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Abstract 
Canola protein, despite having an excellent amino acid profile, has found only 

marginal use in the food industry. Improvement of functional properties, such as gelation 

could offer new markets for this protein. The objective of this study was to improve 

canola protein gelation properties with the use of enzymes. Both cross-linking and 

limited proteolysis were explored. Enzyme treatments were performed prior to heat 

induced gelation. Enzymatic cross-linking with transglutaminase (TG) was successfully 

used to improve the gelation of canola protein isolate (CPI). A 4x3 factorial design was 

used to determine which factors significantly impact the final CPI gel strength and to 

optimize the reaction conditions. Factors evaluated included: CPI, 8 to 12%; TG, 1 to 4 

U; treatment temperature, 20 to 60oC; and treatment time, 30 to 90 minutes. A texture 

analyzer, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

scanning electron microscopy were used to characterize the resulting networks. The 

protein concentration (p<0.0001), amount of TG (p<0.0001) and treatment temperature 

(p<0.0001) were found to significantly impact gel strength. Within the limits of this 

experiment, it was found that gelation can be improved by increasing the amounts of 

protein and TG and by keeping the treatment temperature close to 40oC. A gel produced 

with 12% CPI, 4U of TG and treated at 40oC would provide a hardness of approximately 

3.4 N and an elasticity of about 0.04 N/mm2. SDS-PAGE showed that crosslinking of 

subunits occurred through TG treatment thus helping to explain the increase in gel 

strength observed during texture analysis. TG treatment induced the formation of two 

new HMW bands at 44 and 79 kDa. Micrographs further corroborated the trends noted 

during rheological studies. To confirm the results obtained with the commercial CPI a 
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limited number of tests were performed on a laboratory CPI. The textures of commercial 

food products containing protein gels were determined and compared to the texture of 

canola gels in order to evaluate the potential of canola protein as a food ingredient. It was 

determined that TG treated canola protein gels are able to match the texture of bologna, 

being able to provide a hardness and elasticity of 4.14 N and 0.053 N/mm2. TG treated 

CPI was however unable to match the texture of other foods, for example, it fell way 

short of matching  the elasticity of egg white (0.09 N/mm2). This experiment showed that 

canola protein isolate is a viable food ingredient when treated with transglutaminase. To 

further enhance the effectiveness of TG treatment, various treatments, designed to open 

the protein structure and expose more reactive groups, were applied.  Treatments 

included pre-heating to 100oC, dithiotreitol (DTT) and limited enzymatic hydrolysis in 

combination with TG. The proteolytic enzymes ficin and trypsin were utilized. Limited 

enzymatic hydrolysis was the only treatment found to enhance the effect of TG and 

improve gel strength. Pre-heating showed no effects at shorter heating times, but had 

negative effects on gel strength at longer heating times. DTT treatment showed no 

appreciable effects on the system. Alternatively, limited proteolysis alone as a pre-

treatment to heat induced gelation was explored. The enzymes trypsin, ficin and bromelin 

were utilized. Despite the literature cited potential of limited proteolysis to improve soy 

protein gelation, no beneficial effects on canola protein gelation were observed. At low 

levels no significant differences (p<0.05) in elasticity or hardness were seen. With 

increasing amounts of enzyme gel strength deteriorated. The apparent decrease in gel 

strength was accompanied by a decrease in molecular weight, observable through SDS-

PAGE analysis. Micrographs corroborated the rheological data and showed that protease 
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application was accompanied by loss of structure. It was concluded that proteolysis with 

trypsin, ficin and bromelin is not suitable for the improvement of canola protein isolate 

gelation. TG treatment on the other hand, can significantly improve the gelation of canola 

protein isolate, thus improving its potential as a food ingredient. 
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Chapter 1: Introduction 
 Canola, a crop of major economic importance, is primarily used to produce edible 

oil (Canola Council of Canada, 2004). The remaining meal, containing 35-40% protein 

(Uruakpa, 2004), is mostly used as a protein source in animal feed (Canola Council of 

Canada, 2004). Canola meal, despite having an excellent amino acid profile (Aluko and 

McIntosh, 2001; Uruakpa, 2004), has found only marginal use in the food industry. Soy 

protein, for example, is commonly used to improve product quality and reduce 

production cost in meat based products (Ramirez-Suarez and Xiong, 2003). Thompson et 

al (1982) evaluated the potential of rapeseed and soy protein concentrates as ingredients 

in wieners. Rapeseed protein-supplemented wieners were found to be less firm, which 

was attributed to the poor gelling characteristics of the rapeseed protein concentrate 

(Thompson et al, 1982). The objective of this research was to improve the gelation 

properties of canola protein through enzymatic modification. Improvement of canola 

protein gelation properties could offer new markets for canola meal. As a result of 

reduced availability and increased prices of animal proteins (Pour-el and Swenson, 1976) 

demand for plant protein should be high. Animal protein is expensive compared to 

vegetable protein, since only about 5 to 20% of the protein in feed is typically converted 

into edible animal protein (Bourne, 1982). In contrast, the conversion of vegetable 

proteins into products providing a meat-like chewy texture can be accomplished with 

losses of only 10 to 30% (Bourne, 1982).  Furthermore, recent increases in demand for 

low-fat products may further amplify interest in plant based protein ingredients. Based on 

USDA data raw dark chicken meat contains 18% fat, compared to only 4% in tofu. 
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Lastly, replacing a portion of meat with vegetable protein could help lower the 

cholesterol content of products (Bourne, 1982).  

The cross-linking enzyme TG has been shown to improve and/or induce the gelation of a 

large variety of substrates, including many plant based proteins (De Jong and 

Koppelman, 2002). TG catalyzes the acyl transfer reaction forming ε-(γ-Glu)-Lys 

crosslinks (Nonaka et al, 1994; Nielsen, 1995). Partial denaturation prior to TG treatment 

was shown to increase the exposure of available reactive groups and enhance the effect of 

TG (De Jong and Koppelman, 2002). Proteases have likewise shown great promise in the 

improvement of plant protein gelation. Limited treatment with proteases leads to some 

protein hydrolysis and consequently partial unfolding of the protein structure. Unfolding 

of the native protein exposes buried hydrophobic (Kang et al, 1994) and other interactive 

groups, which are then free to interact with neighboring polypeptides. Since hydrophobic 

interactions play a major role in the gelation of canola proteins (Léger and Arntfield, 

1993), it was expected that partial denaturation would enhance gelation. The effects of 

both approaches, cross-linking and proteolysis, on canola protein gelation was evaluated 

in this study. The enzymes utilized include TG, ficin, bromelin and trypsin. Specifically 

the potential of these enzymes as a pretreatment to heat induced gelation was 

investigated. Furthermore various pre-treatments, designed to open protein structure prior 

to cross-linking with TG, were evaluated. There are a number of hypotheses:   

 Limited proteolysis with trypsin, ficin or bromelin prior to heat 

induced gelation is expected to enhance the elasticity and hardness of 

the resulting gel 
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 Cross-linking with TG is expected to improve gel elasticity and 

hardness through the formation of additional cross-links 

  Applying various pre-treatment designed to partially unfold the 

protein is expected to enhance the action of TG thereby further 

increasing gel strength.  

o Heating to 100oC prior to TG treatment is expected to increase 

both gel elasticity and hardness 

o Pre-treatment with DTT is expected to increase both gel elasticity 

and hardness 

o Limited proteolysis prior to TG treatment is expected to increase 

both gel elasticity and hardness 
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Chapter 2: Review of Literature 

2.1. Canola Production and Processing 
 Oil crops represent a significant portion of Canadian agricultural production and 

trade (Canola Council of Canada). Canola, representing two-thirds of Canada’s oil seed 

production, annually contributes $5 to 6 billion to the economy (Canola Council of 

Canada, 2004). Canola is processed into edible oil, which has gained popularity due to its 

low saturation level (Canola Council of Canada, 2004). The remaining meal, containing 

35-40% protein (Uruakpa, 2004), is used for as a protein source in animal feed (Canola 

Council of Canada). Canola was developed from rapeseed in the 1970s (Canola Council 

of Canada). Compared to its predecessor, rapeseed, canola possesses a low erucic acid 

(Canola Council of Canada) and glucosinolate content (Xu and Diosady, 1994; Uruakpa, 

2004). As a result of this decrease in erucic acid and glucosinolates the nutritional value 

and safety of the by-product protein meal has drastically improved (Dijkstra et al, 2003), 

consequently making canola protein suitable for use in human consumption. It should be 

noted that although these changes have occurred in rapeseed varieties world wide, not all 

countries have adopted the name canola. The name canola was adopted by Canada, 

Australia, Japan and the US (Murray, 2001b), while in most parts of Europe and Asia the 

name rapeseed prevails.  

Canola protein is typically isolated from canola meal, a by-product of oil 

production. Canola/rapeseed seeds are normally cleaned and heated to 30 – 40oC prior to 

flaking (Unger, 1990). The seeds are flaked by passing through two smooth cast-iron 

rolls (Unger, 1990). The objective of flaking is to rupture cell walls to allow easier access 

to lipid particles during the extraction phase (Unger, 1990). The flakes are then cooked, 
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which serves to reduce oil viscosity and coalesce lipid particles, making them easier to 

separate (Unger, 1990). Screw pressing then removes 60-70% of the oil and a subsequent 

solvent extraction reduces the oil content of the flakes to about 1% (Unger, 1990). The 

solvent is then evaporated from the flakes in a desolventizer-toaster vessel (Unger, 1990). 

During this process the flakes are subjected to steam and heated to 103 – 107oC for 30 - 

40 min (Unger, 1990).  After discharge from the desolventizer-toaster vessel the material 

is dried, resulting in canola/rapeseed meal (Unger, 1990). This meal contains 32 – 40% 

protein and is available as a starting material for canola/rapeseed protein extraction 

(Rubin et al, 1990).  

 

2.2. Canola Protein Structure & Composition  
A mature rapeseed contains approximately 24% protein, 40% oil, 20% 

carbohydrates and other miscellaneous low molecular weight materials (Bhatty et al, 

1968). The 12S “cruciferin” and 2S “napin” represent the major components in 

rapeseed/canola protein isolate (Schwenke et al, 1998). Napin, a 13  kDa (Schwenke et al, 

1973a) albumin, represents about 20% of all canola proteins (Burgess, 1991). This 2S 

albumin is composed of two polypeptide chains, a larger 9.5 kDa chain and a smaller 4 

kDa chain,  held together by two disulfide bridges (Monslave et al, 1991). The albumin 

was found to be basic in nature, with an isoelectric point above pH 10 (Schwenke et al, 

1973). In terms of secondary structure it consists of 40 to 46% α-helices, 11 to 16% β-

sheets and 41 to 43% random coils (Prakash and Rao, 1986). Cruciferin, a 300 kDa 

oligomeric protein (Schwenke and Linow, 1982), accounts for about 60% of the total 

seed protein in canola (Burgess, 1991). Cruciferin is a glycoprotein and was found to 
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contain arabinose, glucosamine, mannose, galactose and inositol (Gill and Tung, 1978b). 

Like other 12S seed globulins cruciferin will dissociate into smaller components upon 

exposure to pH extremes or urea (Schwenke et al, 1983). Figure 1 depicts the dissociation 

– association profile of the 12S globulin. Since factors such as ionic strength and pH can 

cause the 12S globulin to dissociate one can conclude, that its structure is not stabilized 

by covalent disulfide bonds (Burgess, 1991). Prakash and Rao (1986) determined that the 

native globulin is stabilized mostly through hydrophobic interactions. In the case of the 

monomeric 2-3S forms, however, a reducing agent is required to promote further 

dissociation, thus indicating the presence of covalent bonds (Burgess, 1991).  

On a quaternary level the 12S globulin has a morula-like structure, composed of 

more than 12 subunits (Schwenke et al, 1981). The secondary structure is dominated by 

random coils (58%) (Burgess, 1991). β-sheets and α-helices represent 31% and 11% of 

the structure respectively (Schwenke et al, 1981). This type of secondary structure 

distribution is common in plant seed proteins (Schwenke et al, 1983). For example, the 

11S soy protein was found to contain 5%  α-helices, 34% β-sheets and 60% random 

structures (Schwenke  et al, 1983). The amino acid profile of canola protein isolate as 

determined by Klockeman et al (1997) and the amino acid profile of the 12 S globulin as 

determined by Schwenke et al (1981) are depicted in Table 1. Table 1 also offers a 

sample amino acid profile of soy protein for comparison. Both the 12S globulin and 

canola protein isolate are high in glutamic acid and aspartic acid, but low in sulfur 

containing amino acids. The amino acid profile of canola protein isolate can be affected 

by the species or cultivar (Burgess, 1991; Raab et al, 1992), the growing conditions 

(Mieth et al, 1983a) and the method of isolation (Klockeman et al, 1997). 
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Figure 1. The association and dissociation of the 12S canola globulin. Adapted from 
Burgess, 1991; Gill and Tung,1978c and Schwenke et al, 1983 
 
 

Schwenke et al (1981) calculated the average hydrophobicity of the 12S protein 

based on its amino acid composition and produced a value of 1041.2 cal/residues. Table 2 

compares hydrophobicity values, non-polar side chain frequencies and polarity ratios of 

some 11/12S globulins from plant seeds. Rapeseed possesses the highest hydrophobicity 

and non-polar side chain frequency, while having the lowest polarity ratio (Schwenke et 

al, 1981). This indicates that the 12S globulin is a relatively hydrophobic protein 

(Schwenke et al, 1981). Hydrophobicity is considered a significant stabilizer of native 

protein structure (Bigelow, 1976) and an important driving force behind gelation. 
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Table 1. Amino acid profiles of canola protein isolate, 12S canola globulin and soybean 
protein isolate. 

Amino acid Soybeanb 12Sc 
Canola Protein 

Isolated 

Essential    

Histidine 2.6 2.08 2.45 

Isoleucine 4.5 5.23 3.03 

Leucine 7.8 8.79 7.25 

Lysine 6.4 3.45 4.74 

Methionine 1.3 1.84 1.91 

Cysteine 1.6 1.07 0.63 

Phenylalanine 5.0 5.93 4.36 

Tyrosine 3.2 3.20 3.02 

Threonine 4.0 4.05 4.13 

Valine 4.8 6.01 3.77 

Tryptophan 1.3 1.18  

Nonessential    

Alanine 4.3 4.19 4.66 

Arginine 7.2 7.05 6.33 

Aspartic acid 11.7 10.35 8.32 

Glutamic acid 18.7 18.66 17.28 

Glycine 4.2 5.74 5.38 

Proline 5.1 4.88 5.00 

Serine 5.1 3.75 4.71 
aValues represent percentage of total protein 
bShahidi (1990) 
cSchwenke et al (1981) 
dKlockeman et al (1997) 
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contains 13 disulfide bridges and 5 thiol groups. Through isoelectric focusing, the 

isoelectric point of the 12S globulin was determined to be 7.25 ± 0.1(Schwenke and 

Raab, 1979). The 12S globulin is therefore a “neutral” protein and thus differs from 

typical seed storage proteins, which are usually acidic in nature (Schwenke et al, 1981). 

Table 2 describes the hydrophobicity of some 11/12 S globulins from plant seeds.  

Compared to soy, rapeseed meal contains higher concentrations of most minerals 

and vitamins (Dijkstra et al, 2003). It is particularly rich in niacin and Vitamin E 

(Dijkstra et al, 2003). Furthermore a good balance of essential amino acids is provided by 

rapeseed meal (Uruakpa, 2004). McDonald et al (1978) determined that based on rat 

bioassay, rapeseed protein concentrate was nutritionally superior to casein and soy 

protein. Based on its nutritional value, canola protein is suitable for utilization by the 

food industry.  

Antinutritional substances of concern include glucosinolates, phytates, phenolics 

(Tzeng et al, 1990). Glucosinolates can be hydrolyzed to form toxic substances such as 

thiocyanates, isothyocyanates and nitriles (Tzeng et al, 1990). These products can 

interfere with thyroid function and cause lesions on the liver as well as the kidneys 

(Tzeng et al, 1990).  Phytates are strong chelating agents, thereby reducing the 

bioavailability of multivalent metal ions such as zinc and iron (Xu and Diosady, 1994). 

Phenolics contribute a bitter flavor and dark color (Tzeng et al, 1990). These 

antinutritional factors can be removed through processing.  
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Table 2.  A summary of hydrophobicity data of some 11/12 S globulins from plant seeds. 
Origin 

(Protein) 

Average 

hydrophobicity 

Non-polar side chain 

frequencies 

Polarity ratio 

Sesame seed 

(α-globulin)c 
872 cal/res 0.26 1.36 

Soybean 

(Glycinin)a 
944 cal/res 0.30 1.35 

Hempseed 

(Edestin)b 
950 cal/res 0.30 1.41 

Sunflower seed 

(Helianthinin)a 
951 cal/res 0.31 1.21 

Pumpkin seedb 980 cal/res 0.31 1.32 

Rapeseed 

(Cruciferin)a 
1041 cal/res 0.36 1.01 

aSchwenke et al (1981) 
bBigelow (1976) 
cPrakash and Rao (1986) 
Table adapted from Schwenke et al (1981) and Burgess (1991)  
 

2.3. Food Applications of Oilseed Proteins  
Proteins serve several different functions in food, including water and fat binding, 

emulsification, foaming and gelation. Protein gels contribute hardness and texture to a 

variety of foods including jelly desserts, hams, sausages and fish paste products 

(Sakamoto et al, 1994; Kwon et al, 1995).  In many foods texture is an absolutely critical 

quality factor (Bourne, 1982). Bourne (1982) defined textural properties of a food as; 
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“that group of physical characteristics that arise from the structural elements of the food, 

are sensed by the feeling of touch, are related to the deformation, disintegration, and flow 

of the food under a force, and are measured objectively by functions of mass, time and 

distance.”   

Many legumes and oilseeds, in particular their oils, are an integral part of our diet 

(Aguilera et al, 2004). However only soy proteins are routinely utilized for the production 

of food gels (Aguilera et al, 2004). Soy protein currently dominates the plant protein 

ingredient market, making up more than 72% of the US market (Murray, 2001b). While 

tofu is the most prominent soy protein gel product (Aguilera et al, 2004), soy proteins are 

also frequently added to comminuted meat products. The viability of other plant sources, 

such as sunflower (Chimrov et al, 1981) and rapeseed (Thompson et al, 1982) has also 

been investigated. The main purpose of such protein ingredients in processed meats is to 

improve texture, flavor and cooking yield and to reduce production costs (Ramirez-

Suàrez and Xiong, 2003). Animal protein is expensive compared to vegetable protein, 

since only about 5 to 20% of the protein in feed is typically converted into edible animal 

protein (Bourne, 1982). In contrast, the conversion of vegetable proteins into products 

providing a meatlike chewy texture can be accomplished with losses of only 10 to 30% 

(Bourne, 1982).  Furthermore, recent increases in demand for low-fat products may 

further amplify interest in plant based protein ingredients (Riaz, 2004). Based on USDA 

(2005) data raw dark chicken meat contains 18% fat, compared to only 4% in tofu. 

Lastly, replacing a portion of meat with vegetable protein could help lower the 

cholesterol content of products (Bourne, 1982).  
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The viability of rapseed/canola protein as a supplement in bakery (Thompson et 

al, 1982; Kodagoda et al, 1973; Ohlson and Anjou, 1979; Murray, 2001b) and meat 

products (Thompson et al, 1982; Chimrov et al 1981; McDonald et al, 1978; Ohlson and 

Anjou, 1979; Sosulski et al, 1977), as well as condiments such as soy sauce (Ooraikul et 

al, 1980) has been evaluated.  The effects achieved at 35 to 50% of substitution were 

comparable to those of other oilseed proteins (Mieth et al, 1983b). Increased yield and 

decreased cooking losses are frequently noted improvements (Sosulski et al, 1977; 

Thompson et al, 1982; Ohlson and Anju, 1979). Reduction in bread volume and the 

formation of off-flavor and off-colors are noted limiting factors (Kodagoda et al, 1973; 

Sosulski et al, 1976; Sosulski et al, 1977; Ohlson and Anjou, 1979). Thompson et al 

(1982) evaluated the potential of rapeseed protein concentrate as a functional ingredient 

in wieners, beef patties and meringue. Rapeseed protein supplemented wieners were 

found to be less firm, which was attributed to the poor gelling characteristics of the 

rapeseed protein concentrate (Thompson et al, 1982). While having poor gelation 

properties the rapeseed protein isolate did however increase the emulsion stability and 

decrease the fat content of wieners (Thompson et al, 1982). Furthermore addition of 3% 

rapeseed protein concentrate increased the cooking yield, reduced the shrinkage, 

decreased the fat content and increased the tenderness of meat patties (Thompson et al, 

1982).  Flavor was negatively impacted, but appearance and texture were not 

significantly altered by rapeseed protein addition (Thompson et al, 1982). Meringue 

produced with only rapeseed protein was of poor quality (Thompson et al, 1982). This 

meringue failed to retain its volume after baking and leaked fluid over time (Thompson et 

al, 1982). Substituting 50% of the egg white with a 9% rapeseed protein solution 
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produced a meringue comparable to the egg white control, except for small differences in 

color and flavor (Thompson et al, 1982).   

Puratein, a commercial canola protein product, was suggested to be suitable for 

applications in cakes and pastries, processed and canned meats, mayonnaise and salad 

dressings, protein beverages, high-protein athletic foods and as meat firming and binding 

agents (Murray, 2001b). This canola protein isolate was advertised as providing 

functional properties similar to egg white (Murray, 2001b).  The proteins functional 

performance was attributed to the fact that the isolation method used retains the proteins 

native conformation (Murray, 2001a).  

 

2.4. Protein Isolates 
The industry differentiates between three major types of Brassica based protein 

products including meals, concentrates and isolates (Mieth et al, 1983b). Meals are the 

direct by-product of oil production and typically contain 32 to 40% protein (Rubin et al, 

1990). Concentrates are usually produced through the extraction of anti-nutritive 

components from seeds or meal (Mieth et al, 1983b). The protein content of many 

rapeseed/canola concentrates is around 60% (Mieth et al, 1983b). Isolates can be 

prepared by extracting protein from seeds or meal and concentrating it via precipitation 

or ultra-filtration. These isolates will typically contain more than 90% protein and are of 

prospective importance for use in the food industry (Mieth et al, 1983b). To produce a 

protein isolate the protein is first solubilized and then recovered. Canola protein is 

typically isolated from canola meal, a by-product of oil production. A variety of 

extraction methods have been utilized to obtain canola and rapeseed protein isolates. The 
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type of isolation method used has a significant impact on the functional properties and 

content of antinutritional factors of the resulting protein isolate. A number of different 

methods, including alkali and salt solutions and enzyme treatments, have been employed 

to solubilize plant proteins (Arntfield, 2004). The extracted proteins can be recovered 

through precipitation by isoelectric point, dilution, sodium hexametaphosphate, 

carboxymethylcellulose or ammonium sulphate or ultrafiltration followed by drying 

(Chen and Rohani, 1992; Arntfield, 2004).      

