control swelling in 

polyelectrolyte gelsU1431: )the energy of mixing of the polymer chains in the swelling 

medium, ii) elastic-retractive force exerted on the network and iii) ionic osmotic 

pressure generated by mobile counter ions. The positive effect of increasing alginate 

level, suggests that the system is maintaining the first factor by continually dissolving as 

water is absorbed. The solubility of the polymer in solution is thought to be driven by 

the entropy of mixing of the counter ions in solutionl621. The increase in the level of 

calcium reduced the ability of the gel to swell (Figure 5.25). This was considered as both 

a result of the loss of free carboxyl groups available to bind water; through coordinating 

calcium ions and the physical constriction of the increased structure of the gel as the 

level of calcium carbonate was increased. The solubility of alginate and therefore its 

ability to absorb, could be affected by the presence of sodium chloride reducing the 

emst6'1 
entropy entropy of mixing thought to drive the solubility of alginate in aqueous sy st. 
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The strength of the gels in this study were determined by obtaining the maximum G' 
value during the gelation experiment. The G' value or storage modulus (section 2.2.1.4) 
is associated with the elastic nature of a system. Hence, the higher the value of G' the 
more structure in the system and therefore the stronger the s}-stem. The type of alginate 
used was Protanal LF10/60, an alginate containing 69% G monomers! 991. It is well 
documented that a high G content alginate is capable of forming strong gel S10-1.74,91.1451 

In sections 5.2.4 and 5.2.5 calcium increased the strength of the gel as the level increased 
(Figures 5.3 and 5.15), a result of the larger number of stable junction zones forming 

with the increased level of calcium carbonate, therefore gel strength increased. The 

effect of alginate was positive in section 5.2.4 (Figure 5.3) and negative in section 5 . 2.5 
(Figure 5.15). The presence of sodium ions in section 5.2.5 can account for this 
discrepancy of properties. Examining the gel strength interaction profile (Figure 5.16), 

for alginate, calcium carbonate, sodium chloride and their effect on gel strength 
immediately suggests that sodium chloride was adversely effecting gel strength. The 

interactions of both sodium alginate and calcium carbonate with sodium chloride had a 

negative profile at the higher level of alginate. Sodium ions are known to competitively 
bind in the G block regions of the alginate chain 1135,1461 This would effect the system in 

two ways, firstly binding of the non-elastic chain ends. Secondly the screening effect of 

sodium ions increases the flexibility of polyelectrolyte chains, leading to a reduction in 

gel strength. 

The Cross model (section 2.2.1.3) was used to determine the zero rate viscosity and the 

rate index of formulations. The main effect of alginate in section 5.2.4 and 5 . 2.5 was 

positive (Figures 5.9 and 5.21 respectively), increasing viscosity with an increase in level. 

This effect was explained in terms of polymer entanglements. As polymer concentration 

increased entanglement between chains increased[65'116,147'1481. As a result the viscosity 

increased because the force required to push polymer chains past each other increased. 

Calcium carbonate exhibited very little effect on viscosity (section 5.2.4 and 5.2.: )). 

The effect of sodium chloride on viscosity (Figure 5.21) was to increase viscosity with 

an increase in level. The interaction profile provides further evidence of this (Figure 

5.22). 'F'lic viscosity increases more at higher levels of sodium al mate in the presence of 

higher levels of sodium chloride. 
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The rate index was used to estimate the shear thinning ability of formulations. In both 

sections 5.2.4 and 5.2.5 increasing alginate level increased the shear thinning ability 
(Figure 5.23). The formulations prior to gelation were at a pH of between 8-9 plI units, 

the alginate polymer was therefore fully charged, as a result the molecular conformation 

would tend to the perturbed state (rod like). As shear increases the polymer molecules 

move past each other more easily and the viscosity reduces (shear thinning). Calcium 

carbonate had no effect, whereas the effect of sodium chloride reduced rate index 

(Figure 5.23), reducing the ability to shear thin. This was explained in terms of the 

increased flexibility of the molecules as a result of charge screeningt68,137,1391 and as a 

result of the binding of the alginate molecules by sodium ions[135,146]. 

After sterilisation, formulation pH was in the pH region of 8.8-9.9. In both sections 

5.2.4 and 5.2.5, alginate and calcium decreased and increased the pH respectively, in 

keeping with their respective pKa values: 3.5-4 sodium alginate and 9.5 calcium 

carbonate. The effect of sodium chloride was to reduce the pH of the formulation. 

5.5 SUMMARY 

The gelation system of sodium alginate, calcium carbonate and delta gluconolactonc 

proved to be an excellent system that could be used as an in-situ gelling wound dressing. 

The presence of sodium chloride in the system had detrimental effects as regard to 

water uptake. The high pI I of the system, as a result of calcium carbonate, could be 

detrimental to long term stability. Investigations by Haug et aA-11 observed a decrease in 

alginate solution viscosity at very high and very low pH values, a result of chain 

cleavage. However, in the region pH 5-10 the rate of degradation was seen as slow. 

Further work will be required to develop this system as a usable in-situ gelling wound 

dressing. 
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CHAPTER 6 THE USE OF A SCREENING EXPERIMENTAL DESIGN TO 
INVESTIGATE FACTORS IN THE DEVELOPMENT OF AN IN SITU 
GELLING ALGINATE FORMULATION 

6.1 INTRODUCTION 

The investigations detailed in Chapter 5 proved that the calcium carbonate, delta 

gluconolactone gelling system had potential as an in-situ gelling wound dressing. To 

further investigate and improve the formulation, a Plackett and Burman experimental 
design was used to screen ten factors at two levels. Experimental design was introduced 

in Chapter 3. The factors investigated were 1) Sodium alginate concentration, 2) Sodium 

alginate type, 3) Calcium carbonate concentration, 4) Sodium carboxymethvl cellulose 

viscosity, 5) Sodium carboxymethyl cellulose concentration, 6) Glycerol concentration, 

7) Hyaluronic acid concentration, 8) Sodium chloride concentration, 9) Buffer 

concentration and 10) Gelling temperature. The ratio of calcium carbonate to delta 

gluconolactone was kept at 1: 2, with the intention of keeping the pH of the formulation 

at or below 71741. 

6.2 EXPERIMENTAL 

6.2.1 Materials 

Sodium alginate, LF 10/60, LF 10/60LS and LF 10/60D, FMC Biopolymer, Drammen, 

Norway. Calcium carbonate, Sturcal f, Specialty Minerals, Birmingham, England. 

Glycerol, Spectrophotometric grade (99.5"o), Sigma Aldrich, Gillingham, Dorset, 

England. Hyaluronic acid, MV, FMC Biopolymer, Drammen, Norway. Di-sodium 

hydrogen orthophosphate, AR, BDH Laboratory Supplies, Poole, Dorset, England. 

Potassium di-hydrogen orthophospahte, AR, BDH Laboratory Supplies, Poole, Dorset, 

England. Sodium Chloride, AR, BDH Laboratory Supplies, Poole, Dorset, England. 

Sodium carboxymethyl cellulose, low, medium and high viscosity, Fluka Chimie AG, 

Buckinghamshire. England. I lydrochloric acid, AR, BDH Laboratory Supplies, Poole, 

Dorset, England. Delta gluconolactone, Aldrich Chemical Company, Gillingham, 

Dorset, England. 

6.2.2 Equipment 

(ýertliný Balance, 4 decimal places, Ocrtling, Smcthwick, West \lidlands, England. 

Ca ged Rhcoinctcr, CSl, 2 500, T.. \ Instruments Ltd. Surrey, England. Bench top 
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concentration, b4) Carboxymethyl cellulose viscosity, b5) Carboxymethyl cellulose 
concentration, b6) Glycerol concentration, b7) Hyaluronic acid concentration, b8) 
Sodium chloride concentration, b9) Buffer concentration and b10) Gelling temperature. 

Table 6.2 Plackett and Burman screening experimental design for 10 factors at 2 levels, with 
a central domain (coded 0) to estimate the precision of the experiment. 

Factor -> 
o Experiment N 

Xl x2 3 4 xs G , x8 Xf, x 

2 + + - + + + - - - + 
3 - + + - + + + - - - 
4 + - + + - + + + - - 
5 - + - + + - + + + - 
6 - - + - + + - + + + 
7 - - - + - + + - + + 
8 + - - - + - + + - + 
9 + + - - - + - + + - 
10 + + + - - - + - + + 
11 - + + + - - - + - + 
12 + - + + + - - - + - 
13 0 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 0 

Table 6.3 Results of the characterisation tests carried out on each of the sixteen 
formulations in the Plackett and Burman experimental design. The sterile pH was obtained 
from the liquid formulation at Oh and the gel 48h post Relation. 

Gelling Water uptake Viscosity Gel Strength Sterile pl 1 
Experiment Time 24h Sterile Rate Max G' 

Oh 48h 
/min (g/g/cm224h) /Pa. s index /Pa 

1 15.642 0.018 0.145 0.268 91.6 9.03 6.63 

2 67.200 0.038 11.23 0.596 979.3 8.89 6.43 

3 6.118 0.011 0.428 0.547 6401 9.24 6.61 

4 15.394 0.014 102.9 0.366 1480 8.30 6.37 

5 45.492 0.006 3.416 0.488 367.7 8.65 6.37 

6 5.618 0.010 0.565 0.478 203.1 8.37 6.71 

7 19.736 0.021 1.400 0.459 352.2 8.92 6.47 

8 79.867 0.015 29.34 0.339 225.5 8.41 6.20 

9 89.817 0.018 4.993 0.562 293.6 8.36 6.33 

10 23.782 0.021 3.861 0.653 2190 8.67 6.92 

11 2.905 -0.002 0.368 0.457 1643 8.70 6.73 

12 30.417 0.027 26.95 0.441 1488 8.46 6.99 

13 21.378 0.015 3.207 0.464 583.3 8.31 6.40 

14 20.143 0.013 2.651 0.453 417.8 8.23 6.33 

15 19.067 0.013 3.889 0.430 491.0 8.30 7.02 

16 17.713 0.013 3.236 0.436 523-6 8.31 6.44 
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Table 6.4 The effects of factors (b1-bl0) for each characterisati()n test, calculated using Minitab. R 

Factor Gelling Water uptake Viscosity Gel strength Sterile pH 
Effect Time 24h Sterile Rate Max G' 

/mm (g/g/cm224h) /Pa. s index /Pa Oh 48h 
bi 17.581 0.006 14.413 0.022 -200.183 -0.135 -0.022 b2 -0.612 -0.001 -9.482 0.068 821.875 0.098 0.038 
b3 -19.46 -0.003 7.046 0.019 924.600 -0.060 0.1 5 
b4 -3.308 0.001 8.911 -0.004 -27.883 -0.030 -0.005 b5 5.620 0.001 -3.478 0.010 301.183 -0.013 -0.013 b6 0.482 0.002 4.786 0.030 308.617 0.030 -0.075 b7 -1.767 -0.002 8.091 0.004 526.483 0.015 -0.075 b8 6.350 -0.006 8.131 -0.023 -607.433 -0.18 -0.110 b9 2.311 0.001 -8.602 0.042 -493.817 -0.078 0.070 
b10 -0.314 0.001 -7.672 0.026 -377.400 -0.023 0.012 

Limiting 
value 

1.433 0.001 0.303 0.01 77.070 0.03 0.051 

6.3.1 The Effects Profile Of Factors Influencing Gelling Time 

The factors with the greatest influence over gelling time (Figure 6.1) were alginate 

concentration (b1) increasing gelling time and calcium concentration (b3) decreasing 

gelling time, as expected. The effect of sodium chloride (b8) was to increase gelling time, 

whereas in section 5.2.4 sodium chloride reduced gelling time. Sodium chloride effects 

polyelectrolytes by reducing the long range Coulombic interactions, allowing the 

polymer molecule to form its unperturbed statel'491 The increased gelling time could be 

a result of competitive binding between calcium and sodium ions or the result 

interactions in a more complicated system. The level of buffer (b9) was active, 

retarding! 931 but not preventing gelation. The reduction of gelling time with 1lvuluronic 

acid level (b7) and carboxymethyl cellulose viscosity (b4) could be associated with the 

effect of calcium, to which both are known to be sensitiveI 5'1501 

6.3.2 The Effects Profile Of Factors Influencing Water Uptake 

Sodium algüiate (b1) had a large positive effect, increasing water uptake as scc n in the 

effects profile (Figure 6.2). The effect of calcium (b3) was to reduce absorptive capacity. 

