
Evaluation of Canola Protein Functionality in Mixed Food Systems

By

Florence Oj iugo Uruakpa

A Thesis
Submitted to the Faculty of Graduate Studies

In Partial Fulfillment of the Requirement
for the Degree of

DOCTOR OF PHILOSOPHY

Food an<l Nutritional Sciences
University of Manitoba

V/iruripeg, Manitoba

@Copyright by Florence Ojiugo Uruakpa2004



THN. ¡¡¡1¡"RSITY OF MAI\'ITOBA

FACTILTY Oß' GRADUATE STUDIES
***rrrt

COPYRIGHT PERMISSION

Evaluation of Canola ProteÍn Functionality in Mixed Food Systems

BY

F lorence Ojiugo Uruakpa

A ThesisÆracticum submitted to the Facuþ of Graduate Studies of The University of

Manitoba in partial fulfillment of the requirement of the degree

of

DOCTOR OF'PHILOSOPHY

Florence Ojiugo Uruakpa @ 2004

Permission has been granted to the Library of the University of Manitoba to lend or sell copies of
this thesisþracticum, to the National Library of Canada to microfilm this thesis and to lend or sell
copies of the film, and to University Microfilms Inc. to publish an abstract of this thesisþracticum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private study and research, and may only be reproduced and copied

as permitted by copyright laws or with express written authorization from the copyright owner.



I hereby declare that I am the sole author of this thesis.

I authorize the University of Manitoba to lend this thesis to other institutions or
individuals for the purpose of scholarly research.

Florence Ojiugo Uruakpa

I fuither authorize the University of Manitoba to reproduce this thesis by photocopying
or by other means, in total or in part, at the request of other institutions or individuals for
the purpose ofscholarly research.

Florence Ojiugo Uruakpa



iii

The University of Manitoba requires the signatures of all persons using or photocopying
this thesis. Please sign below and give address and date.



lv

ACKNOWLEDGEMENT

I owe all allegiance and reverence to the Almighty God, my greatest inspiration.

I am indebted to my supervisor, Dr. Susan D. Arntfield, for her painstaking guidance

and encouragement that led to the successful completion of my doctoral program. Her

academic assistance is outstanding. Profound appreciation is extended to my mentor, Dr.

Rotimi E. Aluko, for his superb support that steered me to greater heights. Words are not

enough to describe the solid assistance he rendered dwing the writing of the thesis. I

thank other members of my committee, Dr. Anne H. Ismond, Dr. Trust Beta and Dr.

Roman Przybylski for their help and suggestions. Special appreciation is extended to Dr.

Harry Sapirstein, for his kind gestures and motivation.

Funding of this research through Natural Sciences and Engineering Research

Council of Canada grant to my supervisor is greatly appreciated. Financial assistance

(James V/. Barlow Graduate Fellowship) from the University is acknowledged. The

technical assistance from Aniko Bernatsky, Wayne Johnson, Dr. N. Halden, Ron

Chapman, Guillermo Bellido and Parthiban Muthukumarasamy was instrumental to the

completion of this study. To all my friends, well-wishers and the staff of Food Science

department, I extend my sincere gratitude for their encouragement.

I say to my doting and graceful husband, Geoffrey Ndubuisi Nweke, your

understanding and patience gave me the zest to excel. Sweetness, you complete me. The

prayers and encouragement of my other loved ones, Ngozi Uruakpa, Betty Chinke, June

Pearcey and Loveth Ekwemalor are appreciated. The endless love and unceasing prayers

of my sweet and caring Mom, Nwadiuto Virginia Uruakpa, serve as my spring board to

success. I dedicate this piece to my Mom and my husband.



TABLE OF CONTENTS

REVIEW OF LITERATURE .........,..,.,..4

Canola/Rapeseed Proteins and their Preparation ..........4
Canola Protein Fractions ............... 5
Canola Protein Concentrate .............. .............. 6
Canola Protein Isolate ................... 6

Properties of Selected Polysaccharides ........... .............. 8
Guar Gum ................... 8
Carrageenan ................ 9

Gel Formation of Proteins .......... ...............12
Mechanisms for Network Formation by Globular Protein ............... l3
Gelation Mechanisms and Properties of Canola Protein .................. l6
Salt Influences on Network Association ....... 19
Molecular Forces Responsible for Network Formation ................... 19

Gelation Mechanisms of Polysaccharides ..................20
Ribbon Junction ........21
Micelle Junction ........22
Multiple Helices ........22

Protein Polysaccharide Interactions ......... ...................23
Consequences of Mixing Biopolymers ......... ..................23
Complex Coacervation ............ .....................25
Soluble Complexes .....................26
Incompatibility of Biopolymers ....................27

Multicomponent Emulsifying Systems .....29
Structure of Multicomponent Gels .......... .................... 3l

Complex Gels ......... .................... 34
Mixed Gels ......... .......34
Filled Gels ......... ........ 35
Phase-Separated Gels .................. 35

Techniques for Assessing Network Properties ............ 36



vl

PAGETABLE OF CONTENTS (continued)

CHAPTER 1

Structural Thermostability of Commercial Canola Protein-Hydrocolloid
Systems ............. 38
Abstract ............. 38
Introduction .............. ...........39
Materials and Methods ............. .............41

Source of Materials ............... .................... 4l
Sample Preparation ................. 41
Experimental Design ...............42
Statistical Analysis ..................43
Calorimetry: Assessment of Biopolymer Structural Thermal Stability ..........43

Results and Discussions ........ ................44
Thermal Transition Characteristics of Canola Protein-r-Carrageenan
Systems .................44
Effect of Canola Protein-NaCl-pH Interaction on T¿ ... . ..........44
Effect of pH-r-Carrageenan Interaction on Enthalpy of Denaturation (ÂH) . 48
Effect of Salts on Structural Properties of CPI-r-Canageenan Systems ........ 50

Denaturation Temperature (T¿) ..................... 50
Enthalpy of Denaturation (ÂH) ..................... 53

Effect of Urea and DTT on Structural Thermostability of CPI-r-CAR
Systems .................54

Influence of Urea ......54
Effect of DTT ........... 55

Thermal Transition Properties of Canola Protein-Guar Gum Systems ..........57
Effect of pH-NaCl Interaction on T¿ and CPI-Guar Gum Systems ................57
Effect of CPI-pH Interaction on T¿ of CPI-Guar Gum Systems ..................... 60
Effect of CPI-Guar Gum Interaction on ÁH of CPI-Guar Gum Systems ....... 61
Impact of Sodium Salts on Thermal Characteristics of CPI-Guar
Gum Mixtures ............. ............ 63
Effect of Urea and DTT on Thermal Transition Properties of CPI-Guar
Gum Systems ........... ............... 65

Influence of Urea ......65
Influence of DTT ......67

CHAPTER 2

Structural Behaviour of Commercial Canola Protein Mixed with Hydrocolloids ........ 69
Abstract .............69
Introduction.............. ...........70
Materials and Methods ............. .............72

Source of Materials .............. .....................72
Sample Preparation .................72
Experimental Design ...............73



vll

PAGETABLE OF CONTENTS (continued)

Fluorometry: Measurements of Hydrophobic Region on Molecular Surface . 74
Statistical Analysis ..................74

Results and Discussions ........ ................75
Visual Evaluation ....................75
Canola Protein Isolate-r-CarageeÍnî Systems ...........75

Effects of pH-NaCl-r-Carageenan Interaction on Surface
Behaviour ..................77
Impact of Canola Protein-pH-r-Carageenan Interaction
on Surface Activity .....................79

Canola Protein Isolate-Guar Gum Systems ........... ..... 8l
Effect of CPI-pH-NaCl Interaction on Molecular Conformation ..... 83
Effect of Canola Protein-Guar Gum Interaction on
Surface Feature ......... 85

Structural Activity of Canola Protein Mixed with Hydrocolloids .................. 86

Surface Hydrophobicity of CPI-r-CAR versus CPI-Guar Gum Systems ...... 89

CHAPTER 3

Rheological Characteristics of Commercial Canola protein Isolate-
r-Carrageenan Systems ............... ..........93
Abstract ............93
Introduction ............. ...........94
Materials and Methods ............. .............97

Source of Materials and Sample Preparations ........... 97
Experimental Design ...............98
Statistical Analysis .................. 99
Rheology: Analysis of CPl-rc-C¿urageenan Gel Properties .......................... 100

Results and Discussions ... 101

Effect of pH-NaCl-r-Carrageenan Interaction on Storage
Modulus of Gels .................... 101
Effect of pH-NaCl-r-CAR Interaction on Tan Delta of
CPI-r-CAR Gels ........ .......... 105
Model Predictions of Optimum Conditions for
CPl-r-Carrageenan Gels ......... ................ 108

Numerical Optimization for CPl-r-Canageenan Systems ............. 1 0B

Graphical Optimization for CPI-r-CAR Systems ........ 110
Verification of Model Predictions for Canola protein-
r<-Carrageenan Gels .............ll2
Mechanisms for Network Development of Biopolymers and Mixtures ....... lI4

Kappa-Carrageenan Gels ......... ................... 114
Canola Protein Gels ......... .........117
Canola Protein-rc-Caffageenan Gels ......... ..I17



vlll

PAGETABLE OF CONTENTS (continued)

CHAPTER 4

Physicochemical Properties of Commercial Canola Protein-Guar Gum Gels ............ 119
Abstract ........... 119
Introduction .............. .........120
Materials and Methods ............. ...........I22

Source of Materials .............. ...................I22
Sample Preparation ...............122
Experimental Design .............123
Statistical Analysis ................124
Rheology: Assessment of CPI-Guar Gum Gel properties ..........I24

Results and Discussions ........ ..............126
Visual Evaluation ..................126
Influence of CPI-pH-Guar Gum Interaction on Network properties ............ 126

Storage Modulus (G') .........
Loss Tangent (tan ô) ............. .... 130

Model Predictions of Optimum Conditions for Canolaprotein-Guar
Gum Gels ............132

Numerical Optimization for Canola Protein-Guar Gum Systems ..132
Graphical Optimization for Canola protein-Guar Gum Systems ....134

Verification of Model Predictions for Canola Protein-Guar Gum Gels ....... 136
Gel Formation Mechanisms for Guar Gum, Canola Protein and
theirMixture .............. ........... 138

Guar Gum Gel properties ............ ................ 138
Canola Protein Gel Behaviour ........... ......... 140
Canola protein-Guar Gum Networks .......... 142

CHAPTER 5

Microstructure of Commercial Canola Protein-Hydrocolloid Networks .................... 145
Abstract ........... 145
Introduction .............. .........I47
Materials and Methods ............. ........... 148

Source of Materials .............. ................... 148
Experimental Design .............I49
Sample Preparation ............... 150
Microscopy: Gel Microstructural Analysis ............ ... 150

Results and Discussions ........ .............. 151
Visual Examination ............... .................. 151
Structural Arrangement of Canola protein Isolate Networks ..... 152
Structure of Hydrocolloid (r-Canageenan and Guar Gu-) Networks ........ 155
Structure of Canola protein Isolate-r-Carrageenan Networks ....I57
Influence of Denaturants on Canola protein-r-Carrageenan Gel Structure .. 160

Effect of Urea ......... 160



TABLE OF CONTENTS (continued)

ix

PAGE

Influence of DTT ....163
Structure of Canola Protein Isolate-Guar Gum Networks ..........164
Effect of Urea and DTT on the Structure of CPI-Guar Gum Networks ....... 166

Influence of Urea ....166
Effects of DTT ........ 168

CHAPTER 6

Molecular Interactions Involved in Network Formation of Commercial Canola
Protein-Hydrocolloid Mixtures ...........170
Abstract ...........170
Introduction .............. .........I71
Materials and Methods ............. ...........172

Source of Materials .............. ...................172
Experimental Design .............173
Sample Preparation ...............174
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) ............. ............17s
Rheology: Assessment of Gel Properties .................. 176
Statistical Analysis ................177

Results and Discussions ........ ................................177
Visual Assessment ................177
SDS-PAGE: Polypeptide Composition of Canola Protein Isolate ................I79
Canola Protein Isolate-r<-Caffageeîan Gels ......... ..... 181

Influence of Sodium Salts on Gel Properties ............ .... 181
Influence of Urea on Network Properties ... 188
Influence of DTT on Network properties ...lg3

Canola protein Isolate-Guar Gum Gels ......... ............ 198

CHAPTER 7

Emulsi$ing Characteristics of Commercial Canola Protein-Hydrocolloid Systems . 199
Abstract ........... Lgg
Introduction .............. .........200
Materials and Methods ............. ...........201

Source of Materials ............... .................. 201
Experimental Design .............202
Statistical Analysis ................203
Sample Preparation ...............203
Turbidimetric Testing: Measurement of Emulsifying Properties .................204

Results and Discussions ........ ..............205
Canola Protein Isolate-r<-Carageenan Systems ........207

Effect of NaCl-r-Carrageenan Interaction on Emulsiffing
Activity (EAI) ..........207



X

PAGETABLE OF CONTENTS (continued)

Effect of CPI-r-Carrageenan Interaction on Emulsion
Stability (ES) ........ ..209

Canola Protein Isolate-Guar Gum Systems ........... ...211
Effect of CPI-Guar Gum Interaction on Emulsiffing
Activity Index (EAI) .................213
Influence of NaCl-Guar Gum lnteraction on Emulsion
Stability (ES) ........ ....................215

Prediction of Optimum Conditions for CPl-Hydrocolloid Emulsions .........217
Numerical Optimization for CPI-r-CAR Systems .......217
Graphical Optimization for CPI-r-CAR Systems ........219
Numerical Optimization for CPI-Guar Gum Systems ............ ........ 221
Graphical Optimization for CPI-Guar Gum Systems ............ ......... 223

Verification of Model predictions for CPl-Hydrocolloid Mixtures .............. 225
Effect of CPl-Hydrocolloid Interactions on Emulsifuing Properties ............228
Effect of Sodium Salts on Emulsifuing Properties of CPl-Hydrocolloid
Systems ...............231

Canola Protein-r-Canageenan Systems .....231
Canola Protein-Guar Gum Systems ............233

Effect of Urea and DTT on Surface Properties of CPl-Hydrocolloid
Systems ...............235

GENERAL DISCUSSIONS ........ .....,.239

The Role of protein-Polysaccharide Interaction in Canola protein gelation ...............239
Microstructure in relation to Gelation of CPl-Hydrocolloid Gels ......... ...241,
Molecular Interactions Involved in Structure Formation .............. ............243
Surface Hydrophobicity in Relation to Emulsification of CPI-Based Systems ..........246

CONCLUSIONS ...............248

PRACTICAL AND FUTURE RESEARCH CONSIDERATIONS ..............,......,.....250

Practical Applications .............. ...........250
Further Research Considerations ......... .................250

REFERENCES ......... .........253

APPENDICES ........... .......269



XI

LIST OF TABLES

TABLE PAGE

Table 1. Structural Transition Properties (T¿, AH) of Canola protein-rc-
Ca.nageenan (r-CAR) Mixtures under Varied Conditions ..........45

Table 2. Influence of Salts Type and Concentration on the Thermal Properties
(T¿, ÂH) of Canola Protein-r-C¿urageenan ((r-CAR) Mixtures Prepared
with 15% (dv) Protein and 3% (wlv) r<-CAR at pH 6 .............. ....................52

Table 3. Structural Transition Properties (T¿, AH) of Canola Protein-Guar Gum
Mixtures under Varied Conditions ........... 58

Table 4. Influence of Salt Type and Concentration on the Thermal Properties
(Td, AH) of Canola Protein-Guar Gum Mixtures Prepared with2}% (wlv)
Protein and 1.5%o (w/v) Guar Gum at pH 10 ............. ...................64

Table 5. The Surface Hydrophobicity (So) Values of Canola protein-r-
Carrageenan Mixtures under Varied conditions ........76

Table 6. Surface Hydrophobicity (S") Values of Canola protein-Guar Gum
Systems under Varied conditions ............. 82

Table 7. Surface Hydrophobicity of Canola Protein-Hydrocolloid Mixtures
Prepared with 0.25 M NaCl at Varied pH (10%o,w/v; l%o,wlv
r-Carrageenan or Guar Gum) ............... ..................... 90

Table 8. Gelation Properties (G', tan ô) of Canola protein Isolate-r<-Caffageen¿u1
Mixtures under Varied Conditions .........I02

Table 9. Predicted Optimum Combinations of Factors and responses
Characterizing Strong, Elastic CPI-r-CAR Gels Based on Set Criteria
V/ithinNumerical OptimizationModel ................... 109

Table 10. Gelation Properties of Canola protein-r<-Caffageenan Gels Prepared
with 0.05 M NaCl at pH 6. Measurements were taken during Frequency
Sweep (after Cooling) at I Hz .............. 118

Table 11. Rheological Properties (G', tan ô) of Canola Protein-Guar Gum
Mixtures under Varied Conditions .......127

Table 12. Predicted Optimum Combinations of factors and responses
Charucterizing Strong, Elastic CPI-Guar Gum Gels based on Set
Criteria within Numerical Optimization Model .....133



xll

LIST OF TABLES (continued) PAGE

Table 13. Rheological characteristics of Canola protein-Guar Gum Gels
Prepared with 0.05 M NaCl at pH 10. Measurements were taken
during Frequency Sweep (after Cooling) at I Hz ......... ...........I40

Table 14. Influence of Salt Type and Concentration on the Rheological
Properties (G', tan ô) of Canola Protein-r-Ca:rageenan (rc-CAR)
Gels prepared with 15% (wlv) protein and3%o (w/v) r-CAR at pH 6.
Measurements were taken during Frequency Sweep (after Cooling)
at I Hz .............. 186

Table 15. Interfacial Stabilizing Properties (EAI, ES) of Canola Protein-rc-
Carrageenan Mixtures under Varied Conditions ...206

Table 16. Surface Stabilizing Characteristics (EAI, ES) of Canola Protein-Guar
Gum Mixtures under Varied Conditions ................212

Table 17. Predicted Optimum Combination of Factors and Responses
Characterizing Improved CPI-rc-CAR Emulsions based on Set Criteria
within Numerical Optimization Model .................. 218

Table 18. Predicted Optimum Combination of Factors and Responses
Characterizing Improved CPI-Guar Gum Emulsions based on Set
Criteria within Numerical Optimization Model .....222

Table 19. Influence of Salt Type and Concentration on the Interfacial Properties
(EAI, ES) of Canola protein-r-Carrageenan Emulsions Prepared with
l0% (wlv) Canola Protein Isolate and lYo (dv) r-Carrageenan at pH 6 ..232

TabIe 20. Influence of Salt Type and Concentration on the Emulsif ing Properties
(EAI, ES) of Canola Protein Isolate-Guar Gum Emulsions Prepared with
l0% (wlv) Canola Protein Isolate and3o/o (*/Ð Guar Gum at pH l0 .......234

Table 21. Gelation Properties of Canola Protein Isolate (CPÐ in the Presence
and Absence of r-Carrageenan or Guar Gum (0.05 M NaCl, 3o/owlv
r-Carrageenan, 1 .5Yowlv Guar Gum) ...................241

Table 22. stabiriry of Emulsions (%) Stabilized by canola protein Isolate
(CPÐ in the Presence of r-Carrageenan or Guar gum (lYo wlv,
Hydrocolloids; 10%, w/v CPI; 0.25 M NaCl) ........247



xlll

LIST OF FIGURES

FIGURE PAGE

Figure 1. Structural Unit of Guar Gum ........ ............ 8

Figure 2. Structural Unit of Carrageenan ........... ......9

Figure 3. IdeaIízed Structures of Carrageenan (CAR) Showing Conversions
that Occur on Alkaline Treatment ............ l0

Figure 4. Scheme of Globular Protein Gelation .....12

Figure 5. Schematic Representation of the Corpuscular Theory ............... 13

Figure 6. Main Trends in the Behaviour of Protein-Polysaccharide Mixtures ............23

Figure 7. Scheme of Nephelometric Acid-Base Titration of a Mixture of
Protein and Dextran Sulfate Solutions ......................26

Figure 8. Denaturation temperature (T¿) contour plot showing the influence of
CPI and NaCl Concentrations on T¿ of CPI-r-CAR Mixtures at3%o
(w/v) r-CAR and Varied pH (A: pH 6; B: pH 10) ........... ..........47

Figure 9. Enthalpy of Denaturation (aH) Contour Plot Showing the lnfluence
of Interaction between pH and r-CAR Concentrations on AH of CPI-rc-
Carrageenan Mixtures Prepared with 0.05 M NaCl and I5%o (w/v) CPI .....49

Figure 10. schematic Representation of the stabilizing and Destabilizing
Effect of Salts ....52

Figure 11. Effect of urea (A) and Dithiothreitol (B) on the Thermal Transition
Properties (Td, 

^H) 
of Canola Protein Isolate (CPD and CPI-r-

Carrageenan (r-CAR) Mixtures (lsyo,w/v CPI; 3o/o,wlv r-CAR;
0.15 M DTT or 6 M urea; pH 6) ........... 56

Figure 12. Denattxation Temperature (T¿) Contour Plot Showing the Influence
of NaCl Concentration and pH on T¿ of CPI-Guar Gum Mixtures
Prepared with I .5% (wlv) Guar Gum and20%o (w/v) CPI ......................... 59

Figure 13. Denaturation Temperature (T¿) Contour Plot showing the Effect
of Interaction between pH and cPI concentration on T¿ of cPI-Guar
Gum Mixtures Prepared with 0.25 M Nacl and r.0o/o (w/v) Guar Gum .... 60



XiV

LIST OF FIGURES (continued) PAGE

Figure 14. Enthalpy of denaturation (AH) contour plots showing the influence
of CPI-guar gum interaction on AH of CPI-guar mixtures at 0.05 M
NaCl and Varied pH ........... ..................62

Figure 15. Effect of urea (A) and dithiothreitol (B) on the thermal transition
properties (T¿, ÂH) of canola protein isolate (CPÐ and CPI-guar
gum mixtures ............ .........,66

Figure 16. Contour Plots Showing the Influence of r-Carrageenan (r-CAR) and
NaCl Concentrations on the Surface hydrophobicity (S") of CPI-r-
CAR Systems at 15% (wlv) CPI and Varied pH ............ ........... 78

Figure 17. Contour Plots Showing the Effects of Canola Protein Isolate (CPI) and
r-Carrageenan (r-CAR) Concentrations on the Surface Hydrophobicity
(S") of CPI-r-CAR Systems at 0.05 M NaCl and Varied pH ................... 80

Figure 18. Contour plots showing the influence of canola protein isolate (CPD
and NaCl concentrations on the surface hydrophobicity (So) of
CPI-guar gum systems at l.5Yo (dv) guar gum and varied pH ................ 84

Figure 19. Contour Plots Showing the Influence of Canola Protein Isolate (CPI)
and Guar Gum Concentrations on the Surface Hydrophobicity (S")
of CPI-Guar Gum Systems at 0.05 M NaCl and Varied pH ....87

Figure 20. Effects of r-Carrageenan (r-CAR) and Guar Gum Concentrations
on the Surface Hydrophobicity of Canola Protein Isolate
(CPl)-Hydrocolloid Systems ................ 88

Figure 2I. Effect of NaCl and r-Carrageenan Concentrations on the Storage
Modulus (G') of Canola Protein-r-Carrageenan Systems at
lío/oProtejn and Varied pH ............ .... 104

Figure 22. Effecf of NaCl and r-Carrageenan Concentrations on Loss
Tangent (tan ô) of CPl-rc-Carrageenan Systems
at l5%o Protein and Varied pH 6 ......... .................. 107

Figure 23. Graphical OptimizationDisplay of Gelation Properties (G,, tan ô)
as (G', tan ô) as a Function of NaCl and rc-Ca:rageenan
(rc-CAR) Concentrations at pH 6 ........ .................. 111

Figure 24. Predicted and Experimental Gelation Properties (A: G'; B: tan ô), of
CPI-r-CAR gels at pH 6, 0.05 M NaCl and 3% (wlv) rc-CAR ................ 113



XV

PAGELIST OF FIGURES (continued)

Figure 25. Changes in Rheological Parameters (G' (A); tan õ (B)), of Canola
Protein Isolate (CPI), r-Carrageenan (r-CAR) and CPI-r-CAR Gels
During Heating ................. I 15

Figure 26. Changes in Rheological Parameters (G' (Ð; tan ô (B)) of Canola
Protein Isolate (CPÐ, r-Carrageenan (r<-CAR) and CPI-r-CAR Gels
during Cooling .................. 116

Figure 27. Storage Modulus (G') Contour Plot Showing the Influence of CPI and
Guar Gum Concentrations on G' of CPI-Guar Gels at 0.05 M
NaCl and Varied pH ........... ................129

Figure 28. Tan ô Contour Plot Showing the Effects of CPI and Guar
Gum Concentrations on tan ô of CPI-Guar Gels at 0.05 M
NaCl and Varied pH ........... ................ 131

Figure 29. Graphical OptimizationDisplay of G' and tan ô as a Function of
Canola Protein Isolate (CPÐ and Guar Gum Concentrations
at pH 10 and 0.05 M NaCl ....... .......... 135

Figure 30. Predicted and Experimental Response Parameters, G' (A)
and tan ô (B), of CPI-Guar Gum Gels at pH 10, 0.05 M
NaCl and 1.5%o Guar Gum ........ .........137

Figure 31. Changes in Rheological Properties, G' (A) and tan ô (B), of
Canola Protein Isolate (CPD, Guar Gum and Mixed Canola
Protein-Guar Gum Networks during the Heating Cycle ........139

Figure 32. Changes in Rheological Properties, G' (A) and tan ô (B) of Canola
Protein Isolate (CPD, Guar Gum and Mixed Canola Protein-Guar
Gum Networks during the Cooling Cycle ............I41

Figure 33. SEM of Canola Protein Isolate (CPÐ Gels Prepared with 0.05 M NaCl
and l5Yo (w/v) CPI at pH 6 (A) and pH l0 (B); Showing X50, x 500,
x3000 Micrographs ............... .............. 153

Figure 34. SEM of r-Carrageenan (r-CAR) Gels Prepared with 0.05 M NaCl
and3o/o (w/v) r-CAR at pH 6 ............... ................ 156

Figure 35. SEM of canola protein isolate-rc-Carrageenan Gels. A: high G',
low tan ô (pH 6,3yo (w/v) r<-CAR, 15% (dv) CPI, 0.05 M NaCl);
B: low G', high tan ô (pH 10,3o/o (w/v) r-CAR,20yo (w/v) Canola
Protein, 0.25 M NaCl) ...... 158



xvt

LIST OF FIGURES (continued) PAGE

Figure 36. SEM of Canola Protein-rc-Carrageenan Gels (pH 6,3yo (w/v)
r-CAR, 15% (wlv) Canola Protein, 6 M urea or 0.15 M DTT) ............... 161

Figure 37. SEM of Canola Protein-Guar Gum Gels. A: high G', low tan ô

OH 10, L5% (wlv) Guar Gum, 20% (wlv) CPI, 0.05 M NaCl);
B: low G', High Tan õ (pH 6, l% (wlv) Guar Gum,20yo
(w/v) Canola Protein, 0.05 M NaCl) .................... 165

Figure 38. SEM of Canola Protein-Guar Gum Gels (pH l0,I.syo (w/v)
Guar Gum,20yo (w/v) Canola Protein, 6 M urea or 0.15 M DTT) ..........167

Figure 39. SDS-PAGE Compositions of Canola Protein Isolate (CPÐ under
Non-Reducing (-ME) and Reducing (+ME) Conditions ......................... 180

Figure 40. Influence of 0.5 M Sodium Salts on the Storage Modulus (G') of
Canola Protein-r-Carrageenan Gels (15% w/v protein,3o/o wlv
r-Carrageenan, pH 6) as a Function of Temperature ............................... 183

Figure 41. Effect of 0.5 M Sodium Salts on G' (A) and tan õ (B) as a
Function of Temperature during cooling of Canola Protein-r-
Carrageenan Gels (15%owlv protein, 3o/owlv K-carrageenan, pH 6) ....... 184

Figure 42. Influence of Urea on G' as a Function of Temperature for Individual
Canola Protein Isolate (CPI), :r.-carrageenan (rc-CAR) and Mixed
CPI-r-CAR Gels (15% CPI, 6 M urea, 3% r-CAR, pH 6) .... 189

Figure 43. Influence of Urea on G' (A) and tan õ (B) as a Function of Temperature
for Individual Canola Protein Isolate (CPÐ, r-Carrageenan (r-CAR) and
Mixed CPI-r-CAR gels (15% w/v CPI, 6 M urea, 3o/owlv r<-CAR, pH 6)
during the Cooling Regime ................. 191

Figure 44. Influence of Urea on Storage Modulus (G') as a Function of
Temperature for Canola Protein Isolate (CPD and CPl-r-Carrageenan
Gels (15% w/v CPI,6 M urea, pH 6, 3%owlv r-CAR) during
Frequency Sweep (after Cooling) .......193

Figure 45. Influence of Dithiothreitol (DTT) on Storage Modulus (G,) as a
Function of Temperature for Individual Canola Protein Isolate (CPI),
r-Carrageenan (r-CAR) and CPI-r-CAR Gels (pH 6,15o/o w/v CPI,
3Yowlv r-CAR, 0.15 M DTT) during heating ......194

Figure 46. Influence of Dithiothreitol (DTT) on G' (A) and Tan ô (B) as a
Function of Temperature for Individual Canola Protein Isolate (CPÐ,



XVii

LIST OF FIGURES (continued) PAGE

rc-Carrageenan (rc-CAR) and CPI-r-CAR gels (pH 6,Isyo CPI,
3% r-CAR, 0.15 M DTT) during Cooling ............ 195

Figure 47. Effect of Urea and Dithiothreitol (DTT) on the Gel Properties of
Individual Canola Protein Isolate (CPD and CPl-r-Carrageenan
(r-CAR) Mixtures (15% (wlv) CPI,3yo (w/v) r-CAR, 0.15 M
DTT or 6 M urea, pH 6) ....197

Figure 48. Emulsifying Activity Index (EAD Contour Plot Showing the Effects
of r-Carrageenan (r-CAR) and Salt Concentrations on the EAI of
CPI-r-CAR Emulsions at l0%o (w/v) CPI and Varied pH ....................... 208

Figure 49. Emulsion Stability (ES) Contour Plot Showing the Effects of Canola
Protein Isolate (CPÐ and r-Carrageenan (rc-CAR) Concentration on
the ES of CPI-r-CAR Emulsions at 0.25 M NaCl and Varied pH ..........210

Figure 50. Emulsifying Activity Index (EAÐ Contour Plot Showing the Effects
of Canola Protein Isolate (CPI) and Guar Gum Concentrations on the
EAI of CPI-Guar Gum Emulsions at 0.25 MNaCI and varied pH .........214

Figure 51. Emulsifying activity index (ES) contour plot showing the effects of
NaCl and guar gum concentrations on the ES of CPI-Guar Gum
Emulsions at lïYo (w/v) CPI and Varied pH ........... ..............216

Figure 52. Graphical OptimizationDisplay of EAI and ES as a Function
of r-Carrageenan (r-CAR) and NaCl Concentrations at
l0% (wlv) CPI and pH 6 ........ ............220

Figure 53. Graphical optimizationDisplay of EAI and ES as a Function of
Canola Protein Isolate (CPÐ and Guar Gum Concentrations at pH l0 ....224

Figure 54. Experimental and Predicted Interfacial Properties, EAI (A) and
ES (B), of CPl-r-C¿urageenan Mixtures at I0%o (w/v) CPI,
pH 6, 0.25 M NaCl and lYor-canageenan ..........226

Figure 55. Experimental and Predicted Interfacial Properties, EAI and
ES, of CPI-Guar Gum Mixtures at l\Yo (w/v) CPI, pH 10, 0.25 M
NaCl and 3o/o Guar Gum ........ ............227

Figure 56. Influence of Protein-Hydrocolloid Interactions on the Emulsifying
Properties (EAI, ES) of Canola Protein-Stabilized Emulsions ................229

Figure 57. Effect of urea and DTT on the emulsiffing properties (EAI, ES) of
Canola Protein-Hydrocolloid Systems with or without Denaturants .......236



xvlll

LIST OF APPENDICES

APPENDIX PAGE

Appendix 1. Selected Factorial Model - ANOVA of Denaturation Temperature
(T¿) of Canola Protein Isolate-r-CarrageerLan Systems ......269

Appendix 2. Selected Factorial Model - ANOVA of Enthalpy of Denaturation
(AH) of Cmola Protein Isolate-r-Carrageenan Systems .....270

Appendix 3. Selected Factorial Model - ANOVA of Denaturation Temperature
(T¿) of Canola Protein Isolate-Guar Gum Mixtures ...............,..............271

Appendix 4. Selected factorial model - ANOVA of Enthalpy of Denaturation
(ÂH) of Canola Protein Isolate-Guar Gum Mixture ............272

Appendix 5. Selected Factorial Model - ANOVA of Surface Hydrophobicity
(So) of Canola Protein Isolate-r-Carrageenan Systems .......273

Appendix 6. Selected factorial model - ANovA of surface hydrophobicity
(So) of canola protein isolate-guar gum systems ............... ..274

Appendix 7. Selected factorial model - ANOVA of Storage Modulus (G') of
Canola Protein Isolate-r-C¿rrrageenan Systems ..................275

Appendix 8. Selected factoÅaI model - ANOVA of Loss Tangent (Tan ô) of
Canola Protein Isolate-r-Carrageenan Systems ..................276

Appendix 9. Selected factorial model - ANOVA of Storage Modulus (G') of
Canola Protein Isolate-Guar Gum Systems ..........................:.. ..............277

Appendix 10. Selected factorial model - ANOVA of Loss Tangent (tan ô) of
Canola Protein Isolate-Guar Gum Systems ........... ............279

Appendix 11. Selected Factorial Model - ANOVA of Emulsion Stability (ES) of
Canola Protein Isolate-r-Carrageenan Mixtures ................279

Appendix 12. Selected Factorial Model - ANOVA of Emulsi$ing Activity
Index (EAI) of Canola Protein Isolate-r-C affageenan Mixtures ........ 280

Appendix 13. Selected factorial model - ANOVA of emulsifying activity index
(EAD of canola protein isolate-guar gum mixtures ............. ................ 2gl

Appendix 14. Selected Factorial Model - ANOVA of Emulsion Stability
(ES) of Canola Protein Isolate-Guar Gum Mixtures .........282



XIX

ABSTRACT

Oilseed proteins contribute useful functionality to food systems. Knowledge of the

molecular interactions between plant proteins such as commercial canola protein isolate

(CPI) and hydrocolloids such as K-c¿ìrrageenan (r-CAR) and guar gum will allow the

manipulation of physical and textural properties of mixed biopolymers by adjusting the

interaction in a desirable way. This research investigates the molecular interactions

involved in gelation and emulsification of these CPl-hydrocolloid systems. The

objectives were to: a) determine the functional and physicochemical properties of CPI-r-

CAR and CPI-guar gum mixtures; b) determine the type and degree of interactions

between CPI and r-CAR or guar gum based on protein conformational changes assessed

by differential scanning calorimetry, fluorescence spectroscopy and microscopy; and c)

establish optimum conditions for gelation and emulsification of these systems. Gelling

characteristics and emulsiffing properties were evaluated using dynamic rheology and

spectroturbidimetry, respectively. This study has 1) characteúzed the gel properties of

CPI-r-CAR and CPI-guar gum mixtures using dynamic rheology and microscopy;2)

optimized conditions for specific functional properties such as network and emulsion

formation. Optimum conditions for gelation of CPI-rc-CAR mixtures were pH 6,3yo

(w/v) rc-CAR, 0.05 M NaCl, ß% (wlv) CPI; whereas those for CPI-guar gum mixtures

were pH 10, 1.5% (wlv) guar gum, 0.05 M Nacl, 20% (wlv) CpI. Electrostatic

complexing and synergistic interaction contributed to the formation of strong and elastic

CPI-r-CAR gels. The synergistic behaviour was supported by the microstructural data

of gel networks. Furthermore, optimum conditions for CPl-r-CAR-stabilized emulsions

were pH 6,Iyo (Wv) rc-CAR, 0.25 M NaCl, l0% (wlv) CpI; whereas those for Cpl-guar



gum-stabilized emulsions were pH 10, 3% (wlv) guar gum, 0.25 M NaCl, l0% (wlv)

CPI; 3) confirmed that hydrophobic interactions, hydrogen bonding and disulfide

linkages are the main molecular forces involved in the formation and stabilization of

CPI-rc-CAR and CPI-guar gum gels and emulsions; 4) reported improvements in the

emulsiffing properties and surface hydrophobicity of these CPl-hydrocolloid mixtures,

when compared to CPI alone. Protein-polysaccharide interactions give a realistic

indication of plant proteins behaviour in food systems and provide useful information

for the development of functional canola protein products.



INTRODUCTION

Plant protein functionality in food systems can be affected by other components

in that system. Studies on protein-polysaccharide interactions have shown that under

some conditions, these interactions can result in improved gelation (Samant et a|,1993)

and emulsification properties (Ledward, 1994). Understanding the interactions between

components in food systems is a prerequisite for the incorporation of plant proteins such

as CPI into conventional foods or the development of new foods. Interactions between

proteins and polysaccharides may result in complex formation, homogeneous solutions

and incompatibility (Tolstoguzov, 1998). Industrial significance of interactions between

proteins and polysaccharides for protein recovery, protein stabilization and food texture

modification has been documented (Ledward, 1979). The mechanisms of forming

protein gelling systems by these interactions (Stainsby, 1980) and designing of new food

systems (Tolstoguzov, 1995) based on these interactions have been reviewed. The type

of association does not necessarily determine the contribution to the functional

properties of the food. For example, thermally stable protein gels have been produced

through electrostatic interactions between sodium alginate and sodium caseinate

(Tolstoguzov, 1991). However, studies with canola protein revealed that the addition of

low concentrations of guar gum improved protein gel characteristics; but not when

methylcellulose or sodium alginate was included (Amtfield and cai, 1998).

Canola is the term registered and adopted in Canada to describe the oil obtained

from the seed cultivars Brassica nqpus and Brassica campestris. In 1986, the term

canola was amended to refer to B. napus and B. campestris (now B. rapa) cultivars

containing <2o/o erucic acid in the oil and <30 pmolig glucosinolates in the air-dried, oil-
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free meal (OECD, 2001). Canola seeds, the main sources of vegetable oil in Canada

(Rubino et al., 1995), contain about 40Yo edible oil and the meal produced after oil

extraction contains 40%o protein (Shahidi, 1990). Canola protein has a well-balanced

amino acid profile (Ohlson, 1,978) and high protein efficiency ratio, PER (Jones, 1979).

It does not contain the enzyme lipoxygenase that promotes oxidative rancidity in other

oilseeds such as soybean. However, this meal with a well-rounded amino acid

composition is predominantly used as animal feed due to the inherent antinutritional

factors such as glucosinolates, ph¡ates, phenolics and erucic acid (Ismond and W'elsh,

1992). Nevertheless, canola meal has great potential as a protein source for human

consumption.

So far, several studies have focused on isolation methods and evaluation of

laboratory-prepared canola proteins. A number of protein isolation procedures, some of

which avoid the use of extreme pH and organic solvents, have been developed for canola

(Ismond and Welsh,1992, Murray et al., 1981). Thermal gelation of the 12S canola

globulin derived from commercial canola meal has been studied by Leger and Arntfîeld

(1993). Dispersions of 12S rapeseed glycoprotein at pH > 4 readily self-associated on

heating with gelation at 4.5Yo protein and measurable thickening at l%o protein (Gill and

Tung, 1978). Since it is necessary to move findings from the laboratory to the industry,

there is a need to assess the functional properties of commercial CPI in multicomponent

systems. This will enable CPI to compete effectively with other commercially available

and widely used plant proteins such as soy protein products. In a food system containing

proteins and other components, the interactions between the different components need

to be well balanced so that a stable system evolves.
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This study examines the structure and functionality of commercial CPI-r-CAR

and CPI-guar gum mixtures. The long-term objective was to determine the structure-

function properties of protein-polysaccharide complexes using model food systems. The

short-term objectives were to:

l. Determine the functional properties of CPI-r-CAR and CPI-guar gum mixtures.

2. Assess the type of molecular interactions that contribute to the functionality of

these mixed biopolymer systems.

3. Characterize these CPl-hydrocolloid systems with respect to gel formation,

emulsifuing ability, structural thermal stability, surface hydrophobicity and

microstructure.

Examine the effects of pH and salt concentration on these functional properties.

Establish the optimum conditions responsible for enhanced network formation

and emulsification of these systems.

4.

5.



REVIE\ry OF LITERATURE

Canolal rapeseed proteins and their preparation

Canola is the name adopted by the rapeseed industry in Canada in 1978 to

identifu rapeseed cultivars which are genetically low in both erucic acid and

glucosinolates (McCurdy, 1990). Canola is widely grown, particularly in Canada,

because it is a rich source of high quality edible oil (Shahidi, 1990). The meal obtained

after oil extraction of rapeseed contains about 35-40% protein with a good balance of

essential amino acids (Sosulski, 1983; Finnigan and Lewis, 1985; Klockeman et al.,

1997) and a high protein efficiency ratio (Jones, 1979). Canola meal, predominantly

used as an animal feed ingredient, has immense potential as a source of protein for

human consumption. Interest in rapeseed as a protein source materialized in the sixties

when it became generally appreciated that the essential amino acid composition of

rapeseed protein compared favourably with that of soybean and the FAO/WHO protein

reference pattern (FAO, 1992); and was corroborated by the findings of Klockeman et

aI. (1997). However, the presence of antinutritional factors (e.g. glucosinolates, ph¡ic

acid, phenolic compounds) in canola protein limits the possibility of using this protein as

a food ingredient (Ismond and Welsh, 1992).

In a review on rapeseed, Mieth et al., 1983 classified protein products from

Brqssica seeds into three types which differ from one another in their composition,

properties and possible applications: 1) seed meals (hull-rich products with <45yo

protein and dehulled products with >45yo protein) are extracted from seeds and

industrial meals; 2) protein concentrates (dehulled products with>60o/o protein and hull-

rich products with <60yo protein) are obtained by extracting antinutritive components of

seeds or seed meal with aqueous andlor non-aqueous solvents; and 3) isolates (>90%
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protein) are obtained by extracting proteins from seeds or seed meals and precipitation

or ultrafiltration.

By modem processing, canola seeds are flaked, cooked and pressed to remove as

much oil as possible. The press-cake is extruded to produce porous ropelike segments

of material for solvent extraction. After the oil has been extracted, the solvent is

removed, and the meal is dried, resulting in defatted canola meal (Pickard, 1.997).

Canola protein products are mostly made from defatted canola meal. There are three

major types of canola protein products: protein fractions, concentrates and isolates.

Canola proteÍn fractions

A study (Schwenke et al., 1983) on the structure of rapeseed globulin revealed

that the 12S globulin (a main storage protein in the seeds of Brassica species) represents

an oligomeric protein with a molecular weight of 300,000. It is composed of 6 subunits

and each subunit contains smaller units (polypeptide chains) with molecular weights in

the range of 18500 to 31200. The protein contains 4 polypeptide chains differing by their

molecular weights in the sodium dodecyl sulfate (SDS)-electrophoresis: 18500 + 800;

21100 + 500; 26800 + 900; 31200 t 1600. According to its quaternary structure the

protein dissociates under environmental (i.e. solvent) conditions.

The secondary structure of the protein is characterizedby a low (ll%) content of

a-helix and a relatively high (31%) content of B-conformation. In a more recent study

on the solubility profile of canola proteins, Klockeman et al. (1997) characterized, the

major proteins in canola seed as glutelins (91.8% soluble in 0.4Yo w/v NaOH) and

globulins (509% soluble in 5%o w/v NaCl), while prolamins (339% soluble in 60Yo wlv
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ethanol) and albumins (31.2%o soluble in distilled deionized water) were the minor

proteins.

Canola protein concentrate

By analogy to soybean technology, rapeseed protein concentrate may be defined as the

product prepared from high quality, sound, cleaned, dehulled rapeseed by removal of the

oil and water-soluble nonprotein components. A water extraction process was developed

(Jones, 1979) which removes over 90%ó of the glycosinolates and results in a protein

concentrate having an essential amino acid balance that has been shown by nutritional

evaluation to be superior to any other known oilseed. In this process, the dehulled seed

fraction is subjected to a series of treatments: a) boiling water treatment to inactivate

enzymes in the cotyledons capable of hydrolyzing glucosinolates to toxic compounds; b)

water-leaching to extract water-soluble components, glucosinolates, problem sugars

such as raffinose and stachyose, and phenol-like compounds such as sinapine; c) the

extracted cotyledons are recovered, dried and hexane-extracted to yield a protein

concentrate with 59.7-69.6% protein and 5.2-7.7% fiber, depending on rapeseed

variety.

Canola protein isolate

The extraction and isolation of canola protein have been the focus of several

investigations (Gillberg and Tornell, 1976; Diosady et al., 1984; Tzeng et al., lggg;

Deng et al., 1990; Rohani and chen, 1993; Xu and Diosady, 1994). other studies on

canola protein isolation are highlighted below. A process designed (Tzeng et a1.,1990)

to characterize rapeseed and canola proteins consists of extraction of oil-free meal (50-
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52%o protein) at pH 10.5-12.5, isoelectric precipitation to recover proteins and ultra-

filtration followed by diafiltration to concentrate and purify the remaining acid-soluble

proteins. Isoelectric and soluble protein isolates (with low phytate, light colour and

bland taste) containing 87-104% protein Q.ü x 6.25) and a meal residue were obtained

from canola meal. A method termed protein micellar mass (PMM) procedure (Munay

et aI., 1978) was applied to the isolation of protein from canola (Ismond and Welsh,

1992). Meal samples were mixed in a buffer charucterized by pH 5.5, 0.1 M NaCl/O.l

M NaHzPO¿ (most successful environment in removing anti-nutritional factors),

centrifirged, filtered, concentrated by ultrafiltration, diluted to 15 times its volume with

cold (4"C) distilled water and left for at least 16 hr in cold storage (4'C). Insoluble

protein micelles were collected by centrifugation and freeze-dried and the isolate has

79Yo protein.

The 12S globulin from canola meal was isolated (Léger and Arntfield, 1993;

Arntfield and Cai, 1998) using a modified PMM technique. The meal was mixed with

0. I M NaCl (pH 6.2) at a ratio of 1 :10, and the isolate was obtained as outlined above.

Klockeman et al. (1997) extracted more than 99%o protein from defatted canola meal

when a 5o/o wlv suspension in 0.4Yo w/v NaOH was at room temperature using baffled

flasks on an orbital shaker at 180-200 rpm for 60 min. The extract was precipitated with

acetic acid þH dropped to 3.5) and the precipitate was washed and freeze-dried. Protein

recovery was 88% upon precipitation with acetic acid. Aluko and Mclntosh (2001)

reported the preparation of acid- and calcium-precipitated protein isolates from canola

seeds, using modified protocols of Klockeman et al. (1997) and Soetrisno and Holmes

(1992). Defatted meals were mixed with 10 volumes (w/v) of 0.1 M NaOH solution and
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stirred on a magnetic stirrer for 20 min at 23oC. The slurry was centrifuged (30 min at

8oC and 10000 x g) and the supernatant was filtered and precipitated as follows: For the

acid-precipitated isolate (76-82% protein), pH was adjusted to 4.0 with 0.1 M HCI

solution followed by washing to remove salts. For the calcium-precipitated isolate (73-

83%o protein), pH was adjusted to 6.0 with dilute HCI followed by addition of 1 M

calcium chloride. The precipitate was recovered after centrifugation and freeze-dried.

Properties of selected polysaccharides

Guar gum

Galactomannans are seed polysaccharides of which guar gum, locust bean gum and tara

gum are well known as food thickeners (Tuinier et al., 2000b). They have a main chain

of 1,4-B-D-mannose residues bearing single 1,6-cr-D-galactose residues (Whistler and

BeMiller, 1997) as shown in Figure 1. Guar gum is the ground endosperm of guar seeds.

It has its galactosyl units fairly evenly placed along the chain, and its mannose to

galactose ratio is 2:I (Lapasin and Pricl, 1995). Hence there are few locations on the

chain that are suitable for significant junction zone formation. Further, it produces the

highest viscosity among natural commercial gums, with a 1olo solution having a viscosity

of 6,000-10,000 mPas. Guar gum, a neutral molecule, is compatible with most food

substances. However, it exhibits interactions with starches, cellulose, agar, K-

carrageenan and xanthan (Whistler and BeMiller, 1997). For instance, the interaction

results in binding in the case of cellulose and a synergistic increase in viscosity in the

case of water-soluble polysaccharide.
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Figure 1. Structural unit of guar gum (Petkowicz et al., 1998; www.sbu.ac.uk/water)

Carrageenan

Kappa-canageenan (r<-CAR) is an anionic sulfated polysaccharide extracted

(with alkaline) from certain species of red seaweed (Rhodophycae, mostlv of genus

Chondrus, Eucheuma, Gigartina and lridaea) and widely used as a thickening, gelling

and stabilizing agent in the food industry (Clark and Ross-Murphy, 1987). They are

linear polymers of about 25,000 galactose derivatives with regular but imprecise

structures, dependent on the source and extraction conditions (Falshaw et al., 200I).

Carrageenan consists of alternating 3-linked-B-D-galactopyranose and 4-linked-a-D-

galactopyranose units (Fig. 2). Its gelation occurs on cooling and is generally considered

a two-step process, characteúzed by a coil-helix transition followed by aggregation and

network formation (Oakenfull et a1.,1999; Monis et al., 1980). The gelling behaviour is

strongly influenced by the nature and concentration of cations present in the solution as

well as by the biopolymer concentration (Hermansson et al,l99l; Rochas and Rinaudo,

1980). The pH is not an important factor for r<-CAR gelation since it has no effect on

gel transition temperature (Drohan et al., 1997) and has only a small effect on r-CAR
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Figure 2. Structural unit of carrageenan (Falshaw et al., 200I; www.sbu.ac.uk/water)

gel strengths over a broad pH range (5-1 1) because the sulfate half-ester groups are

always ionized, giving the molecules a negative charge ('Whistler and BeMiller,1997).

However, at more acidic pHs (below pH 4), it may prevent r-CAR gelation due

to acid hydrolysis (Mleko, Li-Chan and Pikus, 1997). Traditionally, Greek letters have

been assigned to carrageenans comprised ofcertain idealized carrageenan disaccharide

repeating units (Rees, 1972). Kappa (rc), iota (r), mu (p) and nu (v) caffageenans ile

found in the gametophytic life phase of various seaweed species in the family

Gigartinaceae and Figure 3 shows the disaccharide repeat units of these carrageenans.

As shown in Figure 3, p- and v-carrageenans are the biochemical precursors of r- and r-

canageenans, respectively. They both contain a sulfate ester group at position -6 of a 4-

linked cr-D galactosyl unit which affects the overall properties of the carrageenan by

creating 'kinks' in the polymer chain that reduce its ability to gel (Falshaw et a1.,2001).

