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Abstract

Carmen-Mirela TUDORICA

An evaluation of the role of soluble and insoluble dietary fibres in affecting the

physico-chemical and nutritional characteristics of cereal and dairy based food

products

Current dietary guidelines recommend high dietary fibre (DF), low fat and low glycaemic
index (GI) diets as means to prevent or manage diet related chronic diseases which have
become increasingly frequent amongst younger individuals. However there is a shortage of
such products on the market.

This study investigates the behaviour of DF in cereal and dairy systems with the aim to
screen for DF ingredients that may lead not only to nutritionally valuable, but also to good
quality, palatable functional foods. A range of insoluble and/or soluble DF was used in
cereal (bread and pasta) and milk (fresh cheese and yoghurt) formulations and their
influences on the structural, textural, rheological and overall quality of the products were
assessed.

The results indicate that DFs can be successfully used to design good quality functional
cereal or dairy products, with acceptable or improved attributes. However, it was shown
that there is no generic behaviour, which can be applied for each product. Instead, a careful
selection of suitable DFs and levels needs to be carried out in relation to the type of
product to be made in order to ensure that such products meet consumer expectation with
regards to overall quality and sensory characteristics.

In vitro and in vivo studies carried out strongly demonstrate that certain types of DFs
significantly lowered the GI of the cereal products studied in comparison to the controls.
The reduced rate of starch digestibility in products containing these DFs was found to be
the result of a combination of factors: reduced starch swelling, changes in the internal
structure by formation of a layer coating starch granules, lengthened path between starch
granules and a-amylase, and potential inhibition of a-amylase. DFs used were ranked
according to their effect on the GI of cereal foods studied.

In the dairy products, interactions between DFs and milk proteins were found to promote
significant changes in product structure, with direct influence on their rheological
properties; in several cases improved sensory attributes of the final products were obtained.

Scanning electron microscopy strongly indicated that various different microstructures can
be obtained in milk products depending on the type of DF, level used and also on the fat
content of milk. This enables the production of low fat dairy products, with non-
compromised quality characteristics and which also bring the added health benefits of DFs.

111



Contents

CONTENTS

CopyrightStatement................................................................	 1

TitlePage.................................................................................	 11

Abstract....................................................................................	 111

Contents..................................................................................	 iv

Listof Tables...........................................................................	 ix

Listof Figures..........................................................................	 xi

Listof Appendices...................................................................	 xv

Listof Abbreviations...............................................................	 xvi

Acknowledgements..................................................................	 xvii

Author's Declaration ..............................................................	 xix

CHAPTER 1

LITER4 TURE REVIEW

1.1 FOOD PRODUCTS AND HEALTH. FUNCTIONAL FOODS.......................................................2

	

1.1.1	Regulation and definition offunctional foods..............................................................3

1.2 DIETARY FIBRE AS AN INGREDIENT FOR FUNCTIONAL FOODS.........................................5

	

1.2.1	What is dietatyfibre?...................................................................................................5

	

1.2.2	Dietary fibre: definition................................................................................................6

	

1.2.3	Dietary fibre: methods of analysis...............................................................................9

	

1.2.4	Characterisation of dietary fibre................................................................................12

	1.2.4.1	Physicochemical properties of DF.......................................................................................12

	

1.2.4.2	Structural aspects of dietary fibre........................................................................................12

	

1.2.4.2.1	Hydration properties ..................................................................................................16

	

1.2.4.2.2	Solubility....................................................................................................................18

	

1.2.4.2.3	Polysaccharide solution viscosity (rheological properties) and stability ...................21

	

1.2.4.2.4	Fermentability............................................................................................................23

	

1.2.4.2.5	Bulk............................................................................................................................24

	

1.2.4.2.6	Binding / adsorption capacity of ions and organic molecules....................................25

1.2.4.3 Physiological effects of dietary fibre. Effects in the gastrointestinal tract..........................26

	

1.2.4.3.1	Effects of dietary fibre in the mouth and stomach.....................................................26

	

1.2.4.3.2	Effects of dietary fibre in the small intestine.............................................................28

lv



Contents

	1.2.4.3.3	Effects of DF in the large intestine ............................................................................54

	

1.2.4.3.4	Dietary fibre intakes and recommended levels ..........................................................57

	

1.2.4.4	Technological properties.....................................................................................................59

	

1.2.4.4.1	Application fields of dietary fibre in food products..................................................61

1.2.5	Dietary fibre - examples.............................................................................................71

	

1 .2.5.1	Cellulose..............................................................................................................................71

	

1.2.5.2	Guar gum and locust bean gum...........................................................................................73

	

1.2.5.3	Xanthan gum.......................................................................................................................75

	

1.2.5.4	Inulin ...................................................................................................................................76

	

1.2.5.5	Beta glucan..........................................................................................................................77

1.3	RATIONALE OF THE STUDY ...............................................................................................79

CHAPTER 2

DIETARY FIBRE AND CEREAL PROD UCTS. I - THE EFFECT OF

DIETARY FIBRE ON THE NUTRITIONAL, TEXTURAL AND

STR UCTURAL ATTRIBUTES OF PASTA PROD UCTS

	

2.1	INTRODUCTION ..................................................................................................................83

	

2.2	MATERIALS AND METHODS...............................................................................................85

	

2.2.1	Stage 1........................................................................................................................85
	2.2.1.1	Pastamaking .......................................................................................................................85

	

2.2.1.2	Cooking procedure ..............................................................................................................86
2.2.1.3 Cooking and compositional characteristics of pasta............................................................87

	

2.2.1.4	Texture characteristics of pasta ...........................................................................................88

	

2.2.1.5	Differential Scanning Calorimetry (DSC)...........................................................................89

	

2.2.1.6	In vitro digestibility of starch..............................................................................................90

	

2.2.1.7	Scanning electron microscopy (SEM')................................................................................90

	

2.2.1.8	Statistical analysis ...............................................................................................................91

	

2.2.2	Stage 2........................................................................................................................91
	2.2.2.1	Pasta making .......................................................................................................................91

	

2.2.2.2	Cooking procedure ..............................................................................................................92
2.2.2.3 Differential Scanning Calorimetry (DSC)...........................................................................92

	

2.2.2.4	Chemical analysis of pasta ..................................................................................................92

	

2.2.2.5	Texture characteristics of pasta...........................................................................................94
2.2.2.6 In vitro digestibility of pasta as affected by DF ..................................................................94

	

2.2.2.7	Scanning electron microscopy of pasta ...............................................................................98

	

2.2.2.8	Statistical analysis ...............................................................................................................98

	

2.3	RESULTS AND DISCUSSIONS...............................................................................................98

	

2.3.1	Stage]........................................................................................................................98
2.3.1.1 Pasta cooking and compositional characteristics.................................................................98

V



Contents

2.3.1.2 Pasta textural attributes as influenced by DF ....................................................................101
2.3.1.3 Influence of DF on the pasta microstructure .....................................................................104
2.3.1.4 The effects of DF on thermal characteristics and in vitro digestibility of pasta................108

2.3.2	Stage 2......................................................................................................................113
	2.3.2.1	Cooking qualities of DF enriched pasta ............................................................................114

2.3.2.2 Textural characteristics of DF enriched pasta ...................................................................118

	

2.3.2.3	Pasta digestibility as affected by DF .................................................................................124
2.3.2.4 The microstructure of pasta as affected by DF..................................................................135

2.4	CoNcLusioNs ..................................................................................................................155

CHAPTER 3

DIETARY FIBRE AND CEREAL PROD UCTS. H - THE EFFECT OF

DIETARY FIBRE ON THE NUTRITIONAL, TEXTURAL AND

STRUCTURAL ATTRIBUTES OF BREAD PRODUCTS

	

3.1	INTRODUCTION ................................................................................................................159

	

3 .2	MATERIALS AND METHODS.............................................................................................162

	

3.2.1	Materials..................................................................................................................162

	

3.2.2	Methods....................................................................................................................163

	3.2.2.1	Bread making method .......................................................................................................163

	

3.2.2.2	Dough assessment .............................................................................................................165

	

3.2.2.3	Bread quality assessment...................................................................................................165

	

3.2.2.4	Bread staling......................................................................................................................166
3.2.2.5 Differential Scanning Calorimetry (DSC).........................................................................167

	

3.2.2.6	Chemical analysis of bread................................................................................................167

	

3.2.2.7	In vitro digestibility of bread.............................................................................................168

	

3.2.2.8	In vivo determination of bread's GI ...................................................................................168
3.2.2.9 Assessment of satiety ........................................................................................................169
3.2.2.10 Scanning electron microscopy...........................................................................................169
3.2.2.11 Sensory evaluation of bread ..............................................................................................169
3.2.2.12 Statistical analysis .............................................................................................................170

	

3.3	RESULTS AND DISCUSSIONS.............................................................................................171

	

3.3.1	Influence ofDF on dough properties.......................................................................171

3.3.2 Influence of DF on bread chemical composition and quality characteristics..........176

3.3.3 Influence of DF on bread textural characteristics during storage...........................181

	

3.3.4	Influence of DF on bread digestibility in vitro.........................................................187

	