The high activity of sodium chloride (b8) reducing the absorptive capacity, was possible 

a result of a combination of factors. Sodium chloride reduces the ability of 

polk clectrol}, te gels to swell1tsl"t'1 this would reduce the absorptive capacity. Sodium 

chloride may also reduce the solubility1621 of sodium alginate, by affecting the entropy of 

mi_xing16'1, also reducing the absorptive capacity. Hvaluronic acid (b7) had a negative 
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effect on water uptake, possibly a result of the effect of sodium chloride on 

polyelectrolyte structure[ 149,1521 or binding with calciumL1101. 

Glycerol (b6), which is a humectanti1531 and sodium carboxvmethyl cellulose levels (b5) 

both increased water uptake. Sodium carboxymethyl cellulose had a positive effect on 

water uptake in section 4.4.6. 

6.3.3 The Effects Profile Of Factors Influencing Viscosity 

The expected effects of alginate (b1), hyaluronic acid (b7) and carboxymethyl cellulose 

(b5) levels were to increase viscosity (Figure 6.3). This was recorded for alginate and 

hyaluronic acid. However, for sodium carboxymethyl cellulose, an increase in level 

reduced viscosity, an effect not seen in section 4.4.6.2. b (Figure 4.30). Though a 

negative effect on viscosity was seen as beneficial it cannot be explained at this stage, 

whereas the viscosity (grade) of carboxymethyl cellulose (b4) increased viscosity as 

expected. The effect of alginate type (b2) was large reducing viscosity. 
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The molecular weights were of equivalent magnitude and were not expected to affect 
the effects profile. The ratios of different block regions in the polymer may be the 
cause, restricted rotation about the glycosidic bond['54,1551 induces a rod like 

conformation in alginates of high gulopyranuronic acid (G) content{6Z, '40,1451 The effects 
of sodium chloride on conformation are to encourage the unperturbed 
conformation[62,1491 causing the viscosity to decrease, through charge shielding. The 

effect of sodium chloride (b8) was positive, increasing viscosiri- with an increase in level. 

The effect of insoluble calcium carbonate (b3) increasing viscosity was unexpected and 

was not thought to be due to its effect on p1-I (section 6.3.4). Calcium carbonate (b3' 

reduced pH (section 6.3.4 Figure 6.5) as did buffer (b9), but buffer reduced viscosity. 
The positive effect caused by calcium carbonate could therefore be due to the release of 

calcium ions. The effect of buffer (b9) reduced viscosity, and was explained by the 

variation of counter ion concentration with pH. As pH is lowered the distance between 

fixed charges increases[' 561 encouraging the perturbed conformation[' 161. Temperature 

(bI0) reduced the viscosity of the formulation, possibly through Brownian motion 

allowing favoured conformationsI134l (NB: the temperature was not the temperature of 

the viscosity determination but the temperature of the formulation prior to gelation). 

The rate index was used to investigate factors effecting the shear thinning nature of the 

formulation (Figure 6.4). Alginate level (b1) increased rate index (follows from section 

4.4.3 Figure 4.10). The effect of alginate type (b2) on rate index follows well with the 

earlier discussion on chain conformation and G block distribution. More rod like 

alginate chains would be able to pass each other more easily. There was further evidence 

that the increase in formulation viscosity' caused by, calcium carbonate was due to the 

release of free ions. The effect of calcium carbonate (b3) on rate index was positive, 

increasing the shear thinning capacity. An explanation could be that free calcium toils 

were forming transient complexes with the alginate molecules. I 1()\v-cve"r, the level was 

not great enough to form permanent junction zones' ý. This ýý c Auld help alginate 

molecules align under shear stress and increase rate index. 

The effect of sodium chloride (b8) on rate index \,. -a,, negative, reducing the ability to 

shear thin. Which suggests that a polvclectrolyte tending toward the unperturbed 

dimensions, t. P., from the effects of sodium chloride, reduced the capacity of the 
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formulation to shear thin. The effects of temperature (b 10) increasing shear thinning 
were explained from the earlier discussion about increasing alignment. Buffer (b9`, 
increased rate index, the reduction of pF-i improved chain alignment (see earlier 
discussion in this section). Alginate molecules would therefore be able to slide past each 
other more easily under increased shear stress, increasing rate index. 
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Figure 6.4 The effects profile of factor influence over rate index (factors bl-bl0). 

6.3.4 The Effects Profile Of Factors Influencing pH 

"1'hc influence of factors on the pl-I of the sterile formulations were as follows. Sodium 

chloride (b8) reduced pI I (Figure 6.5). 1'he reasons for this remain unknown, sodium 

chloride is not normally associated with pl I effects. Calcium carbonate (b3) reduced pi 1, 

also unexpected because calcium carbonate has a pKa of 9.5L911. 'Hic presence of the 

buffer (b9), reducing p11, moderated the effects of an}' impurities in the AR grade 

sodium chloride. 'I'Ilc reduction in pl I caused by increasing sodium alginate level (bl) 

relates directly to the presence of more uronic acid groups: gulucuronic acid (G) and 

mannuronic acid (NI), pka of bet'vecn 3-41621. The effect of alginate type (b2) increasing 
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pH was unclear, because the pKa's of gulucuronic acid (G) and mannuronic acid (hfl are 
comparablel62,157] 
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Figure 6.5 The effects profile of factor influence over pi I of the sterile formulation (factors 
b1-blO). 

48h after gelation, calcium carbonate (b3) had the largest positive effect, influencing pI I 

(Figure 6.6). Delta gluconolactonc was linked to the calcium carbonate level in a ratio of 

2: 1 to ensure the complete reaction of calcium carbonate to carbon dioxide and water. 

The reaction not going to completion and leaving the slightly basic hydrogen carbonate 

anion in , olution[62,1361 would explain the effect increasing pH. 11yaluronic acid (b7) 

glycerol (b6) and sodium chloride (b8) reduced plI. Buffer (b9) increased plI, 

counteracting the effects of any free protons and preventing the pi I dropping to levels 

below 5. 
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Figure 6.6 The effects profile of factor influence over p1 I 48h post gelation (factors b 1- 
b10). 

6.3.5 The Effects Profile Of Factors Influencing Gel strength 
"1'h effect of calcium carbonate (b3) and alginate type (b2) are clearly positive (Figure 

6.7) and defused by relating the abundance of G block regions to the concentration of 

sodium alginate and calcium carbonatel"1. The negative effect exhibited by sodium 

alginate (bi) was a result of the fixed calcium carbonate level and the further addition of 

polymer reducing gel strength[741. Both sodium chloride (b8) and buffer (b9) reduce gel 

strength, the role of sodium ions in alginate gelation remains unclear, 1351, but is thought 

to compete with calcium in the gelling process( 143. tw"588 The positive effect of 

hyaluronic acid (b7) was large considering the relatively low level, evidence of a possible 

binding interaction with calcium carbonatel'501 The effect of glycerol (b6) increasing gel 

strength was also beneficial. The effect of sodium carboxymethyl cellulose viscosity (b4) 

was to reduce gel strength, ,, odium carboxymethyl cellulose level (b5) increased gel 

strength, the positive effect on gel structure was also peen in Chapter 4 (F igure 4.32). 

The negative effect of temperature (b 10) was explained by a change in gel structure as a 

result of higher tempcraturel's"l, allowing normally energetically poor interactions to 

occur, reducing gel strength. 
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Figure 6.7 The effects profile of factor influence over G' max (gel strength) (factors bl- 
b10). 

6.3.6 Choice Of The Most Active Factors 

The large number of characterisation methods used to investigate the to-si/u gelling 

system made the choice of factors for further investigation difficult. This was resolved 

by ordering the factor effects for each characterisation method. The five most active 

factors for each method were tabulated (Table 6.5) and a frequency chart was produced 

(Figure 6.8) making a tally of the appearance of each factor. The factors appearing the 

most frequently were then chosen for further study. 

Table 6.5 't'ally of the five most active factors for each characterisation method, to 
determine the most influential for further investigation. 

Effect 
Gelling Water Viscosity Gel Strength pH 

time u tam 
Order 24h Sterile Rate index Max G' Sterile 48h 

A 1 1 12 3 8 3 

B 3 8 ?9 2 1 8 

C 8 3 96 8 2 7 

D 5 6 4 10 7 9 6 

E 4 7 88 9 3 9 
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Figure 6.8 Frequency chart of the influential factors in the alginate gelling system. 

6.4 SUMMARY 

The factors chosen for the next stage of the design process were Sodium alginate (b 1), 

Calcium carbonate (b3), Glycerol (b6), Sodium chloride (b8) and Buffer (b9). The 

factors alginate type (b2) and Hyaluronic acid (b7) were not chosen for further 

investigation. The very rapid gelling time and viscosity effects exhibited by the low level 

alginate type (b2), suggested that further development with this factor level would not 

provide a gel of the required properties. Glycerol (b6) was chosen above I Iyaluronic 

acid, because of its greater effect with water uptake and rate index. 

The confidence in the results, was high, because the advantage of the Plackett and 

Burman design was that the random error for a particular factor effect was spread over 

the whole experiment. By varying all the factors together the random error was 

distributed equally about zeroI128' and the estimated precision of the results for the 

coded 0 formulations were used to determine the significance of any effects seen in the 

effects profile (introduced in Chapter 3). The screening procedure proved a very rapid 

way of characterising this system. However, interactions between factors could not be 

determined. The next chapter in this study, Chapter 7, invcstigatcs the factors chosen 

above for interactions, to further refine the gelling system. 
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CHAPTER 7 INVESTIGATION OF THE FACTORS MOST INFLUENTIAL 

IN THE PERFORMANCE OF AN IN SITU GELLING ALGINATE 

SYSTEM, USING A FRACTIONAL FACTORIAL EXPERIMENTAL 

DESIGN. 

7.1 INTRODUCTION 

The investigation of the alginate in-situ gelling system using a Plackett and Burman 

experimental design (Chapter 6) identified five factors as being the most influential 

during characterisation. The factors were sodium alginate, calcium carbonate, glycerol, 

sodium chloride and buffer. The aim of this section was to investigate these factors 

further using a fractional factorial experimental design to estimate their effects and 

interactions. The following investigation used a 25-1 fractional factorial experimental 

design, which allowed an accurate estimate of the main effects and first order 

interactions of 5 factors (this type of design was introduced in Chapter 3). 