Kappa-carrageenan is characteizedby its repeating disaccharide units of 3-linked B-D-

galactose 4-sulfate and 4-linked 3,6-anhydro-cr-D-galactose (Dunstan et aL,2001). The

tetrasporic life phase of Gigartinacean seaweeds contains a different type of

carrageenan, mostly lambda (I)-carrageenan (Matulewicz et al., 1989). Lambda is the

precursor oftheta (0)-carrageenan but O-carrageenan does not occur predominantly.

l-l
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Figure 3. Idealized structures of carrageenan (CAR) showing conversions that occur on
alkaline treatment. Major CAR types: K-, r- and î,-CAR differ in the number of sulfate
groups on the polygalactose backbone. Whereas I-CAR ca:ries about 32%o ester sulfate
groups by weight, r-CAR has x25%o (Enriquez and Flick, 1939). ¡"-CAR is non gelling
and lacks the lca 3,6-anhydro-link required ior gelling (www.suu.ac.ul¿w"eo.
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Gel formation of proteins

Proteins are industrially important because of their gel-forming ability (Clark, 1998) and

surface activity (Dickinson, 1998). Network formation is vital to the development of

texture within foods. It provides structural matrices for holding moisture, flavours,

sugars and other food ingredients, and it also lends to the stabilization of dispersed

phases (Clark, 1998). Proteins capable of forming network can be classified as either

fibrous or globular. Gelation can be defined as the aggregation of protein (usually

denatrued) into an ordered matrix in which there is a balance between protein-protein

and protein-solvent interactions, and is maintained by a balance of attractive and

repulsive forces (Hermansson, 1979). Since proteins are generally stable in aqueous

solution, denaturation/destabilization is a prerequisite for gelation. Protein gelation

refers to transformation of a protein from the sol (fluid molecular dispersion) state to a

gel-like state (Damodaran, 1996). Denaturation/ destabilization is usually induced by

thermal treatment while other techniques such as denaturant- (Katsuta et aL,1997;lkeda

et al., 2000) or pressure-induction (Hosseini-nia et al., 1999; Funtenberger et al., lggT)

can also be employed. Enzlnnatic crosslinking (Ote et al., 1999; Dickinson, 1997) and,

treatment with divalent cations under appropriate conditions (Fennema, 1996) would be

other ways to form protein gels. All these agents induce (by denaturation) the formation

of structural networks. During thermogelation, the protein in a sol state is first

transformed into a progel state (a viscous liquid state in which some degree of protein

polymerization has already occurred) following denaturation. Globular proteins from

milk (casein), egg white (ovalbumin), soybean (7S, 11S globulins) and muscle (myosin)

can also form gels through various intermolecular forces when denatured. In the gelation

of a globular protein (Catsimpoolas and Meyer, 1970), the protein sol is converted to a
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high viscosity progel by heat which then sets to a gel of higher viscosity upon cooling

(Fig. 4). The initial heating causes an irreversible dissociation of the globulin

polypeptides (Kinsella,1976). Once the sol has been activated to a progel, it can only be

converted to a gel or metasol. When the progel or gel is excessively heated (I25'C), a

metasol is formed which does not form a gel on cooling. A metasol is also obtained by

the action of chemical denaturants (e.g. 6 M Urea, sulfite, mercaptoethanol) which

causes the chemical modification of functional groups. The most common way to

produce protein gels is with heat treatment hence this review will focus on thermally-

induced gelation.

I

excess heat J

Metasol

cool

--)heat
Gel

Figure 4. Scheme of globular protein gelation (catsimpoolas and Meyer, 1970)

Mechanisms for network formation by globular protein

Gelation process is normally carried out in several stages including

conformational changes of protein molecules, their aggregation and formation of a 3-D

gel network from interacting aggregates. The first and critical step in thermogelation of

globular protein is denaturation (at least partially). Feny (194S) proposed the following

two-step process of globular protein gelation:

Native state + Denatured state + Aggregation
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The picture outlined in Ferry's review is that on heat-induced denaturation, a protein

completely unfolds, and then intermolecular interactions lead to the formation of a fine-

meshed "macromolecular" gel. This principle is still quite appropriate for gelatin

(Gilsenan and Ross-Murphy, 2000) and for some chemically denatured globular

proteins, but for heat-set globular proteins the picture is rather different. According to

Ferry's theory, the type of network formed depends on the relative rates of the two steps.

More recently, it has been shown that this theory was not entirely accurate. Departure

from Ferry's view resulted after evidence suggested that interaction of partially

unfolded, rather than fully extended, polypeptide chains were responsible for network

formation in globular proteins (Clark and Lee-Tuffnell, 1986). Problems (i.e.

conclusions that protein gelation involves a two-step process and complete unfolding of

a protein) with Ferry's theory were particularly noticeable in some electron microscopy

studies where the widths of the protein strands in the networks were actually measured.

As a result, Ferry's theory has been replaced with the "corpuscular theory", a

three-step mechanism proposed for protein network formation (Clark and Lee-Tuffnell,

1986). In the corpuscular theory, the associating strands in protein networks are not

polypeptide chains but a linkage of spherical bead-like structures. The following steps

(Fig. 5) described the production and interaction of these beads:

Native Unfolded but globular Singte strand Interacting strands or networps

Figure 5. Schematic representation of the corpuscular theory
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The articles (Clark 7996, 1998) published on globular protein gelation serve as an

invaluable contribution. For instance, it is now appreciated that in simple heat-induced

denaturation, the protein size and shape is only mildly perturbed. Some of the hydro-

phobic groups, which at ambient temperatures remain buried in the protein core, become

expoied above some minimum unfolding or denaturation temperature, Tu. (Here, this

value corresponding to the onset of denaturation determined from a differential scanning

calorimetry (DSC) endotherm, was distinguished from T,n, the temperature of maximum

heat flow from the DSC). This effect leads to aggregation to form either fine stranded

networks or amorphous particulate structures of a'þhysical gel" (Ross-Murphy, 1998).

Globular proteins partially unfold to expose intemal hydrophobic regions on heating.

Heat-induced gelation is thus considered to be achieved mainly through hydrophobic

interactions among proteins (Relkin, 199S).

However, proteins are not totally unfolded when heated; a loss of c¿-helix

fraction and an increase in B-sheet are usually observed by circular dichroism (CD),

infrared (IR) or nuclear magnetic resonance (NMR) spectroscopy (ei et aI., 1997;

Belloque and Smith, 1998, Clark, 1998). Bouraoui et aI. (1997) conducted the f,rrst

Raman spectroscopic analysis on structural changes in fish muscle protein, suggesting

decreasing c¿-helical fraction and increasing p-sheet fraction during gelation. If the

secondary structures are totally lost, proteins behave as random coils and the gel-

forming ability is lost Qrlakamura et al, 1997). Thus an intermolecular B-sheet formation

seems to be involved in protein aggregate formation (Clark, 1998). Disulfide bridging

(not all globular proteins contain disulfide crosslinks) is involved at pH values above 7.0

(Eloffson et al., 1997). At alkaline pH, increase in repulsive charges causes proteins to
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unfold; and for globular proteins containing disulf,rde bonds, the structural unfolding

results to disulfide bridging. For example, B-lactoglobulin which has two disulfide

bonds, is characterizedby a tighter, less elastic conformation at acidic pH and a highly

flexible, more hydrophobic molecule at pH values above 7.5 (Phillips et al., 1994).

Gelling mechanisms are fundamentally controlled by the balance between attractive

hydrophobic interactions and repulsive electrostatic interactions.

Gelation mechanisms and properties of canola protein

The gelation mechanisms and characteristics of soy proteins and other related

plant proteins have been extensively studied, whereas insight into the gelation of canola

protein is limited. Results of studies on the gelation properties of canola protein have

been variable. The ability of canola protein to form gels was first demonstrated by Gill

and Tung (1978). It was concluded that gelation occurred through a complex

phenomenon involving covalent and noncovalent interactions, though the role of ionic

and disulfide bonding were considered minor. Some studies have found the gelation

properties of canola protein to be similar to those of soy protein (Gwiazda and

Rutkowski, 1983; Dev and Mukherjee, 1986). Working with a hexametaphosphate-

extracted protein and heating to 80oC for 30 min, Thompson et al. (1982) demonstrated

an increase in viscosity, but were unable to form gels. V/ork done by Paulson and Tung

(1989) which involved heating to 72oC produced canola protein gels only at high pH

values or when the protein had been succinylated. The properties of the gels were

dependent on degree of succinylation, NaCl concentration and pH. The major forces

responsible for gelation in the study by Paulson and Tung (1989) were believed to be
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hydrophobic interactions and hydrogen bonding. In a study on the gelation properties of

canola protein isolated under mild conditions (using the PMM methodology of Murray

et al., 1978), Léger and Arntfield (1993) established that gels prepared with 6Yo protein

at alkaline pH values were superior to gels prepared under acidic conditions. The

rheological characteristics of canola protein gels prepared at alkaline and acidic

conditions (as observed by Léger and Arntfield, 1993) are outlined as follows:

1. gels prepared under alkaline conditions showed the following properties:

o àtpH 8: G':2560 Pa and tan ô:0.16

. at pH 9: G':1660 Pa and tan ô:0.11

o àt pH 10: G':1040 Pa and tan ô:0.09

2. while gels prepared under acidic conditions exhibited the following properties:

o sfpH 4: G':10 Pa and tan ô:0.20

. atpH 5: G':214 Pa and tan ô:0.19

. at pH 6: G':I69 Pa and tan ô:0.20

The development of superior network structures at high pH values has been

attributed to the extension of polypeptide chains and the creation of homogeneous

structures (Paulson and Tung, 1989). In comparison, gels prepared at lower pH values

are heterogeneous in nature. These heterogeneous networks are composed of compact

molecules, which aggregate to form regions of high and low protein concentrations. As a

result, regions with low protein concentrations act as weak points, causing a drop in

overall gel strength. As observed by Léger and Arntfield (1993), treating canola

dispersions with denaturants prior to heat treatment showed that hydrophobic forces and

electrostatic interactions were responsible for the establishment of canola gel networks,



l8

while gel stabilization and strengthening were attributed to disulfide bonding,

electrostatic interactions and hydrogen bonding. In research involving network

formation by canola protein, the development of structure was followed by monitoring

the storage modulus (G') during the heating and cooling phases (Arntfield and Cai,

1998). Their observations are as follows: For canola protein at pH 8.8 heated to 95oC,

there was little sign of structure development prior to temperature above the

denatwation temperature (81-82"C). The first increase in G' did not occur until

temperatures >90oC, and even then, the increase in G' during the heating phase was

relatively minor.

On the other hand, the changes in G' during cooling indicate a gradual increase

in structure as the temperature was lowered and the extent of the increase was highly

dependent on protein concentration. Further, at the final cooling stage, the G' value for

I5%o canola protein reached a value of =500 Pa, l0%o canola protein system reached a

value of x\70 Pa; whereas 5olo canola protein system did not seem to form a network

(G'x20 Pa). This corroborates a previous finding that a critical concentration of 6%o

canola protein was required for network formation (Léger and Arntfield, 1993). These

scientists indicated that the increase in G' during cooling was related to an increase in

the level of hydrogen bonding. The effects of phytic acid and phenolic compounds on

the functionality of canola proteins have been studied by Wong (1995) and Rubino

(1995). It was noted that binding between these antinutritional factors and protein was

detrimental to the gelation properties of the mixture. The above results on the gelation

properties of canola protein have been with laboratory-prepared canola proteins

(concentrate or isolate). Currently, progress is being made by commercial firms to
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produce canola proteins (concentrate or isolate) which can be used as a food ingredient.

Salt influences on network association

The influence of solvent components, such as salt, on protein network properties

can be either by direct interaction with the protein, indirect interaction through

modification of the solvent environment or a combination of both (Eagland, 1975).

Stabilizing or non-chaotropic salts (e.g. NaCl) at moderate to high salt concentrations

tend to promote hydrophobic interactions between protein molecules, thereby impeding

network formation (Leger and Amtfield, 1993; Arntfield et al., 1990b). On the other

hand, chaotropic salts (e.g. CaClz) tend to promote the formation of well cross-linked

networks (Leger and Amtfield,1993; Amtfield et a1.,1990b).

For some proteins (e.g. ovalbumin), divalent cations contribute to network

structure through the formation of salt bridges (Savoie and Arntfield, 1996). However,

the amount of divalent cation and the type of anion associated with the cation are critical

to optimizing this contribution (Arntfield, 1994; Savoie and Arntfield, 1996). For

example, sodium salts, which promoted protein stability, had adverse effect on gelation

(Leger and Arntfield, 1993). Similarly, studies (Arntfietd et al.,l990a) with ovalbumin

and vicilin showed that higher CaCIz levels resulted in increased vicilin network

solubility and promoted ovalbumin aggregation.

Molecular forces responsible for nefwork formation

The interactions involved in network formation of proteins are primarily

electrostatic interactions, hydrogen bonds and hydrophobic interactions. The relative

contributions of these forces vary with the type of protein, heating conditions, the extent
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of denaturation, and environmental conditions. Disulfide bonds contribute more to

networks formed from ovalbumin than those formed from plant proteins (Léger and

Arntfield, 1993). The study by Arntfield et al. (1991) supported disulfide bond

involvement in ovalbumin networks but not in vicilin networks. Although disulfide

bonds may contribute to the elasticity and strength of a protein network, non-covalent

forces are critical to initial network formation. Gill and Tung (1978) implicated covalent

and non-covalent forces as factors involved in the elasticity of canola protein gels.

Similarly, Lé'ger and Arntfield (1993) established that hydrophobic and electrostatic

interactions as well as disulfide bonds were responsible for the formation of canola

protein gel networks.

A balance between the charge repulsion and the potential for interaction, mainly

through hydrogen bonds and hydrophobic interactions, is critical to the determination of

network characteristics (Arntfield et al., 1990b; Arntfield, 1994). Excessive attractive

forces or insufficient charge repulsion results in aggregation rather than network

formation. If proteins of opposite charge are present during network formation, as in the

case with egg proteins ovalbumin and lysozyme, charge repulsion is low. While the

strength of the network formed by this combination is increased compared to ovalbumin

alone, the cross-linking within the structure is reduced (Arntfield and Bernatsky, lgg3).

A good understanding of these interactions would help to predict the optimum

conditions in multicomponent food systems.

Gelation mechanisms of polysaccharides

As a general rule, regular linear segments of polysaccharide molecules are in the form of

a helix. Intermolecular interactions result either in simple associations or in the form of a
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double (in some cases, a triple) helix. The relatively stiff, linear double helical segments

may then interact (pack together) to form a super junction and the three-dimensional gel

network ('Whistler and BeMiller, 1997). Typical gelling polysaccharides include locust

bean gum, rc- and r-caffageenans, alginate, pectin, agarose and xanthan gum. The

gelation mechanisms of typical polysaccharides can be divided into three types

according to the nature of the junction zones: ribbon junctions, multiple helices and

micelle junctions. The term junction zone is used to describe the crosslink because each

crosslink involves aggregates of ordered molecular chains like helices. Junction zones

between molecules or particles must be of limited size, and are segment interactions.

Ribbon junction

Alginates and low methoxy pectin follow the ribbon junction gelation mechanism. This

type of interaction involves simple ionic bridging of two carboxyl groups on adjacent

polymer chains with calcium ions. Alginates (from brown seaweed) have linear

polyuronic backbone with three types of block structure namely: poly-B-D-mannuronic

acid (M), poly-a-L-guluronic acid (G), and mixed (MG) block containing both uronic

acids. It has been suggested that alginate gels are formed by ionic bridging of two

carboxyl groups on adjacent polyrner chains with calcium ions. This takes place between

guluronic acid chain segments. From circular dichroism and conformation studies done

on isolated M and G segments, large transitions were observed for polygulwonic blocks

and insignificant changes for the polymannuronic blocks. The "egg box" association is

considered to involve cooperative binding of Ct* ions between aligned polyguluronic

ribbons (Dea, 1982). Oakenfull (1987) revealed that alginate gels are not
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thermoreversible. Pectin (partial methyl ester of l,4linked poly-a-D-galacturonic acid)

can form two types of gels depending on their degree of esterification (Glicksman,

1982). Low methoxy pectin is similar to alginate in gelling ability, and requires Ca2* ion

to form a gel network.

Micelle junction

The gelling association between two different polysaccharides which usually can not

form gels as individuals is termed micelle junction (Dea, 1982). For example,

polysaccharide pairs: xanthan-galactomannan and agarose-galactomannan mixtures will

follow the micelle junction gelation mechanism. Xanthan gum and galactomannan will

react to form a gel with a very elastic, resilient texture and very high rupture strength.

The gels are thermally reversible, and show sharp melting and setting behaviour over a

naffow temperature range.

Multiple helices

Associations between chains where two or more chains interact in a certain helical

direction is termed multiple helices. Polysaccharides that form junction zones by this

mechanism are caffageenans, agarose and amylose. Canageenans are alternating

copolymers of 1,3-linked p-D-galactose and 1,4-linked3,6 anhydro-cr-D-galactose with

varying amounts of sulfate ester. These copolymers contribute to the helical junction

formation. Double helical conformation was characterized in solid state by X-ray fiber

diffraction (Dea, 1982) as a three fold right-handed double helix. The forces involved in

the formation of helices are mainly hydrogen bonds.
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Protein polysaccharide interactions

Two types of macromolecules, proteins and polysaccharides occur widely in food

systems. Both biopolymers act as texture modifiers controlling the rheological properties

and mouthfeel (Nishinari, 1997), as well as contributing to the surface properties of

foods. Much is known at the molecular level about the functional properties of

individual biopolymers. However, knowledge of the role of protein-polysaccharide

interactions in terms of their functionality in complex multiphasic systems (such as

mixed food solutions, emulsions or gels) is still limited. Protein-polysaccharide

interactions are studied with the objective of clarifying the mechanisms behind the

formation of structure and properties of food systems, both liquid and gel-like ones. As

foods are almost always multicomponent systems, it is of great interest to consider the

properties of protein-polysaccahride mixtures in addition to the properties of the separate

components. Here the focus is on the structure and physicochemical properties of

protein-polysaccharide-water mixtures.

Consequences of mixing biopolymers

On mixing aqueous solutions of proteins and polysaccharides, three situations may arise

(Tolstoguzov, 1991 , 1998; Kruif and Tuinier, 2001; Ledward, 1994): incompatibility,

co-solubility, and complexing (Fig. 6).

L lncompatibility: A liquid two-phase system can be obtained in which the two

macromolecules are mainly in different phases. This is due to thermodynamic

incompatibility of proteins and polysaccharides in aqueous media.

2. Co-solubility: Homogeneous stable solutions can be obtained in which the two

biopolymers do not interact or alternatively exist as soluble complexes. Hydrogen
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bonding and electrostatic interaction are involved in the stabilization of such

complexes.

3. Complexing: A two-phase system may be obtained where both macromolecules are

largely in the same single concentrated phase. This phenomenon known as complex

coacervation is attributed to the formation of an insoluble electrostatic protein-

anionic polysaccharide complex.
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Complexing
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Figure 6. Main trends in the behaviour of protein-polysaccharide mixtures (de Kïuif
and Tuinie4 2001; Tolstoguzov, 1991)

All three cases are encountered when a protein or polysaccharide is added to a

multicomponent food system. As a result, the functional properties of the added material

may be altered because of the presence of the biopolymers in the food system. Co-

solubility is rather rare due to the polymeric nature of the macromolecules and the

presence of various functional groups (Tolstoguzov, 1998). Thus, attention is focused on

complexing and incompatibility of proteins and polysaccharides in aqueous media and

how these phenomena influence the functional properties of their mixtures. For very

dilute solutions the system is stable since the mixing entropy dominates and proteins and

Two-phase
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polysaccharides are co-soluble. Upon increasing the concentration of the polymers, the

system may be unstable depending on the type of interaction. As a rule, biopolymer

mixtures tend to segregate (Tolstoguzov, I99l; Polyakov et al., 1997). Exceeding a

certain polymer concentration leads to a phase separation into protein-enriched and

polysaccharide-enriched phases.

Complex coacervation: At pH values below the protein isoelectric point (IEP),

the protein carries a positive charge while the anionic polysaccharide (with -COOH or

-SO¡H groups) has a negative charge. In this pH region, insoluble complexes can be

formed, even on mixing very dilute solutions (=10-2 mg ml-l) provided the ionic strength

is sufficiently low (generally <0.1-0.2) and the ratio of positive to negative charges in

the system is close to zero. When interactions between unlike macromolecules are

dominant, the two biopolymers may associate into a liquid or gel-like phase by the

process termed complex coacervation. When such a system separates into two phases,

one of them contains higher concentrations of the two reagents and it has been termed a

coacervate phase. The other, an equilibrium liquid, is a dilute solution of the reagents

(Tolstoguzov, 1986). Insoluble complexes of globular protein with anionic

polysaccharide generally contain an excess of protein and thus possess a net positive

charge. It has been established that such interactions are mainly electrostatic in nature

and at higher ionic strengths complexing is inhibited (Samant et al., 1993). This

energetically favoured reaction has been seen most extensively for proteins with acidic

polysaccharides (e.g. alginate, pectate) or sulfated polysaccharides such as carrageenan

(Tostoguzov, l99I). For instance, Tolstoguzov (1995) showed that at a low ionic

strength and pH value below the IEP of gelatin, the interaction of positively charged
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macro-ions of gelatin and the negatively charged macro-ions of gum arabic can give rise

to insoluble electrostatic complexes, thus both components concentrate into a single

complex coacervate phase.

Soluble complexes: The interaction of protein with anionic polysaccharide is a

particular case of an interaction between oppositely charged macromolecules in a

solution. However mixtures of protein and anionic polysaccharide show some unusual

properties. One of the most interesting of these is the non-equilibrium nature of protein-

anionic polysaccharide complexes (Gurov et al., 1977). The non-equilibrium nature of

the complexes was shown by the dependence of their solubility and other properties on

the formation conditions. This is represented schematically in Figure 7 . Here A-B and C-

B correspond to the nephelometric titration of a protein-dextran sulfate mixture by an

alkali, whereas B-C corresponds to titration by an acid. On mixing solutions of a protein

and a sulfated polysaccharide at a pH value below the protein IEP (point A), i.e. under

the conditions where the biopolymers c¿rrry opposite charges, an insoluble complex is

formed, which has been called a mixing complex or an M-complex. However if the

same solutions are mixed at a pH value around 9, i.e. when complexing is inhibited

(point B) and if the resulting mixture is subsequently acid-titrated down to a pH value

below the protein IEP (point C), a soluble complex is formed (Ledward, 1994;

Tolstoguzov, 1986) which has been termed a titration complex or T-complex

(Tolstoguzov, 1986).

Similar results can be obtained by varying the ionic strength of the mixture. On

mixing protein and anionic polysaccharide solutions at a low ionic strength and at pH

values below the protein IEP, one can produce insoluble M-complexes. At higher ionic

strength, complex formation is inhibited and subsequent dialysis against an acid solution
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at the same pH value produces soluble T-complex. Soluble complexes of globular

protein with anionic polysaccharide are generally far from being saturated with protein

and therefore have a net negative charge. Polysaccharides containing carboxyl groups do

not complex with globular protein at ionic strengths above 0.2 or at pH values above the

protein IEP. Sulfated polysaccharides, because they have a higher charge density are

capable of forming soluble complexes with globular protein at pH values above the

protein IEP. For example, it has been observed that the complexes of serum albumin and

dextran sulfate can exist in solution at an ionic strength of 0.1 andapH value of up to

8.5 which is well above the protein IEP of 5 to 5.3 (Tolstoguzov, 1986).
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Figure 7. Scheme of nephelometric
dextran sulfate solutions (Tolstoguzov,

pH

acid-base titration of a mixture of protein and
1e86).

Incompatibility of biopolymers: Thermodynamic incompatibility is opposite to

the phenomenon of biopolymer complex formation. Tolstoguzov (1986) reported that

protein-polysaccharide mixtures c¿u1 undergo a liquid-phase separation with the

macromolecular components concentrated primarily in the different phases. This author

fuither stated that it takes place only under certain conditions (i.e. at certain pH values

and ionic strengths when the total concentration of the macromolecular components
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exceeds 4%). It increases under conditions that enhance self-association and

enlargement of macromolecules (e.g. under a statistical coil-helix conformational

transition) and favour inhibition of protein-polysaccharide complexing (Tolstoguzov,

1991). Tolstoguzov (1995) in a review on multicomponent gels cited the study by

Bungenberg de Jong (1949) who showed that thermodynamic incompatibility takes

place in solutions containing mixtures of gelatin and gum arubic with a suffrciently high

ionic strength and at pH values above the IEP of gelatin. Under these conditions,

biopolymer macro-ions have like net charges. The mixed solution of biopolymers breaks

down into two liquid phases and each of the biopolymers concentrates into one of the

phases. Higher salt concentrations screen the electrostatic interaction between polymers

and encourage the self-association of gelatin molecules. Incompatibility is observed

when the salt concentration is 0.2 M and higher (Tolstoguzov, 1991).

The most coÍtmon consequence of thermodynamic incompatibility is the

phenomenon of mutual exclusion. Macromolecules cannot occupy the same volume in

the solution. This means that each biopolymer can only use some part of the volume of

the mixed solution. In solutions, incompatible biopolymers mutually concentrate each

other. Thus, each incompatible biopolymer will behave as if it was more concentrated

(Tolstoguzov, 1991, 1986; Tolstoguzov and Braudo, 19S3). Exclusion volume effects

depend on the flexibility, shape and size of macromolecules as well as their bulk

concentration (Tolastoguzov, 1991; Semenova et al., 1991). Since the number of

energetically unfavourable contacts that a chain can make increases with increasing

flexibility and size, conformationally mobile biopolymers are more effective in

excluding other polymers than are more constrained ones (Ledward, 1994). Further,
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exclusion effects are strongly concentration dependent, becoming undetected in very

dilute polymer solutions, where the individual chains are widely separated.

Multicomponent emulsifying systems

Emulsifiersistabilizers that belong to the macromolecular class include protein,

polysaccharide and gums (Phillips et al., 1994). In oil-in-water type of food emulsions,

the primary emulsifying and stabilizing agent that protects droplets against coalescence

is typically a multicomponent mixture of adsorbed proteins. Various polysaccharides

may also be present as thickening and gelling agents. The interaction with protein and

polysaccharides (e.g. r-CAR, galactomannan) has been widely studied, especially for

the case of caseins (Langendorff et al., 2000; Tuinier et al., 2000b; Bourriot et al.,

I999a, I999b; Schorsch et al., 1999; Syrbe et al., 1998; Keogh et al., 1995; Lynch and

Mulvihill, 1994), as well as other protein such as soy protein (Kampf and Nussinovitch,

1997). Caseins can be stabilized against Ct* precipitation in the presence of

carrageenan, and the effect is apparently more important for r-CAR than r-CAR

(Hansen, 1993). Also, the presence of r-CAR has been found to protected milk protein-

stabilized oil droplets from aggregating at low pH (Dalgleish and Hollocou, 1997). For

casein micelles mixed with low concentration of r-CAR at high temperature, depletion

interaction does not lead to instability (Langendorff et al., 2000; Syrbe et al., 1998). On

cooling the mixture, one observes a sudden increase in the apparent size of the casein

micelles. A similar behaviour was observed with pectin-casein micelle mixtures; if the

pH is lowered pectin adsorbs onto the casein micelles (Marozeine and de Kruif, 2000).

On increasing the pH the pectin desorbs and the apparent size of the casein micelles
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returns to its original value at neutral pH in absence of pectin. In a study on the effect of

polysaccharides on stability of model milk protein-based emulsions, Dalgleish and

Hollocou (1997) observed that very low concentrations of pectin can protect sodium

caseinate-coated droplets against aggregation at pH < 5, and that pectin binds to the

surface of emulsion droplets even at pH values above the protein's IEP where both

biopolymers caffy a net negative charge.

Emulsion capacity and stability have been shown to be higher for protein-

polysaccharide complex than protein alone (Gurov et al., 1983; Larichev et al., 1983).

For instance, addition of equal weight of pectin to a solution of legumin increases the

emulsion stability and also decreases the emulsiffing threshold of legumin by a factor of

3 (Samant et al., 1993; Tolstoguzov, 199I). This is the case under both incompatibility

úrH 7.6) and complexing @H 4.2) conditions (Tolstoguzov, 1991). Therefore, the

kinetic stabilities of emulsions stabilized by a solution containing equal weights of

legumin and pectin with a 1% bulk concentration differ very much in the acid (çffi 4.2)

and neutral (pH 7.6) media. The stable concentrated legumin-pectin emulsions are 96

and 84o/o for pH 4.2 and pH 7 .6 respectively, while for legumin-stabilized emulsions for

the same pH values these percentages are 67 and 40%o respectively (Tolstoguzov,lggl).

Hence, a greater stability of emulsions stabilized by legumin-pectin complexes in an

acidic (pH 4.2) medium is observed when compared to that at pH 7.6. Emulsions

stabilized by complexes are found at solution concentrations four times lower than

protein-stabilized emulsions. The complexing in this system reduces the conformational

stability of the protein (Gurov et al., 1978).
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Structure of multicomponent gels

Several investigations on protein-polysaccharide systems have been undertaken

(Arntfield and Cai, 1998; Ledward, 1994; Ziegler and Foegeding, 1990; Tolstoguzov,

1986) and are leading to a better understanding of the key parameters involved in

protein-polysaccharide interactions (Doublier et al., 2000). 'When looking at the

interactions between protein and polysaccharide in terms of network formation, attention

must be paid to the potential for both macromolecules to form networks on their own.

Also important is the impact of low concentrations of polysaccharide on protein network

formation. In some cases, low concentrations of polysaccharide have been shown

(Tolstoguzov, 1986) to improve the gelation properties of protein gels.

In many biopolymer mixtures, the entropic contribution is often greater than the

enthalpic one, so that phase separation of biopolymers is generally the rule (Doublier et

al., 2000). The addition of both polysaccharide and protein in aqueous media has been

noted to lead to two types of molecular interactions: complex coacervation and

thermodynamic incompatibility (Tolstoguzov, 1995), depending on the affinity between

the different biopolymers and the solvent. Thermodynamic incompatibility is generally

observed and the general character of incompatibility of protein and polysaccharide has

been demonstrated using more than 80 systems (Tolstoguzov, 1986).

Effects of this type of interactions have been variable. For complexes between

sodium alginate and sodium caseinate, thermally stable gels were obtained

(Tolstoguzov, 1991). Similarly, gelatin-alginate complexes at low salt concentration

were thermally stable after 24-ltr rest period (Tolstoguzov, 1986). With bovine serum

albumin (BSA) and myoglobin at concentrations of 1olo, however, gelation of alginate

was inhibited, but gelation of pectin was not (Tolstoguzov, 1986). The complexes that
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resulted when mixtures of anionic polysaccharide (e.g. sodium alginate and pectin) and

canola protein were heated did not form elastic three-dimensional networks (Arntfreld

and Cai, 1998; Cai, 1996) as has been observed with other proteins such as caseinate

(Tolstoguzov, 1991) and gelatin (Tolstoguzov, 1986), but rather produced structures that

inhibited the development of three-dimensional networks. This was reflected in

decreases in the storage modulus (G') and increases in the loss tangent (tan ô).

In contrast, neutral polysaccharides and canola protein tended to be

incompatible, showing no evidence of interaction at low biopolymer concentrations and

phase separation at higher concentrations (Arntfield and Cai, 1998; Cai, 1996). With 5%

canola protein (which is below the critical protein concentration for canola protein

gelation), this incompatibility led to improved gelation properties with the addition of

either metþl cellulose or guar gum. FurtherTnore, upon closer examination of the gel

development, it appeared that the benefits owing to the presence of metþl cellulose

reflected the ability of methyl cellulose to form a network upon heating rather than an

effect related to the incompatibility of the system. The fact that higher protein levels

resulted in network deterioration supported the finding. V/ith guar gum, the benefits seen

at low protein levels were also evident at higher protein concentrations although the

increase in G' was slightly offset by the increase in tan ô values so that although stronger

gels were obtained, the viscous component of the gel was increased even more

(Amtfield and Cai, 1998; Cai,1996). Associative interactions between pectin and gelatin

as well as segregative interactions between starch and pectin or agarose were observed

using dynamic viscoelasticity, differential scanning calorimetry and turbidity (Monis,

2000).
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Mixed globular proteins-carrageenan systems have been the focus of some

investigations. Capron et al., (1999a, I999b) showed that the first step in the aggregation

of B-lactoglobulin was not changed by the presence of rc-carrageenan (rc-CAR), while an

acceleration of the gelation process of the protein was experienced in the second step.

This was ascribed to a microphase separation; then as soon as the protein network was

formed, the separation of the phases was 'frustrated' and the system was 'frozen in'.

Other rheological studies confirmed the synergistic effects in r-CAR-denatured protein

systems (Tziboula and Horne,1999; Ould-Eleya and Turgeon,2000a,2000b; Neiser et

al, 2000). In detailed rheological studies (Ould-Eleya and Turgeon, 2000a,2000b) on

K+-rc-CAR in the presence of B-lactoglobulin, these synergistic effects were exhibited in

conditions where the two biopolymers gelled at neutral pH. Synergistic interaction was

taken as the consequence of two co-continuous networks as a result of a segregative

phase separation before gelation takes place. On a similar basis and in combination with

transmission electron microscopy (TEM) observations, Neiser et al. (2000) reached the

same conclusions in the case of BSA-K*-r-CAR systems. In a study of milk gels

formed with rc-CAR or low methoxy pectin, it was suggested that r-CAR acts as

molecular velcro to incorporate casein micelles in the network whilst casein acts as a

source of calcium ions which promotes the gelation of pectin (Oakenfull et a1.,2000).

Associative interactions between gelatin-t-CAR and casein-r-CAR were demonstrated

using dynamic viscoelesticity (Launay et a1.,2000). Gels formed using more than one

gelling agent can be subdivided into three groups: complex, mixed and filled gels

(Tolstoguzov, 1991, 1986). Another classification of gels formed from blends

containing more than one gelling agent is as follows: interpenetrating, coupled and
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phase-separated (Monis, 1 986).

Complex gels

Coupled or complex coacervate networks are formed in the presence of favourable

intermolecular interactions between the different types of bioplymers (Ould Eleya and

Turgeon, 2000a). A non-gelling component may associate with the primary network in a

random fashion via non-specific interactions. Such interactions may reduce the

flexibility of the primary network chains and add to the rigidity of the complex gel

(Tolstoguzov, 1998). Examples are gels formed by gelatin-sodium alginate and gelatin-

low ester pectin complexes. In this case, neither biopolymer formed gels alone under the

conditions used for gelation of the complex. This phenomenon is attributed to the

occulrence of salt linkages between protein and anionic polysaccharides. Conditions

required to produce protein-polysaccharide complex gels and the resultant properties

have been discussed (Stainsby, 1980).

Mixed gels

Mixed gels are obtained when the two macromolecular components of a single-phase

system form continuous networks separately (Ziegler and Foegeding, 1990; Tolstoguzov,

1986). In a two-phase system, mixed gels filled with dispersed particles are obtained.

According to Tolstoguzov (1995), mixed gels are formed when the concentrations of

biopolymers in a solution exceed the critical concentration for gelation (Cg) of these

biopolymers. Mixed gels can be treated as a particular case of homogeneous

interpenetrating polymeric networks (Tolstogtrzov,1986). These gels exhibit properties

where one component forms a thermosetting gel and the other a gel which sets by the
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action of ions. An example is pectinate and denatured ovalbumin gel (Tolstogtrzov,

1995). The ionic gel network has been shown to control the formation of the

thermosetting gel.

Filled gels

Filled gels are obtained if one of the components can form a continuous network over

the entire system. In this case the other polymeric component serves as gel filler

(Tolstoguzov, 1998, 1986). 'When the bulk concentration (or co-solubility) of a

biopol¡rrner in one of the phases is larger than that required for gelation, the biopolymer

forms a gel in that phase. In the two-phase area, inside the binodal (i.e. the cosolubility

area) a gel filled with gelJike or liquid dispersed particles is obtained (Tolstoguzov,

1995). Several reports (Aguilera, 1992; Ziegler and Foegeding, 1990; Tolstoguzov, 1986)

stated that two types of f,rlled gels can be distinguished depending on the phase state of

the system: single-phase gels (type I) in which the filler is in a molecularly dispersed

state and two-phase gels (type II) where the dispersed phase consists of particles of

liquid or gel. In this case, thermodynamic incompatibility causes phase separation

resulting in both polymers forming separate segregated networks. An example of type II

filled gel is that produced by the addition of wheat or potato starch to red hake surimi

(Aguilera, 1992).

Phase-separated gels

This type of gel is formed by incompatible polymers, where interactions between

the different polymers are repulsive andlor when the two types of polymers show

varying affrnity towards the solvent (Picullel and Lindmawt, 1992; Tolstoguzov, TggI,
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1995). The report of Tolstoguzov (1995) stated that phase separation occurs at

concentrations slightly higher than the critical concentration for gelation (Cg) or the gel

point. A difficulty arising when dealing with the description of phase-separuted systems

is related to the fact that phase separation very often competes with the gelation of one

or both of the components (Zazypkin et al., 1997). This is classically experienced in the

case of globular proteins mixed with a polysaccharide, when the gelation of globular

protein is triggered by thermal treatment, or with gelatin-polysaccharide mixed systems,

the polysaccharide being gelling or non-gelling (Doublier et al., 2000). In all cases, the

resulting system is a gel which may appeff homogeneous at the macroscopic level,

although heterogeneous at microscopic level. This explains difficulties often

encountered in the description of systems to provide evidence that segregative phase

separation takes place.

Techniques for assessing network properties

Besides rheological techniques, which are almost systematically used to describe

the properties of the systems, some attempts have been made to describe the kinetics of

the process as well as the structure of the system. When seeking a description of the

protein in the medium, scattering techniques appear suitable. Static light scattering has

been applied to P-lactoglobulin/r-caffageenan mixtures (Capron et al., 1999a,1999b). In

fact, the authors described how B-lactoglobulin denaturation was modified by the

presence of r-carrageenan. Different scattering techniques can be combined: small angle

neutron scattering (SANS), dynamic light scattering (DLS) and static light scattering

(SLS) to describe the phase separation mechanisms and kinetics of the process (Tuinier
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et a1.,2000a; de Kruif and Tuinier, 1999). Microscopy is another tool that can be useful

to describe the microstructure of the system atthe end of the gelation process. Numerous

examples can be found based on scanning electron microscopy (SEM), transmission

electron microscopy (TEM) or phase contrast microscopy (PCM). Unfortunately, the

localization of the macromolecular components in the medium, which could allow a

description of the phase diagram in the gel state, cannot be performed. The use of more

appropriate methods like Fourier transformation infrared (FTIR) microscopy (Dunani et

al., L993), confocal laser microscopy or confocal Raman microspectrometry could be

useful in this respect.
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CHAPTER 1

Structural Thermostabilify of Commercial Canola ProteÍn-Hydrocolloid Systems

Abstract

Proteins in a mixed system with polysaccharides may have their structures modified by

disruption of covalent and noncovalent interactions. The structural transition properties

(denaturation temperature, T¿; and enthalpy of denaturation, ÂH) of canola protein

isolate (CPD mixed with hydrocolloids (r-carrageenan, guaÍ gum) were assessed using

differential scanning calorimetry @SC). The effects of salts, hydrocolloids and protein

concentrations as well as pH on the conformational stability of CPI were evaluated.

Factorial and response surface models were used to examine the effects of these factors

on CPl-hydrocolloid mixtures. Salt and CPI concentrations, pH, and hydrocolloid

concentration strongly affected structural stability of CPI (Td:86oC, LH:I6.2 J/g). At

0.5 M salt level, CPI-r-CAR mixtures treated with sodium acetate (NaC2H3O2) had the

highest T¿ (103.2"C) values whereas those treated with sodium thiocyanate (f{aSCN)

had the lowest T6 (92.3'C) values. Increases in T¿ of CPl-r-caffageenarL mixtures

followed the sequence: acetate > sulfate > chloride > thiocyanate, whereas the decrease

in AH values followed the order: acetate < sulfate : chloride < thiocyanate. For CPI-

guar gum mixtures at 0.5 M salt level, biopolymer mixtures treated with acetate had the

highest 
^H 

(18.1 J/g) values whereas those treated with NaSCN had the lowest 
^H 

(12.3

J/g) values. The degree to which 
^H 

was decreased by the anions followed the series

CzHtOz' < Cl- < SO+2- < SCN-, whereas increases in T¿ followed the series: sulphate =

acetate > chloride > thiocyanate. The low T¿ and AH values obtained on treating the
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CPl-hydrocolloid mixtures with urea and dithiothreitol support the involvement of

noncovalent interactions and disulfide bonds in the structural stability of CPI-

hydrocolloid mixtures. This study is relevant because protein-polysaccharide

interactions give a more realistic indication of proteins behaviour in multicomponent

foods and provide information for improving canola protein functionality.

Introduction

Proteins and polysaccharides contribute to the structure and stability of foods

through their interactions. Understanding the way in which these interactions are

affected during processing is important when these components are added into foods to

improve their functional properties (Stainsby, 1980). Protein structure is greatly

influenced by its environment. Minor deviations in pH, ionic strength, temperature, or

the presence of stabilizing or destabilizing solutes often results in alteration of protein

conformation and functional behaviour (Phillips et a1.,1994). Although the mechanisms

of protein stabilization are becoming better understood using model protein systems,

studies on protein-polysaccharide mixtures such as are encountered in real foods are

limited. The influence of solvent components on structure and conformational stability

of proteins can either be by direct interaction with the protein, indirect interaction

through modification of the solvent environment or a combination of both (Eagland,

teTs).

Ranking of salts in terms of ability to stabilize (increase denaturation temperature

(T¿) values) or destabilize (decrease T¿ values) proteins is termed a lyotropic or

Hofmeister series (von Hippel and Schleich, 1969). The effect of salts on structural

thermostability of proteins is important in examining the molecular interactions involved
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in structural stability. The dependence of T¿ values on the position of the salts in the

lyotropic series reflects the impofance of hydrophobic interactions to the stability of

proteins. Damodaran (1996) stated that at low concentrations, salts stabilize protein

structure. However, higher concentrations (>1 M) of salts exert an ion specif,rc effect on

hydrophobic interactions, which either stabilizes or destabilizes the structure of proteins.

The mechanism by which salts affect the structural stability of proteins is not well

understood; however, their relative ability to bind to and alter hydration properties of

proteins may be involved.

Salts that stabilize proteins enhance hydration of proteins and bind weakly,

whereas salts that destabilize proteins decrease protein hydration and bind strongly

(Arakawa and Timasheff 1984). These effects are mainly the consequence of energy

perturbations at the protein-water interface (Damodaran, 1996). The relative

effectiveness of various anions (at isoionic strength) in maintaining structural stability of

proteins generally follows the lyotropic series, with anions promoting structural stability

in the order: F- > soa2- > cl- > Br'> I- > clo¿- > scN- > cl3ccoo- (Damodarart,1996).

Thus, fluoride (F-), sulphate (SOa2-) and chloride (Cl-) are structure stabilizers (i.e.

promoters of hydrophobic interactions), whereas the salts of other anions, such as

thiocyanate (SCN), are structure destabilizers. In a study on the effect of sodium salts

on the thermal stability of canola protein isolate, the degree to which the T¿ was

increased by the anions depended on the position of the anions in the following sequence:

SO¿2- > CzHtOz- > Cl- > SCN- (Léger and Arntfield, 1993). Given that noncovalent

interactions (except repulsive electrostatic interactions) and in some cases, covalent

(disulfide) bonds, contribute to the native protein structwe; this study evaluated the

effects of sodium salts Q.üa2so¿, NaczH3o2, Nacl, NascN) and denaturants (urea,
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dithiothreitol) on the structural stability of commercial canola protein isolate mixed with

hydrocolloids (rc-carrageenan, guar gum) using differential scaruring calorimetry (DSC).

Materials and Methods

Source of materials

Food grade guar gum (G-4129; Lot No. 95H0653) with a viscosity of 6000-10000 mPas

(Whistler and BeMiller, 1997), urea (U-15; Lot No. 863571), DTT (D-0632; Lot No.

6lKl657I) and rc-carrageenan (No. C-l013; that contains predominantly r- and lesser

amounts of ?v-carrageenan) were purchased from Sigma Chemical Co. (St. Louis, MO,

USA). The composition of rc-carrageenan (r-CAR) powder as indicated by the

manufacturer showed it contained a mixture of the following cations: K* (10.4%), C**

(2.3%) and Na* (0.9%). Commercial canola protein isolate (CPD was purchased (BMW

Canola, Winnipeg, Canada) and used without further purification. Proximate analysis

(AOAC, 1990) of the CPI sample indicated a protein content of 87%o (N x 5.7), 0.7%o oil,

2Yo ash, 5.9Yo moisture and 4.4%ó total carbohydrate (determined by difference).

NaCzH¡Oz (Lot No. 7364 KCLZ) was procured from Mallinckrodt Inc. (Paris,

Kentucky, USA). All other chemicals such as NaCl (8P358-212;LotNo. 028091), HCI

(A144-225; Lot No. 296220), NaoH (8P359-212; Lot No. 974661),NascN (5441-500;

Lot No. 987676) and NazSO4 (S421-500; Lot No. 985711) were cerrified reagent grade

(Fisher Scientific Co., NJ, USA).

Sample preparation

Dispersions of cPI (10,20% w/v; protein-basis), r-cAR (r,3yodv) and guar gum (1,
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3%o wlv) were prepared by mixing in NaCl solution (0.05, 0.25 M) at varied pHs (6, 10).

The CPI, r-CAR, guar gum, pH and NaCl combinations were generated using Design-

Expert@ Software. The mixture was stirred for approximately t hr at room temperature

or until a complete dispersion (based on visual examination) of the mixture was

achieved. Dispersions of individual CPI, r-CAR and guar gum samples in appropriate

NaCl solutions were prepared in a similar manner to serve as control. To assess the

effects of salts on the structural stability of CPI alone and in mixed systems, neutral salts

namely sodium sulfate (Na2SO4), sodium acetate Q.{aC2H3O2), sodium chloride (NaCl)

and sodium thiocyanate (NaSCN) at varied concentrations (0.05, 0.5 M) were used to

prepare sample dispersions. Furthermore, to assess the effects of disulfide bonds on the

conformation of CPI and its mixtures, denaturants (dithiothreitol, DTT:0.15 M; urea:

6M) were included in the dispersions prior to heat treatment. For the pH series, samples

were adjusted to pH 6, 8, and l0 with 1 M NaOH or I M HCl. To ensure that pH was

maintained, samples were allowed to equilibrate for 30 min at room temperature and the

pH was rechecked prior to further testing.

Experimental design

All experimental parameter measurements were done in duplicates. Design-Expert@

Software (Stat-Ease Inc., MN) was used to generate the experimental model for a

factorial design. The experiment was carried out in two stages. In the first stage, a series

of experiments were carried out to characterize different CPI and hydrocolloids

combinations (CPI-r-CAR, CPI-guar gum) following a full factorial model. A two-level

factorial design for 4 factors in 20 experiments including four replicates of the center
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point was generated. The factors included pH (6, 10), cPI (10,20yo w/v), NaCl (0.05,

0.25 M), guar gum (I,3yo w/v), and K-carrageenan (1, 3Yo wlv) concentrations. The key

thermal properties, denaturation temperature (T¿) and enthalpy of denaturation (ÂH)

were measured. Using this data, two-dimensional contour plots were generated from the

model graph (Design-Expert@ Software). In stage two, sodium salts (Na2soa,

NaC2H3O2, NaCl, NaSCN) at varied concentrations (0.05, 0.5 M) were used to examine

the effect of altering hydrophobicity (Phillips et al., 1994) on CPl-hydrocolloids thermal

structural stability. Similarly, denaturants were used to assess the involvement of

disulfide bonds (0.15 M DTT) and noncovalent interactions (6 M urea) on the structural

conformation of CPl-hydrocolloid mixtures. Control runs with individual CH (I5%

lv/v), r-CAR(3% w/v) and guar gum (l.syo,w/v) were also carried out.

Statistical analysis

Data used in tables and f,rgures were average values. Data from confirmatory and control

tests (phase two) were analyzed by analysis of variance (ANOVA) procedure using

SAS@ ßgg-2001Proprietary Software Release S.2 (TS20; SAS Institute Inc., Cary, NC,

USA). Duncan's multiple range test was used to determine statistical differences

(P<0.05) between treatment means (Steel et al., 1997).

calorimetry: Assessment of biopolymer structural thermal stability

Differential scanning calorimetry (DSC) was used to determine the thermal properties
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(denaturation temperature, T¿; enthalpy of denaturation, AH) of CPI alone, CPI-r-

carrageenan (r-CAR) and CPI-guar gum mixtures (Arntfield et a1.,1991). The effects of

chosen conditions (sodium salts, pH, and denaturants) on the structural stability of CPI

alone and CPl-hydrocolloid mixtures prior to fuither treatment were assessed. DSC

analysis was conducted using a Dupont 9900 Thermal Analyzer (TA Instruments, DE)

with a 910 Cell Base. Samples (10-15 pL) were put in pans and heated (at lO"C min-r)

over a temperature range of 25-130"C in a standard DSC cell (calibrated with indium

and sapphire standards) with an empty pan as reference. Each sample was analyzed in

triplicate and thermal curves were obtained. The T¿ (point of maximum heat flow) and

AH were calculated using the Dupont General Analysis utility software (version 2.2)

available for the instrument.

Results and Discussions

Thermal transition characteristics of canola protein-r-carrageenan systems

Table 1 shows the thermal transition properties (T¿, AH) and the model equations from

the full factorial design for canola protein-r-caÍrageenanmixtures at varied conditions.

Effect of canola protein-NaCl-pH interaction on T¿

Significant factors and interactions were identified using the ANOVA model (Design-

Expert@ software). CPI concentration, pH, NaCl level, rc-CAR concentration,

interaction between pH and NaCl concentration; and interaction between pH and CpI

concentration interaction were significant (P<0.05; Appendix 1). Also significant was

the 3-way interaction between pH, NaCl level and CPI concentration; although the same
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Table 1. Structural transition properties (T6, AH) of canola protein-r-carrageenan (r-
CAR) mixtures under varied conditions.

NaCl (M) r-CAR (%) Protein (%) T¿ ("C) ÁH (J/g)pH

6

6

6

6

6

6

6

6

8

8

8

8

10

10

10

10

10

10

10

10

0.05

0.0s

0.05

0.05

0.2s

0.25

0.25

0.2s

0.l5

0.15

0.15

0.15

0.05

0.05

0.05

0.0s

0.25

0.25

0.25

0.25

10

20

10

20

10

20

10

20

15

15

15

15

10

20

l0

20

10

20

10

20

87.3

87.9

87.1

88.9

88.8

90.8

89.5

9r.3

90.8

91.1

9t.2

9t.t

89.3

90.s

89.7

90.4

9t.r

91.5

91.5

91.9

1,9.3

16.6

13.2

15.5

19.r

17.4

18.3

t6.7

18.I

t7.2

t6.7

17.8

T7.T

14.9

18.7

14.4

18.6

16.2

18.4

15.4

I

1

J

5

I

1

J

J

2

2

2

)

I

1

J

J

I

I
a
3

J

T¿ : 88.21 - 0.14 pH - 31.45 Nacl -2.97 r-cAR- 0.35 cPI + 4.55 pH*Nacl + 0.35
pH*r-CAR + 0.053 pH*CPI + 14.97 NaCl*r-CAR + 3.23 NaCI*CPI + 0.22 r-CAR*
cPI - 1.59 pH*Nacl*r-cAR - 0.37 pH*Nacl*cPI - 0.025 pH*rc-cAR*cpl - 0.98
NaCI*r-CAR*CPI + 0. 1 I pH*NaClxr-CAR*CPI (P:0.003).

ÂH : 36.35 - 1.86 pH -27.36NaC1 - 12.26 rc-CAR- 0.62 CPI + 3.67 pH*NaCl +
1.37 pH*r<-CAR + 0.046 pH*CPI + 21.46 NaCl*r-CAR + 0.42 K-CAR*CPI-2.41
pH*NaCl*r-CAR - 0.049 pH *r-CAR*CPI (P:0.021).
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range of T¿ values was shown at both pH levels (Figure 8). Contour plots of T¿ as a

function of NaCl and CPI levels at pH 6 and 10 are shown in Figure 8. It was evident

from the curves that improved structural thermostability (high T¿ values) resulted with

increasing concentrations of NaCl and CPI at both pHs (Fig. 8). Increasing the ionic

strength of the protein solution masks charged groups that have become newly

accessible through heat-induced conformational rearrangements, thus enhancing

hydrophobic interactions (Phillips et al., 1994). This electrostatic interaction may

explain the increase in T¿ values observed in the present study.

Reports on the effect of NaCl on protein structural stability have been varied.

NaCl has been described as a stabilizing salt by its ability to increase the thermal

stability of plant proteins (Arntfield et al., 1986; Ismond ef al., 1986). However, in

another study, NaCl at concentrations between 0.1 and 0.5 M was shown to cause a

decrease in the enthalpy of denaturation of ovalbumin, indicative of protein denaturation

(Arntfield et al., 1990). The general trend in ranking anions in terms of their ability to

stabilize proteins depends on the protein in question. Von Hippel and Schleich (1969)

observed the anionic series with ribonuclease as follows:

( 
" Stabilizing Destabilizing 

-+SO¿-'> CH3COO- > Cl > Br- > ClO4- > CNS-

In a report on the effect of various sodium salts on the T¿ of B-lactoglobulin, Damodaran

(1996) indicated that at equal ionic strength, NazSO¿ and NaCl increased T6 values. DSC

analysis on the effect of NaCl on the thermal transition characteristics of B-lactoglobulin
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Figure 8. Denaturation temperature (T¿) contour plot showing the influence of CPI and
NaCl concentrations on T¿ of CPI-r-CAR mixtures at 3Yo (w/v) r-CAR and varied pH
(A: pH 6; B: pH 10). The significant interaction identified by the ANOVA model was
used to produce the contour plots. Each contour line corresponds to a given T¿ value. For
example, in Figure 8B; at *,l5%o (dv) CPI and 0.15 M NaCl, T¿:90.6oC.