3.3.5	Influence of DF on bread microstructure.................................................................195

vi



Contents

	

3.3.6	Influence of DF on bread GIas determined in vivo................................................206

	

3.3.7	Influence of DF on satiety........................................................................................208

3.3.8	Influence of DF on bread sensoly attributes............................................................209

3.4	CoNcLusioNs ..................................................................................................................211

CHAPTER 4

DIETARY FIBRE AND DAIRY PRODUCTS. - THE EFFECT OF

DIETARY FIBRE ON TUE PHYSICO-STR UCTURAL PROPERTIES OF

LOWFATDAIRYPRODUCTS: CURD AND YOGHURT

	

4.1	INTRODUCTIoN ................................................................................................................214

	

4.2	MATERIALS AND METHODS .............................................................................................216
4.2.1 Stage 1. The effects of DF on milk coagulation and curd characteristics................216

	

4.2.1.1	Materials............................................................................................................................216

4.2.1.2 Methods.............................................................................................................................216

4.2.1.2.1 Chemical analysis........................................................................................................................216
4.2.1.2.2 Milk coagulation .........................................................................................................................217
4.2.1.2.3 Curd manufacture........................................................................................................................217

4.2.1.2.4 Curd yield....................................................................................................................................219
4.2.1.2.5 Curd rheological characteristics..................................................................................................219

4.2.1.2.6 Curd texture characteristics.........................................................................................................219

4.2.1.2.7 Curd microstructure ....................................................................................................................220
4.2.1.2.8 Statistical analysis.......................................................................................................................220

	

4.2.2	Stage 2. The effects of DF on yoghurt characteristics.............................................221

	4.2.2.1	Materials............................................................................................................................221

4.2.2.2 Methods.............................................................................................................................221

4.2.2.2.1 Manufacture of yoghurt...............................................................................................................221

4.2.2.2.2 Yoghurt syneresis........................................................................................................................222

4.2.2.2.3 Rheological properties of the yoghurt.........................................................................................222
4.2.2.2.4 Textural properties of the yoghurt...............................................................................................223
4.2.2.2.5 Sensory analysis of yoghurt ........................................................................................................223

4.2.2.2.6 Yoghurt microstructure...............................................................................................................223
4.2.2.2.7 Statistical analysis.......................................................................................................................224

4.3	RESULTS AND DISCUSSIONS.............................................................................................224
4.3.1 Stage 1. The effects of DF on milk coagulation and curd characteristics................224

	4.3.1.1	Milk coagulation................................................................................................................224

	

4.3.1.2	Curd yield..........................................................................................................................231

	

4.3.1.3	Curd rheological and textural properties ...........................................................................237

	

4.3.1.4	Curd microstructure...........................................................................................................245

	

4.3.2	Stage 2. The effects of DF on yourt characteristics.............................................250

vii



Contents

	4.3.2.1	Yoghurt syneresis..............................................................................................................250
4.3.2.2 Yoghurt rheological and textural characteristics ...............................................................253

	

4.3.2.3	Yoghurt microstructure .....................................................................................................262

	

4.3.2.4	Sensory evaluation of yoghurts .........................................................................................266
4.4	CoNcLusioNs ..................................................................................................................271

CHAPTER 5

CONCLUDING COMMENTS....	 272

APPEICE .............................................................................................285

ItE ............................................................................................ 299

COPIESPIJBI_4ICTfIONS ..................................................................324

viii



List of tables

LIST OF TABLES

Chapter 1

Table No.

Table 1.1. Hydration characteristics of some dietary fibres (DF)

Table 1.2. Characteristics of dietary fibre in relation to small intestine

function

Table 1.3. Factors influencing glycaemic response to food

Table 1.4. Glycaemic index values for a range of foods having glucose as

reference

Table 1.5. The effect of dietary fibres on glycaemic and insulinaemic

responses - a summary from studies in vivo and in vitro

Table 1.6. Characteristics of dietary fibre in relation to large intestine

function

Page No.

18

28

37

39

48

54

Chapter 2

Table 2.1. Dietary fibre characteristics as provided by the suppliers
	

86

Table 2.2. Formulations used for pasta making
	

87

Table 2.3. Dietary fibre characteristics as provided by the suppliers
	

93

Table 2.4. Composition and water uptake of pasta containing different types
	

100

of dietary fibre

Table 2.5. Textural characteristics of cooked pasta with added fibre	 102

Table 2.6. Thermal gelling properties (DSC measurements) for raw pasta	109

Table 2.7. ANOVA table summarising the cooking characteristics of pasta 116

and chemical composition of cooked pasta

Table 2.8. ANOVA table summarising the textural attributes of cooked	119

pasta

Table 2.9. ANOVA table summarising the digestion characteristics of 127

cooked pasta and its thermal characteristics

ix



List of tables

Chapter 3

Table 3.1. Properties of the standard control flour used for breadmaking
	

162

Table 3.2. Formulations used for bread making
	

164

Table 3.3. ANOVA table summarising the textural attributes of bread dough
	

174

Table 3.4. ANOVA table summarising chemical composition of DF
	

176

enriched bread

Table 3.5. ANOVA table summarising quality characteristics of DF
	

178

enriched bread

Table 3.6. ANOVA table summarising the textural attributes of bread crumb
	

182

Table 3.7. ANOVA table summarising the digestion characteristics of DF
	

188

enriched bread and its thermal characteristics

Table 3.8. Calculated GI and related SA for the test meals and predicted GIs
	207

for the corresponding breads

Table 3.9. Sensory characteristics of WWB and DF enriched bread
	

210

Chapter 4

Table 4.1. Characteristics of DFs used in the formulations of dairy products.	217

Table 4.2. Milk - DF formulations used for the experiments on milk 218

coagulation/curd characteristics

Table 4.3. Milk - DF formulations used for the experiments on yoghurt 221

characteristics

Table 4.4. Values for the coagulation time and curd optimum cutting time 228

for formulations containing -glucan

Table 4.5. Values for the coagulation time and curd optimum cutting time 229

for formulations containing inulin and PHGG

Table 4.6. ANOVA table summarising the attributes of curds containing 13-
	232

glucan

Table 4.7. ANOVA table summarising the attributes of curds containing 234

inulin and PHGG

Table 4.8. ANOVA table summarising the rheological attributes of curds 242

containing inulin and PHGG

Table 4.9. ANOVA table summarising the rheological attributes and 252

syneresis behaviour of yoghurt containing inulin and PHGG

Table 4.10. Mean values for the sensory attributes of DF enriched yoghurt
	

268

x



List offigures

LIST OF FIGURES

Chapter 1

Figure

Figure 1.1. Constituents of dietary fibre

Figure 1.2. Relationship between the linkage geometries encountered within

polysaccharides chains and their conformations adopted in the solid

state: a) extended ribbons; b) buckled ribbons; c) hollow helices

Chapter 2

Figure 2.1. SEM micrographs of raw pasta: a) pasta control; b) pasta with pea

fibre 7.5%; c) pasta with pea fibre 15%; d) pasta with inulin 7.5%; e)

pasta with inulin 15%; f) pasta with guar 3%; g) pasta with guar 10%

Figure 2.2. SEM micrographs of cooked pasta: a) pasta control; b) pasta with pea

fibre 7.5%; c) pasta with pea fibre 15%; d) pasta with inulin 7.5%; e)

pasta with inulin 15%; f) pasta with guar gum 3%; g) pasta with guar

Page
No.

7

15

106

107

gum 10%

Figure 2.3. Glucose released by a unit DM
	

110

Figure 2.4. Glucose released by 1 g starch available
	

111

Figure 2.5. Firnmess of pasta samples as determined using the Texture Analyser
	

120

Figure 2.6. Stickiness of pasta samples as determined using the Texture Analyser 121

Figure 2.7. Elasticity of pasta samples as determined using the Texture Analyser
	

122

Figure 2.8. Proportion of starch digested during in vitro digestion of cooked pasta 128

Figure 2.9. Proportion of starch digested from cooked pasta at various in vitro
	

130

digestion times

Figure 2.10. Hydrolysis indexes of cooked pasta
	

131

Figure 2.11. Area under starch hydrolysis curve (RSR, 0-90 mm) calculated for
	

133

pasta containing pea fibre, inulin and guar gum

Figure 2.12. Predicted glycaemic indexes of cooked pasta
	

134

Figure 2.13. SEM micrographs (x 500) for white reference bread and cooked pasta 137

before and after 300mm of in vitro digestion

Figure 2.14. SEM micrographs (x 500) for cooked pasta containing insoluble DF
	

139

and inulin before and after 3 00mm of in vitro digestion

Figure 2.15. SEM micrographs (x 500) for cooked pasta containing soluble DF	141

before and after 300mm of in vitro digestion

xl



List offigures

Figure 2.16. Schematic representation of changes occurring in starch during
	

149

heating in presence of water (from Tolstoguzov (2003))