 The most commonly used solvent for the extraction of plant proteins is an 

aqueous alkaline solution (Arntfield, 2004). During alkaline based extractions, the protein 

is typically first solublilized in an alkaline solution and then precipitated at its isoelectric 

point (Tzeng et al, 1990; Rubin et al, 1990). Precipitation is then followed by 

ultrafiltration and diafiltration (Tzeng et al, 1990; Rubin et al, 1990). Figure 2 depicts this 

process. Aqueous alkaline solutions are a particularly popular solvent, because of the 

high degree of protein solubility achieved with their use (Arntfield, 2004). In general 

higher pH values are associated with higher protein yields (Arntfield, 2004). Thompson 

et al (1976) determined that maximum yield was achieved at pH 12.  Xu and Diosaday 

(1994) found protein extractability in rapeseed to increase from 21.6% at pH 10.5 to 70% 

at pH 12.5. Unfortunately high pH values are often associated with lower quality isolates 

(Arntfield, 2004; Klockeman et al, 1997). Harsh alkaline extraction conditions can 

negatively impact the functional and nutritional properties of the proteins (Murray, 

2001a). At high pH values proteins are denatured, the nutritional quality of the isolate 

deteriorates and toxic reaction products may form (Klockeman et al, 1997). Furthermore 

the resulting isolate has an undesirable dark color (Tholmpson et al, 1976). Cross-linking 
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between amino acids, amino acid destruction and racemization can be the consequence of 

extreme alkali treatment (Klockeman et al, 1997). The amino acids most susceptible to 

destruction at high pH are threonine, lysine and cysteine (Klockeman et al, 1997). 

Methionine, phenylalanine, threonine, serine, aspartic acid and histidine are vulnerable to 

racemization. The formation of lysinoalanine cross-links reduces protein digestibility 

(Klockeman et al, 1997). Furthermore amino acid destruction or alteration can reduce the 

biological value of proteins, through the alteration of digestive enzyme binding sites or 

reduced absorption (Klockeman et al, 1997).   

While alkali solutions are superior solubilizing agents, the associated isoelectric 

precipitation has been scrutinized for producing low yields. Reports indicate that while 

80 to 95% of proteins are initially extracted only 30 to 78.5% can be recovered 

(Klockeman et al, 1997). Low yields obtained through isoelectic precipitation have been 

attributed to the fact that rapeseed proteins vary greatly in molecular weight and 

isoelectric point (Lönnerdal, 1977; Chen and Rohani, 1992; Girault, 1973). The addition 

of anionic polymers such as carboxymethylcellulose and sodium hexametaphosphate 

prior to acidification has been shown to increase yield (Lönnerdal, 1977). Triggering 

precipitation with ammonium sulphate instead of pH alterations can also improve yields. 

Chen and Rohani (1992) found that the highest protein nitrogen yield was achieved 

through precipitation in the presence of ammonium sulphate.  
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Figure 2: Schematic of generic alkaline extraction isolation method. Adapted from 
Arntfield, 2004; Tzeng et al, 1990 and Xu and Diosady, 1994  
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Alternatively a number of salt solutions, including NaCl and phosphate salts, can 

be used to solubilize proteins without the detrimental effects of pH extremes (Arntfield, 

2004). NaCl is the salt most frequently used for this purpose (Arntfield, 2004). A method 

called the protein micellar mass (PMM) process was shown to readily remove the 

majority of antinutritional factors, including phytic acid, phenolic compounds and 

glucosinolates (Ismond and Welsh, 1992). The PMM process is particularly mild and 

helps retain the native protein structure (Ismond and Welsh, 1992). Figure 3 shows a 

generic PMM method flow chart. In this approach protein self association into micelles is 

induced (Murray, 2001a).  First proteins are extracted with an aqueous NaCl solution. 

Then ultrafiltration produces a solution of high enough protein concentration to allow the 

proteins to interact and form micelles upon reduction of ionic strength (Arntfield, 2004; 

Murray, 2001a).  Once induced, micelle formation is rapid (Murray, 2001a). In addition 

to concentrating the protein, ultrafiltration serves to remove low molecular weight 

antinutritional factors, such as phenolics, glucosinolates and phytic acid (Ismond and 

Welsh, 1992). One drawback of using NaCl is the reduction of protein solubility 

compared to alkali solutions. 10% aqueous NaCl extracts 20% less nitrogen than 0.1 N 

NaOH (Girault, 1973).  
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Figure 3: Schematic of canola protein isolation following PMM method. Adapted from 
Arntfield, 2004; Ismond and Welsh, 1993 and Ser, 2004 
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2.5. Protein Gels 

2.5.1. Mechanism of Gelation 
Food protein gels consist of a continuous interconnected protein phase within a 

continuous liquid phase (Paulson and Tung, 1989). This structural composition allows 

gels to act as a soft solid, while retaining many of the characteristics of the fluid 

component (Paulson and Tung, 1989). Consequently gels are considered viscoelastic 

materials (Paulson and Tung, 1989). In order to form such a structured three dimensional 

network, capable of trapping large amounts of fluid, a balance of attractive and repulsive 

forces between the protein and solvent must exist (Paulson and Tung, 1989). Since 

proteins are typically stable in aqueous solutions denaturation must precede gelation 

(Uruakpa, 2004). During denaturation, groups stabilizing the native protein conformation 

move from the interior to the surface of the protein and become available for 

intermolecular interactions (Paulson and Tung, 1989). Association and aggregation of the 

unfolded proteins can lead to gel formation (Uruakpa, 2004; Aguilera et al, 2004), if the 

resulting repulsive and attractive forces balance (Paulson and Tung, 1989). Forces 

fostering gelation may include hydrophobic interactions, electrostatic interactions, 

hydrogen bonding and covalent disulfide bonds (Sanchez and Burgos, 1997). 

Denaturation can be induced by heat, denaturants, pressure, enzymatic crosslinking and 

divalent cations (Uruakpa, 2004).  

Heat-induced gelation is the most practical method to produce gels, as most foods 

are heated at some point during production or preparation (Aguilera et al, 2004). During 

thermogelation of globular proteins a high viscosity progel is formed during heating, 

which sets to a higher viscosity gel upon cooling (Catsimpoolas and Meyer, 1970), as 

shown in Figure 4. This is a reversible process allowing the gel to return to the progel 
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state if heat is applied, indicative of the involvement of hydrogen bonds in this stage of 

gelation (Catsimpoolas and Meyer, 1970). The progel will however never return to the 

solution stage (Catsimpoolas and Meyer, 1970). Furthermore the progel can irreversibly 

form a metasol upon excessive heating or treatment with chemical agents (Catsimpoolas 

and Meyer, 1970). A metasol will not form a gel upon cooling(Catsimpoolas and Meyer, 

1970). 

 

 

 

 

 

 

 

 

Figure 4. Basic mechanism of gelation of globular proteins. Adapted from Catsimpoolas 
and Meyer (1970). 
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gelled as low as pH 5 (Paulson and Tung, 1989). Dev and Mukherjee (1986) found 

protein isolates from canola to exhibit a lower minimum gelation concentration than soy 

isolates. In terms of gel strength, however, soy protein isolates were found to produce 

superior gels compared to canola protein isolates (Dev and Mukherjee, 1986). Léger and 

Arntfield (1993) showed different salts have markedly different effects on canola protein 

gelation. The SCN- ion, for example creates an excessive negative charge causing the 

protein to partially unfold (Léger and Arntfield, 1993). This makes formerly buried 

groups available for interactions (Léger and Arntfield, 1993). SO4-2 on the contrary will 

stabilize the structure, causing hydrophobic groups to remain buried and unavailable for 

interactions with neighboring polypeptides (Léger and Arntfield, 1993). Correspondingly 

addition of sodium sulfate caused the smallest increase in G’ and sodium thiocyanate the 

largest, leading to the conclusion that both electrostatic and hydrophobic interactions 

contribute to gel formation (Léger and Arntfield, 1993).  

Application of guanidine hydrochloride (GuanHCl), a competitive hydrogen bond 

former, showed that canola proteins require noncovalent forces for gel formation (Léger 

and Arntfield, 1993). GuanHCl forms strong interactions with water and thereby alters 

the structure of the aqueous phase (Léger and Arntfield, 1993). This change has a 

favorable effect on the solubility of hydrophobic amino acids (Léger and Arntfield, 

1993). Consequently the addition of GuanHCl can interfere with both hydrogen bonding 

and hydrophobic interactions, thereby destabilizing a protein (Léger and Arntfield, 1993). 

Data showed that GuanHCl negatively impacts forces responsible for early structure 

development at high temperatures (Léger and Arntfield, 1993). GuanHCl disrupts both 

hydrophobic interactions and hydrogen bonding, but hydrophobic effects are favored at 
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the higher temperatures of initial gel formation (Léger and Arntfield, 1993). Hence the 

pronounced effect of GuanHCl on initial gel formation indicates that hydrophobic 

interactions play a major role in this event (Léger and Arntfield, 1993). During 

thermogelation, gels form in a temperature range where hydrophobic interactions are 

favored, lending further support to their involvement in canola protein gelation (Paulson 

and Tung, 1989).  Furthermore the effect of GuanHCl at lower temperatures during the 

cooling phase is likely due to hindrance of hydrogen bonding, which is typically favored 

at lower temperatures (Léger and Arntfield, 1993).The marked effect of guanine 

hydrochloride on canola gel properties led to the conclusion that both hydrophobic 

interactions and hydrogen bonding play a major role in canola protein gel formation 

(Léger and Arntfield, 1993).  

Further support for the role of hydrogen bonds in canola protein gelation comes 

from the gradual increase in gel strength during the final cooling stages and thermal 

reversibility curves (Léger and Arntfield, 1993). Since hydrogen bonding is favored at 

low temperatures Léger and Arntfield (1993) concluded that hydrogen bonding should be 

credited for the increase in elastic modulus of gels during the cooling phase. Paulson and 

Tung (1989) came to the same conclusion. On the contrary, treatment of rapeseed protein 

with urea, another hydrogen bond disrupting agent, showed only limited effects, leading 

Gill and Tung (1978a) to the conclusion that hydrogen bonds play only a minor role in 

rapeseed gels. 

Disulfide bonds have been shown to have a stabilizing function in canola gels 

(Léger and Arntfield, 1993). DTT disrupts protein structure by reducing disulfide bonds 

(Léger and Arntfield, 1993). Treatment with DTT enhanced network formation, but 
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disrupted the forces responsible for the initial stabilization of the formed gel (Léger and 

Arntfield, 1993). Furthermore failure of untreated gels to melt upon reheating above 78oC 

indicates the involvement of covalent bonds (Léger and Arntfield, 1993). Gill and Tung 

found DTT to decrease the elastic component of rapeseed gels, supporting that disulfide 

bonds contribute to the elasticity of these gels (Gill and Tung, 1978a). 

Overall formation of the gel network is thought to be driven by hydrophobic and 

electrostatic interactions (Léger and Arntfield, 1993). Once the network is established 

disulfide bonds, electrostatic interactions and hydrogen bonds are hypothesized to 

contribute by stabilizing the network (Léger and Arntfield, 1993).  

The critical concentration for canola protein to gel was determined to be 6% 

(Léger and Arntfield, 1993).  Superior gels can however be formed at higher protein 

concentrations (Uruakpa, 2004). A 15% canola protein content has been shown to form 

gels superior to 10% gels (Uruakpa, 2004). 

Léger and Arntfield (1993) found gels formed at pH 8 to give the highest G’ 

values. At the isoelectric point a protein carries no charge and hence electrostatic 

repulsion is minimized (Léger and Arntfield, 1993). Since pH 8 is close to the isoelectric 

point of canola protein attractive forces are expected to be high, leading to the random 

aggregation of molecules (Léger and Arntfield, 1993). The resulting increase in 

crosslinks leads to higher G’ values (Léger and Arntfield, 1993). Furthermore it was 

demonstrated that superior gels are formed under basic conditions (Léger and Arntfield, 

1993). This was attributed to the fact that gels formed at high pH are more homogenous 

in nature than those formed at a low pH (Léger and Arntfield, 1993). The heterogeneous 

nature of low pH gels, composed of regions of high and low protein concentration, 
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creates weak points (Léger and Arntfield, 1993). Furthermore electrostatic repulsion at 

high pH values may enhance hydrophobic interactions (Léger and Arntfield, 1993). 

 

2.6. Enzymatic Modification 
Chemical modification methods have been extensively studied for their potential 

to improve the functionality of proteins (Kim et al, 1990). Paulson and Tung (1989), for 

example, used succinylation to improve the gelation of canola protein. Acetylation with 

anhydrides is the most commonly applied technique for improvement of plant proteins 

(Kim et al, 1990). Although effective, chemical modification will encounter regulatory 

hurdles, when these modified proteins are to be incorporated into foods (Kim et al, 1990). 

Clear regulatory safety guideline will have to be met (Kim et al, 1990). Unreacted 

chemical residues, unwanted side reactions and harsh reaction conditions make chemical 

modification undesirable (Campbell et al, 1996).  Moreover some chemically modified 

proteins present a nutritional concern, as they can escape digestion by pancreatic and 

gastric proteases (Kim et al, 1990). In contrast, enzymatic modification utilizes milder 

process conditions (Cheryan, 1979), is safer (Kim et al, 1990) and provides a more 

uniform product through more specific reactions (Campbell et al, 1996; Tanimoto and 

Kinsella, 1988). Hence enzyme modified protein may be a viable alternative to chemical 

modification (Kim et al, 1990). 

 

2.6.1. Proteolysis 
Proteases have been successfully utilized to improve the gelation properties of 

oilseed proteins. Limited treatment with proteases leads to some protein hydrolysis and 
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consequently partial unfolding of the protein structure. Unfolding of the native protein 

exposes buried hydrophobic (Kang et al, 1994) and other interactive groups, which are 

then free to interact with neighboring polypeptides. As explained in greater detail above, 

hydrophobic interactions play a major role in the gelation of canola proteins (Léger and 

Arntfield, 1993).  

Enzymatic hydrolysis has been shown to improve functional properties of soy, 

sunflower and rapeseed protein isolates (Kim et al, 1990; Hartnett and Satterlee, 1990; 

Sanchez and Burgos, 1995; Mahajan and Dua, 1998). Improvement of water absorption 

(Mohri and Matsushita, 1984), emulsifying and foaming capacity, solubility, aggregation 

(Kim et al, 1990) and gelation have been reported (Hartnett and Satterlee, 1990; Pour-el 

and Swenson, 1976). Pour-el and Swenson (1976) performed an extensive experiment 

comparing the effectiveness of many proteases in improving soy protein gelation 

properties. In their analysis they discovered ficin and bromelin to be the most effective in 

improving the properties of irreversible soy protein gels (Pour-el and Swenson, 1976). 

Trypsin on the other hand was found to be least effective, consistently producing gels too 

weak to support their own weight (Pour-el and Swenson, 1976). When applied to 

commercial soy protein isolate the microbial protease alcalase yielded a three fold 

improvement in thermal aggregation, a prerequisite for gelation (Kim et al, 1990). 

Liquozyme and α-chymotrypsin were also found to increase thermal aggregation (Kim et 

al, 1990). Trypsin was again determined to be least effective (Kim et al, 1990).  Hartnett 

and Satterlee (1990) showed that there is an optimal degree of pepsin hydrolysis at which 

the strongest soy protein gels are formed. This signifies that, while limited proteolysis 

can improve gelation, excessive proteolysis is detrimental. In the case of papain and 
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bacterial protease, however, even short incubation times resulted in poor heat set gels and 

increasing the reaction time resulted in a complete loss of gelling ability (Hartnett and 

Satterlee, 1990). These diverse effects were attributed to the different hydrolytic 

specificities of these enzymes (Hartnett and Satterlee, 1990). Mohri and Matsushita 

(1984) were able to produce a soft soy protein gel through the application of bromelin. 

Gel formation was predominantly driven by hydrophobic interactions and disulfide bonds 

(Mohri and Matsushita, 1984). Sanchez and Burgos (1995) determined that while native 

sunflower proteins did not gel, gels could be produced by pre-treating with trypsin. Puski 

(1975), on the other hand, found that even limited enzyme treatment with a protease 

preparation from Aspergillus oryzae significantly reduced the viscosity and prevented gel 

formation of protein solutions. Regenstein et al (1978) likewise determined that 

proteolysis with either ficin or bromelin reduced the coagulum strength of egg albumin. 

Mahajan and Dua (1998) compared the effects of various proteases on rapeseed protein 

functionality. Gelation was however not among the functional properties considered.  

Enzymes studied include pepsin, papain, trypsin, ficin and hemicellulase (Mahajan and 

Dua, 1998). Ficin was found to impart the maximum degree of hydrolysis and the 

maximal improvement in functional properties (Mahajan and Dua, 1998). Enzymes of 

particular interest to this study were ficin, bromelin and trypsin. 

 

2.6.1.1. Trypsin 
Trypsin preferentially cleaves peptide bonds adjacent to basic amino acids 

(Campbell et al, 1996). Table 3 shows reaction conditions previously employed or 

determined optimum for various plant protein substrates. Reaction conditions including 
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enzyme and substrate concentration, incubation time, temperature and pH varied widely. 

Furthermore, different conditions for the inactivation of trypsin have been used. Mahajan 

and Dua (1998) are the only researchers to have performed work on trypsin hydrolysis of 

rapeseed protein. Their work focused on determining the optimum reaction conditions 

and comparing the effectiveness of various proteases (Mahajan and Dua, 1998).  

 

2.6.1.2. Ficin and Bromelin 
 Ficin and Bromelin are both sulfhydryl proteases, a group of enzymes with 

sulfhydryl groups at their active site (Liener, 1974). Sulfhydryl proteases are extensively 

used by the food industry (Liener, 1974). Applications include the tenderization of meat, 

chill-proofing of beer, milk-clotting for cheese production, production of protein 

hydrolysates and reduction of dough viscosity (Liener, 1974). The sulfhydryl proteases 

have been shown to cleave bonds adjacent to a large variety of side chains, including 

glycine, threonine, methionine, lysine, arginine, leucine and threonine (Liener, 1974). It 

has been observed that the specificity of papain, another sulfhydryl protease, is more 

dependant on the amino acid two residues from the cleavage point than the residue right 

adjacent to it (Liener, 1974).  When this position is filled by phenylalanine or tyrosine, 

cleavage becomes significantly more frequent (Liener, 1974). The general mechanism of 

action of sulfhydryl proteases is depicted in Figure 5.  
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                                                                     ES-C-R               ESH + R-C-OH 

E-SH + R-C-X             E-SH-R-C-X              + 

                HX 

Figure 5: Mechanism of action of sulfhydryl proteases. ESH represents the enzyme, R-
CO-X the substrate. HX and R-CO-OH are the reaction products. Adapted from Liener 
(1976).  
 

  Ficin has been shown to be very effective at hydrolyzing rapeseed protein and  

improving its functional properties (Mahajan and Dua,1998). In a study comparing seven 

proteases ficin was found to be most effective at improving soy protein gelation (Pour-el 

and Swenson, 1976). Table 4 displays the reaction conditions previously used for ficin 

hydrolysis.  

Pour-el and Swenson (1976) found bromelin to be effective in improving the 

gelation properties of soy protein isolate. Furthermore it can reduce the beany flavor 

associated with soy (Fujimaki et al, 1968). Beuchat et al (1975) determined that bromelin 

can be utilized to improve the N solubility and water absorption of defatted peanut flour. 

Table 5 shows previously utilized reaction conditions.  
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Table 3: Reaction conditions utilized or determined optimal in previous research on the treatment of plant proteins with trypsin 

Enzyme 
Concentration 

Substrate 
Concentration 

Incubation 
Time 

Incubation 
Temperature pH 

Termination 
of 

Hydrolysis 
Protein 
Source 

Application 
Studdied Reference 

0.01% w/w 1% 60 min 40 oC 

opt. for 
enzyme 
as per 
manuf.  soy gelation 

Pour-el 
and 

Swenson, 
1976 

75 units/g 
substr. 10% 30 min 27-28 oC 8.1 

aprotinin 4 
units/μg 
trypsin sunflower gelation 

Sánchez 
and 

Burgos, 
1996 

2% w/w 20% w/v 30 min 37 oC 8 
87 oC, 5 

min soy 

solubility, 
emulsification,    

thermal 
aggreagation 

Kim et al, 
1990 

0.11 -0.33% 
w/w 10 mg/ml  50 oC 8 

95 oC, 5 
min soy 

enzymatic 
phosphorylation 

Campbell 
et al, 
1996 

1% w/w 1%  60 oC 9  sesame  
opt. enzyme. 
hydrolysis 

Lee et al, 
1995 

 

25% w/v 6h 40 oC 7 
75 oC, 15 

min rapeseed 

N solubility,      
water and fat 
absorption 
capacity, 
foaming 

Mahajan 
and Dua, 

1998 29 

2-10% w/w 



 

Table 4: Reaction conditions utilized or determined optimal in previous research on the treatment of plant proteins with ficin  

Enzyme 
Concentration 

Substrate 
Concentration 

Incubation 
Time 

Incubation 
Temperature pH 

Termination 
of 

Hydrolysis 
Protein 
Source 

Application 
Studdied Reference 

0.001 [g/g 
substr.] 1% 60 min 40 oC 

opt. for 
enzyme as 
per manuf.  soy gelation 

Pour-el and 
Swenson, 

1976 

2-10% w/w 25% w/v 6h 40 oC 6 
75 oC, 15 

min rapeseed 

N solubility,    
water and fat 
absorption 
capacity, 
foaming 

Mahajan 
and Dua, 

1998 
 
 

Table 5: Reaction conditions utilized or determined optimal in previous research on the treatment of plant proteins with bromelin  

Enzyme 
Concentration 

Substrate 
Concentratio

n 
Incubation 

Time 
Incubation 

Temperature pH 

Termination 
of 

Hydrolysis 
Protein 
Source 

Application 
Studdied Reference 

0.001 [g/g 
substr.] 1% 60 min 40 oC 

opt. for 
enzyme as 
per manuf.  soy gelation 

Pour-el and 
Swenson, 

1976 

1:100 w/w 20% 30 min 
4o, 22o & 

50oC  4.5 
90 oC, 10 

min peanut 

N solubility, 
emulsion, 
moisture 

absorption 
Beuchat, 

1977 

  5%   35 oC 7   soy 

coaguability, 
water 

absorption 

Mohori and 
Matsushita, 

1984 
 30 
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2.6.2. Cross-linking  
 Transglutaminase (TG), lipoxygenase, lysyl oxidase, peroxidase, catechol 

oxidase, laccase, protein disulfide reductase, protein disulfide isomerase, sulfhydryl 

oxidase and polypehnol oxidase are enzymes suitable for the cross-linking of proteins 

(Aguilera et al, 2004; Haard, 2001). TG in particular is widely used in the food industry 

(Aguilera et al, 2004), as it can modify proteins to improve a multitude of functional 

characteristics including texturization (Kang et al, 1994; Matheis and Whitaker, 1987; 

Nio et al, 1985; Sakamoto et al, 1994), solubility (Matheis and Whitaker, 1987; Motoki et 

al, 1984) , water holding capacity (Motoki et al, 1984), foaming (Matheis and Whitaker, 

1987) and emulsification (Matheis and Whitaker, 1987; Motoki et al, 1984). Furthermore 

TG has the potential to improve the nutritional quality of protein, as it protects lysine 

from reactions (e.g. Millard reaction) (Matheis and Whitaker, 1987). TG may also have 

potential applications in the creation of fat substitutes. It was shown that TG cross-linked 

Na-caseinate is a suitable fat substitute in bologna-type sausages, while native Na-

casinate is not (Nielsen, 1995). Likewise the addition of TG to yoghurt allows the 

production of a low fat product that is perceived to be full fat (Nielsen, 1995).   