48

showed that the T¿ value was increased whereas the ÂH was not significantly affected

(Harwalkar and Ma, 1987; 1989). According to the authors, T¿ of BJactoglobulin

increased with increasing NaCl concentrations (at 0 - 1 M).

These reports indicate that NaCl could have both stabilizing and destabilizing

effects on protein conformation. The results of the present study indicated that NaCl

acted as a stabilizing salt at high molar concentration (up to 0.25 M). As a result, the

associating structures within the protein-hydrocolloid system remain in a more globular

form in which nonpolar groups are buried. This may explain the high T6 values observed

for CPI-rc-CAR mixtures at higher NaCl concentration (Fig. 8). Therefore, it is evident

that hydrophobic and electrostatic interactions are involved in enhancing the structural

thermal stability of CPI-r-CAR mixtures. Regardless of their chemical makeup and

conformation, the structural stability of macromolecules (including DNA) is adversely

affected by high concentrations of salts (von Hippel and schleich,1969).

Effect of pH-r-carrageenan interaction on enthalpy of denaturation (Ârf)

Based on the ANOVA model (Design-Expert@ software), NaCl concentration,

K-CAR concentration, CPI concentration, and interaction between pH and r-CAR

concentration had significant effect (P<0.05) on AH (Appendix 2). Thus contour plots of

AH values of CPI-r-CAR mixtures as a function of pH and r-CAR concentration are

shown in Figure 9. The AH specifically describes the actual heat flow into the

macromolecule during the thermal denaturation process. Changes in the AH values are a

good way to measure major conformational changes. If the solvent (e.g.pH, additives) is

causing protein unfolding, then the heat required to unfold it during thermal denaturation
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F

Canageenan(%o)

Figure 9. Enthalpy of denaturation (AH) contour plot showing the influence of
interaction between pH and r-CAR concentrations on AH of CPI-r-c afrageenaÍr
mixtures prepared with 0.05 M NaCl and l5Yo (*/Ð CPL The significant interaction
identified by the ANOVA model was used to produce the contour plots. Each contour
line corresponds to a given ÂH value. For example, at pH 8.0 and 2.5o/o (w/v) r-
caffageenan, ÂH :1 5.9 J/g.

will be less. In turn, the AH value will be lower. The greater the heat flow, the greater

the structural stability of the biopolymer before the heat treatment. The ÂH values of

CPI-r-CAR mixtures increased at lower pH and lower r-CAR concentrations; and also

decreased at lower pH values with increasing r-CAR concentrations. In other words, the

CPI molecules became denatured with increased concentration of r-CAR. This effect

may be due to the electrostatic interaction between CPI and r-CAR. According to

Tolstoguzov (1986), at pH values below the protein isoelectric point (IEP), the protein
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and anionic polysaccharide carry net opposite charges. In this pH region, insoluble

complexes can be formed provided the ionic strength is sufficiently low (generally less

than 0.l-0.2; such as 0.05 M used in the present study). For instance, at pH 6, CPI (IEP

^v 
pH 7.0) carries a net positive charge whereas r-CAR carries a net negative charge.

The formation of an insoluble electrostatic complex between CPI and r-CAR may have

led to the disruption of the protein structure. This may explain the low ÂH values at

higher r-CAR concentrations. However, at lower pHs and lower rc-CAR concentration,

AH values for these systems increased. It appears thæ the disruption of protein structure

was less at lower r-CAR concentrations.

Effect of salts on structural properties of cPl-r-carrageenan systems

Denaturation temperature (T¿): The denaturation of canola protein-r-

caffageenan mixtures \ /as assessed by observing the effects of sodium salts on the

structural stability (Td, 
^H). 

The influence of salts on the thermal stability could be

described as either stabilizing (causing T¿ values to increase with increasing

concentration) or destabilizing (causing T6 values to decrease). Furthermore, the ability

of electrolytes to influence the structural stability of a protein alone or in a mixed system

depends on the concentration andlor ionic strength (p) of the salt. At low ionic strength

(p< 0.2), ions associate with proteins via nonspecific electrostatic interactions

(Damodaran,1996; von Hippel and Schleich, 1969). Therefore, the stabilization of CPI

or CPI-r-CAR mixtures at low salt concentration should be independent of the nature of

the salt (i.e. no lyotropic effect).
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In the present study, there was relatively little difference in the effectiveness of the

sodium salts to stabilize CPI-rc-CAR structure at low concentration (Table 2). An

exception to this was the stabilization of CPI-rc-CAR mixture by the acetate ion

(T¿:95.1oC) which was more effective than the sulfate, chloride and thiocyanate (Table

2).The electrostaticneutralization of protein charges usually stabilizes protein structure

(Damodaran, 1996). The present study indicates that the structural stability of CPI-r-

CAR mixtures was higher at the higher salt concentration regardless of salt type.

Sodium salts (at 0.5 M level) had a lyotropic effect on the thermal stability (high T¿

value) of CPl-r-carrageenan mixtures. At this salt level, biopolymer mixtures treated

with sodium acetate (NaC2H3O2)had the highest T¿ values (T¿:103.2oC) whereas those

treated with sodium thiocyanate (NaSCN) had the lowest T¿ values (T¿:92.3"C).

Increases in T¿ followed the sequence: acetate > sulfate > chloride > thiocyanate. At the

higher concentration (0.5 M), the ability of salts (e.g. Na2SOa; NaC2H3o2 shown to act

as a stabilizing salt in the present study) to stabilize protein structures has been attributed

to the preferential hydration of the protein molecule as a result of salt-induced alteration

of the water structure in the vicinity of the protein (Arakawa and Timasheff, 1982). Non-

chaotropic salts influence the order of water such that exposure of nonpolar residues is

thermodynamically unfavourable (Fig. 10). Protein-protein interactions in acetate- and

sulfate-treated samples probably helped the CPI-r-CAR mixtures to maintain its folded

structure leading to structural stability in these systems.
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Table 2. lnfluence of salt type and concentration on the thermal properties (T¿, AH) of
canola protein-r-carrageeîan (r-CAR) mixtures prepared with 15% (wlv) protein and
3% (wlv) r-CAR at pH 6.

Salt type T¿ ("C)*

Control (no salt)

NazSO+

NaCzHgOz

NaCl

NaSCN

g9.15 t 0.51br

0.05 M

99.55 + 0.05br

95.r2+ 0.l6ut

gg.g4 + 0.35br

89.g1 t 0.02b1

g9.15 + 0.51'1

0.5 M

96.04 + 0.26b2

103.16 + 0.40û

94.63 + 0.02i2

92.25 + 0.18d2

Salt type ÂH (J/g)*

Control (no salt)

NazSO+

NaCzH¡Oz

NaCl

NaSCN

14.92 t 0.Ogbl

0.05 M

15.79 t0.5lbl

17 .44 t 037u1

t5.67 t0.6gb1

15.67 t0.58br

14.g2 + 0"0-õr-
0.s M

15.59 + 0.79b'l

20.07 + 0.46û

16.70 + 0.57br

13.0g r 0.23d2

*Mean + SD. For a given parameter (T6 or ÂH), column values with different letters and
row values with different numbers are significantly different (p<0.03)

OH't-
Hzo{ \-oH, scN-A-\ scN-

\-----, (- ')OHz SCN-t---/
Nonchaotropic salts affect the order Chaotropic salts bind to protein surface.
of water on the protein surface.

Figure 10. Schematic representation of the stabilizing and destabilizingeffect of salts
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Similar lyotropic effect has been reported for vicilin isolated from fababeans

(Ismond, 1984; Amtfield et al., 1986). Despite the fact scN- is regarded as a

destabilizing anion, its T¿ value (at 0.05 M) was similar to the T¿ values observed for

Na2SOa- and NaCl-treated biopolymer mixtures. Electrostatic interactions are considered

to be the principal noncovalent force responsible for conformational stability at low

ionic strength. Although the NaSCN-treated CPI-rc-CAR mixtures had the lowest T¿

value (Ta:92.3"C) at 0.5 M salt concentration compared to the T¿ values of the other

three salt treatments (NaC2H3O2, Na2SOa and NaCl), its T¿ value was higher than that of

the control (T¿:89.15"C). As noted by Arakawa and Timasheff (1982), SCN- anions can

bind to proteins when present at relatively high concentrations; this helps to unfold the

protein molecule, exposing buried functional groups and encouraging hydrophobic

interactions among neighbouring polypeptide chains. This may explain the higher T¿

value of CPI-r-CAR mixtures treated with SCN- compared to that of the control. The

structural behaviour of CPI-r<-CAR mixtures in the presence of sodium salts is similar to

when CPI alone (T¿:86oC, AH:16.19 J/g) is examined but the destabilization is not as

great in the presence of r<-CAR.

Enthalpy of denaturation (^H): The ÂH values of the salt-treated CPI-r-CAR

mixtures were higher than that without salt (LH:14.92 Jlg; Table 2), indicating

increased structural rigidity at 0.05 and 0.5 M salt level. Comparing the salt-treated CpI-

K-CAR mixtures at 0.05 M concentration, the AH value for NaCzH3O2-treated sample

was higher than those for the other three salts; AH values of NazSO¿-, NaCl- and

NaSCN-treated biopolymer mixtures were similar (Table 2). The AH values for CPI-6-

CAR mixtures treated with NaCzHzOz at both high and low concentration were higher
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than those of the other three salt-treated biopolymer mixtures, suggesting a stabilizing

effect at both salt concentrations.

At 0.5 M concentration, decrease in ÂH values followed the series: acetate <

sulfate : chloride < thiocyanate. At this salt level, NaSCN-treated CPI-r-CAR mixture

(AH:I3.08 Ug) had the lowest ÀH value, indicating a structural disruption by NaSCN;

and supporting the trend observed in the T¿ values of the salt series (Table 2).

Damodaran (1988) offered possible explanations for this phenomenon. Since low T¿

value reflects low resistance to thermal denaturation, the tertiary and quaternary

structures of the NaSCN-treated CPI-r-CAR mixture may not be the same as that of the

native biopolymer mixture. Therefore, a lower ÀH value was obtained for CPI-rc-CAR

mixture. Furthermore, the decrease in AH value may be due to aggregation of denatured

protein, since the exothermic heat effect of such an aggregation process may partly

offset the endothermic heat flow as measured by DSC. White high concentrations (>1

M) of anions such as thiocyanate (SCN-) were required for structure destabilization of B-

lactoglobulin (Damodaran, 1996), in the present study, the destabilizing effect of SCN-

anion was evident at 0.5 M.

Effect of urea and DTT on structural thermostability of CPI-r-CAR systems

Influence of urea: Differences in thermal T¿ and AH values of CPI-r-CAR

mixtures treated with urea compared to that without urea (control) demonstrate the

dependence of CPI alone and CPI-r-CAR mixture on noncovalent forces for their native

structure. Figure 114 shows the impact of urea on the thermal properties (T¿, ÂH) of

CPI alone (T¿:74oC, LH:2.3 J/g) and CPI-r-CAR mixtures (T¿:80oC, ÂH=4.g J/g)
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treated with urea as well as CPI-r-CAR mixture without urea (T¿:89oC, ÂH:l a.9 Jlg).

Samples treated with urea had lower thermal properties than the control (without urea).

The data obtained showed that addition of urea had more effect on AH than on T¿ values.

Phillips et al. (1994) stated that urea is one of the standard denaturing agents used to

study the transition between the native and unfolded states of proteins (and protein-

polysaccharide mixtures). Urea (6 M) induces unfolding of biopolymers by disrupting

protein-protein interactions, which promotes protein-solvent interactions. Urea's strong

interaction with water alters the structure of the aqueous phase around the protein

molecule and increases the solubility of hydrophobic amino acid residues. As a result,

urea can disrupt hydrogen bonds and hydrophobic interactions that contribute to the

maintenance of protein (and protein-polysaccharide) structure. The disruption of

noncovalent forces by urea could explain the low AH values obtained in the urea-treated

samples. Of note is the fact that the destabilization was not as severe when r-CAR was

present (Fig. 114).

Effect of DTT: Differences in thermal T¿ and AH values of CPI-ç-CAR

mixtures treated with dithiothreitol (DTT) compared to that without DTT (control)

demonstrate the involvement of disulfide bonds in the stabilization and strengthening of

the native structure of CPI alone and in a CPI-r-CAR mixture. Figure l lB displays the

influence of DTT on the thermal transition parameters (Td, AH) of CPI alone (T¿:76C,

LH:7.7 J/g) and CPI-r-CAR mixtures (T6:81oc, ÂH:8.4 J/g) treated with DTT as well

as CPI-r-CAR mixture without DTT (T¿:89oC, AH:la.9 Yg). Again, the destabilization

was not as severe in the presence of r<-CAR. DTT-treated samples had lower thermal

properties than the control (without DTT). The addition of sulfhydryl disrupting reagents
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Table 3. Structural transition properties (Td, AH) of canola protein-guar gum mixtures
under varied conditions.

pH NaCl (M) Guar gum (%) Protein (%) T¿ ("C) ÂH (J/g)

6

6

6

6

6

6

6

6

8

8

8

8

10

10

10

10

10

10

10

t0

0.05

0.05

0.05

0.05

0.25

0.25

0.2s

0.25

0.1s

0.15

0.15

0.15

0.0s

0.05

0.0s

0.0s

0.2s

0.25

0.25

0.25

85.0

87.4

8s.2

88.0

87.6

90.8

88.6

9r.2

89.8

90. I

89.7

90.5

88.0

88.3

88.2

88.6

89.5

89.6

89.3

89.4

10

20

10

20

10

20

10

20

15

15

15

15

10

20

10

20

10

20

10

20

t4.3

13.0

14.r

15.3

9.5

15.6

19.6

15.9

17.0

t7.t

17.5

20.0

9.7

12.0

1r.2

9.5

t1'2

10.9

15.9

10.3

Td:73.46 + 1.42 pH + 11.34 Nacl + 0.048 Ggurn + 0.55 cpl - 0.54 pH-Nacl -
0.017 pH*Ggum - 0.056 pH*cPI + 5.24 NaclxGgum + 0.86 Nacl*cpl + 5.062x10-03
Ggum* cPI - 0.43 pH*Nacl*Ggum - 0.072 pH*Naclxcpl + l.68gx l0-03 pH*Ggum
*CPI - 0.14 NaCl*Ggum*CPI (P:0.003).

ÂH : 20.54 - 0.88 pH- 126.55 Nacl + 1.40 Ggum - 0.35 cpl + 9.06 pH*Nact -
0.30 pH*Ggum + 0.036 pH*CPI + 33.85 NaCl*Ggum + 7.36 NaCI*CPI + 0.049
Ggum*CPI - 0.56 pH*NaCl*CPI - 1.70 NaCl*Ggum*CpI (p:0.04).
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(1994), increasing the ionic strength of the protein solution masks charged groups that

have become newly accessible through heat-induced conformational rearrangements,

thus enhancing hydrophobic interactions. In a study using differential scanning

calorimetry, the effect of NaCl on the thermal transition characteristics of B-

lactoglobulin showed that the T¿ was increased at increasing NaCl concentration

(Harwalkar and Ma, 1987). In the present study, it is possible that NaCl stabilized the

structure of CPI-guar gum systems, thus higher T¿ values were obtained as NaCl

concentration increased (Fig. 12).

Figure 12. Denaturation temperature (T¿) contour plot showing the influence of NaCl
concentration and pH on T¿ of CPI-guar gum mixtures prepared with l.5Yo (dv) guar
gum and 20% (wlv) CPI. The significant interaction identified by the ANOVA model
was used to produce the contour plots. Each contour line corresponds to a given T¿
value. For example, at pH 7.0 and 0.20 M NaCl, T¿:90.0oC.

fTi
H
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Effect of CPI-pH interaction on T¿ of CPI-guar gum systems

The effect of the interaction between pH and CPI concentration on the T¿ of CPI-guar

gum systems is shown in Figure 13. T¿ values of the biopolymer mixture increased as

CPI concentration increased. This increase may be due to the extensive interaction (due

to quantitative effect) of the unfolded biopolymer molecules. As CPI concentration

increased, there is a significant increase in the number of exposed hydrophobic residues

involved in protein-protein interaction, thereby stabilizing the CPI-guar gum structure. It

is also possible that the biopolymer molecule became more compact in shape as CPI

concentration increased, thus improved structural stability was achieved.

ru.u r¿.J 15.0 17.5 20.0

Canola protein isolate (%)

Figure 13. Denaturation temperature (T¿) contour plot showing the effect of interaction
between pH and CPI concentration on T¿ of CPI-guar gum mixtures prepared with 0.25
M NaCl and 1.0%o (dv) guar gum. The significant interaction identified by the ANOVA
model was used to produce the contour plots. Each contour line corresponds to a given
T¿ value. For example, at pH 7.0 and *17.5 % (wlv) CPI, T¿:90.0oC.

+iè
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Effect of CPI-guar gum interaction on ÂH of CPI-guar gum systems

Based on the ANOVA model (Design-Expert@ software), pH, guar gum concentration

and interaction between CPI concentration and guar gum concentration were significant

(P<0.05; Appendix 4). Figure 14 shows the effect of the interaction between CPI and

guar gum on the AH values of the biopolymer mixtures. At pH 6, the ÂH values

increased with increasing guar gum and CPI concentrations; whereas at pH 10, the AH

values decreased as the guar gum and CPI levels increased. Guar gum is non-ionic and

probably does not interact with CPI at pH 6 or 10. According to Arntfield and Cai

(1998), neutral polysaccharides (e.g. guar gum) and canola protein tended to be

incompatible, showing no evidence of interaction. The stabilization (high AH values) of

CPI at pH 6 by higher biopolymer concentrations may be due to the incompatibility of

the biopolymers such thatan increase in the concentration of one or both biopolymers

forces the other into a smaller volume of liquid, thus increasing its effective

concentration. The decrease in AH at pH 10 as biopolymer concentration increased may

be due to excessive intramolecular charge repulsion between protein molecules at high

pH (such as pH l0), such that the influence on effective concentration seen at pH 6

simply accentuates this repulsion.



62

1.0

\o
Õ\
d

ä 2.0
t-<
CÚ

iJ
O

Canola protein isolate (%)

Figure 14. Enthalpy of denaturation (ÀH) contour plots showing the influence of CpI-
guar gum interaction on AH of CPI-guar mixtures at 0.05 M NaCl and varied pH (A: pH
6; B: pH 10). The significant interaction identified by the ANOVA model *ãr nr"d to
produce the contour plots. Each contour line corresponds to a given AH value. For
example, in Figure l4B; at 17.5% (wiv) cPI and2.5Yo (w/v) guar gum, aH :r0.2oc.

1.0
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Impact of sodium salts on thermal characteristics of CPI-guar gum mixtures

Generally, the relative ability of various anions (at isoionic strength) to decrease

the structural stability of proteins follows the chaotropic series F- < SO+2- < Cl- < Br- < I-

< CIO¿- < SCN- < CI:CCOO- (Damodaran, 1996). According to this author, NaF,

NazSO+ and NaCl increase T¿ whereas NaSCN and NaClOa decrease it. The T¿ values of

CPI-guar gum mixtures were similar at the 0.05 M salt concentration regardless of salt

type (Table 4). Atthis salt level, the T6 values of all treatments did not support lyotropic

effects, thus nonspecific electrostatic interactions may be responsible for the similarity

in T¿ values observed for all salt treatments. The T¿ values for the biopolymer mixtures

in the 0.5 M salt series (except for NaSCN-treated samples) were higher than that for the

mixture without salt (88.8'C). This reflects an increased resistance to heat denaturation

by the CPI-guar gum systems at high salt concentration (0.5 M).

At higher concentrations, neutral salts are known to have ion-specific effects on

hydrophobic interactions in addition to nonspecific charge neutralization effects (von

Hippel and Schleich, 1969). These ion-specific effects on hydrophobic interactions are

thought to be due to salt effects on bulk water structure, which affect protein-protein and

protein-water interactions (Damodaran, 1996;vonHippel and Schleich,1969). At 0.5 M

salt level, the ability of the anions to increase T¿ of CPI-guar gum mixtures followed the

sequence sulfate : acetate > chloride > thiocyanate, whereas the degree to which the

anions decreased aH followed the order C2Hzoz- < Cl- < so¿2- < sCN-. These

sequences are different from the lyotropic series observed by Damodann (1996). This

difference may be due to the presence of guar gum. In the present study, CzHsOz- anion

acted as a structure stabilizer (having higher aH value at 0.5 M sart
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Table 4. Influence of salt type and concentration on the thermal properties (T¿, AH) of
canola protein-guar gum mixtures prepared wtth20% (w/v) protein and 1.5%o (wþ guar
gum at pH 10.

Salt type T¿ ("C)*

Control (no salt)

NazSO+

NaCzH¡Oz

NaCl

NaSCN

gg.g0 + 0.57u1

0.05 M
gg.65 + 0.70u1

g9.22 + 0.02u1

g9.51 + 034u1

88.30 + 0.0gur

88.80 + 0.57'1

0.5 M

95.01 r 0.40û

95.61t0.10u2

gl.g0 + 0.06b2

99.27 + 0.05'1

Salt type ÂH (J/g)*

Control (no salt)

NazSO¿

NaC2H302

NaCl

NaSCN

15.70 r 0.16 15.70 r 0.16

0.05 M

14.95 t 0.91b'r

16.70 + 0.6gul

16.79 + 0.45ur

13.g3 + 0.01'r

0.5 M

14.66 t0.45'r

18.13 r 0.24u1

15.93 r 0.13b1

12.25 t0.83dl
*Mean t SD. For a given parameter (T6 or ÁH), column values with different letters and
row values with different numbers are significantly different (p<0.05)

level), whereas SCN- anion probably acted as a structure destabilizer (having lowest AH

values at the two salt levels). The destabilizing effect of NaSCN (a chaotropic salt) was

not evident in the T¿ values since the T¿ values at the 0.05 M (T¿:8g.30" C) and 0.5 M

(T¿:88.27o C) salt levels were similar to those of the control. Regardless of salt type,

there was no significant change in the biopolymer structure as salt concentration

increased to 0.5 M.
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In a study on canola protein isolate, the ability for the anions to increase T¿

values followed the series sulphate : acetate > chloride : thiocyanate (Léger and

Arntfield, 1993). The authors indicated that Na2SO + acted as a promoter of hydrophobic

interactions, whereas NaSCN acted as a protein structure destabilizer. In the present

study, the stability (higher T¿ values) was higher at the higher salt concentration for

sulfate-, acetate- and chloride-treated biopolymer mixtures; whereas the T¿ of

thiocyanate-treated mixtures was similar to that of the control. This suggests that the

guar gum may have stabilized the CPI-guar gum mixture in the presence of NaSCN.

V/histler and BeMiller (1997) reported that guar gum is used as a stabilizer in food

products.

Effect of urea and DTT on thermal transition properties of CPI-guar gum systems

Influence of urea: The thermal properties (T¿, aH) of cPI alone (T¿=82oc,

AH:3.8 J/g) and cPl-guar gum mixtures (Td:82oc, aH:3.1 Jlg) Eeated, with urea as

well as CPI-guar gum mixture without urea (T¿:89oC, ÂH:l 5.7 Jlg) are shown in Figure

154. In urea-treated CPI-guar gum mixtures, the effect of urea on the T¿ and ÂH values

of CPI alone is similar to those of CPI-guar gum mixtures. This indicates that guar gum

did not influence the effect of urea on the biopolymer mixtures, suggesting that urea

affects proteins alone. However, the urea-treated biopolymer mixtures had lower T¿ and

AH values compared to those of the control (without urea). According to Damodaran

(1996), denaturation of proteins by wea is thought to involve the solubilization of

hydrophobic amino acid residues in urea solution. Since urea has the potential to form

hydrogen bonds, at high concentration the solute breaks down the hydrogen bonded
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structure of water; and this destructuring of solvent water makes it a better solvent for

nonpolar residues. This results in unfolding and solubilization of nonpolar residues from

the interior of the protein molecule. Phillips et al. (1994) reported the denaturation of B-

lactoglobulin in 6 M urea. In the present study, the denaturing effect of urea explains the

lower thermal properties obtained for urea-treated biopolymer mixtures. This supports

the involvement of noncovalent interactions in the stability of protein (or protein-

hydrocolloid) mixtures.

Influence of DTT: Figure l5B shows the thermal properties (T¿, AH) of CPI

alone (T¿:109oC, AH:0.6 Jlg) and CPI-guar gum mixtures (To:31oC, LH=2.5 Jlg)

treated with DTT as well as CPI-guar gum mixture without DTT (T¿:89oC, AH:15.7

J/g). The AH values in DTT-treated CPI-guar gum systems were much lower than those

in CPI-r-CAR systems, indicating pronounced structural disruption of the biopolymer

molecules. Elevated pH used (i.e. pH 10) in Cpl-guar gum mixtures may have

contributed to the very low AH values observed in these systems. As seen in the CPI

alone treated with DTT, higher T¿ and lower AH values (T¿:109oC, AH:0.6 J/g) were

noted as compared to the CPI-guar gum mixture without DTT (T6:89oC, ÀH:l5.7 ilg).

This increase in T6 may be due to the cleavage of disulfide bonds in the CPI molecule

prior to heating. This exposed the binding sites that otherwise would have remained

buried within the molecule, resulting in excessive crosslinking and subsequent structure

formation and stability (higher T6 value). As explained by Damodaran (1988), the

structure of the stabilized protein molecule may not be the same as that of the native

molecule and this may create a net decrease in ÂH. Léger and Amtfield (1993) reported

a lower T¿ value for canola protein isolate (at pH 9.0) treated with 0.15 M DTT
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(T¿:67"C) compared to that of the control (T¿:81"C). In the present study, the addition

of DTT to CPI-guar gum mixtures had more effect on the AH values than on T¿ values.

Given that disulfide bonds have high energy requirement for their disruption, it could be

that the disruption of these bonds by DTT prior to heat treatment greatly reduces the heat

flow required to thermally denature the remaining structure. Since disulfide bonds are

thought to be responsible for subunit association (Schwenke et a1.,1983), it is possible

that the subunits themselves remained relatively intact upon exposure to DTT, thereby

requiring temperatures of up to 109oC to denature. Low ÂH values show that disulfide

bonding contributes to the stability of canola protein-hydrocolloid structure.
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CHAPTER 2

Structural Behaviour of Commercial Canola Protein Mixed with Hydrocolloids

Abstract

The surface activity of a protein is related to its conformation and its interaction with

other food components. The number of hydrophobic patches on the protein surface

determines how rapidly it can adsorb to an oil-water or air-water interface. This study

examined the surface hydrophobicity (So) of canola protein isolate (CPI) mixed with

hydrocolloids (r-canageenan, rc-CAR; guar gum) and the effects of pH, Nacl and

hydrocolloid concentrations on this property. The fluorescence intensity of CPI-

hydrocolloid mixtures were measured using fluorescence spectrophotometer and the So

values were determined using 8-Anilino-1-NaphthaleneSulphonate (ANS) as a

hydrophobic fluorescent probe. The So values of CPI alone werc 72 and 88 at pH 6 and

10, respectively. The So values of CPl-hydrocolloid mixtures (I0% wlv CPI, lYo wlv

hydrocolloid, 0.05 M NaCl) increased at high pH, hydrocolloid and NaCl

concentrations. Overall, CPI-r-CAR mixtures had lower So values than CPI-guar gum

mixtures. High So values reflects increased exposure of nonpolar amino acid residues

due to changes in protein structure. The results indicate that the surface activity of CpI

can be improved when mixed with hydrocolloids and this will enhance its use as a

functional food ingredient.
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Introduction

In food systems, proteins interact with other food components such as

polysaccharides and this modifies proteins or polysaccharides functional behaviour

(Damodaran, 1996). The overall structure-function relationships of food systems

containing these two biopolymers depends on the individual biopolymers as well as the

strength and interaction of the biopolymers (Galazka et al., I999b).In dairy products,

polysaccharides may be used at levels of 0.005-3%o to confer required functional

properties (Thomas, 1992). For example, polysaccharides such as r-CAR provide

stability to milk products by interacting directly with the milk proteins (Drohan et al.,

1997). Canola meal, with a protein content of about 40% (Shahidi, 1990), has a well-

balanced amino acid profile (Ohlson, 1978) and a favourable protein effrciency ratio

(PER) of 2.64 compared to 2.19 for soy protein (Delisle et al., l9B4).

A fundamental understanding of the functional characteristics of canola proteins

and the changes these properties undergo during processing is essential for it to compete

with traditional food proteins. Surface and emulsifying properties of proteins are

strongly correlated to their structure (Dickinson and Stainsby, 1988; Damodaran,1996).

Hydrophobic, steric and attractive forces are important variables that affect the structure

of proteins and their interactions with other molecules (Nakai, 1983). Other factors such

as pH, temperature, ionic conditions and disulfide bonds may affect molecular flexibility

or stability (Harwalker and Ma, 1989; Koning and Visser, lgg2), and thus protein

hydrophobicity (Alizadeh-Pasdar and Li-Chan, 2001). The addition of polysaccharides

to proteins may also alter the functionality of both biopolymers. Galazka et al. (1999b)

studied the effect of high pressure treatment on bovine serum albumin (BSA)-sulphated
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polysaccharide complexes, and noted that the addition of r-CAR or I-CAR to BSA (at

pH 7) decreased the surface hydrophobicity (S") of the protein. They suggested that the

decrease in So was mainly due to electrostatic repulsion between the two negatively

charged molecules (r<-CAR and BSA), and the blocking of ANS binding sites by the

formation of polysaccharide-B SA complexes.

Fluorescent probe methods are simple techniques used to assess protein surface

hydrophobicity (Slavíc, 1994; Royer, 1995) and a number of fluorescent probes have

been used for this purpose. 8-Anilino-Naphthalene-l-Sulfonate (ANS), an anionic

hydrophobic probe (Alizadeh-Pasdar and Li-Chan, 2001) is the most popular marker

(Horiuchi et al., 1978; Clarke and Nakai, 1972). Cis-Parinaric acid (C1sH23o2; CrB:4), a

natural polyene fatty acid was used to assess the So of selected proteins (e.g. soy isolate,

pea isolate, canola isolate) and it was shown that the hydrophobicity of unfolded

proteins (S.) was better correlated with thickening, coagulation and gelation than the So

(Voutsinas et al., 1983). An uncharged fluorescent probe PRODAN (6-Propionly-2-N-

N-Dimethylamino-Naphthalene) has also been used to examine the hydrophobicity of

proteins (whey protein isolate, B-lactoglobulin, BSA) when interacting with ç-CAR

(Alizadeh-Pasdar and Li-Chan, 2001). The control or manipulation of protein-

polysaccharide interactions is a major factor in the development of novel foods

(Tolstoguzov,l99T). The understanding of the factors that control or enhance structural

characteristics of plant proteins in the presence of polysaccharides can provide useful

information on the utilization of potential functional ingredients (such as canola

proteins) to improve the quality of food products. This study examines the surface

behaviour of canola protein isolate in multicomponent food systems.
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Materials and Methods

Source of materials

Food grade K-carrageenan (No. C-1013) that contains predominantly r- and lesser

amounts of À-carrageenan, was purchased from Sigma Chemical Co. (St. Louis, MO,

USA). The composition of K-caffageenan (r-CAR) powder as indicated by the

manufacturer showed it contained a mixture of the following cations: K+ Q0.4%), C**

(2.3%) and Na* (0.9%). Food grade guar gum (G-4129; Lot No. 95H0653) with a

viscosity of 6000-10000 mPas (Whistler and BeMiller, 1997), and 8-Anilino-l-

NapthaleneSulphonate (ANS; Lot 109C-0640; No. A-5144) were purchased from Sigma

Chemical co. (st. Louis, Mo, USA). commercial (BMW Canola, winnipeg) canola

protein isolate (CPI) was purchased and used without further purification. Proximate

analysis (AOAC, 1990) of the CPI sample indicated a protein content of 87Yo Q.l x 5.7),

0'7Yo oil, 2% ash, 5.90lo moisture and 4.4Yo total carbohydrate (determined by

difference). All other chemicals such as NaCl (Bp3sg-21} Lot No. 028091), HCI

(A144-225, Lot No. 296220), and NaOH (8P359-2l2,Lot No. 974661) were certified

reagent grade (Fisher Scientific Co., New Jersey).

Sample preparation

Dispersions of CPI (10,20% w/v; protein-basis), r-CAR (l,3yo w/v), and guar gum (1,

3o/owlv) were prepared by mixing in NaCl solution (0.05, 0.25 M) at desired pH (6, 10).

The CPI, r-CAR, guar gum, pH and NaCl combinations were generated using Design-

Expert@ Software. The mixture was stirred for approximately t h at room temperature

or until a complete dispersion of the mixture was achieved. Dispersions of individual
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CPI samples in appropriate pH and NaCl solutions were prepared in similar manner to

serye as a control. To assess the influence of pH, samples were adjusted to pH 6, 10 with

1 M NaOH or 1 M HCl. To ensure that pH was maintained, samples were allowed to

equilibrate for 30 min at room temperature and the pH was rechecked prior to further

testing.

Experimental design

All experimental measurements were done in duplicates. Design-Expert@ Software

(StarEase Inc., Minneapolis, MN, USA) experimental designs, factorial and response

surface optimization were used in this study. The experiment was carried out in two

stages. In the first stage, a series of control experiments with dispersions of canola

protein isolate (CPI, rc% w/v) were carried out to characteÅze CPI under varied

conditions (pH and NaCl concentrations). In stage two, another series of experiments

were carried out to characterize different combinations of CPI and hydrocolloids (i.e.

CPl-r-carrageenaî, CPI-guar gum) following a full factorial model. A two-level

factorial design for 4 factors in 20 experiments including four replicates of the center

point was generated. The factors included pH (6, 10), CPI (r0,20% w/v), Nacl (0.05,

0.25 M), guar gum (1, 3yo w/v), and K-carrageenan (1, 3%o wlv) concentrations. The

surface hydrophobicity (S") of the samples was measured. Two-dimensional contour

plots were generated from the fitted model using Design-Expert@ Software.
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Fluorometry: Measurements of hydrophobic region on molecular surface

Surface hydrophobicity (S") was determined using ANS as a fluorescence probe.

Measurements were performed according to the method of Kato and Nakai (1980) with

some modifications. The So of canola protein isolate (CPI), CPl-r-carrageenan and CPI-

guar gum systems were studied in varied conditions þH, salt concentration). Each

sample was serially diluted with 0.1M phosphate buffer (pH 7) to obtain protein

concentrations ranging from 0.01 to 0.4 mglmL (five concentrations). The fluorescence

intensity (FI) of the samples (2 mL each) was measured in the presence and absence of

ANS with a Perkin-Elmer LS-5 fluorescence spectrophotometer (Perkin-Elmer Life and

Anal¡ical Sciences Inc., Boston, MA, USA) at excitation wavelength of 390 nm and

emission wavelength of 470 nm using slit width of 0.5 nm. Samples containing ANS

were prepared by adding 10 pL ANS (8 mM) solution to the 2 mL sample dispersion

and mixed, then the FI of the samples were measured. The relative fluorescence intensity

(RFÐ at each protein concentration was calculated by subtracting the FI of each sample

without ANS from the FI of the corresponding sample containing ANS. The initial

slope (So) of the RFI versus protein concentration plot was used as an index of the

protein surface hydrophobicity. The initial slope was calculated by linear regression

analysis. All determinations were done in duplicate.

Statistical analysis

All analyses were conducted in duplicate and data used in tables and figures are average

values. Data were analyzed by analysis of variance (ANOVA) procedure using SAS@

1999-200l Proprietary Software Release 8.2 (TS20; SAS Institute Inc., Cary, NC, USA).
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Duncan's multiple range test was used to determine statistical differences (P<0.05)

between treatment means (Steel et a1.,1997).

Results and Discussions

Visual evaluation

on visual examination, only a single phase was observed at the CPI, r-CAR (1, 3%

w/v), and guar gum (I, 3o/o w/v) concentrations used for surface hydrophobicity

evaluations. There was no visual evidence of separate liquid phases or gel formation. A

single-phase mixture can exist in a system of incompatible polymers and this occurs

when the protein-polysaccharide concentration is below the phase separation threshold

(Tolstoguzov, 1991).

Canola protein isolate-rc-carrageenan systems

The surface hydrophobicity (So) values and the model equation from the full factorial

design for CPl-r-carrageenan mixtures at varied conditions are shown in Table 5.

Significant factors and interactions were identified using the ANOVA model (Design-

Expert@ software). Kappa-carrageenan (r-CAR) concentration, pH, interaction between

NaCl and CPI concentrations, a 3-way interaction between pH, NaCl and 6-CAR

concentrations, and a 3-way interaction between pH, r-CAR and CPI concentrations

were significant (P<0.05; Appendix 5).
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Table 5. The surface hydrophobicity (S") values of canola protein-r-carïageenan
mixtures under varied conditions.

pH NaCl (M) K-caffageenan (Yo) Protein (%) so value

6

6

6

6

6

6

6

6

8

8

8

8

10

10

10

10

10

10

10

10

0.05

0.05

0.05

0.05

0.2s

0.25

0.25

0.25

0.1s

0.15

0.15

0.15

0.0s

0.05

0.05

0.05

0.25

0.2s

0.25

0.2s

I

1

J

J

1

1

a
J

J

2

2

2

2

I

I

3

J

I

I

J

J

10

20

l0

20

10

20

10

20

15

15

15

15

10

20

10

20

10

20

10

20

117

r45

t23

131

139

r27

r39

t28

t4t
t4t
t4t
t4t
126

rt9
136

t43

t36

t29

124

t14

0.991

0.9994

0.9992

0.9993

0.9997

0.9996

0.9968

0.9996

0.999s

0.9989

0.999s

0.9997

0.9973

0.9991

0.999s

0.9994

0.9994

0.9998

0.995

0.999t

so: 224.08 - I 1.85 pH - 326.88 Nacl - 48.74 r-CAR + 0.82 CpI + 57 .97 pH*NaCl
+ 5.14 pHxr-cAR - 0.061 pH*cPI + 233.44 Naclxr-cAR - 8.66 Nacl*cpl + 0. I 1

r-CAR*CPI - 30.03 pH*NaCl*r-CAR + 0.037 pH*r-CAR*CPI (P:0.013)
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Effects of pH-NaCl-r-carrageenan interaction on surface behaviour

The contour plots of So as a function of NaCl and r-CAR concentrations at pH 6

and 10 are shown in Figure 16. So is indicative of the number of hydrophobic amino acid

residues on protein surface. At pH 6 (Fig. 164), the interaction between NaCl and rc-

CAR affected the protein or protein-rc-CAR conformation. It was evident from the

curves that surface structural activity (So values) decreased with increasing levels of r-

CAR. At r<-CAR levels below 2%o (wlv), higher So values \ilere associated with low

NaCl level. It is possible that low So values indicated that more non-polar amino acid

residues were involved in protein-protein or protein-rc-CAR interaction, thus not

available as exposed residues for interaction with ANS. It is also possible that the

proteins became more compact in shape, resulting in low So values.

At pH 10 (Fig. 168), the interaction between CPI and the other system

components (e.g. NaCl and r-CAR) became more complex. So increased at higher salt

and lower rc-CAR concentrations and also at lower salt and higher rc-CAR levels, an

indication of increased exposure of non-polar amino acid residues in these

environments. Higher salt concentrations (>0.2 M) screen the electrostatic interactions

between biopolymers (e.g. gelatin and anionic polysaccharide) and encourage the self-

association of gelatin molecules (Tolstoguzov, 1986); the self-association may involve

hydrophobic interactions. Perhaps binding promoted the unfolding of hydrophobic

residues and may explain the high So values observed at higher NaCl level in the present

study.
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Figure 16. Contour plots showing the influence of r-carrageenan (r<-CAR) and NaCl
concentrations on the surface hydrophobicity (S") of CPI-r-CAR systems at l5%;o (wlv)
CPI and varied pH (A: pH 6; B: pH 10). The significant interaction identified by the
ANOVA model was used to produce the contour plots. Each contour line corresponds to
a given So value. For example, in Figure 168; at2.5%o (dv) r-CAR and 0.1 M NaCl, So:129.
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Impact of canola protein-pH-K-carrageenan interaction on surface activity

The contour plots of So as a function of r-CAR and CPI concentrations at pH 6

and 10 are shown in Figure 17. At pH 6, So decreased as r-CAR concentration increased

(Fig. 174). Kappa-CAR is a negatively charged polysaccharide while CPI carries a net

positive charge at pH 6 (below CPI's isoelectric point, pH 6.8-7.2); thus an electrostatic

interaction results between the two biopolymers (Dalgleish and Hollocou, 1996). This

interaction decreased as r-CAR level increased, thus making sites on the protein

molecule inaccessible for binding with ANS. This may explain the low So values

observed at high r-CAR levels. In contrast, at pH 10, increased So resulted as r-CAR

and CPI levels increased (Fig. 17B). At this pH, CPI and r-CAR are negatively charged

and thus electrostatic repulsion exists. The repulsion may have increased the exposure of

functional groups (e.g. hydrophobic residues) resulting in increased binding with ANS,

and increased So values as CPI and r-CAR levels increased. The increase in So could

also be due to quantitative effect (higher protein concentration, higher ANS fluorescence

intensity) and not structural changes within the biopolymers.

The affinity of ANS for binding to canola proteins seem to be affected by the

presence of r-CAR in the mixed system, especially at pH 10. Thus under the conditions

studied, the binding strength of ANS showed an increase with increasing ç-CAR level

(Fig. 178). This binding of ANS to hydrophobic surfaces on canola protein indicates

that these hydrophobic areas arc available for other possible reactions. It could be

infened that rc-CAR has an effect on non-covalent interactions (i.e. hydrophobic

associations) in mixed CPI systems. With the effect of increasing rc-CAR level at pH 10,

the high pH possibly exposed the buried hydrophobic groups in the protein molecule.
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Figure 17. Contour plots showing the effects of canola protein isolate (CPD and r-
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These unfolded hydrophobic groups probably repositioned themselves in such away that

they could readily interact with ANS. Alizadeh-Pasdar and Li-Chan (2001) reported an

increase in So of whey protein isolate at high pH (e.g. pH 9) in the presence of r-CAR,

and attributed the increase in So to increased exposure of hydrophobic sites resulting

from the unfolding of protein molecule in the presence of r-CAR.

Canola protein isolate-guar gum systems

The surface hydrophobicity (So) values and the model equation from the full factorial

design for canola protein-guar gum mixtures at varied conditions are shown in Table 6.

Based on the ANOVA model (Design-Expert@ software), CPI concentration, pH, NaCl

concentration, interaction between pH and guar gum concentration, interaction between

CPI and guar gum concentrations, a 3-way interaction between pH, NaCl and CPI

concentrations, and a 3-way interaction between pH, guar gum and CPI concentrations

were significant (P<0.05; Appendix 6).
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Table 6. Surface hydrophobic (So) values of canola protein-guar gum systems under
varied conditions.

NaCl (M) Guar gum (%) Protein(%ùæpH

6

6

6

6

6

6

6

6

8

8

8

8

10

10

10

10

10

l0

10

t0

0.05

0.05

0.05

0.05

0.25

0.25

0.25

0.25

0.15

0.15

0.15

0.1s

0.05

0.0s

0.05

0.05

0.25

0.25

0.25

0.25

10

20

10

20

l0

20

10

20

15

15

15

15

10

20

10

20

10

20

10

20

435

449

470

489

540

441,

367

461

552

552

552

552

502

432

5t9

450

490

431

518

437

0.997s

0.9966

0.9913

0.996r

0.9994

0.9932

0.9959

0.9965

0.9984

0.9959

0.9956

0.9947

0.9973

0.9981

0.9988

0.9894

0.9966

0.996

0.9973

0.9984

so : -355.97 + 99.34pH + 6528.39 Nacl + 404.09 Ggum + 39.79 çpy agggg pw
Nacl - 46.26 pH*Ggum - 5.06 pH*cPI - 3608.04 Nacl*ggum -327.41Nacl*cpl -
18.22 Ggwn*CPI + 394.57 pH*NaClxGgum + 35.18 pH*NaCl*CpI + 2.17 H*Ggurn*
CPI + 176.59 NaCl*Ggum*CPI - 19.50 pH*NaCl*Ggum*CpI (p<0.05)
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Effect of CPI-pH-NaCI interaction on molecular conformation

The contour plots of So as a function of NaCl and CPI concentrations at pH 6 and

10 are shown in Figure 18. At pH 6 (Fig. 184), the So values increased as NaCl levels

increased and CPI concentration decreased. The increase in So observed in this study at

high NaCl concentration (i.e. 0.25 M) could be described as destabilizing (causing So

values to increase due to binding of ANS to non-polar residues). Reports on the effect

of NaCl on protein structural stability have been varied. NaCl has been described as a

stabilizing salt by its ability to increase the thermal stability of plant proteins (Arntfield

et al., 1986; Ismond et al., 1986). However, in another study, NaCl at concentrations

between 0.1 and 0.5 M was shown to cause a decrease in the enthalpy of denaturation of

ovalbumin, indicative of protein denaturation (Arntfiled et al., 1990). Minor variations

can occur when ranking anions and cations in terms of their ability to stabilize proteins

depending on the protein in question; however, the general trend remains essentially

constant (von Hippel and Schleich, 1969); an example (according to the authors) of an

anionic series observed with ribonuclease is:

< ^- Stabilizing Destabilizing 

-)SO¿-'> CH¡Coo'> Cl- > Br- > Clo4- > CNS-

Based on the above reports, NaCl could be said to have both stabili zing and, destabilizing

effects on protein conformation. It is possible that NaCl (at high molar concentration)

acted as a destabilizing salt in the present study. This may explain the high So values

observed for CPI-guar gum mixtures at high NaCl concentration (Fig. 184). As a

destabilizing anion, Cl- may have the ability of binding to protein residues at high levels.

This changes the charge profile of the protein by creating an excess negative charge;

thus Cl- could have facilitated unfolding of the protein structure which exposed formerly
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Figure 18. Contour plots showing the influence of canola protein isolate (CPI) and
NaCl concentrations on the surface hydrophobicity (S") of CPI-guar gum systems at
l'5% (wlv) guar gum and varied pH (A: pH 6; B: pH 10). The signifrcant interaction
identified by the ANOVA model was used to produce the contour plots. Each contour
line corresponds to a given So value. For example, in Figure 184; atI2.5%o (w/v) CpI
and 0.1 MNaCl, So:465.
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buried functional groups.

In contrast, at pH 10, So values decreased as CPI concentration increased (Fig.

188). It is possible that the net charge repulsion created by elevated pH led to

destabilization of the protein's native structure, exposing reactive groups and thus

enhanced protein-ANS interaction over protein-protein association at low protein level.

However, the decrease in So at increasing CPI level may be due to the unfolding of

polypeptide chains as stated by Paulson and Tung (1989), which could have promoted

hydrophobic interactions between neighbouring non-polar residues (Samant et al.,

r9e3).

Effects of canola protein-guar gum interactÍon on surface feature

The 3-way interaction between CPI concentration, guar gum concentration and

pH was significant (P<0.05). The contour plots of So as a function of NaCl and CPI

concentrations at pH 6 and 10 are shown in Figure 19. According to Petkowiczetal.

(1998), guar gum (being nonionic) is not affected by ionic interaction; an indication that

it may not be involved in ionic interaction with CPI. At pH 6 (Fig. l9A), So increased as

guar gum concentration increased. Perhaps the nonionic guar gum enhances the

unfolding of protein structure which exposes hydrophobic residues in the protein so that

So values are higher. This change in protein conformation was more noticeable at high

guar gum concentration. Arntfield and Cai (1998) reported that neutral polysaccharides

such as guar gum and canola protein isolate tended to be incompatible. The results of the

present study also suggest incompatibility between CPI and guar gum which was more

pronounced at high guar gum concentration. The incompatibility may have encouraged



86

the exposure of hydrophobic residues in the protein resulting in increased interaction

with ANS, and increased So values as guar gum concentration increased.

However, at pH 10, So decreased as CPI concentration increased. Given that

proteins carry negative charge at pH above their IEP; this implies that at pH 10, CPI

carries a net negative charge. The decrease in So with increasing CPI concentration may

be due to the electrostatic repulsion between the CPI molecules. The repulsion may have

decreased hydrophobic interactions between protein molecules and ANS (Fig. 198).

Structural activify of canola protein mixed with hydrocolloids

Changes in the conformation of canola protein isolate (CPD in mixed systems

with hydrocolloids (rc-CAR, guar gum) are further illustrated in Figure 20. The So

values for CPI alone (lÙyo, w/v) were 72 and 88, at pH 6 and 10 respectively (i.e. CPI +

0% r-CAR in Fig. 20A). Voutsinas et al. (1983) reported a So value of 65 for a

laboratory prepared CPI using cis-parinaric acid (measures aliphatic amino acid

residues) as a fluorescence probe. However, for mixed CPI-r-CAR treated with 0.05 M

NaCl, the So values were 117 (atpH 6) and 126 (at pH 10).

These data indicate that the So values increased in the presence of r-CAR. Kato

et al. (1981) revealed that most proteins (e.g. ovalbumin, lysozyme) probably increased

their So values because the hydrophobic residues buried in the interior of proteins were

exposed at the molecular surface. It is possible that the electrostatic interaction between

CPI and r-CAR enhanced protein unfolding and the buried hydrophobic residues

became available for interaction with ANS, thereby increased So values in the presence

of r-CAR. Our results showed that the So values were higher at pH 10 than at pH 6.
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This finding agreed with the studies cited by Phillips et al. (1994), which reported a

compact structure of B-lactoglobulin at low pH and enhanced susceptibility to surface

denaturation and a more open flexible structure at high pH (i.e. pH 9.0). A similar

observation was made by Alizadeh-Pasdar and Li-Chan (2001) who noted that increases

in So of whey protein isolate (WPD in the presence of r-CAR (i.e. upon addition of high

ratio of r<-CAR to WPI at pH 9.0) could be attributed to increased exposure of

hydrophobic sites on WPI molecule.

For CPI-guar gum systems; So values increased in the presence of guar gum with

higher So values observed at pH 10 than at pH 6 (Fig. 208) as was seen with CPI and r-

CAR. However, the So values for CPI-guar gum mixtures were signif,rcantly (P<0.05)

higher than those for CPI-r-CAR systems. This may be attributed to the difference in the

chemical structures of the two hydrocolloids.

surface hydrophobicify of cPI-r-cAR versus cpl-guar gum systems

It was noted that the So values for all CPI-guar gum mixtures (Figs. 18, 19, 20B;

Tables 6,7) were higher than those of CPI-r-CAR systems (Figs. 16, 17,204; Tables 5,

7). One explanation could be the due to the chemical properties of the two hydrocolloids

used in this study. Guar gum is nonionic (Whistler and BeMiller,1997) whereas ç-CAR

is a charged sulphated polysaccharide (Totsto gtrzov,1986). This means that ç-CAR can

form a soluble or insoluble complex with CPI via electrostatic interaction. This type of

interaction will not occur in a system where CPI is mixed with an uncharged

polysaccharide such as guar gum. The absence of electrostatic interaction between CpI

and guar gum probably made the functional groups in CPI molecules available for
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Table 7. Surface hydrophobicity of canola protein-hydrocolloid mixtures prepared with
0.25 M NaCl at varied pH (10%o, w/v CPI; |Yo, wlv K-caffageenan or guar gum).

Systems (wiv) So atpH6 So atpH 10

cPr (10%)

CPI + r-CAR (10 + 1%)

CPI + Guar gum (10 + l%)

78 r 0.75"

r42 + 0.92b

540 + 0.14u

95 + 0.82"

134 + 0.85b

522 + 0.64u

Mean t SD. V/ithin column, So values with different letters are significantly different
(P<0.05).

interaction with ANS, while disrupting the protein structure.