Chapter 3

Figure 3.1. Dough resistance to extension as determined using the Texture
	

171

Analyser

Figure 3.2. Dough extensibility as determined using the Texture Analyser
	

173

Figure 3.3. Dough stickiness as determined using the Texture Analyser
	

175

Figure 3.4. Bread specific volume
	

177

Figure 3.5. Bread crumb lightness
	

180

Figure 3.6. Evolution during storage of the firmness of bread containing
	

183

insoluble DF as assessed with the Texture Analyser

Figure 3.7. Evolution during storage of the firmness of bread containing soluble
	

185

DF as assessed with the Texture Analyser a) firmness of bread

containing inulin and guar gum; b) firmness of bread containing beta-

glucan, xanthan gum and locust bean gum

Figure 3.8. Effect of DF on the rate of bread firming
	

186

Figure 3.9. Proportion of starch digested during in vitro digestion of DF enriched 189

bread

Figure 3.10. Proportion of starch digested from DF enriched pasta at various in
	

191

vitro digestion times

Figure 3.11. Hydrolysis indexes of DF enriched bread (*based on RSR values)
	

192

Figure 3.12. Predicted glycaemic indexes of DF enriched bread
	

194

Figure 3.13. SEM micrographs (x 500) for bread containing insoluble DF and
	

197

inulin before and after 300mm in vitro digestion

Figure 3.14. SEM micrographs (x 500) for bread containing soluble DF and inulin 201

before and after 300mm in vitro digestion

Figure 3.15. Postprandial blood glucose response in healthy subjects following	207

ingestion of breakfast test meals (n=12 and for the same sampling

point, means sharing the same letter are not significantly different)

Figure 3.16. Mean satiety scores evaluated in healthy subjects following ingestion 209

of breakfast test meals (n=12)

Figure 3.17. Mean hedonic scores for WWB and DF enriched bread as evaluated	210

by the assessors (n=12)

Chapter 4

Figure 4.1. Development of G' and tan6 with time (log scale) a) G' for milk
	

226

xii



List of

samples containing 3.2, 1 and 0.1% fat and 0% 3-glucan; b) tan6 for

milk samples containing 3.2, 1 and 0.1% fat and 0% -g1ucan; c) G'

for milk samples containing 1% fat and 3-glucan d) tans for milk

samples containing 1% fat and 3-glucan; e) G' for milk samples

containing 0.1% fat and 3-glucan; f) tan6 for milk samples containing

0.1% fat and -glucan [('Op) - 0.5% -glucan; (4) - 1% -glucan; (A) -

1.5% 3-glucan, and (A)- 2% -g1ucan]

Figure 4.2. Curd yield for formulations containing l3-glucan [means ± SD; the	231

columns labelled with the same letter are not significantly different

(p>O.O5) - GLM followed by Tukey's test on data logarithmically

transformed]

Figure 4.3. Curd yield for formulations containing inulin and PHGG (means ±	233

SD)

Figure 4.4. Amount of protein lost in whey for formulations containing 3-glucan 235

[means ± SD; the columns labelled with the same letter are not

significantly different (p>0.05)J

Figure 4.5. Amount of protein lost in whey for formulations containing inulin and 236

PHGG

Figure 4.6. Evolution of G' and tanö during a frequency sweep test for curd 238

samples (on a log-log scale) a) G' for curd obtained from milk

containing different levels of fat and 0% -glucan; b) tans for curd

obtained from milk containing different levels of fat and 0% 3-

glucan c) G' for curd samples obtained from milk containing 1% fat

and J3-glucan; d) tanS for curd samples obtained from milk

containing 1% fat and -glucan; e) G' for curd samples obtained from

milk containing 0.1% fat and f-g1ucan;	tanS for curd samples

obtained from milk containing 0.1% fat and 13-glucan [(a) - 0.5% 13
-glucan ; (+) - 1% 13-glucan; (A) - 1.5% 3-glucan, and (A)- 2% l-

glucan]

Figure 4.7. Firnmess of curd samples containing 13-glucan [means ± SD; the 241

columns labelled with the same letter are not significantly different

(p>0.05)]

Figure 4.8. Rheological parameters (G' and tan(delta) at 40.2 radlsec ) of curds 243

containing inulin and PHGG

Figure 4.9. Firmness of curd samples containing inulin and PHGG (means ± SD) 245

Figure 4.10. SEM micrographs (x 1000) for curd containing 13-glucan: a) FF_co; 246

b)FF_1%G; c) FF_2%G; d) SS_co; e) SS_1%G; f) SS_2%G g)

5Mco; h) SM 1%G; h) SM_2%G

xli'



List offigures

Figure 4.11. SEM micrographs (x 1000) for curd containing inulin: a) FF_co; b)	248

FF2%inulin; c) FF 6%inulin; d) SS_co; e) SS 2%inulin; f)

SS_6%inulin; g) SM_co ; h) SM_2%inulin; i) SM_6%inulin

Figure 4.12. SEM micrographs (x 1000) for curd containing PHGG: a) FF_co; b)	249

FF_2%PHGG; c) FF 6%PHGG; d) SS_co; e) SS_2%PHGG; f)

SS_6%PHGG; g) SM_co; h) SM_2%PHGG; i) SM_6%PHGG

Figure 4.13. Syneresis of yoghurt a) samples containing -glucan; b) samples	252

containing inulin, PHGG and SMP

Figure 4.14. Apparent viscosity of yoghurt samples containing j3-glucan as	254

determined with a) a controlled stress rheometer - at a shear rate of
10s 1 ; b) Brookfield rheometer - at 0.5rpm and a shear rate of 0.47s1;

c) a controlled stress rheometer (the whole shear rate range)
Figure 4.15. Apparent viscosity of yoghurt samples containing inulin and PHGG	255

as determined with a) a controlled stress rheometer - at a shear rate of
10s'; b) Brookfield rheometer - at 0.5rpm and a shear rate of 0.47s';
c) a controlled stress rheometer (the whole shear rate range)

Figure 4.16. Storage modulus (G') and tanö (at 9.5Hz) of yoghurt samples	258
containing DF as evaluated with the controlled stress rheometer a) G'
for samples containing 3-glucan; b) tanö for samples containing 13

-glucan; c) G' for samples containing inulin and PHGG; d) ) tans for
samples containing inulin and PHGG

Figure 4.17. Tan(delta) of yoghurt samples containing DF as evaluated with the	260
controlled stress rheometer a) control samples; b) samples containing
13-glucan; c) samples containing inulin; d) samples containing PHGG

Figure 4.18. Textural attributes of yoghurt samples containing DF a) firmness for	261
samples containing f3-glucan; b) consistency for samples containing
13-glucan; c) firmness for samples containing inulin and SMP; d))
consistency for samples containing inulin and SMP

Figure 4.19. SEM micrographs (x 1000) for yoghurt containing 13-glucan: a) 263
FFco; b) SM_co c) SM 1%G; d) SM_2.5%G

Figure 4.20. SEM micrographs (x 1000) for curd containing inulin and PHGG: a)	265
FFco; b) SS_co; c) SM_2% inulin; d) SM_6% inulin; e) SM2%
PHGG; f) SM_6% PHGG.

Figure 4.21. Sensory attributes of yoghurt as affected by DF addition: a), b) 13-.	269
glucan; c), d) inulin; e), PHGG

xiv



List of appendices

LIST OF APPENDICES

Chapter 2

Appendix no	 Page No.

Appendix 2.1. Texture Analyser - typical tests for assessment of pasta textural 285

characteristics: a) tensile test; b) adhesive test; c) test for

firmness measurement

Appendix 2.2. Differential Scanning Calorimetry (DSC) test - typical curve 287

for starch gelatinisation

Chapter 3

Appendix 3.1. Texture Analyser - typical tests for assessment of dough 288

textural characteristics: a) tensile test; b) adhesive test.

Appendix 3.2. Texture Analyser - typical tests for assessment of bread 289

textural characteristics: a) crumb firmness; b) crumb

springiness.

Appendix 3.3. Assessment of satiety	 290

Appendix 3.4. Bread sensory evaluation form
	 291

Appendix 3.5. Digital images of DF enriched bread
	

292

Chapter 4

Appendix 4.1. Texture Analyser - typical test for assessment of curd firnmess	296

Appendix 4.2. Texture Analyser - typical test for assessment of yoghurt 297

firmness and consistency

Appendix 4.3. Sensory evaluation form for yoghurt samples	 298

xv



CVD

db

DF

DM

dmb

dwb

DP

FOS

GI

HI

IAUC

II

LBG

List of abbreviations

LIST OF ABBREVIATIONS

- cardiovascular disease

- dry basis

- dietary fibre

- dry matter

- dry matter basis

- dry weight basis

- degree of polymerisation

- fi-uctooligosaccarides

- storage modulus

- glycaemic index

- hydrolysis index

- incremental area under the blood glucose response curve

- insulinaemic index

- locust bean gum

mm	- minutes

mm	- millimetres

NIDDM	- non insulin dependent diabetes mellitus

PHGG	- partially hydrolysed guar gum

pps	- points per second

SCFA	- short chain fatty acids

SDS	- slowly digestible starch

sec	- seconds

SEM'

SEM

SI

SMP

tari6

tan(delta)

WHC

WWB

- scanning electron microscopy

- standard error of the mean

- satiety index

- skimmed milk powder

- tangent of the phase angle (=loss modulus/storage modulus)

- tans

- water holding capacity

- white wheat bread

xvi



ACKNOWLEDGEMENTS

I would like to acknowledge and express my sincere gratitude to all those persons who

have, in any way, supported me in the preparation and completion of this thesis.