 

2.6.2.1. Transglutaminase 
TG is capable of inducing the formation of covalent intra or intermolecular bonds 

in proteins and can thereby increase network formation (Nonaka et al, 1994; De Jong and 

Koppelman, 2002). TG catalyzes the acyl transfer reaction forming ε-(γ-Glu)-Lys 

crosslinks (Nonaka et al, 1994; Nielsen, 1995). A peptide bound glutamine residue acts as 

the acyl donor (Nielsen, 1995). The ε-amino group of lysine, either peptide bound or free, 
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is usually the acceptor (Nielsen, 1995).  Figure 6 shows how the TG catalyzed cross-

linking reaction between glutamine and lysine can connect two polypeptides.  

 

 

 

 

 

 

 

 

 

 

Figure 6:  Intermolecular cross-linking of proteins catalyzed by transglutaminase. 
 

Many TGs are Ca+2   dependant, while microbial TG is Ca+2  independent 

(Sakamoto et al, 1994).  Many food systems do not contain endogenous calcium and the 

addition of Ca+2  can lead to the formation of unwanted calcium-protein complexes (De 

Jong and Koppelman, 2002). Furthermore mammalian (Ca+2  dependant) TG must be 

activated by the enzyme thrombin, which is also recovered from animal blood (De Jong 

and Koppelman, 2002). Another advantage of microbial TG is that it can be produced in 

large enough quantities for commercial sale (De Jong and Koppelman, 2002). In addition, 

microbial TG from Streptoverticilium was shown to react with a broader range of 

substrates and to have a higher activity compared to enzyme collected from mammalian 

blood erythrocytes and plasma (De Jong and Koppelman, 2002).  

(CH2)2CONH3
+ NH2(CH2)4 

TG 

(CH2)2CONH(CH2)4 

+ NH4
+ 
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TG has successfully been applied to improve or induce the gelation of a diverse 

group of proteins including oat globulin (Siu et al 2002), broad bean legumin 

(Chanyongvorakul et al, 1994), whey protein (Wilcox and  Swaisagood, 2002), coconut 

protein (Kwon et al, 1995), casein (De Jong and Koppelman, 2002), gelatin (De Jong and 

Koppelman, 2002), soy protein (Ramirez-Suarez and Xiong, 2003; Kang et al, 1994; 

Nonaka et al, 1994; Sakamoto et al, 1994), meat proteins(Kim et al, 1993), surimi 

(Joseph et al, 1994), egg yolk and egg white (Sakamoto et al, 1994). TG induced gels are 

irreversible, because the isodipeptide formed is stable to high temperatures (De Jong and 

Koppelman, 2002). This limits their use in foods that require gels to be reversible (De 

Jong and Koppelman, 2002). Of particular interest in relation to this thesis is the 

application of TG to plant based proteins. Many studies have investigated the potential 

application of TG in soy protein gelation. Some researchers applied TG as a pretreatment 

to thermal gelation, while others used the enzyme to induce gelation. Nonaka et al (1994) 

successfully used TG to improve the gelation of soy protein isolate. The breaking 

strength of the gels could be improved to twice that of the control (Nonaka et al, 1994). 

Gel hardness increased with TG concentration in the range tested, while cohesiveness 

reached a hardness at an enzyme concentration of 1 μg/g protein (Nonaka et al, 1994). 

Ramirez-Suarez and Xiong (2003) successfully applied TG to myofibrillar/soy protein 

mixtures to improve the elasticity of the formed gel.  Chanyongvorakul et al (1995) 

gelled 11 S globulins isolated from soy glycinin and broad bean legumin with TG. For 

both proteins, gels produced by transglutaminase treatment formed superior networks 

compared to heat induced gels (Chanyongvorakul et al, 1995). Likewise, Siu et al 2002 

found TG induced oat globulin gels to be significantly stronger than those produced 
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through the application of heat. Kwon et al (1995) proved the favorable effects of TG on 

coconut protein gelation. Hyan and Kang (1999) found TG to successfully induce the 

gelation of rapeseed protein. They found that the breaking strength of rapeseed gels 

increased linearly for 90 minutes of TG treatment. Hyan and Kang (1999) tested protein 

concentrations ranging from 4 to 12 % and found the breaking strength to continually 

increase up to 12% (Hyan and Kang, 1999). They found a temperature of 45oC and a pH  

of 7 to be optimal for gelation of rapeseed protein with TG. Hyan and Kang (1999) found 

that TG treatment results in the formation of high molecular weight polymers, as 

observed via SDS-PAGE. HPLC analysis showed the presence of ε-(γ-glutamyl)lysine 

crosslinks, confirming that the bands were likely formed through the action of TG. 

Wilson (1993) upon treatment with mammalian TG, observed the formation of cross-

links in soy protein, casein and actomyosin.  

While much success has been reported, it is important to note that excessive TG 

treatment can lead to undesirable outcomes. Nonaka et al (1994), for example, showed 

that too much enzyme treatment will reduce the cohesiveness of soy gels below that of 

the control. While cohesiveness improved slightly at 0.5 and 1 units TG per gram of 

protein, the cohesiveness was reduced below that of the control at 5 units/g (Nonaka et al, 

1994). Truong et al (2004) found that extensive cross-linking of whey proteins resulted in 

reduced G’values. They hypothesized that widespread cross-linking formed polymers too 

large for effective network development (Troung et al, 2004). De Jong and Koppelmann 

(2002) found TG treatment of β-casein to initially improve gel strength. After reaching 

maximum gel strength further cross-linking however reduced the strength of the network 

(De Jong and Koppelman, 2002).  De Jong and Koppelman (2002) hypothesized that too 
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much cross-linking inhibits the development of a uniform heat-induced protein network. 

Furthermore not all research indicates that TG treatment improves gel strength. Tanimoto 

and Kinsellsa (1988) found that native β-lactoglobulin formed superior gels compared to 

cross-linked β-lactoglobulin. 

A prerequisite for cross-linking with TG is the availability of lysine and glutamine 

residues (De Jong and Koppelman, 2002). Kang et al (1994) showed that the amount of 

surface lysine and glutamine residues were correlated with the amount of cross-links 

formed. Casein and gelatin, for example, are readily cross-linked by TG, since their 

lysine and glutamine residues are easily accessible to the enzyme (De Jong and 

Koppelman, 2002). Native α-lactalbumin, on the other hand, reacts poorly to TG 

treatment (De Jong and Koppelman, 2002). Larré et al (1992) found that denaturation of 

pea legumin markedly improved the activity of TG on this substrate. A variety of 

methods can be applied to destabilize a protein, thus increasing the exposure of its lysine 

and glutamine residues (De Jong and Koppelman, 2002). EDTA 

(ethylenediaminetetraacetic acid) was found to destabilize α-lactalbumin and makes it a 

good substrate for TG (De Jong and Koppelman, 2002). Heat treatment was found to 

increase the amount of surface active groups and to maximize ε-(γ-Glu)-Lys crosslinking 

of glycinin (Kang et al, 1994). The reducing agent dithiotreitol (DTT) is also commonly 

used to improve glutamine and lysine accessibility. Aboumahmoud and Savello (1990) 

determined that DTT was required for cross-linking of whey, via TG treatment, to take 

place. Nonaka et al (1989) found DTT treatment to improve the ability of TG to react 

with bovine serum albumin, human serum albumin and conalbumin. For these proteins a 

structural change, induced through the reduction of disulfide bonds, was required for 
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them to act as a substrate for TG (Nonaka et al, 1989). Other food-grade reductants, such 

as cysteine and sulfite, have also been shown to enhance the ability of β-lactoglobulin to 

form cross-links during TG treatment (De Jong and Koppelman, 2002). These reductants 

were however found not to be as effective as DTT (De Jong and Koppelman, 2002). 

Other methods such as pre-incubation in 50% ethanol/water and cross-linking at an oil-

water interface have also been successful (De Jong and Koppelman, 2002). However this 

is unlikely to be of interest to industry, since the extraction of the protein from these 

solutions may be expensive (De Jong and Koppelman, 2002). Many vegetable proteins 

are globular (Nielsen, 1995). It is therefore expected, that any treatment which opens the 

structure and makes the buried reactive groups more available, would improve the TG 

crosslinking in vegetable proteins (Nielsen, 1995). 

 Table 6 provides examples of reaction conditions, which were applied to plant 

proteins in the past. Again the work done on canola/rapeseed proteins is very limited. The 

only work available is from Hyun and Kang (1999), who used TG to gel rapeseed 

proteins. There appears to be no previous work using TG as a pretreatment to thermal 

gelation of canola proteins.  

While cross-linking of proteins is the dominant effect of TG, two other important 

reactions can also be catalyzed by this enzyme (De Jong and Koppelman, 2002).  All 

reactions catalyzed by TG are displayed in Figure 7. First, primary amines can be linked 

to glutamines of a protein through an acyl-transfer reaction (De Jong and Koppelman, 

2002). Secondly, TG treatment can, in the absence of lysine and other primary amines, 

result in glutamine deamination (De Jong and Koppelman, 2002). These reactions have 

received less attention, but also have the potential to alter the functionality of proteins 
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(De Jong and Koppelman, 2002). Coupling new primary amines to a protein can alter the 

charge, hydrophobicity and structure (De Jong and Koppelman, 2002). Deamination has 

been shown to improve functional properties such as solubility, emulsification, foaming 

and gelation (De Jong and Koppelman, 2002). While deamination can also be chemically 

induced, enzymatic deamination typically has less unwanted side effects (De Jong and 

Koppelman, 2002). Unless special care is taken to inhibit cross-linking it will typically 

overshadow these reactions (De Jong and Koppelman, 2002).  

 

A) Gln-CONH2 + NH2-Lys   Gln-CONH-Lys + NH3 

B) Gln-CONH2 + RNH2   Gln-CONHR + NH3 

C) Gln-CONH2 + H2O  Gln-COOH + NH3 

Figure 7: Reactions catalyzed by TG. A = Cross-linking between glutamine and lysine; B 
= acyl-transfer linking primary amines to protein bound glutamine; C = deamination of 
glutamine Adapted from De Jong and Koppelmann, 2002 

 

 

A variety of methods have been utilized to determine the activity of TG (Nielsen, 

1995). Methods based on measuring amine incorporation (Nielsen, 1995), increase in 

molecular weight (Ikura et al, 1980), released NH3 (Ikura et al, 1980; Backer-Royer et al, 

1992) and functional effects (Sakamoto et al, 1994). Sakamoto et al (1994) utilized gel 

strength, the functional effect of cross-linking, as a measure of TG activity. Nielsen 

(1995) concluded that the general problem concerning these methods is their lack of 

correlation with each other. The assay used should thus simulate the system of 

application as closely as possible (Nielsen, 1995).   



 

Table 6: Reaction conditions utilized or determined optimal in previous research on the treatment of plant proteins with 
transglutaminase 

Enzyme 
Concentration 

Substrate 
Concentration 

Incubation 
Time 

Incubation 
Temperature pH 

Termination 
of 

Hydrolysis 
Protein 
Source 

Application 
Studdied Reference 

0-5 ug/g 5% 60 min 55 oC  
90 oC, 50 

min soy gelation 
Nonaka et al, 

1994 

2% w/w 4 or 6%  37 oC   soy gelation Kang et al, 1994 

0.1% w/v 0.20% 30 min 5 oC   
soy & 

myofibrillar gelation 
Ramirez-Suarez 
and Xiong, 2003 

40-50 units/g 10% 30 min 50 oC 9 
85 oC, 20 

min soy gelation 
Sakamoto et al, 

1994 

2.5% w/w 10% 60 min 45 oC   rapeseed gelation 
Hyan and Kang, 

1999 

0.1 unit/mL 20% 120 min 50 oC   coconut gelation Kwon et al, 1995 

1:50 w/w 12% 5 h 37 oC  none 
soy & 

fababean gelation 
Chanyongvorakul 

et al (1995)  

0.01unit/mg 10% 5 h 37 oC   
100 oC, 5 

min oats gelation Siu et al 2002  
 

38 
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2.7. Techniques for Assessing Gel strength 
 Protein gels have been evaluated by a variety of means, including their basic 

physiochemical properties, physical structure and textural/rheological behavior 

(Arntfield, 1994).  

Subjective visual assessment allows for the determination of gelation temperature 

as well as some of the characteristics of the final product (Arntfield, 1994).  Hegg et al 

(1978), for example, devised a parameter coined the visual “cloud point’ to determine the 

precipitation temperature of conalbumin. Hasegawa et al (1985) determined the extent of 

gelation by inverting a test tube to see if the contents remained fixed in place. Pour-el and 

Swenson (1973) used visual assessment to find the time required for soy protein to gel. In 

addition to gelation point, final product characteristics such as the opacity can be visually 

assessed (Arntfield, 1994).  The opacity of a gel has great impact on its possible end uses 

(Arntfield, 1994).   

 The water holding capacity and the dry matter content calculated from a gel are 

other commonly evaluated physiochemical properties (Hegg et al, 1979). Water holding 

capacity is usually based on the quantity of liquid released from a gel following 

centrifugation, whereby the centrifugation conditions used have been highly variable 

(Arntfield, 1994). A low dry matter content/high moisture environment has been linked to 

greater transparency in ovalbumin gels (Hegg et al, 1979)  

 Assessing the type of solvents required to dissolve a gel network can determine 

the types of forces responsible for maintaining the network (Arntfield, 1994). Aqueous 

urea and guanidine hydrochloride solutions can, for example, be used to disrupt hydrogen 

bonds and hydrophobic interactions (Arntfield, 1994). Léger and Arntfield (1993) utilized 
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the effects of guanidine hydrochloride to show that both hydrophobic interactions and 

hydrogen bonding play a major role in canola gel formation. Reducing agents such as 

mercaptoethanol and dithiothreitol will break down disulfide bonds (Arntfield, 1994). 

Van Kleef (1986) applied the denaturants urea and mercaptoethanol to determine the type 

of interactions in soy protein and ovalbumin gels. The soy protein gels could be dissolved 

with the action of urea alone, while the ovalbumin gels required urea and 

mercaptoethanol. Form this Van Kleef (1986) was able to conclude that disulfide bonds 

are present in ovalbumin gels and that non-colvalent bonds play a major role in soy 

protein gel networks (van Kleef, 1986). Foegeding et al (1987) utilized a similar 

approach, using a mixture of guanidine hydrochloride, urea and mercaptoethanol, to 

determine that both non-covalent and covalent bonds contribute to the structure of 

myosin-fibrinogen gels. This methodology has, however, produced some controversial 

results and has been criticized on the basis that only a fraction of the bonds need to be 

broken to disrupt a gel network (Arntfield, 1994). Consequently solubility in an aqueous 

urea solution alone, should not warrant the conclusion that a gel does not contain 

disulfide linkages (Arntfield, 1994).  

It is food microstructure, that is ultimately responsible for the texture of a food 

(Stanley and Tung, 1976).  Microscopy allows for the visualization of the network 

structure. An accepted relationship exists between the three-dimensional network 

structure of a gel and its textural properties (Kang et al, 1994).  A gel possessing a well 

developed three-dimensional network is generally harder and more elastic than a less 

structured or aggregation type gel (Kang et al, 1994). A variety of microscopes, including 

light, transmission electron and scanning electron microscopes has been used to visualize 



 41

the microstructure of food materials (Aguilera and Stanley, 1990). Transmission and 

scanning electron microscopes allow visualization at much higher magnifications than 

light microscopes (Aguilera and Stanley, 1990). A scanning electron microscope (SEM) 

provides an additional advantage, in that it produces a three-dimensional picture of great 

depth (Aguilera and Stanley, 1990). This eliminates the need to cut thin section of 

samples and allows for the investigations of the natural topographical details of both 

external and internal surfaces of samples (Aguilera and Stanley, 1990). A relatively new 

advent in microscopy, the environmental scanning electron microscope (ESEM), unlike a 

regular SEM, allows for the observation of hydrated samples (Mathews and Donald, 

2002; Royall and Donald, 2002). This allows for greater preservation of structure, since 

the sample must not be dried. Investigating the changes in microstructure can allow for 

the integration of results from different levels of organization (Stanley, 1987). For 

example, Gill and Tung were able to show that a progressive increase in three 

dimensional ordering and decrease in rapeseed gel pore size occurred with increasing pH 

(Gill and Tung, 1978a). This complemented their finding that stronger gels were formed 

at high pH values (Gill and Tung, 1978a). Léger and Arntfield (1993) were similarly able 

to relate the increased G’ and decreased tan δ values seen with higher pH values to 

micrographs. The micrographs helped to clarify the rheological data by showing that G’ 

related to the compactness of the canola gels, while tan δ values reflected their actual 

arrangement (Léger and Arntfield, 1993). Hence microscopy can be a useful tool in the 

evaluation of the microstructure of a gel system.  

 Since the texture of a food is more of a psychological and sensory characteristic 

than a physical property (Lewis, 1987), sensory testing is likely the most appropriate 
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avenue for the evaluation of texture. Textural features as perceived by a consumer, such 

as hardness, fractureability, viscosity, chewiness and adhesiveness can be evaluated 

through sensory analysis (Lewis, 1987). Sensory studies are however not suitable in all 

cases and can be very expensive, time consuming and highly variable (Lewis, 1987). 

Sensory evaluation is likely not suitable for the evaluation of laboratory produced and 

tested protein gels, but would rather be utilized at a later stage of food product 

development.  

Instrumental methods of texture evaluation can replace sensory testing. In terms 

of food quality, these methods are, however, only meaningful, if they can be related back 

to sensory results (Lewis, 1987). Food rheology measures the mechanical characteristics 

of foods and can be grouped into two broad categories: fundamental methods and 

empirical methods (Arntfield, 1994). Fundamental methods are intended to measure well 

defined physical properties (Lewis, 1987). Common tests include uniaxial deformation, 

triaxial deformation, torsional tests, stress relaxation, creep and dynamic tests (Peleg, 

1987). Dynamic rheological measurements can provide a unique perspective of gel 

behavior, since the applied strain is small enough so it does not damage or alter the test 

material. Therefore multiple measurements can be performed on the same sample 

allowing for a track record of how the characteristics of the material change over time 

and under different experimental conditions (Arntfield, 1994). While fundamental 

methods provide information on a fundamental physical level, they generally do not 

correlate well with sensory data (Lewis, 1987; Arntfield, 1994; Bourne, 1982). Empirical 

tests evaluate poorly defined properties, which can not be expressed in fundamental terms 

(Lewis, 1987). Empirical tests have included the application of shear, tensile, 
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compressive and penetrative forces under a variety of conditions (Arntfield, 1994). Pour-

el and Swenson (1976), for example, devised a number of empirical techniques to 

evaluate the effects of limited proteolysis on soy protein gels. One test measured the ease 

with which a gel could be broken up through shaking (Pour-el and Swenson, 1976). 

Difficulties in expressing the results of such tests in fundamental units, arise from the fact 

that it is difficult to establish the pattern of forces excreted within the food material 

(Lewis, 1987).  A further limitation of these methods is, that the results are usually 

confined to the material tested under the prescribed experimental conditions (Lewis, 

1987). On the contrary many empirical tests have been shown to relate well to sensory 

results of specific textural characteristics (Lewis, 1987). 
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Chapter 3: Improvement of canola protein gelation 
properties through enzymatic modification with 
transglutaminase 

3.1. Abstract 
Enzymatic modification with transglutaminase (TG) was used to improve the 

gelation of canola protein isolate (CPI) and thus improve its potential as a food 

ingredient. A response surface 4x3 factorial design was used to determine which factors 

significantly impacted the final CPI gel strength and to optimize the reaction conditions. 

Factors evaluated included: CPI, 8 to 12%; TG, 1 to 4 U; treatment temperature, 20 to 

60oC; treatment time, 30 to 90 minutes. A texture analyzer, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and scanning electron microscopy were 

used to characterize the resulting networks. The protein concentration (p<0.0001), 

amount of TG (p<0.0001) and treatment temperature (p<0.0001) were found to 

significantly impact gel strength. Within the limits of this experiment, it was found that 

gelation can be improved by increasing the amounts of protein and TG and by keeping 

the treatment temperature close to 40oC. SDS-PAGE showed that crosslinking of subunits 

occurred through TG treatment thus helping to explain the increase in gel strength 

observed during texture analysis. Micrographs further corroborated the trends noted 

during rheological studies. To confirm the results obtained with the commercial CPI a 

limited number of tests were performed on a laboratory CPI. The textures of commercial 

food products containing protein gels were determined and compared to the texture of 

canola gels in order to evaluate the potential of canola protein as a food ingredient. It was 

determined that canola gels are able to match the texture of bologna and soft tofu, but 
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unable to match the elasticity of egg white. This experiment shows that canola protein 

isolate is a viable food ingredient when treated with transglutaminase.  

 

3.2. Introduction 
 Transglutaminase (TG) is widely used in the food industry for the purpose of 

cross-linking proteins (Aguilera and Rademacher, 2004). It has the potential to improve 

gelation through the formation of covalent intra- and intermolecular bonds. These 

isodipeptide bonds form between glutamine and lysine residues in proteins (De Jong and 

Koppelman, 2002) resulting in ε-(γ-Glu)-Lys crosslinks (Nonaka, Toiguchi, Skamoto, 

Kawajiri, Soeda & Motoki, 1994).  TG has successfully been applied to improve or 

induce the gelation of a diverse group of proteins. Of particular interest in relation to this 

work is the application of TG to plant proteins. Some researchers applied TG as a 

pretreatment to thermal gelation, while others used the enzyme to induce gelation. 

Nonaka et al (1994) successfully used TG to improve the gelation of soy protein isolate. 

The breaking strength of the gels was improved to twice that of the control (Nonaka et al, 

1994). Gel hardness increased with TG concentration in the range tested, while 

cohesiveness reached a peak at an enzyme concentration of 1 μg/g protein (Nonaka et al, 

1994). Ramirez-Suàrez and Xiong (2003) successfully applied TG to myofibrillar/soy 

protein mixtures to improve the elasticity of the combined protein gel.  Chanyongvorakul, 

Matsumura, Nonaka, Motoki & Mori (1995) gelled 11 S globulins isolated from soy 

glycinin and broad bean legumin with TG. For both proteins, gels produced by 

transglutaminase treatment formed superior networks compared to heat induced gels 

(Chanyongvorakul et al, 1995). Likewise, Siu, Ma, Mock, & Mine (2002) found TG 
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induced oat globulin gels to be significantly stronger than those produced through the 

application of heat. Kwon, Bae & Rhee (1995) proved the favorable effects of TG on 

coconut protein gelation.  

Hyan and Kang (1999) found TG to successfully induce the gelation of rapeseed 

protein. They found that the breaking strength of rapeseed gels increased linearly for 90 

minutes of TG treatment. Hyan and Kang (1999) tested protein concentrations ranging 

from 4 to 12 % and found the breaking strength to continually increase up to 12% (Hyan 

and Kang, 1999). They found a temperature of 45oC and a pH of 7 to be optimal for 

gelation of rapeseed protein with TG. Hyan and Kang (1999) found that TG treatment 

results in the formation of high molecular weight polymers, as observed via SDS-PAGE. 

HPLC analysis showed the presence of ε-(γ-glutamyl)lysine crosslinks, confirming that 

the bands were likely formed through the action of TG.  

 Work done on the application of TG to canola/rapeseed proteins is very limited. 

The only work available is from Hyun and Kang (1999), who used TG to gel rapeseed 

protein. This research was conducted to determine the potential of TG as a pretreatment 

to heat induced gelation of canola protein. The effect of TG on a commercially produced 

isolate was evaluated using rheological analysis in conjunction with SDS-PAGE analysis 

and Scanning Electron Microscopy. To determine the potential of CPI as a food 

ingredient, CPI gels were compared to common gel based foods.  
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3.3. Materials and Methods 

3.3.1. Canola Protein Isolates 

3.3.1.1. Commercial Canola Protein Isolate 
 A commercial canola protein isolate was obtained from BMW canola (Winnipeg). 