Galazka et al. (1999b) investigated bovine senrm albumin (BSA)-sulphated

polysaccharide complexes and showed that adding r<-CAR or I-CAR to BSA (at pH 7)

decreased So of the protein. They assumed that the decrease in So was mainly due to

electrostatic repulsion between the two negatively charged molecules (r-CAR and

BSA). Sulphated polysaccharides, because they have a higher charge density, are

capable of forming soluble complexes with globular proteins at pH values above the

protein IEP when both polymers carry net negative charge (Tolstoguzov, 1986;

Dickinson, 1998). Furthermore, Tolstoguzov (1986) stated that at pH values below the

protein IEP, the protein and anionic polysaccharide carry net opposite charge; and

insoluble complexes can be formed in this pH region (generally at ionic strength below

0.1-0.2)' The complex formation of CPI and r-CAR (at pH 6 and l0) may have blocked

the ANS binding sites, resulting in the lower So values observed for CPI-r<-CAR systems

when compared to CPI-guar gum mixtures (Fig. 20).
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As reportedby Alizadeh-Pasdar and Li-Chan (2001), decreases in the So values

by adding low ratio of rc-CAR to B-lactoglobulin (at pH 5,7 or 9) may be due to possible

blocking of the binding site of the fluorescent probe PRODAN (6-Propionly-2-N,N-

Dimetþlamino-Naphthalene) by r-CAR-protein complexing, since PRODAN does not

bind to r-CAR alone. In the present study, evidence of electrostatic interactions between

CPI and r-CAR was demonstrated by changes in So of CPI mixed with r-CAR and

NaCl at pH 6 and 10. The lower So values observed for CPI-r-CAR systems (when

compared to CPI-guar gum systems) may be attributed to the formation of insoluble

complexes (at pH 6) and soluble complexes (at pH 10) in CPI-r-CAR mixtures in the

presence of 0.05 M NaCl; as previously reported for protein and anionic polysaccharides

by Tolstoguzov (1986) and Dickinson (199S).

Although electrostatic interactions may not have occurred between CPI and guar

gum (since guar gum is nonionic), it is possible that some other interactions (e.g. the

formation of hydrogen bonds; electrostatic interactions between CPI and NaCl) occurred

in CPI-guar gum systems which resulted in improved surface characteristic (high So

values) in CPI-guar gum mixtures.

The surface hydrophobicity of CPl-hydrocolloid systems prepared with 0.25 M

NaCl at pH 6 and 10 are shown in Table 7. The So values for CPI-r-CAR and CPI-guar

gum systems at 0.25 M NaCl (Table 7) were higher than those at 0.05 M NaCl (Fig. 20).

It is possible that at the higher salt concentration, destabilization of protein structure

exposed previously buried hydrophobic groups. One may argue the rationale for using

high hydrocolloid (r-CAR, guar gum) concentrations (1, 3Yow/v) in this study. These

hydrocolloid concentrations fall within the range of typical applications using 0.005-3%
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polysaccharides in dairy products (Thomas , 1992) based on a 3.5%o protein concentration

in dairy products such as milk (Alizadeh-Pasdar and Li-Chan, 2001).
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CHAPTER 3

Rheological Characteristics of Commercial Canola Protein Isolate-x-Carrageenan
Systems*

Abstract

The thermogelation properties of canola protein isolate (CPÐ in a mixed system with r-

caÍrageenarr (rc-CAR) were examined using dynamic rheological testing. The effects of

pH, NaCl, rc-CAR and protein concentrations on the gelling ability of CPI were

evaluated. Factorial and response surface optimization models were used to identi$r the

processing conditions that would result in CPI-rc-CAR gels with maximized G' values

(>44000 Pa) and minimized tan õ values (0.01- 0.11). It was found that CPI-r-CAR gel

formation was strongly pH-, NaCl- and rc-CAR concentration-dependent. Results

indicated thal the optimum conditions for CPI-r-CAR gels were pH 6, 0.05 M NaCl, 3%

r-CAR and 15% CPI. Samples prepared at pH 6 showed high G, (97465 pa) and low

tan ô (0.15) values. High G' values indicate stronger intermolecular network and

increased interactions between protein-protein and protein-polysaccharide molecules,

while low tan ô values indicate a more elastic network. A synergistic behaviour between

CPI and rc-CAR was observed with superior gel strength for the mixed gels at

temperatures above 80"C. The mixed gels showed enhanced network structure (low tan ô

values) during the heating and cooling phases. The CPI-rc-CAR mixtures exhibited very

strong and elastic networks, indicating that CPI can serve as a structuring agent in mixed

food systems.

.uruakpa, F.o. and Arntfield, s.D. 2004. Food Hydrocolloids rg: 419-427.



Introduction

Oilseed proteins contribute useful functionality to food systems. Functionality

can be modified by interactions with other ingredients such as salts and hydrocolloids

which are typical food components. An important feature of food systems is their

multicomponent character. Proteins and polysaccharides are present together in many

kinds of food systems and both macromolecules contribute to the structure, texture and

stability of foods. The interactions between these two biopolymers have been

investigated (Arntfield and Ca| 1998; Ledward, 1994; Ziegler and Foegeding, 1990;

Tolstoguzov, 1986). A review by Doublier et al. (2000) gives an insight on the key

parameters involved in protein-polysaccharide interactions. When looking at the

interactions between proteins and polysaccharides in terms of network formation,

attention must be paid to the potential for both macromolecules to form networks on

their own. According to Tolstoguzov (199I), when solutions of two different

biopolymers are mixed together, three situations may arise. These are co-solubility,

complexing and incompatibility; although co-solubility is rather rare.

The interaction between proteins and anionic polysaccharides is greatest below

the isoelectric point (IEP) of the protein but can also occur at pH values above the

protein's IEP under certain conditions (Imeson et a1.,1977; Tolstoguzov, 1995). Reports

(Grinberg and Tolsto guzov , 1997 ; Syrbe et al., I 99S) revealed that the effects of pH on

the mixing behavior of protein-polysaccharide solutions differ depending on the nature

of polysaccharide (i.e. neutral, carboxylated or sulfated). For protein-neutral

polysaccharide solutions, pH affects only the protein self-association. Hence,

incompatibility increases under conditions that promote the selÊassociation of

biopolymers and favour inhibition of protein-polysaccharide complexing (Tolstoguzov,
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1991). For protein and anionic polysaccharide (carboxylated or sulfated) systems, the

pH has an effect on protein self-association as well as on protein-polysaccharide cross-

association (Grinberg and Tostogtrzov,1997; Syrbe et al., 1998). Complex coabervation

is observed at pH below the IEP of the protein, where the macromolecules carry

opposite charges. At pH above the IEP of the protein, both biopolymers have similar

negative net charges. Thus, complexing is inhibited and incompatibility is promoted

(Tolstoguzov, 1991). For sulfated polysaccharides, a soluble protein-polysaccharide

complex may be formed at pH above the protein IEP resulting from local segment-

segment attraction of protein (l.IH¡*) with hydrocolloid (OSO3) residues. Such attraction

is very strong and even possible when both protein and sulfated polysaccharide are

negatively charged (Grinberg and Tolstoguzov, 1997; syrbe et al., l99s).

Kappa-carrageenan is an anionic sulfated polysaccharide extracted from certain

species of red seaweed (algae), which is widely used as a thickening, gelling and

stabilizing agent in the food industry (Clark and Ross-Murphy, I9S7).Its gelation occurs

on cooling and is generally considered a two-step process, characterized by a coil-helix

transition followed by aggregation and network formation (Monis et al., 1980). The

gelling behaviour is strongly influenced by the nature and concentration of cations

present in the solution as well as by the biopolymer concentration (Hermansson et al.,

1991; Rochas and Rinaudo, 1930). The pH is not an important factor for r-CAR

gelation since it has no effect on gel transition temperature (Drohan et al.,lgg7) and has

only a small effect on rc-CAR gel strengths over a broad pH range (pH 5-11) because the

sulfate half-ester groups are always ionized, giving the molecules a negative charge

(whistler and BeMiller, 1997). However, at more acidic pH (below pH 4), it may
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prevent K-CAR gelation due to acid hydrolysis (Mleko et al., 1997). Mixed globular

proteins-carrageenan systems have been the focus of some investigations. Capron et al.,

(1999a) and Capron et al. (1999b) showed that the first step of the aggregation of B-

lactoglobulin was not changed by the presence of rc-carrageenan, while an acceleration

of the gelation process of the protein was experienced in the second step. This was

ascribed to a microphase separation; then as soon as the protein network was formed, the

separation of the phases was 'frustrated' and the system was 'frozen in'. Other

rheological studies conf,rrmed the synergistic effects in r-CAR-denatured protein

systems (Tziboula and Horne, 1999; Ould-Eleya and Turgeon, 2000a,2000b; Neiser et

a1.,2000).In detailed rheological studies (Ould-Eleya and Turgeon, 2000a,2000b) on

K*-r-CAR in the presence of B-lactoglobulin, these synergistic effects were exhibited in

conditions where the two biopolymers gelled at near neutrality. Synergistic interaction

was taken as the consequence of two co-continuous networks as a result of a segregative

phase separation before gelation takes place. On a similar basis and in combination with

TEM observations, Neiser et al. (2000) reached the same conclusions in the case of

BSA-K+-r-CAR systems. In a study of milk gels formed with r-CAR or low methoxy

pectin, it was suggested that rc-CAR acts as molecular velcro to incorporate casein

micelles in the network whilst casein acts as a source of calcium ions which promotes

the gelation of pectin (Oakenfull etal.,2000).

Canola is widely grown, particularly in Canada, because it is a rich source of

high quality edible oil (Shahidi, 1990). Canola meal that results from oil extraction is

predominantly used as an animal feed ingredient though it has immense potential as a

source of protein for human consumption. The 12S globulin represents a main storage
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protein in the seeds of Brassica species (Schwenke et aI.,1983), and the isoelectric point

(IEP) of 12S canola protein isolate is at pH 6.8-7.2 (Schwenke et al,1987). The gelling

ability of canola protein was first demonstrated in 1978 (Gill and T*g, 1978).It was

concluded that gelation occurred through a complex phenomenon involving covalent

and noncovalent interactions. One limitation in using CPI is that its gel strength is not

comparable to that of egg albumen (Léger and Arntfield, 1993). In a study with canola

protein isolate, Arntfield and Cai (1998) revealed that the addition of low concentrations

of guar gum improved protein gel characteristics. V/e hypothesize thatthe inclusion of

rc-CAR in a mixed system with CPI will enhance network formation. The associations

between plant proteins and polysaccharides give a more realistic indication of a protein's

behaviour in food systems and offer some potential for improving the functionality of

the protein. The pu{pose of this study was to examine the rheological properties of

commercial canola protein isolate in a mixed system with rc-carrageenan.

Materials and Methods

Source of materials and sample preparations

Commercial canola protein isolate was purchased from BMW Canola

(V/innipeg, Canada) and used without further purification. Proximate analysis (AOAC,

1990) of commercial CPI indicated a protein content of 87Yo (N x 5.7), 0.7o/o oil, 2yo

ash, 5.9%o moisture and 4.4%o total carbohydrate (determined by difference). Food grade

K-carrageenan (No. C-1013) that contains predominantly r<- and lesser amounts of î,-

carrageenan was purchased from Sigma Chemical Co. (St. Louis, MO, USA). The

composition of rc-CAR powder as indicated by the manufacturer showed it contained a
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mixture of the following cations: t<. çto.+w), c** e.3%) and Na* (0.9%). All other

chemicals (e.g. NaCl, HCl, NaOH) were certified reagent grade (Fisher Scientific Co.,

NJ, USA).

Two concentrations of CPI (10,20% w/v; protein-basis) and r-CAR (1,3%owlv)

were tested. Dispersions of CPI-r-CAR mixture were prepared by mixing appropriate

amounts of CPI and rc-CAR powders in appropriate portion of NaCl (0.05, 0.25 M)

solutions. The CPI, rc-CAR, pH and NaCl combinations were model generated (Design-

Expert@ Software). The mixture \ryas stirred for approximately I h at room temperature

or until a complete dispersion of the mixture was achieved. Dispersions of individual

CPI and r-CAR powders in appropriate NaCl solutions were prepared in similar manner

to serve as control. The use of dispersions allows monitoring of network formation from

the onset of conformational changes. There was no visual evidence of gel formation

when CPI-rc-CAR dispersions were prepared at room temperature. However, on mixing

individual rc-CAR-salt solution, a very viscous solution was visible. To assess the

influence of pH, samples were adjusted to pH 6, l0 with I M NaoH or I M HCl. To

ensure that pH was maintained, samples were allowed to equilibrate for 30 min at room

temperature and the pH was rechecked prior to further testing.

Experimental design

All experimental parameter measurements \¡/ere done in duplicates. Design-Expert@

Software (Stat-Ease Inc., MN) experimental designs, factorial and response surface

optimization were used in this study. The experiment was carried out in two phases. In

phase one, series of experiments were conducted to characterize different combinations
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of mixed CPI-rc-CAR gels following a full factortal model. This design contained,a2-

level factorial for 4 factors in 20 experiments including four replicates of the center

point. The factors included cPI concentration (r0, 20% w/v), pH (6, l0), Nacl

concentration (0.05, 0.25M) and rc-CAR concentration (1, 3%o wlv). Major responses,

storage modulus (G') and loss tangent (tan ô=G"/G'), were measured. Using these data,

model fitting was performed using the numerical, graphical and point prediction models

(Design-Expert@ Software) to determine the optimum conditions for maximizing G,

and minimizing tan ô to obtain improved gel properties (i.e. high G' and low tan ô

values). Two-dimensional contour plots were generated from the fitted model. In phase

two, experiments were carried out to verify the optimum conditions obtained in phase

one. The model generated conditions for CPI-r<-CAR mixtures were pH 6, 3% (wlv) r-

CAR, 15% (wlv) CPI and 0.05 M NaCl (i.e. verification tests were caried out at these

conditions). Control tests of CPI (15%, wlv) and r-CAR (3%o, wlv) at optimum

conditions were also carried out.

Statistical analysis

All analyses were conducted in duplicates. Data used in tables and figures were average

values. Data from confirmatory and control tests (phase two) were analyzedby analysis

of variance (ANOVA) procedure using SAS@ ßgg-2001Proprietary Software Release

8.2 (TS20; sAS Institute Inc., cury, NC, usA); using Duncan,s multiple range test to

determine statistical differences (P<0.05) between treatment means (Steel et al., lggT).
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Rheology: Analysis of CPl-r-carrageenan gel properties

A Bohlin VOR rhoemeter (Bohlin Rheologi, Inc., NJ) was used in phase one

while an advanced rheometer 2000 or 4R2000 (TA Instruments, New Castle, DE) was

used in phase two. The rheometers, operated in a small amplitude oscillatory mode, were

used to monitor CPI-rc-CAR gel formation dwing heating and cooling; and to

characterize the rheological properties of resulting gels (Arntfield et a1.,1990;Léger and,

Arntfield, 1993). The Bohlin rheometer was equipped with 30mm parallel plate

geometry and sensitivity was established based on a torque bar calibrated to 93.2 gcm.

The 4R2000 was equipped with 40mm parallel plate geometry and a built-in automated

sensitivity. Input strain amplitude for dynamic analysis was 0.02, a value found to be in

the linear viscoelastic region in an experiment with canola protein (Arntfred et al.,

1990). This strain was used for all rheological measurements.

Approximately 1 mL canola protein-rc-CAR dispersion was placed between

parallel plates in the rheometer and the gap between the plates was adjusted to 1 mm

when the upper plate was lowered. To prevent drying, samples were sunounded by

parcfftn oil during the procedure. Samples were heated and cooled over a temperature

range oî 25o to 95oC at 2"Clmin with a 2-min hold time at the final temperature for both

the heating and cooling phases. A frequency of 1 Hz was used to collect data during

these thermal scans. Sample temperature was controlled by a programmable water bath

(for the Bohlin rheometer) and a circulating tap water (for the advanced rheometer

2000). Rheological data were collected at2 min intervals with a thermal equilibrium

time of 10 sec' At the end of each phase, the final temperature was held for 2 min.

Frequency sweeps of the final product were measured over a range of 0.01-10 Hz at
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25'C. The storage modulus (G') and loss tangent (tan ô:G"/G') for representative

heating, cooling and frequency sweep curves are reported. Values at I Hz were

recorded for comparison and statistical analysis. The use of a single frequency (1 Hz)

for data comparison has been reported previously (Arntfield et al., 1990; Cai and

Arntfield, 1997).

Results and Discussions

Table 8 shows the rheological properties (G', tan õ) and the model equations from the

full factorial design for cPI-rc-cAR mixtures at varied conditions.

Effect of pH-Nacl-r-carrageenan interaction on storage modulus of gels

Significant factors and interactions were identified using the ANOVA model

(Design-Expert@ software). NaCl concentration, pH, interaction between pH and NaCl

concentration, interaction between pH and r-CAR concentration, interaction between

NaCl and r-CAR concentrations, and 3-way interaction between pH, NaCl and rc-CAR

concentrations were significant (P<0.05, Appendix 7). Thus, contour plots of G, as a

function of NaCl and rc-CAR concentrations at pH 6 and 10 are shown in Figure 2I. At

pH 6 (Fig. 2IA), the G' values increased at lower salt and higher rc-CAR levels, and also

at higher salt and lower rc-CAR concentrations. The G' relates to the compactness of the

structures or number of crosslinks within a gel system (Jones, 1979; Murray et al.,

1981). Higher G' values indicate stronger inter-molecular network, possibly due to

interactions between CPI and rc-CAR, giving rise to stable high molecular weight

complexes. The contribution of electrostatic interactions to gelation of different food
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Table 8. Gelation properties (G', tan õ) of canola protein isolate-r-carageenan
mixtures under varied conditions.

pH NaCl (M) K-caffageenan (%o) Protein (%) G'(Pa) Tan ô

6

6

6

6

6

6

6

6

8

8

8

I
10

10

10

10

10

10

10

10

0.0s

0.05

0.05

0.05

0.25

0.25

0.25

0.25

0.15

0.15

0.15

0.15

0.05

0.05

0.05

0.05

0.25

0.25

0.25

0.25

10

20

10

20

l0

20

10

20

15

15

15

15

10

20

10

20

10

20

l0

20

0.13

0.15

0.10

0.03

0.04

0.09

0.2s

0.10

0.09

0.13

0.19

0.1 I

0.01

0.03

0.22

0.t4

0.01

0.01

0.21

0.17

42r00

21700

91400

80400

82300

30200

25r0

12000

8510

6660

7490

6770

2t600

21200

4750

4940

23400

27400

4850

2490

G' : 89813.13 - 9105.31 pH + 1.184x106 NaCl + 54056.99 K-CAR - 11134.25 CpI _
98818.75 pH*Nacl - 4680.00 pH*r-cAR + 1308.56 pH*cpl - 7.091x10s Nacl*r-
CAR - 19010.00 NaCI*CPI + 3805.00 r-CAR*CpI + 6t 137.50 pH*NaCl*r-CAR +
816.25 pH *Nacl*cPI - 479.75 pH*rc-cAR*cpl + 5655.00 Nacl*r-cAR*cpl
(P:0.004).

Tan ô:0.51 - 0.069 pH - 1.89 Nacl - 0.18 r-cAR + 7.800x10-3 cpl + 0.18 pH*Nacl
+ 0'034 pH*r-cAR + 1.05 Nacl*r-cAR - 5.350x10-3 r-cAR*cpI - 0.099
pH*NaCl*r-CAR (P:0. 002).
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systems was related to nonspecific ionic attractions at pH below a protein's IEP and

specific attraction above the IEP (Stainsby, 1980). At pH 6, CPI will have an overall

positive charge (IEP: pH 6.8-7.2) and the anionic polysaccharide (rc-CAR) a net

negative charge, hence an electrostatic interaction between the biopolymers is expected.

At pH values below CPI's IEP and at low ionic strength, the interaction of the positively

charged molecules (such as CPI) and the negatively charged molecules (such as rc-CAR)

can result to insoluble electrostatic complexes (Tolstogtrzov, 1995; Samant et a1.,1993).

In this case the biopolymers are concentrated in the single complex coacervate

phase (Tolstoguzov, 1995). This interaction may be responsible for the increased G'

values observed at NaCl concentrations less than 0.15 M and higher r-CAR levels

observed in the present study. However at higher salt concentration, the complexing is

inhibited (Samant et al., 1993). Higher salt levels screen the electrostatic interaction

between macromolecules and encourage the self-association of protein molecules

(Tolstoguzov, 1991). This protein-protein interaction may be responsible for the strong

gel network (high G' values) seen at >0.15M NaCl and lower r-CAR concentrations

(Fig. 2lA). Also, the lower G' values observed at >1 .5%o ç-CAR and higher salt

concentrations could be related to a phase separated network, but this needs to be

verified.

Comparing G' values at pH 6 and 10 showed that G' values at pH 6 (Fig. 214)

were higher than the values at pH 10 (Fig. 2lB). The rower G' values at pH l0 may be

due to thermodynamic incompatibility or phase separation. As stated by Tolstoguzov

(1995), at pH values above a protein's IEP and at high ionic strength, the biopolymers

macro-ions have like net charges. The mixed solution of biopolymers breaks down into
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Figure 21. Effect of NaCl and rc-carrageenan concentrations on the storage modulus
(G') of canola protein-K-caffageenan systems at I5Yo protein and varied pH (A: pH 6; B:
pH 10). The significant interaction identified by the ANOVa modèl was used to
produce the contour plots. Each contour line corresponds to a given G, value. For
example, in Figure 2lB; at2% (wlv) r-cAR and 0.15 M Nacl, G':r3790 pa.
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two liquid phases and each of the polymers concentrates into one of the phases. The

separated phases could explain our observation in Figure 218, where at pH 10 (which is

well above the IEP of CPI), elastic gels were obtained but with lower G' values when

compared to the G' values obtained at pH 6. CPI and rc-CAR both have an overall

negative charge at pH 10, which increases as the concentration of r-CAR increases.

Similarly, at pH l0 and low ionic strength (such as the 0.05 M NaCl used in this study),

relatively linear thin aggregates resulting in the so-called fine-strand gels are formed due

to dominant repulsive forces among protein molecules (Aymard et al., 1999) and

biopolymers. The increased electrostatic repulsion at this pH may have minimized

random aggregation and reduced the degree of protein-protein and protein-

polysaccharide interactions. The increase in repulsion between biopolymer molecules

may account for the lower G' values shown in Figure 2lB.

Effect of pH-Nacl-r-cAR interaction on tan delta of cpI-r-cAR gels

Based on the ANOVA model (Design-Expert@ software), the significant

(P<0.05) factors and interactions were r-CAR concentration, interaction between pH

and rc-CAR concentration, interaction between NaCl and rc-CAR concentrations,

interaction between r-CAR and CPI concentrations, and 3-way interaction between pH,

NaCl and r-CAR concentrations (Appendix 8). Thus, the contour plots of tan ô as a

function of NaCl and r-CAR concentrations at pH 6 and 10 are shown inFigure22.

Tan ô reflects the type of structure or actual arrangement of the networks formed. At pH

6 and lsyo CPL the CPI-rc-CAR gels had lower tan ð values at higher salt and lower rc-

CAR concentrations and also at lower salt and higher r-CAR concentrations (Fig. 22A).
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Low tan ô values indicate a more elastic network formation. The networks tend to be

less elastic (increased tan ð values) at lower salt and lower rc-CAR concentrations, and

also at higher salt and higher rc-CAR concentrations. Increases in tan ô values indicated

that the formation of a three dimensional network had been inhibited as was implied by

the lower G' values observed at similar conditions.

At pH 10 (Fig. 228),lower tan ô values were obtained with decreasing rc-CAR

concentration. The lower tan ô values observed here represent the tan ô of pure canola

protein gel. Léger and Arntfield (1993) reported lowest tan ð values for canola protein

gels prepared at pH 10. The increased electrostatic repulsion at this pH may have

minimized random aggregation and reduced the degree of interaction among poly-

peptides in the system. There is a certain net charge required for gelation rather than

coagulation, i.e. some repulsion to prevent excess protein-protein aggregation. The

development of superior network structures at high pH values has been attributed to the

extension of polypeptide chains and the creation of homogeneous structures (paulson

and Tung, 1989). In comparison, gels prepared at lower pH values are heterogeneous in

nature. These heterogeneous networks are composed of compact molecules, which

aggtegate to form regions of high and low protein concentrations (Léger and Arntfield,

1993)' As a result, regions with low protein concentrations act as weak points, causing a

drop in overall gel strength and higher tan ô values.
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Figure 22. Effect of NaCl and K-carrageenan concentrations on loss tangent (tan ô) of
CPl-rc-carrageenan systems at l5%o protein and varied pH 6 (A); pFr 10 (B). The
significant interaction identified by the ANOVA model was used to produce the contorn
plots. Each contour line corresponds to a given tan ô value. For example, in Figure 224;
at l.5o/o (w/v) r-CAR and 0. 1 M NaCl, tan ô:0. 1 1.
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Model predictions of optimum conditions for cPl-r-carrageenan gels

Numerical optimization for CPl-r-carrageenân systems: It is known that low

G' and high tan ô indicate poor gelation while high G' and low tan ð indicate enhanced

gelation properties. The goal was to obtain CPI-rc-CAR gels with very high G' and low

tan ô values. The numerical and graphical features of response surface optimization

model (Design-Expert@ Software) were used to identiff the optimum conditions that

would result in gels with high G' and low tan ô values. Numerical and graphical

optimizations were completed using the combinations from the full factorial design for

CPI-r-CAR systems. Optimization was based on the criteria set for both factors (CPI

concentration, pH, NaCl concentration and r-CAR concentration) and responses (G', tan

ô). Table 9 shows the parameters and criteria set for factors and responses; and

summarizes the optimum predicted solutions characterizing improved CPI-r-CAR gel

networks according to desirability. Based on the solutions outlined in Table 9, the model

numerical predictions for CPI-r-CAR gels were:

15Yo (w/v) CPI, 3% (wlv) K-CAR, 0.05 M NaCl, and pH 6

At these conditions, the CPI-rc-CAR gel was predicted to have a G' value of 87082 pa

and tan ô value of 0.ll (i.e. solution No. 1, Table 9). These criteria were selected to

achieve the desired goal - maximize G' and minimize tan ô at the same time. However,

using the set parameters at pH l0 (graph not shown) no conditions could give acceptable

G' and tan ô values as obtained at pH 6.
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Table 9. Predicted optimum combinations of factors
strong, elastic CPI-r-CAR gels based on set criteria
model.

Constraints

Parameters Lower limit Upper limit

pH

NaCl concentration (M)

r-CAR concentrati on (%)

CPI concentration(Yo)

G'(Pa)

Tan ô

within range

within range

within range

within range

maximize

minimize

6

0.05

1

10

44000

0.01

10

0.25

aJ

20

91400

0.1I

Solutions

No. pH NaCl (M) r-CAR (%) CPI (%) G, (pa) Tan õ Desirability

6

6

6

6

6

0.05

0.05

0.0s

0.05

0.05

3.0

3.0

3.0

3.0

3.0

15.4

12.8

r0.2

16.2

19.1

87082

86669

85673

85263

84420

0.11

0.09

0.06

0.06

0.03

0.91

0.90

0.88

0.87

0.85
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Graphical optimization for CPI-r-CAR systems: To maximize these two

criteria, the lower limit for G' was set at 44000 Pa while tan ô was in the range of 0.01

to 0.11. These qiteria limits were sufficient to give a rough idea of which combinations

of processing conditions should be used in the next experiment to produce very strong

gels with elastic structure. Guided by these ranges and using the graphical feature of the

optimization model (Design-Expert@ Software), corresponding response surface overlay

contour plot as a function of rc-CAR and NaCl concentrations were generated at pH 6.

Figure 23 shows an overlay plot of the response (G' and tan ô) surface graph with the

optimized regions highlighted. V/ithin the shaded areas, any combinations of NaCl and

r-CAR concentration is predicted to give a gel with G' of not less than 44000 Pa and. a

tan ô < 0.I 1; resulting in an adequate product. Figure 23 shows that an adequate gel will

be obtained at low salt and high rc-CAR concentrations and even more so at high salt and

low K-CAR concentrations. These criteria were selected to achieve the desired goal

which was to maximize the gelation characteristics (i.e. high G' and low tan ô values).

The desired criteria could not be met at pH 8-10 (Figure not shown) for CpI-r-CAR

mixtures.
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Figure 23. Graphical optimization display of gelation properties (G,, tan ô) as a
function of NaCl and rc-carrageenan (rc-CAR) concentrations at pH 6. The clear areas on
the plot do not meet the selected criteria. The lines mark the limits on the responses.
Shaded areas indicate where factors can be set to satis$i the requirements on both
responses. For instanco, ffiy point in the shaded region indicates the NaCl and ¡-CAR
combinations that will give gels with G' value of not less than 44000 Pa and tan ô <
0.1 1.

G', < 44000

Tan ð > 0.11
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verification of model predictions for canola protein-rc-carrageenan gels

The model numerical predictions (Design-Expert@ Software) for CPI-rc-CAR

gels were verified by conducting confirmatory rheological tests at the established

optimum conditions for CPI-r-CAR mixtures (pH 6; l5o/o, w/v CpI; 3o/o, wlv rc-CAR;

0.05 M NaCl). Predicted G' and tan ô values for CPI-rc-CAR gels were established using

the point prediction model (Design-Expert@ Software). Figure 24 compares the

predicted and experimental responses of CPI-r-CAR gels. As mentioned earlier, the goal

was to maximize G' and minimize tan ô. The experimental G' values were positively

correlated to the predicted values (R2:0.9985), characterizing the gels as very strong and

elastic (G':97465 Pa; tan ô:0.15) with increased number of crosslinks (Fig. 24). Also,

the experimental tan ð values correlated positively to the predicted tan ô values

1Ñ:O.OI+S). These results indicate similarity in the model predictions and experimental

data.

one may argue that the optimum cpr e5%, wlv) and r-cAR (3%o, wlv)

concentrations obtained in this study were high, and thus what could be the economic

use of such high concentrations. Arntfield et al. (1990) established that l0%o canola

protein was sufficiently high to produce well cross-linked heat-induced networks. Based

on this finding, we chose the CPI concentrations of 10, 15 and, 20o/o for this study.

Commercially (CPKelco Inc., Wilmington, USA; www.cpkelco.com/), carrageenan is

used in concentrations ranging from 0.005 to 3Yo. The rc-CAR concentrations, 1, 3o/o wlv

chosen fall within this range. As reported by Whistler and BeMiller (lgg7), cold hams

and poultry rolls take up 20-80% more brine when they contain I-2%o rc-CAR, and

slicing is improved. These authors further stated thattartfrlling and, glazinggels can
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contain l-2%o c-CAR. Based on these reports, 3% r-CAR may not be too high after all.

As stated above, strong networks (G':56065 Pa) were also obtained when IYo (wlv) rc-

CAR was included in the mixture.

Mechanisms for network development of biopolymers and mixtures

Temperature sweep curves in rheological tests for CPI-rc-CAR systems helped to

show the course of network formation (G' and tan ô) as a function of temperature.

Generally, the gel network developed in the heating phase, and continued in the cooling

phase. Temperature sweep curves for rc-cAR (3o/o wlv), CH (r5% w/v) and CpI-6-CAR

gels showing the G' and tan ô values at pH 6, 0.05 M NaCl, 15% CH and,3%or-CAR are

shown in Figures 25 and26.

Kappa-carrageenan gels: The onset of aggregation, indicated by the increase in

G' and decrease in tan ô (Fig. 25) occurred below 40oC. Under the conditions used in

this study (i.e. pH 6, 0.05 M NaCl, 3% r-CAR), it was found that heating rc-CAR sol

above 50oC resulted in pronounced decrease in G'and led to a complete meltdown of r-

CAR network at temperatures above 60"C (indicted by low G' and high tan ð values;

Fig. 25). Similar behaviour has been reported earlier for rc-CAR (Ould-Eleya and

Turgeon, 2000a). Vy'e observed that cooling induced gelation in r-CAR at temperatures

below 50oC.
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Canola protein gels: Network formation (deviation from the baseline) for CPI

gels started at =82C. It was evident during the heating cycle that the gel strength of CPI

was improved at higher temperatures (above 80oC), possibly due to hydrophobic

interactions. During the initial heating phase (below 80'C), we observed low G'and high

tan ô values for the CPI gels at temperatures below 80'C. Léger and Arntfield (1993)

made similar observation. This is an indication of a weak and less elastic network.

Nevertheless, tan ô values decreased while G' increased above 80"C (Figure 25), an

evidence of the formation of strong and elastic network for CPI at higher temperatures.

Canola protein-r-carrageenan gels: The gelling profiles of mixed rc-CAR and

CPI gels are shown in Figures 25 and26.Dwingthe heating phase, it was observed that

the onset of aggregation, indicated by the increase in G' and decrease in tan ô (Figure

25),for the mixed CPI-rc-CAR gels occurred below 40oC, with similar shape of curve for

the mixed gel and single rc-CAR gel at temperatures below 7ToC.It is evident that rc-

CAR was responsible for the network formation of the mixed system at temperatures

below 70"C (Figure25). Also, the shape of curve for the mixed gel and single CpI gel

were similar at temperatures above 80oC, an indication that CPI was responsible for

network formation of CPI- rc-CAR gels at higher temperatures. A synergistic behavior

between CPI and rc-CAR was observed with superior gel strength for the mixed gel at

temperatures above 80"C (Figure 25A). The mixed gel showed low tan ô values,

indicating enhanced elastic network structure (Figure 258). Rheological studies

confirmed the synergistic effects in rc-CAR-denatured protein systems (Tziboula and

Horne, 1999; ould-Eleya and Turgeon,2000a,2000b; Neiser et al., 2000). During the

cooling phase, the tan ô values (Figure 26) for the mixed gels was very low when
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compared to that of the individual components, indicating that the synergistic effect

between canola protein and rc-carrageenan continued during and after cooling. A

comparison of the rheological data of the individual components and mixed gels (Table

10) indicated that the gel strength and network structure of the mixed gels were greatly

improved (high G'and low tan ô values) during the heating and cooling phases (Figs. 25,

26), mainly during the final cooling phase at temperatures below 50oC.

Table 10. Gelation properties of canola protein-rc-carrageenan gels prepared with 0.05
M NaCl at pH 6. Measurements were taken during frequency sweep (after cooling) at I
Hz.

Canola protein (Yo) K-carïageenan (o/o) Tan ô'

15

l5

15*

0

a
J

27755 + 757"

97465 + 24544

3 ø8795 + 1082*b

0.19 r 0.002u

0.15 + 0.005b

0.14 + 0.002*b

0.13 t 0.001c

'Mean t SD. For G' or tan ô, column values with the diff"r*@
different (P<0.05). *canola protein-r-can.ageenangel properties at pH 10.
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CHAPTER 4

Physicochemical Properties of Commercial Canola Protein-Guar Gum Gels

Abstract

Biopolymer mixtures impart desirable texture to foods. The gel characteristics of canola

protein isolate (CPI)-guar gum mixtures were assessed using dynamic rheological

measurements. The effects of salts, guar gum and protein concentrations and pH on the

gelling ability of CPI were evaluated. Factorial and response surface optimization

models were used to identify the conditions that would result in CPI-guar gum gels with

maximized G' values (>28000 Pa) and minimized tan õ values (<0.17). These criteria

were selected to achieve the desired goal (i.e. maximize G' and minimize tan ô

simultaneously). On using different set of values for G' and tan ô, no conditions could be

obtained or optimized. Protein and guar gum concentration and pH strongly affected gel

formation. The model indicated the optimum conditions at which desirable criteria (high

G' and low tan ô) were obtained for CPI-gu¿rr gum gels as pH 10, 0.05 M NaCl, 1.5%

(w/v) guar gum and 20%o (wlv) CPL Strong and elastic gels resulted at pH 10

(G'=56440 Pa; tan ô=0.18), whereas gels prepared at pH 6 were less elastic (G,:2726

Pa; tan ô:0.2). At the established optimum conditions, CPI formed a stronger gel

(G':64575 Pa) in the absence of guar gum, suggesting that guar gum interfered with

protein gelation. The results indicate that canola protein can serve as a structuring agent

in food systems when used alone or in combination with guar gum. A better

understanding of factors that contribute to improved functionality of canola protein in

multicomponent foods will enhance its utilization as a food ingredient.
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Introduction

Biopolymers such as proteins and polysaccharides are widely used in food

systems because their interactions impart a desirable texture to food products. The

formation of these structural networks takes place during processing and is related to the

transformation from a liquid or viscous sol into a solid material with elastic properties

(Amtfield and Cai, 1998). These networks supply the structural integrity for the food

product and also serve to trap other food components such as water, lipids and flavours.

The behaviour of mixed gels has earned numerous attentions due to the expected greater

flexibilþ in their mechanical and structural properties compared to those of pure gels

(Ould-Eleya and Turgeon, 2000a). Some applications (Cain, 1987; Tolstoguzov and

Vincent, 1997) cited by Ould-Eleya and Turgeon (2000b) have shown that such blends

can constitute new food ingredients, particularly as fat substitutes.

Gelation is an important functional property of globular proteins (e.g. canola

proteins) commonly used in the food industry. However, several factors influence the

nature of the protein gel formed. These include environmental conditions (such as pH,

ionic strength and mineral content), protein properties/composition (e.g. hydrophobicity,

charge potential, level of sulfhydryl groups, electrolytes, phenolic and ph¡ic acids),

processing conditions (e.g. heating and cooling rates), extent of denaturation, and

concentration (Aguileru, 7995; Hines and Foegeding, 1993; Arntfield ef aI., 1990a,

1990b,1991; Arntfield, 1994; Arntfield and Murray,1992; Savoie and Amtfield,1996;

Rubino et al', 1996). The behaviour of protein-polysaccharide mixtures has been the

subject of many investigations. As many as 80 protein-polysaccharide-water ternary

systems have been described by Tolstoguzov (1986, l99I). Interesting results were

obtained for a mixture of casein micelles with guar gum (Bouniot et al., 1999). A
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segregative phase separation phenomenon between the micellar casein and guar gum

was reported. Similarly, the ability to improve the network properties of CPI through the

inclusion of a small amount of guar gum was demonstrated (Arntfiled and Cai, 1998).

However, this improvement was not simply due to the incompatibility of the

biopolymers, as similar interaction data for methyl cellulose did not produce the same

gelation properties. Thus, great potential remains in mixing polysaccharides with

globular proteins (e.g. improving the gel properties of CPI by the addition of gums).

Canola, widely grown in Canada, is highly valued due to its high-quality edible

oil content (Shahidi, 1990). The resulting meal after oil extraction finds use as an animal

feed ingredient; however, the potential use of canola protein as a human food ingredient

is currently being assessed by some commercial firms. The isoelectric point (IEP) of CPI

was reported as pH 6.8-7.2 (Schwenke et al., 1987). Since CPI gel is less elastic when

compared to those of egg albumin (Léger and Amtfield, 1993), it is expected that the

addition of polysaccharides will enhance its gel strength. Guar gum, a neutral molecule,

is compatible with most other food substances, including other polymers (Whistter and

BeMiller, 1997). It is an economical thickener and stabilizer. For those reasons, guar

gum finds application in many food products. On the other hand, guar gum offer some

challenges for the food industry, such as poor gelling properties and a propensity to

precipitate under certain conditions. The purpose of this research was to understand the

physicochemical interactions involved in the network formation of commercial Cpl-guar

gum mixtures and characterize the gelling behaviour of the mixtures. To assess the role

of covalent and noncovalent interactions in gel formation of commercial CPI-guar gum

mixtures, fundamental rheological properties have been examined. For this reason,

neutral salts such as sodium sulfate Qrla2SO4), sodium acetate (NaC2H3O2), sodium
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chloride QrlaCl), and sodium thiocyanate (NaSCN) were used as probes (Phillips et al.,

1994). Also, two standard denaturants that impact noncovalent interactions (urea) and

disulf,rde bond formation (dithiothreitol, DTT) were included in the protein dispersion

prior to heat treatment. Structures developed during gelation as well as properties of the

networks formed were used to evaluate the effects of these reagents.

Materials and Methods

Source of materials

Food grade guar gum (G-4129; Lot No. 95H0653), with a viscosity of 6000-10000 mPas

(Whistler and BeMiller,1997), urea (U-15; Lot No. 863571) and DTT (D-0632; Lot No.

6rKl657l) were purchased from Sigma Chemical Co. (st. Louis, Mo, USA).

Commercial (BMW Canola, Winnipeg, Canada) canola protein isolate (CPI) was

purchased and used without further purification. Proximate analysis (AOAC, 1990) of

the CPI sample indicated a protein content of 87%o (N x 5.7), 0.7%o oil,2%o ash, 5.9%o

moisture and 4.4%o total carbohydrate (determined by difference). NaCzH¡Oz (Lot No.

7364 KCLZ) was procured from Mallinckrodt Inc. (Paris, Kentucky, USA). All other

chemicals such as Nacl (8P358-212; Lot No. 028091), HCI (Ar44-225; Lot No.

296220), NaoH (BP359-212;Lot No. 974661), NascN (S4a1-500; Lot No. 987676)

and Na2so 4 (s421-500; Lot No. 98571 l) were certified reagent grade (Fisher scientific

Co., NJ, USA).

Sample preparation

Dispersions of cPI (10, 20yo w/v; protein-basis) and guar gum (1 , 3yo wlv) werc

prepared by mixing in Nacl (0.05, 0.25 M) at desired pH (6, 10). The cpl, guar gum,
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pH and NaCl combinations were generated using Design-Expert@ Software. The

mixture was stirred for approximately t h at room temperature or until a complete

dispersion of the mixture was achieved. Dispersions of individual CPI and guar gum

samples in appropriate NaCl solutions were prepared in a similar manner to serve as

control. The use of dispersions allows monitoring of network formation from the onset

of conformational changes. For interaction studies, neutral salts such as sodium sulfate

(Na2SO4), sodium acetate Q.{aC2H3O2), sodium chloride (NaCl) and sodium thiocyanate

(NascN) at varied concentrations (0.05, 0.5 M) were used to prepare sample

dispersions. Similarly, a disulfide blocker (DTT) or hydrogen bond blocker (urea) at

concentrations 0.15 M and 6 M, respectively were included in the dispersion prior to

heat treatment. To assess the influence of pH, samples were adjusted to pH 6, l0 with I

M NaOH or 1 M HCl. To ensure that pH was maintained, samples were allowed to

equilibrate for 30 min at room temperature and the pH was rechecked prior to further

testing.

Experimental design

All experimental parameter measurements were done in duplicates. Design-Expert@

Software (Stat-Ease Inc., MN) experimental designs, factorial and response surface

optimization were used in this study. The experiment was carried out in two stages. In

stage one series of experiments were carried out to characterize different combinations

of mixed CPI-guar gum gels following a full factorial model. A 2-level factorial design

fot 4 factors in 20 experiments including four replicates of the center point was

generated. The factors included CPI concentration (10, 15, 20yo wlv), pH (6, g, l0),
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NaCl concentration (0.05, 0.15,0.25 M) and guar gum concentration (1, 2,3%o wlv).

Major responses, storage modulus (G') and loss tangent (tan ô=G"/G'), were measured.

Using these data, model fitting was performed using the numerical, graphical and point

prediction models (Design-Expert@ Software) to determine the optimum conditions for

enhancing gel properties (G' and tan ô). Two-dimensional contour plots were generated

from the fiued model. In stage two, experiments were carried out to veriff the optimum

conditions obtained in stage one. The model generated conditions for CPI-guar gum

mixtures were pH I0, l.syo (dv) guar gxn, 20o/o (w/v) CPI and 0.05 M NaCl (i.e.

verification tests were carried out at these conditions). Control tests of CPI (20%, wlv)

and guar gum (1 .5Yo,wlv) at optimum conditions were also carried out.

Statistical analysis

All analyses \üere conducted in duplicates. Data used in tables and figures \¡/ere average

values. Data from confirmatory and control tests (stage two) were analyzed.by analysis

of variance (ANOVA) procedure using SAS@ ßgg-2001Proprietary Software Release

8.2 (TS20; sAS Institute Inc., cary, NC, usA); using Duncan's multiple range test to

determine statistical differences (P<0.05) between treatment means (Steel et al., lggT).

Rheology: Assessment of CPI-guar gum gel properties

Dynamic rheological testing on an advanced rheometer 2000 (4R2000; TA

Instruments, New Castle) was used in stages one and two to monitor CPI-guar gum

network formation during heating and cooling as well as to characteñze the resulting
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networks (Arntfield et a1.,1990a,1991). The 4R2000 was equipped with 40mm parallel

plate geometry and a built-in automated sensitivity. Input strain amplitude for dynamic

analysis was 0.02, a value found to be in the linear viscoelastic region in an experiment

with canola protein (Arntfied et al., 1990a). This strain was used for all rheological

measurements. Approximately 1 mL canola protein-guar gum dispersion was placed

between parallel plates in the rheometer and the gap between the plates was adjusted to I

mm when the upper plate was lowered. To prevent sample drying during heating,

paraffrn oil (Mallinckrodt, Paris, Kentucky, USA; Lot No. 6358 KJPC) was placed in the

shallow well on top of the upper plate and the edges of the solvent trap were also

covered with oil. Samples were heated and cooled over a temperature range of 25o to

95oC at2oC/minwith a 2 minhold time at the final temperature for both the heating and

cooling phases. A frequency of I Hz was used for the thermal scans. Sample

temperature was controlled by a circulating tap water. Rheological data were collected

at2 min intervals with a thermal equilibrium time of 10 sec. Frequency sweeps of the

final product were measured over a range of 0.01-10 Hz at25'Cby using the same strain

amplitude and sensitivity as in the thermal scans. The rheological properties, G'(storage

modulus), G" (loss modulus) and loss tangent or tan delta (tan õ:G"/G') for

representative heating, cooling and frequency sweep curves were recorded. The

parameters, G' and G" represent the elastic and the viscous components of the gel,

respectively; while tan ô reflects the relative energy from the viscous and the elastic

components' However, the key gel properties, G'and tan ð have been reported. Values at

I Hz wete recorded for comparison and statistical analysis. The use of a single

frequency (I Hz) for data comparison has been reported (Amtfield et a1.,1989, 1990c).
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Results and Discussions

Visual evaluation

On visual examination, only a single phase was observed at the CPI and guar gum

concentrations (1,2,3%o w/v) used for rheological evaluations. There was no evidence

of separate liquid phases. A single-phase mixture can exist in a system of incompatible

polymers and this occurs when the protein-polysaccharide concentration is below the

phase separation threshold (Tolstoguzov, 1991). The mixtures were well mixed or

agitated prior to rheological measurement and network formation. There \ryas no visual

evidence of gel formation when CPI-guar gum and individual guar gum and CPI

dispersions were prepared with NaCl at room temperature. Light brown, opaque gels

were obtained after the thermal scan. The rheological responses (G', tan ô) and model

equations from the full factorial design for canola protein-guar gum mixtures under

varied conditions are shown in Table 1 1.

Influence of cPl-pH-guar gum interaction on network properties

Storage modulus (G'): Significant factors and interactions were identified using

the ANovA model (Design-Expert@ software). cpl concentration, pH, guar gum

concentration, interaction between pH and NaCl concentration, interaction between pH

and cPI concentration, 3-way interaction between pH, guar gum and CpI

concentrations, and 3-way interaction between pH, NaCl and CPI concentrations were

significant (P<0.05, Appendix 9). Therefore, contour plots of G' as a function of guar

gum and CPI concentrations atpH 6 and 10 are shown inFigxe2T. AtpH 10 (Fig.

27 A), it was evident from the curves that structure development (high G, values)
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Table 11. Rheological properties (G', tan õ) of canola protein-guar gum mixtures under
varied conditions.

pH NaCl (M) Guar gum (%) Protein (%) G'(Pa) Tan ô

6

6

6

6

6

6

6

6

8

8

8

8

10

l0

10

10

10

10

10

10

0.05

0.05

0.05

0.0s

0.25

0.25

0.2s

0.25

0.15

0.15

0.15

0.15

0.0s

0.0s

0.05

0.05

0.25

0.25

0.25

0.25

10

20

10

20

10

20

10

20

15

15

15

15

l0

20

10

20

10

20

10

20

0.18

0.19

0.2r

0.22

0.l8

0.19

0.55

0.19

0.19

0.20

0.19

0.20

0.16

0.15

0. t9

0.16

0.t7

0.16

0.19

0.18

I

I

J

3

1

I

J

J

2

2

2

2

1

I

J

J

1

1

J

J

I 806

23040

tr07

1279

3576

42280

3422

1639

26920

1 5535

28725

17120

3099

48735

1 300

61635

5818

4r820

1901

151 1

G' : 1.199x10'- 18395.66 pH - 7.051x105 NaCl -24747.19 Ggum -lelg.qs cpl+
76313.r2 pH*Nacl + 2675.56 pH*Ggum + 1325.42 pH*cpl + r.7g7xl0s Nacl*
Ggum + 53710.50 Nacl*cPI + 281.65 Ggum*cPI - I1560.00 pH*Nacl*Ggum -
5367.12 pH*NaClxCPI - 8814.50 NaCl*Ggum*CpI (p:0.014).

Tan õ:0.40 -0.026 pH - 4.63.Nacl - 0.23 Ggum - 9.43gx10-' cpl + 0.49 pH*Nacl
+ 0.026 pH*Ggum + 9.688x10-4 pH*cPI + 4.55 Nacl*Ggum + O.24Nacl*cpl +
0.0 1 3 Ggum* cPI - 0.46 pH*Nacl*Ggum - 0.024 pH*Nacl*cpl - I .469x 1 0-3 pH*
Ggum* cPI - 0 .24 Nacl * Ggum* cPI + 0.024 pHxNacl * Ggum* cpl (p:0. 0002).
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increased with increasing levels of CPI. Since guar gum alone did not produce a gel

network (G':Jl Pa) at pH 10, it appears that the high G' at pH 10 was due to protein-

protein interaction at this pH. The interacting strands (progel state) of CPI may self-

aggregate and form a network. This may explain the observed increase in gel strength as

the CPI level increased. G' relates to the compactness of the structures or number of

crosslinks within a gel system (Jones, 1979; Murray et al., lgsl). Higher G, values

indicate stronger intermolecular network, possibly due to interactions between

aggregated protein strands, giving rise to high molecular weight networks stabilized by

noncovalent forces. The increase in G' values at pH 10 probably reflects the contribution

from canola protein isolate (Fig.271\).

At pH 6, the G' values provided an indication of the effects of CPI-guar gum

interactions (Fig. z7B).Improved gel networks (high G' values) were obtained at low

guar gum and high CPI concentrations (i.e. increase in guar gum level decreased the G'

values of the resulting networks). Comparing G' values at pH 6 and 10 showed that G'

values at pH 10 (Fig. 27A) werc higher than the values at pH 6 (Fig. 278). It has been

reported that gels prepared at lower pH values are heterogeneous in nature (Léger and

Arntfield, 1993). These heterogeneous networks are composed of compact molecules,

which aggtegate to form regions of high and low protein concentrations. As a result,

regions with low protein concentrations act as weak points, causing a drop in overall gel

strength. It is possible that CPI and guar gum produced heterogeneous gels at pH 6

which may account for the reduced gel strength shown in Figure 278.
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Figure 27. Storage modulus (G') contour plot showing the influence of CPI and guar
gum concentrations on G' of CPI-guar gels at 0.05 M NaCl and varied pH (A: pH 10; B:
pH 6). The significant interaction identified by the ANOVA model was used to produce
the contour plots. Each contour line corresponds to a given G' value. For example, in
Figure 27A; atx20Yo (w/v) cPI and any guar gum concentration, G':50744pa.
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Loss tangent (tan õ): Based on the ANOVA model (Design-Expert@ software),

the significant (P<0.05) factors and interactions were pH, NaCl concentration, guar gum

concentration, CPI concentration, 3-way interactions between pH, NaCl concentration

and guar gum or CPI concentrations, and 3-way interaction between pH and the

biopolymers (Appendix 10). Thus, the contour plots of tan ô as a function of guar gum

and CPI concentrations at pH 6 and 10 are shown in Figure 28. A look at the tan ô

values gives an indication of the influence of different protein-polysaccharide

combinations on the type of network structure formed as tan õ reflects the relative

contributions of the viscous (loss modulus) and elastic (storage modulus) components.

