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ABSTRACT

The main objectives of this project were to study the rheological and textural

properties of heat-induced pea protein isolate (PPI) gels and the effects of processing

conditions and microbial transglutaminase (MTGase) on the gels, using chemical and

instrumental methods. Physicochemical and gelation properties of commercial pea

protein isolate were compared to laboratory prepared PPI with minimal denaturation

(designated as native) and to homologous soy protein isolates (SPI). Four studies were

carried out in this research.

In the first study, solubility and thermal properties of native and commercial PPI

were investigated. Native PPI exhibited higher nitrogen solubility index (NSI) values

compared to commercial PPI at pHs higher and lower than the isoelectric point.

Differential scanning calorimetry (DSC) of native PPI slurries (10% protein

concentration) revealed a single endothermic peak for the globulin fraction. SPI showed

separate peaks for conglycinin (7S) and glycinin (11 S). By increasing the NaCI

concentration from 0% to 2% (w/w), the denaturation temperature (Td) of the globulin

fraction of native PPI was shifted from 85 to 93°C and the Td of the 7S and 11 S

fractions of native SPI were increased from 75 to 82°C and from 93 to 100°C,

respectively. The globulin protein fractions in commercial PPI and SPI were probably

denatured, as DSC of commercial PPI and SPI showed no endothermic peak for the

globulin protein fraction and no response to presence ofNaCl.
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When the heating temperature was increased from 82 to 92°C (i.e. higher than

the Td of native PPI globulin with 1 % NaCI, w/w, 90°C), a considerable increase in the

shear stress of native PPI gels (19.6% protein, 1% NaCI concentration, w/w) was

observed. Native PPI gels exhibited lower shear stress and higher shear strain than

commercial PPI gels. Slurries of native PPI and SPI (10% protein, w/w) showed no

structure development during small oscillation dynamic rheometry when heated from 35

to 75°C. Native PPI showed lower storage modulus (G') values (i.e. less solid-like) after

75°C than did native SPI. Commercial SPI slurries exhibited higher G' values during the

complete heating process with a higher degree of initial structure development, than

was observed for commercial PPI slurries.

In the second study, the effects of process conditions (heating temperature, pH

and NaCllevel) on the gelation properties of commercial PPI were evaluated using a

rotatable response surface design. As heating temperature increased from 79 to 95°C,

there was a significant increase in gel shear stress and hardness. Shear strain and

cohesiveness of gels were considerably increased (P<O.05) by increasing pH from 6.1 to

8.1, but were not significantly affected by heating temperature. NaCI concentration (0%

to 2%) did not exhibit significant effects on any rheological and textural characteristics

of commercial PPI gels, possibly due to the lack of sensitivity of the denatured protein

to NaCI concentration changes.

In the third study, at the optimum incubation temperature (50°C), both M'I'Gase

product concentration (0% to 0.7%, w/w) and incubation time (20 to 80 min) showed a

positive linear relationship with shear stress and strain of the resulting commercial PPI

gels, and the maximum values were obtained at the highest MTGase concentration

(0.7%). The shear stress and strain decreased when the incubation temperature was

iii



higher or lower than 50°C. The torsion rheometry map indicated that the commercial

PPI gel prepared by addition of 0.7% MTGase had shear stress and strain similar to

those of the commercial SPI gel without MTGase addition and meat bologna.

In the fourth study, SDS-PAGE showed that the major subunits of the globulin

protein of native and commercial PPI were cross-linked by MTGase catalysis to form

larger molecular weight polymers. There was no significant effect of MTGase addition

on DSC thermal transition temperatures or enthalpy change for either native or

commercial PPI. Low temperature incubation (4°C for up to 18 h) with MTGase

increased the strength and elasticity of commercial PPI gels (19.6% protein). In

addition, commercial SPI gels showed an earlier increase of both shear stress and strain

with MTGase than did the PPI gels, indicating better MTGase accessibility for SPI.