The isolate contained 87% protein as determined by Kjeldahl (Chung, 2003) using a N to 

protein conversion factor of 5.7 (Uruakpa, 2004).  The pH of a 10% solution was 6.2 ± 

0.1.  

 

3.3.1.2. Salt Extraction and Precipitation by Dilution Method 
To isolate canola protein in the lab the method of Ser (2004) was followed with 

minor modifications. Defatted canola meal (AL018 canola meal, BMW canola, 

Winnipeg) was suspended at a 1:10 ratio 0.5 M NaCl (Fisher Scientific, Ottawa, Canada) 

and mixed for 2 h. Debris was allowed to settle for 30 min under refrigeration 

temperatures. The resulting supernatant was filtered through four layers of cheese cloth 

(Certified, Fisher Scientific, Ottawa, Canada). The filtrate was concentrated to ¼ of the 

original volume through ultrafiltration (MasterFlexR L/STM Economy Drive 

Ultracentrifuge, Cole Parmer, Anjou Canada), using a Vivaflow 200 ultrafiltration 

membrane (Vivascience AG, Hannover, Germany) with a 30 000 molecular weight cut 

off. The filtrate was discarded while the retenate was diluted with 15x cold distilled 

water. The diluted mixture was stored at 7oC for 12-18 h to allow for the precipitate to 

form. The mixture was then centrifuged at 9000 ± 1000 g for 30 min to collect the 

precipitate (RC5C refrigerated centrifuge, Sorvall Instruments). The material was stored 

at -40oC until freeze dried (Virtis, Gardiner, NY). The protein concentration of the 

resulting isolate as measured by Kjeldahl (Chung, 2003)  was 95% protein using a N to 
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protein conversion factor of 5.7 (Uruakpa, 2004).  The pH of a 10% solution was 6.2 ± 

0.1.  

 

3.3.2. Enzymatic Cross-linking 
The canola protein isolate was mixed with 0.1 M NaCl (Fisher Scientific, Ottawa, 

Canada) to obtain solutions of desired protein concentration. To allow for complete 

suspension, the samples were vortexed frequently within a 2 h period. A bacterial Ca+2  

independent TG was used. The Activia TI transglutaminase enzyme (Ajinomoto, 

Paramus, USA) was also dissolved in 0.1 M NaCl. An appropriate aliquot of the enzyme 

solution was then added to the canola protein isolate solution. After briefly vortexing the 

mixture, it was placed into a preheated water bath (Magni Whirl Constant Temperature 

Bath, Blue M Electric Company, Blue Island, USA (40oC); RM 20 Lauda water bath, 

Lauda Dr. R. Wobser GMBH & Co., Lauda-Königshofen, Germany (20oC); Julabo SW 

22 Shaking Water Bath, Julabo USA Inc., Allentown, USA (60oC)) for the desired 

treatment time. An 8 mL aliquot of the treated sample was placed into a small (diameter 

= 41mm) round aluminum box (LeeValley, Winnipeg, Canada) and covered with a lid to 

prevent evaporation. To terminate enzyme hydrolysis and initiate gel formation the 

suspension was heated to 95oC for 15 min (Stabil-therm constant temperature cabinet, 

Blue M Electric Company, Blue Island, USA). Gels were then cooled to room 

temperature prior to rheological analysis. The time to transfer the solution into the 

aluminum dish and place it into the oven was exactly 10 min.  
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3.3.3. Rheology  
A uniaxial compression test was performed with a TA-TX2i Texture Analyzer 

(Stable Micro Systems Ltd., Godalming, England). The method of O’Kane et al (2004) 

was adapted to suit the requirements of this experiment. A spherical plunger (diameter = 

12 mm) was utilized. Samples were compressed to 50% at a rate of 0.1 mm/s. The trigger 

point was 0.01 N. The resulting data was interpreted using Texture Expert Version 1.22 

analysis software (Stable Micro Systems Ltd., Godalming, England). The program 

produces a force-displacement curve. Two parameters, the elasticity and the hardness of 

the material were determined.  

To calculate elasticity: 

 Elasticity is stress divided by strain (Lardner and Archer, 1994). To calculate 

stress, the force was divided by the projected surface area of the ball probe (34.56 cm2). 

The maximum displacement considered in the calculations (1 mm) was divided by the 

original sample thickness (8 mm) to obtain the strain. The line of the force displacement 

graph was consistently linear up to a displacement of 1 mm, above this value linearity 

was lost. Consequently calculations were restricted to the first mm of displacement. 

To calculate hardness: 

The peak force achieved at any point during the test was used as an indicator of 

gel hardness. This was either the rupture point or the force at maximum displacement (4 

mm).  

 

3.3.4. Electrophoresis  
To evaluate subunits in the protein gels the method of Aluko and McIntoch 

(2001) was followed with minor modification. Samples were dissolved (5% w/v) in 1 M 
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Tris-HCl (T-1503, Sigma, St.Louis, USA) buffer at pH 8 containing 10% SDS (L-3771, 

Sigma, St.Louis, USA) 5% 2-mercaptoethanol (M-7154, Sigma, St.Louis, USA) and 

0.01% Pyronin Y (P-6653, Sigma, St.Louis, USA). Samples were boiled for 10 min and 

then vortexed (Vortx Genie 2, Scientific Industies Inc., Bohemia, USA) to promote 

dissolution. The sample was then centrifuged at 14000x g (Biofuge A, Canlab, West 

Germany) to settle out any remaining particulate matter and 4 μl of the supernatant were 

applied to a 4-20% gradient gel (161-1159, Bio-Rad, Hercules, USA). The standard 

(SDS-PAGE Molecular Weight Standards, Broad Range, Bio-Rad, Hercules, USA) was 

prepared as per manufacturers instructions and 5 μl were loaded onto each gel. Gels were 

run for 2 h and 20 min at 10 amp per gel (Mini-ProteanR 3 Cell, Bio-Rad, Hercules, 

USA). A staining solution consisting of 0.08% (w/v) Comassie Brilliant Blue G-250 (B-

1131, Sigma, St.Louis, USA), 10% (w/v) Ammonium Sulfate (ACS 093, BDH Inc., 

Toronto, Canada) and 2.5%  (w/v) Phosphoric acid (Fisher Scientific, Ottawa, Canada) 

was used to visualize the protein bands. A 20% Ammonium Sulfate (ACS 093, BDH Inc., 

Toronto, Canada) solution was used to destain the gels. The gels were scanned to provide 

a permanent record of the results (Epson Perfection Scanner, Epson, Toronto, Canada).  

 

3.3.5. Microscopy 
 To examine the protein gel microstructure, the method of Uruakpa (2004) was 

followed with minor modifications. Freeze-dried samples were fractured by hand and 

prepared for microscopy by mounting on studs with carbon paint. The samples were then 

sputter coated with gold/palladium (60/40) under a 2x10-1 torr vacuum. Micrographs 

were obtained through the use of a Cambridge Instruments stereoscan 120 scanning 
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electron microscope (Cambrigde, UK).  The acceleration voltage was 30 kV. 

Micrographs at magnifications of x50, x200 and x1000 were obtained for each sample.  

 

3.3.6. Experimental Design 

 3.3.6.1. Phase 1 
 A response surface 4x3 factorial design was utillzed to evaluate the impact of 

various factors on the quality of TG treated commercial CPI gels. The factors evaluated 

include: 

 CPI: 8%, 10% & 12% 

 TG: 1U, 2.5U & 4U 

 Treatment temperature: 20oC, 40oC & 60oC 

 Treatment time: 30 min, 60 min & 90 min 

 

3.3.6.2. Phase 2 
To verify the findings in phase 1, the effect of TG treatment on the gel forming 

ability of a laboratory isolate was tested. Those parameters found to be significant in 

phase 1 were tested in the laboratory isolate. Parameters tested thus include CPI 

concentration, TG concentration and treatment temperature.  Interactions between these 

parameters were not investigated. All treatments were carried out duplicate. Conditions 

applied include:  

 1, 2.5 and 4 units of TG  

o keeping CPI concentration, treatment time and temperature constant at 

12%, 60 min and 40oC respectively.  
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 8%, 10% and 12% CPI  

o keeping TG concentration, treatment time and temperature constant at 2.5 

units, 60 min and 40oC respectively.  

 20oC, 40oC and 60oC  

o keeping TG concentration, CPI concentration and treatment time constant 

at 2.5 units, 12% and 60 min respectively. 

 

3.3.6.3. Phase 3 
 The ability of the commercial CPI to mimic the texture of well known foods was 

studied. Common foods including bologna, soft tofu and hard tofu were purchased at a 

local supermarket. Store bought eggs served as a source of egg white. The egg white was 

prepared by heating to 95oC for 10 min. The products then underwent rheological testing 

under the same conditions as the canola protein gels. Two samples were obtained and 

tested from each of these products. Based on the model created during phase 1, Design 

Expert 5 software was utilized to determine conditions that would yield canola protein 

gels with textural characteristics similar to the reference foods. With the exception of 

bologna, the program determined that both parameters (hardness and elasticity) could not 

be satisfied at the same time. Therefore different conditions were applied to obtain the 

elasticity and hardness of each reference food. The conditions applied to obtain the 

hardness and elasticity of each respective food are described in Table 11. The treatment 

time, which was previously determined to not significantly impact gel strength, was kept 

constant at 60 minutes. Four replications of each treatment were performed. 
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3.3.7. Statistical Analysis   
The 3x4 factorial was designed and analyzed with Design Expert 5. SAS 8 and 

Microsoft Excel were utilized in the statistical analysis of the test foods and the CPI gels 

designed to mimic the test foods. Statistical parameters determined include average, 

standard deviation and difference tests (LSD, Bonferroni t test and Duncan’s Multiple 

Range test). 

 

3.4. Results & Discussion 

3.4.1. Phase 1 – Commercial Canola Protein Isolate 

3.4.1.1. Rheological Assessment 
Of the four factors tested, only TG concentration (p<0.0001), protein 

concentration (p<0.0001) and temperature (p<0.0001) were found to significantly impact 

the measured quality characteristics of the CPI gels. In addition interactions between the 

parameters were noted, although the specific interactions differed for elasticity and 

hardness.  

 

3.4.1.1.1. Analysis of Elasticity 
In terms of the effect on elasticity, TG concentration, protein concentration, 

temperature, an interaction between TG concentration and protein concentration and an 

interaction between TG concentration and temperature were highly significant (p<0.01). 

At α=0.05 the interaction between protein concentration and temperature (p=0.0255) 

could also be considered to significantly affect elasticity. SAS printouts showing all 

pertinent statistical analysis can be found in Appendix A. The resulting quadratic 

equation for the elasticity as determined using Design Expert 5.0 is: 
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Elasticity= 

-0.013 

+5.77x10-3   * TG concentration 

-5.510 x10-3 * Protein concentration 

+2 .038x10-3 * Temperature 

-1.358x10-3  * TG concentration2   

+4.302x10-3 * Protein concenrtation2     

-1.817x10-3  * Temperature2  

+1.017x10-3 * TG concentration * Protein concentration    

-1.267x10-3  * TG concentration * Temperature     

-5.300x10-3  * Protein concentration * Temperature 

 
Figure 8 shows the interaction between TG concentration and protein 

concentration at three temperatures. At 20oC and 40oC the elasticity increases with 

increasing amounts of both protein and TG. Overall their influence on elasticity appears 

to be approximately equal. However as the TG concentration increases, further 

incremental increases in TG seem to have a reduced effect on elasticity. This is most 

apparent at 40oC at CPI concentrations less then 10%. The elasticity achieved with a 

comparable combination of TG and protein concentration is higher at 40oC than at 20oC 

and 60oC. This indicates that TG is more effective at 40oC, whereby 60oC is far more 

detrimental than 20oC. In addition, the positive effects of TG and protein concentration 

on elasticity consistently observed at lower treatment temperatures seem to only partially 

apply at 60oC. At 60oC incremental increases in TG provide less or sometimes no 

improvement in elasticity. This temperature is evidentially detrimental to TG function.  
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Figure 9 shows the interaction between TG concentration and temperature at three 

protein concentrations.  These plots clearly show that TG is not equally active at all 

temperatures. The optimal treatment temperature changes with the protein concentration, 

with values closer to 40oC at low protein concentrations and values closer to 30oC at 

higher concentrations. This demonstrates the significant interaction between TG and 

temperature noted earlier. Furthermore it is clearly visible that higher than optimal 

temperatures are more detrimental than lower than optimal temperatures in that elasticity 

values are lower at higher temperatures and the lines become more horizontal. This 

suggests that the TG concentration has little impact on the results at these temperatures.  

 Figure 10 demonstrates the interactions between temperature and protein 

concentration.  The optimal temperature lies between 40oC and 30oC as noted in Figure 9. 

The decrease in optimum temperature with increasing protein concentration was not as 

pronounced as the decrease with TG noted in Figure 9.  
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Figure 8: Contour plots of the effect of TG and protein concentration on canola protein 
gel elasticity at a treatment temperature of 20oC, 40oC and 60oC. 
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Figure 9: Contour plots of the effect of TG and temperature on canola protein gel 
elasticity at a protein isolate concentration of 8%, 10% and 12%. 

Te
m

pe
ra

tu
re

 (o C
) 

TG (units) 

0.008 

0.02 0.016 

0.012 

0.012 

0.028 

0.02 
0.024 

0.016 

0.02 

0.04 

0.036 
0.032 

0.028 

0.024 

0.044 



 58

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Contour plots of the effect of protein concentration and temperature on canola 
protein gel elasticity at a TG concentration of 1, 2.5 and 4 units. 
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3.4.1.1.2. Analysis of Hardness 
In terms of the effect on hardness TG concentration, protein concentration, 

temperature and an interaction between TG concentration and temperature were 

significant (p<0.01). At α=0.05 the interaction between TG concentration and protein 

concentration (p=0.0472) could also be considered to significantly affect the hardness of 

the resulting gel. The interaction between protein concentration and temperature which 

was found to significantly impact elasticity made no significant contributions to the 

hardness of the gel. SAS printouts showing all pertinent statistical analysis can be found 

in Appendix B. The resulting quadratic equation for the hardness as determined using 

Design Expert 5.0 is: 

 

Hardness =  

+ 2.35  

+ 0.49 * TG concentration  

+ 0.53 * protein concentration  

– 0.41 * temperature 

– 0.33 * TG concentration2 

– 0.67 * temperature2  

+ 0.19 * interaction between TG concentration and protein concentration  

– 0.44 * interaction between TG concentration and temperature 

 

The effect of the interaction between TG concentration and protein concentration 

on hardness is shown in Figure 11. As seen in the elasticity analysis the hardness 

increased with increasing amounts of both protein and TG. At 20oC their influence on 
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hardness appeared to be approximately equal. As the TG concentration increased from 1 

to 4 units incremental increases in TG seemed to have less effect on hardness, but 

increases in CPI had a more pronounced effect. At 40oC the beneficial effect of TG 

appeared to reach a maximum just under 4 units, as the contour lines leveled off. This 

may partially be due to the negative interaction between TG and temperature. At 60oC the 

maximum beneficial TG concentration had been reduced even further to around 2.5 units. 

The influence of higher CPI concentrations was most notable at this temperature. 

Figure 12 reveals the effect of the interaction between TG concentration and 

temperature on hardness. These graphs clearly show that TG was not equally effective at 

all temperatures. The optimal treatment temperature appeared to be around 40oC at low 

concentrations of TG, but decreased with increasing amounts of TG. Furthermore, these 

plots confirm that higher than optimal temperatures were more detrimental than lower 

than optimal temperatures, as shown by lower hardness values and diminished TG effect. 

These effects were also seen in analysis of elasticity.  
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Figure 11: Contour plots of the effect of TG and protein concentration on canola protein 
gel hardness at a treatment temperature of 20oC, 40oC and 60oC.  

 

C
PI

%
 

3.0 

2.6 

2.2 

1.8 
1.4 

3.4 

3.0 

2.6 

2.2 

0.6 

1.8 

1.4 

1.0 

1.6 

1.8 

1.4 

1.2 
1.0 

0.8 

1.0 

TG (units) 



 62

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 12: Contour plots of the effect of TG and temperature on canola protein gel 
hardness at a protein isolate concentration of 8%, 10% and 12%. 
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3.4.1.1.3. Rheological Assessment - Discussion 
In summary, gel strength (elasticity and hardness) was improved by increasing the 

amount of TG and protein in the system. The effects of additional units of TG diminish 

with increasing amounts of both protein and TG. Increasing the amount of TG from 1 to 

2.5 units, for example had a greater impact on gel strength than increasing the amount 

from 2.5 to 4 units. Optimal treatment temperature is dependant on the amount of TG 

present. In general the optimal temperature is close to 40oC at low TG concentrations and 

decreases with increasing amounts of TG. Higher than optimal treatment temperatures are 

more detrimental to TG activity compared to lower than optimal temperatures. However 

the temperature effect can be somewhat mitigated by increasing the protein 

concentration.  

The results of this study generally corroborate the findings of other researchers 

studying the effects of TG on gelation. The results of Sakamoto et al (1994) are 

particularly pertinent since they also used TG as a pre-treatment to heat-set gelation. 

They found that increasing the enzyme concentration was more effective in increasing gel 

breaking strength than increasing the incubation temperature or extending the incubation 

time. The present results demonstrate that this is also true for canola protein. Furthermore 

Nonaka et al (1994) found that TG treatment could improve the breaking strength of soy 

gels to twice that of the control (Nonaka et al, 1994). Gel hardness increased with TG 

concentration in the range tested, while cohesiveness reached a peak at an enzyme 

concentration of 1 μg/g protein (Nonaka et al, 1994). While cohesiveness of the canola 

protein gels was not evaluated, the results of this study likewise indicate that gel hardness 

increases with increasing amounts of TG; results deviated from this only at higher than 

optimal treatment temperatures. At a CPI concentration of 10% increasing the TG 
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concentration from 1 to 4 units, for example, increased the hardness from 1.52 N to 2.51 

N, representing an increase of 65 %.  

Nio et al (1985) used guinea pig TG to gel soy 11S and 7S globulins. Soy protein 

gel formation catalyzed by transglutaminase was found to be dependent on protein 

concentration. Gels were formed more quickly as the protein concentration increased 

(Nio et al, 1985). Furthermore, breaking strength of gels increased with protein 

concentration (Nio et al, 1985). While no data was collected on the time to gel formation, 

a significant positive relationship between TG concentration and canola protein gel 

strength has been established by this research. Hyan and Kang (1999) gelled rapeseed 

protein with TG. They tested protein concentrations ranging from 4 to 12 % and found 

breaking strength to continually increase up to 12%. Even without enzyme treatment, 

increasing the protein concentration will typically increase the strength of a protein gel 

(Arntfield et al, 1990). The increased protein content provides more opportunities for 

interaction and network formation. Furthermore gels can not be formed under a certain 

minimum protein concentration (Arntfield et al, 1990). Additionally the dependence on 

protein concentration could be explained by the fact that the protein acts as the substrate 

for TG. Hypothetically, in the presence of more available substrate stronger gels should 

be formed.  

Sakamoto et al (1994) found treatment temperature to significantly influence the 

breaking strength of TG pre-treated soy protein isolate gels, corroborating the findings of 

this study. The optimal treatment temperature was determined to be 50oC. This differs 

from the 30oC to 40oC determined to be optimum for CPI. Sakamoto et al (1994) also 

determined that the optimal treatment temperature varied with the substrate protein. 
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Furthermore, the thermal stability of the enzyme would clearly affect the optimal 

treatment temperature. Thus, the differences in results can partially be explained by these 

factors. Ando et al (1989) investigated the properties of a microbial TG and determined 

that at 40oC 100% activity remained, while only 74% remained at 50oC. At 60oC activity 

was reduced to 10% (Sakamoto et al, 1994). Ajinomoto Food Ingredients LLC 

determined that TG retains about 90% of its activity at 50oC, but less than 20% at 60oC. 

These results corroborate the findings of this study, that temperatures above 40oC reduce 

TG activity. Hyan and Kang (1999) determined the optimum temperature for the gelation 

of rapeseed protein with TG to be 45oC.  

Sakamoto et al (1994) found that, for soy protein isolate, maximum gel breaking 

strength was reached after a treatment time of 30 minutes. In the case of egg white the 

breaking strength increased rapidly for the first 30 minutes of treatment (Sakamoto et al, 

1994). Beyond 30 minutes the incremental increases in breaking strength were much 

smaller (Sakamoto et al, 1994). These results help explain the outcome of this study, 

which indicates that treatment time (between 30 to 90 minutes) did not affect CPI gel 

strength. Based on the results of Sakamoto et al (1994) it is feasible to assume that the 

most significant increases in CPI gel strength occurred within the first 30 minutes of TG 

treatment. Hyan and Kang (1999) however determined breaking strength of rapeseed gels 

to increase linearly for 90 minutes of TG treatment. In this study TG was used to gel the 

protein, not as a pretreatment to heat induced gelation, which may explain the differences 

in results.  

Sakamoto et al (1994) also found pH to significantly affect the strength of gels 

made from soy protein isolate, caseinate, gelatin, egg yolk and egg white. Furthermore, it 
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was determined that untreated CPI produced the strongest gels at a pH of 8 (Léger and 

Arntfield, 1993).  Hyan and Kang (1999) found pH 7 to be optimal for gelation of 

rapeseed protein with TG. pH was not a factor considered in this study. For all treatments 

the natural pH of the CPI solution (~pH 6.2) was used.  In light of the results of 

Sakamoto et al (1994), Léger and Arntfield (1993) and Hyan and Kang (1999) pH is 

likely also a significant factor affecting the quality of TG treated CPI gels and should be 

the subject of further investigations.    