7.2 EXPERIMENTAL 

7.2.1 Materials 

Sodium alginate, LF 10/60, FMC Biopolymer, Drammen, Norway. Calcium carbonate, 

Sturcal f, Specialty Minerals, Birmingham, England. Glycerol, Spectrophotometric grade 

(99.5%), Sigma Aldrich, Gillingham, Dorset, England. Hyaluronic acid, MV, I; ̀ IC 

Biopolymer, Drammen, Norway. Di-sodium hydrogen orthophosphate, . \R, BD[ I 

Laboratory Supplies, Poole, Dorset, England. Potassium di-hydrogen orthophospahte, 

; AR, BDI-I Laboratory Supplies, Poole, Dorset, England. Sodium Chloride, AR, BDIT 

Laboratory Supplies, Poole, Dorset, England. Hydrochloric acid, AR, BDH Laboratory 

Supplies, Poole, Dorset, England. Sodium carboxymethyl cellulose, low viscosity, Fluka 

Chimie AG, Buckinghamshire. England Delta gluconolactone, Aldrich Chemical 

Company, Gillingham, Dorset, England. 

7.2.2 Equipment 

Oertling Balance, 4 decimal places Oertling. Smethwick, West Midlands, England. 

Carrimed Rheometer, CSI, ' 500, TA Instruments Ltd., Surrey, England. Autoclave, 

Bench top, Dixon,,, Surgical Instruments Ltd., \Vickford, Essex, England. Glass Franz 

cells, Custom made by qtr. B. C; happel, Glass blower, Liverpool University, Liverpool, 

England. Overhead stirrer, Janke, BDI I Laboratory Supplies, Poole, Dorset, I F, ngland. 
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Bench pH meter, HI 8579 Hanna instruments, BDH Laboratory Supplies, Poole, 
Dorset, England. Water bath, Grant (model w38), BDH Laboratory Supplies, Poole, 
Dorset, England. 

7.2.3 Methods 

7.2.3.1 EXPERIMENTAL DESIGN 

The 25-1 fractional factorial design used (Table 7.1), was based on a 25 factorial 

experiment partitioned at the highest order of interaction (introduced section III). The 

resultant design enables the determination of the five main effects and the ten first order 
interactions of five factors without confoundingll28l, the factors and their levels are 
found in Table 7.2. The five factors not investigated in this Chapter for effects and 
interactions were kept at the coded 0 levels from Table 6.1 (section 6.2.3), except for 

gelling temperature which was set at 25°C. The level of alginate was increased above 

that used in Chapter 6 to maximise the absorptive capacity without increasing the 

viscosity to an unmanageable magnitude. 

Table 7.1 A 25-1 fractional factorial experimental design, allows the estimation of main 
effects and first order interactions without confounding. 

ABCDE 
Expenment Lttect Alginate NaCl CaCO3 Buffer Glycerol 

01 abcde +1 +1 +1 +1 +1 
02 a +1 -1 -1 -1 -1 
03 b -1 +1 -1 -1 -1 
04 c -1 -1 +1 -1 -1 
05 d -1 -1 -1 +1 -1 
06 e -1 -1 -1 -1 +1 
07 abc +1 +1 +1 -1 -1 
08 abd +1 +1 -1 +1 -1 
09 abe +1 +1 -1 -1 +1 
10 acd +1 -1 +1 +1 -1 
11 ace +1 -1 +1 -1 +1 
12 ade +1 -1 -1 +1 +1 

13 bcd -1 +1 +1 +1 -1 
14 bce -1 +1 +1 -1 +1 

15 bde -1 +1 -1 +1 +1 
16 cdc -1 -1 +1 +1 +1 

7.2.3.2 CHARACTERISATION OFI'ORNILTATIONS 

The methods for preparing and characterising the sixteen formulations (experiment,, ) of 

the experimental design ('T'able 7.1) can be found in sections 2.2 and 2.3. 
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Table 7.2 Factors and their levels for the 25-1 fractional factorial desi 
Factor (-1) (+ 1) Unit 

A Alginate concentration 5 5.75 °%o'. v/w 
B \ aCl concentration 0.25 0. 
C CaCO3 concentration 0.20 0.26 ° ow/w D Buffer concentration 0.21 0.41 ° öw/w 
E Glycerol concentration 3.0 5.5 %w/w 

Factor Constant level 
F Alginate type LF 10/60 - G NaCMC type low viscosity - H NaCMC concentration 0.62 ° ow/w 
I HA concentration 0.05 %w/-, -, - 

Gelling temperature 25 °C 

7.3 RESULTS AND DISCUSSION 
The results, generated by the characterisation methods (Chapter 2), were used to 

estimate the effects and interactions of factors. These data are presented and discussed 

in the following three sections 7.3.1) Water uptake, 7.3.2) pH and 7.3.3) Rheological 

characterisation. For each characterisation method there are two graphs- that display 1) 

the magnitude of factor effects and interactions and 2) the significance of any 

interaction. The graphs are presented together to avoid confusion. 

7.3.1 Water Uptake 

The results of the water uptake characterisation are found in Table 7.3, the main effects 

and interactions of factors are found in Table 7.4. The main effect profiles for both the 

8 and 24h time points (Figures 7.1 and 7.3) retain a very similar form and will be 

discussed as one with allowance made for the effect of buffer. The positive effect of 

alginate on water absorption was seen in sections 2.3.4,4.4,5 . 2.5 and 6.3.2. Sodium 

chloride had a negative effect on absorptive capacity, as in section 5 . 2.5 and 6.3.2. The 

reasons for this are unclear. The discussions of Chapters 5 and 6 noted the effect of 

sodium chloride on the swelling and solubility of polyelectrolytes. A possibility not 

discussed so far is that mass is lost as both sodium and chloride ions diffuse across the 

semi permeable membrane (osmosis), to reach equilibrium, causing the negative effect. 

However, Seeren el x»341 observed that it took an alginate gel three weeks to reach an 

equilibrium position. This suggested that the process was very slow and that the amount 

of sodium and chloride ions lost would be too small to induce the large negative effect 

ýCen iii Figure 7.1. 
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Table 7.3 Water uptake method results for each formulation in the 25-1 fractional factorial 
experimental design (X, n=3 (± standard deviation)). 

Water Uptake g/g/cm2 F. scnPri m Prl t -__i.. _aaa.. nt 24h 8h 
01 0.021 (±0.002) 0.009 (±0.001) 
02 0.028 (±0.002) 0.012 (±0.001) 
03 0.020 (±0.001) 0.008 (±0.001) 
04 0.021 (±0.001) 0.009 (±0.001) 
05 0.024 (±0.002) 0.010 (±0.001) 
06 0.025 (±0.002) 0.011 (±0.001) 
07 0.020 (±0.002) 0.008 (±0.001) 
08 0.022 (±0.003) 0.010 (±0.001) 
09 0.023 (±0.001) 0.011 (±0.001) 
10 0.024 (±0.002) 0.011 (±0.001) 
11 0.026 (±0.002) 0.011 (±0.001) 
12 0.027 (±0.001) 0.012 (±0.001) 
13 0.016 (±0.001) 0.007 (±0.001) 
14 0.017 (±0.001) 0.008 (±0.001) 
15 0.022 (±0.003) 0.010 (±0.002) 
16 0.021 (±0.001) 0.010 (±0.001) 

Table 7.4 The main effects and interactions of factors for water uptake characterisation, in 
the fractional factorial experimental design. 

Water uptake g/g/cm2 
Factor tests 24h 8h 

Alginate 0.0033 0.0015 
w NaCl -0.0045 -0.0019 v CaCO3 -0.0030 -0.0014 
" Buffer -0.0004 0.0001 

Glycerol 0.0009 0.0009 
Alginate*NaCI -0.0005 0.0001 
Alginate*CaCO3 0.0006 -0.0002 
Alginate*Buffer -0.0004 -0.0003 ö Alginate*Glycerol -0.0002 -0.0003 
NaCI*CaCO3 -0.0004 -0.0004 
NaCI*Buffer 0.0004 0.0000 
NaCl*Glycerol 0.0004 0.0002 
CaCO3*Buffer -0.0001 0.0002 
CaCO3*Glycerol 0.0001 -0.0002 
Buffer*Glycerol 0.0002 -0.0002 
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The effect of buffer remains anomalous, from a slight positive effect at 8h (Figure '. 1) it 

gives a slight negative effect at 24h (Figure 7.3). Gelling is thought to take up to 24h to 

reach completionl74'991 and buffer has a role increasing gelling timeI931. The slight positive 

effect changing to a slight negative effect could be the result of calcium sequestered as a 

calcium phosphate, precipitated during the initial stages of gelation, being released. This 

would reduce the ability of the gel to swell as time progressed. There were no significant 

interactions identified for buffer (Figures 7.2 and 7.4) 

There were no significant interactions between factors at 8h or 24h (Figures 7.2 and 

7.4). The lack of an interaction between alginate level and sodium chloride level 

suggested that very little sodium or chloride ions were lost to the donor solution during 

the absorption experiments. The loss of a large amount of sodium ions from binding 

sites on the alginate polymer could increase the absorptive capacity 1134,1431 an interaction 

between alginate level and sodium chloride level was therefore expected at 24h. 

7.3.2 pH 

The results of the determination of pH for each formulation when sterile and 48h after 

gelation are found in Table 7.5. The main effects and interactions of factors, calculated 

using Minitab® are found in Table 7.6. 

'Fable 7.5 pH determination results for each formulation in the 25-' fractional factorial 

experimental design (n = 1) (48h = 48h post gelation). 

Experiment 
Sterile 

pH 
48h 

01 8.56 6.64 

02 8.52 6.71 

03 8.34 6.59 

04 8.43 6.76 

05 8.66 6.63 

06 8.56 6.52 

07 8.53 6.70 

08 8.53 6. '-) 1 

09 8.70 6.46 

10 8.64 7.00 

11 8.48 6.97 

12 8.59 6.74 

13 8.70 6.68 

14 8.47 6.60 

15 8.71 6.51 

16 8.63 6.82 
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Table 7.6 The main effects and interactions of factors for pH determination, in the fractional factorial experimental design (48h = 48h post gelation'. 
pH 

Factor tests Sterile 48h 

Alginate 0.004 0.078 
v NaCl 0.001 -0.183 

CaCO3 -0.019 0.188 
" Buffer 0.126 0.028 

Glycerol 0.046 -0.040 
Alginate*NaCI 0.021 -0.095 
Alginate*CaCO3 -0.014 0.035 
Alginate*Buffer -0.104 -0.015 ö Alginate*Glycerol -0.019 0.013 

'W4 NaCI*CaCO3 0.014 -0.050 Z' NaCI*Buffer -0.011 -0.030 
q NaCI*Glycerol 0.039 -0.028 

CaCO3*Buffer 0.034 0.000 
CaCO3*Glycerol -0.081 0.013 
Buffer*Glycerol -0.051 0.013 

7.3.2.1 TIIE INFLUENCE OF FACTORS ON THE pH OF THE STI; RILI. 

FORMULATIONS IN THE EXPERIMENTAL, DESIGN 

The factors with the greatest effect on pH were buffer and glycerol (Figure 7.5). The 

buffer (pH 7) was added to moderate the effect of calcium carbonate on system p11. 

The pKa of calcium carbonate is 9.51991. The results of the screening study show that PI I 

was reduced by the presence of buffer (section 6.3.4). The effects profile for this 

investigation returned a positive effect for buffer, increasing pH. Calcium carbonate 

returned a negative effect on pH, reducing the pH of the system. The effects of alginate 

and sodium chloride are negligible, Smidsrod and DragetF1361 noted that pH was 

dependant upon both ionic strength and alginate concentration. The large negative 

effect sodium chloride had on pIH in section 6.3.4 (Figure 6.5) was not repeated here. 