The shear stress and strain of heat-induced commercial PPI gels were modified

by adjustment of processing conditions and MTGase addition. The cross-linking

catalyzed by MTGase enhanced the strength and elasticity of commercial PPI gels,

resulting in shear stress and strain similar to that of homologous SPI gels. Thus, an

improvement in the gelation properties of commercial PPI was achieved.
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1. INTRODUCTION

Currently, as more people are choosing a vegetarian diet, there is a greater

incentive to develop plant-based protein ingredients. The utilization of concentrated

seed proteins as food ingredients is largely determined by their functional properties

such as solubility, emulsification, water- and fat-binding, and foaming (Fleming and

Sosulski, 1975). A number of seed proteins have also been considered in terms of their

potential for formation of heat-induced gel networks; these include soybean

(Hoogenkamp, 1992), canola (Leger and Arntfield, 1993), and pea (Bora et aI., 1994).

Increased interest in seed proteins as foods has led to the evaluation of field pea

as a high protein crop. Canada is one of the largest producers of dry pea and a leader in

exports to the world. Canadian dry pea production occurs mainly in the Prairie

Provinces, particularly Saskatchewan, which has the largest total seeded area (78%) in

Canada in 2003 (Statistics Canada, 2004). Currently, dry pea is grown on over 900,000

ha in Saskatchewan, indicating a significant change in cropping practices from the 300

ha reported in 1967 and has been the leading alternative crop as farmers move to

diversify crop production in Saskatchewan (Saskatchewan Agriculture, Food and Rural

Revitalization, 2004). However, nearly all of the pea protein is used for animal feed

(Western Grains Research Foundation, 2003). The utilization of pea crop for human

consumption can be categorized into cereal and bakery products, meat products, milk

products, textured protein, and miscellaneous usage (Owusu-Ansah and McCurdy,
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1991). Nevertheless, none of these products has resulted in a large commercial venture.

Recently, the quantity of "genetically modified organism" (GMO) foods or food

ingredients has increased. For example, in the past three years, genetically modified

(GM) soybean acreage was up 63% in Quebec and 25% in Ontario (Acorn, 2003). More

consumers are choosing not to consume GMO foods. Canadian pea varieties are GM

free (Kostal, 2003), and thus offer an alternative legume without the GMO concern.

Pea protein products exhibit comparable and complementary functionality to

homologous soybean protein products (Swanson, 1990). Pea protein isolates have

generally higher foaming properties, denaturation temperatures and lower water

retention capacity, nitrogen solubility and emulsification properties than soy isolates

(Lampart-Szczapa, 2001). Sosulski et aI. (1976) reported that a 15% (w/w) slurry of pea

protein showed a lower gel strength than did a comparable soy isolate slurry when

heated at 90°C for 45 min. Furthermore, a 10% (w/w) slurry of pea protein isolate did

not form a heat-induced gel (Hsu et aI., 1982). These investigators also found the

viscosity of pea protein isolate dispersions to be about half that of a soy protein isolate

dispersion. In addition, pea protein isolates showed weaker gel forming ability (Soral

Smietana et aI., 1998). As a legume protein, the changes of thermal behaviour of pea

protein are according to the solution conditions, such as protein concentration, pH and

ionic strength. For instance, sodium chloride has an adverse effect on mixed pea

globulin gel strength (Lampart-Szczapa, 2001). Therefore, it would be important to

study pea protein gelation and thus improve its gel properties to satisfy practical

applications.

Although the gelation mechanisms of soy proteins and other related plant

proteins have received much attention, insight into the gelation of pea protein isolate is
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limited. A protein gel may be defined as a three-dimensional matrix or network in

which polymer-polymer and polymer-solvent interactions occur in an ordered manner,

resulting in the immobilization of large amounts of water by a small proportion of

protein (Kato et aI., 1990). Protein interactions are based on unfolding of the protein

chain, which can be achieved by heating. Thus, it is necessary for thermal gel formation

that the heating temperatures are higher than the denaturation temperature of the

protein. In addition, most gel network formation by globular proteins depends on the

process conditions such as pH, ionic species and strength, heating temperature, and

heating time (Matsumura and Mori, 1996). Therefore, process conditions have a

specific relationship with gel properties, such as shear stress and strain.