3.4.1.2. Assessment of Cross-link Formation 
TG has the potential to improve gelation through the formation of covalent intra- 

and intermolecular bonds. Covalent bonds, such as disulfide and ε-(γ-Glu)-Lys bonds, 

can restrict the flow of protein chains, thereby enhancing the elasticity and hardness of 

the network (Chanyongvorakul et al, 1995).  SDS-PAGE is considered an acceptable 

method to follow the ε-(γ-Glu)-Lys cross-linking of proteins by TG (De Jong and 

Koppelman, 2002). It shows intermolecular cross-linking through the formation of new 

high molecular weight bands, as well as the increase in hydrodynamic size resulting from 

intramolecular crosslinks (De Jong and Koppelman, 2002). The SDS-PAGE analysis 

performed here showed that TG treatment caused the appearance of two new high 

molecular weight bands. The new polypeptides are hypothesized to be the product of 

intermolecular ε-(γ-Glu)-Lys crosslinks (Nonaka et al, 1994). Figure 13 shows the two 

new bands at 79 kDa and 44 kDa. It was also observed that the intensity of the 79kDa 

bands increased with increasing amounts of TG. Figure 14 shows this increase in band 

intensity. The formation of high molecular weight material was accompanied by a loss of 

low molecular weight bands, indicating that the high molecular weight polypeptides were 
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formed via cross-linking of the low molecular weight polypeptides. No other consistent 

trends could be determined from the electrophoretic analysis of the samples. Ramirez-

Suàrez and Xiong (2003) found that TG treatment of soy protein isolate resulted in the 

formation of two new high molecular weight electrophoretic bands at 177 kDa and 309 

kDa, accompanied by a loss of lower molecular weight material. The authors noted some 

disappearance of the α’ subunit of glycinin (~70 kDa) (Suàrez and Xiong, 2003). Most of 

the subunits lost during TG treatment however appeared to be less than 45 kDa. The 309 

kDa band increased in intensity with increasing reaction time (Ramirez-Suàrez and 

Xiong,2003). Hyan and Kang (1999), who worked on gelling rapeseed protein with TG, 

likewise found that TG treatment results in the formation of high molecular weight 

polymers. The formation of these bands was again accompanied by loss of low molecular 

weight bands (Hyan and Kang, 1999). HPLC analysis showed the presence of ε-(γ-

glutamyl)lysine crosslinks, confirming that the bands were formed through the action of 

TG. Kwon et al (1995) observed similar results during SDS-PAGE of TG treated coconut 

protein. Formation of ε-(γ-Glu)-Lys crosslinks has also been confirmed by 

Chanyongvorakul et al (1994) and Nonaka et al (1989). These results support that the 

new polypeptides formed in the canola protein are formed via ε-(γ-Glu)-Lys crosslinks 

and by the action of TG. Scans of SDS-PAGE gels showing the results for all samples 

tested are displayed in Appendix C.  
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Figure 13: SDS-PAGE of a completely untreated CPI and samples treated with 2.5 units 
of TG 
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Figure 14: SDS-PAGE of canola protein isolate treated with varying amounts of TG  

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard 
Molecular 
Weights 

200 

116 
97

66

45

31 

22
14

7

1U 4U 2.5U 2.5U 4U 4U 1U 1U 2.5U 

79 kDa 
band 

44 kDa 
band 



 70

3.4.1.3. Assessment of Microstructure 
Scanning electron microscopy allowed for visualization of the trends observed 

during rheological analysis. Figure 15 shows the effect of increasing levels of TG on the 

microstructure of canola protein gels. The cell size is larger and the cell walls are 

smoother and thicker at 2.5 and 4 units of TG compared to 1 unit.  At magnifications of 

50x and 200x the difference in cell size is clearly visible. At a magnification of 1000x the 

variation in the cell wall thickness and smoothness are evident. No significant differences 

in microstructure between treatments of 2.5 and 4 units of TG can be observed. 

Rheological examination revealed that gel strength is increased by the addition of TG, but 

that the beneficial effect of additional units diminishes with increasing amounts of TG. 

This may help explain the lack of differences observed in the gel structure. Thicker and 

smoother cell walls indicate increased interaction between the proteins in the network. 

Thicker cell walls would provide more stability and resistance to pressure, thus 

explaining the increase in gel strength. Thicker strands and larger clusters were 

associated with TG treatment in soybean (Chanyongvorakul et al, 1995), broad bean 

(Chanyongvorakul et al, 1995) and oat (Siu et al, 2002) protein gels. This could be 

comparable to the thicker cell walls observed in this study. It is conceivable that stronger 

cell walls may expand farther than weak walls, before rupturing. Increased cell strength 

may allow for farther expansion, before rupture occurs.  

In support of the rheological data, Figure 16 demonstrates that gel structure 

improves with increasing amounts of protein.  Cells become larger and cell walls become 

thicker and smoother as the protein concentration increases. Cell size is again best viewed 

at magnifications of 50x and 200x. The cell wall thickness and smoothness are 

particularly evident at magnifications of 200x and 1000x. Increases in protein 



 71

concentration have a greater impact on cell wall thickness and smoothness than increases 

in TG concentration. The effect on cell size however is less pronounced here. This may 

lead to the conclusion that increases in protein concentration strengthen the gel by 

producing thicker more cohesive cell walls. Increasing protein concentrations may 

however not support increased extension during network formation to the same degree as 

TG addition.  

Figure 17  shows the effect of temperature on gel structure. The micrographs 

again support the results of the rheological analysis. According to the model produced 

with Design Expert, optimal gel strength would be reached between 30oC and 40oC, as 

was shown in Figure 12. The micrographs substantiate this by showing that cells are 

larger and cell walls are smoother and thicker at 40oC than at 20oC and 60oC. 

Furthermore the rheological data indicates and the micrographs corroborate that a higher 

than optimal (60oC) treatment temperature is more detrimental to gel structure than lower 

than optimal (20oC) temperature. At 60oC cells are extremely small compared to 20oC 

and 40oC, which is best viewed at a magnification of 50x. Magnifications of 200x and 

1000x clearly show the destruction of the protein network. Cell walls are not only much 

thinner and rougher, they also appear flaky. Comparing the micrographs of the 60oC 

treatment to the control (Figure 18), leads to the conclusion that this treatment 

temperature almost completely diminishes the effect of the 2.5 units of TG applied to gels 

shown in Figure 10. Typically treatment with 2.5 units of TG should produce a gel 

superior to the control. Since treatment at 60oC mitigates this positive effect it leads to the 

conclusion that treatment at 60oC for 1 hour is sufficient to inactivate TG.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: The effect of TG on the microstructure of heat set canola protein gels.  
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Figure 16: The effect of protein concentration on the microstructure of heat set canola protein gels.  
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Figure 17: The effect of temperature on the microstructure of heat set canola protein gels.  
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Figure 18: Micrographs of untreated commercial CPI 
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3.4.2. Phase 2 – Laboratory Isolate 
To confirm the beneficial effect of TG on CPI gelation, it was also applied to a 

laboratory isolate. The laboratory isolate was produced by a mild salt extraction and 

precipitation by dilution method, a PPM method. This isolation procedure is similar to 

the method by which the commercial isolate was produced. 

 

3.4.2.1. Rheological Assessment 
 Overall, the rheological assessment of the laboratory isolate gels confirmed the 

findings of phase 1. All three parameters tested were again found to significantly impact 

gel strength and the trends observed are very similar to those determined using the 

commercial isolate.  

Table 7 shows that the laboratory extracted isolate responds well to TG treatment. 

All TG treated samples are significantly more elastic than the control. Furthermore 

treatment with 4 units of TG creates a significantly more elastic and firm gel than 

treatment with 1 and 2.5 units. No meaningful hardness measurement could be obtained 

for the control, as the gel collapsed under moderate pressure, and this treatment level is 

therefore not included.  This corroborates the beneficial effect of TG on CPI gelation 

noted in phase 1.  

The effect of CPI concentration on the quality of the laboratory CPI gel is shown 

in Table 8. As observed in phase 1 with the commercial isolate, protein concentration 

made a significant contribution to final gel strength. Both the elasticity and the hardness 

of the gel increased significantly with each 2% increase in CPI concentration.  
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Table 9 shows the effect of treatment temperature of the final gel strength of gels 

produced from laboratory CPI. As previously determined in phase 1, temperature has a 

significant effect upon final gel strength. The 40oC treatment temperature produced the 

hardest gel. The elasticity of the gels produced at 20oC and 40oC were not significantly 

different from each other, but they were significantly more elastic than at 60oC. A 

treatment temperature of 60oC was more detrimental to gel strength than a temperature of 

20oC, again supporting the findings of phase 1.   

 

Table 7: The effect TG treatment on the elasticity and hardness of the laboratory CPI  
TG (units) n Elasticity (N/mm2) Hardness (N) 

0 2 0.0080±0.0002 A n/a 

1 2 0.0211±0.0001 B 1.527±0.142A 

2.5 2 0.0190±0.0020 B 1.979±0.329A 

4 2 0.0292±0.0001 C 4.412±0.571B 

*Means with the same letter are not significantly different (p<0.05)  
*CPI content = 12%; treatment temperature = 40oC; treatment time = 60 min 

 

Table 8: The effect of protein concentration on the elasticity and hardness of TG treated 
laboratory CPI  
CPI % n Elasticity (N/mm2) Hardness (N) 

8 2 0.0058±0.0005A 0.748±0.094A 

10 2 0.0109±0.0005B 1.182±0.066B 

12 2 0.0153±0.0014C 1.905±0.093C 

*Means with the same letter are not significantly different (p<0.05)  
*TG = 2.5 U; treatment temperature = 40oC; treatment time = 60 min 
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Table 9: The effect of treatment temperature on the elasticity and hardness of TG treated 
laboratory CPI  
Temperature (oC) n Elasticity (N/mm2) Hardness (N) 

20 2 0.0136±0.0009A 1.399±0.137B 

40 2 0.0153±0.0014A 1.906±0.093A 

60 2 0.0086±0.0006B 0.877±0.45C 

*Means with the same letter are not significantly different (p<0.05)  
*TG = 2.5 U; CPI content = 12%; treatment time = 60 min 
 

3.4.2.2. Assessment of Cross-link Formation 
Figure 19 shows the effect of TG treatment on the subunits of the laboratory 

isolate. The formation of 79 kDa and 44 kDa bands upon treatment with TG is clearly 

visible, when compared to the untreated control. Both the 79 kDa band and the 44 kDa 

band increased in intensity with increasing TG concentration. This also supports the 

rheological data, indicating that a rise in gel strength is associated with cross-links 

formed by TG. In comparison, in response to increasing TG concentrations, the 

commercial CPI also showed an increase in intensity in the 79 kDa band, but not the 44 

kDa band.  

Figure 20 shows the effects of altering the CPI concentration and treatment 

temperature on the subunits of the laboratory isolate. The intensity of the 79 kDa and 44 

kDa band increased with increasing CPI concentration and at a treatment temperature of 

40oC. This further supports the beneficial effects of increasing the CPI concentration and 

keeping the treatment temperature around 40oC. In contrast, the commercial CPI showed 

no differences in subunit composition in response to altering the CPI concentration or the 

treatment temperature.  
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Figure 19: SDS-PAGE analysis of gels formed from the laboratory isolate treated with 
varying levels of TG (1 to 4 units) (CPI kept constant at 12%, Treatment conditions kept 
constant at 60 min and 40oC) 
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Figure 20: SDS-PAGE analysis of laboratory isolate treated with TG (2.5 untis). The first 
3 lanes following the molecular weight standard show the effect of altering the CPI % 
(treatment temperature = 40oC; treatment time = 60 min). The last 3 lanes show the effect 
of altering the treatment temperature (CPI % = 12%; treatment time = 60 min).  
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3.4.2.3. Assessment of Microstructure 
 The trends observed during rheological assessment are reflected in the 

microstructure of the protein gels. The gel structure improves with increasing TG and 

protein content and at a treatment temperature of 40oC. 

 The effect of increasing TG concentrations on the microstructure of the laboratory 

isolate gels is depicted in Figure 21. TG treatment improved the structural organization of 

the gels. With increasing levels of TG the cells tended to become larger and the cell walls 

became smoother and thicker, changes also observed during microstructural analysis of 

the commercial isolate. Improvements in structural organization and changes in cell size 

are best viewed at a magnification of 50x. Improvements in cell wall thickness and 

texture can be seen at a magnification of 1000x. Greater improvements in microstructure 

were observed between the control and a treatment level of 1 unit, than with additional 

incremental increases in TG. This was reflected in the rheological data, where the largest 

improvement in gel strength was observed between the untreated sample and the lowest 

treatment level. Treating the isolate with only one unit of TG improved elasticity by 

almost 170%, while adding two additional units (totaling four units) further increased 

stiffness by only about 40%. In comparison to all TG treated samples, the untreated 

control looked clumpier, rough and less organized. At a magnification of 50x and 200x it 

is apparent that the untreated sample was composed of more aggregates and less 

interconnected structures than the TG treated samples.  

 Figure 22 visualizes the effect of protein concentration on gel microstructure. 

Comparing 8% CPI to 12% CPI shows that cell size increases, that cell wall thickness 

increases considerably and that cell walls become smoother. In phase 1, the same effects 

were shown to apply when the commercial CPI concentration was increased.  Figure 22, 
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however also shows that the 10% laboratory CPI did not follow this expected pattern. 

The 10% CPI gel had smaller cells and was overall less structured than the 8% and 12% 

gels, best viewed at magnifications of 50x and 200x. Furthermore the cells walls were 

rougher and contained more holes, as seen at magnifications of 100x and 200x. Reasons 

for this unexpected deviation form the general pattern are unknown. 

  In support of the rheological data, Figure 23 demonstrates that a treatment 

temperature of 40oC produced gels of superior structure, compared to 20oC and 60oC. In 

contrast to 20oC, gels treated at 40oC had a more uniform distribution of larger cells. This 

can be seen most clearly at a magnification of 50x. Furthermore gels produced at 40oC 

had thicker cell walls, best viewed at a magnification of 1000x. These findings 

corroborate the results obtained with the commercial isolate. In contrast to the findings of 

phase 1, the smoothness of the cell walls appeared to be unaffected by temperature 

differences. Although destructive in both cases, a treatment temperature of 60oC affected 

the structure of the commercial and the laboratory isolates differently. As shown in 

Figure 23, at a treatment temperature of 60oC the structure of the laboratory isolate gels 

become more sheet like. Cells appeared larger, but less deep. Cell walls became thinner. 

In the contrary, the commercial isolate produced smaller cells with thinner, rougher and 

flakier cell walls.  

 



Figure 21: The effect of  TG treatment on the microstructure of heat set laboratory isolate gels 

Blk 1U 2.5U 4U 
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Figure 22: The effect of  protein concentration on the microstructure of TG treated heat set laboratory isolate gels 
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Figure 23: The effect of  treatment temperature on the microstructure of TG treated heat set laboratory isolate gels 
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3.4.2.4. Laboratory Isolate – Discussion 
In summary, the laboratory isolate generally corroborated the results obtained 

during the analysis of the commercial CPI.  As observed with the commercial CPI, 

increasing the TG and CPI concentrations had a significant and positive impact on final 

gel strength. Likewise the effects of treatment temperature observed with the laboratory 

isolate corroborate the findings of phase 1. A treatment temperature of 40oC produced 

optimal results.  A treatment temperature of 20oC and 60oC produced gels of lower 

quality, whereby 60oC produced significantly weaker gels. 

As observed with the commercial CPI, treatment of laboratory CPI resulted in the 

formation of two new high molecular weight bands at about 79 kDa and 44 kDa. With 

increasing levels of TG, the intensity of both high molecular weight bands was found to 

increase. This is in contrast to the commercial isolate, where only the 79 kDa band 

increased in intensity.  The effects of CPI concentration and treatment temperature 

determined during rheological analysis are corroborated through SDS-PAGE analysis. 

The intensity of the 79 kDa and 44 kDa band increased with increasing CPI concentration 

and at a treatment temperature of 40oC. In contrast, no significant differences in cross-

link formation were visible in the SDS-PAGE analysis of commercial CPI gels produced 

from varying CPI concentrations or varying treatment temperatures. 

The commercial production of canola protein isolate by BMW differed somewhat 

from the isolation method utilized in the laboratory. Furthermore the starting material, the 

canola meal, was different.  It is therefore conceivable, that the resulting isolates may 

respond differently to TG treatment. It is hypothesized that as a result of these differences 

more glutamine and lysine residues may have been available on those low molecular 

weight peptides responsible for the formation of the 44 kDa band. Consequently the 
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formation of the 44 kDa band in the laboratory isolate may have been more significantly 

impacted by environmental factors, such as TG and CPI concentration and treatment 

temperature.  

The commercial and laboratory isolate show an identical subunit composition as 

determined by SDS-PAGE. However the rheological properties and the microstructure of 

gels formed from the two isolates vary greatly. The untreated commercial isolate formed 

strong, well structured gels. In contrast the untreated laboratory isolate formed a very 

weak gel, based more on aggregation and less on a well formed network. Again the 

variance between the two CPI samples can be explained by the fact that they were 

produced differently and from two distinct source materials.  

Microscopy confirmed the trends observed during rheological and electrophoretic 

analysis. The microstructure of laboratory isolate gels improved with increasing TG and 

protein concentrations. The changes in structure generally mimicked those observed in 

the commercial isolate gels in phase 1. The micrographs also corroborated the beneficial 

effects of a treatment temperature around 40oC. The effect of a lower treatment 

temperature (20oC) on the microstructure mimicked the changes observed in the 

commercial isolate. In the case of a higher treatment temperature however, while 

destructive in both cases, the precise effects in microstructure were different.  

Overall it can be concluded that both isolates reacted similarly to TG treatment. 

The results obtained from the analysis of the laboratory isolate support the findings of 

phase 1 and corroborate the beneficial effect of TG on canola protein gelation. Phase 2 

also supports the significance and the specific effects of the three processing parameters: 

TG concentration, protein concentration and treatment temperature. TG and protein 
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concentration were conclusively found to have a positive effect on gel strength. The 

significant effect of treatment temperature was reiterated. The comparatively beneficial 

effect of a 40oC treatment temperature compared to 20oC or 60oC was also confirmed. 

Since these findings applied to both the commercial and laboratory isolate, it is concluded 

that these findings can likely be extended to all canola proteins isolated via a PPM type 

method.  

 

3.4.3. Phase 3 – Potential as a Food Ingredient 
Another objective of this study was to evaluate the potential of this technology for 

application in the food industry. The model created during phase 1 of the experiment was 

applied to the commercial isolate to determine the ability of TG treated CPI to mimic the 

texture of well known gel based foods. Common foods including bologna, soft tofu and 

hard tofu were purchased at a local supermarket. Commercial eggs served as a source of 

gelled egg white, which was prepared by heating to 95oC. The products underwent 

rheological testing under the same conditions as the canola protein gels. Two samples 

were obtained and tested from each of the products. The results of these tests are 

summarized in Table 10.  

Design Expert 5 software was then utilized to determine treatment conditions that 

would yield canola protein gels with textural characteristics similar to the reference 

foods.  Table 11 shows the conditions determined by the program and applied to CPI. In 

all cases except bologna the program determined that both parameters (hardness and 

elasticity) could not be satisfied at the same time. Therefore different conditions were 

applied to obtain the elasticity and hardness of each reference food. The treatment time, 
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which was previously determined not to significantly impact gel strength, was kept 

constant at 60 minutes.   

 
Table 10: Results of rheological testing of common gel based foods 
Food n Elasticity (N/mm2) Hardness (N) 

Hard Tofu 4 0.065±0.013 2.95±0.02 

Soft Tofu 4 0.015±0.003 0.61±0.01 

Bologna 4 0.061±0.016 4.33±0.32 

Egg White 4 0.090±0.004 3.78±0.09 

 

Table 11 also compares the textural characteristics of the actual foods (desired 

value) to those of the CPI produced by applying the predictive model (achieved value). 

All those cases in which the achieved value falls within the desired range are highlighted 

in the table through yellow shading. Overall the model is better at predicting elasticity 

than hardness. Some of the discrepancies may be explained by the fact that most 

predictions include extrapolation. Table 11 shows that TG treated CPI can mimic the 

texture of Bologna very well. This is of particular significance, since use in comminuted 

meat products such as bologna represents one of the target applications of canola protein 

gels. Furthermore both the elasticity and hardness of bologna can be matched at the same 

time, which is not the case with the other food products tested. Table 11 also shows that 

CPI can match the elasticity of soft tofu. The predetermined formula produced a gel with 

a higher hardness force than soft tofu. Lowering the protein or TG concentration in the 

formula should produce a gel of equal hardness, this may however also affect the  

 
 



 

Table 11: Levels of input variables required to mimic the texture of well known foods as predicted by Design Expert, the predicted 
and actual outcome of applying these conditions to commercial CPI 

    Achieved with CPI Treatment conditions 

Food 

Product Parametera Desired valueb Predicted valuec Peakd (N) 

Sloped 

(N/mm2) 

TG 

(units) 

Protein 

(%) 

Temp. 

(oC) 

Hardness 2.9 to 3.0 2.96 N 2.4 0.032 2.5 12.0 43 Hard 

Tofu Elasticity 0.056 to 0.074 0.067 N/mm2 4.42 0.056e 2.5 16.6 40 

Hardness 0.59 to 0.61 0.61 N 0.94 0.009 4.0 8.0 60 
Soft Tofu 

Elasticity 0.009 to 0.016 0.014 N/mm2 1.37 0.014e 2.2 10.9 60 

Hardness 4.1 to 4.6 4.5 N 4.15e 0.053 2.5 14.7 40 
Bologna 

Elasticity 0.048 to 0.072 0.051 N/mm2 4.15 0.053e 2.5 14.7 40 

Hardness 3.7 to 3.8 3.76 N 2.87 0.037 2.5 13.7 43 Egg 

White Elasticity 0.086 to 0.090 0.086 N/mm2 4.14 0.056 2.5 18.5 40 

a the parameter of focus 
b textural characteristics of actual food product 
c value predicted by model 
d average of 4 reps; value achieved by applying the predictive model to commercial CPI 
e shaded values are within the acceptable range 
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elasticity. Since soy and canola proteins are inherently different it may be impossible to 

match the texture exactly, hence one may have to choose whether elasticity or hardness 

has a more profound impact on product quality. TG treated CPI can also mimic the 

elasticity of hard tofu. The predetermined formula did however produce a gel with lower 

hardness force values than hard tofu. A value of 2.4 N was achieved, while 2.9 to 3.0 N 

were desired. Mimicking the hardness might be accomplished by increasing the protein 

and/or TG concentration in the formula. As seen in Table 11 a hardness value as high as 

4.15 can be achieved when the right conditions are applied. CPI gels fail to meet the 

textural quality of egg white in terms of both elasticity and hardness. The hardness 

component, as previously described, might be matched by increasing the TG and protein 

concentration. The conditions applied in an attempt to mimic egg white elasticity, for 

example, produced a hardness force of 4.14 N. It is however unlikely that the elasticity of 

egg white will ever be matched by a canola protein gel. The highest elasticity achieved 

throughout the course this experiment was 0.056 N/mm2, significantly lower than the 

0.086 to 0.090 N/mm2 of egg white. 

This experiment shows that TG treated canola protein isolate can mimic the 

texture of well known foods, such as bologna and soft tofu. The model produced by this 

experiment can serve as a useful starting point for producing CPI gels of a desired 

texture.  Fine tuning of the formulation will however be required.  

 

3.5. Conclusions 
Enzymatic modification with TG can improve the properties of heat induced CPI 

gels and thus improve its potential as a food ingredient. Of the factors evaluated, enzyme 
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concentration, protein concentration and treatment temperature were found to 

significantly impact the gel strength of commercial CPI gels (p<0.0001). Within the 

limits of this experiment, it was found that gelation can be improved by increasing the 

amounts of protein and TG and by keeping the treatment temperature close to 40oC. SDS-

PAGE showed that cross-linking of subunits occurred through TG treatment, thus helping 

to explain the increase in gel strength observed during texture analysis.  Scanning 

electron micrographs corroborated the trends noted during rheological studies. 

Application of TG to a laboratory isolate confirmed the beneficial effects TG exerts on 

CPI gelation.  The laboratory isolate confirmed the positive effect of increasing the TG 

and CPI concentrations and corroborated the finding that the optimal treatment 

temperature lies close to 40oC. Comparisons of the texture of commercial food protein 

gels, to TG treated commercial CPI gels showed that CPI is a viable food ingredient 

when treated with TG.  