The alginate*buffer interaction was significant (Figure 7.6), a question arises-, was the 

ionic nature of the buffer therefore affecting the pH more than the presence of calcium 

carbonate? The interaction between CaCO3*glycerol was also significant. At high levels 

of calcium carbonate increasing the level of glycerol reduced pI 1, which was in contrast 

to the increasc in pH at low levels of calcium carbonate. 

The plI determination was based on the values taken post sterilisation, after the 

addition of glycerol. The stability of alginate during steam sterilisation is not completely 
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knownI74,91. The stability of the alginate polymer at pHs less than 8.5 is much greater 
than at higher values1711. Thus the presence of a large number of different constituents 
in the formulation may be causing fluctuations in the results. 

7.3.2.2 pH 48H POST GELATION 

Forty eight hours after gelation the pH was predominantly affected by two factors: 

calcium carbonate and sodium chloride (Figure 7.7). Calcium carbonate was linked to 

the concentration of delta gluconolactone, added to induce gelation, by a ratio of 2: 1 
delta gluconolactone to calcium carbonate. The large positive effect of calcium 

carbonate suggests that there was an incomplete reaction. Unreacted calcium carbonate 

was increasing pH or the decomposition of calcium carbonate to carbon dioxide and 

water[62'1361 was not occurring and only the half reaction was reached i. e., HCO3 was, 

produced. The 2: 1 ratio of delta gluconolactone to calcium carbonate was designed to 

avoid this[741. 

The large negative effect of sodium chloride was a repeat from section 6.3.4 (Figure 6.6). 

AR grade sodium chloride was used to avoid impurities. However, the change in pI I 

with the presence of sodium and its affect on binding with alginate could be releasing 

protons. There was no significant interaction between these two factors. The significant 

interactions were NaCl*alginate and NaCl*CaCO3 (Figure 7.8). The NaCI*alginate 

interaction sees the changing level of sodium chloride at the high level of alginate 

reducing pH to a much greater extent than at the lower alginate level. However, at the 

lower level of sodium chloride, the pH increased with a rise in alginate concentration. 

7.3.3 Rheological Characterisation Of The Formulations In The Experimental 

Design 

The rheological properties of the formulations in Table 7.1 were characterised using the 

following methods (introduced in Chapter 2), gelling time, gel strength (G' max, G* and 

ö loss G*) and viscosity (zero rate viscosity and rate index). The results from these 

characterisation methods are found in Table 7.7. The main effects and interactions, 

calculated using ? Minitab"', are found in Table 7.8. 
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Table 7.7 The results from the Theological characterisation of each formulation in the 2 
fractional factorial experimental design (n = 1). 

Gelling 
Gel Strength Zero rate Rate 

Experiment 
_ 

time Viscosity index 
min Max G'/Pa Gv /Pa G-" /% loss Pa. s 

01 35.7 2049 1685 16.08 8.87 0.38 
02 68.3 1215 1318 3.27 

-5.92 033 
03 52.0 1214 1180 14.16 3.68 0.50 
04 43.9 1532 1151 27.37 3.82 0.49 
05 63.8 994 998 6.56 4.23 0.44 
06 59.3 1178 1310 14.86 4.31 0.49 
07 43.9 1765 1641 23.35 7.29 0.45 
08 69.2 1000 1038 1.50 8.11 0.36 
09 54.7 1378 1487 8.89 8.29 0.47 
10 45.7 1785 2051 20.58 6.49 0.50 
11 45.7 1966 2029 17.10 7.86 0.40 
12 63.8 1432 1526 2.08 6.84 0.62 
13 33.9 1270 928 24.86 4.14 0.49 
14 36.6 1449 1160 45.62 4.70 0.50 
15 47.5 1048 1262 15.78 4.63 0.52 
16 42.1 1220 1170 20.32 -4.34 0.51 

Table 7.8 The main effects and interactions of factors from the rheological characterisation 
of formulations in the fractional factorial experimental desien. 

Gelling Viscosity Rate 
time 

Ge l strength zero rate index 
Factor tests 

min max G' /Pa G/Pa (3' /% loss Pa. s 

Alginate 5.99 335.66 452.10 -9.59 3.18 
-0.030 

NaCl -7.35 -18.59 -146.40 4.76 0.69 -0.039 
Q CaCO3 -18.88 447.16 212.04 16.02 0.19 -0.024 
"S Buffer -0.34 -112.41 -77.42 -5.86 0.22 -0.003 

Glycerol -4.41 118.16 165.44 2.39 0.82 0.018 

Alginate*NaCl 2.38 -32.91 -121.86 -3.06 0.67 -0.057 
Alginate* CaCO3 -2.37 187.84 297.39 -0.68 0.15 -0.037 
Alginate*Buffer 0.79 97.91 33.45 2.77 0.015 0.004 

Alginate* Glycerol -2.37 146.84 4.25 -3.53 0.19 -0.012 
'= NaCI*CaCO 0.56 26.09 -100.34 1.37 -0.12 0.019 

3 
NaCl*Buffer 0.11 2.66 -61.61 -2.59 0.22 -0.043 
NaCI*Glycerol -1.70 50.59 36.52 3.24 -0.002 0.003 

*Buffer CaCO -2.82 15.41 40.50 -2.04 -0.13 0.013 
3 

CaCO3* Glycerol 2.60 -35.16 -97.35 -1.65 0.24 -0.052 
Buffer*Glycerol -1.47 56.91 -8.40 -2.20 -0.34 0.041 

7.3.3.1 L; ELLING, 'I'IMII 

Calcium carbonate had the largest effect reducing gelling time as the level was increased 

(Figure 7.9). This result was anticipated considering the nature of the alginate and 

calcium gcl1111g mccl1a111s111ý`ýý 
160,161,163] 
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The effect of buffer, increasing gelling time, exhibited in section 6.3.1 was not repeated. 
Thus, if the formulation required further buffering more could be added with out a large 
detrimental effect, to a maximum concentration of 0.1 M11641. The effects of sodium 
chloride and glycerol were to reduce gelling time, sodium chloride was associated with 
the binding of alginate[135,143,1581. However, the effect of sodium chloride seen here 
(Figure 7.9) was not great and suggests the significance of this binding, with regard to 

gelation, was low i. e., there was no binding of sodium by areas not associated with gel 
formationl1351 in the alginate polymer. The negative effect of glycerol, reducing gelling 
time may be a result of hydrogen bond formation(1651, between glycerol and alginate. The 

positive effect of alginate, increasing gelling time was seen in sections 5.2.4,5.2.5 and 
6.3.1. A possible cause could be the increase in viscosity associated with the increase in 

alginate level. The increase in viscosity increases the time taken for calcium to diffuse 

through the formulation. Skjäk-Brxk et a41351 saw this as the rate limiting step in gel 
formation. 

The first order interactions that occurred were of low significance, the profiles (Figure 

7.10) showed a reasonably parallel response to a change in the relevant factors. The 

largest of these interactions were between CaCO3*buffer and CaCO3*Glycerol. Delta 

gluconolactone was added in a 2: 1 ratio with calcium. The change in pH with the 

addition of more delta gluconolactone could improve the properties of alginate for non- 

covalent (hydrogen) bonding with glycerol. The CaCO3*buffer interaction increased 

gelling time, further evidence of the retarding effect of buffer. 

7.3.3.2 GEL STRENGTH 

7.3.3.2. a MAX G' 

The main factors contributing to gel strength were calcium carbonate level and alginate 

leve116274,1361, both increased G' max with increasing level (Figure 7.11). Calcium increases 

gel strength because of the number and strength of the cross linkS1621. Alginate increases 

gel strength through the amount of crosslinking areas available and the increased 

number of chain entanglement- associated with an increase in concentration'166, '61 

Glycerol had a small positive effect, possibly due to the formation of hydrogen bonds. 

.\ more significant role would be as a plasticiscrI1531, allowing the gel to withstand 

applied streSti1651 and thereby increase strength (see section 7.3.3.2. b). ''he negative effect 

of buffer and sodium chloride on G' max was a result of the retardation of gelation 
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(NB gelation was observed for a period of 3h, therefore any retardation in the release of 
calcium would reduce gel strength). Sodium chloride was associated with improved 
homogeneity through competition with calcium for binding sites[1351 and buffer retarded 
gelationl931. 

The three largest first order interactions were alginate*glycerol, alginate*CaCO3, and 

alginate*Buffer, all increasing gel strength (Figure 7.11). The alginate*CaCO3 interaction 

had the greatest magnitude, the interaction profile (Figure 7.12) confirms its 

significance, with a divergent effect from the addition of more calcium at higher levels 

of alginate. The alginate*glycerol interaction involved an increase in gel strength wt ith an 
increase in glycerol concentration. Examination of the interaction profile for the effect 

of alginate*buffer interaction on gel strength, suggests that buffer caused a slight 

reduction in gel strength at lower levels of alginate but had no effect at higher levels of 

alginate. 

7.3.3.2. b THE USE OF THE LINEAR VISCOELASTIC RANGE (LV'R) TO 

DETERMINE THE EFFECTS OF FACTORS ON GEL STRENGTH 

The LVR was used in two ways to determine the effects of factors on gel strength 

(introduced, section 2.2.2.2). The first method used the y intercept from each LR 

profile to provide a value of G* (modulus of G' and G") an estimate of the overall 

viscoelastic nature of the gel. The larger G* the greater the structure and therefore 

strength of the gell115'1161. The second method determined the change in G* with an 

increase in oscillation stress. The smaller the change in the value of G*, over the 0-150 

Pa. s oscillation stress range used, the stronger the gel. 

Sodium alginate influenced G* to a greater extent than the other factors (Figure 7.13), 

increasing G* with an increase in level. The result of an increase in viscosity and 

therefore polymer entanglements, allows the gel to withstand greater applied stress. 

Calcium and glycerol increased G*, with buffer and sodium chloride reducing G* (gel 

strength). The interaction of calcium and alginate (algiante*CaCO3, Figure 7.13) was 

large and significant (Figure 7.14). However, the interaction profile (Figure 7.14) 

suggests that there are limits to this beneficial interaction. Gels produced with low levels 

of alginate and high level, of calcium are known to be brittle1551. "Though the gels in this 

section were produced with a relatively high alginate level, the effect of calcium reducing 
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gel strength must be viewed with caution, to prevent the use of a weak gel.. - breaking 
point testI85,921 would be required to fully investigate this effect. 

The effect of sodium chloride reducing gel strength (Figure 7.13) may be due to 
increased structure from competitive binding and, therefore, its significant negative 
interaction (Figure 7.14) with alginate was evidence of this. However, the interaction 
between sodium chloride and calcium carbonate (\aCl*CaCO3) was negative, 
potentially a result of competition for binding sites on the alginate polymer. However, 

the concentration at which inert salt becomes actively competitive is thought to be 
between 0.2M11431 and 0.5M1142,1461. The effect of glycerol in this test showed that it had 

plasticising effect, increasing gel strength (Figure 7.13). The interaction of glycerol and 

calcium (CaCO3*glycerol) was significant but cannot be explained, other than in terms 

of the space between molecules being reduced at higher calcium concentrations 
impeding hydrogen bond formation. The interaction of glycerol with alginate 
(alginate*glycerol) was not significant, which suggested that glycerol was potentially 
binding more strongly with other molecules. 

The effects profile for the % loss of G* with a change in oscillation stress, (Figure 7.15) 

showed that calcium carbonate had the greatest effect and reduced the ability of the gel 

to withstand an oscillatory stress. Sodium chloride and glycerol also reduced the ability 

to withstand an oscillatory stress. This was seen as behaviour indicative of increased 

brittleness. A deviation from the expected behaviour of glycerol, a plasticiser, and 

suggests that syneresis was possibly occurring. Sodium alginate and buffer had a 

negative effect, improving the ability to withstand the oscillatory stress. Elasticity would 

improve with an increase in sodium alginate level because of an increase in polymer 

entanglements. The effect of buffer could be two fold: through the sequestering of 

calciuml1681 or a retarding effect, from the buffering of the free hydrogen ions preventing 

reaction with calcium carbonate. 