Gel-forming ability and viscoelastic properties are largely dependent on modes

of interaction and bonding, such as hydrogen and covalent bonds, and electrostatic and

hydrophobic interactions (Seguro et aI., 1995). Transglutaminase (TGase, E.C. 2.3.2.13)

catalyzes the transfer of the y-carboxyamide group of glutaminyl residues in protein to

primary amino groups in a variety of compounds, and hence the number of inter- or

intramolecular cross-links (covalent bonds) in the substrate protein can be increased

(Folk, 1980). Various TGases have been shown to react with a large number of food

proteins, indicating that differences in substrate specificity were highly related to the

transglutaminases, which come from different sources. Transglutaminase is finding

increasing use in a wide variety of foods (Nielson, 1995; de Jong and Koppelman,

2002). The commercial availability of bacterial TGase has led to the successful

development of several food products that owe their physical properties to the effect of

TGase, especially to improvements in gelation and emulsification. Transglutaminase

may be useful in increasing both the stiffness and elasticity of pea protein gels by
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generating high molecular weight protein polymers.

In the present research, the rheological and thermal transition properties of pea

protein isolates under various conditions were examined. To improve the gelation

properties of pea protein isolates, the effect of microbial transglutaminase (MTGase)

addition on rheological properties and thermal transitions was investigated. The

objectives of the current research were as follows:

1. To investigate the effects of NaCI, pH and heating temperature on gelation of

commercial pea protein isolate and identify the optimum process conditions for

pea protein using torsion and texture profile analysis methods.

2. To evaluate the rheological and textural differences of heat-induced gels from

native and commercial pea protein isolates.

3. To evaluate the effect of NaCI concentrations on the thermal transition and

rheological properties ofnative and commercial pea protein isolates.

4. To investigate the effect of MTGase concentration, incubation temperature and

time on the rheological properties of commercial pea protein isolate gels and

thus to identify optimum reaction conditions.

5. To investigate the effects of MTGase-induced cross-linking on the thermal

transition and rheological properties of native and commercial pea protein

isolates gels.

4



2. LITERATURE REVIEW

2.1 Meat Analogs of Vegetarian Products

Food scientists have made major headway in improving flavor, texture,

mouthfeel, appearance and color of meat analog products (Riaz, 2002). It is possible to

create a wide range of meat analogs due to the technologies now available for vegetable

proteins (Bryant and McClements, 2000). Currently, the processing method for

producing vegetarian bologna and frankfurters is quite similar to that of regular

emulsion meat products, such as hot dogs (Hoogenkamp, 1992). Therefore, heat

induced vegetable protein gels have been introduced into vegetarian food systems. It is

obvious that the stricter the vegetarian diet, the more difficult it becomes to avoid

nutritional and sensory deficiencies. Thus, it is important to select those vegetable

proteins that can meet the requirements ofboth nutrition and sensory properties.

Vegetarians often rely on legumes to provide bulk, versatility and nutrients. Soy

protein in the form of protein concentrate is commonly used as a base ingredient in

many vegetarian foods, including meat analogs. Textured wheat protein concentrate and

powdered concentrates are available sources of protein and can make excellent meat

analogs (Kob, 1999). Heat-induced protein gels are important to the structure and

properties of many meat analogs. Thus, legume proteins, such as soy, gluten and pea

that have the ability to form a gel with a good water-holding capacity upon heating are

expected to playa major role as meat replacements (Renkema and Vliet, 2002).
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2.2 Heat-induced Gelation of Globular Proteins

Soy proteins and pea proteins are globular proteins. In globular proteins, the

polypeptide chains are folded, and the molecules are compact, ellipsoidal, or even

spherical. Most globular proteins are soluble in dilute salt solutions (Milewski, 2001).