At pH 10, the CPI-guar gum gels had lower tan ô values at higher CPI and lower guar

gum concentrations (Fig. 284). Arntfield and Cai (1998) in their work with canola

protein-guar gum mixture made similar observation and reported that higher protein

concentrations resulted in lower tan ô values. They stated that incompatibility of the two

macromolecules at higher protein concentration resulted in structures where elasticity

was increased, probably due to increased interactions between proteins. The lower tan õ

values observed in the present study most likely represented the tan ô of CPI gel. Léger

and Arntfield (1993) reported lowest tan ô values for canola protein gels prepared at pH

10. The increased electrostatic repulsion at this pH may have minimized random

aggregation resulting in the extension of polypeptide chains and the creation of

homogeneous structures (Paulson and Tung, 1939). Low tan ô values indicate a more

elastic network formation. On the other hand, the networks tended to be less elastic

(high tan ô values) at lower CPI and higher guar concentrations. Increases in tan ô values

indicated that the formation of a three-dimensional network had been inhibited as was
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implied by the lower G' values observed at similar conditions (Fig.27I\).

At pH 6 (Fig. 288), lower tan ô values resulted at decreasing CPI and guar gum

levels. Tan ô values were higher at pH 6 than at pH 10. This may be attributed to the

heterogeneous networks formed at lower pH (Léger and Arntfield, 1993). Overall, tan ô

values for the CPI-guar gum gels fell below 0.22.

Model predictions of optimum conditions for canola protein-guar gum gels

Numerical optimization for canola protein-guar gum systems: It is known

that low G' and high tan ô indicate poor gelation while high G' and low tan ô indicate

enhanced gelation properties. With this in mind, the goal was to obtain CPI-guar gels

with very high G' and low tan ð values. The numerical and graphical features of

response surface optimization model (Design-Expert@ Software) were used to identifr

the optimum conditions that would result in gels with high G' and low tan ô values.

Numerical and graphical optimizations ,were completed using the combinations from the

full factorial design for CPI-guar gum systems. Optimization was based on the criteria

set for both factors (CPI concentration, pH, NaCl concentration and guar gum

concentration) and responses (G', tan ô). Table 12 shows the parameters and criteria set

for factors and responses; and summarizes the optimum predicted solutions

charucterizing improved CPI-guar gum gel networks according to desirability. Based on

the solutions outlined in Table 12, the model numerical predictions for CPI-guar gum

gels were:

20%o (wlv) CPI, 1.5% (w/v) guar gum, 0.05 M NaCl, and pH l0
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At these conditions, the CPI-guar gum gel was predicted to have a G' value of 54280 Pa

and tan ô value of 0.15 (i.e. solution No. 1, Table 12). These criteria were selected to

achieve the desired goal - maximize G' and minimize tan ð at the same time. However,

using the set parameters at pH 6 (graph not shown) no conditions could give acceptable

G' and tan ô values as obtained at pH 10.

Table 12. Predicted optimum combinations of factors and responses characterizing
strong, elastic CPI-guar gum gels based on set criteria within numerical optimization
model.

Constraints

Parameters Goal Lower limit Upper limit
pH

NaCl concentration (M)

Ggum concentration(%)

CPI concentration (Yo)

G'(Pa)

Tan ô

within range

within range

within range

within range

maximize

minimize

6

0.0s

1

10

28000

0.15

10

0.25

J

20

6t635

0.r7

Solutions

No. pH NaCl (M) Ggum (%)* CPI (%) G, (pa) Tan ô lesirability

1

2

J

4

5

l0

l0

10

10

10

0.05

0.05

0.0s

0.05

0.07

1.5

2.r

1.2

1,.4

1.0

20.0

20.0

20.0

19.9

20.0

0.15

0.16

0.15

0.l5

0.15

0.81

0.78

0.76

0.76

032

54280

54198

53619

535s7

52203
*Ggum: Guar gum.
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Graphical optimization for canola protein-guar gum systems: To maximize

these two criteria (i.e. high G' and low tan õ), the lower limit for G' was set at 28000 Pa

while tan ô ranged from 0.01 to 0.17. These criteria limits were sufficient to give a rough

idea of which combinations of processing conditions should be used in the next

experiment to produce very strong gels with elastic structure. Guided by these range of

parameters and using the graphical feature of the optimization model (Design-Expert@

Software), corresponding response surface overlay contour plot as a function of CPI and

guar gum concentrations were generated at pH 10. Figure 29 shows an overlay plot of

the response (G' and tan ð) surface graph at pH 10 with the optimized regions

highlighted. Within the shaded areas, any combinations of CPI and guar concentration is

predicted to give a gel with a G' value not less than 28000 Pa and tan ô value less than

0.17; resulting in an adequate product. Figure 29 illustrates that an adequate gel will be

obtained at high CPI level and any guar gum concentration. These criteria were selected

to achieve the desired goal which was to maximize the gelation characteristics (i.e. high

G' and low tan ô values). The desired criteria could not be met at pH 6 for CPI-guar

gum mixtures. Although alkaline pHs (above pH 8) are rarely encountered in food

systems, the model used in this study indicated pH l0 as the optimum pH for CPI-guar

gum gels.
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Figure 29. Graphical optimization display of G' and tan ô as a frurction of canola
protein isolate (CPD and guar gum concentrations at pH l0 and 0.05 M NaCl. The clear
areas on the plot do not meet the selected criteria. The desired criteria were achieved at
pH 10 and not at pH 6. The lines mark the limits on the responses. Shaded areas indicate
where factors can be set to satisfr the requirements on both responses. For example, any
point in the shaded region shows the CPI and guar gum combination that will give a get
with G' value of not less than 28000 Pa and tan ô value of less than0.l7.

G' < 29000
Tan ô > 0.17
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Verification of model predictions for canola protein-guar gum gels

The model numerical predictions (Design-Expert@ Software) for CPI-guar gum gels

were verified by conducting confirmatory rheological tests at the established optimum

conditions for CPI-guar gum mixtures þH 10; 20o/o,wlv CPI; 1 .5Yo,wlv guar gum; 0.05

M NaCl). Predicted G' and tan ô values for CPI-guar gum gels were established using

the point prediction model (Design-Expert@ Software). Figure 30 compares the

predicted and experimental G' and tan ô values for CPI-guar gum gels. As mentioned

earlier, the goal was to maximize G' and minimize tan ô. Examining Figure 30 shows

that G'values from the experimental trials were not significantly different (P>0.05) from

the predicted values. This implies that the model predicted values were confirmed and

the gels prepared with20o/o CPI and 15% (wlv) guar gum were characterized, as very

strong (G':56440 Pa) with increased number of crosslinks (Fig. 30). Also, the

experimental tan ô values were not significantly different (P>0.05) from the model

predicted tan ô values (Fig. 30). The predicted and experimental tan ô values fell below

0.2, an indication that the gels had elastic structures.

One may argue the rationale for using high CPI (20o/o, w/v) and guar gum (l.s4o,

w/v) concentrations in this study. Arntfield et al. (1990a) established that l0%o canola

protein was sufftciently high to produce properly-crosslinked heat-induced networks.

Based on this finding, we chose the CPI concentrations of 10 and 20% (wlv). Another

study that analyzed the physical characteristics of canola protein-guar gum gels showed

that high protein level (up to l5%) and high guar gum concentration (up to 1.5%)

resulted in low tan õ and high G' values (Arntfield and Cai, 199S). Other reports showed

that high levels of guar gum (-l%) are very thixotropic but lower concentrations
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(-03%) are far less thixotropic (Petkowícz et al., 1998; http://www.sbu.ac.uk/water). In

order to obtain CPI and guar gum combination that will give strong interactions (to

produce strong and elastic gels), the optimum CPI (20yo, w/v) and guar gum (1.5o/o,wlv)

concentrations were chosen.

Gel formation mechanisms for guar gum, canola protein and their mixture

Thermal sweep curves in rheological measurements for CPI-guar gum mixtures

helped to demonstrate the course of network development (key parameters G' and tan ô)

as a fi.rnction of temperature. Generally, the gel network developed above the

denaturation temperature (T¿) in the heating phase, and continued in the cooling phase.

As the T¿ of CPI alone was determined to be ^v86oC 
(Chapter 1), the samples were

heated to 95"C prior to the cooling stage. Heating curves for guar gum (1 .5o/o wlv), CpI

(20% wlv) and cPl-guar gum gels showing the G' and tan ô values at pH 10, 0.05 M

NaCl, 20% (wlv) CPI and 1.5% (wlv) guar gum are shown in Figure 31.

Guar gum gel properties: The onset of aggregation, indicated by the increase in

G' (deviation from the baseline) and decrease in tan ô (Figs. 314 and B) occurred below

50"C. Under the conditions (pH 10, 0.05 M NaCl, 1.5%o guar gum) investigated, it was

observed that heating guar gum sol resulted in a decrease in G' overall. A complete

breakdown of guar gum network at conditions þH 10, temperafine 25-95oC) used was

observed. A slushy mess was obtained, an indication that guar gum did not form a gel

(G':51 Pa, Table 13). The inability of guar gum to form a gel may be attributed to the

physical properties of guar gum and the extreme conditions (pH 10, temperature >90oC)

used. Guar gum does not form gels (due to its rigid structure) but
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Figure 31. Changes in rheological properties, G' (A) and tan ô (B) of canola protein
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Table 13. Rheological characteristics of canola protein-guar gum gels prepared with
0.05 M NaCl at pH 10. Measurements were taken during frequency sweep (after
cooling) at I Hz.

Protein * Guar gvrî(%) G'' (Pa) Tan ô"

00 + 1.5

20 + 0.0

20 + 1.5

10 + 1.5

20 + 1.5*

0.67 + 0.044

0.15+ 0.01b

0.19 + 0.00b

0.19 + 0.00b

0.2 + 0.00*b

'Meart I SD. For G' or tan ô, column values with differ"nt @
different (P<0.05). *Canola protein-guar gum gel properties at pH 6.

produces high viscous solution (Whistler and BeMiller,1997). Because guar gum has its

galactosyl units fairly evenly placed along the chain, the galactose residues prevent

strong chain interactions as few unsubstituted chain areas have the minimum number of

residues (about 6) required for the forrnation of junction zones (Petkowicz et al., 1998;

Whistler and BeMiller, 1997). According to Petkowicz et al. (1998), guar gum (being

nonionic) is not affected by ionic strength or pH but will degrade at pH extremes when

heated. Cooling apparently increased network development of guar gum but this did not

result in G' values that were in the same range as the other samples (Fig. 32A).

Canola protein gel behaviour: For canola protein alone (20o/o, w/v CPI) at pH

10, there was little sign of structure development (deviation from the baseline) at

temperatures below 75'C (Fig. 314). The first increase in G'value did not started until

temperatures greater than 78oC. It was evident during the heating cycle that the gel

strength (G': 2000-8000 Pa) of CPI was enhanced at higher temperatures (above 7¡.C,

5l+2"

64575 + g56u

56440 + 4879b

tgl4 + 3l6c

2726 + 57*c
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Fig. 3lA), possibly due to unfolding and associations of protein molecules. During the

initial heating phase (below 78oC), low G' and high tan ô values were obtained for the

CPI gels at temperatures below 78"C. However, as temperature rose above 78oC, tan õ

values decreased while G'values increased (Figs. 314 and B); evidence of the formation

of strong and elastic network for CPI at higher temperatures. Changes in G' during

cooling indicate an increase in structure formation as the temperature was lowered (Fig.

32A). Cooling significantly improved the network strength of canola protein as stronger

and more elastic network resulted. Data from frequency sweep (after the cooling cycle)

showed that the gel properties improved greatly (G':64575 pa, tan õ:0.15) during

cooling. G'value for the 20% (wlv) CPI increased from =8000 pa(at the end of the

heating cycle, Fig. 314) to 64575 Pa (after the cooling cycle as seen in frequency sweep

data,Table 13). This increase in G'during cooling has been related to an increase in the

level of hydrogen bonding (Léger and Arntfield, 1993).

Canola protein-guar gum networks: The rheological profiles of guar gum and

CPI gels are shown in Figures 31 and 32. During the heating phase, it was observed that

the onset of aggregation (increase in G'and decrease in tan õ, Fig.3lA) for Cpl-guar

gum gels occurred at approximately 80oC. Strong and elastic networks were formed with

increased temperature (>80"C) during the heating cycle (Fig. 31) and continued during

the cooling cycle (Fig. 32). At the end of the heating phase (Fig. 314), the G, value for

the cPl-guar gum gel (G'^v10000 Pa) was higher than that of cpl alone (G,=g000 pa),

suggesting enhanced gel strength in the presence of guar gum. In contrast, data from the

frequency sweep (after the cooling cycle) showed that the G' value for the Cpl-guar gum

gel (G':56440 Pa) was lower than that of CPI alone (G':64575 Pa). It is possible that
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there was considerable interference in protein gelation from the guar gum. The presence

of guar gum in a mixed system with CPI was shown to decrease G' value, and the

reduction in gel strength (low G' value) was significant (P<0.05). The interference (by

guar gum) in gelation may be due to the physical structure of guar gum; it forms stable

solutions because the side-chain galactosyl units along the main chain prevent the

intermolecular association necessary for junction zone formation (Whistler and

BeMiller, 1997).

The network strength and structure of the mixed CPI-guar gels were signif,rcantly

affected by protein concentration and pH. The mixed gel prepared with 20% C[formed

a significantly (P<0.05, Table 13) stronger network (G':56440 Pa) than the mixed gel

prepared with 10% (w/v) CPI (G':1914 Pa), indicating that the extent of increase in

network strength was dependent on the CPI concentration. This observation agreed with

previous studies with canola protein systems where it was reported that the increase in

structure development was highly dependent on protein concentration (Arntfield and

Cai,1998; Léger and Arntfield, 1993). For mixed gels prepared with 20% (wlv) CpI at

varied pH, the elastic modulus was significantly (p<0.05, Table 13) higher at pH l0

(G':56440 Pa) than at pH 6 (G':2726 Pa). The increased electrostatic repulsion at pH l0

must minimize random aggregation and reduce the degree of interaction among

polypeptides in the system. It is possible that there was a balance between protein-

protein and protein-solvent interactions at pH l0 to obtain improved networks.

The development of superior network structures at high pH values has been

attributed to the extension of polypeptide chains and the creation of homogeneous

structures (Paulson and Tung, 1939). In comparison, gels prepared at lower pH values
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are heterogeneous in nature. These heterogeneous networks are composed of compact

molecules, which aggregate to form regions of high and low protein concentrations. As a

result, regions with low protein concentrations act as weak points, causing a drop in

overall gel strength and lower G'values (Table 13). A comparison of the rheological

data of the individual components and the mixed gels indicated that guar gum did not

improve the gel strength and network structure of the mixed gels, as was observed in

gels formed with CPI and K-canageenan (r-CAR). In that study (Chapter 3), rc-CAR

greatly improved the gel strength and structure of CPI, even at pH 10. The difference in

the network strength of CPl-based gels prepared with r-CAR and guar gum could be

attributed to the difference in the physical properties of the two hydrocolloids (e.g. r-

CAR is negatively charged while guar gum is nonionic).
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CHAPTER 5

Microstructure of Commercial Canola Protein-Hydrocolloid Networks

Abstract

Biopolymer mixtures contribute to the formation of properly crosslinked networks.

Effective utilization of these networks depends on the understanding of the type and role

of interactions involved in network formation. Establishing the structural factors which

control the gelation of canola protein in mixed systems would contribute to a better

understanding of texture development in plant protein-based foods. This study examined

the molecular forces that affect the structural arrangement of canola protein-

hydrocolloid gels. The structural properties of canola protein isolate (CPD, K-

carrageenan (rc-CAR) and CPl-hydrocolloid (rc-CAR or guar gum) networks were

examined using scanning electron microscopy (SEM). Visual assessments were made

and SEM images of each gel system at three magnifications were obtained. The effects

of pH, urea and dithiothreitol (DTT) on the network structure of CPI and CpI-

hydrocolloid gels were evaluated. Gels produced from CPI alone showed varied

structures at acidic and alkaline pH. At pH 6, a loosely crosslinked protein network with

large and small empty cells/pores that entrapped the liquid components was observed,

whereas a properly crosslinked network structures were seen at pH 10. CPI-rc-CAR and

CPI-guar gum gels prepared at optimum conditions had properly crosslinked networks,

whereas those prepared at non-optimal conditions exhibited aggregated, network

structures. Results showed that network structures of the individual CPI and r<-CAR gels

were greatly improved when the two macromolecules were combined. This improved

network structure (properly formed networþ suggests a synergistic behaviour between
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CPI and r-CAR. Urea and DTT affected the molecular forces that contribute to network

formation as well as the structural properties of CPI-r-CAR gels. Gels treated with urea

were excessively crosslinked, demonstrating a marked alteration of the gel structure;

whereas systems treated with DTT had an amorphous structure. Disorganization and

disruption of gel structures by urea and DTT supports the involvement of disulfide

bonds and noncovalent interactions in CPI-r-CAR and CPI-guar gum gel formation.

Understanding the factors responsible for enhancing the physical and textural properties

of CPI in food systems can provide useful information for improving plant protein

functionality.

".sr.,
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Introduction

Microscopy is a tool that can be useful to describe the microstructure of a system

at the end of the gelation process. Use of scanning electron microscopy (SEM) to

examine the structure of commercially processed soybean protein products has been

reviewed (Wolf and Baker, 19Sl). Studies have shown that the rheological properties of

canola protein and canola protein-based gels vary with pH and ionic strength (Arntfreld

and Cai, 1998; CaL1996; Léger and Arntfield, 1993). These differences in rheological

properties could be partly explained by the amount of protein incorporated into the

network. Soy protein gels were less stiff (lower storage modulus, G') when more protein

remained dissolved after heating instead of being part of the network (Renkema et al.,

2000; Renkema et aL,2002). However, this factor cannot explain the whole difference.

From work on other proteins (such as casein, B-lactoglobulin, whey protein), it is also

known that network structure determines the rheological properties of gels (Bremer et

a1.,1990; stading and Hermansson, 1990; verheul and Roefs, l99ïa,199gb; Mellema et

a1.,2002). Hermansson Q99a) divided network structure roughly into fine-stranded and

coarse-aggregated networks. Fine-stranded gels may be completely transparent and are

composed of strands with a thickness up to a few times the size of a single protein

molecule. Coarse gels are non-transparent and are composed of particles with diameters

in the range of 100-1000 times a single protein molecule. Intermediate structures

containing fine-stranded and coarse structures simultaneously also exist. The type of gel

that is formed depends on conditions during gel formation. In general, gels become

coarser as the pH approaches the isoelectric point (IEP) or when the ionic strength is

increased (Doi, 1993). Our use of SEM to examine the network structure of CpI and
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CPl-hydrocolloid gels is one of the applications of this technique to CPL The objective

was to characterize CPl-hydrocolloid gels in terms of network structure as a function of

pH and denaturants using SEM. To evaluate the role of covalent and noncovalent

interactions in gel formation of commercial CPI-r-CAR and Cpl-guar gum, two

standard denaturants (Phillips et ã1., 1994) that impact noncovalent interactions

(assessed using urea) and disulfide bond formation (assessed using dithiothreitol (DTT)

were included in the protein dispersion prior to heat treatment. Arntfield et al. (1991)

reported a reduction in protein crosslinking when ovalbumin was treate d with 2-

mecarptoethanol (20 mM), supporting disulfide bond involvement in ovalbumin

networks. DTT has been shown to decrease G' and increase tan ô values for rapeseed

gels; this implicated disulfide interactions as a factor in the elasticity of the network

(Gill and T*g, l97S).In the present study, the structures developed during gelation as

well as properties of the networks formed were used to evaluate the effects of these

reagents.

Materials and Methods

Source of materials

Commercial (BMV/ Canola, Winnipeg, Canada) canola protein isolate (CPI) was

purchased and used without further purification. Proximate analysis (AOAC, 1990) of

the CPI sample indicated a protein content of 87%o (N x 5.7), 0.7%o oil,2%o ash,5.9%o

moisture and 4.4%o total carbohydrate (determined by difference). Food grade rc-

c¿urageenan (No. C-1013) that contains predominantly r- and lesser amounts of l.-

caffageenan, was purchased from Sigma Chemical Co. (St. Louis, Mo, USA). The
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composition of r-CAR powder as indicated by the manufacturer showed it contained a

mixture of the following cations: l<. çto.+v"), c** e.3%) and Na* (0.9%). Also, food

grade guar gum (G-a129; Lot No. 95H0653), with a viscosity of 6000-10000 mPas

(whistler and BeMilIer, 1997), urea (u-15; Lot No. 863571), and DTT (D-0632;Lot

No. 61K16571) were purchased from Sigma Chemical Co. All other chemicals such as

Nacl (8P358-212; Lot No. 028091), HCI (Lot No.296220; At44-225), and NaoH

(8P359-212; Lot No. 974661) were certif,red reagent grade (Fisher Scientific Co., NJ,

usA).

Experimental design

All experimental parameter measurements were done in duplicates. Design-Expert@

Software (Stat-Ease Inc., MN) was used to generate the model experimental design with

factorial and response surface optimization. Appropriate combinations of factors (CPI,

rc-cAR, pH and Nacl) and optimum conditions (pH 6; 0.05 M NaCl; l|yo,wlv cpr;3o/o,

w/v r-CAR) for gelation of CPI-r-CAR mixtures were established as previously

reported (Chapter 3). The procedure described in this previous study was used to

generate the optimum gelling conditions for Cpl-guar gum mixtures: pH 10; 0.05 M

NaCl; CPI (20%, dv), and guar gum (1.5%o, w/v). Since microscopic examination is an

additional tool for characterizing the observed rheological properties in terms of network

structure, these combinations were used to prepare gels used for microstructural

assessments. Control runs with dispersions of individual CPI (lsyo, wlv + 0o/o, wlv guar

gum), r-CAR (3%o,wlv + 0o/o, w/v CPI) and guar gum (l .5%o,wlv + }vo, w/v CpI) at

optimum pH and NaCl concentration were carried out.
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Sample preparation

Dispersions of individual CPI (15%ow/v CPI, protein-basis;0.05 MNaCI; pH 6 and 10),

r-cAR (3o/o, wlv r-cAR; pH 6; 0.05 M Nacl) and guar gum (1 .5%o, wlv guar gum; 0.05

M NaCl; pH 10) were prepared. Similarly, dispersions of CPI-r-CAR (lsyo, w/v CPI;

pH6;0.05 M Nacl; 3%o,wlv r-cAR) and cPl-guar gum (2jo/o,w/v cpl; pH 10; 0.05 M

NaCl; l.5o/o, w/v guar gum) mixtures were prepared. Each mixture was stirred for

approximately t h at room temperature or until a complete dispersion of the mixture was

achieved. Dispersions of individual CPI, rc-CAR and guar gum samples in appropriate

NaCl solutions were prepared in similar manner to serve as control. The CPI, r-CAR,

guar gum, pH and NaCl combinations were the optimum conditions generated using

Design-Expert@ Software; the method of establishing optimum conditions have been

reported (Chapter 3). For interaction studies, dispersions of CPI-rc-CAR (15% w/v CpI,

3% r-cAR, pH 6) and cPl-guar gum (20yo, w/v cpl; r.syo, w/v guar gum; pH l0)

mixtwes were treated with a disulfide blocker (DTT) or hydrogen bond blocker (urea) at

concentrations of 0.15 M and 6 M, respectively prior to heat treatment. To ensure that

pH was maintained, samples were allowed to equilibrate for 30 min at room temperature

and the pH was rechecked prior to further testing.

Microscopy: Gel microstructural analysis

Gel networks were prepared using previously published protocols of Léger and Arntfield

(1993) and Arntfield et al. (1991) with slight modification. Heat-set CPI, guar gum, CpI-

tc-CAR and CPI-guar gum gel networks were prepared by heating samples in closed

stainless steel vials fuom 25 to 95oC at a rate of 2Clmin At the end of the heating
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regime, samples were held at 95oC for 5 min and cooled to room temperature in an ice

bath. Gels were removed from the vials, frozen and freeze dried. The dried gel samples

were fractured and mounted on a specimen stub with a double-sided adhesive tape. The

samples were sputter-coated (Edwards Sputter Coater, model 51508) under vacuum

with gold/palladium (75125). The consecutive visual assessments and documentations

were done on a JEOL JSM-5900LV SEM (JOEL SEM, Japan), operating at art

acceleration voltage of 10 kV. Scanning electron micrographs of each gel sample at

three magnifications (x50, x500, and x3000) were obtained.

Results and Discussions

Visual examination

For systems treated with 0.05 M NaCl: CPI, CPI-r-CAR and CPI-guar gum dispersions

formed light brown, opaque networks; whereas r-CAR dispersion formed a translucent

gel. There was no visual evidence of gel formation when CPl-hydrocolloid and

individual r<-CAR, guar gum and CPI dispersions were treated with NaCl at room

temperature. For systems treated with denaturants: CPl-hydrocolloid dispersions treated

with urea formed a gel at room temperature, an indication of a conformational change.

Systems treated with DTT formed opaque, yellow gels. As reported by Damodaran

(1996), the opaqueness ofthese gels is due to light scattering caused by the unordered

network of insoluble protein aggregates. Guar gum (1 .5o/o, wlv) dispersion prepared with

0'05 M NaCl at pH 10 did not form a gel after heat treatment, suggesting a complete

structwal breakdown.
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Structural arrangements of canola protein isolate networks

The SEM micrographs of l5Yo w/v canola protein gels treated with 0.05 M NaCl

at pH 6 and 10 are shown in Figure 334 and B, respectively. Variation in pH affects the

overall net charge on the protein molecule as well as its molecular conformation. The

influence of pH on the protein gel was reflected in the differences in network structures.

At pH 6 (Fig. 334), a loosely crosslinked protein network with large and small empty

cells/pores that entrapped the liquid components was observable at the three

magnifications and a similar but more detailed structure with a porous, spongy texture

was seen at higher magnifications (x500, x3000). These empty pores were distributed

throughout the network which suggests that the liquid phase was completely entrapped

in a continuous three-dimensional network. Also seen in the pH 6 micrographs (Fig.

33A) were regions of good and poor crosslinked structures. At pH 10 (Fig. 338), the

small empty cells (seen in gels prepared at pH 6) were absent in the x50 micrograph and

present (but not in the same magnitude as seen in gels prepared at pH 6) in the x500 and

x3000 micrographs. Properly crosslinked, tightly-packed network structures were seen

in the x500 and x3000 micrographs; where lower tan ô value has been reported (Chapter

3). Rheological data (Chapter 3) showed a stiffer and more elastic network for canola

protein gel prepared at pH 10 (G':60320 Pa,tan ô:0.15) than at pH 6 (G,:27220 pa, tan

ð:0.19). A similar trend in terms of pH response was noted in a study with ovalbumin

gels (Arntfield, 1989), and also in a study with CPI gels using a Zeiss Universal

Research Microscope (Léger and Arntfield, 1993). The study by Léger and Arntfield

(1993) on a laboratory prepared CPI demonstrated that photomicrographs supported the

rheological properties that characterizedthe final gels.
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Figure 33' SEM of canola protein isolate (CPÐ gels prepared with 0.05 M NaCl and
15% (wlv) cPI at pH 6 (A) and pH l0 (B), showing x50, x 500, x3000 micrographs.



154

These results may reflect the influence of charge on network structure rather than

conformational changes. At pH 6, below the isoelectric point (IEP) of canola proteins

(IEP:6.8-7.2; Schwenke et al., 1987), net positive charge was dominant. As a result and

in the presence of 0.05 M NaCl, attractive intermolecular electrostatic interaction should

be maximized. At low salt concentrations, ions interact with proteins via nonspecific

electrostatic interactions (Shih et al., 1992). According to this author, this electrostatic

neutralization of protein charges usually stabilizes protein structure. Although a

crosslinked network was seen at pH 6, it was not as tightly-packed as that observed at

pH 10. The differences in rheological properties at pH 6 and 10 were evident in the

microstructttral data at the two pH values. According to one school of thought

(Arntfield, 1989), it is possible that the range for the atftactive-repulsive electrostatic

interaction balance necessary for a properly crosslinked three dimensional network

formation was maximized at alkaline pH value, so that a good network was observed.

A balance between the charge repulsion and the potential for interaction,

mainly through hydrogen bonds and hydrophobic interactions, is critical to the

determination of network characteristics (Arntfield et al., 1990; Arntfield, lgg4).

Excessive attractive forces or insufficient charge repulsion results in aggregation rather

than network formation. In another explanation, the development of superior network

structures at high pH values has been attributed to the extension of polypeptide chains

and the creation of homogeneous structures (Paulson and Tung, 1989). In comparison,

gels prepared at lower pH values are heterogeneous in nature. These heterogeneous

networks are composed of compact molecules, which aggregate to form regions of high

and low protein concentrations. As a result, regions with low protein concentrations act

as weak points, causing a drop in overall gel strength. In this study, it is possible that the
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regions of low protein concentration described by Paulson and Tung (1989) may be the

regions observed as poor crosslinked structures shown in the micrographs (Fig. 334).

Structure of hydrocolloid (r-carrageenan and guar gum) networks

The intent was to examine the gel morphology of r-CAR and guar gum networks

at the optimum conditions (see experimental design) established by the model employed

in this research. No SEM image was obtained for 1.5%o (wlv) guar gum dispersion

prepared with 0.05 M NaCl at pH 10 because self-supporting gel could not be obtained

under these conditions. Guar gum gel was prepared at pH 10 because this was the

optimum pH established for CPI-guar gum gels by the model used in this study. This

study does not recofitmend pH 10 since it is unconventional in food systems (although

egg albumin has a pH value of 9.0; Arntfield, 19S9). The SEM images for 3o/o (w/v) r-

CAR gels prepared with 0.05 M NaCl at pH 6 revealing the intemal structures are shown

in Figure 34. The r-CAR gels have sheet- or platelet-like structures with flaky particles

in the X50 micrograph. The sheet-like structures seen at X50 were observed at x500 and

x3000 to be a tight mass of almost cubic structures. A similar structural appearance was

reported for the seaweed kelp (McCrone and Delly, 1973). These almost cubic structures

were not continuous due to the presence of dissolved patches or structural inegularities

in the x500 and x3000 micrographs. As heated solutions of r-CAR are cooled, the linear

molecules form helices, which then associate to form a firm, three-dimensional, stable

gel in the presence of appropriate cation (Whistler and BeMiller, 1997). The observed

structures in this study are not helical but are almost cubic. This may be due to

hydrolysis at high temperature of 95oC used in this study. Whistler and BeMiller (1997)
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Figure 34. SEM of K-c¿urageenan (r-CAR) gels prepared with 0.05 M NaCl and 3yo
(w/v) r-CAR at pH 6. (X50, x500, X3000 micrographs).
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reported that carrageenans are quite susceptible to acid-catalyzed hydrolysis; undergoing

rapid and extensive degradation when solutions below pH 5 are heated. Although we

used pH 6 in this study, the 95'C heat treatment may have caused excessive cleavage of

structures.

Structure of canola protein isolate-r-carrageenan networks

The detailed structural arrangement of CPI-r-CAR gels prepared at the model-

established optimum conditions (pH 6, 3% r-CAR,l5o/o canola protein, 0.05 M NaCl)

and non-optimal conditions (pH 10, 3% r-CAR,20yo canola protein, 0.25 MNaCI) are

shown in Figures 354 and B, respectively. The rheological data (Chapter 3) for CPI-r-

CAR gel prepared at the established optimum conditions showed a stiffer and more

elastic network (G':97465 Pa, tan ô:0.15), whereas the rheological data for the non-

optimal conditions were less elastic and not as strong (G':I2944Pa,tanô:0.19). This

trend was corroborated by the microstructural images shown in Figures 354 and B. The

overall structure of the CPI-r-CAR gel samples shown at x50 (Fig. 354 and B) were

somewhat similar and characterized by large empty cells/pores that looked like properly

formed networks. However, there were differences in structures and texture at X500 and

x3000. The CPI-rc-CAR gel sample prepared at optimum conditions (Fig. 35A) exhibited

a tightly-packed mass of network with a few large pores in the x500 micrograph.

These empty pores may be regions of the gel that entrapped liquid components

of the network. The x3000 micrograph showed more details of the network structure;

revealing the properly crosslinked, densely-packed CpI-r-cAR strands.
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tr'igure 35. SEM of canola protein isolate-r-carïageenan gels. A: high G', low tan ô (pH
6,3yo (w/v) r-cAR, r5yo (w/v) cpl, 0.05 M Nacl); B: low G', high tan ô (pH lo,3o/o
(w/v) r-cAR,20o/o (w/v) cPI, 0.25 MNacl). (x50, x500, x3000 micrographsj.
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This demonstrates a very strong and elastic network character. Comparing the CPI alone

and r-CAR gel micrographs (Figs. 334 and 34) showed that the structures of the

individual gels were greatly improved when the two macromolecules (CPI and r-CAR)

were combined to form a gel system. The results obtained when the two biopolymers

were mixed showed the complementary character of each biopolymer. The rheological

and microstructural properties of the mixed gels were enhanced as there was increased

crosslinking in a mixed state. This improved network structure (shown as properly

formed network) suggests a synergistic behaviour between CPI and r-CAR as was

reported in the gelation analysis of CPI and r<-CAR (Chapter 3).

Other rheological investigations confirmed the synergistic effects in denatured

protein/r-CAR systems involving work with r-CAR and B-lactoglobulin (Tziboula and

Horne, 1999; ould-Eleya et al., 2000a,2000b; Neiser et a1.,2000). The appearance of

the gel structures for CPI-r-CAR mixture (prepared at non-optimal conditions) shown in

Figure 338 was quite different (at higher magnifications) from that obtained for the

control (Fig' 354). The image shown in x500 micrograph appeared as small strands of

networks. At x3000, it was apparent that the network was composed of tight clumps of

aggregated strands. The structure at x3000 was highly aggregated though the evidence of

alignment into strands may have been responsible for the somewhat high rheological

characteristic (G':12944 Pa).In some systems, clumps of aggregates have been shown

to yield high G' values due to the relative closeness of the neighbouring molecules

(Ismond and Welsh,1992). The rheological data (stated above) for gel sample shown in

Figure 358 was characterized by higher tan ô value (0.19) than that for the control

sample (tan õ:0.15) shown in Figure 354. The tan ô values indicated significant
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structural differences for the two gel samples and this was clearly reflected in the

microstructural data. Canola protein gels with high tan ð values have been charucterized,

to have aggregated structures (Léger and Arntfield, 1993).

Influence of denaturants on canola protein-r-carrageenan gel structure

The inclusion of denaturants (urea, DTT) in canola protein-carrageenan

dispersions prior to heat treatment was specifically intended to examine the interactions

involved in CPI-r-CAR gelation. The SEM images shown in Figure 36 illustrate the

effect of denaturants (urea, DTT), on the structures of CPI-r-CAR gels formed under

optimal conditions. Micrographs in Figure 364 show the systems treated with urea while

the DTT-treated systems are shown in Figure 368. The structural alignments of the CpI-

K-CAR networks due to the effects of the two denaturants are quite different.

Effect of urea: The urea-treated CPI-r-CAR mixture formed a gel at room

temperature prior to heat treatment, suggesting a change in native structure. The gel

system treated with urea showed some structural ordering with excessively-crosslinked

networks (with large pores), demonstrating a significant disorganization of the gel

structure. This is quite visible at high magnification. The x3000 micrograph reveals a

markedly decreased orgartizatíon of the cellular structures, with some portions of the

network completely disintegrated with a smeared appearance. Comparing the micro-

structural data shown in Figure 354 þroperly crosslinked elastic network) to that shown

in Figure 364 (excessively crosslinked gel structure) fuither clarifies the significant

difference in structural arrangement of the gel systems due to treatment with urea. The
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Figure 36. SEM of canola protein-rc-carïageenan gels (pH 6,3yo (w/v) rc-cAR, l5%
(w/v) canolaprotein,6 M urea or 0.15 M DTT). A: Ureã-treated gels; B: DTT-treated
gels. (x50, X500, x3000 micrographs).
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addition of 6 M urea, a hydrogen bond blocker (Phillips et al., 1994) into a gelling

system is designed to completely unfold the protein molecule and prevent the formation

of noncovalent intermolecular interactions. This implies that any network formed under

this condition would be entirely due to disulfide bonds. The excessive disorganization of

the properly-crosslinked network shown in Figure 354 was very observable in Figure

364; this implicates noncovalent forces (e.g. hydrophobic interactions and hydrogen

bonds) as a factor in the network formation of CPI-r-CAR systems. However, the fact

that the SEM images for urea-treated CPI-r-CAR system showed some network

formation demonstrates that canola protein has sufficient or appropriately located

cysteine/cystine residues to support a gel structure. This result supports the involvement

of disulfide bonds in the network formation of CPI-rc-CAR systems. The rheological

data for the urea-treated CPI-r-CAR (G':19340 pa; tan ô:0.07) and CpI-ç-CAR

without urea (G':95465 Pa tan ô:0.15) systems further corroborates the microstructural

data and gives insight on the contribution of noncovalent and disulfide interactions to the

gel network. The following explanation can give more insight on why CpI-ç-CAR

system can form a network when treated with urea: In 6 M urea, the inaccessible thiol

groups become exposed and can be activated by alteration in solvent conditions or by

unfolding of the protein during heating. Such newly exposed activated reactive thiol

groups may then form covalent intermolecular disulfide bonds via thiol-disulf,rde

interchange and oxidation reactions (Matsudomi et al., l99T; Xiong and Kinsella,

1990a). The thiol-disulfide interchange reaction can result in increased intermolecular

disulfide crosslinked network required for gelation.
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fnfluence of DTT: The marked differences in the structural alignment of gel

networks shown in Figure 36 confirm the involvement of covalent and noncovalent

forces in the stabilization of gel systems. The system treated with DTT (Fig. 368) had an

amorphous structure which was quite evident at X3000. The distinct properly

crosslinked network seen in Figure 354 (x3000; G':95465 pa; tan ô:0.15) was not

evident in Figure 368 (x3000). Figure 368 (x3000) shows less network formation,

which may be due to disruption of disulfide bonds by DTT. As a reducing agent, DTT is

capable of disrupting existing disulfide linkages, thus causing destabilization and

modification of protein's native conformation (Cheftel et al., 1935). The amorphous

structure seen in DTT-treated CPI-r-CAR gel (Fig. 368) may be due to disruption and

modification of protein's native structure by DTT. However, the rheological datafor the

DTT-treated CPI-r<-CAR (Fig. 368) indicates a network with enhanced gel strength

(G':105500 Pa; tan ô:0.14). Reports on the effect of DTT on protein gelation have

been variable. Léger and Arntfield (1993) reported high G' values for DTTtreated

canola protein gels; conf,rrming the rheological data of the present study. It seems that

the cleavage of disulfide bonds prior to heating, along with thermal degradation of the

protein-hydroclolloid complex, exposes binding sites that otherwise would have

remained buried within the molecule. As a result, enhanced crosslinking (G':105500 pa)

was obtained for DTT-treated CPI-r-CAR gel. This may explain the higher G' value

obtained for the DTT-treated CPI-r-CAR gel. In contrast, high concentrations of

sulfhydryl reagent may decrease the number of thiol groups available for the thiol-

disulfide reaction, thus weakening the structure of heat-induced gels (Xiong and

Kinsella, 1990b; Zirbel and Kinsella 1988b). The tan ô values for the DTT-treated CpI-
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K-CAR (tan ô:0.14) gel and that without DTT (tan ô:0.15) did not differ much as did

their structural arrangement observed by SEM. The addition of sulfhydryl reagents (i.e.

DTT, N-ethylmaleimide, cysteine hydrochloride) interferes with interactions (e.g.

intermolecular hydrogen and ionic bonds, hydrophobic interactions and disulfide bonds)

that affect gel network formation and thus properties of gels (Clark et a1.,1981; Schmidt

et al., 1979). Our finding on DTT-treated CPI-r<-CAR gel supports the involvement of

covalent and noncovalent forces in the gel formation of this system.

Structure of canola protein isolate-guar gum networks

The detailed structural arrangement of CPI-guar gum gels prepared at the established

optimum conditions (20% canola protein, 1.5%o guar gum, 0.05 M NaCl, pH l0) and

non-optimal conditions (20% canola protein, l%o guar gum, 0.05 M NaCl, pH 6) are

shown in Figures 37A and B, respectively. The two gel samples shown in Figures 374

and 378 did not differ from each other at x50 as the overall structure looked similar at

this low magnification. However, there were differences in structure at higher

magnifications. For the gels prepared at optimum conditions which serves as the control

(Fig. 374), the x3000 micrograph shows a properly crosslinked, elastic network with

long fibers. Since individual guar gum dispersion prepared at the established optimum

conditions did not form a gel, only a slushy mess was obtained, it is apparent that the

network shown in Figure 3TAprobably represents the network mainly formed by CpI

prepared at pH 10. Canola protein gel prepared at pH 10 was characteized by enhanced

rheological properties (G':60320 Pa, tan ô:0.15) and the observed microstructure was

shown earlier in Figure 334; which was also described as properly crosslinked. The
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X'igure 37. SEM of canola protein-guar
(w/v) guar gum,20o/o (w/v) CpI, 0.05 M
guar gum, 20% (wlv) canola protein, 0.05

B

gum gels. A: high G', low tan ð (pH 10, l.5o/o
NaCl); B: low G', high tan ô (pH 6,1% (wlv)
M NaCl). (X50, x500, X3000 micrographs).
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improved gel properties of CPI at high pH was also confirmed by the findings of Léger

and Amtfield (1993). In contrast, the gel system prepared under non-optimal conditions

is an amorphous mass seen at x500 with small aggregates (Fig. 378). The amorphous

structure appeared fluffy and spongy at x3000. The rheological data for CPI-guar gum

gel prepared at the established optimum conditions (Fig. 374) showed a strong and

elastic network (G':56440 Pa, tart ô:0.18), whereas the rheological data for CPI-guar

gum gel prepared at non-optimal conditions (Fig. 378) were less elastic and not as

strong (G':18570 Pa, tan õ:0.26). This trend was supported by the SEM images (Figs.

374 and B).

Effect of urea and DTT on the structure of cpl-guar gum networks

In an effort to assess the molecular forces that contribute to network formation

of CPI-guar gum mixtures, denaturants such as urea and DTT were added to the protein-

hydrocolloid dispersions prior to thermal treatment. The SEM images shown in Figure

38 illustrate the effect of denaturants (urea, DTT) on the structure of Cpl-guar gum gels.

The gel systems treated with urea are shown in Figure 384 whereas those treated with

DTT are shown in Figure 388. The network structures shown in Figures 384 and B

which reflects the effects of the two denaturants are quite different.

Influence of urea: The gel system treated with urea (Fig. 3SA) displays some

structural crosslink which looks somewhat disrupted and squashed at x500 and x3000,

indicating a disorganization of the gel structure. The x3000 micrograph reveals a

markedly distortion of the cellular structures with threadlike strands forming the

network. comparing the microstructural data shown in Figure 37A (properly
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Figure 38. SEM of canola protein-guar gum gels (pH 10, 1.5yo (w/v) guar gum, 20yo
(w/v) canola protein, 6 M urea or 0.15 M DTT). A: Urea-treated gels; e: DiT-treated
gels. (x50, x500, x3000 micrographs).
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crosslinked elastic networþ to that shown in Figure 384 (somewhat distorted and

squashed structure) further clarifies the difference in structural arrangement of the gel

systems due to treatment with urea. It was observed that CPI-gua.r gum dispersions

treated with urea formed a geI at room temperature (23-25'C) prior to heat treatment.

The immediate formation of a gel on the addition of 6 M urea indicates significant

changes in molecular structure and conformation. As noted by (Xiong and Kinsella,

1990c), the spontaneous formation of gels formed from whey protein isolate in 6 M urea

results from protein-protein crosslinkages via oxidation of thiol groups and thiol-

disulfide interchange reactions. The observable disruption of the properly crosslinked

network shown in Figure 384 was very apparent in Figure 384; this implicates

noncovalent forces (e.g. hydrophobic interactions and hydrogen bonds) as factors in the

network formation of CPI-guar gum systems. Further, the fact that there were some

evidence of alignment of strands in the SEM images for wea-treated CPI-guar gum

mixture shows that disulfide bonds contributes to the network formation of this system.

The rheological data for the urea-treated CPI-guar gum (G':1396Pa; tan ô:0.19) and

CPI-guar gum without urea (G'=56440 Pa; tan ô:0.18) systems further confirms the

observations displayed in the micrographs and supports the involvement of noncovalent

and disulfide interactions in network formation of the mixed gels.

Effects of DTT: The CPI-guar gum system treated with DTT (Fig. 38B) had

an amorphous and rubbery structure which was quite evident at x3000. Figure 3gB

shows less network formation, suggesting the destruction of disulfide linkges. The

structure seen in Figure 388 is similar to that seen in Figure 368 (which reveals the

network arrangement of DTT-treated CPI-r-CAR gels). The rheological data for the
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DTT-treated CPI-guar gum (G':82r3 Pa; tan ô:0.16) and CPI-guar gum without DTT

(G':56440 Pa; tan ô:0.18) differ significantly, showing a much higher value for the gel

without DTT. Reports on the effect of DTT on protein gelation have been variable with

some findings indicating enhanced gel network (Léger and Amtfield,1993; Schmidt et

al., 1979) while some indicated poor network formation (Xiong and Kinsella, 1990b;

Schmidt, 1981). The result of this study indicates the formation of fewer crosslinks

(G':8213 Pa) by the DTT-treated CPI-guar gum gel. Our result on DTT-treated CPI-

guar gum gel network suggests that covalent and noncovalent forces are involved in the

gel formation of this system.
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CHAPTER 6

Molecular Interactions Involved in Nefwork Formation of Commercial Canola
Protein-Hydrocolloid Mixtures

Abstract

Biopolymer mixtures contribute to the formation of gel networks in food systems.

Effective utilization of these networks depends on the understanding of the type and role

of interactions involved in network formation. There is paucity of information on how

molecular interactions are related to the network formation of food systems that contain

commercial canola proteins. This study examined the gelling behaviour of canola

protein isolate-hydrocolloid mixtures and the molecular forces that stabilize and,

strengthen network structure. The effects of sodium salts (sulfate, acetafe, chloride,

thiocyanate), denaturants (urea and dithiothreitol) and pH on network formation of

canola protein isolate (CPI), K-carrageenan (r-CAR), Etffi gum and CPl-hydrocolloid

mixtures were examined by dynamic rheological testing. The polypeptide composition

of CPI was assessed using sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE). The data from the SDS-electrophoresis showed that CPI has disulfide

bonds in its native structure. Treating CPI-r-CAR mixture with sodium salts affected the

rheological (G', tan ô) properties of the gel system. Enhanced CPI-r<-CAR gel properties

followed the lyotropic series; for increased G' values: so¿2- > cl- > cz*toz- > scN-,

whereas for decreased tan ô values: scN- > cl- > c2rl3 oz- > so¿2-. urea-treated cpl-r-

CAR gels had firm and elastic networks, indicating that CPI has suffrcient disulfide

linkages to support a gel network. The DTT-treated CPI-r-CAR gel had improved

elastic character (low tan ð values), suggesting that the gel structure was properly
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formed. Results support the involvement of disulfide bonds and noncovalent interactions

(e.g. hydrogen bonds, hydrophobic interactions) in the network formation of CPI-r-CAR

gels. The rheological data of CPI-guar gum gels showed that the gel properties were not

improved in the presence of guar gum, indicating that guar gum interfered with CPI

gelation. Thus, the interactions involved in CPI-guar gum gelation may be comparable

to those involved in CPI alone. An understanding of the factors that enhance the physical

and textural attributes of CPI in food systems will add value to industrial canola meal.

Introduction

Protein-polysaccharide interactions give a realistic indication of the behaviour of

proteins in multicomponent food systems and can provide useful information for

improving protein functionality. Canola meal, predominantly used as an animal feed

ingredient, is a potential source of protein for use in food systems. The ability of canola

protein to improve food quality (e.g. textural property) will determine its successful

utilization in food systems. An understanding of the molecular basis for macromolecular

interactions that contribute to food quality is important for successful development of

functional canola protein products that can be incorporated into foods.

Léger and Arntfield (1993) reported that hydrophobic and electrostatics

interactions were responsible for the establishment of canola protein gel networks,

whereas gel stabilization and strengthening were attributed to disulfide linkages,

electrostatic interactions and hydrogen bonding. The report by Gill and Tung (lg71)

indicated that gel formation in the rapeseed protein systems is a complex phenomenon

which may involve covalent, ionic, disulfide, hydrophobic and hydrogen bonding. In an
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effort to determine the interactions responsible for canola protein-hydrocolloid (r-CAR,

guar gum) network formation, the environment in which the gelation took place was

selectively altered to identiff the role of individual molecular forces. Since no single

environment can affect a specific molecular force, a composite of data was used to

understand the gelling mechanism.

The addition of sodium salts to canola protein-hydrocolloid dispersions can be an

effective probe for evaluating the contribution of hydrophobic interactions to the

network formation process. Neutral salts such as sodium sulfate (Na2SO4), sodium

acetate (NaCzH:O2), sodium chloride (NaCl), and sodium thiocyanate (NaSCN) affect

protein-protein and protein-polysaccharides interactions; either by ionic strength effects,

binding to the protein charged groups, or at high concentrations by altering water

structure with subsequent changes in hydrophobic effects (Damodaran and Kinsella,

1982). Further, a conventional method for studying disulfide bonds interactions is the

inclusion of reagents that modiff or prevent the formation of disulf,rde bonds prior to

heat treatment; these reagents include dithiothreitol (DTT) cysteine hydrochloride

(CysHCl) and 2-mercaptoethanol (ME). In this study, the effects of denaturing agents

(e.g. urea, DTT) have been used to determine forces that impact gel formation in canola

and canola-hydrocolloid systems.

Materials and Methods

Source of materials

Food grade K-c¿Iffageenan (r-CAR; No. C-1013) that contains predominantly r- and

lesser amounts of l"-carrageenan, was purchased from Sigma Chemical Co. (St. Louis,
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MO, USA). The composition of rc-CAR powder as indicated by the manufacturer

showed it contained a mixture of the following cations: K* (10/%), c** e.3%) and,

Na* 10.9%). Commercial (BMW Canola, Winnipeg, Canada) canola protein isolate

(CPD was purchased and used without further purification. Proximate analysis (AOAC,

1990) of the CPI sample indicated a protein content of 87%o Qrl x 5.7), 0.7%o oil,2%ó ash,

5.9% moisture and 4.4%o total carbohydrate (determined by difference). Food grade guar

gum (G-4129;Lot No. 95H0653), with a viscosity of 6000-10000 mPas (rWhistler and

BeMiller, 1997), urea (U-15; Lot No. 863571) and DTT (D-0632; Lot No. 6LKI657I)

were purchased from Sigma Chemical Co. (St. Louis, Mo, USA). NaCzH¡O2 (Lot No.

7364 KCLZ) was procured from Mallinckrodt Inc. (Paris, Kentucky, USA). All other

chemicals such as NaCl (BP358-212; Lot No. 028091), HCI (A144-225; Lor No.

296220), NaoH (8P359-212; Lot No. 974661), NaSCN (5441-500; Lot No. 987676)

and NazSO 4 (5421-500; Lot No. 98571 1) were certified reagent grade (Fisher scientific

Co., NJ, USA).

Experimental design

All experimental parameter measurements were done in duplicate. Design-Expert@

Software (Stat-Ease Inc., MN) was used to generate the model experimental design for

factorial and response surface optimization. Appropriate combinations of factors (CpI,

r-CAR, guar gum, NaCl concentrations as well as pH) and optimum conditions for

gelation of CPI-r-CAR mixtures (pH 6, 0.05 M NaCl, 15% (wlv) CpI, 3yo (w/v) r-

CAR) were established as previously described (Chapter 3). The procedure described in

Chapter 4 was used to generate the optimum gelling conditions for CPI-guar gum
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mixtures: pH 10, 0.05 M NaCl, 20% (wlv) CPI, I .5% (wlv) guar gum. For interaction

studies, neutral salts such as sodium sulfate (Na2SOa), sodium acetate OtraCzH¡Oz),

sodium chloride (NaCl) and sodium thiocyanate QrfaSCN) at varied concentrations

(0.05,0.5 M) and denaturants (0.15 M DTT,6 M urea) were used (at the established

optimum conditions stated above) for the individual CPI, guar gum and r-CAR

dispersions. Control runs with dispersions of individual CPI (20yo, w/v), r-CAR (3%,

dv), guar gum (1 .5o/o, wlv), CPI-r-CAR and CPI-guar gum without sodium salts or

denaturants at optimum conditions (stated above) were carried out.