My supervisors:

Dr. Charles Brennan for giving me the chance to start my PhD and carry out this research,

for scientific guidance, for his trust in me, for his constant encouragement and support

throughout good times and bad times.

Dr. Victor Kuri for scientific guidance and helpful advice.

Prof Mick Fuller for useful discussions and advice, encouragement when I was down and

helpful comments during reading the manuscripts of this thesis.

Prof Rod Blackshaw for useful comments during reading the final draft of this thesis, for

his encouragement and kind words.

I would also like to express my gratitude towards all the students and members of staff

who volunteered to take part in the in vivo study and who graciously donated blood

samples thus making possible for me to carry out that stage of the research.

Warm thanks are extended to everyone at the Department of Agriculture and Food Science,

technicians, researchers, teachers, PhD students and other staff, for maintaining a friendly

atmosphere, giving help in problem situation and generally making it a great place to work

in.

I would like to specifically thank:

Dr. Irene Belka for her invaluable friendship, constant support and encouragement

especially during difficult times I have been through.

Dr. Viasta Demeckova and Rebecca Grieve for listening and for sharing good times as well

as bad times.

And finally, my special thanks and deep gratitude are for my mother and my brother for

their constant support, understanding and patience during all these years and especially

during the completion of this thesis.

xvii



I would like to dedicate this thesis to my dear father who has been looking forward for this

work to be completed, and who would have loved to see his 'girl' graduating, but instead

left this world far too soon............

xviii



AUTHOR'S DECLARATION

At no time during the registration for the degree of Doctor of Philosophy has the author
been registered for aiiy other University award.

This study was financed with the aid of a studentship from the University of Plymouth,
Seale-Hayne Faculty, UK.

Relevant scientific seminars and conferences were attended at which work was presented.

Refereed journal publications

1. Tudorica, C.M, Jones, T.E.R, Kuri, V., Brennan, C.S. The effects of refined barley
beta-glucan on the physico-structural properties of function foods I: Curd yield, texture
and rheology. Journal of Science of Food and Agriculture 2004, 84, 1159-1169.

2. Brennan, C.S., Kuri, V., Tudorica, C.M. Inulin enriched pasta: effects on textural
properties and starch degradation. Food Chemistry 2004, 86, 189-193.

3. Brennan, C.S. & Tudorica, C.M. The role of carbohydrates and non-starch
polysaccharides in the regulation of postprandrial glucose and insulin responses in
cereal foods. Journal of Nutraceuticals, Functional and Medical Foods 2003, 4, 49-56.

4. Brennan, C.S., Tudorica, C.M. & Kuri, V. Soluble and insoluble dietary fibres (non-
starch polysaccharides) and their effects on food structure and nutritional properties.
Food Industry Journal 2002, 5, 26 1-272.

5. Tudorica, C.M., Kuri, V., Brennan, C.S. Nutritional and physicochemical
characteristics of dietary fiber enriched pasta Journal of Agricultural and Food
Chemistry 2002, 50, 347-356.

6. El-Nagar, G., Clowes, G., Tudorica, C. M., Kuri, V. & Brennan, C. S. Rheological
quality and stability of yog-ice cream with added inulin. International Journal of Dairy
Technology 2002, 55, 1-5.

Publications in refrreed books

7. Brennan, C.S., Kuri, V. and Tudorica, C.M. The importance of food structure on the
glycaemic responses of carbohydrate rich foods. In Dietary Fibre: bio-active
carbohydrates for food and feed, Eds V.W. der Kamp, N.G. Asp, J. Miller-Jones, G.
Schaafsma, Wageningen Academic Publishers, Netherlands, 2003, 113-125.



8. Johnsson, J.M., Kuri, V., Brennan, C.S., Tudorica, C.M. (2003) Dietary fibres: their
uses in dairy products. In Dietary Fibre: bio-active carbohydrates for food and feed,
Eds V.W. der Kamp, N.G. Asp, J. Miller-Jones, G. Schaafsma, Wageningen Academic
Publishers, Netherlands, 2003, pp 127-13 1.

9. Tudorica, C.M. , Brennan, C.S., Kuri, V., Jones, T.E.R. Yoghurt rheology and
microstructure as affected by barley beta glucan inclusion. In Progress in Rheology:
Theory and Applied. Ed F.J. Martinez Boza, A. Guerrero, P. Partal, J.M. Franco and J.
Munoz) Publidisa, Sevilla, Spain. 2002, pp 425-427.

10.Tudorica, C.M., Jones, T.E.R., Kuri , V., Brennan, C.S. Evaluation of milk coagulation
and curd rheological and structural characteristics as influenced by beta glucan
incorporation. In Progress in Rheology: Theory and Applied. Ed F.J. Martinez Boza, A.
Guerrero, P. Partal, J.M. Franco and J. Munoz Publidisa, Sevilla, Spain. 2002, pp 405-
408.

Papers presented at conferences - oral presentations

11.Tudorica, C.M., Jones, T.E.R. Kuri, V., Brennan, C.S. Evaluation of milk coagulation
and curd rheological and structural characteristics as influenced by beta glucan
incorporation. Oral presentation at the Euro-Rheo 2002 - 01 Conference, Joint Meeting
of British, Italian, Portuguese and Spanish Rheologists. Torremolinos, Spain 23rd of
April 2002.

12.Tudorica C.M., Kuri V., Brennan C.S. 2001. The effect of soluble non-starch
polysaccharides on rheology and structure of dairy products: /1 -glucan in dairy
products. Oral presentation at the International Conference organised by the Institute of
Non-Newtonian Fluid Mechanics - University of Wales and the British Society of
Rheology - Industrial Food Processing: Experiments and Numerical Simulation.
University of Plymouth, 9th - 11th April 2001.

Posters presented conferences

13.Brennan, C.S., Kuri, V., Tudorica, C.M. (2003) The importance of food structure in
the glycaemic responses of carbohydrate rich foods. Proceedings of Dietary Fibre 2003
(AACC / ICC / TNO, Netherlands) p38.

14.Tudorica, C.M. , Kuri, V., Jones, T.E.R. & Brennan, C.S. (2003) Yoghurt rheology
and microstructure as affected by barley 13-glucan inclusion. Proceedings of Dietary
Fibre 2003 (AACC / ICC / TNO, Netherlands) p81.

15.Tudorica, C.M. , Kuri, V. & Brennan, C.S. (2003) The implication of dietary fibre
incorporation into breads on their glycaemic response as evaluated by both in vitro and
in vivo methods. Proceedings of Dietary Fibre 2003 (AACC / ICC / TNO, Netherlands)
p106.

xx



16.El-Nagar, G.F., Clowes, G., Tudorica, C.M. , Brennan, C.S. & Kuri, V. (2000)
Rheological quality and stability of bio-ice cream with added fibre. iN: Proceedings of
Dietaiy Fibre 2000 Megazyme International, Dublin.Ppl 10.

17.El-Nagar, G.F., Tudorica, C.M. , Brennan, C.S. & Kuri, V. (2000) Influence of fibre
addition on the texture and quality of stirred yoghurt. IN: Proceedings of Dietaiy Fibre
2000 Megazyme International, Dublin.Pp 111.

18.Tudorica, C.M. , Kuri, V & Brennan, C.S. (2000) Dietary fibre addition into cheese
milk effects on coagulation and curd properties. IN: Proceedings of Dietary Fibre 2000
Megazyme International, Dublin.ppl 18.

19.Tudorica, C.M. , Kuri, V & Brennan, C.S. (2000) Non-starch polysaccharides & fibre
supplements to cereal based food products; biochemical and microstructural effects.
IN: Proceedings of Dietary Fibre 2000 Megazyme International, Dublin.ppl 19. **
Award for the best poster in the conference **

1	I	__

Signed:	.............................