The alginate*glycerol interaction (Figure 7.16) would suggest that an increase in 

concentration of alginate improves the tolerability of glycerol.. plasticising interaction 

was not seen for G* intercept and is unlikely again here. Alginate and sodium chloride 

(alginate*NaCl, Figure 7.16) had a sigiiificant interaction, increasing the resistance of the 
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formulation to oscillatory shear. This was thought to be the result of charge screening 
inducing the unperturbed state in the alginate molecule. In the unperturbed state the 

alginate polymer can become more entangledl1161, increasing the resistance to oscillator- 

shear. Whereas, the interaction between calcium carbonate and alginate 
(Alginate*CaCO3) reduced the resistance to shear, a result of increased brittleness at low 

levels of sodium alginate and high levels of calcium carbonate. 

7.3.3.3 VISCOSITY 

7.3.3.3. a ZERO RATE VISCOSITY OF THE STERILE FORNIU'I, ATIO\S 

Sodium alginate had the greatest positive effect on viscosity (Figure 7.17). The increase 

was a result of the increase in level and a subsequent increase in the entanglement of the 

polymer molecules[146,169,170l. Alginate molecules have a very rigid conformationl140 54,1551, 

but retain some of the properties of a flexible coil in an extended form[66I. The effect of 

sodium chloride increasing viscosity was probably due to sodium binding the alginate 

molecules[1711 rather than the encouragement of the unperturbed state[116,1491, which 

would decrease the viscosity[1161. Glycerol had a positive effect on viscosity possibly due 

to hydrogen bonding, mentioned in section 7.3-2. 

The large significant interaction between sodium alginate and sodium chloride 

(Alginate*NaCI) (Figure 7.18), was further evidence of sodium binding to alginate at 

higher levels. The absence of a significant interaction between sodium chloride and 

calcium carbonate suggests that calcium was not released by the reaction of impurities 

from sodium chloride (increasing viscosity). 

7.3.3.3. b RATE INDEX 

All factors, except glycerol, had a negative effect on rate index, decreasing the shear 

thinning ability of the system (Figure 7.19). Shear thinning occurs with the gradual loss 

of entanglementsti161. The rate of re-entanglement can no longer keep pace with forced 

disentaglement and the network becomes depleted and the viscosity is reduced, '-21. The 

polymer molecules become alignedt1161. Glycerol improves the shear thinning ability, 

most probably through aiding the alignment of the alginate molecules. The interaction 

of sodium alginate and glycerol (Alginate*Glycerol), how ever, was not significant 

(Figure 7.20). 
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Sodium chloride was the most active factor (Figure 7.19); the interactions \V-ith alginate 

and buffer were both significant (Figure 7.20). Sodium chloride may well reduce the 

ability to shear thin, not only through binding of the alginate molecules but also through 

the conformation of the molecule. Sodium chloride is associated with the 

encouragement of polymers towards their unperturbed states[1161, winch decreases 

viscosity. However, in the coiled state the shear thinning ability would be reduced, as 

evidenced by the alginate and sodium chlori de interaction (alginate*NaCI). The effect of 

calcium carbonate, reducing rate index, may be due to the effect of pH on the ionisation 

of the alginate polymer. 

The effect of buffer on the rate index was very low considering its effect in increasing 

pH, suggesting that the conformation of the polymer molecule remained unaffected by 

pH. Smidsrod11401 found that the viscosity of an alginate solution remained independent 

of pH between pH 4 and 10, the low activity of buffer (Figure 7.17) being evidence of 

this. The interaction between sodium chloride and buffer (NaCl*buffer) showed no 

effect to a change in sodium chloride concentration at the lower level of buffer. At the 

higher level of buffer however, the change in rate index was markedly increased (Figure 

7.20). 

7.4 SUMMARY 

The formulations investigated proved capable of in-situ gelation, providing a structured 

gel of low absorptive capacity. The levels of factors required to develop the system 

further are discussed in Chapter 8. This study proved a rapid way of characterising the 

effects and interactions of factors in a formulation. This will allow a more considered 

view of the roles of each factor in the performance of the formulation in-rnvo. 
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CHAPTER 8 GENERAL DISCUSSION 

8.1 OVERVIEW 

The available knowledge on the ability of sodium alginate to form gels dates back to the 

1940's. The use of sodium alginate as a in-situ forming wound dressing was investigated 

by Blaine11731 and patented by McDowelll931, but a commercially available dressing was 

not produced then, nor has one been reported since then. The versatility of sodium 

alginate is not in question. In the area of healthcare, alginate has found uses in manm- 

different areas such as dental moulds[174], foamsl52'97'98], wound dressing, -5,1761, 

haemostatsi77'78°175], for cell immobilisation]168,177,178,179,180,181,182,183] tissue matrix 

materialsU166,184l and pharmaceuticalsl164,184,185,186,187,188]. In wound care fibre dressings are 

the mainstay of alginate use. Sorbsan® and Kaltostat are two prominent examples: both 

have been exposed to numerous studies involving clinical trials[11,57,58,59,611, dressing 

cytotoxoicity testsl60,189,190,191] and dental trials1192,193]. An amorphous hydrogel containing 

alginate is manufactured by Johnson and Johnson: Nugel®, which is a wound dressing 

claimed to benefit healingU1941. Nugel was characterised in Chapter 4 with two other 

amorphous hydrogels, Intrasite® (Smith and Nephew Ltd. ) and Sterigel® (SSL 

International, formerly Seton I Iealthcare). 

The long history of the use of alginate and its biocompatibilitýT suggests that its 

development as an in-situ dressing would provide a useful alternative to Cavvi-Care-' 

(Smith and Nephew Ltd. ). An alginate system would also unlock the potential of 

including proteins and other sensitive additives, in the wound dressing, to promote 

healing at the wound site. 

8.2 FORMULATION CHARACTERISATION 

The characterisation of the formulations in this project was based on rheological and 

water uptake investigations. The paucity of publications describing the absorptive 

capacity of hydrogels made this task difficult. Thomas and 1. ovelesst1951 used a `nylon tea 

bag' to investigate the absorptive capacity of a number of dressings, including an 

Intrasitc, A sheet dressing which had a semi-permeable backing. The base formulation 

was different from the one used in Chapter 4, hence a direct comparison could not be 

made. The water uptake characterisation was performed using a new method developed 

specifically for determining the absorptive capacity of amorphous and in-4111 forming 
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hydrogels. Shigeyama et aA1211 used a Franz cell in the conventional way i. e. solution in 

the lower compartment, to determine the absorptive capacity of a topical cream. The 

method developed and validated in section 2.3, used a Franz cell by filling the lower 

compartment with the gel and used the upper compartment to hold the donor solution. 
This allowed the uptake of water to be monitored by weight change over time. 

The validation was successful and proved that the Franz cell method was reproducible, 

accurate, sensitive and easy to use. The robustness of the method was tested in three 

ways. Firstly, by testing the batch of formulation, prepared three times and the Franz 

cell used, no significance was attributed to either at the 95', '0 confidence interval 

(P<0.05) (section 2.3.4.2. a). A second test was applied by using a second balance, to 

monitor the change in weight, during the linearity experiment: no significant difference 

was found between the balances (section 2.3.4.2. b). The final test of robustness was to 

change the glassware. The commercial samples were characterised using two sets of 

glassware, the two types of glassware were 1) bought Crown glass Franz cells and 2) 

custom made Franz cells by Mr Chappel (Glassblower). Water uptake results were 

compared using a one way ANOVA treating the type of glassware (section 2.3 Table 

2.5). For both Intrasite® and Nugel® there was a significant difference between 

glassware at the 95% confidence interval (P<0.05). However, for Sterigel® there was no 

significant difference at the 95% confidence interval (P>0.05). With this in mind, the 

only conclusion to be drawn was that a difference exists between the two sets of 

glassware. However, the reasons for this difference may not be solely due to glass type 

or dimensions. The physical properties of the gels may also have to be taken into 

account. Sterigel® was less viscous than either Intrasite® or Nugel® (section 4.2 Figure 

4.1). Lower viscosity could reduce gel susceptibility to the differences between 

glassware. The effects of temperature were not discussed because the laboratory \,,, a,, - not 

under environmental control. 

The accuracy and precision of the method was determined on the basis of the balance 

and its ability to provide a true measure of the change in gel weight over time. I logt er, 

the accuracy of the method in terms of its ability to model the wound environment 

requires a comparison to ia-riro studies. The validity of this method as a model of the 

wound em-ironinent was based on the restriction the Franz, cell provides, pr(v-eeniting 

complete swelling of the gel. 
In-riro, amorphous hvdrogcls arc used under a secondary 
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dressing and in combination with compression (for treating leg ulcers). Therefore during 
use the gel cannot fully swell with restriction. 

Thomas and Loveless[1951 characterised twelve commercially available hvdrogels, the 
swelling characteristics of these gels did not match the performance of the gels in-tiro. 
Thomas and Loveless[1951 concluded that the reason for this was that the swelling 
investigations did not mimic the constricted environment experienced in-tiro. The Fran, 

cell method, developed in this thesis, would present a step forward in this area. The 

enclosed environment provided by the Franz cell, could mimic the constricted 
swelling under a secondary dressing. 

The experimental designs in Chapters 5,6 and 7 were used to efficiently investigate 
different factors and develop a formulation. The Plackett and Burman screening design 

used in Chapter 6 was an excellent way to investigate a large number of factors, to 
determine their significance in the formulation and therefore decide on further 

investigation. However, the disadvantage of the design was that no interactions could be 

determined and two formulations, within the experimental design, could not be 

compared directly. This was because of the large number changes in factor lev-cls for 

each formulation. The use of a low resolution fractional factorial design could have 

helped in this, the disadvantage was that to be confident of the data quality a number of 

repeats would have to be performed. The advantage of the Plackett and Burman design 

was that the random error for a particular factor effect was spread over the whole 

experiment, because factor effects cannot be calculated without consideration of all 

results. The significance of an effect for a factor was determined by using the centre of 

the experimental design domain to find the random error for a particular test and then 

use this result to apply to the significance of an effect (a limiting value). If the effect of a 

factor was greater than the limiting value, an effect was considered significant. 

The choice of factors for further investigation was determined using a tally of the order 

of significance for each physical characterisation test. The factors with the greatest effect 

in all characterisation tests were considered for further investigation. The amount of 

hvaluronic acid available for use restricted the number of factors to five. The 

experimental design used to investigate these factors, was a fractional factorial design. 

Characterisation tests were performed only once, except for water uptake. This suggests 
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that the confidence in the data would be low without further repeats. However, the 
repeat formulations from the Plackett and Burman design indicate that the results of the 
tests were repeatable and accurate. Repeating the sixteen experiments three times to 
provide a concrete set of data was not feasible. 

The full factorial designs used in Chapter 4 were time consuming, though informative. 

the single data points used for the rheological characterisation reduced the quality of the 
data. However, the water uptake data was based on the results from six Franz cells for 

each formulation (i. e., n=6). 