Sample preparation

Dispersions of individual CPI (rsYo, w/v protein-basis; 0.05 M NaCl; pH 6 and 10), rc-

cAR (3%, w/v; pH 6; 0.05 M Nacl) and guar gum (1.5%, wlv;0.05 M Nacl; pH l0)

were prepared. similarly, dispersions of CPI-r-CAR (lsyo, w/v; pH 6; 0.05 M NaCl;

3Yo, wlv r-cAR) and cPl-guar gum (20yo, w/v; pH l0; 0.05 M Nacl; l.syo, wlv guar

gum) mixtures were prepared. The mixture was stirred for approximately I h at room

temperature or until a complete dispersion of the mixture was achieved. Dispersions of

individual CPI, r-CAR and guar gum samples in appropriate solutions were prepared in

similar manner to serve as controls. The use of dispersions allows monitoring of network

formation from the onset of conformational changes. As reported by Arntfield (1989), it

was more advantageous to heat-set the protein in the rheometer and follow structure

development during heating and cooling. In this way, possible compression problems

associated with loading preset gels as observed by Gill and Tung (1978) were avoided.

The CPI, rc-CAR, guar gum, pH and NaCl combinations were the optimum conditions
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generated using Design-Expert@ Software; and the method of establishing optimum

conditions have been reported (Chapter 1). For interaction studies, dispersions of CPI-r-

cAR (15% wlv,3Yo rc-cAR, pH 6) and cPl-guar gum (20% wlv, r.5o/o wlv guar gum,

pH 10) mixtures were treated with sodium salts (Na2Soa, Nac2H3o2, Nacl, NascN) at

varied concentrations (0.05 M, 0.5 M) and denaturants (0.15 M DTT or 6 M urea) prior

to heat treatment. Samples were adjusted to appropriate pH values with 1 M NaOH or I

M HCl. To ensure that pH was maintained, samples were allowed to equilibrate for 30

min at room temperature and the pH was rechecked prior to further testing. The 30 min

time limit was adequate since it was observed that no further change in pH occurred

after 15 min. Samples treated with urea formed gels at room temperature prior to heat

treatment.

sodium dodecyl sulphate polyacrylamide gel electrophoresis (sDS-PAGE)

SDS-PAGE was carried out as described by Aluko and Mclntosh (2001) with some

modifications. Gel electrophoresis of reduced and non-reduced canola protein isolate

(CPI) were run on3Yo stacking and l2%o separating gels using the Hoefer Separation and

Control Unit (Hoefer Scientific Instruments-SE600, California) according to the

manufacturer's instructions. Samples were prepared for non-reduced SDS-PAGE by

mixing 10 mg CPI, 1 mL deionized water and 0.4 mL stock solution (20 mL glycerol,

12.5 mL stacking gel buffer solution (1 M Tris-HCl buffer solution at pH 6.8),24.1 mL

deionized water, 49 SDS and 20 mg pyronin y). Samples \¡/ere heated in

microcentrifuge tube at 90"C for 3 min, cooled at room temperature for approximately 2

h (or until sample dissolved), then centrifuged at 15,000 rpm for 3 min, and aliquots (4,
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8, 12 ¡tL) of the supematant were loaded onto the gel. Reduced samples were prepared

by adding 5% (vlv) 2-mercaptoethanol (ME) to an aliquot of the supernatant from the 49

SDS extraction, and aliquots (4, 8, 12 pL) were loaded onto the gel. Standard proteins

(sigmaMarker, M-4038, Lot r22K9283; sigma chemical co., st. Louis) sample was

prepared according to manufacturer's instructions and 12 ¡L was loaded onto the gel.

Separation of samples was done on a 16x18 cm gel for 4hat40 mA.

Rheology: Assessment of get properties

Dynamic rheological testing on an advanced rheometer 2000 (4R2000, TA

Instruments, New Castle, DE, USA) was used in stages one and two to monitor CPI-

hydrocolloid network formation during heating and cooling as well as to characterize the

resulting networks. The 4R2000 was equipped with 40mm parallel plate geometry and a

built-in automated sensitivity. Input strain amplitude for dynamic analysis was 0.02, a

value found to be in the linear viscoelastic region in an experiment with canola protein

(Amtfied et al., 1990a). This strain was used for all rheological measurements.

Approximately I mL canola protein-hydrocolloid dispersion was placed between

parallel plates in the rheometer and the gap between the plates was adjusted to I mm

when the upper plate was lowered. To prevent sample drying during heating, paraffin oil

(Mallinckrodt, Paris, Kentucky, USA; Lot No. 6358 KJPC) was placed in the shallow

well on top of the upper plate and the edges of the solvent trap were also covered with

oil. Samples were heated and cooled over a temperature range of 25'to 95.C at 2oClmin

with a 2-min hold time at the final temperature for both the heating and cooling phases.

A frequency of 1 Hz was used for the thermal scans. Sample temperature was controlled
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by a circulating tap water. Rheological data were collected at 2 min intervals with a

thermal equilibrium time of 10 sec. Frequency sweeps of the final product were

measured over a range of 0.01-10 Hzat25"Cby using the same strain amplitude and

sensitivity as in the thermal scans. The rheological properties, G' (storage modulus), G"

(loss modulus) and loss tangent or tan delta (tan ô:G"/G') for representative heating,

cooling and frequency sweep curves were recorded. The parameters, G'and G" represent

the elastic and the viscous components of the gel, respectively; while tan ô reflects the

relative energy from the viscous and the elastic components. However, the key gel

properties, G' and tan ô have been reported. Values at 1 Hz were recorded for

comparison and statistical analysis. The use of a single frequency (l Hz) for data

comparison has been reported (Arntfield et al.,l9B9, 1990c).

Statistical analysis

All analyses were conducted in duplicates. Data used in tables and figures were average

values. Data were analyzed by analysis of variance (ANOVA) procedure using SAS@

1999-2001 Proprietary software Release 8.2 (TS20; SAS Institute Inc., cary, NC,

USA); using Duncan's multiple range test to determine statistical differences (p<0.05)

between treatment means (Steel et a1.,1997).

Results and Discussions

Visual assessment

On visual examination, only a single phase was observed at the CPI, r-CAR and guar

gum concentrations used for rheological evaluations. There was no evidence of separate
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liquid phases. A single-phase mixture can exist in a system of incompatible polymers

and this occurs when the protein-polysaccharide concentration is below the phase

separation threshold (Tolstoguzov, 1991). The mixtures were well mixed or agitated

prior to rheological measurements. For systems treated with sodium salts: CPI, CPI-6-

CAR and CPI-guar gum dispersions formed light brown, opaque networks; whereas r-

CAR dispersion formed a white, translucent gel. The opaqueness of these gels is due to

light scattering caused by the unordered network of insoluble protein aggregates (via

hydrophobic interactions), while the slow rate of association (via hydrogen bonding) of

the soluble complexes facilitates formation of an ordered translucent gel network

(Damodaran, 1996). There was no visual evidence of gel formation when CPI-

hydrocolloid, r-CAR, gutr gum and CPI dispersions were treated with sodium salts at

room temperature; suggesting that there was no significant conformational change in the

presence of these salts at room temperature. For systems treated with denaturants: CPI-

hydrocolloid dispersions treated with urea formed a gel at room temperature; indicating

significant exposure of functional groups, denaturation, and structural modification of

biopolymer molecules. The spontaneous formation of whey protein isolate gels in 6 M

urea (disrupts hydrogen bonds) results from protein-protein cross-linkages via

sulfhydryl-disulfide linkages (Xiong and Kinsella,lgg}a; Phillips et al., lgg4). Systems

treated with DTT formed opaque, yellow gels. Guar gum (I.Syo, wlv) dispersion

prepared with 0.05 M NaCl at pH 10 did not form a gel after heat treatment, probably

due to complete structural breakdown at this pH.
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SDS-PAGE: Polypeptide composition of canola protein isolate

The results of the SDS-PAGE assessment of canola protein isolate in the

presence and absence of 2-mercaptoethanol (ME) are shown in Figure 39. CPI samples

without ME had polypeptides with molecular weights (MW) ranging fuom17 to 116

kDa. There were four major polypeptides in the non-reduced samples with MW of 17

(E),21 (D),27 (C) and 45 kDa (B). Similar results were reported by Schwenke et al.

(1983) who showed that the 12S globulin from rapeseed contains the following four

polypeptide chains differing by their MV/ in the SDS-electrophoresis: 18500 + 800,

21100 + 500, 26800 + 900, and 31200 ! 1600. Thus the 'c, D and E' bands are

tentatively identified as components of the 12S globulin fraction of the canola protein

isolate (Fig. 39). Furthermore, the protein profile of canola meals analyzed by non-

reducing SDS-PAGE showed that four major polypeptides bands (16, 1g, 30 and 53

kDa) were prominent in all samples (Aluko and Mclntosh,2001).

A 52 kDa polypeptide has been shown to be present in the purified 12S

preparation ftom Brassica napus seeds (Dalgalarrondo et a1.,1936). The presence of 52

kDa polypeptide ('A' band in Fig. 39) in the CPI sample examined further suggests that

12S globulin constitutes part of the proteins extracted by SDS-electrophoresis in the

present study. In CPI sample treated with ME, polypeptide bands with MV/ of 17 kDa

(band E), 52 kDa (band A) and above disappeared, indicating the presence of disulf,rde

bonds in the native protein molecules (Fig. 39). A similar finding by Dalgalarrondo et al.

(1986) showed that the 52k<Daprotein band of rapeseed 125 globulin disappeared when

SDS-PAGE was mn in the presence of ME. Similar results were reported by Aluko and

Mclntosh (2001). The protein composition of the samples treated with ME also showed
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two additional polypeptide bands with estimated MV/ of 3 and l2l<Da (bands G and F,

respectively) that were not present under non-reducing conditions (Fig. 39). The

cleavage of disulfide bonds (bV ME) responsible for subunit association may have

resulted in dissociation of the major polypeptides into smaller components. This may

account for the two additional polypeptide bands (G and F) obtained in the presence of

ME. It is possible that the two additional bands may be associated with any or all the

four major polypeptide chains in CPI through disulfide bonding. The presence of other

polypeptide bands indicates that commercial CPI is not pure 12S globulin but a mixture

of globulins.

Canola protein isolate-r-carrageenan gels

Influence of sodium salts on gel properties

In an effort to determine the interactions responsible for canola protein-

hydrocolloid gel formation, the environment in which the gelation took place was

selectively altered to identify the role of individual molecular forces. Since no single

environment can affect a specific molecular force, a composite of data was used to

understand the gelling mechanism. The addition of sodium salts to canola protein-

hydrocolloid dispersions can be an effective probe for evaluating the contribution of

hydrophobic interactions to the network formation process. Neutral salts such as sodium

sulfate (Na2SO4), sodium acetale (NaCzH¡Oz), sodium chloride QrlaCl), and sodium

thiocyanate Q'{aSCN) affect the physicochemical properties and interactions between

proteins, and proteins and polysaccharides; either by ionic strength effects, binding to

the protein charged groups, or at high concentrations by altering water structure with
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'subsequent changes in hydrophobic effects (Damodaran and Kinsella,lgï2).

Heating phase: During the heating regime, the control (no salt) gels produced

the greatest increase in G' values and this trend continued during the cooling cycle. For

the salt-treated gels, the SCN- ion produced the greatest increase in G' values, followed

by Cl-, SO¿-2, and CzH¡O2- ions, respectively (Fig. 40). The destabilizing effect of SCN-

may be responsible for the increase in G' values for gels treated with NaSCN; binding of

this chaotropic salt exposes the hydrophobic residues, thereby promotes protein-protein

interactions that lead to gel formation. Among the salt-treated gels, increased G' values

occurred at high temperature (above 80"C). Given that hydrophobic interactions are

favoured at high temperatures, the increase in G' values during the initial stage of

gelation (the latter heating stage) is attributed to hydrophobic interactions. This

observation was similar to the findings of Léger and Arntfield (1993).

Cooling cycle: The pattern was different during the cooling phase; the SO¿-2

anion had the greatest increase in G' values, followed by Cl-, CzHtOz- and SCN-,

respectively (Fig. 414). The shapes of the heating and cooling curves were similar,

suggesting that all gels underwent the same gelling mechanism. The stabilizing effect of

SOa-2 anion may explain the increased gel strength (high G' values) observed for the gels

treated with NazSO4, due to protein-protein and protein-hydrocolloid interactions. The

SCN- ion showed the most reduction in tan ð whereas the SO¿-2 anion exhibited the least

reduction. Lower tan ô values indicate a more elastic network structure. The reduction in

tan ô values followed the lyotropic series: scN- > cl- > czH¡oz- > so¿-2. The favourable

elastic property (low tan ô values) produced by NaSCN may be due to the binding effect

of SCN- anion, whereas the stabilizing effect of NazSO¿ may be responsible for the high
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tan ô values (less elastic structure) shown by gels treated with SO¿2- anion (due to

increased nonpolar aggregation at 0.5 M salt level). The shapes of the cooling curves

were similar for all treatments, suggesting that the actual crosslinking pattern is the same

among the treatments. In Figure 418, the tan ô values of all treatments displayed unique

cooling patterns. At the onset of the cooling regime the curves showed an upward trend,

which reversed downwards and later upwards. Overall, between 50 and 60"C (mid-

cooling phase), the cooling curves showed a downward trend, resulting in improved

network structure in all treatments. Given that hydrogen bonding is favoured at low

temperatures, it is evident that hydrogen bonds are responsible for this stabilizafion

andlor strengthening. The contribution of hydrogen bonds (amongst other molecular

forces) to the stabilization and strengthening of canola protein gels has been noted

previously (Léger and Arxtfield, 1993). However, below 50oC, the gels appearto lose

their integrity. The gradual increase in tan ô values during the later cooling phase

showed the disintegration of the gel structures, yielding 'gels' with less elastic character.

These results suggest that the forces responsible for stabilizing and/or strengthening the

gel matrix in the final cooling stage appeared to have been disrupted. Based on the

results, it is evident that hydrophobic forces, electrostatic interactions, and hydrogen

bonding are involved in CPI-r-CAR gel formation.

After cooling - effect of salt types: Rheological properties of the final CPI-r<-

CAR gels are shown in Table 14. Significant differences (P<0.01) in gel characteristics

were observed in the salt (lr{a2SO+, NaCzH¡O2,NaCl, NaSCN) treatments. At 0.05 M salt

concentration, the SCN- anion exhibited the greatest increase in G' value (G,:182500

Pa) whereas the Cl- anion showed the smallest increase (G':95465 Pa). However, this
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Table 14. Influence of salt type and concentration on the rheological properties (G', tan
ô) of canola protein-r<-canageerLan (r-CAR) gels prepared with 15% (wlv) protein and
3% (w/v) r-CAR at pH 6. Measurements were taken during frequency sweep (after
cooling) at I Hz.

Salt type G'(Pa)*

Control (0.0)

NazSO¿

NaCzH:Oz

NaCl

NaSCN

154000 + 1 1314ubr

136500 + tg}g2bl

95465 + 2454"1

182500 + rg}g2ul

969g0 + 56g5ubr

871g0 + 4g7gbr

107500 + 3536ubr

37685 + 163'2

123000 + 4243

0.05 M

123000 + 4243^

0.5 M

Salt type Tan ð*

Control (0.0)

NazSO+

NaCzH¡Oz

NaCl

NaSCN

0.16 + 0.001ur

0.0s M

0.14 + 0.005br

0.16 + 0.002u1

0.15 t 0.005ur

0.16 + 0.001ur

0.16 + 0.001ul

0.5 M

0.18 t 0.001b2

0.14 t 0.002"2

0.1 I t 0.006d2

0.10 r 0.004d2

*Mean + SD. For a given parameter (G' or tan ô), column values with the same letter and
row values with the same number are not significantly different (p<0.02)
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pattern was different in tan ô values of the salt-treated gels at 0.05 M salt level (Table

14) with SO¿2- showing the greatest decrease (improved network structure) in tan ô

value. Despite the fact that SCN- is regarded as a destabilizing anion, it produced high

G'values in this study. Similar result was reported for canola protein isolate where in the

presence of 0.1 M NaSCN, high G' values were observed (Léger and Arntfield, 1993).

At low concentrations, ions interact with proteins via non-specific electrostatic

interactions. This electrostatic neutralization of protein charges usually stabilizes protein

structure (Shih et al., 1992). Although electrostatic interactions are thought to be the

main noncovalent force at work at low salt concentration (von Hippel and Schleich,

1969), the rheological data support the possibility of lyotropic effects on protein

structure development at the 0.05 M salt level. This may explain the improved network

strength (high G' value) observed for salt-treated gels in our study. For example, the

binding of SCN- to the protein changes the charge profile of the protein (by creating an

excess negative charge) and helps it to unfold, exposing formerly buried functional

groups and making them available for network crosslinking. This observation indicates

that hydrophobic interactions and electrostatic interactions are involved in the network

formation of CPI-rc-CAR gels. Similar finding was noted by Léger and Arnrfield (1993)

in their work with the 12S canola protein.

However, among the salt-treated gels at 0.5 M, the G' value for gels prepared

with NaSCN were significantly different (P<0.05) when compared to those treated with

Na2SOa, NaC2H3O2 and NaCl (Table 14). NaSCN-treated gels had the lowest G, value

(G':37685 Pa). A chaotropic salt such as NaSCN destabilizes the structure of protein. It

encourages the transfer of polar residues to water by binding to a protein's surface at this
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concentration. This can increase the electrostatic repulsion between protein molecules

which does not favour interaction. As a result, the protein destabilizes and becomes

more soluble. This electrostatic repulsion may have caused the decreased G' value

(G':37685 Pa) of the CPI-r-CAR gels treated with NaSCN. Similarly at 0.5 M salt

level, Na2SO4-treated gels had the highest tan ô value of 0.18; suggesting increased

hydrophobic interactions and gel aggregation.

Influence of salt concentration: Three salt-treated gels (lllaSCN; NaCl;

NaCzH¡Oz) had lower tan ô values at 0.5 M, indicating a more elastic structure. On the

other hand, Na2SOa-treated gel had higher tan ô value at 0.5 M. As a nonchaotropic salt,

Na2SOa influences the order of water such that exposure of nonpolar protein residues is

thermodynamically unfavourable. With increased concentration, there is increased

nonpolar aggregation and protein precipitation. The increased protein-protein

aggregation may be responsible for the less elastic gel structure. In our study, the degree

to which tan õ value was lowered by the anions (at 0.5 M) followed the lyotropic series:

SCN-: Cl- > CzHsOz- > SO¿2- (Table 14).

Influence of urea on network properties

Urea is one of the standard denaturing agents employed to study the transition between

native and unfolded states of proteins. This denaturing agent induces unfolding of

proteins by reducing protein-protein and enhancing protein-solvent interactions (Phillips

et al., 1994).

Heating regime: Figure 42 shows the G' values for CPI-r-CAR and individual

CPI gels treated with 6 M urea, as well all that for the control (CPI-r-CAR gel without
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Figure 42. Influence of urea on G' as a function of temperature for individual canola
protein isolate (CPÐ, K-c¿urageenan (r-CAR) and mixed CpI-r-CAR gels (15% CpI, 6
M urea, 3% r-cAR, pH 6). curves show changes in G' during the heating stage.

urea). The urea-treated CPI-r-CAR gel developed structure prior to thermal gelation (a

gel was formed at room temperature). Increased G' value was observed at approximately

48oC. After this temperature, the G' values decreased markedly; an evidence of

conformational changes (Fig. 42). Xiong and Kinsella (1990a, 1990b) reported a

spontaneous formation of gels from whey protein isolate in 6 M urea due to protein-

protein crosslinkages via oxidation of thiol groups and thiol-disulfide interchange

reactions. On the other hand, the individual CPI treated with urea did not form a gel;

only a slushy mess was produced. The structure of CPI was completely disrupted (G'=9

Pa, maximum; Fig. 42). In contrast, the control (CPI-r-CAR without urea) sample
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developed structure at about 50-60'C and structure formation increased significantly

after 80"C.

Cooling phase: During cooling, the control samples continued to show an

increase in network formation and attained a G' value of approximately 81000 Pa at

25'C (Fíg. 43A). The increase in G' values was pronounced during the final cooling

phase (i.e. at 25-45"C). The CPI only (G':1 074 Pa at25"C) and CpI-r-CAR (G'=19250

Pa x25"C) gels showed an increase in network formation during the final cooling stage,

however the extent to which structure developed among the urea-treated samples was far

much less than that of sample prepared without urea. Comparing the urea-treated and

control samples, it could be seen that the G' values of the control gel were far greater

than those of the urea-treated gels. The denaturing effect of urea was excessive,

indicating destabilization and complete unfolding of protein (and polysaccharide)

molecules. The urea-treated samples appear to plateau by the end of the cooling period,

whereas that of the control did not. Further, Figure 438 shows the tan õ values for the

urea-treated and control samples (shapes of the curves are different). While the tan ô

values for the urea-treated samples were decreasing, that for the control are increasing.

The decrease in tan ô values was greatest for the urea-treated CPI-r-CAR gels (tan

ô:0.08 at 25oC), an evidence of improved network structure (very low tan ô implies

more elastic structure).

Standard denaturants such as urea and guanidine hydrochloride are hydrogen

bond formers (Phillips et al., 1994). As a competitive hydrogen bond former, urea is

capable of strong interactions with water, which alter the structure of the aqueous phase

around the protein (and polysaccharide) molecule and increase the solubility of
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hydrophobic amino acids. As a result, urea can disrupt both hydrogen bonds and

hydrophobic interactions involved in the maintenance of protein structure. Further, it is

possible that disulfide bond formation contributed to the improved network structure

(shown by low tan ô values) seen in urea-treated gels (Fig. a3B). This factor can be

explained fuither by the plots shown in Figure 44. The addition of urea into a gelling

system is designed to completely unfold the protein and prevent the formation of

noncovalent intermolecular interactions (hydrogen bonds, hydrophobic interactions).

This means that any networks formed in the presence of urea would be entirely

due to disulfide bonds. As shown in Figure 44, when CPI and CPI-r-CAR gels are

treated with urea, straight lines are obtained for plots of storage modulus (G') and loss

modulus (G"; plot not shown) as a function of oscillatory frequency. The straight line

plots demonstrate that the gels are very firm (almost ideal elastic networks); an

indication that CPI has suffrcient or appropriately located disulfide bonds to support a

gel network. These results support the involvement of noncovalent interactions (e.g.

hydrogen bonds, hydrophobic interactions) and disulfide bonds in canola protein-rc-CAR

network formation.
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X'igure 44. Influence of urea on storage modulus (G') as a function of temperature for
canola protein isolate (CPÐ and CPl-rc-caffageenan gels (15% w/v CpI, 6 M urea, pH 6,
3%owlv rc-CAR) during frequency sweep (after cooling).

Influence of DTT on network properties

A common technique for studying disulfide interactions is the inclusion of reagents that

modiff or prevent the formation of disulfide bonds prior to heating.

Heating phase: The G' values of DTT-treated and control (CPI-r-CAR without

DTT) gels are shown in Figure 45. The G' values of the DTT-treated CPI-r-CAR gel

reached a maximum at approximately 85oC and declined at the end of the heating

regime; whereas the DTT-treated CPI gel appear to plateau at the end of the heating

cycle. This finding corroborates the report of Léger and Amtfield (1993) in their work

with l25 canola globulin. As a reducing agent, DTT is capable of disrupting existing
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Figure 45. Influence of dithiothreitol (DTT) on storage modulus (G') as a function of
temperature for individual canola protein isolate (CPÐ, K-carageenan (r-CAR) and
CPI-r-CAR gels (pH 6,lsyo w/v cPI, 3Yowlv r-CAR, 0.15 M DTT) during heating.

disulfide crosslinks; causing destabilization and modification of a protein's native

conformation (Cheftel et al., 19S5). The control and the DTT-treated CPI-r-CAR gels

had similar shape of curve within the temperature range of 25-85"C, suggesting similar

gelling mechanism for these two samples within the stated temperature range. Structure

development in the DTT-treated individual CPI gel started at about 70oC and increased

gradually during the final heating cycle.

Cooling regime: As was observed during the heating phase, the control and

DTT-treated CPI-rc-CAR gels had similar shape of curve (Fig. a6A). The G' values of

the DTT-treated CPI-r-CAR gel are greater than those of the control. It appears that the

(B
ê.

100804020



t95

120000

A

-+ CPI-K-CAR + DTT
+CPI-K-CAR
-+ CPI + DTT (right Y-axis)

coolingê

20 40 60 80 100

Temperature ('C)

0.3

0.25

c 0.2
o)

F 0.15

0.1

0.05

20 40 60 80 100

Temperature ("C)

Figure 46. Influence of dithiothreitol (DTT) on G' (A) and tan ð (B) as a function of
temperature for individual canola protein isolate (CPÐ, K-caffageenan (r-CAR) and
cPI-r-cAR gels (pH 6,líyo cPr,3yo r-cAR, 0.15 M DTT) during cooling.

90000

r500

1250

êI 6oooo
(5

30000

rooo I
o

750

5000

_T CPI + DTT
+ CPI-K-CAR + DTT
--+ CPI-K-CAR



196

cleavage of disulfide bonds (bV DTT) prior to heating and the resultant thermal

disintegration of the protein molecule exposed binding sites that would have remained

buried within the molecule (Léger and Arntfield, 1993). As a result, extensive

crosslinking and subsequent structure formation are produced by DTT-treated mixed gel.

The CPI alone gel treated with DTT had high G' values during the initial cooling cycle

which decreased during the final cooling phase. Figure 468 shows the changes in tan ô

values for the three gels. The tan ô values of the DTT-treated CPI-r-CAR gel decreased

during the final cooling phase, suggesting that the gel structure was well established; and

the gel had elastic character. It is possible that DTT modified the protein conformation

such that the structural integrity of the gel was maintained. Furthermore, the tan ô values

of the CPI alone gel increased as cooling progressed. This could be attributed to the

destabilization of the protein's native structure and the disruption of the covalent forces

(i.e. disulfide bonds) that are involved in stabilizing network structure. Considering the

strength of disulfide bonds, it was not surprising that CPI alone gel was weakened by the

reduction of these bonds. DTT has been shown to decrease G' while increasing tan ô

value for rapeseed gels, this implicated disulfide bond interactions as a factor in the

elasticity of the network (Gill and T*g, l97S).

The formation of networks on treating CPI-r-CAR mixtures with DTT or urea

Gig. aD demonstrates that noncovalent forces (e.g. hydrogen bonds, hydrophobic

interactions) and disulfide bonds are involved in the gelation of CPI-r-CAR systems,

with hydrophobic interactions and hydrogen bonds initiating the network formation

while disulf,rde bonds contribute to network stabilization. The result obtained from SDS-

PAGE analysis (Fig. 39) showed that two of the four major protein bands (17 and 52
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kDa) disappeared in the presence of ME, confirming that CPI has sufflrcient disulfide

bonds which can contribute to the gel strength of canola protein in foods of mixed

composition.

Canola protein isolate-guar gum gels

The rheological data of CPI-guar gum mixtures showed that the gel properties (G,, tan ô)

were not improved in the presence of guar gum, suggesting that guar gum interfered
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with the gelation of canola protein isolate (see details in Chapter 4). Based on the results

shown in Chapter 4, it is apparent that the interactions involved in network formation of

CPI-guar gum systems will not differ from those responsible for the gelling behaviour of

CPI system. These interactions have been discussed above.
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CHAPTER 7

Emulsifying Characteristics of Commercial Canola Protein-Hydrocolloid Systems

Abstract

The ability to stabilize emulsions is one of the most important functions of food proteins.

This study examined the type of interactions between coÍtmercial canola protein isolate

(CPÐ and rc-carrageenan (rc-CAR) or guar gum under varied conditions (salt, pH) in

order to establish the optimum conditions for emulsion formation and stability. The

effects of hydrocolloids and salts on the emulsifying activity index (EAI) and emulsion

stability (ES) of CPl-hydrocolloid-stabilized emulsion were examined by turbidimetric

testing at 500 nm, while optimization software was used to identify the optimum

conditions (pH, CPI, salt and hydrocolloid concentrations) for emulsif,rcation. Emulsions

stabilized by CPl-hydrocolloid mixtures were prepared by homogenizing an aqueous

dispersion of CPI mixed with rc-CAR or guar gum and canola oil. Results showed that

the optimum conditions for CPl-rc-CAR-stabilized emulsions were pH 6, 0.25 M NaCl,

l% (wlv) r-CAR, and l0%o (w/v) CPI; whereas those for CPI-guar gum systems were

pH 10, 0.25 M NaCl, 3% (wlv) guar gum, and l\Yo (w/v) CPI. Salt concentration

significantly (P<0.05) affected emulsifying properties; higher EAI values resulted at

intermediate salt level (up lo 0.25 M) but not at 0.5 M level. At a level of 0.25 M salt,

increases in EAI of CPI-rc-CAR emulsions followed the series: chloride : sulfate >

acetate > thiocyanate. The emulsiffing properties of CPI-r-CAR mixtures were

improved by electrostatic complexing; while improvements in CPI-guar gum systems

were probably due to the incompatibility of the biopolymers. CPl-hydrocoltoid

complexes can serve as surface-active ingredient in multicomponent food systems.
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Introduction

Proteins constitute an important group of emulsi$ring agents used in foods; they

stabilize the oil droplets against coalescence as well as reduce the oil-water interfacial

tension, which facilitates formation of emulsions. The requirements for a protein to

exhibit satisfactory emulsif,iing properties include ability of the molecules to adsorb

rapidly at the newly created oil-water interfaces during the process of emulsification, to

undergo structural change and rearrangement at the interface, followed by the formation

of a cohesive film with viscoelastic properties due to intermolecular interactions

(Damodaran, 1989; Kinsella, 1982). Thus, the unique appearance and textural

characteristics of several food products such as mayonnaise, salad cream, milk and dairy

cream is due to oil incorporation in the form of small droplets with the aid of food

emulsifiers (Dickinson and Stainsby, 1982).

However, proteins are normally used in emulsions in combination with

polysaccharides in order to improve the stability of oil droplets against creaming.

Studies have shown that emulsion capacity and stability increased on transition from a

protein to its complex with polysaccharide (Gurov et a1.,1983; Larichev et a1.,1933).

The consistency of an emulsion stabilized by protein-anionic polysaccharide can be

controlled from a liquid to a solid state. For example, a thixotropic protein-fat emulsion,

containing about 20%o casein, has been used to produce cooked sausages. The emulsion

is produced using conventional sausage-making equipment and allows replacement of

30% of the meat in the production of cooked sausages (Tolstoguzov, 1986). As shown

by Tolstoguzov (1991), the addition of an equal weight of pectin to a solution of

legumin increases the emulsion stability and also decreases the emulsiffing threshold of

legumin by a factor of 3, under conditions of incompatibility (pH 7.6) and complexing
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(pH 4.2). According to this author, the use of a polysaccharide (dextran, pectin)

incompatible with the protein (legumin) intensifies the protein adsorption and decreases

the requirements for protein content suffrcient for a multilayer adsorption. This is

attributed to an altered conformation of the protein at the interface resulting in larger

contact between protein and polysaccharide molecules and thereby providing strong

layers at low adsorption.

Diftis and Kiosseoglou (2003) reported an improvement in emulsiffing

properties (oil droplet size reduction, emulsion stabilization against creaming) of

soybean protein isolate mixed with sodium carboxymethyl cellulose and heated at 60o C

for a period of up to 5 weeks. The authors attributed the improvement to the formation

(upon heating) of a covalent protein-polysaccharide conjugate which may enhance

repulsive steric forces between the oil droplets as a result of polysaccharide chain

overlapping. The use of canola meal (mainly used as an animal feed ingredient) as a

protein source in foods will depend on the functional properties of its protein. This study

evaluated the ability of canola protein isolate to form and stabilize emulsions when

mixed with hydrocolloids.

Materials and Methods

Source of materials

Food grade K-carageenan (rc-CAR; No. C-1013) that contains predominantly r- and

lesser amounts of À-carrageenan, was pwchased from Sigma Chemical Co. (St. Louis,

MO, USA). The composition of r-CAR powder as indicated by the manufacturer

showed it contained a mixture of the following cations: r* ç0.+v"), c** e.3%) and,
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Na* 10.9%). Commercial (BMW Canola, V/innipeg, Canada) canola protein isolate

(CPI) was purchased and used without further purification. Proximate analysis (AOAC,

1990) of the CPI indicated a protein content of 87%o (N x 5.7), 0.7%o oil, 2Yo ash, 5.9o/o

moisture and 4.4o/o total carbohydrate (determined by difference). Food grade guar gum

(G-4129; Lot No. 95H0653), with a viscosity of 6000-10000 mPas (Whistler and

BeMiller, 1997), urea (U-15; Lot No. 863571) and DTT (D-0632;Lot No. 6lKl657l)

were purchased from Sigma Chemical Co. (St. Louis, Mo, USA). NaCzH¡o2 (Lot No.

7364 KCLZ) was procured from Mallinckrodt Inc. (Paris, Kentucky, USA). All other

chemicals such as Nacl (BP358-212; Lot No. 028091), HCI (4144-225; Lot No.

296220), NaOH (8P359-2t2;LotNo.974661), NaSCN (Sa41-500; Lot No. 987676)

and Na2so4 (s421-500; Lot No. 985711) were certified reagent grade (Fisher scientific

Co., NJ, USA).

Experimental design

All experimental parameter measurements were done in duplicate. Design-Expert@

Software (Stat-Ease Inc., MN) was used to generate the experimental model for a

factorial design and response surface optimization. The experiment was carried out in

two phases. In phase one, a series of experiments of different combinations of CpI and

hydrocolloids (rc-CAR, Butr gum) following a full factorial model were conducted. The

design was a 2-level factorial of 4 factors in 20 experiments including four replicates of

the center point. The factors included pH (6, l0), cpl (r0,20% dv), Nacl (0.05, 0.25

M) and hydrocolloid (1, 3%o wlv) concentrations. The emulsifying activity (EA) and

emulsion stability (ES) were measured. Using these data, model fitting was performed
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using the numerical, graphical and point prediction models (Design-Expert@ Software)

to determine the optimum conditions for maximizing EA and ES. Two-dimensional

contour plots were generated from the fified model. In phase two, experiments were

carried out to verify the optimum conditions obtained in phase one. The model generated

conditions for CPI-rc-CAR mixtures were pH 6, 0.25 M NaCl, l0% (wlv) CPIr,lo/o (w/v)

rc-CAR; while those for cPl-guar gum systems were pH 10, 3% (w/v) guar gum, l\%|

(w/v) CPI, 0.25 MNaCI (i.e. verification tests were carried out at these conditions). The

effect of sodium salts Qrla2SOa, NaC2H3O2, NaCl, NaSCN; at 0.25 and 0.5 M) and

denaturants (0.15 M dithiothreitol, DTT; 6 M urea) on CPI and CPl-hydrocolloid

systems were examined (at the established optimum conditions stated above). Control

tests of CPl-stabilized emulsions with or without hydrocolloids, sodium salts and

denaturants were also carried out.

Statistical analysis

Data used in tables and figures were average values. Data from confirmatory and control

tests (phase two) were analyzed by analysis of variance (ANOVA) procedure using

SAS@ ßgg-2001Proprietary Software Release 8.2 (TS20; SAS Institute Inc., Cary, NC,

USA). Duncan's multiple range test was used to determine statistical differences

(P<0.05) between treatment means (Steel et al., 1997).

Sample preparation

For phase one, two concentrations of CPI (10, 20yo wlv; protein-basis), r-CAR (l,3yo

vr/v) and guar gum (1, 3yo w/v) were tested. Dispersions of CPI-r-CAR and Cpl-guar
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gum mixtures were prepared by mixing appropriate amounts of CPI and r-CAR or guar

gum powders in appropriate NaCl solutions (0.05, 0.25 M) and atappropriate pH (6, l0).

The CPI, r-CAR, guar gum, pH and NaCl combinations were generated using Design-

Expert@ Software. Each mixture was stirred for approximately I hr at room temperature

or until a complete dispersion was achieved. For confirmatory tests (phase two),

dispersions of CPI (10% w/v protein-basis, 0.25 M Nacl, pH 6 and l0), CpI-r-CAR

systems (r0% w/v, pH 6, 0.25 M Nacl, l%o wlv r-CAR) and cPl-guar gum mixtures

(10%o w/v, pH 10, 0.25 M NaCl, 3o/o wlv guar gum) were prepared. Further, dispersions

of CPI with or without salt, hydrocolloid and denaturants in appropriate solutions were

prepared in similar manner to serve as control. The impact of neutral salts on CPI-r-

cAR ( 1 0% (w/v) cP\ lyo (w/v) r-cAR, pH 6) and cPl-guar gum ( I 0% (w/v) cpr, 3%o

(w/v) guar gum, pH 10) emulsions were assessed by treating the mixtures with sodium

salts (Na2soa, Nac2H3o2, Nacl, NascN; at 0.25 and 0.5 M) and denaturants (0.15 M

DTT, 6 M urea). Samples were adjusted to appropriate pH values with 1 M NaOH or I

M HCl. To ensure that pH was maintained, samples were allowed to equilibrate for 30

min at room temperature and the pH was rechecked prior to further testing.

Turbidimetric testing: Measurement of emulsiffing properties

Emusiffing activity index (EAI) was determined according to a modification of

the spectroturbidimetric procedure of Pearce and Kinsella (lg7S) reported by Dyer-

Hurdon and Nnanna (1993). CPI alone and CPl-hydrocolloid dispersions were

homogenized at setting #5 for 1.5 min using the Sorvall@ Omni-Mixer (Ivan Sorvall Inc.,

Norwalk) at room temperature (24 t 1" C). The mixture was prepared by pipetting 16



20s

mL of sample dispersion into a 150 mL glass beaker, followed by addition of 24 mL

pure commercial canola oil. This oil-containing mixture was homogenized at setting

#5.5 using the Sorvall@ Omni-Mixer for I min at room temperature to produce an

emulsion. A 30 ¡rL aliquot of the emulsion was removed and diluted with 20 mL of

0.1% sodium dodecyl sulfate (SDS) solution. The absorbance (A) at 500 nm was

measured on a spectrophotometer (Ultraspec 2000; Pharmacia Biotech) using the 0.IYo

SDS solution as a blank. EAI was calculated as follows:

EAI: 2TlþC

where T : turbidity (2.303A) of sample, 0 : volume fraction of dispersed phase, c =

weight of protein per unit volume of aqueous phase before the emulsion is formed.

Emulsion stability (ES) was determined according to the procedure described by

Chung and Ferrier (1992) with the following modification. Emulsions prepared as stated

above were allowed to stand for 24 h at room temperature. The total height, along with

heights of the emulsion layer and the bottom aqueous layer were recorded to the nearest

I mm. The ES was calculated as the percentage (v/v) emulsion layer remaining. ES was

calculated as follows:

ES : Height of emulsion layerlTotal height of emulsion x 100%

Results and Discussions

Table 15 shows the emulsification responses (EAI, ES) and the model equations from

the full factorial design for canola protein-r<-canageenan mixtures at varied conditions.
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Table 15 - Interfacial stabilizing properties (EAI, ES) of canola protein-r-carïageenan
mixtures under varied conditions.

pH NaCl (M) r-Carrageenan(%) Protein (%) EAI (mzlg) ES (%)

6

6

6

6

6

6

6

6

8

8

8

I
10

10

10

l0

10

10

10

10

0.05

0.05

0.05

0.05

0.25

0.25

0.25

0.25

0.15

0.15

0.15

0.15

0.05

0.05

0.05

0.05

0.25

0.25

0.25

0.25

10

20

10

20

10

20

l0

20

15

l5

l5

l5

10

20

l0

20

10

20

10

20

88

75

72

76

95

79

72

82

80

8l

8t

82

83

9t

65

76

100

100

77

76

r31.4

r 33.8

89.4

99.4

197.4

200.9

245.5

186.7

156.7

117.5

136.1

114.6

120.6

165.3

99.3

136.s

134.8

12s.7

134.4

194.2

EAr : 27.rl + 10.6 pH + 950 Nacl + 47.74 r-cAR + 5.64 cpl - 96.59 pH*Nacl -
8.99 pH*r-cAR - 0.35 pH*cPI + l42.Bt Nacl*r-cAR - 12.36 Nact*cpl - 5.72 r-
CAR*CPI + 0.73 pH*r-CAR*CPI (P:0.008).

ES:152.56-7.06 pH+ 108.75NacI -319|r-cAR -6.33 cpl+ 2.44pH*r-cAR
+ 0.7 2 pH* cPI - 2r .25 Nacl*r-cAR - 3.3 8 Nacl * cpl + 2.52 r-cAR* cp | - 0.26 pH
*rc-CAR*CPI + 0.63 NaCI*K-CAR*CPI (P:0.001).
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Canola proteÍn isolate-r-cârrageenan systems

Effect of Nacl-r-carrageenan interaction on emulsifying activity (EAr)

Significant factors and interactions were identified using the ANOVA model

(Design-Expert@ software). NaCl concentration, interaction between pH and NaCl

concentration and interaction between NaCl and r-CAR concentrations were significant

(P<0.05, Appendix 12). Thus, contour plots of EAI as a function of NaCl and r-CAR

concentrations at pH 6 and 10 are shown in Figure 48. Higher EAI values resulted at

higher NaCl concentrations at pH 6 and 10. However, EAI values were higher at pH 6

€ig. a8A) than at pH 10 (Fig. a8B). According to Phillips et aI. (1994), changing the

pH affects the net charge of the adsorbed layer and thus the conformation of protein

molecules. This in turn affects protein load and electrostatic interactions at the oil-water

interface which controls the film cohesiveness and interfacial rheology.

In the present study, the lower EAI values obtained at pH 10 may be attributed to

a progressive decrease in association of CPI molecules because of increased electrostatic

repulsion between CPI molecules, Cl- and r-CAR (an anionic polysaccharide). It has

been reported that protein-protein interactions promote the formation of a thick

viscoelastic film at the interface, which contribute to emulsion stability (Damodaran,

1996). At pH values below the protein isoelectric point (IEP), the protein and anionic

polysaccharide

protein isolate

opposite net charges (Tolstogtrzov, 1986). The IEp of canola

pH 7 (Schwenke et aI., 1987). Thus CPI carries a net positive

charge at pH 6 and r-CAR has a negative charge. Electrostatic complexing results at pH

values below the protein IEP, where the biopolymers c¿uïy net opposite charges

(Tolstoguzov, 1991). The electrostatic complex formation and enhanced molecular

carry

isatæ
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Figure 48. Emulsif,iing activity index (EAD contour plot showing the effects of r<-
canageenan (r-CAR) and salt concentrations on the EAI of CPI-r-CAR emulsions at
I0% (w/v) CPI and varied pH (A: pH 6; B: pH 10). The significant interaction identified
by the ANOVA model was used to produce the contour plots. Each contour line
corresponds to a given EAI value. For example, in Figure 484; at 2.5%o (w/v) ç-CAR
and 0.1 M NaCl, EAI:136 nflg.



209

interaction at pH 6 may be responsible for the improved emulsi$'ing activity observed in

CPI-r-CAR systems. Scientists studied the effect of r-CAR on the surface properties of

bovine serum albumin (BSA)-stabilized emulsions and demonstrated that r-CAR forms

electrostatic complex with BSA at neutral pH which becomes much stronger at pH 6

(Dickinson and Pawlowsky, 1998). The authors interpreted the system behaviour at pH 6

as bridging flocculation, which formed an emulsion droplet gel network over a certain

limited polysaccharide concentration nnge.In the present study, the higher EAI values

observed in GPI-r-CAR emulsions at pH 6 may be due to bridging flocculation.

Effects of cPl-r-carrageenan interaction on emulsion stabitity (ES)

Based on the ANOVA model (Design-Expert@ software), the significant

(P<0.05) factors were NaCl concentration, r-CAR concentration, interaction between r-

CAR and CPI, and interaction between pH and the biopolymers (Appendix 11). There

was also a significant interaction between pH, CPI and r-CAR and the contour plots of

ES as a function of r-CAR and CPI concentrations at pH 6 and 10 are shown in Figure

49. At pH 6, stable emulsion was achieved at low r-CAR and low CPI concentrations

and the ES values decreased as the concentration of the biopolymers increased. At this

pH which is below CPI's IEP, the two macromolecules carry anet opposite charge; thus

an attractive electrostatic complex results at pH below the protein IEP (Tolstoguzov,

1991). This interaction may have encouraged aggregation of the biopolymer molecules

in the present study, which decreased as biopolymer concentration increased. This may

explain the low ES values obtained at high biopolymer concentration.
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Figure 49. Emulsion stability (ES) contour plot showing the effects of canola protein
isolate (CPI) and rc-carrageenan (r-CAR) concentration on the ES of CPI-r-CAR
emulsions at 0.25 M NaCl and varied pH (A: pH 6; B: pH l0). The significant
interaction identified by the ANOVA model was used to produce the contour plots. Each
contour line corresponds to a given ES value. For example, in Figure 498; at 1.2% (wlv)
r-CAR and any CPI concentration, ES:98%.
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As stated by Damodaran (1996), if attractive interactions are too strong, this can lead to

interfacial aggregation and coagulation, which will be detrimental to emulsion stability.

Also, at pH 10, ES values decreased as r-CAR level increased and CPI concentration

appear not to affect the ES (Fig. a9B). Kappa-CAR and CPI carry a net negative charge

at pH 10. This leads to an electrostatic repulsion between the biopolymer molecules, and

the repulsion increases as r-CAR concentration increases. This may explain the low ES

values at high r-CAR level. As reported by Damodaran (1996), if repulsive electrostatic

forces are much stronger than attractive interactions, this may prevent formation of a

thick, cohesive film. Therefore, a proper balance of attractive, repulsive, and hydration

forces is required to form a stable emulsion.

Canola protein isolate-guar gum systems

The emulsification responses (EAI, ES) and the model equations from the full factorial

design for canola protein-guar gum mixtures at varied conditions are shown in Table 16.
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Table 16 - Surface stabilizingcharacteristics (EAI, ES) of canola protein-guar gum
mixtwes under varied conditions.

NaCl (M) Guar gum (%) Protein (%) EAI (mzlg) ES (%)pH

6

6

6

6

6

6

6

6

I
8

8

8

10

l0

10

10

l0

10

t0

10

0.05

0.05

0.05

0.05

0.25

0.25

0.2s

0.25

0.15

0.15

0.15

0.15

0.05

0.05

0.05

0.05

0.25

0.25

0.25

0.2s

10

20

10

20

10

20

10

20

15

15

15

15

10

20

l0

20

10

20

10

20

86

86

86

83

100

100

100

100

100

100

100

100

83

84

87

85

100

100

100

100

172.9

17r.6

131.1

191.7

174.6

87.3

2r8.1

107.3

t09.6

t07.9

110.4

108.6

172.6

33 1.8

249.0

t62.3

176.r

t52.3

293.5

187.6

EAI: + 423.74 - 46.47 pH + 1200.12 Nacl - 199.42 Ggum -27.31 cpl - 108.56
pH*Nacl + 27.38 pH*Ggum + 5.09 pH*CPI - 194.62 Nacl*Ggum - 57.45 Nacl*Cpl
+ 14.70 Ggum*CPI + 50.19 pH*NaCl*Ggum -2.29 pH*Ggum*CPI (P:0.02).

ES : 92.86 * 1.68 pH + 25.88 Nacl - 4.12 Ggtm- 0.043 cpl + 5.75 pH*Nacl+ 0.70
pHxGgum + 0.016 pH*cPI + 21.75 Nacl*Ggum + 0.35 Nacl*cpl - 0.087 Ggum*
CPI - 2.81 pH*NaCl*Ggum (P<0.0001).
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Effect of cPl-guar gum interaction on emulsiffing activity index (EAI)

Based on the ANOVA model, the significant (P<0.05) factors and interactions

were pH, interaction between NaCl and guar gum concentrations, interaction between

NaCl and CPI concentrations, interaction between guar gum and CPI concentrations, and

a3-way interaction between pH, guar gum and CPI concentrations (Appendix 13). Thus,

the contour plots of EAI as a function of guar gum and CPI concentrations at pH 6 and

l0 are shown in Figure 50.

At pH 6, high EAI values resulted at high guar gum concentration and decreased

as CPI concentration increased. At this pH value, CPI carries a net positive charge while

guar gum is nonionic. As CPI level increases, the net positive charge probably increases

and may lead to electrostatic repulsion between the CPI molecules. The repulsion

between CPI molecules may be responsible for the lower EAI values observed as CPI

concentration increased. Arntfield and Cai (1993) observed an incompatible interaction

between canola protein isolate and guar gum. The incompatibility between these two

biopolymers may account for the high EAI values obtained as guar gum level increased.

At pH 10, the increase in EAI values with increase in guar gum concentration

was more evident. Overall, EAI values were higher at pH 10. At this pH, CPI carries a

net negative charge. This probably increased the incompatibility between CPI and guar

gum. It is possible that the increased incompatibility at this pH produced emulsions with

high EAI values (Fig. 50). Incompatibility has been shown to stabilize legumin-pectin

emulsions (Tolstoguzov, I 991).

'**,
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Figure 50. Emulsi$ing activity index (EAI) contour plot showing the effects of canola
protein isolate (CPÐ and guar gum concentrations on the EAI of CPI-guar gum
emulsions at 0.25 M NaCl and varied pH (A: pH 6; B: pH l0). The signifióant
interaction identified by the ANOVA model was used to produce the contour plots. Each
contour line corresponds to a given EA value. For example, in Figure 504; at I5o/o (wlv)
CPI and L5% (wlv) guar gum, EAI:140 m¿lg.
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Influence of NaCl-guar gum interaction on emulsion stability (ES)

Significant factors and interactions were identified using the ANOVA model

(Design-Expert@ software). NaCl concentration, interaction between pH and guar gum

concentration, and a 3-way interaction between pH, NaCl and guar gum concentrations

was significant (P<0.05, Appendix l4), thus the contour plots of ES as a function of

NaCl and guar gum concentrations at pH 6 and 10 are shown in Figure 51. Stable CPI-

guar gum emulsions were obtained as NaCl concentration increased, and this was

evident at both pH 6 and 10 (Fig. 51). According to Tolstoguzov (1991), higher salt

concentrations screen the electrostatic interaction between biopolymer molecules and

enconrage the self-association of protein molecules. This attractive electrostatic

interaction probably enhanced the formation of a stable viscoelastic film which

apparently improved emulsion stability. Tolstoguzov (1991) noted that incompatibility is

observed when the salt (e.g. NaCl) level is 0.2M and higher. In the present study, it is

possible that incompatibility between the biopolymers may account for the increase in

ES values with increasing NaCl concentration (Fig. 51).
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Figure 51. Emulsifring activity index (ES) contour plot showing the effects of NaCl
and guar gum concentrations on the ES of CPI-guar gum emulsions at 10% (w/v) CpI
and varied pH (A: pH 6; B: pH 10). The significant interaction identified by the
ANOVA model was used to produce the contour plots. Each contour line corresponds to
a given EA value. For example, in Figure 518; at l.5Yo (w/v) guar gum and 0.1 M NaCl,
ES=88%.
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Prediction of optimum conditions for CPl-hydrocolloid emulsions

Numerical optimization for CPI-r-CAR systems: Given that colloids (e.g.

food emulsions) are inherently unstable systems, the goal was to obtain CPI-

hydrocolloid emulsions with improved interfacial stabilizing properties such as

emulsiS'ing activity index (EAI) and emulsion stability (ES). The numerical and

graphical features of response surface optimization model (Design-Expert@ Software)

were used to identifu the optimum conditions that would result in emulsions with high

EAI and ES values. Numerical and graphical optimizations were completed using the

combinations from the full factorial design for CPI-r-CAR systems. Optimization was

based on the criteria set for both factors (CPI concentration, pH, NaCl concentration and

r-CAR concentration) and responses (EAI and ES). EAI and ES are the parameters used

to characterize emulsions and these values were used in optimization procedure. Table

17 shows the parameters and criteria set for factors and responses; and summarizes the

optimum predicted solutions charccteÅzing improved emulsion formation and stability

according to desirability. Based on the solutions outlined in Table 17, the model

numerical predictions for CPl-rc-CAR-stabilized emulsions were:

l0% (wlv) CPI, l% (wlv) K-CAR, 0.25 MNaCI and pH 6

At these conditions, the emulsion was predicted to have EAI and ES values of 203 mzlg

and97%o, respectively (i.e. solution No. 1, Table 17). Using the set parameters at pH 10,

the desired criteria could not be met (graph not shown).