 



 93

Chapter 4: Pre- and co-treatments designed to enhance 
the effects of transglutaminase 

4.1. Abstract 

Multiple studies show that opening the protein structure and exposing more active 

groups can enhance the effectiveness of TG treatments. In this study, treatments 

including pre-heating to 100oC for various times, 10mM dithiotreitol (DTT) and limited 

enzymatic hydrolysis were combined with TG. The proteolytic enzymes ficin and trypsin 

were utilized. A texture analyzer, SDS-PAGE and scanning electron microscopy were 

used to characterize the resulting networks. Limited enzymatic hydrolysis was the only 

treatment found to enhance the effect of TG and improve gel strength. Pre-heating 

showed no effects at shorter heating times, but had negative effects on gel strength at 

longer heating times. DTT treatment showed no appreciable effects on the system. It is 

concluded that in terms of canola protein isolate, limited proteolysis is likely the most 

effective way to enhance TG induced cross-linking. 

4.2. Introduction 
 Transglutaminase, which has been shown to effectively improve the gel forming 

ability of many proteins, was shown to be effective on canola proteins earlier in this 

research project. The objective of this segment of the project was to further enhance the 

effectiveness of TG, by opening the protein structure with various enzymatic and non-

enzymatic pre-treatments.  A prerequisite for cross-linking with TG is the availability of 

lysine and glutamine residues (De Jong and Koppelman, 2002).  Kang et al (1994) 

showed that the amount of surface lysine and glutamine residues were correlated with the 

amount of cross-links formed. Casein and gelatin, for example, are readily cross-liked by 
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TG, since their lysine and glutamine residues are easily accessible to the enzyme (De 

Jong and Koppelman, 2002). Native α-lactalbumin, on the other hand, reacts poorly to 

TG treatment (De Jong and Koppelman, 2002). Larré et al (1992) found that denaturation 

of pea legumin markedly improved the activity of TG on this substrate. A variety of 

methods can be applied to destabilize a protein, thus increasing the exposure of its lysine 

and glutamine residues (De Jong and Koppelman, 2002). EDTA, for example, 

destabilizes α-lactalbumin and makes it a good substrate for TG (De Jong and 

Koppelman, 2002). Heat treatment was found to increase the amount of surface active 

groups and to maximize ε-(γ-Glu)-Lys crosslinking of glycinin (Kang et al, 1994). The 

reducing agent dithiotreitol (DTT) is also commonly used to improve glutamine and 

lysine accessibility and has been successfully applied to whey proteins (Aboumahmound 

and Savello, 1990) and β-lactoglobulin (Motoki and Nio, 1983) (De Jong and 

Koppelman, 2002). Nonaka et al (1989) found DTT treatment to improve the ability of 

TG to react with bovine serum albumin, human serum albumin and con albumin. For 

these proteins a structural change, induced through the reduction of disulfide bonds, was 

required for them to act as a substrate for TG (Nonaka et al, 1989). Other food-grade 

reductants, such as cysteine and sulfite, have also been shown to enhance the ability of β-

lactoglobulin to form cross-links during TG treatment (De Jong and Koppelman, 2002). 

These reductants were, however, found not to be as effective as DTT (De Jong and 

Koppelman, 2002). Other methods such as pre-incubation in 50% ethanol/water and 

cross-linking at an oil-water interface have also been successful (De Jong and 

Koppelman, 2002). However this is unlikely to be of interst to industry, since the 

extraction of the protein from these solutions may be expensive (De Jong and 
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Koppelman, 2002). Many vegetable proteins are globular (Nielsen, 1995). It is therefore 

expected, that any treatment which opens the structure and makes the buried reactive 

groups more available, would improve the TG crosslinking in vegetable proteins 

(Nielsen, 1995). It is hypothesized, that enzymatic hydrolysis would also increase the 

availability of these groups and could thus be a useful pretreatment to gelation with 

transglutaminase. 

 This research was conducted to evaluate the effect of partial denaturation on the 

gelation properties of heat induced, TG treated canola protein gels. Previously studied 

methods such as heat treatment and reductants were assessed. Additionally the effect of 

combining limited proteolysis with TG treatment was evaluated. It was hypothesized, that 

enzymatic hydrolysis would increase the availability of surface reactive groups and could 

thus also be a useful pretreatment to cross-linking via TG. The effects of the various 

treatments were evaluated using rheological analysis in conjunction with SDS-PAGE 

analysis and Electron Scanning Microscopy. 

 

4.3. Materials and Methods 

4.3.1. Canola Protein Isolate 
 A commercial canola protein isolate was obtained from BMW canola. The isolate 

contained 87% protein as determined by Kjeldahl (Chung, 2003) using a N to protein 

conversion factor of 5.7 (Uruakpa, 2004).  The pH of a 10% solution was 6.2 ± 0.1.  
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4.3.2. Sample Preparation 
The canola protein isolate was mixed with 0.1 M NaCl (Fisher Scientific, Ottawa, 

Canada) to obtain a 10% CPI concentration. To allow for complete suspension, the 

samples were vortexed frequently within a 2 h period.  

 

4.3.3. Heat Treatment 
 To attain partial denaturation of the CPI prior to cross-linking, the method of 

Kang et al (1994) was followed with some modifications. The protein suspensions were 

heated in test tubes at 100oC (Stabil-therm constant temperature cabinet, Blue M Electric 

Company, Blue Island, USA) for various times ranging from 0 to 12 minutes. The 

samples were then vortexed and allowed to sit at room temperature until cool, prior to 

treatment with TG. 

 

4.3.4. DTT Treatment 
 DTT was added to the samples to give a concentration of 10 mM DTT. This 

concentration of DTT was previously used in combination with TG by multiple authors, 

including Motoki and Nio (1983), Aboumahmound and Savello (1990) and Nonaka et al 

(1989). Two minutes after the addition of DTT the samples were treated with TG.  

 

4.3.5. Enzymatic Proteolysis 
 The proteases ficin (F-4165, Sigma, St.Louis, USA) and trypsin (T-1426, Sigma, 

St.Louis, USA) were applied at three low levels ranging from 2x10-6 mg/g CPI to 2x10-14 

mg/g CPI. Preliminary experiment showed that these levels do not negatively impact CPI 
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gelation. The samples were vortexed and then kept at room temperature for two minutes 

prior to TG treatment. The proteases were not inactivated prior to TG application.  

 

4.3.6. Enzymatic Cross-linking 
A bacterial Ca+2  independent TG was used. The Activia TI transglutaminase 

enzyme (Ajinomoto, Paramus, USA) was also dissolved in 0.1 M NaCl. An appropriate 

aliquot of the enzyme solution was then added to the canola protein isolate solution. After 

briefly vortexing the mixture, it was placed into a preheated water bath (Magni Whirl 

Constant Temperature Bath, Blue M Electric Company, Blue Island, USA) for the 

desired treatment time. An 8 mL aliquot of the treated sample was placed into a small 

(diameter = 41 mm) round aluminum box (LeeValley, Winnipeg, Canada) and covered 

with a lid to prevent evaporation. To terminate enzyme activity and initiate gel formation 

the suspension was heated to 95oC for 15 min (Stabil-therm constant temperature cabinet, 

Blue M Electric Company, Blue Island, USA). Gels were then cooled to room 

temperature prior to rheological analysis. The time to transfer the solution into the 

aluminum dish and place it into the oven was exactly 10 min.  

 

4.3.7. Rheology  
A uniaxial compression test was performed with a TA-TX2i Texture Analyzer 

(Stable Micro Systems Ltd., Godalming, England). The method of O’Kane et al (2004) 

was adapted to suit the requirements of this experiment. A spherical plunger (diameter = 

12mm) was utilized. Samples were compressed to 50% at a rate of 0.1mm/s. The trigger 

point was 0.01 N. The resulting data was interpreted using Texture Expert Version 1.22 
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analysis software (Stable Micro Systems Ltd., Godalming, England). The program 

produces a force-displacement curve. Two parameters, the elasticity and the hardness of 

the material were determined.  

To calculate elasticity: 

 Elasticity is stress divided by strain (Lardner and Archer, 1994). To calculate 

stress, the force was divided by the projected surface area of the ball probe (34.56 cm2). 

The maximum displacement considered in the calculations (1 mm) was divided by the 

original sample thickness (8 mm) to obtain the strain. The line of the force displacement 

graph was consistently linear up to a displacement of 1 mm, above this value linearity 

was lost. Consequently calculations were restricted to the first mm of displacement. 

To calculate hardness: 

The peak force achieved at any point during the test was used as an indicator of 

gel hardness. This was either the rupture point or the force at maximum displacement (4 

mm).  

 

4.3.8. Electrophoresis 
To evaluate subunits in the protein gels the method of Aluko and McIntoch 

(2001) was followed with minor modification. Samples were dissolved (5% w/v) in 1 M 

Tris-HCl (T-1503, Sigma, St.Louis, USA) buffer at pH 8 containing 10% SDS (L-3771, 

Sigma, St.Louis, USA) 5% 2-mercaptoethanol (M-7154, Sigma, St.Louis, USA) and 

0.01% Pyronin Y (P-6653, Sigma, St.Louis, USA). Samples were boiled for 10 min and 

then vortexed (Vortx Genie 2, Scientific Industies Inc., Bohemia, USA) to promote 

dissolution. The sample was then centrifuged at 14000x g (Biofuge A, Canlab, West 
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Germany) to settle out any remaining particulate matter and 4 μl of the supernatant were 

applied to a 4-20% gradient gel (161-1159, Bio-Rad, Hercules, USA). The standard 

(SDS-PAGE Molecular Weight Standards, Broad Range, Bio-Rad, Hercules, USA) was 

prepared as per manufacturers instructions and 5 μl were loaded onto each gel. Gels were 

run for 2 h and 20 min at 10 amp per gel (Mini-ProteanR 3 Cell, Bio-Rad, Hercules, 

USA). A staining solution consisting of 0.08% (w/v) Comassie Brilliant Blue G-250 (B-

1131, Sigma, St.Louis, USA), 10% (w/v) Ammonium Sulfate (ACS 093, BDH Inc., 

Toronto, Canada) and 2.5% (w/v) Phosphoric acid (Fisher Scientific, Ottawa, Canada) 

was used to visualize the protein bands. 20% Ammonium Sulfate (ACS 093, BDH Inc., 

Toronto, Canada) was used to destain the gels. The gels were scanned to provide a 

permanent record of the results (Epson Perfection Scanner, Epson, Toronto, Canada).  

 

4.3.9.  Microscopy 
 To examine the protein gel microstructure, the method of Uruakpa (2004) was 

followed with minor modifications. Freeze-dried samples were fractured by hand and 

prepared for microscopy by mounting on studs with carbon paint. The samples were then 

sputter coated with gold/palladium (60/40) under a 2x10-1 torr vacuum. Micrographs 

were obtained through the use of a Cambridge Instruments stereoscan 120 scanning 

electron microscope (Cambrigde, UK).  The acceleration voltage was 30 kV. 

Micrographs at magnifications of x50, x200 and x1000 were obtained for each sample.  
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4.3.10.  Experimental Design 

4.3.10.1.  Heat Treatment 
 Heat treatment at 100oC for 0, 0.5, 1, 2, 4 , 8 and 12 minutes was carried out in 

duplicate. After cooling, the samples were treated with TG using the following 

conditions: TG = 2.5 units; treatment time = 60 min; treatment temperature = 40oC. 

 

4.3.10.2.  DTT Treatment 
Treatment with 10 mM DTT in combination with 2.5 units of TG was carried out 

in duplicate. The reaction conditions for the TG treatment were: treatment time = 60 min; 

treatment temperature = 40oC.   

 

4.3.10.3.  Enzymatic Proteolysis 
 Treatment with 2x10-6 mg/g, 2x10-10 mg/g and 2x10-14 mg/g was carried out in 

duplicate. The samples were then treated with TG under the following conditions: TG = 

2.5 units; treatment time = 60 min; treatment temperature = 40oC. 

 

4.4. Results & Discussion 

4.4.1. Heat treatment 
 Heating the commercial CPI prior to TG treatment was expected to open the 

structure and increase the amount of lysine and glutamine residues available at the 

surface of the molecule. This, in turn, was expected to increase the amount of cross-link 

formation induced by TG and thus produce stronger gels. The rheological data, 

electrophoresis and microscopy do, however, not support this hypothesis.  
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Table 12 shows that, while short heat treatments did not significantly alter gel 

strength, longer treatment times reduced both the elasticity and hardness of commercial 

CPI gels. Heating at 100oC up to 2 minutes did not significantly alter the gel 

characteristics. Heating for longer reduced gel strength, whereby gel elasticity was 

affected earlier than hardness. At 4 minutes the gels became significantly less elastic than 

the control and at 8 minutes hardness was significantly reduced. This was corroborated 

by the findings of Aboumahmoud and Savello (1990) who found that heating at 85oC for 

15 minutes reduced TG induced cross-linking of β-lactoglobulin, α-casein, as well as 

regular and modified whey proteins. Kang et al (1994) found that pre-heating (100oC) of 

soy glycinin prior to TG treatment reduced both elasticity and hardness of the soy gels.  

They also found that pre-heating significantly increased gel viscosity (Kang et al, 1994), 

a factor not measured in this study. In fact heating at 100oC for only 60 seconds produced 

significant changes, reducing G’ by two-thirds and increasing G” by three fold (Kang et 

al, 1994).  The rupture force, representing hardness, was found to decrease with 

increasing heating time (Kang et al, 1994). Pre-heating at 100oC for 60s reduced gel 

hardness by almost 50%. Although the detrimental effects of pre-heating became 

apparent at shorter heating times in the study of Kang et al (1994), their results generally 

corroborate the findings of this study. It appears that canola and soybean protein react in 

a similar fashion to heat pre-treatment prior to reaction with TG.  Heat treatment induces 

structural and conformational changes, which may have resulted in proximity changes of 

the glutamine and lysine residues (Aboumahmoud and Savello, 1990). This change may 

have led to reduced cross-linking or facilitated more intra- rather than intermolecular 

cross-linking (Aboumahmoud and Savello, 1990).  
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Table 12: The effect of heating CPI to 100oC prior to treatment with 2.5 U TG and heat 
set gelation.  

Heating time 

(min) 

n Elasticity (N/mm2)* Hardness (N)* 

0 2 0.0300±0.0014A 2.541±0.194A 

0.5 2 0.0298±0.0004A 2.656±0.246A 

1 2 0.0283±0.0017AB 2.572±0.182A 

2 2 0.0286±0.0020AB 2.638±0.125A 

4 2 0.0257±0.0003B 2.454±0.053A 

8 2 0.0202±0.0014C 1.503±0.098B 

12 2 0.0151±0.0006D 0.541±0.004C 

* Means with the same letter are not significantly different (p<0.05) (Duncan’s multiple 
range test) 
 

The effect of pre-heating on TG induced cross-linkning of soy protein, however 

differed drastically, if 10 mM of the sulfhydryl reagent N-Ethylmaleimide (NEM) was 

present (Kang et al, 1994). In the presence of NEM heating to 100oC prior to reacting 

with TG increased both G’ and G’’, making the gels more elastic and viscous (Kang et al, 

1994).  Likewise the hardness of the soy gels increased with increasing pre-heating time 

(Kang et al, 1994). In the presence of NEM, pre-heating at 100oC for 60 increased the 

rupture force by more than three times to that of the control, making pre-heating a highly 

effective treatment option (Kang et al, 1994). The addition of NEM to the reaction 

mixture was not investigated in this study. However the application of this method to 

canola proteins should be investigated in the future.  

SDS-PAGE analysis, depicted in Figure 21, shows the difference in cross-link 

formation between the treatments applied. As previously determined, treatment of CPI 
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with TG produced two high molecular weight polypeptides at 79 kDa and 44 kDa. The 

intensity of these bands did not vary between the unheated samples and those heated 

between 30 seconds and 8 minutes. Only the 12 minute treatment induced a visible 

change in subunit composition. The 79 kDa band appears fainter, suggesting that cross-

link formation was impaired by the heat treatment. This corroborates the rheological data, 

indicating that gel strength is dramatically reduced by pre-heating for 12 minutes at 

100oC. In contrast, Kang et al (1994) determined that pre-heating of soy glycinin lead to 

increased cross-linking of subunits when reacted with TG. This was found to be true in 

the absence and presence of the sulfhydryl reagent NEM (Kang et al, 1994).  On the other 

hand, SDS-PAGE analysis lead Aboumahmoud and Savello (1990) to conclude that, pre-

heating reduced TG induced cross-linking of all milk proteins, reinforcing the findings of 

this study.  

 Microscopy visualized the breakdown of gel structure caused by excessive pre-

heating. Despite the fact that significant differences in elasticity and hardness occurred at 

pre-heating times of 4 and 8 minutes respectively, the microstructure did not change 

appreciably until 12 minutes of pre-heating, the same point at which significant changes 

in subunit composition became apparent in SDS-PAGE. Figure 22 shows that excessive 

heating lead to a loss of structure, best seen at magnifications of x50 and x200. At x1000 

it becomes clearly visible, that the cell walls became rougher, thinner and flakier at a pre-

heating time of 12 minutes.  Kang et al (1994) found that soy protein heated without 

NEM formed a poor network with more aggregates and less interconnected fibrillar and 

sheetlike structures. These poor networks exhibited low G’ (elasticity) and rupture forces 
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(hardness) (Kang et al, 1994), as was also seen in this study. Additional micrographs 

showing the results of all treatment levels are provided in Appendix D. 
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Figure 21: SDS-PAGE analysis of heat-set gels, formed from CPI heated at 100oC for 
various times prior to treatment with 2.5 units of TG.  
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Figure 22: The effect of  pre-heating at 100oC prior to treatment with TG on the microstructure of heat set canola protein gels 
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4.4.2. DTT 
The reducing agent DTT was expected to disrupt disulfide bonds, thereby opening 

the structure and exposing more active groups, by this means making the protein a better 

substrate for TG. De Jong and Koppelman (2002) report that, the addition of a reducing 

agent, is the most common method for improving the accessibility of glutamines and 

lysines for reaction with TG. However, the results of this study do not indicate that a 

treatment level of 10 mM of DTT alters the way TG interacts with CPI. Table 13 shows 

that, the rheological properties of the gels were not significantly (p<0.05) altered by this 

treatment. Likewise, Figure 21, shows that no significant difference in cross-link 

formation occurred. The 79 kDa and 44 kDa bands seemed to form equally in the control 

(0 min heat treatment) and the DTT treated sample. In contrast, Nonaka et al (1989) 

found DTT treatment to improve the ability of TG to react with bovine serum albumin, 

human serum albumin and conalbumin. For these proteins a structural change, induced 

through the reduction of disulfide bonds, was required for them to be able to act as a 

substrate for TG (Nonaka et al, 1989). Likewise, Aboumahmoud and Savello (1990) 

determined that whey proteins required modification with DTT to form cross-links 

through reaction with TG. Canola proteins contain low levels of cysteine, as can be seen 

in Table 1. Thus the changes induced by a reducing agent such as DTT may only mildly 

alter protein conformation and my not lead to significantly increased surface exposure of 

glutamine and lysine.  
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Table 13: The effect of treating CPI with DTT and 2.5 U TG prior to heat set gelation.  
DTT (mM) n Elasticity (N/mm2)* Hardness (N)* 

0 2 0.0300±0.0014A 2.541±0.194A 

10 2 0.0270±0.0006A 2.486±0.074A 

* Means with the same letter are not significantly different (p<0.05)  
 

 Figure 23 shows the effect of 10 mM DTT on gel microstructure. With and 

without DTT the micrographs taken at magnifications of 50x and 200x showed a well 

developed network, as well as thick and smooth cell walls.  No significant differences in 

microstructure were observed at these level of magnification. At x1000 the DTT treated 

sample appeared to have thicker cell walls.  A closer look at the cell walls at micrographs 

at x200 however reveals that this is not typical and that the differences at x1000 are likely 

based on the sampling location chosen, rather than a consistent difference between the 

samples.   



No DTT 10 mM DTT 

Figure 23: The effect of  combining DTT with TG treatment on the microstructure of 
heat set canola protein gels 
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4.4.3. Enzymatic Proteolysis 
Limited proteolysis was expected to hydrolyze some peptide bonds, thereby 

opening the protein structure and increasing the availability of the active groups lysine 

and glutamine, making it a better substrate for TG. Results indicate that limited 

proteolysis with trypsin or ficin can indeed improve the quality of TG treated heat 

induced CPI gels.  

The results obtained from treating CPI with trypsin, prior to treatment with TG, 

produced significantly stronger heat induced gels than pre-treatment with TG alone.  As 

shown in Table 14, gel hardness was improved significantly compared to the control at a 

treatment level of 2x10-14 mg/g trypsin. Treatment levels of 2x10-10 to 2x10-2 mg/g also 

improved the hardness compared to the control, with greater improvements at lower 

trypsin levels, but the improvements were not statistically significant. Likewise limited 

proteolysis seemed to improve the elasticity of TG treated CPI gels, with greater 

improvements at lower levels of trypsin. However these differences were not statistically 

significant either.  

Table 14: The effect of a combined trypsin and TG treatment on the properties of heat set 
canola protein gels.  

Trypsin (mg/g) n Elasticity (N/mm2)* Hardness (N)* 

0 2 0.0300±0.0014A 2.541±0.194B 

2x10-14 2 0.0335±0.0031A 3.074±0.195A 

2x10-10 2 0.0312±0.0008A 2.936±0.124AB 

2x10-6 2 0.0311±0.0012A 2.829±0.152AB 

2x10-2 2 0.0314±0.0010A 2.827±0.007AB 

* Means with the same letter are not significantly different (p<0.05)  
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Treatment with ficin mirrored the results obtained with trypsin. The results 

obtained from treating CPI with ficin, prior to treatment with TG, produced stronger heat 

induced gels than pre-treatment with TG alone. Table 15 shows that the hardness of TG 

treated CPI gels was improved significantly through treatment with 2x10-14 mg/g ficin. 

Treatment levels of 2x10-10 to 2x10-2 mg/g also improved the hardness compared to the 

control, with greater improvements at lower treatment levels, but the improvements were 

not statistically significant. Likewise limited proteolysis induced statistically insignificant 

improvements in elasticity of TG treated CPI gels, with greater improvements at lower 

levels of ficin.  

 

Table 15: The effect of a combined ficin and TG treatment on the properties of heat set 
canola protein gel.  

Ficin (mg/g) n Elasticity (N/mm2)* Hardness (N)* 

0 2 0.0300±0.0014A 2.541±0.194B 

2x10-14 2 0.0335±0.0036A 3.085±0.087A 

2x10-10 2 0.0311±0.0006A 2.871±0.054AB 

2x10-6 2 0.0300±0.0021A 2.849±0.187AB 

2x10-2 2 0.0306±0.0014A 2.650±0.163B 

* Means with the same letter are not significantly different (p<0.05)  
 

 SDS-PAGE revealed no significant differences in the polypeptide chains of the 

protease treated CPI, as shown in Figure 24. This could indicate that either, the 

proteolysis treatment did not alter the protein’s ability to interact with TG or that the 

isolate’s ability to act as a substrate was improved, but that the increase in cross-linking 

was not large enough to show up on SDS-PAGE. Aside from increasing the surface 
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available active groups, limited proteolysis can also increase the surface hydrophobicity. 

Unfolding of the native protein exposes buried hydrophobic groups (Kang et al, 1994) 

and other interactive groups, which are then free to interact with neighboring 

polypeptides. Since hydrophobic interactions play a major role in the gelation of canola 

proteins (Léger and Arntfield, 1993) it is hypothesized that limited proteolysis could also 

have strengthened gels by this route.  
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Figure 24: SDS-PAGE analysis of CPI treated with various levels of ficin or trypsin and 
TG 
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In contrast to the rheological data, no significant differences in the microstructure 

were induced through the application of limited proteolysis prior to TG treatment. Figure 

25 provides samples of ficin pre-treated material and Figure 26 compares various level of 

trypsin treatment. Additional micrographs showing the results of all treatment levels are 

provided in  Appendix E for trypsin and Appendix F for ficin. In all cases a highly 

structured, well formed network is visible. Cell walls are generally smooth and fairly 

thick. In conclusion, the beneficial effect of proteolysis as a co-treatment to TG is not 

reflected in the microstructure of the gels.   