8.3 IN-SITU GELLING WOUND DRESSING DEVELOPMENT 

The investigations from Chapter 4 were not successful with regard to developing an in- 

situ gelling wound dressing, the gels produced were amorphous hydrogels. The method 

used to prepare the gels was potentially flawed. Sterilising the gels after mixing, rather 

than mixing sterile formulations to form a gel, was not a true test of how the 
formulations were required to perform. In terms of the absorptive capacity of the gels 

compared to a blank alginate solution, the only improvement seen was with Aquasorb'R 

based gels. Celquat® reduced and Natrosol® had no effect on the absorptive capacity. 

The charge of added polymer could go some way in describing the properties of the 

alginate polymer systems produced. The Aquasorb® polymer (sodium carbox)'tnethy'l 

cellulose) had a negative charge available for hydrogen bonding water from the pendant 

group. Celquat®, by contrast, had a large, positiv-ely charged, ammonium group as the 

pendant group. Natrosol® had a neutral overall charge, the hydroxyethyl groups possibly 

masking the absorptive nature of the polymer backbone. 

The Natrosol'IP system (section 4.4.5) can be described using the 3° ow/WW \atrosol' and 

8°%w/w 1\Iginate formulation (summarised Table 8.1). The relatively low viscosity 

compared to other formulations, was a potential benefit. f lows ver, this was tempered 

by the low creep recovery results. The formulation would be easy to syringe but would 

not regain enough structure to remain in the wound without secondary bandaging. 

NatrosoP was chosen for its shear thinning ability, so that higher concentrations could 

be used and still remain easy to syringe into the , round. I lo cv c r, the rate index (result 

0.6) was much lower than expected for a system designed to have good shear thinning 
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properties. The effect profiles for the effects of factors on rate index (Figtue 4.26) show 
that Natrosol® increased shear thinning with an increase in level. The water uptake 

result was lower than blank alginate but higher than Celquat-*. This suggests that 
discounting the Natrosol- formulation out of hand may be premature. 

Table 8.1 A summary of results from the characterisation of amorphous hvdrogels from 
Chapter 4 (Section 4.2.2 and Tables 4.5,4.6,4.9,4.10,4.13,4.14,4.17 and 4.18). 

Formulation Viscosity Rate Index Creep Recovery Water Uptake 
%w/w Pa. s - % g/g/cm2/24h 

8% Alginate 123 0.4 36.3 0-042 
+3% Aquasorb® 18850 0.8 70.0 0.043 
+3% Celquat® 4187 0.5 48.5 0.030 
+3% Natrosol® 5186 0.6 33.0 0.040 

Nugel® 40630 0.6 44.3 0.041 
Intrasite® 62510 0.7 59.3 0.039 
Sterigel® 6312 0.7 84.3 0.023 

Celquat®, by contrast (section 4.4.4), was less viscous and had a much lower rate index, 

creep recovery and water uptake capacity. The reason for this could be explained by 

there being a positive attraction between the quaternary ammonium group on the 

Celquat® polymer and the co-ordinating G block regions of the alginate polymer, 

resulting in a reduced capacity to shear thin. This type of attraction is a possibility 

according to Smidsrodl1361. An alternative to this physical interaction is a chemical 

interaction. Taguchi and TanakaI1961 investigated the crosslinking of hyaluronic acid and 

collagen, negatively and positively charged respectively. They found that acidic and basic 

groups on the respective polymers were prone to react. Such a situation could explain 

the negative effect Celquat® had on the water uptake capacity (Figure 4.12). Steam 

sterilisation would provide conditions for a reaction to progress. 

The final system studied was composed of sodium alginate and Aquasorb A (section 

4.4.6). The viscosity of the formulation was the highest of the four systems developed 

('t'able 8.1) but remained approximately half the viscosity of Nugel'. This relatively large 

viscosity was tempered by a high rate index, which showed that the formulation was 

potentially able to shear thin, providing a much easier formulation to syringe than 

Nugel" or IntrasitcR. The improved shear thinning compared to the \atrcýsco1" 

formulation was explained by the charge of the polv-mer, the negative charge prevents 

extensive polymer entanglements and also ensures that under stress the polymers flow 
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past each other with much greater ease. The presence of sodium chloride in the 
formulation could prevent this from occurring, through charge shielding. 

The presence of Aquasorb RJ in the formulation had a greater effect on the water uptake 
capacity of the formulation compared to either Natrosol® or Celquat-". Aquasorb, 
increased absorptive capacity to a greater extent than that of sodium alginate alone 
(Table 8.1). The charged carboxy group and counter ion were thought to provide a 
much greater potential for binding water. The method of determining the absorptive 
capacity could also affect the results. The linearity experiment, carried out during the 
Franz cell method validation (section 2.3.4), suggested that as concentration increased 

the ability of the Franz cell to allow proportional swelling was diminished (Figure 2.13). 
The Franz cell environment was physically challenging the formulations, as a result their 

ability to swell was being diminished. Increasing the final time point from 24h to 48h or 
72h, would provide a method to reach full capacity of the gels and determine the time 
for which the gels could be kept in the wound. 

Calcium was present in the alginate polymer systems to induce gelation. This was based 

on the principle of a delivery system consisting of two syringes. To expel the contents, 

the syringes would be emptied together through a mixing nozzle: a double barrel 

syringe 197,981. Mixing the solutions together; syringe 1 containing polymer and calcium 

solution and syringe 2 containing sodium alginate solution, would lead to gel formation. 

However, considering the speed at which calcium can induce alginate to ge111971 the 

scenario where the gel formed during mixing, blocking the nozzle, was far more likely to 

occur. The beneficial properties of Aquasorb'R on the alginate polymer system suggest 

that calcium would not be required to develop the formulation as an amorphous 

hyydrogel. The formulation was a dirty green colour, which looked rather disgusting and 

would result in poor patient efficacy. Improving formulation colour by mixing the 

alginate solution with activated charcoal then filtering, to produce a much lighter almost 

transparent solution119s1, was considered a necessary step prior to manufacture. 

The gelation of an alginate formulation «as achieved in Chapter 5 using the methods 

described by Draget et aai4 4»11 to develop a microbiological culture media. Draget et a/ 

(, 4.911 used calcium carbonate as an insoluble sequestering agent and the slow addition of 

pul acidic proton, di, -, -,,, (, )I-, -cd calcium carbonate to release calcium ions, carbon dioxide 
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and water. Hydrolysis degraded delta-gluconolactone to gluconic acid, releasing an acidic 
proton. The binding of calcium occurs in secondsl'971, a problem which causes gel 
heterogeneity. This arises when the alginate forms a gel before calcium ions can diffuse 

evenly throughout the system. Even mixing of the system with an insoluble salt, of very 

small particle size, avoids this problem. The presence of gluconic acid may restrict the 

use of such a dressing in diabetic patients, though the body is able to tolerate its 

presenceI199'2001. 

The gelling system investigated in Chapter 5 was developed further in Chapter 6, with 

the addition of excipients. A Plackett and Burman screening experimental design was 

used to investigate the effects of ten factors on the performance of the formulation. 

These factors were 1) Sodium alginate, 2) Sodium alginate type, 3) Calcium carbonate, 4) 

Sodium carboxymethyl cellulose viscosity, 5) Sodium carboxymethvl cellulose 

concentration, 6) Glycerol, 7) Hyaluronic acid, 8) Sodium chloride, 9) Buffer and 10) 

Gelling temperature. The screening procedure was effective in determining the influence 

of these factors on the alginate gelling system. The most active factors were chosen for 

further investigation, these factors were alginate concentration (b 1), calcium 

concentration (b3), glycerol concentration (b6), sodium chloride concentration (b8) and 

buffer concentration (b9). These factors were investigated in Chapter 7 using a 

fractional factorial experimental design that estimated the main effects and first order 

interactions of factors at two levels. 

The effects of sodium chloride on sodium alginate are well documented[81'135,140,142,143, 

14o, 158,170,171,2011. The presence of sodium chloride in the formulation reduced absorptive 

capacity. This could simply be an osmotic effect. However, sodium ions were associated 

with binding sodium alginate in a number of studies[135,142,143,145,146,15x[. The pl I of the 

formulation was such that alginate would be fully ionised[143,157[. Thus, the potential for 

free sodium ions to be bound was high. 

The effects of sodium chloride cannot be fully delineated from the experiments carried 

out. The effects of sodium chloride on polyelectrolytes include 

conformationalh13-. 1u2, tat, 2o3,? o4i and physical effeetsI152,169,2051. The co nformatiunal effects 

of sodium chloride are thought to be surpassed at an alginate concentration of ' 
"ICI. 

The beneficial effects of sodium chloride were ii reducing ºelling time, iii improved 
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strength, iii) reducing pH of the formulation and iv) increasing shear thinning (section 
5.2.5). The gel strength profile in section 5.2.5, shows sodium chloride had a greater 

effect increasing gel strength at lower levels of sodium alginate and calcium carbonate, 

which was also noted by Zheng et ad1421. The effect of sodium chloride reducing p1-I, 

could be explained by the Henderson Hasselbalch equationI2071; ionic strength, 

accounting for activities, reduces pH. The increase in shear thinning imparted by the 

sodium chloride seen in sections 5.2.5.2. f and 6.3.3 would be beneficial when s)-ringuig 

or pouring the formulation into the wound. The reason for this increase may be that the 

binding of sodium was such that the viscosity increased, but the low strength of the 

binding left the attraction susceptible to shear dependant behavlourl116.1721, an effect 

observed by Herraez-Domingeuz et ad2081 when investigating sodium carboxymethyl 

cellulose. 

Sodium alginate was the dominating factor, with the largest effects in most areas of 

performance. The level of alginate was constrained by the viscosity- required: liquid 

enough to pour or syringe easily (plastic 5ml syringe; no needle), but capable of 

absorbing water when in the gel state. The level of calcium carbonate controlled the 

gelling time. However, the more alginate used the greater the amount of calcium 

required to induce gelationl741. The strength of the gel was determined by the G. M block 

ratio 162,99,136,145,209 and the level of calcium carbonate. 

The type of alginate used in the factor influence study (Chapter 7) was Protanal 

I, F10/60 which had a guluronic acid content of 69°0991 and a molecular %veight of 190- 

210 kDa 199,1561, the gels from this alginate are strongl99'209,2101. The high level of C 

residues gives mechanically stronger gels with enhanced stability to anti-gelling ions and 

calcium sequestrantsl1T81. The MG block regions in alginate polymers have been 

associated with water absorptionI145l, the effect of sodium chloride on the absorptive 

capacity could involve these regions. 

The ability of alginate to absorb water was reduced by the presence of calcium, so much 

so that in the wound environment serum could prevent the formulation from absorbing 

any fluid, the result of the effect of salt on a poly-elcctrc)l}-te[613,152,205[. Simply increasing 

the level of alginate was not practical because of the associated increase in viscosity . 
The 

incorporation of alginates of a different type was an alternative, but the type used in 
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Chapter 6 (Protanal LF 10/60D) had associated problems with viscosity and gel 
strength. The use of alginates with lower levels of glucuronic acid would require higher 
levels of calcium to form a strong gel. The associated effect of calcium carbonate. on 
pH and therefore stability, would be detrimental and a larger amount of delta 

gluconolactone would be required to release calcium ions. There are reports that high 

concentrations of calcium in the wound are detrimental to wound healing{60,1-61 

The stability of sodium alginate during sterilisation was considered acceptable but 

the storage of the molecule at a pH where a degradation pathway existSI-1,211 required 

accurate control of the formulation pH. Smidsord and Haug171,2121 investigated the pl I 

stability of alginate and found that with small changes in pH, the stability- Evas 

considerably improved. The closer to pH 7 the more stable the alginate molecule would 

be171,2121. The tests were performed at elevated temperatures. At lo\t. -er temperatures, the 

stability would be greater, but during sterilisation the pH must be as close to 7 as 

possible. The interaction of alginate and sodium chloride had a number of benefits. It 

improved the shear thinning and reduced the pH (section 5.2.5). Therefore higher levels 

of alginate could be used, but the negative effect of sodium chloride on water uptake 

(Chapters 5,6 and 7) suggests that sodium chloride level must be kept low. 