Table 17. Predicted
improved CPI-r-CAR
model.

Constraints

optimum combination of factors
emulsions based on set criteria

218

and responses characterizing
within numerical optimization

Parameters Lower limit Upper limit

pH

NaCl concentration (M)

rc-CAR concentrati on (%)

CPI concentration (%o)

EAI (m2lg)

ES (%)

within range

within range

within range

within range

maximize

maximize

6

0.0s

1

l0

89.4

65

10

0.25

a
J

20

245.5

100

Solutions

No. pH NaCl (M) r-CAR cPr (%)

0.25

0.25

0.24

0.24

0.2s

10.0

10.0

10.0

r0.0

10.0

EAI
G'?te)
202.8

20t.8

r99.t

t96.4

203.8

0.80

0.80

0.79

0.78

0.78

ES (%) Desirability

6

6

6

6

6

1.0

1.0

1.0

1.0

1.0

97

97

97

96

95
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Graphical optimization for CPl-r-carrageenan systems: To maximize the

emulsiÛ'ing properties (EAI, ES), the lower limits for EAI and ES values for CPI-r-

carïageenan mixtures were set at 160 mzlg and. 80olo, respectively (Fig. 52). These

criteria limits were sufficient to give a rough idea of which combinations of factors

would be used in the conf,rrmatory experiments to produce stable emulsions. Guided by

these range of parameters and using the graphical feature of the optimization model

(Design-Expert@ Software), corresponding response surface overlay contour plot as a

function of r-carageenan and Nacl concentrations were generated atpH 6.

Figure 52 shows the overlay plot of the response (EAI and ES) surface graphs at

pH 6.0 with the regions of optimum conditions shaded. Within the shaded area of the

CPI-rc-CAR systems (Fig. 52), any combination of r-CAR and NaCl concentrations is

predicted to give an emulsion with EAI and ES values not less than 160 mzlg and.80%o,

respectively. Figure 52 illustrates that an adequate emulsion will be obtained at high

NaCl and low r-CAR concentrations. These criteria were selected to achieve the desired

goal which was to maximize the interfacial stabilizing properties, EAI and ES.
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Figure 52. Graphical optimization display of EAI and ES as a function of r-
caffageenan (r-CAR) and NaCl concentrations at l0% (wlv) CPI and pH 6. The clear
areas on the plot do not meet the selected criteria. The lines mark the limits on the
responses. Shaded areas indicate where factors can be set to satisfy the requirements on
both responses. For example, any point in the shaded region shows the r-CAR and NaCl
combination that will give an emulsion with EAI and ES values not less than 160 mzlg
and 7 5%o, respectively.
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Numerical optimization for CPI-guar gum systems: As shown in the CPI-r-

CAR emulsions, Table 18 shows the parameters and criteria set for factors and

responses; and summarizes the optimum predicted solutions characterizing improved

emulsion formation and stability according to desirabitity. Based on the solutions

outlined in Table 18, the model numerical predictions for CPI-guar gum-stabilized

emulsions were:

IÙYo (wlv) CPI, 3% (wlv) guar gum , 0.25 M NaCl and pH 10

Under these conditions, the emulsion was predicted to have EAI and ES values of 3I7

m2lg and. l00o/o, respectively (i.e. solution No. 1, Table 18). Within the parameters used

for evaluation in this study, the desired criteria could not be met at pH 6 for CPI-guar

gum mixtures. Given that alkaline pH values (above pH 8) arc rarcly encountered in

food systems, the model used indicated pH 10 as the optimum pH for Cpl-guar gum

mixtures. The desired criteria could not be met at pH 6 for CPI-guar gum mixtures.
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Table 18. Predicted optimum combination of factors and responses characteizing
improved CPI-guar gum emulsions based on set criteria within numerical optimization
model.

Constraints

Parameters Goal Lower limit Upper limit

pH

NaCl concentration (M)

Ggum concentration (%)

CPI concentr ation (o/o)

EAI (m2ig)

ES (%)

within mnge

within range

within range

within range

maximize

maximize

6

0.0s

I

10

87.3

82.4

10

0.25

a
J

20

331.8

100

*Ggum: Guar gum

Solutions

pH NaCl (M) Guar gum CPI (%) EA] ES (%) Desirability),m'/
10

10

10

10

10

0.25

0.2s

0.25

0.25

0.25

3.0

3.0

3.0

2.9

3.0

10.0

10.0

10.0

10.0

10.6

100

100

100

100

100

0.97

0.96

0.96

0.96

0.95

317.2

312.2

312.8

3t1.0

308.3
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Graphical optimization for CPI-guar gum systems: As previously described

in CPl-r-camageenan mixtures, the EAI and ES values for CPI-guar gum mixtures were

set at 2I5 r*lgand.85%o, respectively (Fig. 53). Guided by these range of parameters

and using the graphical feature of the optimization model (Design-Expert@ Software),

corresponding response surface overlay contour plot as a function of CPI and guar gum

concentration were generated at pH 10.

Figure 53 show the overlay plot of the response (EAI and ES) surface graphs at

pH 10.0 with the regions of optimum conditions shaded. Within the shaded area of the

CPI-guar gum systems (Fig. 53), any combination of CPI and guar gum concentrations

is predicted to give an emulsion with EAI and ES values not less than 215 m2lg and,

85%o, respectively. Figure 53 illustrates that an adequate emulsion will be obtained at

high guar gum level and any CPI concentration. These qiteriawere selected to achieve

the desired goal which was to maximize the emulsiffing characteristics, EAI and ES.
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Figure 53. Graphical optimization display of EAI and ES as a function of canola
protein isolate (CPÐ and guar gum concentrations at pH 10. The clear areas on the plot
do not meet the selected criteria. The lines mark the limits on the responses. Shaded
areas indicate where factors can be set to satisfy the requirements on both responses. For
example, any point in the shaded region shows the CPI and guar gum combination that
will give an emulsion with EAI and ES values not less than 215 m2lg and. 75%o,
respectively. The desired criteria could not be achieved at pH 6 with guar gum.



225

Verifïcation of model predictions for CPl-hydrocolloid mixtures

The model numerical predictions (Design-Expert@ Software) for CPI-

hydrocolloid-stabilized emulsions were verified by conducting confirmatory tests at the

established optimum conditions for CPI-r-CAR mixtures þH 6; l0%o, w/v CPI; I%o,wlv

r-cAR; 0.25 M Nacl) and cPl-guar gum mixtures (pH 10; l\%o,wlv cPr;3%o,wlv guar

gum; 0.25 M NaCl). Predicted EAI and ES values for CPl-r-CAR-stabilized emulsions

and CPI-guar gum-stabilized emulsions were established using the point prediction

model (Design-Expert@ Software).

Figures 54 and 55 show the predicted and experimental EAI and ES values for

CPl-rc-CAR-stabilized emulsions and CPI-guar gum-stab ilized emulsions, respectively.

The experimental and predicted EAI and ES values for CPI-r-CAR mixtures showed

strong positive correlations as follows: for EAI; R2:Q .ggg9 and for ES; R2:0.99S5 (Fig.

54). Also, the experimental EAI and ES values for CPI-guar gum systems correlated

positively to the predicted values as follows: for EAI; Ñ:O.ggEg and for ES; R2:l (Fig.

55). These results indicate statistical similarity (P>0.05) in the model predictions and

experimental data.
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CPl-r-carrageenan mixtures at I0% (wlv) CPI, pH 6, 0.25 M NaCl and lo/o r-
carrageenan. *Insets: Pr : Protein. For each parameter (EAI or ES), bars with same
letters are not significantly different (P>0.05).
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Effect of CPl-hydrocolloid interactions on emulsiffing properties

The interfacial stabili zing charucteristics of canola protein-stab ilized emulsions

alone and in the presence of hydrocolloids, K-carrageenan (r-CAR) and guar gum, are

shown in Figure 56. At pH 6 (optimum pH for CPI-r-CAR emulsions), the EAI and ES

values for CPI alone were 162 m2lg and.68oá, respectively; whereas at pH l0 (optimum

pH for CPI-guar gum emulsions), the EAI and ES values for CPI alone were 68 mzlg

and 66%o, respectively. On the addition of hydrocolloids (l% and 3% (wlv) r-CAR or

guar gum), the emulsiÛ'ing properties were greatly improved (Fig. 56). Given that at pH

6, CPI carries a net positive and r-CAR is negatively charged, the interaction between

the two biopolymers will lead to the formation of electrostatic CPI-r-CAR complexes.

Further, guar gum is non-ionic and its interaction with CPI at pH 10 (where CPI carries a

net negative charge) may lead to the formation of an incompatible CPI-guar gum

system.

A study on protein polysaccharide interactions involving canola protein isolates

showed that neutral polysaccharides such as guar gum and canola protein tended to be

incompatible, which led to improved gelation properties (Arntf,reld and Cai, 1998). The

results of the present study show that under the complexing conditions (at pH 6), the

addition of l%o (dv) r-CAR increased the EAI of CPI-stabilízedemulsions from 162 to

201 mzlg and its ES increased from 6g to 95% (Fig. 56A). Also, under the

incompatibility conditions (at pH 10), the use of l%o (w/v) guar gum increased the EAI

of CPl-stabilizedemulsions from 68 to I77 m2/garñ.its ES increased from 66 to 100|r.o

(Fig. 568). These findings are supported by previous reports which showed that the

emulsi$ring capacity and emulsion stability increased on transition from a protein to its
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230

complex with polysaccharides (Gurov et al., 1983; Larichev et al., 19S3). As shown by

Tolstoguzov (1991), on addition of equal weight of pectin to a solution of legumin, the

emulsion stability increases, while the emulsif,iing threshold for legumin decreases by a

factor of 3. This is the case under conditions of complexing (stability increased from 67

to 96%o at pH 4.2) and incompatibility (stability increased from 40 to 84%o atpH7.6).

The use of a polysaccharide (dextran), which is incompatible with the protein

(legumin), intensifies the protein adsorption and decreases the requirements for protein

content sufficient for a multilayer adsorption (Tolstoguzov, I99l). This could be

attributed to an altered conformation of the protein at the interface resulting in larger

contact between protein and polysaccharide molecule, and thereby providing strong

layers at low adsorption (Samant et al., 1993). Soy proteins can be conjugated with

dextran, resulting in a hybrid which possesses improved emulsifliing properties

compared to commercial emulsifiers (Kobayashi et al., 1990). In a recent study, soy

protein isolate was mixed with sodium carboxymethyl cellulose and dry-heated at 6C'C

for up to 5 weeks. An improvement in emulsifying properties of the mixture, especially

on oil droplet size reduction and emulsion stabilization against creaming was observed

(Diftis and Kiosseoglou, 2003). Dispersed systems such as CPl-hydrocolloid-stabilized

emulsions could be made more stable by improving the surface film via incompatibility

and complexing of the surface active protein with polysaccharides.
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Effect of sodium salts on emulsifying propertÍes of CPl-hydrocolloid systems

Canola protein-r-carrageenan systems: The addition of sodium salts to canola

protein-hydrocolloid dispersions can be arr effective probe for evaluating the

contribution of hydrophobic interactions to the network formation process. Salts affect

protein (or protein-polysaccharide mixtures) stability in two ways. At low concentrations

(below 0.2 ionic strength), ions interact with proteins via nonspecific electrostatic

interactions (Damodaran, 1996). However, at higher concentrations (>1 M), salts have

ion specific effects that influence the structural stability of proteins (or protein-

polysaccharide systems). The effect of sodium salts on the emulsifliing properties (EAI,

ES) of CPI-rc-CAR mixtures are shown in Table 19. As the salt concentration increased

from 0.25 M to 0.5 M, the EAI and ES values decreased (Table 19). An exception to this

trend was NaSCN which showed improved emulsiffing activity at 0.5 M (EAI:136.5

^'/g)than 
at 0.25 M (EAI:I IS.9 m2/g). At0.25 M salt concentration, increase in EAI of

CPI-rç-CAR mixtures followed the series: chloride : sulfate > acetate > thiocyanate;

whereas at 0.5 M salt level, the increase followed the order: acetate: chloride > sulfate

> thiocyanate.

The series observed in the present study is different from the series reported by

Damodaran (1996). According to this author, the relative ability of anions to influence

the structural stability of proteins in general follows the lyotropic series: F- < SO¿2- < Cl-

< Br- < I- < CIO¿- < SCN- < CI¡CCOO-. The difference in the order of anions to affect

protein conformation observed in the present study compared to that reported by

Damodaran (1996) may be due to the presence of r-CAR. It is possible that the r-CAR

modified the lyotropic effect probably via electrostatic complex formation with CPI. The
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Table 19. Influence of salt type and concentration on the interfacial properties (EAI,
ES) of canola protein-r-caffageenan emulsions prepared wíth 10o/o (w/v) canola protein
isolate md lo/o (w/v) r-carrageenan at pH 6.

Salt type EAI (mzlg)*

Control (no salt)

NazSO+

NaCzH¡Oz

NaCl

NaSCN

63.6 !0.72d1

0.25 M

240.1+ 3.44u1

200.9 + 3.l7bl

241.2 + 2Jgul

115.9 + 3.44"1

63.6 t0.72d1

0.5 M

153.4 x2.r7b2

t62.5 t3.80¿

161.1 I 1.ggÐ

136.5 + 3.g0'2

Salt type ES (%)*

Control (no salt)

Na2SOa

NaC2H302

NaCl

NaSCN

g1.g + 2.0gbr

0.25 M
g4.0 t 2.94^b1

72.0 t2.gg'r
gg.4 r 23fbl
g0.g + 2.75u1

gl.g t z.}gubl

0.5 M
g1.1 t 4.73ubl

6r.4 + 0.26"2

79.3 + 3lgbl
gg.5 + 4.52u1

*Mean + SD. For a given parameter (EAI or ES), column values with different letters
and row values with different numbers are significantly different (p<0.05)
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decrease in the thickness of electrostatic double layer may explain the lower EAI and ES

values noted at 0.5 M salt level for CPI-r-CAR emulsions (Table l9). It has been

reported that divalent salts (e.g. Na2SOa) reduce the double layer thickness at lower

concentrations (Phillips et al., 1994); thereby promoting coagulation of emulsion

droplets at lower concentrations. However, data from present study showed that NazSO¿

and NaCl (at iosionic concentration) had a comparable effect on the emulsiffing

properties of CPI-r-CAR systems.

Canola protein-guar gum systems: Increasing salt level from 0.25 M to 0.5 M

decreased the emulsifying activity (EAÐ of these systems in the presence of NaCl,

Na2SO4, and NaSCN but not when treated with NaCzH3O2 (Table 20). Phillips et al.

(1994) noted a decrease in the thickness of electrical double layer with increasing salt

concentration. This may explain the low EAI values observed in CPI-guar gum

emulsions at 0.5 M salt level. At 0.25 M salt level, increase in EAI of CPI-guar gum

mixtures followed the sequence: chloride > sulfate > thiocyanate) acetate; whereas at

0.5 M salt level, the increase followed the order: sulfate : acetate = chloride >

thiocyanate (Table 20). At 0.25 M salt level, the EAI values of CPI-r-CAR emulsions

(optimum pH 6; Table 19) were higher than those of the CPI-guar gum emulsions

(optimum pH 10; Table 20). Tolstoguzov (1991) reported that emulsions stabilized,by

legumin-pectin complexes in an acid (pH 4.2) medium had higher emulsiffing capacity

and emulsion stability than those under incompatible conditions at pH 7.6. This author

attributed the increase to stronger adsorption layers formed by the complexes as a result

of intensified intermolecular interactions of macromolecules at the interface.
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Table 20. Influence of salt type and concentration on the emulsifying properties (EAI,
ES) of canola protein isolate-guar gum systems prepared with 10% (w/Ð canola protein
isolate and3%o (w/v) guar gum at pH 10.

Salt type EAI (m2lg)*

Control (no salt)

NazSO+

NaCzHgOz

NaCl

NaSCN

137.3 t3.g2"l

0.25 M

151.9 r 3.4gbr

r23.4 t3J4dr

293.6 + 0.1gur

131.g 1 332"1

137.3 +3.g2ul

0.5 M

135.51 2.44û

140.2 + 4.67u1

132.7 + 4.45û

ll2.r x2.ggb2

Salt type ES (%)*

Control (no salt)

Na2SOa

NaCzH¡Oz

NaCl

NaSCN

gg.1 + 3.44b1

0.25 M

79.7 tl.g2"l

6g.2 + 0.2gd1

100.0 + 0.0"r

97.5 + 3.61f1

gg.1 + 3.44u1

0.5 M

91.0 + 2.64û

77.9 t t.g0b2

75.5 t 4J4b2

95.4 + 3.6f1
*Mean t SD. For a given parameter (EAI or ES), column values with different letters
and row values with different numbers are significantly different (p<0.05)
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Effect of urea and DTT on surface properties of CPl-hydrocolloid systems

The influence of urea and dithiothreitol (DTT) on the emulsiffing properties of

canola protein-hydrocolloid mixtures are shown in Figure 57. Figure 574 shows the

emulsifuing activity index (EAI) and the emulsion stability (ES) of CPI-r-CAR systems

without denaturants (control) and those treated with urea and DTT. The DTT-treated

(EAI:I18 m2lg) and urea-treated (EAI:84 mzlg) emulsions had higher EAI values than

the control (EAI:64 mzþ). In terms of the stability of the systems, the trend was

different with the control (ES:82 
^'/g) 

being more stable than the DTT-treated (ES:70

^'lg) and urea-treated (ES:62 m2/g) emulsions (Fig. 574). urea (a hydrogen bond

former) interacts very strongly with water and alters the structure of the aqueous phase

around the protein molecule. It induces unfolding of proteins by reducing protein-protein

and enhancing protein-solvent interactions (Phillips et al, 1994). Given that urea can

disrupt hydrogen bonds and hydrophobic interactions, it is possible that the disruption of

the hydrophobic interactions exposes the hydrophobic amino acid residues, causing them

to interact at the interface and leading to improved emulsion formation.

This may account for the higher EAI values observed in urea-treated samples

compared to the control. Further, significant differences (P<0.05) in EAI values of DTT-

treated emulsions compared to the urea-treated and control emulsions indicates the

contribution of disulfide bonds in the emulsification of mixed food systems containing

canola protein. It has been shown that canola protein isolate has disulfide bonds in its

native structure (Chapter 6). As a reducing agent, DTT can disrupt existing disulfrde

bonds, causing destabilization and modification of the native structure of a protein

(Cheftel et al., 1985). The higher EAI value of DTT-treated CPI-rc-CAR emulsions
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suggests that the cleavage of disulfide bonds exposes hydrophobic groups that would

have remained buried within the molecules. As a result, increased interfacial interaction

and enhanced emulsification were observed for these systems. In contrast, lower ES

values were observed in emulsions treated with urea and DTT compared to that of the

control (Fig. 574). Lower ES values implicated noncovalent interactions and disulfide

linkages as factors in emulsion stability.

The ES values of CPI-guar gum emulsions treated with urea and DTT were

lower than that of the control (Fig. 578), indicating that noncovalent interactions and

disulfide bonds are contributing factors in emulsion stability. A similar trend was

observed in CPI-rc-CAR emulsions (Fig. 57A). The EAI values of DTT-treated (127

m2E) and control (137 
^'lg) 

emulsions are comparable; however, they are higher than

that of urea-treated (109 m2ß) emulsions. ln terms of emulsion stability, the DTT-

treated CPI-guar gum emulsions had the lowest ES (60 m2/g) value compared to the

control (EAI:81 mzþ) and the urea-treated (EAI:89 m2lg)emulsions.

Overall, EAI and ES values were lower in the emulsions treated with denaturants

compared to those of the control. An exception to this trend was the higher EAI values

observed in CPI-r-CAR emulsions treated with denaturants compared to that of the

control. Lower EAI and ES values of CPI-r-CAR and CPI-guar gum emulsions treated

with urea and DTT indicate that noncovalent interactions and disulfide bonds are

contributing factors in the formation and stability of these emulsions (Fig. 57). The

effects of denaturants (e.g. urea, sulfhydryl reagents) on protein systems have been

variable. In 6 M urea, the secondary and tertiary structures of most whey proteins were

disrupted; this promotes interactions between free thiol groups and catalyzes thiol-
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disulf,rde interchanges (Phillips et al., 1994). The addition of DTT (0-32 mM) to whey

protein isolate systems inhibited the formation of intermolecular disulfide bonds (Zirbel

and Kinsella, 1988).
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GENERAL DISCUSSIONS

The role of protein-polysaccharide interactÍon in canola protein gelation

Gelling biopolymer dispersion is one of reactive macromolecules becoming

progressively more and more crosslinked and aggregated as physical andlor chemical

interactions occur. Globular protein gelation is the conversion of a viscous solution of

individual globular molecules into a soft viscoelastic solid through the process of

branched aggregation (Clark and Lee-Tuffnell, 1986). A denaturation temperature (T¿)

of 86'C was determined for commercial CPI (Chapter l). The T¿ was determined to

ensure that the heating temperature range used in rheological assessment was sufficient

to denature the protein, a necessary step in the gelation process. The formation of CPI-r-

CAR complexes resulted in changes in the CPI structure, as reflected in the decrease in

AH values as r-CAR concentration increased at pH 6. Incompatibility between CPI and

guar gum probably stabilized the structure of CPI. This was observed in the increase in

AH values as CPI and guar gum concentration increased at pH 6.

Proteins and polysaccharides interact non-specifically and can create junctions

which are mainly due to noncovalent interactions. Ionic interaction (under suitable

conditions of pH and ionic strength) is one form of such interactions. At pH values

below the protein isoelectric point (IEP), the protein and anionic polysaccharide carry

net opposite charges. In this pH region, insoluble complexes can be formed provided the

ionic strength is below 0. I -0.2 (Doublier et al., 2000; Tolstoguzov, 1986). In the present

study, when canola protein isolate (CPI) was mixed with r-carrageenan at pH 6, art

insoluble electrostatic complex was formed. However, mixing CPI and guar gum at pH

10 resulted in interference from guar gum. We compared the effect of mixing CPI with
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K-carrageenan or guar gum on the gelation properties of the protein. On the addition of

K-caffageenan (r<-CAR) to a CPI dispersion, a strong and elastic gel was produced

(Table 21). In contrast, the addition of guar gum produced a gel whose G' value was

lower than that of CPI alone, suggesting that guar gum interfered with the gelling ability

of CPI. The gel strength was greatly increased under complex formation (pH 6) but not

under interference (pH 10). The lower G' value obtained for CPI-guar gum gel may be

due to electrostatic repulsion between CPI and guar gum at pH 10. The study on CPI-

polysaccharide interactions during network formation indicated that gsar gum and CPI

tended to be incompatible which led to improved gelation properties (Léger and

Arntfield, 1993).Incompatibility is believed to promote network formation but that was

not evident in CPI-guar gum gels in the present study. This needs further investigation.

Modern food processing uses an increasing amount of isolated food

macromolecular components to provide specific functional properties to a wide range of

formulated foods. These food additives can contain denatured, aggregated, or

hydrolyzed biopolymers. For this reason compatibility and phase behaviour of

biopolymer mixtures is of practical importance. Incompatibility of biopolymers, self-

association and interbiopolymer complexing contribute to synergistic and antagonistic

effects of food formulation (Tolstogt)zov,2003). The rheological data of the present

study showed a synergistic interaction between CPI and r-CAR which resulted in gels

with strong and elastic structure (Table 21). This was ascribed to the complexing

phenomenon.



Table 21. Gelation properties of canola protein isolate
absence of rc-carrageenan or guar gum (0.05 M NaCl, 3%
wlv guar gum).
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(CPD in the presence and
rv/v r-carrageenan or l.5Yo

Properties CPI (rH 6) CPI (pH 10) CPI-r-CAR CPI-guar gum

Complexing (pH 6) Interference (pH 10)

G'* (Pa)

Tan ô+

27755 1757 68795 r 1082

0.19 + 0.002 0.r4 + 0.002

97465 !2454

0.15 + 0.005

56440 !2051

0.18 + 0.004

tMean I SD.

Microstructure in relation to gelation of CPl-hydrocolloid gels

The functional attribute of CPl-hydrocolloid mixtures as a gelling agent may not

be totally determined by its rheological properties, thus, their microstructural properties

must always be of major importance. Structure-function relationships of CPI-

hydrocolloid mixtures provide some information on how structures affect the behaviour

of CPI in mixed foods. The scanning electron microscopy (SEM) images (Chapter 5)

showed that CPI gels prepared at pH 6 had loosely crosslinked network structure with

large and small pores, whereas properly crosslinked network structure with very small

pores was observed at pH 10. This improved structural arrangement at pH 10 was

reflected in the rheological data (Table 21). Given that tan õ reflects the actual

arrangement of structures formed in a gel system, the lower tan ô (0.14) value at pH 10

compared to that at pH 6 (tan ô:0.19) reflected the properly connected structure of CPI

gels at pH 10; indicating that elastic gels were formed. The SEM analysis on 12S

rapeseed glycoprotein revealed a decrease in pore size as pH was increased from 6 to 10

(Gill and T*9, 1978).
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The structure of CPI-r-CAR gels prepared at pH 6 had short, tightly packed

strands, whereas the structure of CPI-guar gum gels prepared at pH 10 consisted of long,

properly crosslinked strands (Chapter 5). However, the tan ð values of the CPI-r-CAR

and CPI-guar gum systems (Table 2I) were not completely reflected in the

microstructural results. The SEM images of CPI in the presence of rc-CAR showed the

complementary character of each macromolecule. The rheological and microstructural

characteristics of the mixed gels were improved since properly crosslinked structure was

observed in the mixed state. This improved network structure (properly formed

structure) suggests a synergistic behaviour between CPI and r-CAR as was reported in

the gelation analysis of CPI and r-CAR (Chapter 3). Properly crosslinked network

structures are indicative of strong and firm gels.

The structures of CPl-hydrocolloid gel systems treated with urea had excessively

crosslinked and disrupted strands, whereas DTT-treated gel systems had amorphous

structures. Given that urea and DTT disrupt noncovalent interactions and disulfide

bonds, respectively, the microstructural and rheological data support the involvement of

these forces in network formation of CPl-hydrocolloid systems.

Increase in tan ô values produced CPI-rc-CAR gels with highly aggregated

structures (Chapter 5, Fig. 35B). High tan ô values indicate weaker structures. It was

evident from the SEM images that the network strands were not fully aligned. This gives

gels a fluid character because the liquid phase is not completely entrapped in a

continuous three-dimensional network. Microstructural data complemented the

rheological properties that characterizedthe final gels.
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Molecular Ínteractions involved in structure formation

Food formulation aims to control interactions between proteins, polysaccharides

and their interactions with other food components. In order to identiff the molecular

forces that contribute to the network formation of CPl-hydrocolloid (r-CAR, guar gum)

systems, the environment in which the mixed gels were formed was selectively altered.

To achieve this goal, varied data was used to provide insight on the gelling mechanism

of CPl-hydrocolloid systems.

Increases in G' values of CPI-rc-CAR gelling systems treated with sodium salts

followed a lyotropic series. At 0.5 M salt concentration, mixed systems treated with

Na2SO4 and NaCl had the highest G' values, whereas NaSCN-treated gels had the lowest

G' value. High G' values indicate that the network structure CPI-r-CAR mixtures was

stabilized by Na2SO¿ and NaCl. On the other hand, NaSCN (a chaotropic salt)

destabilized the protein structure. Based on these results, it is evident that hydrophobic

interactions contribute to the gelation of CPI-r-CAR systems. Protein (protein-

polysaccharide) stabilization or destabilization by salts is related to their effect on bulk

water structure. Salts that stabilize protein structure enhance the hydrogen-bonded

structure of water, whereas salts that denature proteins break down bulk water structure

and make it a better solvent for nonpolar molecules (Damodaran, 1996). In other words,

the denaturing effect of chaotropic salts might be related to destabilization of

hydrophobic interactions in proteins or protein-polysaccharide systems.

More evidence from the present study that demonstrate the involvement of

hydrophobic interactions in the development of structure of CPI-r-CAR gels was shown

in the heating and cooling curves obtained during the rheological evaluation. Given that
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hydrophobic interactions are favoured at high temperatures, rheological data showed that

network formation in most of the mixed systems started at high temperatures attained

during the heating cycle and the initial cooling phase. Léger and Arntfield (1993) made

a similar observation in a study on the types of interactions involved in the formation of

CPI gels.

The contribution of hydrogen bonding in network strengthening and/or

stabilization was seen during the final cooling cycle. Since hydrogen bonding is

enhanced at low temperatures, the gradual increase in G' values and the decrease in tan ô

values during the final cooling phase and frequency sweep (further cooling) of gelation

is ascribed to this molecular force. Additional datathat support the role of hydrophobic

interactions and hydrogen bonds in the formation of CPI-r-CAR networks is shown in

the urea and DTT influences. As a hydrogen bond former, urea can disrupt hydrogen

bonds and hydrophobic interactions that contribute to the stability of biopolymer

structure (Phillips et al., 1994). The poor gel strength (low G' values) observed in urea-

treated systems during the heating and cooling cycles could be attributed to the

disruption of hydrophobic interactions and hydrogen bonds. Given that DTT is a

disulfide reducing agent, its addition to CPI-r-CAR dispersions prior to heating appears

to improve the gel strength (high G' values) of the mixture especially during the cooling

stage. It is possible that the cleavage of the disulfide bonds by DTT greatly altered the

biopol¡rrner structure, which promoted interactions among hydrophobic groups. Thus,

enhanced structure formation in DTT-treated CPI-rc-CAR systems was observed.

Studies have shown that aproper balance between attractive and repulsive forces

was essential for a good gel formation to occur (Feny, 1948; Tolstoguzov,1997,2003).
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The disruption of this balance may explain the poor gel strength (low G' values)

obtained with urea-treated CPI-r-CAR systems and improved network formation

(during cooling) by DTT treatment. Changes in pH also affect electrostatic interactions

and hydrophobic interactions. At pH below the IEP of CPI (i.e. at pH 6), electrostatic

attraction between CPI and rc-CAR promoted protein-protein interaction among

hydrophobic groups, thereby strong and elastic gels were produced (Table 21). At pH

10, electrostatic repulsion between biopolymer molecules may encourage unfolding of

buried hydrophobic residues. Subsequently, this promotes intermolecular interaction

among exposed hydrophobic groups. This may explain the strong gels obtained for CPI

and CPI-guar gum systems at pH 10. Although guar gum interfered with the gelation of

CPI at pH 10, avery strong gel was still produced (G':56440 Pal' Table 21).

Gelation of CPl-hydrocolloid mixtures is a complex phenomenon that involves

various molecular interactions. The rheological and microstructural data demonstrated

that hydrophobic interactions, a balance between attractive and repulsive forces as well

as electrostatic interactions are the primary forces involved in the gel formation of CPI-

r-CAR systems. Disulfide linkages and hydrogen bonding contribute to network

strengthening and stabilization of these systems. These observations were similar to

previous findings, in terms of interactions involved in network formation, made for CPI

gelling systems such as 12S canola globulin (Léger and Arntfield, 1993), 12S rapeseed

glycoproteins (Gill and Tung, 1978), and CPI (Paulson and Tung, 19S9).
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Surface hydrophobicify in relation to emulsification of CPl-based systems

Surface hydrophobicity (So) is that portion of the nonpolar surface of the protein

that makes contact with the surrounding bulk water. It was observed that the So values of

CPI-guar gum mixtures were higher than those of CPI-r-CAR systems (Chapter 2). The

different physical properties of r-CAR and guar gum may explain the difference in So

values. The formation of an electrostatic CPI-r-CAR complex at pH 6 may have

encouraged protein-protein or protein-hydrocolloid interactions, thereby making the

hydrophobic groups unavailable as exposed residues for interaction at the oil-water

interface. This may explain the lower So values noted for CPI-r-CAR systems. Guar

gum has been reported to be incompatible with CPI resulting in improved gelation

properties (Amtfield and Cai, 1998); it is possible that the incompatibility increased at

pH 10 used in the present study, and resulted in high So value (indicative of a good

emulsifier).

The emulsifying activity index (EAI) of CPl-stabilized emulsions at pH 6 and 10

were 162 and 68 
^'lg, 

respectively (Chapter 7). The EAI of CPl-stabilized emulsion in

the presence of r-CAR was 201 Ñlg,whereas that in the presence of guar gum was 177

mzlg. The EAI of emulsions stabilized by CPI-r-CAR complexes at pH 6 was greater

than that stabilized by CPI-guar gum mixture at pH 10. However, the use of

hydrocolloids increased the emulsiffing activity index (EAD under incompatibility

conditions to a more considerable extent (from 68 to I77 mzlg at pH 10) than under

complexing conditions (from 162 to 20t rrllgat pH 6). A similar trend was observed in

the emulsion stability (ES) of the two CPl-hydrocolloid systems (Table 22). This

observation supported the findings of Tolstoguzov (1991) in terms of the stability of
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emulsions stabilized by legumin in the presence of pectin. The ability of various

proteins to decrease interfacial tension at the oil-water interface and to increase the EAI

is related to their So values. However, this relationship is by no means perfect

(Damodaran 1996). The emulsifuing properties of several proteins (soy proteins, P-

lactoglobulin, a-lactalbumin) do not show a strong correlation with surface

hydrophobicity (Damodaran 1996).

Our results (Chapters 2 and 7) showed that the surface hydrophobicity of CPI-

hydrocolloid systems strongly correlated with the emulsiffing properties of these

systems. If a protein system, alone or in a mixed state, has a high number of nonpolar

amino acid groups on the surface, greater interaction with the oil surface is possible and

this results in a finer emulsion. As hydrophobic residues tend to be buried during

folding, the presence of hydrophobic residues on the surface of the protein þrotein-

hydrocolloid) can give insight on how proteins unfold and interact in food systems.

Table 22. Stability of emulsions (%) stabilized by canola protein isolate (CPD in the
presence of r-carrageenan or guar gum (lYo w/v, hydrocolloids; l\%io, wlv CPI; 0.25 M
NaCl).

System Complexing region (pH 6) Incomaptibility region (pH 10)

CPI

CPI-r-CAR

CPI-guar gum

68 ! 1.20

95 I 0.11

66 + 2.55

100 + 0.00

*Mean + SD.
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CONCLUSIONS

The results of this study give new insights into the thermal and structural

stability, rheology, microstructure, molecular interactions and emulsification of

commercial canola protein isolate (CPD in multicomponent food systems. Many

challenges still remain.

Hydrophobic interactions improved the structural stability of CPl-hydrocolloid

mixtures, as evidenced in the increase in denaturation temperature (T6) values with

increasing NaCl concentration. The formation of CPI-r-CAR complexes resulted in

changes in the CPI structure. This was reflected in the decreases in enthalpy of

denaturation (ÂH) values as r-CAR concentration increased at pH 6. Incompatibility

between CPI and guar gum probably stabilized the structure of CPI. This was observed

in the increase in ÂH values as CPI and guar gum concentration increased atplF. 6.

CPI interacting with r-CAR formed strong and elastic gels via electrostatic

complexing at pH 6; and a synergistic behaviour between the two biopolymers was

noted. Under conditions which improved protein-polysaccharide gelation

(incompatibility), gu¿rr gum interfered with the gelation of canola protein isolate.

Microstructural assessment using scanning electron microscopy (SEM) gave

more realistic information on network structures of CPl-hydrocolloid gelling systems.

CPl-hydrocolloid gels prepared at optimum conditions \¡/ere characterized by properly

crosslinked networks, whereas gels prepared at non-optimal conditions had aggregated

networks. Treating CPl-hydrocolloid mixtures with denaturants caused excessive

structural changes to gels, implicating disulfide bonds and noncovalent forces as factors

in network formation. The SEM data complemented the rheological results and provided
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further insights on the type of structures (e.g. aggregated strands) associated with gels

that have high tan ô values, which could not be distinguished from rheological data

alone.

The major molecular interactions that contribute to the initiation of network

formation of CPl-hydrocolloid systems are hydrophobic and electrostatic interactions as

well as proper balance between repulsive and attractive forces. Disulfide linkages and

hydrogen bonding are involved in the gel stabilization and strengthening. These were

reflected in the rheological, structural, thermal, microstructural and emulsification data.

CPI and CPl-hydrocolloid mixtures each had higher So at pH 10 than at pH 6.

The increase in surface hydrophobicity (So) of CPI was greater in the presence of guar

gum when compared to r-CAR. The results indicate that the addition of hydrocolloids

resulted in increased exposure of hydrophobic amino acid residues on the protein

surface, with the So greatly enhanced in the presence of guar gum and at pH 10. Higher

So values suggests increase in hydrophobic patches on the protein surface. As the

number of these patches increases, greater and rapid adsorption at an oil-water interface

(which is required for emulsion formation) becomes more probable.

Hydrophobic interactions, hydrogen bonds and disulfide linkages are

contributing factors in emulsion formation and stability. This was reflected in lower EAI

and ES values observed in CPl-hydrocolloid-stabilized emulsions treated with sodium

salts, urea or DTT. The addition of r-CAR or guar gum to CPl-stabilize emulsions

resulted in improved interfacial properties of these systems. This improvement was

attributed to the formation of CPI-r-CAR complexes at pH 6. The enhanced emulsiffing

characteristics observed in CPI-guar gum systems may be due to the incompatibility
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between CPI and guar gum. CPl-hydrocolloid complexes can serve as surface-active

ingredients.

PRACTICAL AND FUTURE RESEARCH CONSIDERATIONS

Practical applications

A better understanding of the interactions between biopolymers will enhance the

manipulæion of food quality (e.g. sensory properties) by adjusting the interaction in a

desirable way. For example, food products with novel structures can be produced by

allowing a mixed food system to partially phase separate.

Protein-polysaccharide interactions such as complexing can be used to lower

processing costs and the overall product cost. For instance, given that proteins are more

expensive than polysaccharides, using proteins in combination with polysaccharides will

lower the amount of proteins required in a food system. Thus, a reduced cost of protein

can be achieved by the addition of right amount of polysaccharide. In turn, this will

lower the overall processing cost. In this study, CPl-r-carrageenan complexing

produced gels and emulsions with improved properties. Using CPI in combination with

hydrocolloids will reduce the costs of food products containing mixed biopolymers.

Further research considerations

The interaction between canola protein isolate (CPD and guar gum needs further

assessment since guar gum interfered with CPI gel formation. The incompatibility

previously reported to produce improved gelation between the two macromolecules

(Arntfield and Cai, 1998) did not result in improved gel properties in this study
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(especially at pH 6). Further examination of the phase separation phenomenon will

provide more insight on the incompatibility between CPI and neutral polysaccharides

(e.g. guar gum).

Superior gel properties were obtained for CPl-r-carrageenan mixtures (at pH 6)

and this was attributed to the electrostatic complex formation between the two

macromolecules. The possibility of a chain segment binding occurring between CPI and

K-carrageenan requires further consideration.

Some of the observations of this study were limited to the experimental design

used. Examining different set of points (absent in the experimental design) could provide

additional information on the interactions and mechanisms that enhance gelation and

emulsification of CPI in multicomponent systems.

Another consideration will be to compare the functionality of CPI to that of soy

protein ingredients, which are best known as emulsiffing and gelling agents (Utsumi et

a1.,1997). The gelation and emulsification data of the present research showed that CPI

can serve as a gelling and emulsifuing ingredient, especially when used in combination

with hydrocolloids. Since soy protein products are the leading plant protein

commercially available and are widely used, comparing the gelation and emulsiffing

properties of commercial CPI to that of soy protein ingredient would be useful.

The gelation of CPl-hydrocolloid mixtures were carried out at temperatures

ranging from 25o to 95oC, it is possible that improved network properties may be

produced at temperature above 100"C. Investigation into the network properties of CPI-

hydrocolloid systems at temperatures higher than 95oc is recommended.

The functional foods and nutraceuticals industry is an emerging and rapidly
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growing sector. Investigation into the potential of CPI as a source of bioactive

compounds (e.g. bioactive peptides) should be explored. This could provide opportunity

that will enhance fabrication of new food products with functional, nutritious and

organoleptically acceptable characteristics.



253

REF'ERENCES

Aguilera, J.M. 1992. Generation of engineered structures in gels. Pages 387-421 in:
Physical Chemistry of Foods. Schwartzberg, H.G. and Hartel, R.W. eds. Marcel Dekker
Inc., New York, NY.

Aguilera, J.M. 1995. Gelation of whey proteins. Food Tech. 49: 83-89.

Alizadeh-Pasdar, N. and Li-Chan, E.C.Y. 200I. Application of PRODAN fluorescent
probe to measure surface hydrophobicity of proteins interacting with r-carrageenan.
Food Hydrocoll. 15 : 285-294.

Aluko, R.E. and Mclntosh, T. 2001. Polypeptide profile and functional properties of
defatted meals and protein isolates of canola seeds. J. Sci. Food Agric. 81: 391-396.

AOAC 1990. Official Methods of Analysis 15th ed. Association of Official Analytical
Chemists, Washington, D.C.

Arakawa, T. and Timasheff S.N. 1982. Stabilzation of protein structure by sugars.
Biochem. 2l : 6536-6544.

Arakawa, T. and Timasheff S.N. 1984. Mechanism of protein salting in and salting out
by divalent cation salts: balance between hydration and salt binding. Biochem. 23: 5912-
5923.

Arntfield, S.D. 1989. Microstructural and Rheological Properties of Protein Networks
from Ovalbumin and Vicilin. Ph.D. Thesis, University of Manitoba, Winnipeg, MB. 289
pp.

Arntfield, S.D. 1994. Thermal gelation of globular proteins. Curr. Top. Pept. Prot. Res.
I:261-273.

Arntfield, S.D. and Bernatsky, A. 1993. Characteristics of heat-induced networks for
mixtures of ovalbumin. J. Agric. Food Chem. 41:229I-2295.

Arntfield, S.D. and Cai, R. 1998. Protein polysaccharide interactions during network
formation: observations involving canola protein. Pages 108-122 in: Paradigm for
Successful Utilization of Renewable Resources. Sessa, D.J. and Willett, J. L. eds.
American Oil Chemists' Society, Champaign.

Arntfield, S.D. and Murray, 8.D.1992.Impact of heating rate on thermal properties and
network formation for vicilin and ovalbumin at various pH values. J. Food Sci. 57: 640-
646.



2s4

Arntfield, S.D., Murray, E.D., Ismond, M.A.H. I990a. Influence of salts on the
microstructural and rheological properties of heat-induced protein networks from
ovalbumin and vicilin. J. Agric. Food Chem. 38: 1335-1343.

Arntfield, S.D., Murray, E.D. and Ismond, M.A.H. 1990b. Influence of protein charge
on the microstructural and rheological properties of heat-induced networks from
ovalbumin and vicilin. J. Texture Stud. 21 :295-322.

Amtfield, S.D., Murray, E.D. and Ismond, M.A.H. 1990c. Dependence of thermal
properties as well as network microstructure and rheology on protein concentration for
ovalbumin and vicilin. J. Texture Stud. 21: l9l-212.

Arntfield, S.D., Murray, E.D. and Ismond, M.A.H. 1991. Role of disulfide bonds in
determining the rheological and microstructural properties of heat-induced protein
networks from ovalbumin and vicilin. J. Agric. Food Chem. 39: 1378-1385.

Arntfield, S.D., Murray, 8.D., Ismond, M.A.H. 1986. Effect of salt on the thermal
stability of storage proteins from fababean(Viciafaba). J. Food Sci. 5l:371-377.

Arntfield, S.D., Murray, E.D., Ismond, M.A.H. and Bernatsky, A.M. 1989. The role of
the thermal denaturation-aggregation relationship in determining the rheological
properties of heat induced networks for ovalbumin and vicilin. J. Food Sci. 54: 1,624-
T63T.

Aymard, P., Nicolai, T., Durand, D., & Clark, A. (1999). Static and dynamic scattering
of B-lactoglobulin aggregates formed after heat-induced denaturation at pH 2.
Macromol. 32: 2542-2552.

Belloque, J., smith, G.M. 1998. Thermal denaturation of B-lactoglobulin. A rH NMR
study. J. Agric. Food Chem. 46: 1805-1813.

Bouraoui, M., Nakai, S., Li-Chan, E. 1997. In situ investigation of protein structure in
Pacific whiting surimi and gels using Raman spectroscopy. Food Res. Int. 30 65-72

Bourriot, S., Garnier, C. and Doublier, J.L. 1999a. Phase separation, rheology and
microstructure of micellar casein-guar gum mixtures. Food Hydrocol. 13: 43-49.

Bourriot, S., Garnier, C. and Doublier, J.L. 1999b. Phase separation, rheology and
microstructure of micellar casein-galactomannan mixtures. Int. Dairy J. 9: 353-357 .

Bremer, L.G.B., Bijsterbosch, 8.H., Schrijvers, R., van vliet, T. and walstra, p. 1990.
On the fractal nature of the structure of acid casein gels. Coll. Surf. 51 :159-170.

Bungenberg de Jong, H.G.1949. Chapters 8-10 in: Colloidal Science Vot. 2; Reversible
Systems. Kruyt, H.R. ed. Elsevier Publishers Inc., Amsterdam.



255

Cai, R. 1996. The relationship between the gelation properties of some mixed protein-
polysaccharides and their thermodynamic compatibility in an aqueous medium. M.Sc.
Thesis, University of Manitoba, Winnipeg, MB. 103 pp.

Cai, R. and Amtfield, S.D. 1997. Thermal gelation in relation to binding of bovine
serum albumin-polysaccharide systems. J. Food Sci. 62: ll29-II34.

Cain, F.W., Jones, M.G. and Norton, I.T. 1987. Spread. European Patent 872003942. 5

pp.

Capron, I., Nicolai, T. and Durand, D. 1999a. Heat induced aggregation and gelation of
B-lactoglobulin in the presence of r-carrageenan. Food Hydrocoll. 13: 1-5.

Capron, I., Nicolai, T. and Smith C. I999b. Effect of addition of r-carrageenan on the
mechanical and structural properties of B-lactoglobulin gels. Carbohydr. Polym. 40:233-
238.

Catsimpoolas, N. and Meyer, E.V/. 1970. Gelation phenomena of soybean globulins:
protein-protein interactions. Cereal Chem. 47 : 559-57 0.

Chang, B.S. and Mahoney, R.R. 1995. Enzyme thermostabilization by bovine semm
albumin and other proteins: evidence for hydrophobic interactions. Biotechnol. Appl.
Biochem. 22:203-214.

Cheftel, J.C., Coq, J.L. and Lorient, D. 1985. Amino acids, peptides and proteins. Pages
245-369 in: Food Chemistry. Fennema, o.R. ed. Marcel Dekker Inc., New York, NY.

Chung, S.L. and Ferrier, L.K. 1992. pH and sodium chloride effects on emulsiSzing
properties of egg yolk phosvitin. J. Food Sci. 57:40-46.

Clark, A.H. 1996. Biopolymer gels. Cun. Opin. Coll. Interf. Sci. l: 712-717.

Clark, A.H. 1998. Gelation of globular proteins. Pages 77-I42 in: Functional properties
of Macromolecules 2no ed. Hill s.E., Ledward, D.A. and Mitchell, J.R. eds., Aspen
Publishers, Gaithersburg.

Clark, A.H. and Ross-Murphy, S.B. 1987. Mechanical and structural properties of
biopolymer gels. Adv. Polymer Sci. 83, 60-184

Clark,4.H., and Lee-Tuffnell, C.D. 1986. Gelation of globular proteins. Pages 203-272
in: Functional Properties of Food Macromolecules. Mitchell, J.R. and Ledward, P.A.
eds. Elsevier Applied Science Publishers, New York, NY.

Clark, 4.H., Saunderson, D.H.P. and suggefi, A. 1981. Infrared and laser-raman
spectroscopic studies of thermally-induced globular protein gels. Int. J. Pept. Prot. Res.
17:353-364.



256

Clarke, R.F.L. and Nakai, S. 1972. Fluorescent studies of r-casein with 8-
anilinonaphthalene- 1 -sulfonate. Biochim. Biophys. Acta. 257 : 6I -69.

Dalgalarrondo, M., Robin, J.M. and Azanza,J.L. 1986. subunit compositior, àf tn.
globulin fraction of rapeseed (Brassica napus L). Plant Sci. 43: ll5-124.

Dalgleish, D.G. and Hollocou, A.L. 1997. Stabilization of protein-based emulsions by
means of interacting polysaccharides. Pages 236-245 in: Food Colloids: Proteins, Lipids
and Polysaccharides. Dickinson, E and Bergenstahl, B. eds. The Royal Society of
Chemistry, Cambridge.

Damodaran, S. 1988. Refolding of thermally unfolded soy proteins during the cooling
regime of the gelation process: effect on gelation. J. Agric. Food Chem.36:262-269.

Damodaran, S. 1989. Interrelationship of molecular and functional properties of food
proteins. Pages pp. 2l-5I in: Food Proteins. Kinsella, J. E. Soucie, W.G. eds. The
American Oil Chemists' Society, Washington, DC.

Damodaran, .S. 1996. Amino acids, peptides and proteins. Pages 321-429 in: Food
Chemistry 3'd ed. Fennema, O.R. ed. Maròel Dekker, Ñew York, ÑY.

Damodaran, S. and Kinsella, J.E.1982. Food Protein Deterioration: Mechanisms and
Functionality. cheny, J.P. ed. ACS symp. ser. 206. The American oil chemists'
Society, Washington, DC. Pp. 327 -334.

de Kruif, C.G. and Tuinier, R. 200I. Polysaccharide protein interactions. Food
Hydrocoll. 15: 555-563.

de Kruif, G.C. and Tuinier, R. 1999. Whey protein aggregates and their interaction with
exopolysaccharides. Int. J. Food Sci. Technol. 34:487-492

Dea, I.C.M. 1982. Polysaccharide conformation in solution and gels. In: Food
Carbohydrate. Lineback, D.R. and Inglett, G.E. eds. AVI Publishing Company, Inc.
Westport, CT.

Delisle, J.J., Aminot, G.G., Somard, C., Brisson, G.J. and Jones, J.D. 1984. Quality
plant: plant foods. Human Nutr. 43: 243-247.

Deng, Q.Y., Barefoot, R.R., Diosady, L.L., Rubin, L.J. and Tzeng, Y.M. 1990.
Lysinoalanine concentrations in rapeseed protein meals and isolates. Can. Inst. Food Sci.
Technol. J. 23 : 140-142.

Dev, D.K. and Mukherjee, K.D. 1986. Functional properties of rapeseed protein
products with varying ph¡ic acid contents. J. Agric. Food chem.34:775-780

Dickinson, 8.1997. Enzymic crosslinking as a tool for food colloid rheology control and
interfacial stabilization. Trends Food Sci. Technol. 8:334-339.



257

Dickinson, E. 1998. Stability and rheological implications of electrostatic milk protein-
polysaccharide interactions. Trends Food Sci. Techn ol. 9 : 3 47 -3 5 4.

Dickinson, E. and Pawlowsky, K. 1998. Influence of r-carrageenan on the properties of
a protein-st ablizied emulsion. Food Hydrocoll. 12: 417 -423 .

Dickinson, E. and Stainsby, G. 1982. Colloids in Food. Applied Science Publishers,
London, NY. Pp. 215-235.

Dickinson, E. and Stainsby, G. 1988. Emulsion stability. Pages I-44 in Advances in
Food Emulsions and Foams. Dickinson, E. and Stainsby, E. eds. Elsevier Applied
Sciences Publishers Ltd. Cambridge, Great Britain.

Diftis, N. and Kiosseoglou, V. 2003. Improvement of emulsifying properties of soybean
protein isolate by conjugation with carboxymethyl cellulose. Food Chem. 81: 1-6.