DateS	&................

xxi



Chapter]
	

Literature review

Chapter 1. Literature review

1.1 FooD PRODUCTS AND HEALTH. FUNCTIONAL FOODS...........................................................2

1.1.1	Regulation and definition offunctionalfoods..............................................................3

1.2 DIETARY FIBRE AS AN INGREDIENT FOR FUNCTIONAL FOODS..............................................5

	

1.2.1	What is dietary fibre?...................................................................................................5

	

1.2.2	Dietary fibre: definition................................................................................................6

	

1.2.3	Dietary fibre: methods of analysis...............................................................................9

	

1.2.4	Characterisation of dietary fibre................................................................................12

	1.2.4.1	Physicochemical properties of DF.......................................................................................12

	

1.2.4.2	Structural aspects of dietary fibre........................................................................................12

1.2.4.2.1	Hydration properties ..................................................................................................16

1.2.4.2.2	Solubility....................................................................................................................18

1.2.4.2.3	Polysaccharide solution viscosity (rheological properties) and stability ...................21

1.2.4.2.4	Fermentability............................................................................................................23

1.2.4.2.5	Bulk............................................................................................................................24

1.2.4.2.6	Binding / adsorption capacity of ions and organic molecules....................................25

1.2.4.3 Physiological effects of dietary fibre. Effects in the gastrointestinal tract ..........................26

1.2.4.3.1	Effects of dietary fibre in the mouth and stomach.....................................................26

1.2.4.3.2	Effects of dietary fibre in the small intestine .............................................................28

1.2.4.3.3	Effects of DF in the large intestine ............................................................................54

1.2.4.3.4	Dietary fibre intakes and recommended levels..........................................................57

	

1.2.4.4	Technological properties.....................................................................................................59

1.2.4.4.1	Application fields of dietary fibre in food products..................................................61

	

1.2.5	Dietary fibre - examples.............................................................................................71

	1.2.5.1	Cellulose..............................................................................................................................71

	

1.2.5.2	Guar gum and locust bean gum...........................................................................................73

	

1.2.5.3	Xanthangum.......................................................................................................................75

	

1.2.5.4	Inulin...................................................................................................................................76

	

1.2.5.5	Beta glucan..........................................................................................................................77

1.3	RATIONALE OF THE STUDY..................................................................................................79

1



Chapter 1
	

Literature review

1.1 Food products and health. Functional foods.

Recent growing acceptance of the role diet may play in prevention and management of

various diseases has lead to an increase in consumer demand for healthier food products.

Although this trend appears to be relatively new, the causal relationship between humans'

diet and their health status has been acknowledged for generations in some parts of the

world. For example in the Far East, food and medicine were traditionally considered

equally important in preventing and curing diseases (Xu, 2001).

The present interest of Western consumers on the diet - health relationship is mainly a

consequence of their increasing concerns on the risk of developing conditions such as

obesity, diabetes, coronary heart diseases, intestinal diseases, etc (Jones, 2002). These are

in most cases associated with an imbalance in the nutritional intake due to a change in

lifestyle which is dominated by a lack of regular physical exercise, and at the same time by

an increased consumption of highly processed foods (Kwak and JuIces, 2001).

Ironically the risk of developing such diseases appears to be higher now when life

expectancy in most parts of the world is higher today than ever before. A recent

FAQ/WHO report (WHO, 2003) states that, in 2001, chronic diseases contributed to

approximately 60% of the 56.5 million of total reported deaths in the world, and the

proportion of non-communicable chronic diseases is expected to increase to 75% by 2020,

and to affect a large part of the population earlier in life. Due to increased concern, health

authorities (WHO, 2003) and governments are trying to control the situation by raising

consumer awareness on the importance of a balanced diet.

In line with these efforts we have witnessed a rapid development of a new class of food

products to confer health benefits, which seem to represent a great opportunity for the food
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industry's future (Hilliam, 1998; Jones, 2002). This new class of foods is generally referred

to as 'functional foods', but they are also known as 'designer foods', 'nutraceuticals',

'foodiceuticals', 'medical foods', 'superfoods', 'prescriptive foods' 'medifoods' or 'better for

you foods' (Finley, 1996).

1.1.1 Regulation and definition of functional foods

The term "functional food" originated in Japan in 1984 but the concept evolved

internationally, first to China and Korea, and later stimulating interest in Europe and North

America (Arai, 1996). This was not without attracting controversies, most often due to

questionable claims used to market various products.

Originally, foods were known to have two functions (Arai, 1996):

1. Primary: Nutritional function, i.e. to provide sufficient nutrients and energy to the

body to meet the metabolic requirements of an individual.

2. Secondary: Give the consumer a feeling of satisfaction and well being through the

hedonistic attributes: good taste, texture and flavour.

Therefore for a long time, food products have been developed for taste, appearance, value,

and convenience for the consumer.

A 'functional' food is also characterised by a tertiary function:

3. Tertiary: Modulation of physiological and psychological systems in the body in a

positive direction, besides the basic nutrition. In this way diet plays a role not only

in achieving optimal health and development, but it might also play a role in

reducing the risk of disease (Arai, 1996; Xu, 2001).
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Functional foods are thus defined as foods which have a tertiary function and provide

'positive nutrition' (Kwak and Jukes, 2001), affecting beneficially an individual's health,

physical performance or state of mind. They are foods that contain ingredients that serve

therapeutic roles (e.g. antioxidants, dietary fibres, folic acid, omega(w) - 3 fatty acids, etc),

with potential effects on the immune, nervous, endocrine, circulation or digestive systems,

and may prevent or ameliorate diseases.

The legislation regarding functional foods is less well defined across Europe than in Japan

and the USA, with no official, universally accepted definition in existence (Blades, 2000).

A working definition was proposed by the International Life Science Institute - Europe

(ILSI - Europe) according to whom a food can be regarded as 'functional', "if it is

satisfactorily demonstrated to affect beneficially one or more target functions in the body,

beyond adequate nutritional effects, in a way that is relevant to either an improved state of

health and well being and/or reduction of risk of disease. Functional foods must remain

foods and they must demonstrate their effects in amounts that can normally be expected to

be consumed in the diet; they are not pills or capsules, but part of a normal food pattern"

(IDiplock et al., 1999).

While there may be still discussions concerning the definition and permissible claims, the

concept is now accepted worldwide, and functional foods have been identified as the most

important consumer trend impacting new food product development (Kevin, 1997). The

European market for functional foods is relatively small in comparison to the North

American and Japanese market, and it is represented mainly by dairy products (65%) due

to the success of probiotic yoghurts; however it is expected to continuously grow and to

encompass products such as breakfast cereals, biscuits, bread and drinks (Anon., 2001d).

4



Chapter 1
	

Literature review

It has been suggested that the top ten opportunities for the functional foods market are:

meal replacements, weight loss/appetite satiety, cholesterollheart health, cancer,

digestionlgut health, hormone replacement/menopause, skeletal strength, diabetes and

emotion commotion (Sloan, 1999). The majority of them could be potentially addressed by

including dietary fibre (DF) in the diet.

1.2 Dietary fibre as an ingredient for functional foods

1.2.1 What is dietary fibre?

For thousands of years, as far as is known, the human diet was rich in plant fibre due to

high intake levels of cereals and seeds. However in modern times human nutrition has

changed (sugar and meat consumption have increased and bread consumption have

decreased) (Endress and Fisher, 2001) resulting in a continuous decline in fibre intake, a

20% reduction being recorded only in the last 50 years (Ahmad, 1995). This is somehow

surprising taking into account that the health benefits of a high fibre diet (especially the

laxative effects) have been recognised since the time of Hippocrates (Johnson and

Southgate, 1 994b).

Although modern interest in fibre rich diets began in the 19th century with the pioneering

views of Graham and Kellog (USA) and Allinson (UK), it was not until 1935 when the

first definition of DF was proposed by Williams and Olmstead (Jones, 2000). The term was

then extended by Hipsley in 1953 (Asp, 2001) to cover the non-digestible components of

the plant cell wall, and to include cellulose, hemicellulose and lignin.

However, the DF 'era' started with the "DF hypothesis" launched by the British scientists

Burkitt, Painter, Trowell and Walker, during the 1960's and 1970's. They postulated an
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inverse relationship between DF consumption and the incidence of certain conditions such

as diabetes, obesity, heart diseases, large bowel disease, colon cancer, haemorrhoids, and

gall stones (Jones, 2000; DeVries and Prosky, 1999). They described the term as the

remnants of plant cells resistant to hydrolysis by alimentary enzymes of man" and included

cellulose, hemicellulose, lignin and associated minor substances such as waxes, cutin and

sub erin (Trowell, 1972).

1.2.2 Dietary fibre: definition

Although the DF definition proposed by Trowell and co-workers is still widely accepted,

the knowledge of fibre chemistry, structure and function has grown substantially since and

with it, the DF definition has evolved. For instance, some food components (e.g.

oligosaccharides) were proven to possess physiological benefits and to have similar effects

as DF. Concurrently, scientists started to be concerned about DF methods and definitions

that do not include all fibre sources. Thus, for a long time there has been no general

consent on the definition, partially because of the lack of agreement on what is to be

included, how it is to be measured and what most closely approximates what actually

happens in the human gut (Jones, 2001). An ILSI North America - AACC workshop held

in June 1999 proposed an updated definition of DF: 'DF consists of the remnants of edible

plants and associated substances, (poly)saccharides and carbohydrate analogues, and

lignin, resistant to digestion and absorption in the small intestine (DeVries and Faubion,

1999). This was reworded in the year 2000, when a Committee of Members of the

American Association of Cereal Chemists (AACC) agreed on a definition that included

other various compounds that are not absorbed, and exert a physiological effect: "DF is the

edible parts of plants or analogous carbohydrates that are resistant to digestion and

absorption in the human intestine with complete or partial fermentation in the large
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intestine. DF includes polysaccharides, oligosaccharides, lignin, and associated plant

substances. DF promotes beneficial physiological effects, such as laxation, andlor blood

cholesterol attenuation, andlor blood glucose attenuation" (Anon., 2001a).