                                                                                                                                                



2x10-14 mg/g 0 mg/g 2x10-2 mg/g 

Figure 25: The effect of  combining various levels of  trypsin with TG treatment on the microstructure of heat set canola protein gels 115 



0 mg/g 2x10-14 mg/g 2x10-2 mg/g 

Figure 26: The effect of  combining various levels of ficin with TG treatment on the microstructure of heat set canola protein gels 
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4.5. Conclusion  
In summary, heat treatment prior to and the presence of DTT during TG 

treatments were found not to increase gel strength. Combining TG treatment with limited 

proteolysis, however, showed marked improvement in final gel strength. Heating CPI to 

100oC prior to treatment with TG was found not to enhance the effectiveness of TG 

treatment. To the contrary, treatment times at and beyond 4 minutes were found to 

negatively impact gel strength. This decrease in quality was accompanied by changes in 

gel structure and visible reductions in cross-link formation at 12 minutes of pre-heating. 

The presence of DTT did not significantly affect the rheological properties, the formation 

of cross-links by TG or the microstructure of the gels. Combining TG treatment with 

exceedingly low levels of either trypsin or ficin improved the rheological properties of 

the CPI gels. Lower levels of proteases produced better gels, with only the lowest 

application level tested (2x10-14 mg/g) having produced a significant improvement. This 

improvement in gel strength could, however, not conclusively be linked to an increase in 

cross-linking via SDS-PAGE analysis or an improvement in microstructure via 

microscopy. Overall the additional improvement that can be achieved through these pre-

/co- treatments is minor and it seems more feasible to simply alter the treatment 

parameters discussed in section 1 of this thesis. Namely, increasing the TG or CPI 

concentration or optimizing the treatment temperature can have an equally significant 

impact on gel strength without the additional complication of another treatment step. The 

improvement achieved through the addition of 2x10-14 mg/g trypsin or ficin is 

approximately equivalent to increasing the CPI concentration by 1% or raising the TG 

concentration by 1 unit. Furthermore, altering these parameters enhances both elasticity 
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and hardness. Limited proteolysis, on the other hand, improved only hardness 

significantly.   
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Chapter 5: The effect of limited proteolysis on canola 
protein isolate gelation 

5.1. Abstract 
Canola protein, despite having an excellent amino acid profile, has found only 

marginal use in the food industry. Improvement of functional properties, such as gelation 

could offer new markets for this protein. The objective of this study was to improve 

canola protein gelation properties through limited enzymatic hydrolysis with trypsin, 

ficin and bromelin. Despite the apparent potential of limited proteolysis to improve soy 

protein gelation, no beneficial effects on canola protein gelation were observed. At low 

levels, no significant differences in elasticity or hardness were seen. With increasing 

amounts of enzyme gel strength deteriorates. The apparent decrease in gel strength is 

accompanied by a decrease in molecular weight, observable through SDS-PAGE 

analysis. Micrographs corroborate the rheological data and show that protease application 

is accompanied by loss of structure. It is concluded that trypsin, ficin and bromelin are 

not suitable for the improvement of canola protein isolate gelation. 

 

5.2. Introduction 
Enzymatic hydrolysis has been shown to improve functional properties of soy, 

sunflower, peanut (Beuchat, 1977) and rapeseed protein isolate (Kim, Park & Rhee, 

1990, Hartnett and Satterlee, 1990, Mahajan and Dua, 1998). Improvement of water 

absorption (Mohri and Matsushita, 1984, Beuchat, 1977), emulsifying and foaming 

capacity, solubility, aggregation (Kim et al, 1990) and gelation have been reported 

(Hartnett and Satterlee, 1990, Pour-el and Swenson, 1976). Pour-el and Swenson (1976) 
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performed an extensive experiment comparing the effectiveness of many proteases in 

improving soy protein gelation properties. In their analysis, they discovered ficin and 

bromelin to be the most effective at improving the properties of irreversible soy protein 

gels (Pour-el and Swenson, 1976). Trypsin on the other hand was found to be the least 

effective, consistently producing gels too weak to support their own weight (Pour-el and 

Swenson, 1976). When applied to commercial soy protein isolate the microbial protease 

alcalase was shown to yield a three fold improvement in thermal aggregation, a 

prerequisite for gelation (Kim et al, 1990). Liquozyme and α-chymotrypsin were also 

found to increase thermal aggregation (Kim et al, 1990). Trypsin was again determined to 

be least effective (Kim et al, 1990).  Hartnett and Satterlee (1990) showed that there is an 

optimal degree of pepsin hydrolysis at which the strongest soy protein gels are formed. 

This signifies that, while limited proteolysis can improve gelation, excessive proteolysis 

is detrimental. In the case of papain and bacterial protease, however, even short 

incubation times resulted in poor heat set gels and increasing the reaction time resulted in 

a complete loss of gelling ability (Hartnett and Satterlee, 1990). This effect was attributed 

to the different hydrolytic specificities of these enzymes (Hartnett and Satterlee, 1990). 

Mohri and Matsushita (1984) were able to produce a soft soy protein gel through the 

application of bromelin. Gel formation was predominantly driven by hydrophobic 

interactions and disulfide bonds (Mohri and Matsushita, 1984). Puski (1975), on the other 

hand, found that even limited enzyme treatment with a protease preparation from 

Aspergillus oryzae significantly reduced the viscosity and prevented gel formation of 

protein solutions. Sanchez and Burgos (1995) determined that while native sunflower 

proteins did not gel, gels could be produced by pretreating with trypsin. Mahajan and Dua 
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(1998) compared the effects of various proteases on rapeseed protein functionality. 

Gelation was however not among the functional properties considered.  Enzymes studied 

include pepsin, papain, trypsin, ficin and hemicellulase (Mahajan and Dua, 1998). Ficin 

was found to impart the maximum degree of hydrolysis and the maximal improvement in 

functional properties (Mahajan and Dua, 1998).  

Limited treatment with proteases leads to some protein hydrolysis and 

consequently partial unfolding of the protein structure. Unfolding of the native protein 

exposes buried hydrophobic groups (Kang, Matsumura, Ikura, Motoki, Sakamoto & 

Mori, 1994) and other interactive groups, which are then free to interact with neighboring 

polypeptides. Since hydrophobic interactions play a major role in the gelation of canola 

proteins (Léger and Arntfield, 1993) it is hypothesized that limited proteolysis has the 

potential to improve canola protein gelation.  

The effects of limited proteolysis with trypsin, ficin and bromelin on CPI gelation 

were investigated. The resulting networks wer3e characterized though rheological testing, 

SDS-PAGE and microscopy.   

 

5.3. Materials and Methods 

5.3.1. Canola Protein Isolates 
 A commercial canola protein isolate was obtained from BMW canola. The isolate 

contained 87% protein as determined by Kjeldahl (Chung, 2003) using a N to protein 

conversion factor of 5.7  (Uruakpa, 2004).  The pH of a 10% solution was 6.2 ± 0.1.  
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5.3.2. Enzyme Hydrolysis 
 Commercial canola protein isolate was treated with trypsin (T-1426, Sigma, 

St.Louis, USA), bromelin (B-4882, Sigma, St.Louis, USA)  and ficin (F-4165, Sigma, 

St.Louis, USA), all of which were obtained from Sigma (St. Louis, USA). The enzymes 

were applied in concentrations ranging from 0 to 20 mg/g CPI. Canola protein isolate was 

mixed with 0.1 M NaCl (Fisher Scientific, Ottawa, Canada) to obtain a 10% (w/v) 

dispersion. To allow for complete suspension, the samples were vortexed frequently 

within a 2 h period. The enzymes were also dissolved in 0.1 M NaCl. An appropriate 

aliquot of the enzyme solution was then added to the canola protein isolate solution. After 

briefly vortexing, the mixture was placed into a 40oC water bath (Magni Whirl Constant 

Temperature Bath, Blue M Electric Company, Blue Island, USA) for 2 min. An 8 mL 

aliquot of the treated sample was placed into a small (diameter = 41 mm) round 

aluminum box (LeeValley, Winnipeg, Canada) and covered with a lid to prevent 

evaporation. To terminate enzyme hydrolysis and initiate gel formation, the suspension 

was heated to 95oC for 15 min (Stabil-therm constant temperature cabinet, Blue M 

Electric Company, Blue Island, USA). Gels were then cooled to room temperature prior 

to rheological analysis. The time to transfer the solution into the aluminum dish and place 

it into the oven was exactly 2 min resulting in a total treatment time of 4 min. The 

proteolysis performed was considered to be limited, since the enzymes were applied at 

levels of about 1/1000 of the protein and the treatment times were short.  

 

5.3.3. Rheology  
A uniaxial compression test was performed with a TA-TX2i Texture Analyzer 

(Stable Micro Systems Ltd., Godalming, England). The method of O’Kane et al (2004) 
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was adapted to suit the requirements of this experiment. A spherical plunger (diameter = 

12 mm) was utilized. Samples were compressed to 50% at a rate of 0.1 mm/s. The trigger 

point was 0.01 N. The resulting data was interpreted using Texture Expert Version 1.22 

analysis software (Stable Micro Systems Ltd., Godalming, England). The program 

produces a force-displacement curve. Two parameters, the elasticity and the hardness of 

the material were determined.  

To calculate elasticity: 

 Elasticity is stress divided by strain (Lardner and Archer, 1994). To calculate 

stress, the force was divided by the projected surface area of the ball probe (34.56 cm2). 

The maximum displacement considered in the calculations (1 mm) was divided by the 

original sample thickness (8 mm) to obtain the strain. The line of the force displacement 

graph was consistently linear up to a displacement of 1 mm, above this value linearity 

was lost. Consequently calculations were restricted to the first mm of displacement. 

To calculate hardness: 

The peak force achieved at any point during the test was used as an indicator of 

gel hardness. This was either the rupture point or the force at maximum displacement (4 

mm).  

 

5.3.4. Electrophoresis 
To evaluate subunits in the protein gels the method of Aluko and McIntoch 

(2001) was followed with minor modification. Samples were dissolved (5% w/v) in 1 M 

Tris-HCl (T-1503, Sigma, St.Louis, USA) buffer at pH 8 containing 10% SDS (L-3771, 

Sigma, St.Louis, USA) 5% 2-mercaptoethanol (M-7154, Sigma, St.Louis, USA) and 
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0.01% Pyronin Y (P-6653, Sigma, St.Louis, USA). Samples were boiled for 10 min and 

then vortexed (Vortx Genie 2, Scientific Industies Inc., Bohemia, USA) to promote 

dissolution. The sample was then centrifuged at 14000x g (Biofuge A, Canlab, West 

Germany) to settle out any remaining particulate matter and 4 μl of the supernatant were 

applied to a 4-20% gradient gel (161-1159, Bio-Rad, Hercules, USA). The standard 

(SDS-PAGE Molecular Weight Standards, Broad Range, Bio-Rad, Hercules, USA) was 

prepared as per manufacturers instructions and 5 μl were loaded into one slot of each gel. 

Gels were run for 2 h and 20 min at 10 amp per gel (Mini-ProteanR 3 Cell, Bio-Rad, 

Hercules, USA). A staining solution consisting of 0.08% (w/v) Comassie Brilliant Blue 

G-250 (B-1131, Sigma, St.Louis, USA), 10% (w/v) Ammonium Sulfate (ACS 093, BDH 

Inc., Toronto, Canada) and 2.5%  (w/v) Phosphoric acid (Fisher Scientific, Ottawa, 

Canada) was used to visualize the protein bands. 20% Ammonium Sulfate (ACS 093, 

BDH Inc., Toronto, Canada) was used to destain the gels. The gels were scanned to 

provide a permanent record of the results (Epson Perfection Scanner, Epson, Toronto, 

Canada).  

 

5.3.5. Microscopy 
 To examine the protein gel microstructure, the method of Uruakpa (2004) was 

followed with minor modifications. Freeze-dried samples were fractured by hand and 

prepared for microscopy by mounting on studs with carbon paint. The samples were then 

sputter coated with gold/palladium (60/40) under a 2x10-1 torr vacuum. Micrographs 

were obtained through the use of a Cambridge Instruments stereoscan 120 scanning 
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electron microscope (Cambrigde, UK).  The acceleration voltage was 30 kV. 

Micrographs at magnifications of x50, x200 and x1000 were obtained for each sample. 

 

5.3.6. Experimental Design 
The three proteolytic enzymes, trypsin, ficin and bromelin, were each applied at 5 

levels ranging from 2x10-6 to 20 mg/g. The exact treatment levels were: 2x10-6 mg/g, 

2x10-4 mg/g, 2x10-2 mg/g, 2 mg/g, 20 mg/g. All other parameters such as treatment 

temperature, treatment time and CPI concentration were held constant at 40oC, 4 min and 

10% respectively.  Each treatment was applied in duplicate.  

 

5.3.7. Statistical Analysis   
Results were analyzed with Microsoft Excel and SAS 8. Statistical parameters 

determined include average, standard deviation and difference tests (LSD, Bonferroni t 

test and Duncan’s Multiple Range test). 

 

5.4. Results & Discussion 
Despite the apparent potential of these enzymes to improve soy protein gelation 

no beneficial effects on canola protein gelation were observed. While limited amounts of 

protease did not alter gel strength, increasing amounts of enzyme reduced both gel 

elasticity and hardness. The following data demonstrates the detrimental effect of all 

three of these enzymes on gel strength. The apparent decrease in gel strength can be 

explained by the decrease in molecular weight caused by these enzymes. SDS-PAGE 

analysis clearly demonstrated that protease treatment leads to the loss of high molecular 
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weigh bands and an increase in the number of low molecular weigh constituents. 

Micrographs corroborated the rheological data and showed that protease application was 

accompanied by loss of structure.  

 

5.4.1. Trypsin 
The detrimental effect of trypsin on canola protein gelation is illustrated in Table 

16.  Both elasticity and hardness decreased with increasing amounts of trypsin. Duncan’s 

multiple range test shows that treatments ranging from 2x10-6 to 2x10-2 mg/g did not 

significantly differ from the untreated sample, in terms of both elasticity and hardness. 

Treatment with 2 mg/g trypsin, however, significantly reduced gel strength. No 

meaningful hardness measurement could be obtained at a treatment level of 20 mg/g, as 

the gel collapsed under moderate pressure, and this treatment level is therefore not 

included in Table 16. Preliminary experiments included treatments in the range of 40 to 

60 mg/g trypsin which resulted in a complete loss of the gel forming ability (Data not 

included). 

Figure 27 clearly shows the loss of high molecular weight polypeptides brought 

about by trypsin. Peptides at or above 45 kDa and the polypeptide at approximately 30 

kDa, showed reduced intensity with increasing amounts of trypsin. As the amount of 

trypsin increased more low molecular weight (22 kDa and below) bands appeared on the 

SDS-PAGE gel. These changes become particularly evident at the 2 mg/g treatment level, 

the same point at which the gel strength was significantly reduced compared to the 

control. 
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Table 16: The effect of trypsin treatment on the elasticity and hardness of canola protein 
gels   

Trypsin (mg/g) n Elasticity (N/mm2)* Hardness (N)* 

0 8 0.0137±0.0025 A 1.57±0.22 A 

2x10-6 4 0.0115±0.0013 A 1.31±0.28 A 

2x10-4 4 0.0104±0.0013 AB 1.28±0.26 A 

2x10-2 4 0.0104±0.0005 ABC 1.38±0.07 A 

2 4 0.0078±0.0003 BC 0.76±0.11 B 

20 2 0.0055±0.001 C na+ 

* Means with the same letter are not significantly different (p<0.05)  
+ not available 

 

The micrographs in Figure 28 visualize the loss of structure induced by trypsin. 

Treatment with 2x10-6 mg/g and 2x10-4 mg/g trypsin showed no significant differences in 

microstructure. A significant loss in structure was observed at treatment levels of 2x10-2 

mg/g and above.  At 2x10-2 mg/g loss of cell walls resulted in very large elongated cells.  

These elongated cells are clearly visible at a magnification of 50x and 200x. As the 

trypsin concentration increased further the cell structure was lost and the material 

appeared flakier. At levels of 20 mg/g the cell walls appeared extremely rough, as is best 

observed at a magnification level of 1000x. This loss of cell walls and structure helps 

explain the reduction in gel strength observed during rheological measurements. 

Additional micrographs showing the results of all treatment levels are provided in 

Appendix G. 

 
 
 



 128

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 27: SDS-PAGE composition of canola protein isolate treated with varying levels 
of trypsin 
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Figure 28: The effect of trypsin treatment on the microstructure of  heat set canola protein gels   
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5.4.2. Ficin 
Like trypsin, ficin had a negative impact on canola protein gelation. Table 17 

illustrates the reduction in gel strength induced by ficin treatment. Both elasticity and 

hardness were reduced by ficin. Duncan’s multiple range test shows that treatments of 

2x10-6 and 2x10-4 mg/g were not significantly different from the untreated sample in 

terms of both elasticity and hardness, while treatment levels greater than 2x10-4 mg/g 

showed a significant reduction in those parameters. No meaningful hardness 

measurements could be obtained at 2 and 20 mg/g, as these gels collapsed under 

moderate pressure. These treatment levels are therefore not included in Table 17.  

 

Table17: The effect of ficin treatment on the elasticity and hardness of canola protein gel   
Ficin (mg/g) n Elasticity (N/mm2)* Hardness (N)* 

0 8 0.0136±0.0025 A 1.57±0.22 A 

2x10-6 2 0.0113±0.0003 AB 1.20±0.05 AB 

2x10-4 2 0.0115±0.0013 AB 1.31±0.14 AB 

2x10-2 2 0.0089±0.0005 BC 0.99±0.14 B 

2 2 0.0065±0.0014 CD na+ 

20 2 0.0033±0.0004 D na+ 

* Means with the same letter are not significantly different (p<0.05)  
+ not available 
 
 

The reduction in gel strength was again associated with a reduction in molecular 

weight. Figure 29 clearly shows the loss of high molecular weigh polypeptides brought 

about by ficin. This becomes particularly visible at the 2 mg/g treatment level. Peptides at 

or above 45 kDa grew fainter at 2 mg/g ficin and almost completely disappeared at a 
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treatment level of 20 mg/g. At 20mg/g ficin the polypeptides between 22 and 30 kDa 

were also partially lost. The loss of high molecular weight bands was accompanied by an 

increase in low molecular weight material. Figure 29 clearly shows an increase in bands 

below 22 kDa at treatment levels of 2 and 20 mg/g ficin. A treatment level of 2x10-2 

mg/g, despite producing a gel of significantly reduced quality, showed no differences in 

the molecular weight distribution of the polypeptides.  

 Figure 30 includes key micrographs depicting the loss of structure induced by 

ficin.  As the ficin concentration increased the cell structure was reduced and the material 

appeared flakier. Treatment with 2x10-6 mg/g and 2x10-4 mg/g ficin showed no 

significant differences in microstructure. A significant loss in structure was observed at 

treatment levels of 2x10-2 mg/g and above. This supports the results obtained during 

rheological analysis and coincides with the point at which MW reduction became 

apparent in SDS-PAGE analysis.  Additionally, the control produced fairly flat and 

smooth edges along the fracture plane. Gels treated with 2 or 20 mg/g ficin produced 

jagged edges at the break. This further indicates that the cell walls contain many 

structurally weak points. These jagged edges are clearly visible at at magnifications of 

200x and 1000x.  At levels of 20 mg/g the cell walls appear extremely rough, as is best 

viewed at a magnification of 1000x. Additional micrographs showing the results of all 

treatment levels are provided in Appendix H. 
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Figure 29: SDS-PAGE composition of canola protein isolate treated with varying levels 
of ficin 
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Figure 30: The effect of ficin treatment  on the microstructure of  heat set canola protein gels   
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5.4.3. Bromelin 
Bromelin, like trypsin and ficin, proved to be detrimental to canola protein 

gelation. Table 18 illustrates that both elasticity and hardness decreased with increasing 

amounts of bromelin. Treatment of canola protein with up to 2x10-2 mg/g was not found 

to significantly reduce these parameters.  At 2 mg/g and 20 mg/g both hardness and 

elasticity were significantly reduced, compared to the control. No meaningful hardness 

measurement could be obtained at a treatment level of 20 mg/g bromelin, as the gel 

collapsed under moderate pressure and this treatment level is therefore not included in 

Table 18. 

 

Table 18: The effect of trypsin treatment on the elasticity and hardness of canola protein 
gel   

Bromelin (mg/g) n Elasticity (N/mm2)* Hardness (N)* 

0 8 0.0137±0.0024 A 1.57±0.22 A 

2x10-6 2 0.0110±0.0000 AB 1.31±0.28 A 

2x10-4 2 0.0117±0.0005 AB 1.28±0.26 A 

2x10-2 2 0.0100±0.0001 AB 1.38±0.07 A 

2 2 0.0087±0.0006 B 0.76±0.11 B 

20 2 0.0032±0.0001 C na+ 

* Means with the same letter are not significantly different (p<0.05) (Duncan’s multiple 
range test) 
+ not available 
 

Figure 31 clearly shows the loss of high molecular weight polypeptides brought 

about by bromelin. Changes in the molecular weight distribution become apparent at 2 

mg/g, the same level at which gel strength was significantly reduced compared to the 
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control. At 2 mg/g bromelin bands at and above 20 kDa grew thinner and fainter, 

indicating hydrolysis of these polypeptides by bromelin. At the same time, low molecular 

weight (less than 20 kDa) material accumulated. At 20 mg/g this trend was even more 

pronounced.  

Figure 32 illustrates the loss of structure induced by bromelin.  Treatment with 2x10-6 

mg/g to 2x10-2mg/g produced no significant differences in microstructure. A significant 

loss in structure is observed at treatment levels of 2 and 20 mg/ml. This supports the 

results indicating a significant loss of elasticity at 2 mg/g and above. It does however not 

corroborate the results indicating that the gel hardness is affected at a treatment level as 

low as 2x10-2 mg/g.  At levels of 2 and 20 mg/g the cell walls again appear very rough. 

Additional micrographs showing the results of all treatment levels are provided in 

Appendix I. 
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Figure 31: SDS-PAGE composition of canola protein isolate treated with varying levels 
of bromelin 
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Figure 32: The effect of bromelin treatment  on the microstructure of  heat set canola protein gels   
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5.4.4. Discussion 
In summary, all three proteases tested reduced the integrity of gels produced. The 

reduction in hardness and elasticity was generally associated with a reduction in the 

molecular weight of the constituent polypeptides. It is therefore hypothesized that this 

reduction impairs the ability of the protein to form a good network.  

These results are contrary to the finding of Pour-el and Swenson (1976) and 

Hartnett and Saterlee (1990) who found that limited hydrolysis can improve the gelation 

properties of soy and Sanchez and Burgo (1995) who found limited proteolysis to 

promote gelation in sunflower proteins. Although these authors signified success with 

certain enzymes, other enzymes destroyed the gel forming ability even when applied at 

low levels.  