Dio, E. 1993. Gels and gelling of globular proteins. Trends Food Sci. Technol. 4: l-5.
Diosady, L.L., Tzeng, Y.M. and Rubin, L.J. 1984. Preparation of rapeseed protein
concentrates and isolates using ultrafiltration. J. Food Sci. 49: 768-776.

Doublier, J.L., Garnier, C., Renard, D. and Sanchez, C. 2000. Protein-polysaccaharide
interactions. Curr. Opin. Coll. Interf. Sci. 5: 202-214.

Drohan, D.D., Tziboula, 4., McNulty, D. and Horne, D.S. 1997. Milk protein:
caffageenan interactions. Food Hydrocoll. 11: 101-107.

Dunstan, D.E., Chen,Y.,Liao, M.L., Salvatore, R., Boger, D.V. and Prica, M.2001.
Structure and rheology of the rc-carrageenan/locust bean gum gels. Food Hydrocoll. l5:
47s-484

Durrani, C.M., Prystupa, D.4., Donald, A.M. 1993. Phase diagram of mixtures of
polymers in aqueous solution using Fourier transmission infrared spectroscopy.
Macromol. 26:981-987

Dyer-Hurdon, J.N. and Nnanna, I.A. 1993. Cholesterol content and functionality of
plasma and granules fractionated from egg yolk. J. Food sci. 58: 1277-l2gr.

Eagland, D. 1975. Nucleic acids, peptides and proteins. Pages 305-309 in l4later; a
comprehensive Treatise. vol. 4. Franks, F. ed. Plenum press, New york, Ny.

Eloffson, C., Dejmek, P., Paulsson, M. and Burling,H. 1997. Atomic force microscopy
studies on whey proteins. Intl. Dairy J., 7: 813-819.

Enriquez, L.G. and Flick, G.J. 1989. Marine colloids. pages 235-334 in: Food
Emulsifiers: Chemistry, Technology, Functional Properties and Application.



258

Charalambous, G. and Doxastaskis, G. eds. Elsevier Publishers Inc., Amsterdam,
Netherlands.

FAO, 1992. Protein quality evaluation. Report of Joint FAO/V/HO Expert Consultation.
Food and Agriculture Orgartization of the United Nations, Rome.

Falshaw, R., Bixler, H.J. and Johndro, K. 2001. Structure and performance of
commercial kappa-2 carrageerran extracts I. Structure analysis. Food hydrocoll. t5:441-
452.

Fennema, O.R. 1996. Food Chemistry 3'd Ed. Marcel Dekker Inc., New York, NY. Pp.
t0-2r.

Ferry, J.D. 1948. Protein gels. Adv. Protein Chem. 4: l-78.

Finnigan, T.J.A. and Lewis, M.J. 1985. Nitrogen extraction from defafied rapeseed, with
particular reference to United Kingdom commercial rapeseed meal. J. Sci. Food Agric.
36:520-530.

Funtenberger, S., Dumay, E., Cheftel, J.C. 1997. High pressure promotes B-
lactoglobulin aggregation through SFVS-S interchange reactions, J. Agric. Food Chem.,
45:912-921.

Galazka, V.8., Smith, D., Ledward, D.4., and Dickinson, E. 1999b. Complexes of
bovine serum albumin with sulphated polysaccharides: effects of pH, ionic strength and
high pressure treatment. Food Chem. 64:303-310.

Gill, T.A. and Tung, M.A. 1978. Thermally induced gelation of the l2S rapeseed
glycoprotein. J. Food Sci.43: 1481-1485.

Gillberg, L. and Tornell, B. 1976. preparation of rapeseed protein isolates: Dissolution
and precipitation behaviour ofrapeseed proteins. J. Food Sci. 41: 1063-1069.

Gilsenan, P.M., Ross-Murphy, S.B. 2000. Viscoelasticity of thermoreversible gelatin
gels from mammalian and piscine collagens. J. Rheol. 44:871-883.

Glicksman, M. 1982. Food applications of gums. Pages 125-133 in: Food
Carbohydrates. Lineback, D.R. and Inglett, G.E. eds. AVI Publishing Company, Inc.
V/estport, CT.

Grinberg, V.Ya. and Tolstoguzov, V.B. 1997. Thermodynamic incompatibility of
protein and polysaccharide in solution. Food Hydrocoll. 11: 145-158.

Gurov, 4.N., Larichev, N.4., Krylov, V.I. and Tolstoguzov, V.B. 1978. On the
conformation behaviour of bovine serum albumin in a complex with dextran sulfate.
Studia Biophys. 72: 7-13.



259

Gurov, 4.N., Mukhin, M.A., Larichev, N.4., Lozinskaya, N.V. and Tolstoguzov, V.B.
1983. Emulsifying properties of proteins and polysaccharides. I. Methods of
determination of emulsifuing capacity and emulsion stability. Coll. Surf. 6: 35-42

Gurov, 4.N., Wajnermann, E.S. and Tolstoguzov, V.B. l9TT.Interaction of protein with
dextransulfate in aqueous medium: Part 2. Nonequilibrium phenomena. Die Starke.29:
186-190.

Gvmazda, S. and Rutkowski, A. 1983. Physicochemical properties of heat treated
soybean and rapeseed proteins. In: Proceedings ofthe 6ü International Congress ofFood
Science and Technology. 2: 122-123.

Hansen, P.M.T. 1993. Food hydrocolloids in the food industry. Pages 2lI-224 in: Food
Hydrocolloids: Structures, Properties and Functions. Nishinari, K. Doi, E. eds. Plenum
Press, New York, NY.

Harwalkar, V.R. and Ma, C.Y. 1987. Study of thermal properties of oat globulin by
differential scanning calorimetry. J. Food Sci. 52: 394-405.

Harwalker, V.R. and Ma, C.Y. 1989. Effects of medium composition, preheating, and
chemical modification upon thermal behaviour of oat globulin and B-lactoglobulin.
Pages 210-231 in Food Proteins. Kinsella, J.F. and Soucie, W.G. eds. The American Oil
Chemists Society: Champaign, IL.

Hermansson, A.M. 1979. Aggregation and denaturation involved in gel formation. Pages
81-102 in: Functionality and Protein Structure. ACS Symposium Series 92. Pour-El, A.
ed. American Chemical Society, Washington, DC.

Hermansson, A.M. 1994. Microstructure of protein gels related to functionality. Pages
22-42 in: Protein structure-function relationships in foods. Yada, R.Y., Jackman, R.L.
and Smith, J.L. eds. Blackie Academic and Professional, London.

Hermansson, 4.M., Ericksson, E. and Jordansson, E. 1991. Effects of potassium,
sodium, and calcium on the microstructure and rheological behaviour of r-carrageenan
gels. Carbohydr. Polymers. 16: 297-320.

Hines, M.E. and Foegeding, E.A. 1993. Interactions of ø-lactalbumin and bovine serum
albumin with B-lactoglobulin in thermally induced gelation, J. Agric. Food Chem. 4l:
34r-346.

Horiuchi, T., Fukushima, D., sugimoto, H., Hattori, T. 1978. studies on enzyme-
modified proteins as foaming agents: Effects of structure on foam stability. Food Chem.
3:35-42.

Hosseini-nia, T., Ismail, A.A. and Kubow, S. 1999. Pressure-induced conformational
changes of B-lactoglobulin by variable-pressure Fourier transform infrared spectroscopy.



260

J. Agric. Food Chem.47:4537-4542

Ikeda, S., Foegeding, E.4., Hardin, C.C. 2000. Phospholipid/ fatty acid-induced second-
dary structural change in B-lactoglobulin during heat-induced. J. Agric. Food Chem. 48:
605-610.

Imeson, 4.P., Ledward, D.A. and Mitchell, J.R. 1977. On the nature of the interactions
between some anionic polysaccharides and proteins. J. Sci. Food Agric .28: 661-668.

Ismond, M.A.H. 1984. The role of noncovalent forces in food protein interactions: a
study system using the legume storage protein vicilin. Ph.D. Thesis, Univ. of Manitoba,
Winnipeg, MB. 317 pp.

Ismond, M.A.H. and V/elsh, W.L. 1992. Application of new methodology to canola
protein isolation. Food Chem. 45: 125-127.

Ismond, M.A.H., Murray, E.D. and Arntfield, S.D. 1986. The role of non-covalent
forces in micelle formation by vicilin from Vicia faba.II. The effect of stabilizing and
destabilizing anions on protein interactions. Food Chem. 2l:27-46.

Ismond, M.A.H., Welsh, W.L. 1992. Application of new methodology to canola protein
isolation. Food Chem. 45: 125-127.

Jones, J.D. 1979. Rapeseed protein concentrate preparation and evaluation. J. Amer. Oil
Chem. Soc.56,716-721.

K*pf, N. and Nussinovitch, A. 1997. Rheological characteÅzation of K-caffageenan
soy milk gels. Food Hydrocoll. II:261-269.

Kato, A. and Nakai, S. 1980. Hydrophobicity determined by a fluorescence probe
method and its correlation with surface properties of proteins. Biochim. Biophys. Acta,
624: 13-20.

Kato, 4., Tsutsui, N., Matsudomi, N., Kobayashi, K. and Nakai, S. 1981. Effects of
partial denaturation of surface properties of ovalbumin and lysozyme. Agric. Biol.
Chem. 45:2755-2760.

Katsuta, K., Hatakeyama, M. and Hiraki, J. IggT.Isothermal gelation of proteins. 1.
Urea-induced gelation of whey proteins and their gelling mechanism. Food Hydrocoll.
1I:367-372.

Keogh, M.K., Lainé, K.I. and o'Connor, J.F. 1995. Rheology of sodium caseinate-
caffageenan mixtures. J. Text. Stud. 26: 635-652.

Kinsella, J.E. 1982. Relationships between structure and functional properties of food
proteins. Pages 51-103 in: Food Proteins. Fox, P.F. London, J.J. eds. Applied Science



261

Publishers, London, NY.

Klockeman, D.M., Toledo, R. and Sims, K.A. 1997. Isolation and characterization of
defatted canola meal protein. J. Agric. Food Chem. 45:3867-3870.

Kobayashi, K., Kato, 4., and Matsudomi, N. 1990. Developments in novel functional
food materials hybridization of soy protein to polysaccharides. Nutr. Sci. Soy Prot.
Japan. II:23-28.

Koning, M.M.G., and Visser,H. 1992. Protein interactions. An overview. Pages 1-24 in
Protein Interactions. Visser, H. ed. VCH Publishers, New York.

Langendorff, V., Cuvelier, G., Michon, C., Launay, 8., Parker, A. and de lkuif, C.G.
2000. Effects of carrageenan type on the behaviour of carrageenan/milk mixtures. Food
Hydrocoll. 14: 273-277 .

Lapasin, R. and Pricl, S. 1995. Rheology of Industrial Polysaccharides: Theory and
Applications. Blackie Academic, London. Pp. I l -23 .

Larichev, N,4., Gurov, A.N. and Tolstoguzov, V.B. 1983. Protein polysaccharide
complexes at the interphase. L Characteristics of decane/water emulsions stabilized by
complexes of bovine serum albumin with dextran sulfate. Coll. Surf. 6:27-34.

Launay, B. Cuvelier, G. Michon, C., Langendorff, V. 2000. Rheological study of some
mixed hydrocolloid systems displaying associative interactions. Pages l2l-133 in:
Hydrocolloids Part 2: Fundamentals and Applications in Food, Biology, and Medicine.
Nishinari, K. ed. Elsevier Science, Amsterdam.

Ledward, D.A. 1994. Protein-polysaccharide interactions. Pages 225-257 in Proteín
Functionølity in Food Systems. Hettiarachy, N.S. andZiegler, G.R. eds. Marcel Dekker,
New York, NY.

Léger, L.W. and Amtfield, S. D. 1993. Thermal gelation of the l2S canola globulin. J.
Amer. Oil Chem. Soc. 70: 853 - 861.

Lynch, M.G. and Mulvihill, D.M. 1994. The influence of caseins on the rheology of rc-
carrageenan gels. Pages 323-332 in: Gums and Stabtlizers for the Food Industry. Vol. 7.
Phillips, G.O. and Williams, P.A. V/edlock, D.J. eds. Oxford University Press, Oxford
UK.

Maroziene, A. and de Kruif C.G. 2000. Interaction of pectin and casein micelles. Food
Hydrocoll. 14 391-395.
Matsudomi, N., Rector, D.G. and Kinsella, J.E. 1991. Food Chem. 55:69-74.

Matulewicz, M.C., Ciancia, M., Noseda, M.D. and Cerezo, A.S. 1989. Canageenan
systems from tetrasporic and cystocarpic stages of Gigartina skottsbergli. Phytochem.
28:2937-2941.



262

McCrone, V/.C. and Delly, J.G. 1973. The Particle Atlas 2"d ed. The Electron
Microscopy Atlas, Vol. III. Ann Arbor Science Publishers Inc., Michigan. Pp. 685-706.

McCurdy, S.M. 1990. Effects of processing on the functional properties of
canola/rapeseed protein. J. Amer. Oil Chem. Soc. 67: 281-284.

Mellema, M., van Opheusden, J.H.J. and van Vliet, T. 2002. Categorization of
rheological scaling models for particle gels applied to casein gels. J. Rheol. 46l. ll-29.

Mieth, G., Brtickner,J., Kroll, J. and Pohl, J. 1983. Rapeseed: constituents andprotein
products. Parl2: preparation and properties of protein-enriched products. Die Nahrung
27:759-801.

Mleko, S., Li-Chan, E.C.Y. and Pikus, S. 1997. Interactions of r-carrageenan with whey
protein in gels formed at different pH. Food Res. Int. 30:427-433.

Morris, E.R. 2000. Rheology of biopolymer co-gels. Pages 135-146 in; Hydrocolloids,
Part 2: Fundamentals and Applications in Food, Biology, and Medicine. Nishinari, K.
ed. Elsevier Science, Amsterdam.

Morris, E.R., Rees, D.A. and Robinson, G. 1980. Cation-specific aggregation of
caffageenan helices. Domain model of polymer gel structure. J. Mol. Biol. 138: 349-362.

Morris, V.J. 1986. Multicomponent gels. Pages 87-99 in: Gums and Stabílizers for the
Food Industry 3. Philips, G. o. Wedlock, D.J. and V/illiams, P.A. eds. Elsevier
Publishers Inc., London.

Murray, 8.D., Myers, C.D. and Baker, L.D.1978. Canadian Patent 1,028,552.7 pp.

Murray, E.D., Myers, C.D., Baker, L.D. and Maurice, T.J. 1981. Functional attributes of
proteins: a noncovalent approach to processing and utilizing plant proteins. Pages 158-
176 in: utilization of protein resources. stanley, D.v/. Munay, E.D. Lees, D.H. eds.
Food and Nutrition Press, V/estport.

Nakai, S. 1983. Structure-function relationships of food proteins with an emphasis on
the importance of protein functionality. J. Agric. Food chem.3l:676-683.

Nakamura, K., Kiriyama, M., Takada,4., Maeda, H., Nemoto, N. 1997. Structure and
dynamics of ovalbumin gels III. Solvent effect. Rheol. Acta,36:252-261

Nieser, S., Draget, K.I. and Smidsrod, O. 2000. Gel formation in heat-treated bovine
senrm albumin-r-canageenan systems. Food Hydrocoll. I 4 : 9 5 -l fi .

Nishinari, K. 1997. Rheological and DSC study of sol-gel transition in aqueous
dispersions of industrially important polymers and colloids. Coll. Polymer Sci. 275:
1093-1107.



:,si

263

Oakenfull, D. 1987. Gelling agents. CRC Crit. Rev. Food Sci. Nutr. 26: I-25.

Oakenfull, D., Miyoshi, E., Nishinari, K. and Scott, A. 1999. Rheological and thermal
properties of milk gels formed with K-carrageenan. I. Sodium caseinate. Food Hydrocoll.
13:525-533.

Oakenfull, D., Nishinari, K. and Miyoshi, E. 2000. A comparative study of milk gels
formed with r-carrageenan or low methoxy pectin. Pages 153-163 in Hydrocolloids,
Part 2: Fundamentals and Applications in Food, Biologt, and Medicin. Nishinari, K. ed.
Elsevier Science, Amsterdam.

OECD. 200I. Series on the safety of novel foods and feeds No. 1. Consensus document
on key nutrients and key toxicants in low erucic acid rapeseed (Canola). Organization of
Economic Co-operation and Development. OECD Environmental Health and Safety
Publications, Paris.

Ohlson, R. 1978. Functional properties of rapeseed oil and protein products: a survey.
In: Proceedings of the 5th Intemational Rapeseed Conference, Malmo, Sweden. Pp.I52-
167.

Ote, J., Schumacher, E., Ipsen, R., Ju, Z.Y. and Qvist, K.B. 1999. Protease-induced
gelation of unheated and heated whey proteins: effects of pH, temperature, and
concentration of proteins, enzyme and salts. Int. Dairy J. 9: 801-812.

Ould Eleya, M.M. and Turgeon, S.L. 2000a. Rheology of r-carrageenan and B-
lactoglobulin mixed gels. Food Hydrocoll. 14:29-40.

ould Eleya, M.M. and Turgeon, s.L. 2000b. The effect of pH on the rheology of B-
lactoglobul in I r-canageenan mixed gels. Food Hydrocoll. I 4: 245 -25 I.

Paulson, A.T. and T*g, M.A. 1989. Thermally induced gelation of succinylated canola
protein isolate, J. Agric. Food Chem.37:316-326.

Pearce, K.N. and Kinsella, J.E. 1978. Emulsiffing properties of proteins: evaluation of a
turbidimetric technique. J. Agric. Food Chem . 26: 7 I 6-723 .

Petkowicz, C.L.O., Reicher, F. and Mazeau, K. 1998. Conformational analysis of
galactomannans: from oligomeric segments to polymeric chains. Carbohydr. Polymer
37:25-39.

Phillips, L.G., 'Whitehead, D.M. and Kinsella, J. 1994. Structure-Function Properties of
Food Proteins. Academic Press, San Diego, CA. Pp. 153-169.

Pickard, M.D. 1997. Processing of canola for quality meal. Pages l-4 in: Canola Meal:
Feed Industry Guide. Hickling, D.R. ed. canola Council of Canada, v/innipeg, MB.



264

Picullel, L and Lindmann, B. 1992. Association and segregation in aqueous
polymerþolymer, polymer/surfactarú, and surfactanlsurfactant mixtures. Similarities
and differences. Adv. Coll. Interf. Sci. 41 149-178.

Polyakov, V.I., Grinberg, V.Y., Tolstoguzov, V.B. 1997. Thermodynamic
incompatibility of proteins. Food Hydrocol. 1l: 17l

Qi, X.L., Holt, C., McNulty, D., Clarke, D.T., Brownlow, S., Jones, G.R. 1997. Effect of
temperature on the secondary structure of B-lactoglobulin at pH 6.7 as determined by
CD and IR spectroscopy: a test of the molten globule hypothesis. Biochem. J., 324: 341-
346.

Rees, D.A. 1972. Shapely polysaccharides. Biochem. J. 126:257-273.

Renkema, J.S.M., Gruppen, H. and van Vliet, T.2002. The influence of pH and ionic
strength on heat-induced formation and rheological properties of soy protein gels in
relation to denaturation and their protein composition. J. Agric. Food Chem. 50: 1569-
1s73.

Renkema, J.S.M., Lakemond, C.M.M., de Jongh, H.H.J., Gruppen, H. and van Vliet, T.
2000. The effect of pH on heat denaturation and gel forming properties of soy proteins.
J. Biotechnol. 7 9 : 223-230.

Rochas, C. and Rinaudo, M. 1980. Activity coefficients of counter-ions
conformation in r-carrageenan systems. Biopolym. 19: 1675-1687.

Ross-Murphy, S.B. 1998. Reversible and irreversible biopolymer gels structure
mechanical properties. Phys. Chem. Chem. Phys. 102: 1534-1539

and

and

Royer, C.A. 1995. Approaches to teaching fluorescence spectroscopy. Biophys. J.61:
1 191-1 195.

Rubino, M.I., Amtfield, S.D. and Charlton, J.L. 1995. Conversion of phenolics to
ligands: sinapic acid to thomasidioic acid. J. Amer. Oil Chem. Soc.72 : 1465-1470.

Rubino, M.L, Arntfield, S.D., Nadon, C.A. and Bernatsky, A. 1996. Phenolic protein
interactions in relation to the gelation properties of canola protein. Food Res. Int. 29
6s3-6s9.

Samant, S.K., Singhal, R.S., Kulkarni, P.R. and Rege, D.V. 1993. protein-
polysaccharide interactions: a new approach in food formulations. Int. J. Food Sci.
Technol. 28:547-562.

Schmidt, R.H. (1981). Proteìn Functionality in Foods. cherry, J.P. ed. ACS symposium
Serries, 147. American Chemical Society, Washington. Pp. 131-133.



265

Schmidt, R.H., Illingworth, 8., Deng, J.C. and Cornell, J.A. 1979. Multiple regression
and response surface analysis of the effect of calcium chloride and cysteine on heat
induced whey protein gelation. J. Agric. Food Chem.27: 529-532.

Schorsch, C., Jones, M.G. and Norton, I.T. 1999. Thermodynamic incompatibility and
microstructure of milk protein/locust bean gum/sucrose systems. Food Hydrocoll. 13:
89-99.

Schwenke, K.D., Mothes, R., Marzilger, K., Borowska, J. and Kozlowska,H. 1987.
Rapeseed protein polyanion interaction - turbidimetric studies in systems with
phosphate-containing polyanions: ph¡ic acid and octometaphosphate. Die Nahrung 31:
1001-1013

Schwenke, K.D., Raab, 8., Plietz, P. and Damaschun, G. 1983. The structure of the 12S
globulin from rapes eed (Brassica napus L.). Die Nahrung 27: 165-17 5.

Semenova, M.G., Pavlovskaya, G.E. and Tolstogtrzov, V.B. 1991. Light scattering and
thermodynamic phase behaviour of the system 1 1S globulin-r-carrageenan-water. Food
Hydrocoll. 4:469-479.

Shahidi, F. 1990. North American production of canola. Pages 1-10 in: Canola and
Rapeseed: Production, Chemistry, Nutrition and Processing Technology. Shahidi, F. ed.
AVI-VanNostrand Reinhold, New York, NY.

Shih, Y.C., Prausnitz, J.M. and Blanch, H.W. 1992. Some characteristics of protein
precipitation by salts. Biotech. Bioengr. 40: 1155-1164.

Slavic, J. 1994. Fluorescent Probes in Cellular and Moleculør Biolo,gJl. CRC Press,
London. Pp.I-2.

Soetrisno, U.S.S. and Holmes, Z. 1992. Protein yields and characteristics from acid and
salt coagulations of yellow pea (Pisum sativum L) flour extractions. J. Agric. Food
Chem. 40:970-974.

Sosulski, F.v/. 1983. Rapeseed protein for food use. Dev. Food Prot. 2: 109-132.

Savoie, V.J. and Arntfield, S.D. 1996. Effect of pH and cations on the thermally induced
gelation of ovalbumin. J. Text. Stud. 27: 286-306.

Stading, M. and Hermansson, A.M. 1990. Viscoelastic behaviour of B-lactoglobulin gel
structures. Food Hydrocoll. 4: 12l-136.

Stading, M. and Hermansson, A.M. 1993. Rheological behaviour of mixed gels of r-
c¿urageenan-locust bean gum. Carbohydr. Polymers. 22, 49 -56.



266

Stainsby, G. 1980. Proteinaceous gelling systems and their complexes with
polysaccharides, Food Chem. 6: 3-I4.

Steel, R.G.D., Torrie, J.H. and Dickie, D.A. 1997. Principles and Procedures of
Statistics- A Biometric Approach. 3'd ed. McGraw-Hill Publishing Co., Toronto.

Syrbe, 4., Bauer, W.J. and Klostermeyer, H. 1998. Polymer science concepts in dairy
systems-an overview of milk protein and food hydrocolloid interactions. Int. Dairy J. 8:
179-r95.

Thomas, V/.R. 1992. Carrageenan. Pages 24-39 in: Thickening and gelling agents for
food.Imeson, A. ed. Blackie Academic and Professional, Cambridge.

Thompson, L.U., Liu, R.F.K. and Jones, J.D. 1982. Functional properties and food
applications ofrapeseed protein concentrate. J. Food Sci. 47: I 175-1 180.

Tolstoguzov, V.B. 1986. Functional properties of protein-polysaccharide mixtures.
Pages 385-415 in: Functionøl Properties of Food Macromolecules. Mitchell, J.R. and
Ledward, D.A. eds. London: Elsevier Applied Science Publishers.

Tolstoguzov, V.B. 1991. Functional properties of food proteins and role of protein-
polysaccharide interaction. Food Hydrocoll. 4: 429-468.

Tolstoguzov, V.B. 1995. Some physico-chemical aspects of protein processing in foods.
Multicomponent gels. Food Hydrocoll. 9 : 3 17 -332.

Tolstoguzov, V.B. 1997. Protein-polysaccharide interactions. Pages l7l-198 in: Food
proteins and theìr Applications. Damodarffi, S. and Paraf, A. eds. Marcel Dekker, New
York, NY.

Tolstoguzov, V.B. 1998. Functional properties of protein-polysaccharide mixtures.
Pages 642-667 in: Functional Properties of Food Macromolecules 2nd ed. Hill, S.E.,
Mitchell, J.R. and Ledward, D.A. eds. Aspen Publishers Inc., Gaithersburg, MD.

Tolstoguzov, V.B. 2003. Some thermodynamic considerations in food formulation. Food
Hydrocoll. 17: l-23.

Tolstoguzov, V.B. and Braudo, E.E. 1983. Fabricated foodstuffs as multicomponent
gels. J. Text. Stud. 14:83-212.

Tolstoguzov, V.B. and Vincent, R. 1997. Low Fat Food Ingredients. European Patent
961048287.12 pp.

Tuinier, R., Dhont, J.K.G. and de Kruif, c.G. 2000a. Depletion-induced phase
separation of aggregated whey protein colloids by art exocellular polysaccharide.
Langmuir 16:1497-1507



267

Tuinier, R., ten Grotenhuis, E. and de Kruit C.G. 2000b. The effect of depolymerized
guar gum on the stability of skim milk. Food Hydrocoll. 14: l-7.

Tzeng, Y. M., Diosady, L.L. and Rubin, L.J. 1990. Production of canola protein
materials by alkaline extraction, precipitation and membrane processing. J. Food Sci. 55:
tt47-1156.

Tziboula, A. and Horne, D.S. 1999. Influence of whey protein denaturation on K-
carrageenan gelation. Coll. Surf. Biointerf. 12: 299-308.

Utsumi, S., Matsamura, Y. and Mori, T. 1997. Structure-function realtionships. Pages
257-29I in: Food Proteins and their Applications. Damodarffi, S. Parat, A. eds. Marcel
Dekker, New York, NY.

Verheul, M. and Roefs, S.P.F.M. 1998a. Structure of whey protein gels studied by
permeability, scanning electron microscopy and rheology. Food Hydrocoll. 12: 17-24.

Verheul, M. and Roefs, S.P.F.M. 1998b. Structure of particulate whey protein gels:
effect of NaCl concentration, pH, heating temperature and protein composition. J. Agric.
Food Chem. 46: 4909-4916.

von Hippel, P.H. and Schleich, T. 1969. The effects of neutral salts on the structure and
conformational stability of macromolecules in solution. Pages 417-574 in; structure and
Stability of Biological Macromolecules. Timasheff S.N. and Fasman, G.D. eds. Marcel
Dekker Inc., New York, NY.

Voutsinas, S., Nakai, S. and Harwalker, V.R. 1983. Relationships between protein
hydrophobicity and thermal functional properties of food proteins. Can. Inst. Food Sci.
Technol. J. 16: 185-190.

Whistler, R.L. and BeMiller, J.N. 1997. Carbohydrate Chemistry for Food Scientists.
American Association of Cereal Chemists, St. Paul, MN. Pp. lB7-194.

Wicker, L.,Larier, T.C., Knopp, J.A. and Hamann, D.D. 1989. Influence of various salts
on heat-induced ANS fluorescence and gel rigidity development of tilapia (5. aureus)
myosin. J. Agric. Food Chem.37:18-22.

Wolf, V/.J. and Baker, F.L. 1981. Scanning electron microscopy of soybeans and
soybean protein products. Pages 239-252 in Studies of Food miuostructure. Cohen,
S.H. Davis, E.4., Holcomb, D.N. and Kalab, M. eds. Scanning Electron Microscopy
Inc., AMF O'Hare.

Wong, A.W. 1995. Effect of protein binding with ph¡ic acid on the thermal gelation of
bovine senrm albumin and canola 12S globulin at the intermediate pH range. M.Sc.
Thesis, University of Manitoba, Winnipeg, MB. 187 pp.



268

Xiong, Y.L. and Kinsella, J.E. 1990a. The effect of pH, thiol reagent and time on
properties of urea-induced whey protein gels. Food Hydrocoll. 4:245-248.

Xiong, Y.L. and Kinsella, J.E. 1990b. Mechanism of urea-induced whey protein
gelation. J. Agric. Food Chem.38: 1887-1891.

Xiong, Y.L. and Kinsella, J.E. 1990c. Evidence of a urea-induced sulfhydryl oxidation
reaction in proteins. Agric. Biol. Chem. 54:2157-2159.

Zazypkin, D.V., Brauddo, E.E., Tostoguzov,V.B. 1997. Multicomponent biopolymer
gels. Food Hydrocoll. 11: 156-170.

Zeigler, G.R. and Foegeding, E.A. 1990. The gelation of proteins. Adv. Food Nutr. Res.
34:203-298.

Zirbel, F. and Kinsella, J.E. 1988. Effects of thiol reagents and ethanol on strength of
whey protein gels. Food Hydrocoll. 2:467-475.



269

APPENDICES

Appendix 1. Selected factorial model - ANOVA of denaturation temperature (T¿) of
canola protein isolate-r-c aÍrageeîan systems.

Response: T¿

Factor Name Units Type -1 Level +1 level

M
%
%

A
B
C
D

pH
Salt conc
r-CAR

Protein conc

Numeric
Numeric
Numeric
Numeric

6.00
0.05
1.00

10.00

10.00
0.25
3.00

20.00

Sum/Squares DF Mean Square F-Value Prob >F

Model
Curvature
Residual
Pure Error
Cor Total
Root MSE
Dep Mean
C.V.
PRESS

35.80
4.46
0.10
0.10
40.37
0.19

90.09
0.21
N/A

69.25
129.4t

0.9971
0.9827

28.r02 Desire > 4

0.0025
0.0015

l5
1

J
J

2.39
4.46
0.034
0.034

t9
R-Squared

Adj R-Squared

Adeq Precision

Factor Coefficient
Estimate

DF Standard Error T for Ho Prob > ltl
CoefÈ0

Intercept
A-pH
B-Salt
C-r-CAR
D-Prot conc
AB
AC
AD
BC
BD
CD
ABC
ABD
ACD
BCD
ABCD
CÆoint

89.85
0.89
0.97
0.19
0.57
-0.20

-0.051
-0.21

0.057
8.125 x 10-03

0.016
6.875 x l0-03

-0.16
-0.089
-0.057
0.11

1.18

0.0003
0.0002
0.0248
0.0012
0.0244
0.3552
0.0197
0.3079
0.8722
0.7586
0.8916
0.0431
0.1498
0.3079
0.1022
0.0015

0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.10

19.16
20.99
4.r9
12.24
-4.2t
-1.09
-4.56
L23
0.18

0.34
0.15
-3.38
-1.93
-1.23
2.33

1 1.38
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Appendix 2. Selected factorial model - ANOVA of enthalpy of denaturation (ÂH) of
canola protein isolate-r-c¿rnageenan systems.

Response: AH
Factor Name Units Type -1 Level +1 Level

A
B
C
D

pH
Salt Conc
r-CAR

Protein conc

Sum of
Squares DF

Numeric
M Numeric
% Numeric
% Numeric

Mean
Square

10.00
0.25

3.00
20.00

Prob > F

6.00
0.05

1.00
10.00

F
Value

Model 45.35
Curvature 1.03
Residual 5.73
Lack of Fit 4.51
PweBnor 1.22
Cor Total 52.12

Root MSE 0.90
Dep Mean 16.97
c.v. 5.33
PRESS 74.27

4.r2
1.03

0.82
1.13

0.4r

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.0208
0.2984

0.2154

Desire > 4

5.04
t.26

11

I
7

4
aJ

l9

2.76

0.8878
0.71T5
-0.425r
7.r15

Coefficient
Factor Estimate DF

Standard
Error

t for Ho

Coeff:0 Prob > ltl

Intercept
A-pH
B-Salt
C-r-CAR
D-Prot.
AB
AC
AD
BC
CD
ABC
ACD
C/ Point

16.86
-0.t4
0.64

-0.54
-0.98
-0.23
0.55
-0.52
0.22
0.15
-0.48
-0.49
0.57

-0.62
2.82

-2.39
-4.32
-1.01
2.42

-2.28
0.96
0.67

-2.13
-2.t6
Ll2

0.5539
0.0257
0.0482
0.003s
0.3443
0.0463
0.0567
0.3670
0.5235
0.0706
0.0678
0.2984

0.23
0.23
0.23

0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.51
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Appendix 3. Selected factorial model - ANOVA of denaturation temperature (T¿) of
canola protein isolate-guar gum mixtures.

Response: T¿

Factor Name Units Type -1 Level +1 Level

A
B
C
D

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares DF

Numeric
M Numeric
% Numeric
% Numeric

Mean
Square

10.00
0.25
3.00
20.00

Prob > F

6.00
0.0s
1.00
10.00

F
ValueSource

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

4r.48
8.06
0.4s
0.045
0.40
49.99

0.33
88.73
0.38
t2.28

26.4t
71.81

0.34

0.9893
0.9518
0.7544
20.915

0.0031
0.0011

0.6030

Desire > 4

I4
I
4
1

J

T9

2.96
8.06
0.11

0.045
0.13

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

Coefficient
Factor Estimate DF

Standard
Error

t for Ho

Coeff=0 Prob > ltl

Intercept 88.4
A-pH 0.4s
B-Salt 1.07
C-Ggum 0.15
D-Protein 0.74
AB -0.50
AC -0.1 1

AD -0.63
BC -0.028
BD 4375F-03
cD -9.3758-03
ABC -0.087
ABD -0.072
ACD 0.017
BCD -0.068
C/ Point 1.59

11

I
1

I
1

1

1

I
I
I
1

1

1

I
1

I

0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084
0.084

0.19

5.37
t2.77

1.80
8.84

-5.93
-1.35
-7.53
-0.34

0.052
-0.11
-1.04
-0.86
0.20

-0.8r
8.47

0.0058
0.0002
0.1465
0.0009
0.0040
0.2481
0.0017
0.7539
0.9608
0.9163
0.3581
0.4391
0.8501
0.46t6
0.0011
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Appendix 4. Selected factorial model - ANOVA of enthalpy of denaturation (AH) of
canola protein isolate-guar gum mixtures.

Response: ÂH
Factor Name Units Type -1 Level *1 Level

A
B
C
D

pH
Salt Conc M
Ggum %

Protein conc %

Sum of
Squares DF

Numeric
Numeric
Numeric
Numeric

6.00
0.05
r.00

10.00

F
Value

10.00
0.25

3.00
20.00

Prob > FSource
Mean
Square

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
DepMean
C.V.
PRESS

t22.r5
76.73
14.5t
8.70
5.81

2t3.39

r.56
13.97
1 1.13

257.92

10.18

76.73
2.42
2.90
1.94

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.0445
0.0013

0.3736

Desire > 4

t2
1

6

J
J

t9

4.2r
3t.73

1.50

0.8938
0.6815
-0.2087
6.839

Factor
Coefficient
Estimate DF

Standard
Error

t for Ho

Coeff:0 Prob > ltl

Intercept
A-pH
B-Salt
C-Ggum
D-Protein
AB
AC
AD
BC
BD
CD
ABD
BCD
C/ Point

12.99
-1.67
0.62
0.98
-0.19
0.14

-0.60
-0.48
0.84
-0.25
-1.03
-0.56
-0.8s
4.90

-4.30
r.59
2.52

-0.48
0.36

- 1.55
-1.23
2.16

-0.64
-2.65
-1.44
-2.t8
5.63

0.0051
0.1637
0.0453
0.6456
0.7345
0.t726
0.2659
0.0738
0.5449
0.0381
0.20rt
0.07t9
0.0013

1

I

0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.87
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Appendix 5. Selected factorial model - ANOVA of swface hydrophobicity (S") of
canola protein isolate-r-cafrageenan systems.

Response: So

Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
r-CAR
Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

Mean
Square

6.00
0.05
1.00
10.00

F
Value

10.00
0.25

3.00
20.00

Prob > F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total
Root MSE
Dep Mean
C.V.
PRESS

1349.0t
3s4.90
96.52
96.49

0.03
1800.44

4.01
132.32

3.03
2744.71

t12.42
3s4.90

16.09
32.16
0.010

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

6.99
22.06

3216.40

0.9332
0.7997
-0.5245

8.810 Desire>4

t2
1

6
J

J

t9

0.0129
0.0033

<0.0001

Coefficient
Estimate

DF Standard Error t for Ho Prob > ltl
CoefË0

Intercept
A-pH
B-Salt
C-r-CAR
D-Prot conc
AB
AC
AD
BC
BD
CD
ABC
ACD
C/Point

130.22
-3.36
-0.67
-2.57
-0.79
-0.42
2.38
0.13
-0.68
-4.33
2.02
-6.01
0.37
10.53

0.0155
0.s296
0.0428
0.4587
0.6908
0.0552
0.9001
0.5222
0.0050
0.0907
0.0010
0.0257
0.0033

1.00
1.00
r.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
2.24

-3.35
-0.67
-2.56
-0.79
-0.42
2.37
0.13
-0.68
-4.23
2.0r
-5.99
0.37
4.70
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Appendix 6. Selected factorial model - ANOVA of surface hydrophobicity (S") of
canola protein isolate-guar gum systems.

Response: So
Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

Source

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

Mean
Square

10.00
0.25
3.00
20.00

Prob > F

6.00
0.05
1.00
10.00

DF
F
Value

Model
Curvature
Residual
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

28687.94
24459.42

0.48
0.48

53t47.84

0.40
481.99
0.083
N/A

15 19t2.53
1 24459.42
3 0.16
3 0.16
t9

R-Squared
Adj R-Squared

Adeq Precision

I 1908.65
1.5238+05

1.0000
0.9999

500.876 Desire > 4

< 0.0001
< 0.0001

Factor Coefficient
Estimate

DF Standard Error t for Ho Prob > ltl
CoefÈ0

Intercept
A-pH
B-Salt
C-Ggum
D-Prot conc
AB
AC
AD
BC
BD
CD
ABC
ABD
ACD
BCD
ABCD
C/Point

464.s0
1.77

-3.83
-0.64

-1,5.75

6.57
3.09

-t2.97
-14.26
-2.39
1 1.03
20.4r
-3.82
-7.58
10.30
-19.s0
87.43

17.68
-38.28
-6.39

-157.22
65.56
30.88

-r29.43
-142.33
-23.89
110.06
203.76
-38.13
-75.71
r02.77
-r94.64
390.26

0.0004
0.0201
0.0678
0.031 I
0.092r
0.0101
0.0563
0.0621
0.0732
0.0321
0.0761
0.0401
0.0091
0.062r
0.5301
0.0031

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.22
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Appendix 7. Selected factorial model - ANOVA of storage modulus (G') of canola
protein isolate-r-c aff ageenaî systems.

Response: G'
Factor Name Units Type -1 Level +1 Level

M
%
%

DF

A
B
C
D

Source

pH
Salt Conc
r-CAR

Protein conc

Sum of
Squares

Numeric 6.00
Numeric 0.05

Numeric 1.00
Numeric 10.00

Mean
Square

10.00
0.25

3.00
20.00

F
Value Prob >F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

1.2978+10
1.580E+09
2.208E+08
2.186E+08
2.177F+06
1.4778+10

7429.23
25133.50

29.56
5.596E+10

t6.79
28.63

30t.r7

0.9833
0.9247

-2.7883
13.025

0.0073
0.0059

0.0004

Desire > 4

14 9.2668+08
I 1.5808+09
4 55t98+07
I 2.186E+08
3 7.258E+05
t9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

Factor Coefficient
Estimate

DF Standard Error t for Ho Prob > ltl
Coeff:0

Intercept
A-pH
B-Salt
C-r-CAR
D-Prot conc
AB
AC
AD
BC
BD
CD
ABC
ABD
ACD
BCD
C/Point

29577.50
-15748.75
-6433.75
-4160.00
-4s36.25
7140.00
-54r\.25
4715.00

-13521.25
-58s.00
4076.25

12227.50
816.25

-4797.50
2827.50

-22220.00

1857.31
1857.31
1857.3r
18s7.31

1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
1857.31
4153.06

-8.48
-3.46
-2.24
-2.44
3.84
-2.91
2.54
-7.28
-0.31
2.t9
6.58
0.44
-2.58
1.52
-5.35

0.0011
0.0257
0.0886
0.0710
0.0184
0.0435
0.0641
0.0091
0.768s
0.0932
0.0028
0.6830
0.0611
0.2026
0.0059
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Appendix 8. Selected factorial model - ANOVA of loss tangent (tan õ) of canola
protein isolate-r-c aff ageenan systems.

Response: Tan õ
Factor Name Units Type -l Level +l Level

M
%
%

A
B
C
D

pH
Salt Conc
r-CAR

Protein conc

Numeric
Numeric
Numeric
Numeric

6.00
0.05

1.00
10.00

F
Value

10.00
0.25

3.00
20.00

Prob > F
Sum of

Source Squares
Mean

DF Square

Model 0.094
Curvature 1.786E-03
Residual 0.010
Lack of Fit 4.0888-03
Pure Error 6.3478-03
Cor Total 0.11

Root MSE 0.034
Dep Mean 0.11
c.v. 30.s1
PRESS O.O4O

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

8.99
1.54

9
1

9
6
J

l9

0.0r0
1.786E-03
1.1s9E-03
6.813E-04
2.tt6E-03

0.0016
0.2459

0.88960.32

0.8999
0.7997
0.6t93
9.44s Desire > 4

Factor
Coefficient

Estimate
Standard
Error

t for Ho

CoefÈ0 Prob > ltl

Intercept
A-pH
B-Salt
C-r-CAR
D-Prot.
AB
AC
BC
CD
ABC
C/ Point

0.11
-5.750E-03
4.000E-03
0.048
-0.015

-4.1258-03
0.039
0.025
-0.027
-0.020
0.024

8.513E-03
8.5138-03
8.513E-03
8.513E-03
8.5138-03
8.s l3E-03
8.513E-03
8.513E-03
8.5138-03
8.s138-03
0.019

0.5164
0.6496
0.0003
0.1227
0.6396
0.0013
0.0158
0.0119
0.0444
0.2459

I
1

I
1

I
I
1

1

1

I
1

-0.68
0.47
5.6s
-r.70
-0.48
4.58
2.97

-3.14
-2.33
r.24
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Appendix 9. Selected factorial model - ANOVA of storage modulus (G') of canola
protein isolate-guar gum systems.

Response: G'
Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

6.00
0.05
1.00
10.00

10.00
0.25
3.00
20.00

Prob >FSource
Mean
Square

F
Value

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

6.4448+09
1.491E+08
2.9708+08
1.620E+08
1.350E+08
6.890E+09

7706.78
t66t3.40
46.39
1.060E+10

13 4.9578+08
I 1.491E+08
5 5.9398+07
2 8.098E+07
3 4.501E+07

I9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

8.35
2.51

0.9559
0.8414
-0.5392
9.069

0.0144
0.1739

0.3066

Desire > 4

1.80

Factor
Coefficient
Estimate DF

Standard
Error

t for Ho

Coeff:O Prob > ltl

Intercept
A-pH
B-Salt
C-Ggum
D-Protein
AB
AC
AD
BC
BD
ACD
ABC
ABD
BCD
C/ Point

15248.00
5479.38
-2502.t2
-6023.75
12494.38
-5462.75
1 883.1 3
5203.50
-4603.87

-3427.75
-5202.63
-2312.00
-5367.t2
-4407.25
6827.00

1926.70
1926.70
1926.70
1926.70
t926.70
1926.70
1926.70
1926.70
1926.70
1926.70
1926.70
1926.70
1926.70
t926.70
4308.22

2.84
-1.30
-3.13

6.48
-2.84
0.98
2.70

-2.39
-t.78
-2.70
-t.20
-2.79
-2.29
1.58

0.0361
0.2507
0.026r
0.0013
0.0364
0.3733
0.0427
0.0624
0.1354
0.0428
0.2839
0.0386
0.0709
0.1739



278

Appendix 10. Selected factorial model - ANOVA of loss tangent (tan ô) of canola
protein isolate-guar gum systems.

Response: Tan ô

Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares

Numeric 6.00
Numeric 0.05
Numeric 1.00
Numeric 10.00

Mean
DF Square

10.00
0.25
3.00

20.00

F
Value Prob > F

Model
Curvature
Residual
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

0.13
2.245F-04
7.200F-05
7.200F-05
0.13

4.8998-03
0.20
2.42
N/A

368.32
9.35

0.9995
0.9967

88.s61

0.0002
0.0551

Desire > 4

15 8.840E-03
I 2.245E-04
3 2.400E-05
3 2.400E-05

l9

R-Squared
Adj R-Squared

Adeq Precision

Coefficient
Factor Estimate DF

Standard
Error

t for Ho

CoefÈO Prob > ltl

Intercept 0.20
A-pH -0.034
B-Salt 0.022
C-Ggum 0.032
D-Protein -0.024
AB -0.017
AC -0.022
AD 0.017
BC 0.019
BD -0.022
cD -0.024
ABC -0.019
ABD 0.024
ACD 0.022
BCD -0.022
ABCD 0.024
C/ Point -8.375E-03

1.225F-03
t.2258-03
1.2258-03
1.2258-03
t.225F-03
1.2258-03
1.225F-03
t.2258-03
1.2258-03
t.2258-03
r.2258-03
1.2258-03
1.225F-03
1.225F-03
1.22sF-03
t.2258-03
2.7398-03

-28.07
17.86
26.03

-19.90
-r3.78
-17.86
13.78
15.82

-t7.86
-19.90
-t5.82
19.90
t7.86

-17.86
19.90
-3.06

< 0.0001
0.0004
0.0001
0.0003
0.0008
0.0004
0.0008
0.0005
0.0004
0.0003
0.0005
0.0003
0.0004
0.0004
0.0003
0.0551
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Appendix 11. Selected factorial model - ANOVA of emulsion stability (ES) of canola
protein isolate-rc-c arrageenan mixtures.

Response: ES
Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
r-CAR

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

6.00
0.0s
1.00
10.0

Mean
Square

10.00
0.25

3.00
20.00

F
Value Prob >F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

1537.19
1.51

78.25
76.25
2.00
t6t6.9s

3.34
81.55
4.t0
t223.56

12.50
0.t4

28.59

0.0014
0.7239

0.0101

11 139.74
I 1.51

7 1 1.18
4 19.06
3 0.67

T9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.9516
0.8754
0.2433
I l.408 Desire >4

Factor
Coeff,rcient

Estimate DF
Standard

Error
t for Ho

CoefF0 Prob >ltl

Intercept
A-pH
B-Salt
C-rc-CAR
D-Protein
AC
AD
BC
BD
CD
ACD
BCD
C/ Point

81.69
1.81

3.44
-7.r9
0.19

-2.81
2.06

-1.19
-1.06

2.81
-2.56
0.31

-0.69

0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
r.87

2.17 0.0668
4.tt 0.0045
-8.60 < 0.0001
0.22 0.8289
-3.36 0.0120
2.47 0.0430
-1.42 0.1984
-1.27 0.2443
3.36 0.0120
-3.07 0.0182
0.37 0.7196
-0.37 0.7239
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Appendix 12. Selected factorial model - ANOVA of emulsifying activity index (EAD
of canola protein isolate-rc-carrageenan mixtures.

Response: EAI
Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
r-CAR

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

DF

6.00
0.05

1.00
10.00

Mean
Square

10.00
0.25

3.00
20.00

F
Value Prob >F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

27586.63
1092.98
2565.04
1427.54
lI37.5r
31244.66

19.14
146.01

13.11
24862.84

11 2507.88
1 1092.98
7 366.43
4 356.88
3 379.17

t9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

6.84 0.0088
2.98 0.1278

0.94 0.5418

0.9t49
0.78t2
0.2043
9.531 Desire > 4

Factor
Coefficient

Estimate
Standard

Error
t for Ho

CoefÈ0 Prob >ltl

Intercept
A-pH
B-Salt
C-r-CAR
D-Protein
AB
AC
AD
BC
BD
CD
ACD
C/ Point

r49.71
-10.86

27.74
- 1.53
5.61

-19.32
3.78

10.97
14.28
-6.18
0.42
7.26

-18.48

4.79
4.79
4.79
4.79
4.79
4.79
4.79
4.79
4.79
4.79
4.79
4.79

10.70

-2.27 0.0576
5.80 0.0007

-0.32 0.7583
t.I7 0.2797
-4.04 0.0050
0.79 0.4554
2.29 0.0556
2.98 0.0204
-1.29 0.2375
0.088 0.9327
1.52 0.1732
-1.73 0.1278
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Appendix 13. Selected factorial model - ANOVA of emulsifying activity index (EAD
of canola protein isolate-guar gum mixtures.

Response: EAI
Factor Name Units Type -1 Level +1 Level

M
%
%

A
B
C
D

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

DF

6.00
0.050
1.00

10.00

Mean
Square

10.00
0.25
3.00

20.00

F
Value Prob >F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

s4824.83
19028.28

4459.52
4455.89

3.63
78312.63

27.26
170.81

t5.96
1.268E+05

12 4568.74
1 19028.28
6 743.25
3 1485.30
3 1.21

t9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision

0.9248
0.7743

-0.6185
10.406 Desire > 4

6.15
25.60

t228.36

0.0179
0.0023

<0.0001

Factor
Coefficient

Estimate
Standard

Error
t for Ho

CoefÈ0 Prob > ltl

Intercept
A-pH
B-Salt
C-Ggum
D-Protein
AB
AC
AD
BC
BD
CD
ABC
ACD
C/ Point

t86.24
29.41

-tr.64
6.34

-12.25
-t.64
Lll
5.10

20.69
-28.72
-18.10

10.04
-22.90
-77.r1

6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82
6.82

rs.24

4.32 0.0050
-t.71 0.1386
0.93 0.3883
-1.80 0.1224
-0.24 0.8181
0.16 0.8757
0.75 0.4826
3.04 0.0229
-4.2t 0.0056
-2.66 0.0377
1.47 0.1913
-3.36 0.0152
-5.06 0.0023
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Appendix 14. Selected factorial model - ANOVA of emulsion stability (ES) of canola
protein isolate-guar gum mixtures.

Response: ES
Factor Name Units Type -1 Level +1 Level

M
%
%

DF

A
B
C
D

pH
Salt Conc
Ggum

Protein conc

Sum of
Squares

Numeric
Numeric
Numeric
Numeric

Mean
Square

6.00
0.050
1.00
10.00

F
Value

10.00
0.25
3.00
20.00

Prob >F

Model
Curvature
Residual
Lack of Fit
Pure Error
Cor Total

Root MSE
Dep Mean
C.V.
PRESS

929.8s
183.01

3.48
3.48
0.000

1116.35

0.76
93.95
0.81

99.r3

r33.41
31s.09

63668+07

0.9963
0.9888
0.9rr2
27.602

< 0.0001
< 0.0001

< 0.0001

t2 77.49
1 183.01
6 0.58
3 1.16
3 0.000

t9

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision Desire > 4

Factor
Coefficient
Estimate DF

Standard
Error

t for Ho

Coeff=0 Prob > ltl

Intercept
A-pH
B-Salt
C-Ggum
D-Protein
AB
AC
AD
BC
BD
CD
ABC
ACD
C/ Point

92.44
-0.025
7.56
0.075
-0.18
0.025
0.s6
0.16

-0.075
0.18
-0.44
-0.56
0.000
7.56

0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.43

-0.13 0.8999
39.69 < 0.0001
0.39 0.7075
-0.92 0.3938
0.13 0.8999
2.95 0.0255
0.85 0.4265
-0.39 0.7075
0.92 0.3938
-2.30 0.0614
-2.95 0.0255
0.000 1.0000
17.75 < 0.0001