Figure 1.1. Constituents of dietary fibre (adapted from (Anon., 2001a))

Non-starch oolvsaccharides and resistant
oliosaccharides

- Cellulose
- Hemicellulose
- Arabinoxylans
- Arabinogalactans
- Polyfructose
- Jnulin
- Oligofructans
- Galactooligosaccharides
- Gums
- Mucilages
- Pectins

Analogous carbohydrates

-	Jndiestible dextrins
DIETARY	 - Resistant maltodextrins
FIBRE	 -	Resistant potato dextrins

-	Synthesized carbohydrate compounds
-	Polydextrose
-	Methyl cellulose
-	Hydroxypropylmethyl cellulose
-	Indiestib1e (resistant) starches

Lignin

Substances associated with the non-starch-polvsaccharides
and lignin comniex in nlants

- Waxes
-	Phytates
-	Cutin
-	Saponins
-	Suberin
-	Tannins

This latest definition includes all non-starch polysaccharides resistant to digestion in the

small intestine and fermentable in the large intestine (celluloses, hemicelluloses, pectins,

modified celluloses, oligosaccharides, and polyfructans such as inulin, gums, and
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mucilages). It also includes oligosaccharides with various degrees of polymerisation (DP)

and non-polysaccharide material bound to the plant cell wall (lignin, waxes, cutin, and

suberin). Materials with analogous characteristics to DF are included in the new definition

under the term "analogous carbohydrates". The constituents of DF according to this latest

definition are listed in the Figure 1.1. It is important to point out that although this

definition includes generally the same food constituents as the historical working definition

used for almost 30 years, the emphasis made this time is on the chemical and physiological

component rather than on the laboratory analysis.

More recently, in 2002, the Food and Nutrition Board (FNB) developed the following

definitions (Asp, 2003):

- Dietary fibre - consists of non-digestible carbohydrates and lignin that are intrinsic

and intact in plants

- Functional fibre - consists of isolated, non-digestible carbohydrates and lignin that

have beneficial physiological effects in humans

- Total fibre - is the sum of 'DF' and 'functional fibre'.

Although these new definitions of the FNB include oligosaccharides, resistant starch and

lignin, they do not seem to clarify the concept of DF. The definitions differentiate 'dietary'

from 'functional fibre', and they create confusion by leading to the idea that DF as part of

the plant cell walls have no physiological properties. In a recent issue of Cereal Foods

World, the AACC Technical Committee stated that "because the 'intrinsic' and 'intact'

terms used in the FNB definition are not measurable quantities, the definition creates

analytical concerns and would be not acceptable to food manufacturers and regulatory

personnel, would have a negative impact on nutrition research and education, and will also

mislead consumers" (AACC, 2003). Therefore the AACC Board of Directors continues to

support the definition of DF as adopted in May 2000 (Anon., 2001a). The DF definition
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continues to be the subject of controversies, and it will probably have to be modified, as

new research becomes available.

1.2.3 Dietary fibre: methods of analysis

The methods for quantifying DFs in foods are strongly related to the DF definition and

over the years they have been greatly debated with some scientists wanting to describe DF

by its physiological attributes, and some by its chemical composition (Prosky, 2001).

Initially the only method available of measuring DF was as crude fibre, which was

inappropriate to quantify the total DF in the diet since it gave only an estimate of the

cellulose and lignin in the foods. In the following years, researchers such as Southgate,

Asp and Prosky have developed methods based on the DF indigestibility and hence more

closely approximated conditions in the human gut. Once these methods were adopted and

used, DF began to be defined by methodology (Jones, 2000).

Two main types of methods have been developed:

Methods that use gravimetric assay techniques based on the procedures initially

developed by Asp et al. (1983), and

Methods based on the modification of the original colorimetric procedure developed

by Southgate which measure the individual DF components. The subsequent

developments have used gas chromatography (GC) and high-performance liquid

chromatography (HPLC) to measure the 3-glucans.

The gravimetric procedures further developed by Prosky et al. (1985) are extensively used

in the USA and in some European countries as methods for determining total DF (TDF),

because it is believed they are simpler, more rapid, require less investment in capital

equipment, and are therefore more suitable for regulatory control of labelling (Johnson and

9



Chapter 1
	

Literature review

Southgate, 1994c). The method was adopted by the Association of Official Analytical

Chemists as AOAC Official Method 985.29 (AOAC, 1995) and also by AACC as AACC

Approved Method 32-05 (AACC, 1985). The method has been modified since to allow the

measurement of soluble and insoluble components, and also the use of alternative buffers

(AOAC method 991.43; Lee et al., 1992).

The other methods that describe the fraction measured un-equivocally have been called the

'non starch polysaccharide' (NSP) methods (Englyst and Cummings, 1988). The fraction

measured does not include lignin and resistant starch and hence it is not identical to DF as

originally defined (Johnson and Southgate, 1994c). Thus, the gravimetric TDF values are

slightly higher than the NSP values. For most fruits and vegetables the differences are not

significant (Johnson and Southgate, 1994c), but they might be of the order of ig/lOOg for

unprocessed cereal foods (accounting for lignin), or 2-3g/lOOg higher for heat-processed

cereals and potatoes (because of resistant starch). Nevertheless, NSP values provides a

good index of DF as originally defined, and in the UK the procedure was adopted for a

long time as the official method for nutritional labelling of foods (Anon., 1995), whilst the

term NSP was preferred to DF by the British Nutrition Foundation (Anon., 1990)

However, since most countries of the European Union were using the term of DF and the

AOAC Official Method 985.29 to quantify the DF, the MAFF Joint Food Safety and

Standard Group (JFSSG) proposed in 1999 to adopt the same methodology - AOAC

Official Method 985.29, and AOAC Official Method 991.43 - as the UK's preferred

methods for fibre analysis, and labelling purposes (Prosky, 2001; DeVries, 2001). This was

a necessary step in order to harmonise DF labelling across the EU, and to ensure that

consumers receive consistent information.
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It is known that some highly soluble components (such as fructans with nearly all DP) are

not quantified as DF by using the present approved AOAC method for TDF analysis.

Methods have been developed for quantification of such components in foods. Thus,

fructans can be determined using either AOAC Official Method of Analysis 997.08 -

Fructans in Food Products, Ion Exchange Chromatographic Method (AACC Method of

Analysis 32-2 1), or AOAC Official Method of Analysis 999.03 - Measurement of Total

Fructan in Foods, Enzymatic/Spectrophotometric Method (AACC Method of Analysis 32-

32) (AOAC, 1998).

In the continuous search for methods of analysis, another procedure was recently proposed

that quantifies the major non-digestible components in plant foods: DF (including

oligosaccharides), non digestible proteins, some polyphenolic compounds, etc., thought to

be fermented by colonic microflora, and to have physiological effects similar to those of

DF (Saura-Calixto et al., 2000). This would extend the DF concept to include all food

constituents reaching the colon, and would be quantified as an 'indigestible fraction'. The

future will probably bring the development of new edible carbohydrate-based polymers

characterised by physiological behaviours similar to DF; these developments will need

new appropriate analytical methods in order to quantify these materials and possible

adjustments of the present definition.

The 'DF hypothesis' of Burkitt and Trowell had proven extremely productive scientifically.

Current evidence suggests that high fibre diets do seem to have protective effects against a

range of diseases such as colon cancer, atherosclerosis, associated hypercholesteremia,

diabetes, hypertension, and obesity (Lo et al., 1991). Hence, DFs are considered as

ingredients for functional foods. Nevertheless, it is not clear yet if these benefits are due to
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DF alone or due to DF and associated substances, and the presence of DF in the diet could

be a 'marker' for diets that are protective (Joimson and Southgate, 1 994c).

1.2.4 Characterisation of dietary fibre

1.2.4.1 Physicochemical properties of DF

As a result of the research effort of the past years, DF is no longer regarded as an inert

carbohydrate fraction with little nutritional value, but an essential component of our diet.

Consumption of foods rich in DF have been associated with decreased risks of developing

diet related chronic diseases (WHO, 2003) and their physiological effects are usually

compared with the intakes or contents of TDF, forgetting that DF refers to a large number

of substances, and encompasses very diverse macromolecules, exhibiting a large variety of

physico-chemical properties.

Different sources of DF can have different metabolic and physiological effects determined

by the chemical and physical properties and also by their fate during gut transit and

fermentation (Guillon and Champ, 2000). An understanding of these characteristics is

useful in predicting the physiological response to a source of fibre (Schneeman, 1999b).

In an attempt to clarify the concept of DF, scientists proposed over the years various

classifications. Some were based on their chemical structure, which was further related to

their role in the plant, some on their physical characteristics, or more recently on their

chemical structure in relation with the degree of polymerisation (DP).

1.2.4.2 Structural aspects of dietary fibre

DF includes primarily polysaccharides, but also oligosaccharides, and substances from

plant cell walls associated with the non-starch polysaccharides (Figure 1.1). Their common
12
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characteristic is that they escape digestion in the small intestine and reach the large

intestine where they undergo fermentation; hence their effects on metabolism and disease

risk are likely to be mediated through their physico-chemical properties as they pass

through the gastrointestinal tract.