Pour-el and Swenson (1976) found ficin and bromelin to be most effective in 

improving soy protein gels. Trypsin on the other hand was found to be least effective, 

consistently producing gels too weak to support their own weight (Pour-el and Swenson, 

1976). Hartnett and Satterlee (1990) showed that limited pepsin hydrolysis can yield 

stronger soy protein gels. In the case of papain and bacterial protease however even short 

incubation times resulted in poor heat set gels and increasing the reaction time resulted in 

a complete loss of gelling ability (Hartnett and Satterlee, 1990). Puski (1975) found that 

even limited enzyme treatment with a protease preparation from Aspergillus oryzae 

significantly reduced the viscosity and prevented gel formation of soy protein solutions. 

Regenstein et al (1978) likewise determined that proteolysis with either ficin or bromelin 

reduced the coagulum strength of egg albumin. This indicates that successful 

improvement of gel forming ability strongly depends on enzyme specificity and the 

substrate protein. This can explain why bromelin and ficin, which were reported to 
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improve soy gelation, did not provide the desired improvement of canola protein gelation. 

Trypsin on the other hand consistently performed poorly (Pour-el and Swanson, 1976; 

Kim et al, 1990). This was also confirmed by this study.  

 

5.5. Conclusion 
Protease treatments with trypsin, ficin and bromelin negatively impacted canola 

protein gelation. At low levels of treatment no significant differences in elasticity or 

hardness were observed. With increasing amounts of enzyme however, the gel strength 

deteriorated. It is concluded that trypsin, ficin and bromelin are not suitable for the 

improvement of canola protein isolate gelation. A review of the available literature 

however indicates that success is highly enzyme specific. Before dismissing limited 

proteolysis as a method for improving canola protein gelation, the effects of other 

proteases should therefore be investigated.  
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Chapter 6: General Discussion, Conclusion and Future 
Research Considerations 
 

6.1. Discussion 
Protein gels consist of a continuous interconnected protein phase within a 

continuous liquid phase (Paulson and Tung, 1989). This structural composition allows 

gels to act as a soft solid, while retaining many of the characteristics of the fluid 

component (Paulson and Tung, 1989). In order to form such a structured three 

dimensional network, capable of trapping large amounts of fluid, a balance of attractive 

and repulsive forces between the protein and solvent must exist (Paulson and Tung, 

1989). Since proteins are typically stable in aqueous solutions denaturation must precede 

gelation (Uruakpa, 2004). During denaturation, groups stabilizing the native protein 

conformation move from the interior to the surface of the protein and become available 

for intermolecular interactions (Paulson and Tung, 1989). Association and aggregation of 

the unfolded proteins can lead to gel formation (Uruakpa, 2004; Aguilera et al, 2004), if 

the resulting repulsive and attractive forces balance (Paulson and Tung, 1989). Forces 

fostering gelation may include hydrophobic interactions, electrostatic interactions, 

hydrogen bonding and covalent disulfide bonds (Sanchez and Burgos, 1997). 

Denaturation can be induced by heat, denaturants, pressure, enzymatic crosslinking and 

divalent cations (Uruakpa, 2004), whereby heat-induced gelation is the most practical 

method.  

Proteolytic enzymes can likewise lead to protein denaturation. This action was 

expected to increase the exposure of functional groups, thereby enhancing gel formation. 

Results however indicate, that proteolysis prior to heat set gelation provides no additional 
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benefit. This may be due to the fact that heating disrupts the proteins structure 

sufficiently on it’s own. The enzymes trypsin, ficin and bromelin were applied. At low 

levels no significant differences in elasticity or hardness were seen. With increasing 

amounts of enzyme gel strength deteriorated. The apparent decrease in gel strength was 

accompanied by a decrease in molecular weight, observable through SDS-PAGE 

analysis. Micrographs corroborated the rheological data and showed that protease 

application is accompanied by loss of structure. It is concluded that proteolysis alone, 

with either trypsin, ficin or bromelin is not suitable for the improvement of canola protein 

isolate gelation. A review of available literature however indicates that success is highly 

enzyme specific. Before dismissing limited proteolysis as a method for improving canola 

protein gelation, the effects of other proteases should therefore be investigated. 

Overall the formation of a canola protein gel network is thought to be driven by 

hydrophobic and electrostatic interactions (Léger and Arntfield, 1993). Once the network 

is established, disulfide and hydrogen bonds are hypothesized to contribute by stabilizing 

the network (Léger and Arntfield, 1993). Increasing any of these interaction could 

potentially improve the strength of gels formed from canola protein. TG has the potential 

to improve gelation through the formation of covalent intra- and intermolecular bonds. 

Covalent bonds can restrict the mobility of protein chains, thereby enhancing the 

elasticity and hardness of the network (Chanyongvorakul et al, 1995). This investigation 

showed that TG effectively improves the gel strength of canola protein isolate gels. It was 

determined that the protein concentration (p<0.0001), amount of TG (p<0.0001) and 

treatment temperature (p<0.0001) significantly impacted gel strength. Within the limits of 

this experiment it was found that gel strength (elasticity and hardness) was improved by 
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increasing the amount of TG and protein in the system. Optimal treatment temperature 

was dependant on the amount of TG present. In general the optimal temperature was 

between 30oC and 40oC. Higher than optimal treatment temperatures were more 

detrimental to TG activity compared to lower than optimal temperatures. SDS-PAGE 

analysis and microscopy corroborated the rheological data, showing that TG treatment 

leads to cross-link formation and to more structured cell networks. This work also 

demonstrated that TG treated canola protein isolate can mimic the texture of well-known 

gel based foods. The model created during this research can serve as a useful starting 

point for producing CPI gels of a desired texture, fine tuning of the formulation will, 

however, be required. 

A prerequisite for cross-linking with TG is the availability of lysine and glutamine 

residues (De Jong and Koppelman, 2002).  Kang et al (1994) showed that the amount of 

surface lysine and glutamine residues were correlated with the amount of cross-links 

formed. A variety of methods can be applied to destabilize a protein, thus increasing the 

exposure of its lysine and glutamine residues (De Jong and Koppelman, 2002). EDTA, 

dithiothreitol (DTT), cysteine, sulfite, pre-incubation in 50% ethanol/water and cross-

linking at an oil-water interface have been used for this purpose. Many vegetable proteins 

are globular (Nielsen, 1995). It was therefore expected, that any treatment which opens 

the structure and makes the buried reactive groups more available, would improve the TG 

cross-linking in vegetable proteins (Nielsen, 1995). As a result of these findings and 

assumptions, multiple pre-treatments were tested. The objective was to further enhance 

the effectiveness of TG, by opening the protein structure with various treatments 

including pre-heating at 100oC, DTT and enzymatic hydrolysis. Pre-heating and DTT 
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treatment were found not to enhance the effectiveness of TG treatment. Combining TG 

treatment with limited proteolysis however markedly improved final gel hardness. 

Heating CPI to 100oC prior to treatment with TG was found not to enhance the 

effectiveness of TG treatment. To the contrary, treatment times at and beyond 4 minutes 

were found to negatively impact gel strength. This decrease in quality was accompanied 

by changes in gel structure and visible reductions in cross-link formation. The presence 

of DTT did not significantly affect the rheological properties, the formation of cross-links 

by TG or the microstructure of the gels. Combining TG treatment with exceedingly low 

levels of either trypsin or ficin improved the rheological properties of the CPI gels. This 

improvement in gel strength could however not conclusively be linked to an increase in 

cross-linking via SDS-PAGE analysis or an improvement in microstructure via 

microscopy. Overall the additional improvement that can be achieved through these pre-

/co- treatments is minor. Furthermore only hardness, not elasticity was be enhanced by 

combining limited proteolysis with TG.  It seems more feasible to simply alter the 

treatment parameters discussed in section 1 of this thesis. Namely, increasing the TG or 

CPI concentration or optimizing the treatment temperature can have an equally 

significant impact on gel strength without the additional complication of another 

treatment step. The enhancement of hardness achieved through the addition of 2x10-14 

mg/g trypsin or ficin is approximately equivalent to increasing the CPI concentration by 

1% or raising the TG concentration by 1 unit.  
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6.2. Conclusion 
In summary, TG showed great promise as a functional agent capable of improving 

the gel strength of heat set CPI gels. Results can be improved, by optimizing treatment 

conditions. TG treated gels can mimic the texture of multiple gel based foods, when the 

right conditions are applied. Opening the protein structure prior to TG with limited 

proteolysis was shown to enhance the effect of TG. Attempts to expose more functional 

groups through the action of DTT or by pre-heating did not improve gel strength. While 

limited proteolysis proved to be a successful approach to enhancing the effect of TG, it 

did not improve CPI gelation on its own. In fact proteolysis prior to heat set gelation was 

in general shown to be detrimental to gel structure.  Some hypotheses were met, while 

others failed:   

 Limited proteolysis with trypsin, ficin or bromelin prior to heat 

induced gelation did not produce the expected enhancement in gel 

elasticity and hardness  

 Cross-linking with TG did improve gel elasticity and hardness. 

Maximum elasticity and hardness were seen at treatment condition of 

12% CPI, 4 units TG and 40oC. The formation of additional cross-

links was demonstrated through SDS-PAGE. 

  Applying various pre-treatments designed to partially unfold the 

protein prior to TG treatment enhanced the action of TG is one case, 

but not all.  

o Heating to 100oC prior to TG treatment failed to increase gel 

elasticity or hardness 
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o Pre-treatment with DTT was expected did not alter gel elasticity or 

hardness 

o Limited proteolysis prior to TG treatment did increase the hardness 

of the gels produced, but had no significant impact on elasticity  

 

 6.3. Future Research Considerations  
Based on the outcome of this study, it appears that research aiming to improve 

canola protein gelation should focus on cross-linking rather than proteolysis. The effects 

of reaction conditions not evaluated in this study, such as pH, should be assessed. 

Furthermore TG could also be used to gel CPI directly, rather than as a pretreatment to 

heat induced gelation.    

Furthermore the application of TG pre-treated CPI as a food ingredient should be 

studied. Studies similar to Thompson et al (1982) should be conducted to evaluate the 

potential of TG to enhance the functionality of CPI in baked goods and comminuted 

muscle foods, among other foods. In comminuted muscle foods the functional properties 

of plant protein additives will be affected by their ability to interact with the muscle 

proteins (Ramirez-Suàrez and Xiong, 2003).  Ramirez-Suàrez and Xiong (2003) 

performed an experiment evaluating the potential of TG to catalyze the interaction of 

muscle and soy protein. Kurth and Rogers (1984) determined the extent of TG induced 

cross-linking between various non-meat proteins, including soy protein, casein and 

gluten, to myosin. Similar experiments performed with CPI would be of considerable 

practical significance.  
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Although protease treatment alone did not show promise for the improvement of 

CPI gelation properties, preliminary experiments indicate that it improves foaming 

capacity and stability. The potential of proteases to improve other functional properties, 

such as foaming, emulsification and solubility should be considered. Furthermore, since 

successful application of proteases as a gelation pre-treatment seems to be highly enzyme 

specific, the use of other proteases should be considered.  
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Appendix A 
Summary of fit of mathematical models and ANOVA describing elasticity 

 

 
 

Sequential Model Sum of Squares 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Mean 0.034 1 0.034   
Linear 6.193E-03 3 2.064E-03 35.88 <0.0001 
Quadratic 2.374E-03 6 3.956E-04 12.69 <0.0001 
Cubic 3.228E-04 7 4.611E-05 1.55 0.1641 
Residual 2.078E-03 70 2.969E-05   
Total 0.045 87 5.208E-04   
 
 
Lack of Fit Test 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Linear 2.900E-03 23 1.261E-04 4.03 <0.0001 
Quadratic 5.261E-04 17 3.095E-05 0.99 0.4810 
Cubic 2.033E-04 10 2.033E-05 0.65 0.7645 
Pure Error 1.875E-03 60 3.124E-05   
 
 
Model Summary Statistics 
Source Roots MSE R-squared Adjusted R-

squared 
Predicted 
R-squared 

PRESS 

Linear 7.585E-03 0.5647 0.5489 0.5202 5.262E-03 
Quadratic 5.584E-03 0.7811 0.7555 0.7167 3.108E-03 
Cubic 5.449E-03 0.8105 0.7672 0.7031 3.256E-03 
 
 
 

 
 
 
 
 
 
 
 

Factor  Name Units Type -1 Level +1 Level 
A TG con  Numeric 1.00 4.00 
B Prot % Numeric 8.00 12.00 
C Temp C Numeric 20.00 60.00 



 161

ANOVA for Response Surface Quadratic Model 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Model 8.566E-03 9 9.518E-04 30.52 <0.0001 
Residual 2.401E-03 77 3.118E-05   
Lack of Fit 5.261E-04 17 3.095E-05 0.99 0.4810 
Pure Error 1.875E-03 60 3.125E-05   
Cor Total 0.011 86    
      
Root MSE 5.584E-03   R-squared 0.7811 
Dep Mean 0.020   Adj R-squared 0.7555 
C.V. 28.11   Pred R-squared 0.7167 
PRESS 3.108E-03   Adeq Precision 20.217 
 

 
Factor Coefficient 

Estimate 
DF Standard 

Error 
T for Ho 
Coeff=O 

Prob > |t| VIF 

Intercept 0.025 1 1.332E-03    
A-tg con 6.135E-03 1 7.599E-04 8.07 <0.0001 1.00 
B-prot 7.035E-03 1 7.599E-04 9.26 <0.0001 1.00 
C-temp -5.249E-03 1 7.599E-04 -6.91 <0.0001 1.00 
A2 -3.055E-03 1 1.250E-03 -2.44 0.0168 1.03 
B2 1.721E-03 1 1.250E-03 1.38 0.1727 1.03 
C2 -7.270E-03 1 1.250E-03 -5.81 <0.0001 1.03 
AB 3.052E-03 1 9.307E-04 3.28 0.0016 1.00 
AC -3.801E-03 1 9.307E-04 -4.08 0.0001 1.00 
BC -2.120E-03 1 9.307E-04 -2.28 0.0255 1.00 
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Appendix B 
Summary of fit of mathematical models and ANOVA describing hardness 

 

 
 

Sequential Model Sum of Squares 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Mean 291.11 1 291.11   
Linear 37.79 3 12.60 22.71 <0.0001 
Quadratic 21.68 6 3.61 11.43 <0.0001 
Cubic 3.10 7 0.44 1.46 0.1971 
Residual 21.25 70 0.30   
Total 374.93 87 4.31   
 
 
Lack of Fit Test 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Linear 26.44 23 1.15 3.52 <0.0001 
Quadratic 4.76 17 0.28 0.86 0.6241 
Cubic 1.66 10 0.17 0.51 0.8776 
Pure Error 19.59 60 0.33   
 
 
Model Summary Statistics 
Source Roots MSE R-squared Adjusted R-

squared 
Predicted 
R-squared 

PRESS 

Linear 0.74 0.4508 0.4310 0.3967 50.57 
Quadratic 0.56 0.7095 0.6756 0.6268 31.28 
Cubic 0.7465 0.6885 0.6063 33.00  
 
 
 

 
 
 
 
 
 
 
 

Factor  Name Units Type -1 Level +1 Level 
A TG con  Numeric 1.00 4.00 
B Prot % Numeric 8.00 12.00 
C Temp C Numeric 20.00 60.00 
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ANOVA for Response Surface Quadratic Model 
Source Sum of 

Squares 
DF Mean 

Square 
F Value Prob>F 

Model 59.47 9 6.61 20.90 <0.0001 
Residual 24.35 77 0.32   
Lack of Fit 4.76 17 0.28 0.86  
Pure Error 19.59 60 0.33   
Cor Total 83.82 86    
      
Root MSE 0.56   R-squared  
Dep Mean 1.83   Adj R-squared  
C.V. 30.74   Pred R-squared  
PRESS 31.28   Adeq Precision  
 

 
Factor Coefficient 

Estimate 
DF Standard 

Error 
T for Ho 
Coeff=O 

Prob > |t| VIF 

Intercept 2.35 1 0.13    
A-tg con 0.49 1 0.077 6.46 <0.0001 1.00 
B-prot 0.53 1 0.077 6.97 <0.0001 1.00 
C-temp -0.41 1 0.077 -5.40 <0.0001 1.00 
A2 -0.33 1 0.13 -2.64 0.0101 1.03 
B2 0.17 1 0.13 1.33 0.1886 1.03 
C2 -0.67 1 0.13 -5.35 <0.0001 1.03 
AB 0.19 1 0.094 2.02 0.0472 1.00 
AC -0.44 1 0.094 -4.69 <0.0001 1.00 
BC -0.17 1 0.094 -1.82 0.0722 1.00 
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Appendix C 
SDS-PAGE of all samples cross-linked with TG not shown in the text 

 
 
Figure 1: SDS-PAGE analysis of treatments 1 through 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Conditions applied to treatments 1 through 9 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
1 1 8 30 20 
2 2.5 8 30 20 
3 4 8 30 20 
4 1 8 60 20 
5 2.5 8 60 20 
6 4 8 60 20 
7 1 8 90 20 
8 2.5 8 90 20 
9 4 8 90 20 

 
 
 
 
 
 
 
 

Standard 
Molecular 

Weights (kDa) 
200

116
97
66

45

31

22
14

7

1 2 3 4 5 6 7 8 9
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Figure 2: SDS-PAGE analysis of treatments 10 through 18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Conditions applied to treatments 10 through 18 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
10 1 10 30 20 
11 2.5 10 30 20 
12 4 10 30 20 
13 1 10 60 20 
14 2.5 10 60 20 
15 4 10 60 20 
16 1 10 90 20 
17 2.5 10 90 20 
18 4 10 90 20 

 
 
 
 
 
 
 
 
 
 
 

10 11 12 13 14 15 16 17 18
10 11 12 13 14 15 16 17 18 

Molecular Weight 
Standards 
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Figure 3: SDS-PAGE analysis of treatments 19 through 27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Conditions applied to treatments 19 through 27 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
19 1 12 30 20 
20 2.5 12 30 20 
21 4 12 30 20 
22 1 12 60 20 
23 2.5 12 60 20 
24 4 12 60 20 
25 1 12 90 20 
26 2.5 12 90 20 
27 4 12 90 20 
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Figure 4: SDS-PAGE analysis of treatments 28 through 36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Conditions applied to treatments 28 through 36 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
28 1 8 30 40 
29 2.5 8 30 40 
30 4 8 30 40 
31 1 8 60 40 
32 2.5 8 60 40 
33 4 8 60 40 
34 1 8 90 40 
35 2.5 8 90 40 
36 4 8 90 40 
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Figure 5: SDS-PAGE analysis of treatments 37 through 45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5: Conditions applied to treatments 37 through 45 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
37 1 10 30 40 
38 2.5 10 30 40 
39 4 10 30 40 
40 1 10 60 40 
41 2.5 10 60 40 
42 4 10 60 40 
43 1 10 90 40 
44 2.5 10 90 40 
45 4 10 90 40 
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Figure 6: SDS-PAGE analysis of treatments 46 through 54 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Conditions applied to treatments 46 through 54 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
46 1 12 30 40 
47 2.5 12 30 40 
48 4 12 30 40 
49 1 12 60 40 
50 2.5 12 60 40 
51 4 12 60 40 
52 1 12 90 40 
53 2.5 12 90 40 
54 4 12 90 40 
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Figure 6: SDS-PAGE analysis of treatments 55 through 63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Conditions applied to treatments 55through 63 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
55 1 8 30 60 
56 2.5 8 30 60 
57 4 8 30 60 
58 1 8 60 60 
59 2.5 8 60 60 
60 4 8 60 60 
61 1 8 90 60 
62 2.5 8 90 60 
63 4 8 90 60 
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Figure 6: SDS-PAGE analysis of treatments 64 through 72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Conditions applied to treatments 64 through 72 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
64 1 10 30 60 
65 2.5 10 30 60 
66 4 10 30 60 
67 1 10 60 60 
68 2.5 10 60 60 
69 4 10 60 60 
70 1 10 90 60 
71 2.5 10 90 60 
72 4 10 90 60 
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Figure 7: SDS-PAGE analysis of treatments 73 through 81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7: Conditions applied to treatments 73 through 81 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
73 1 12 30 60 
74 2.5 12 30 60 
75 4 12 30 60 
76 1 12 60 60 
77 2.5 12 60 60 
78 4 12 60 60 
79 1 12 90 60 
80 2.5 12 90 60 
81 4 12 90 60 
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Figure 8: SDS-PAGE analysis of treatments 82 through 87, the Control and canola 
protein gels designed to mimic the texture of bologna (BA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8: Conditions applied to treatments 82 through 87, the control and the sample 
designed to mimic bologna 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
82 2.5 10 60 40 
83 2.5 10 60 40 
84 2.5 10 60 40 
85 2.5 10 60 40 
86 2.5 10 60 40 
87 2.5 10 60 40 
Ctl 0 10 0 25 
BA 2.5 14.7 60 40 
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Figure 9: SDS-PAGE analysis of canola protein gels designed to mimic the texture of 
bologna (BA) and the hardness (SP) and elasticity (SS) of soft tofu.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9: Conditions applied to the samples designed to mimic the texture of bologna 
(BA) and the hardness (SP) and elasticity (SS) of soft tofu.  
 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
BA 2.5 14.7 60 40 
SP 4.0 8.0 60 60 
SS 2.2 10.9 60 60 
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Figure 10: SDS-PAGE analysis of canola protein gels designed to mimic the texture of 
egg white in hardness (EP) and elasticity (ES). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 10: Conditions applied to the samples designed to mimic the texture of egg white 
in terms of hardness (EP) and elasticity (ES) of soft tofu. 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
EP 2.5 13.7 60 43 
ES 2.5 18.5 60 40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EP EP EP EP ES ES ES ES  

Molecular Weight 
Standards 



 176

Figure 11: SDS-PAGE analysis of canola protein gels designed to mimic the texture of 
hard tofu in hardness (HP) and elasticity (HS). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 11: Conditions applied to the samples designed to mimic the texture of hard tofu in 
terms of hardness (HP) and elasticity (HS) of soft tofu. 

Treatment TG (units) Protein (%) Time (min) Temp. (oC) 
HP 2.5 12.0 60 43 
HS 2.5 16.6 60 40 
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No Heat 30 s 

Appendix D 
 The effect of  pre-heating at 100oC prior to treatment with TG on the microstruc-

ture of heat set canola protein gels 



 178 

 

1 min 2 min 
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4 min 8 min 
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12 min 



 181 

 

0 mg/g 2x10-14 mg/g 

Appendix E 
 The effect of  combining various levels of trypsin with TG treatment on the micro-

structure of heat set canola protein gels 



 182 

 

2x10-10 mg/g 2x10-6 mg/g 
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2x10-2 mg/g 
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0 mg/g 2x10-14 mg/g 

Appendix F 
 The effect of  combining various levels of ficin with TG treatment on the micro-

structure of heat set canola protein gels 
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2x10-10 mg/g 2x10-6 mg/g 
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2x10-2 mg/g 
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Appendix G 

The effect of trypsin treatment on the microstructure of heat set canola protein gels 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 mg/g 2x10-6 mg/g  
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2x10-2 mg/g 2x10-4 mg/g 
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2 mg/g  20 mg/g 



 190

 
Appendix H 

The effect of ficin treatment on the microstructure of heat set canola protein 
gels 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2x10-6 mg/g 0 mg/g 
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2x10-2 mg/g 2x10-4 mg/g 
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2 mg/g 20 mg/g 
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Appendix K 
The effect of bromelin treatment on the microstructure of heat set canola 

protein gels 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2x10-6 mg/g 0 mg/g 
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2x10-2 mg/g 2x10-4 mg/g 
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2 mg/g 20 mg/g 