The formulations investigated in Chapter 4 contained similar levels of calcium to the 

formulations in Chapter 6, but remained amorphous. The result of the method of 

calcium introduction completely altered the state of the formulation. The pH induced by 

calcium carbonate had a number of disadvantages, i) the stability of the alginate 

molecule was compromised by high pH["2121 and ii) the wound will not tolerate high 

pI 1111. However, the rapid change in p1I (Appendix 2) suggests that after 15 minutes, a 

pI I acceptable to the wound was achieved. 

The reaction of calcium carbonate with the acid proton, released by delta 

gluconolactone, should proceed to completion i. e., carbon dioxide and water. I lowcver, 

bubble formation in the formulations was low, which was related more to the viscosity 

of the formulation allowing carbon dioxide to escape prior to gelation. However, the 

rising pH (Appendix 2) suggested that reaction of calcium carbonate v. -ith the acid 

proton did not go to completion and the bicarbonate ion remained. The role of the 
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buffer must not be ruled out, not only in terms of its ability to absorb a proton but also 
in its ability to sequester calcium. 

Sodium alginate level affected both gelling time and gel strength. As the level of alginate 
was increased gelling time increased (sections 5.2.4,5.2.5,6.3. E and 7.3.3.1), possibly a 
result of the associated increase in polymer entanglement with an increase in polymer 
concentration. Though the proximity of the polymer chains increases, the time taken to 
form stable junction zones increases. The minimum number of glucuronic acid 

monomers required to form a stable junction zone is thought to be between 141631 and 
20[133,1341. The high glucuronic acid content alginate Protanal LF10/60 would ensure a 
high number of G block sequences with a sufficient number of glucuronic acid 

monomers. The ability of the polymer chains to align would be reduced by the increase 

in entanglement. 

Awad et ad2131 found that gel strength was dependant upon sodium alginate 

concentration. Protanal LF10/60 used in this study had a high glucuronic acid content 

alginate, associated with forming strong gels. However, the effects of increasing alginate 

level were contradictory in Chapter 5. Results section 5.2.4 suggested that increasing 

alginate level increased gel strength whereas those in section 5.2.5 suggested that 

increasing alginate level reduced gel strength. An interaction with sodium chloride must 

be taken into account for this difference. The effects of increasing alginate level in 

section 6.3.5 were to reduce gel strength. However, the effect of alginate type was 

demonstrated when considering the effect of alginate type. Increasing the level of 

alginate type from a low to high glucuronic acid alginate (LF10/60D to Ll; 10/60) 

increased gel strength. The level of calcium carbonate also affected gel strength. The 

effects were dependent upon the type of alginate used, because the G/ M ratio dictates 

the properties of a gel (section 1.4). A high level of calcium in a high G content gel 

could lead to syneresis'621. Gels formed without svneresis would tend to be hard and 

brittle, whereas, a low level of calcium with a high G content alginate solution a gel may 

not form. 

In Chapter 7 different methods for determining gel strength were used in addition to the 

G' max method used in previous sections. Though the increase in the level of alginate 

using °ö loss G* suggested that gel strength was decreased by an increase in alginate 
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level, the determination of G' Max and G* intercept both indicated that increasing 

alginate level increased gel strength. The disadvantage of the gel strength tests, used in 

this study, was that they were performed 3h post gelation, gelation using sequestered 

salts is thought by some authors to take up to 24h 

The presence of a buffer in the formulation did not prevent gelation occurring. This was 

the main worry associated with its inclusion. McDowellh3l, Monshipouri and Price 11681, 

and Kuo and Ma11661 have actively used phosphates as sequestering agents. The dissolved 

calcium was sequestered by phosphate, before binding, thus retarding gelation. The role 

of buffer was discussed in section 7.3.2. The pH profiles in Appendix 2 show that the 

pH drops dramatically from pH 8 to pH 6 over approximately 3h and then rises, slowly 

afterwards over 24h. A pH 6.5-7 was seen in most formulations after 48h, which was 

acceptable for a wound dressing. 

Water uptake, gelling time and shear thinning were all improved by, the presence of 

glycerol. Glycerol was included primarily as a plasticiser and improved gel strength 

(sections 6.3.5 and 7.3.3). When the gel dried the glycerol imparted soft and malleable 

properties, ensuring that the gel would not harden and disrupt the wound environment. 

Glycerol was not steam sterilised because it is an organic liquid, the sterilisation method 

used was 150°C for two hours[214]. The inclusion of this factor in the formulation could 

therefore complicate its manufacture. This was the only drawback associated with the 

use of glycerol. An alternative method of sterilisation would be gamma (y)-irradiation, 

but this is known to damage the alginate moleculeI73l. Alternative plasticisers are sorbitol 

and propylene glycol, both having humectant prop erties[1531. 

The choice of five factors for further investigation left five factors at a constant level. 

The levels chosen were based on the screening procedure (Chapter 6). The gclllllg 

temperature was set at 25°C standard temperature, because temperature had , -cry little 

effect on the formulation. The choice of LF10/60 as the type of alginate was based on 

the LF 10/60 having a lower viscosity which ruled out the use of I. 11O/60D, though 

the use of l. F 10/60LF in future formulations was not ruled out. Sodium carboxvmcthvl 

cellulose (low viscosity) was kept at a level to ensure that advantage could be taken of its 

shear thinning ability without increasing the viscosity of the formulation to 

unmanageable levels. The studies of Chapter 4 showed that a high concentration of 
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Aquasorb"' (sodium carboxymethyl cellulose) was required in a formulation to increase 

the absorptive capacity above that of blank alginate. The concentration of sodium 

carboxymethyl cellulose must be kept below 5% because of a toxic effect toward cells at 
that levelt2151, but, such a concentration would be impractical to use as a gel because of a 

very high viscosity. The level of hyaluronic acid was dictated more by the availability of 

stock, though the screening procedure showed hyaluronic acid to have a neutral 
influence on the formulation. At higher concentrations, its effects on water uptake and 

viscosity may become prohibitive. Again the stability of the hyaluronic acid during 

sterilisation was a considerationl2161 

The biocompatibility of alginate as mentioned earlier (section 1.4.6), has been brought 

into question[58,59,601. High M block alginate was thought to elicit a foreign body reaction, 

which can impede healing. Klöck et aA67I found that low molecular weight fragment 

which leaked from a dressing, lead to a foreign body reaction. Other investigation,, have 

found alginate contains phenolic compounds[2171, an artifact from manufacture and 

many immunogenic factors[671. Methods have been developed to remove these 

compounds from alginate improving stability and biocompatibility[671. The calcium 

carbonate method of internal gelation is quoted as being mild and non tox1C11661, but 

before further development could be undertaken the formulations would have to be 

tested for toxicity either by the British standard method[189,218[ or the L929 mouse 

fibroblast method developed by Spyratou[231 and used on numerous occasions as a 

sensitive test of toxicity[60,219,220[. 

Advances in the area of scarless healing of secondary wounds11081 prompted the 

inclusion of hyaluronan, which plays an active role in the reduction of scar tissue'1101 and 

has a wider role in wound healing{lo-, 108,221,2221 
. 

Foetal wound healing studies have 

demonstrated scarless healingl "111 with the general acceptance that foetal wounds heal 

by regeneration11111. Amniotic fluid11041 and foetal skin12231 are rich in hyaluronan, but, 

adult skin still heals with a scar when bathed in amniotic fluidU'21. In non-foetal models 

hyaluronan facilitates healing{100,2151. The role of hyaluronan in wound healing still 

remains to be properly elucidated11071 but there is no doubt that it has a beneficial effect 

upon healing{ 224.751. The use of growth factors to promote scarless healing is also an area 

of current research Alginate is seen as an ideal method for presenting 

agents to the wound in a controlled manner1 41, but, the role of individual ggro th 
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factors is a matter of debate. Transforming growth factor 3-1 was shown to promote 
healing42w2301 and reduced scar formationl2311. 

The promotion of healing by the inclusion of factors beneficial to the healing wound 

was investigated by Viljanto and Raekalliol 21 and more recently by Lindenbaum et aA23I. 
The major fear would be that such a method provides an en-, -ironment ideal for bacterial 

growth. Neither investigation[232,2331 mentioned the presence or promotion of infection. 

Lindenbaum et a131 used frequent dressing changes and washes to prevent infection, 

antibiotics were not used. In fact topical antibiotics are actively discouraged[2-Z2341 and 

they are even thought to retard healing. Their systemic use has no affect in the topical 

environment[161 

8.4 CONCLUSION 

In conclusion, this study introduced a new method for the characterisation of the 

absorptive capacity of wound gels (amorphous and in-situ gelling). The method was 

validated as accurate, reproducible and sensitive. The investigations carried out in 

Chapter 4 produced an amorphous hydrogel that could compete with Intrasite"" (Smith 

and Nephew Ltd. ) and Nugel® (Johnson and Johnson), based on the characterisation 

methods that were used. The formulation was 8%w/w Sodium alginate (LF10/60, }-; MC 

Biopolymer) and 3%w/w Aquasorb® A500 (Hercules). However, the formulation did 

not fulfil the aims of this thesis; to develop an in-situ gelling wound dressing. 

Chapters 5,6 and 7 covered the development of an in-situ gelling wound dressing that 

fulfilled the aims of this thesis. The properties of the dressing (Chapter 7) were also 

capable of fulfilling the ideal properties of a wound dressing (section 1.3 Table 1.5). The 

. formulation that would be beneficial as a wound dressing is detailed in Table 8.1 
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Table 8.2 A formulation for an in-situ gelling wound dressin 
Constituent Amount Unit 

Sodium alginate 5.5 ° öw/w 
Sodium chloride 0.25 °, öw/w 
Calcium carbonate 0.22 %w/w 
Phosphate buffer 0.25 ° öw/w 
Glycerol 5 %w/w 
Sodium alginate type LF 10/60 - 
Sodium carboxymethyl 
cellulose type 

low viscosity - 
Sodium carboxymethyl 0.62 o/ow /w 
cellulose 
Hyaluronic acid 0.05 0 ö«; /w 

A gel formulated as above would gel within approximately Ih. A secondary dressing 

would be required to ensure efficacy. The gelling formulation could be put to use in the 

treatment of burns and leg ulcers. In the treatment of burns it would be used by 

covering the wound with the formulation as it gels. The loss of water to the atmosphere, 

from a wound covered in the gel, would cool the wound and regulate exudate 

absorption. Any secondary dressing employed would have to be selected to allow 

vapour transmission. The use of the gel in conjunction with compression would help in 

treating leg ulcers. 
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CHAPTER 9 RECOMMENDATIONS FOR FURTHER WORK 

The following comprises a summary of recommendations for further work. 

The Franz cell method for determining the absorptive capacity of hvdrogels, was 
validated in section 2.3. This method requires further investigation before it can 
accepted as an in-vitro model of the wound environment. Investigating the effects of cell 
dimension on the absorptive capacity and the internal pressure exerted by swelling gels 

would allow a comparison to the in-vivo wound environment. The validation of the 

method using a serum mimic would also be required. 

The physical hydrogels investigated in Chapter 4 exhibited interesting properties. The 

formulation 8%w/w Sodium alginate (LF10/60, I; yIC Bioploymer) and 3" ýýw/w 
Aquasorb® A500 (Hercules) was seen as a potentially viable wound dressing. 