The large majority of DF constituents are represented by carbohydrates: poiy and

oligosaccharides. Like the oligosaccharides, polysaccharide molecules are composed of

glycosyl units in linear or branched arrangements, but larger than 20, which is the limit of

oligosaccharides (BeMiller and Whistler, 1996). The degree of polymerisation (DP), varies

from less than 100 (only a few of them) to 10,000-15,000 (e.g. cellulose). The majority of

them have DPs ranging between 200 and 3000. Each type of polysaccharide is

characterised by its monosaccharide unit, and the nature of the linkages between them.

The simplest structure is that of homoglycans, where all the glycosyl (monosaccharide)

units are the same; for example, both cellulose and -glucan have as monosaccharide

residue glucose. In cellulose the linkages are f (1-4) and the structure is linear, whereas in

[3-glucan, [3 (1-4) linkages are interspersed with 1-3 linkages. Heteroglycans are composed

of two or more different monosaccharide units, larger repeating sequences being common

in polysaccharides of bacterial origin (Morris, 2001). Examples of heteroglycans are:

hemicelluloses having a monosaccharide backbone consisting of xylan, galactan or

mannan with side chains of arabinose or galactose (e.g. arabinoxylans), or pectins with a

galacturonic acid core esterified to a varying extent with methoxyl groups on the uronic

acid residues (Davidson and McDonald, 1998).

The physical properties of polysaccharides are dominated by the conformation of the

individual chains (ordered or disordered 'random coil' chain geometry) and the way they
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interact with one another. The position of linkage between adjacent sugars and the axial or

equatorial orientation of the bonds to the glycosidic oxygen, determine overall chain

geometry, leading to a disordered coil form or an ordered structure.

Morris (2001) presented three patterns of linkage geometry relevant to DFs (Figure 1.2),

which are related to the orientation of the bonds between the monosaccharide residues. The

first conformation is typical for cellulose (Figure 1.2a), which is a linear polymer of D-

glucose linked (1-4). In this case the bonds to and from each sugar residue in the

cellulose chain are diagonally opposite one another across the sugar ring and both are

equatorial. Thus they are parallel and only slightly offset from each other. The geometry of

this linkage leads to flat, ribbon-like structures of individual chains which can undergo

hydrogen bonding with each other, and pack together to form crystallites, typical for

cellulose. The same type of linkage pattern occurs in mannan (i.e. poly-f3-D-mannose), the

backbone of plant galactomannans such as guar and locust bean gum.

The second characteristic arrangement for DF occurs in the negatively charged poly-a-D-

galacturonate sequences of pectin (Figure 1.2b). The linkage between the glycosyl residues

is still (1-4), but through the axial bonds of each position. The bonds to and from each

sugar residue are parallel but are offset from each other by the full width of the sugar ring,

resulting in a zig-zag chain geometry with large cavities which can accommodate metal

cations (e.g. Ca2). By neutralising the negative charges and suppressing the electrostatic

repulsion between the constituent polysaccharide chains, the cations could promote the

formation of compact, ordered assemblies.

The third class of linkage arrangement is the most common for polysaccharides, leading to

a helical conformation (Figure 1.3). The bonds to and from each residue are no longer
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parallel to one another and this results in systematic twist in the direction of the chain.

These ordered structures are hollow helices, which stabilise one another by packing

together coaxially.

Figure 1.2. Relationship between the linkage geometries encountered within

polysaccharides chains arid their conformations adopted in the solid state: a) extended

ribbons; b) buckled ribbons; c) hollow helices (from Morris, 2001)

Extended ribbons (e.g. cellulose)

a)

Buckled ribbons (e.g. pectin)

Hollow helices (e.g. amylose)

c)

The chemical structures and chain conformations of DFs dictate their physical

characteristics, which may have profound effects on their physiological role as constituents

of digest, and may introduce both local and systemic responses. Some of the most

important physical characteristics of DF are: hydration properties, solubility dispersability

in water, rheological properties, bulk due to nondigestibility, the ability to adsorb or bind

bile acids, fermentability by gut microflora and surface area characteristics (Schneeman,

1999b; Schneeman, 2001; Malkki, 2001; Guillon and Champ, 2000).
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1.2.4.2.1 Hydration properties

Polysaccharides contain glycosyl residues, that have hydroxyl groups, each hydroxyl group

having the capacity to hydrogen bind to one or more water molecules. Moreover, the ring

oxygen atom and the glycosidic oxygen atom can also form hydrogen bonds with water

molecules. Consequently, glycans posses a strong affinity for water and readily hydrate

when water is available (BeMiller and Whistler, 1996); they are hydrophilic molecules. In

aqueous systems, polysaccharide particles can take up water, swell, and undergo partial or

complete dissolution.

Hydration characteristics of DF have been extensively studied in relation to both

physiological effects (original DF hypothesis) and also to various technological aspects

related to their presence into foods. It is well known that water is bound to polysaccharides

with differing strengths and in different amounts; water binding properties of DF may be

determined by filtration (water holding capacity), centrifugation (water binding capacity)

or freeze drying (Chaplin, 2003). Bound water is often divided into two types (freezable

and non-freezable) with the non-freezable water being more tightly or specifically bound.

Measurement of hydration properties of DFs has proven to be problematic although the

parameters appear to be simple (Oakenfull, 2001). A recent European collaborative study -

Profibre, gave special attention to the definitions and standard measurements of hydration

properties of DF. According to Robertson et a!. (2000), the definitions related to hydration

properties of DF as arising from Profibre are:

- Swelling: 'the volume occupied by a known weight of fibre under the condition used'

is measured as settled bed volume.
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- Water retention capacity (WRC) or water binding capacity: 'the amount of water

retained by a known weight of fibre under the condition used' is measured by

centrifugation and is preferred to either water holding capacity or water binding capacity.

- Water absorption or water holding capacity: 'the kinetics of water movement under

defined conditions' is measured using a Baumann apparatus or using osmotic/dialysis

techniques.

Different hydration characteristic of DFs are related to their chemical structure: as

examples swelling values range from 5.65 mug for resistant starch (Novelose) to 10.45

mug for citrus fibre, and water retention capacity range from 2.95 g/g for Novelose to

10.66 g/g for citrus fibre (Robertson et al., 2000). It has also been suggested that some

values were lower than expected and this may be due to processing condition and

consequent matrix structure breakdown. Processes such as grinding, drying, heating and

extrusion can modif' the physical properties of the fibre matrix, and consequently affect

their hydration properties (Guillon and Champ, 2000). Several examples of hydration

characteristics for various DFs are presented in Table 1.1.

Swelling and water retention capacities provide a general view on DF hydration and will

provide useful information for designing DF supplemented foods. High water holding

capacity suggests that these materials can be used not only as DF enrichment, but also as

functional ingredients to reduce energy, avoid syneresis and modify the viscosity and

texture of the final product in various fields (bakery products, snacks, meat products and

dietetic beverages).

Water absorption is thought to provide more information on the DF, in particular its

substrate pore volume, and may be useful in understanding DF behaviour during the transit

of the gastrointestinal tract (Guillon and Champ, 2000). It is thought that faecal builcing
17
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capacity of DF is related to both their water absorptionlretention characteristics and their

impact on microbial proliferation (Davidson and McDonald, 1998). However this is not

entirely true. For instance, DFs such as pectin have high water capacity when compared

with wheat bran, but the latter has a more pronounced effect on faecal bulking since it is

poorly fermentable and therefore retains its structure in the colon.

Table 1.1. Hydration characteristics of some DFs (adapted from (Guillon and Champ,

2000; Robertson et al., 2000; Grigelmo-Miguel and Martin-Belloso, 1999))

Source of fibre

Sugar beet fibre

Wheat bran

Oat bran
Resistant starch

Novelose
Eridania

Water	Water
Particle Swelling	retention	absorptionTreatment	.	 - 1	 -1size (p.m) (mgl ) (g water * g	(ml water*g dry

dry pellet)	DF)

-	385	21.4	22.6	 8.8
-	205	15.9	19.2	 7.3

native	-	10.8	6.1	 -
depectinated-	

27 6	14 0	-	 -drastic drying
-	540	15.7	10.4	 7.0
-	139	10.4	10.7	 4.6
-	540	9.6	6.9	 3.8
-	80	5.6	7.1	 2.7
-	67	7.5	3.94

native	-	6.2	4.2
depectinated	-	11.8	7.2

and freeze dried
-	900	11.9	6.8	 1.0
-	320	5.9	3.0	 0.9

native	-	7.0	7.0
delignified	-	11.0	10.4
extruded	-	9.0	4.4

-	-	5.5	3.5

-	 40	5.6	2.9	 3.0
-	84	7.4	3.1	 3.9

1.2.4.2.2 Solubilily

Generally speaking, solubility is considered as a major factor in functional and nutritional

properties of DF.
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The solubility of polysaccharides is a consequence of their internal structure and relative

stability of the ordered arid disordered forms. Most of the polysaccharides exist in some

sort of helical shape (BeMiller and Whistler, 1996). Certain polysaccharides have a

structure in which the chains may adopt regular, ordered conformations (Figure 1.2) and

pack together into crystalline assemblies; the polymer is likely to be energetically more

stable in the solid state than in solution (Guillon and Champ, 2000). The chemical

regularity of a chain increases the strength of the links, confers insolubility, and resistance

to enzymatic attack. Thus linear structures such as cellulose with its flat ribbon-like

conformation (Figure 1.2 a) may undergo only limited degradation during colonic

fermentation, because the crystalline regions are nearly inaccessible to enzyme penetration.

The highly ordered polysaccharides with orientation and crystallinity represent the

exception rather than the rule (BeMiller and Whistler, 1996). If a chemical irregularity or a

branch is present on the linear structure, the links will be weaker. Most of the

polysaccharides have some irregularities in their structure (in the backbone or as side

chains) and hence tend to readily hydrate and to be soluble. The majority of unbranched

heteropolysaccharides containing non-uniform blocks of glycosyl residues and most

branched polysaccharides can not pack into a crystalline order because chain segments are

prevented from becoming closely packed over lengths necessary to form strong

intermolecular bonding; this will promote solubility. An example is guar gum, which is a

soluble polysaccharide and with a structure formed by a backbone similar to cellulose to

which sugar side chains are attached irregularly. In general, the polysaccharides become

more soluble as the degree of irregularity of the molecular chains increases (or the ease

with which molecules pack together decreases).
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Another factor that prevents ordered packing and confers solubility is charge. Neutral

polysaccharides such as cellulose and starch have a strong tendency for self-association;

the existence of charged groups within the molecule (as in pectins) promotes solubility due

to electrostatic repulsion, which inhibits the formation of ordered arrangements. However,

the negatively charged polysaccharide may associate in the presence of metal ions that can

bind to the chain and balance their charge (Morris, 2001). The resulting structure could be

the 'egg - box' previously shown in Figure 1.2b.

Temperature also plays an important role in the stability of the ordered assemblies; some

materials insoluble in cold water will dissolve as the temperature increases because it

promotes conversion to disordered form (Morris, 2001).

The understanding of DF structure in relation to their solubility may provide an insight into

DF behaviour in food products, and interactions with other food components on one hand,

and on the other hand may explain some of their nutritional benefits. Based on their

solubility, one widely used classification is that of water-soluble and gel-forming viscous

DF and water insoluble DF. This distinction was for a long time convenient, since many of

the physiological effects of fibre seemed to be based on this property: soluble viscous DFs

are associated with carbohydrate and lipid metabolism and are highly fermentable, while

insoluble DF generally contributes mainly to faecal bulk improving bowel habits

(Kritchevsky, 2001; Jenkins et al., 2001)

The concept of soluble and insoluble DFs has been developed through the fractional

extraction of polysaccharides from foods by controlling pH as in the case of the human

alimentary system. However, this classification may not be entirely useful in understanding

the relationship between the gastrointestinal effects of fibre and metabolic consequences

(Schneeman, 1 999a), since other variables such as fermentability, viscosity, and binding
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capacity appear to be as important in understanding the physiological response to

consumption of DF. Consequently a FAO/WHO report (FAQ, 1998) on dietary

carbohydrates recommended that the terms 'soluble' and 'insoluble' fibre should not be used

anymore. They recommended a chemical division based on their DP.

Furthermore, some researchers consider that introducing a 'viscosity index' as a criteria for

classification of DF based on their viscosity, would represent a step forward in

differentiation of DF (Fisher, 2003). However, this approach will lead to a problem related

to what we call today 'insoluble fibre' since the viscosity of such fibre can not be measured.

Nevertheless, the terms of soluble insoluble DF are still widely used by both the academic

community and food industry; therefore I will use it myself in the following chapters.

1.2.4.2.3 Polysaccharide solution viscosity (rheological properties) and stability

Water-soluble DFs are frequently used in the food industry primarily to modify/control the

flow properties of liquid food products and the deformation properties (textural properties)

of semisolid foods. They are commonly known as gums or hydrocolloids and because they

have the capacity to produce viscosity and form gels, they are often used in very small

concentrations (0.25-0.5%). Developing viscosity is one of the most important physical

properties of soluble DF not only from the perspective of food application but also

regarding several physiological effects.

The viscosity of solutions or suspensions of certain types of polysaccharides is dependent

on the intrinsic characteristics of the polysaccharides (mean molecular weight, shape of the

molecules, the presence and magnitude of charges of these hydrated molecules, and the

conformations they adopt in the solvent), on their concentration, on the type of solvent, and

also on the temperature.
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For most polysaccharides, intrinsic viscosity {i] a characteristic of the polymer is

proportional to molecular weight. However, the shape and flexibility of polysaccharide

molecules in solution are as important. Linear polysaccharides gyrate and flex in solution,

sweeping out a large space and frequently collide with each other, in comparison with a

highly branched polysaccharide molecule with the same molecular weight. Therefore, at

the same concentration, highly branched polysaccharides will produce a much lower

viscosity than linear molecules with the same DP (BeMiller and Whistler, 1996). Similar to

linear polysaccharides, chains wearing electrical charge result in an extended configuration

due to electric repulsion, increasing the end-to-end chain length. Consequently the volume

swept by the polymers increases and with it the viscosity of the solutions.

Polysaccharide concentration in solution also influences its flow behaviour. At low

concentrations when the molecules are away from each other and free to move, the

logarithm of the viscosity of a polysaccharide solution is directly proportional to the

logarithm of the multiple of the concentration and intrinsic viscosity (Malkki, 2001).

Above a critical value, the effect of concentration becomes very pronounced and the

viscosity becomes more shear rate dependent (Guillon and Champ, 2000). At this point the

molecules become sufficiently crowded to interpenetrate one another (Oakenfull, 2001).

Under certain conditions, some polysaccharides can form gels through association of their

ordered regions, forming a continuous three-dimensional network of coimected molecules,

and entrapping a large volume of a continuous liquid phase. The polymer molecules are

joined in junction zones by hydrogen bonding, hydrophobic associations (van der Walls

attractions), ionic cross bridges, entanglements, or covalent bonds (BeMiller and Whistler,

1996). The fluid-like solution changes into a material that has a sponge-like structure,
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which can retain its shape. Gels have rheological characteristics of both fluids and solids;

they are known as viscoelastic semisolids.

Viscosity, directly related to hydration properties and solubility is one of the most

important physical properties of DF from both physiological and technological points of

view. DFs, which have the ability to form viscous solutions/gels, can change the rheology

of the intestinal contents, and are known to produce local responses along the

gastrointestinal tract, which are associated with several systemic effects discussed later in

this chapter.

Apart from the nutritional aspect, DFs can be used for economical and technological

purposes. When added to foods, DF can change their rheological behaviour, texture and

consequently their sensory characteristics of the endproducts; they can also stabilise

suspensions, emulsions and foams and can improve products' freeze-thaw stability and

control syneresis. Nevertheless, not all the DF can be incorporated in the same way (levels

and form) and in the same type of products. Their uses have to be considered in connection

with their functional properties which are related to the processing conditions and food

structure (Guillon and Champ, 2000).

1.2.4.2.4 Fermentability

Once they reached the large intestine, almost all of the DF can be fermented totally or

partially by the microorganisms present in the colon, with the production of flatus gases

(carbon dioxide, hydrogen, and methane - responsible for unpleasant symptoms) and short

chain fatty acids (SCFA): acetate, propionate, and butyrate produced in roughly a 60:25:15

ratio (Bourquin et al., 1993a). Uptake of these fatty acids by colonocytes has been

associated with increased cell proliferation rates, enhanced sodium and fluid uptake and
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inhibition of hepatic cholesterol synthesis (Davidson and McDonald, 1998). In addition,

the fermentation leads to an increase in bacterial mass in the large bowel, contributing to

the faecal bulk. It is also presumed that chemical properties of the polysaccharides will

influence the types of microbial activity in the large intestine (Cummings et al., 2001).

Based on the amount of SCFA produced, fibre sources contribute up to approximately 2-

2.5kcallg (Livesey et al., 1995; Meyer and Tungland, 2001).

The degree to which DFs are fermented depends on the chemical, internal structure and

physical properties (especially solubility), with ordered conformations being broken down

to a smaller extent than polysaccharides with some irregularities in their molecules.

Fermentability depends also on the degree of purification (DF fermentability was found to

be higher when consumed in a purified form, than as constituent of food (Bourquin et al.,

1 993b)), and particle size (smaller particles offer an increased available contact area to gut

microflora, resulting in a more complete fermentation). These factors mentioned above

could probably explain some inconsistencies in findings between studies, which used DF,

conducted either clinically or in vitro. Taking into account their fermentability in addition

to solubility, DF have been classified as soluble-viscous-fermentable, insoluble-

nonviscous-unfermentable and mixed type (Roberfroid, 1993)

1.2.4.2.5 Bulk

DF are not digested by the enzymes of the human small intestine, therefore they increase

the dry weight of the intestinal contents and subsequently the mass of the material passed

into the large intestine. The ability of DF to influence faecal bulk depends on their

physicochemical properties and the bacterial population in the colon. For example, both

wheat bran (source of insoluble fibre) and oat bran (source of soluble fibre) increase stool
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