The il/-silo dressing developed and characterised in Chapters 5,6 and 7 would require 

further development to produce a commercially viable product. Initially the method of 

delivery, cytotoxicity work and the absorptive capacity in the presence of a serum mimic 

were seen as important areas of investigation. Integrating the cvtotoxicity -\-,,, work with an 

experimental design would allow the investigation of formulation performance and its 

efficacy at different stages prior to and during application to the wound. This would also 

indicate why a dressing of a similar type has not been developed commercially. 

The type and source of alginate was seen as a further area of investigation to maximise 

absorptive capacity, gel strength and gelling time. Haug et a#4I used bacteria as a source 

of alginates and investigated genetic modification to produce specific types of alginate. 

It is also possible to tailor an alginate polymer by t»-r. ýrlro enzymatic modifications 351. 
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APPENDIX 1 OERTLING BA ANCE CALIBRATION 

Table A1.1 Balance calibration data recorded for 10 repeat weighing for each calibration 
point (weights not traceable). 

Oertling balance Balance reading /g 
Weight /g 0.05 0.5 5 50 100 200 

1 0.052 0.4989 5.0009 50.0112 99.96 200.0096 
2 0.0518 0.4985 5.0012 50.0111 99.9601 200.009 
3 0.0519 0.4986 5.001 50.0111 99-9605 200.0101 
4 0.0517 0.4988 5.0012 50.011 99.96 200.0094 
5 0.0517 0.4988 5.0012 50.0112 99.9601 200.0095 
6 0.0515 0.4988 5.0012 50.0111 99.9604 200.0096 
7 0.0518 0.4987 5.0014 50.0112 99.9609 200.0094 
8 0.052 0.4987 5.0011 50.011 99.9604 200.0094 
9 0.0517 0.4987 5.0013 50.0111 99.9601 200.0097 
10 0.0516 0.4987 5.0015 50.0114 99.9605 200.0091 

Mean 0.0518 0.4987 5.0012 50.0111 99.9603 200.0095 
STDEV 0.0002 0.0001 0.0002 0.0001 0.0003 0.0003 
RSD 0.3161 0.0228 0.0035 0.0002 0.0003 0.0002 
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Figure .\1.1 
Linear regression analysis of balance calibration data; r' value of 0.9999. 
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APPENDIX 2 INVESTIGATING THE pH PROFILE OF THE CALCIUM 

CARBONATE/ SODIUM ALGINATE SYSTEM DURING GELATION 

A2.1 AIM 

The aim of the experiment was to observe the change of formulation pII with time 

during gelation. The factors, their levels and the Plackett and Burman experimental 

design are outlined in Tables A2.1 and A2.2 respectively. 

Table A2.1 Factors and levels for the Plackett and Burman screening design_ 
Factors to be screened levels + 0- 

Sodium alginate (%w/w) x1 3 3.5 2 

Alginate type X, if 10/60 lflO/601s lt 10/60d 
Calcium carbonate (%w/w) Xj 0.32 0.24 0.16 

Carboxymethyl cellulose ('i) 
1 High Medium Low 

Carboxymethyl cellulose 
(%w/w) 

X5 1 0.7-) 0. 

Glycerol (%w/w) 5 2.5 0 

Buffer (%w/w) t7 1 0. -) 0 

Table A2.2 Experimental design for Plackett and Burman screening procedure. 
Factor X' X2 X, X, XS X6 X, 

Experiment 
1 + + + - + - - 
2 - + + + - + - 
3 + + + - + 
4 + - - + + + - 
5 - + - + + + + 

6 + - + - - + + 

7 + + - - - - + 

8 
9 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 

A2.2 METHOD 

The materials were equivalent to those in section 6.2.1. The methods for gel 

manufacture can be found in section 7.1. 

A2.3 RESULTS 

"1'hc results are represented graphically below I'i ire . 
ý' 1 ý2 3 
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Figure A2.1 The pH profiles of formulation 1,2,3 and 4. 
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Figure A2.3 pH-1 profiles of formulations 9,10,11 and 12. 

A2.4 DISCUSSION 

3000 3500 

The use of a Plackest and Burman experimental design was to match the formulations 

being prepared in Chapter 6 as closely as possible. However, the presence of buffer in 

the formulation made it difficult to model the profiles to determine the effects of 

factors. The experiment does show the pH at 48h remains within the range of pH 7.5- 

5.5. The change of pl-1 from 8-9 is very rapid, with the pl-I falling to below pl 17 in the 

first 1 Omin during gelation. 

A2.5 CONCLUSION 

The experiment gave an insight into the pi I changes occurring during the gelation of the 

calcium carbonate/alginate system. The pl I change was rapid enough for the dressing 

to be placed on the wound at a value close to neutral. 
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Determination of bleomycin in bioadhesive formulations by 
gradient-elution HPLC 

M. POWELL. G. P. MOSS, J. W. GILKES AND M. T [) CRONI\ 

School of Pharºrracr and Chemistry', Liverpool John Moores University. Byrum Sirre-1. 
Liverpool L3 3AF 

Bleomycin is a mixture of antineoplastic antibiotics 
employed in the treatment of various squamous cell 
carcinomas, including those of the cervix and the 
skin, and in the treatment of Hodgkin's disease and 
other lymphomas It has been formulated for localised 

administration to the cervical canal as double-layered 

sticks (Iwata et at 1987) or as a compressed disk 
(Machida et at 1979). The aim of the present study 
was to develop a rapid HPLC assay for the 
determination of bleomycin in bioadhesive dosage 
forms based on those reported previously (Woolfson 

et al 1995). 
Formulations were prepared using methods 

discussed previously (Woolfson et at 1998). Analysis 

was performed by reverse-phase high performance 
liquid chromatography (HPLC) on a Waters Alliance 

system with photodiode array detection. The column 
used was a Waters NovaPak (3.9mm x 150mm; 5µm 

d. p) at 30°C. The mobile phase consisted of HPLC 

water and acetonitrile, each containing trifluoroacetic 

acid (TFA) (0.1%). Gradient elution was performed 
at 1.0 ml min-' (Table 1). 

Cline mies 0 5 10 11 12 15 
/oA (Acetonitri[c/TFA) 10 20 50 50 10 10 

/o13 1-[20(rFA 90 80 50 50 90 90 

Table 1. Experimental conditions for gradient elution l-IPLC 

analysis of bleomycin. 

Wet formulations were spiked at two levels (1.5 

and 0.15 units g") with bleomycin sulphate USP. 

The purpose of the lower level sample was to 

characterise the performance of the method close to 

the expected limit of detection. A calibration curve 

was constructed by spiking HPLC water with 
bleomycin covering the range 0-3.0 units g". 
Samples (n = 4) were prepared for analysis by 100- 

fold dilution with HPLC water. 51iL of the resulting 

solutions were injected and a chromatogram 

extracted at 290nm from the diode array data. Areas 

from the two major bleomycin peaks (USP, 1985) 
were compared to standards and mean recoveries 
calculated (Table 2). Limits of detection were 
determined from signal to noise ratios (6.1) on the 
sample spiked at 0.15 units g'' (Table 2). 

Peak I Peak 2 
Retention times min 3.28 3.89 

0.994 0.999 
% recovery from gels 
(1.5 units " 

91 ± 6.5 86 ± 6.4 

% recovery from gels 
(0.15 units '' 

162 ± 21 148 ± 39 

Limits of detection 

units/ 
0.3 0.45 

Table 2. Recoveries and limits of detection for blcomycin USP 
in bioadhesive formulations 

Determination of peak areas corresponded to the 

requirements for bleomycin analysis (USP, 1985). 
The results obtained indicate that the method 
employed may be used to determine reproducibly 
therapeutically relevant levels of bleomycin with a 
limit of detection of 0.3 units g''. Chromatograms 

obtained from standard samples and formulations are 
readily comparable, indicating both the full and 
efficient extraction of bleomycin from the dosage 
form. Further, the use of a gradient elution method 

ensures that all the relevant peaks may be determined 

within 10 minutes, compared to the 30 minutes of the 

established method of analysis (USP, 1985). 

Iwata, M. et al (1987) Drug Des. Del. 1: 253-260 
Machida, Y. et al (1979) Chem. Pharm. Bull 27: 93-100 
U. S. Pharmacopeia XXI (1985) 126-127 
Woolfson, A. D. et al (1995)1. Cont. Rel. 35: 49-58 
Woolfson, A. D. et al (1998) I. M. 1. Pharm. In press 
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Water absorption by wound gels: 
validation of a wound model. 

JONATHAN W. GILKES, JAMES L. FORD, PHILIP H. ROWE 
and JASPAL S. MALHI. 

School of Pharmacy and Chemistry, Liverpool John Moores 
University, Byrom Street, Liverpool. L3 3AF. 

Hydrogels are utilised for their ability to absorb 
wound exudate and facilitate the successful healing 
of a wound (Thomas 1990). There is a paucity of 
methods describing the capacity of wound gels to 
absorb water. The aim of this study is to validate a 
method for determining the absorptive capacity of a 
wound gel, using Franz cells. These are normally 
used to determine the absorption of substances 
across a semi-permeable membrane (Brinon et al 
1999). The cells were adapted to model the wound 
environment under a secondary dressing, providing 
a realistic and efficient method for determining the 
absorptive capacity of a gel. 

C 

Figure 1. Schematic diagram of a Franz Cell. 

9> 

Three batches of 8% w/w sodium alginate were 
prepared by dissolving sodium alginate (Protanal 
LF 10/60, Pronova Bioplovmer) in isotonic calcium 
chloride solution. The beneficial properties of 
sodium alginate products in wound management 
have been well documented (McMullen 1991). For 

each batch. three separate Franz cells were used 

(Table 1: A. B&Q. and the results duplicated 
(Table 1: X,, X2etc). Samples were poured into the 
lower compartment (A) of a Franz cell (Fig 1). The 
Visiting tubing (C) and upper compartment (B) 
were then secured in place, using a horseshoe clamp 
(E). To ensure no sample loss due to swelling or 
drying during the experiment. an extra piece of 
plastic tubing With a cover (D) 'vas attached to the 
side arm Water absorption was observed by 
recording the change in weight of the Franz cell 
with time. Compartment (B) was emptied of eater, 
dried with tissue paper and the weight recorded at 
hourly intervals for 12 h then at 24 h 

Table 1. Water absorption results at 24 h 
(g water: g alginate gel). 

Batch Fratz Cell 
A B C 

X, 0.049 0.055 0.058 
X2 0.057 0.053 0.058 
Y, 0.054 0.050 0.056 
Y2 0.056 0.056 0.056 
Zi 0.052 0.047 0.053 
Z 0.055 0.056 0 ºº5 3 

Representative data (24 h) arc seen in Table 1. The 

mean absorption for 3 batches was 0.054 g water/ g 
alginate gel (n = 18, SD = 0.003 g water/ g alginate 
gel and RSD = 5.7%). A two wav- ANOVA %%-as 
performed treating both batch (X. Y& Z) and cell 
(A B& C) as factors: no significant effect of either 
factor was demonstrated (P>0.05). The method has 

proved to be efficient and repeatable. It is suggested 
that this is a useful method for determining water 

absorption by gels used in wound management. 

Brinon L. et al (1 999) Journal of Control lei Rdeax: 

60: 67-76. 
McMullen. D. (1991) Dcnnatolog' and Nuxng 3 216-217 

Thomas. S. (1990) Ný*ogel L)resq* ngs In I hurra.. S Wound 

Management and I)res ngs The I1utmnaceutical Prs. 

London, pp. 50-5-I 
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