Gelation is one of the most important properties of food proteins as many foods

are made of protein gels, e.g. cheese, yogurt, sausage etc. Like other legume (soy) and

cereal protein (wheat gluten), pea protein will form a heat-set gel under specific

conditions. Hermansson (1979) defined gels as a protein aggregation phenomenon with

balanced attractive and repulsive forces. If the attractive forces between chains are low,

this results in an accumulation of free denatured protein as an intermediate. Under these

conditions, a fine gel network can result. On the contrary, an increase in attractive

forces can lead to gelation prior to sufficient accumulation of free chains resulting in a

coarse opaque gel (Amtfield et aI., 1989). The balance of attractive and repulsive force

can be affected by protein charge. Amtfield et al. (1990a) concluded that protein charge

played a critical role in establishing a balance between attractive and repulsive forces

necessary to give a network with a well cross-linked microstructure. However, the

protein charge can be influenced by pH levels and salt concentrations. In addition,

Matuszek (2001) indicated that gels, from the structural point of view, are multiphase

systems. The gel structure is maintained as a delicate balance between macromolecules

and macromolecule-solvent interactions.
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2.2.1 Mechanism of Globular Protein Gelation

Ferry (1948) concluded a two-stage process for protein molecule gelation: native

protein (corpuscular) is denatured and unfolds as long chains, which then associate with

each other to form a network. With globular proteins, the formation of networks is not

due to the association of unfolded protein chains but results from the corpuscular

association of globular proteins in which there is a balance between ordered and random

aggregation (Clark and Lee-Tuffnell, 1986). Evidence in the literature suggested that

globular protein interactions occur when the proteins are in a corpuscular form, rather

than as extended polypeptide chains. A three-step mechanism for protein network

formation has been proposed involving protein denaturation followed by soluble

aggregate formation and then interaction of the aggregates into networks (Arntfield et

aI., 1989). Hermansson (1979) described a similar three-step mechanism that requires

the proteins undergo some conformational changes initially and the second aggregation

step proceeds relatively more slowly than the first to allow the denatured protein

molecules to orient themselves and thus form a three-dimensional network. Therefore, a

conformational change of globular protein molecules is a prerequisite for aggregation

and network development. Tombs (1974) described the gelation of globular proteins by

two models (Figure 2.1): (i) a highly oriented 'string of beads'; and (ii) random

aggregation. Highly oriented gels (string of beads) with transparent or translucent

appearance have been observed with serum albumin, ovalbumin and soybean glycinin.

Whereas, random aggregated gels are non-transparent (Hermansson, 1986). Bacon et aI.

(1990) prepared transparent pea protein gels as a potential substitute for gelatin, which

is the only protein used widely for clear gel products in the food industry.
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a b

Figure 2.1 Two types of gel network formed by the aggregation of globular protein. (a)
Aggregation of 'string of beads' polymers (b) Random aggregation of molecules. (From
Matsumura and Mori, 1996)

2.2.2 Effects of Sodium Chloride and pH Level on the Gelation of Globular Protein

Salt concentration (ionic strength) and other factors can influence the formation

of heat-induced gel networks. It has been suggested that at very low concentrations salts

aid in protein solubilization prior to heating (Kohnhorst and Mangino, 1985). Following

further salt addition, the masking of the net charge repulsion simply promotes

aggregation. Divalent salts tend to be more effective in promoting this aggregation than

univalent ones, while the influence of polyvalent salts tends to be moderate (Nakamura

et al., 1978). The maximum hardness of plant protein gels can be achieved with as high

as 400 mM NaCI as was reported for oats (Ma and Harwalkar, 1988).

The pH can impact electrostatic interactions and influence the formation of the

well-developed network structure of protein gels (Matsumura and Mori, 1996).

Foegeding et al. (1995) reported that maximum or minimum fracture values are seen in

gels that are formed at pH values above or below the isoelectric point. For different

types of gel structures, due to small changes in the repulsive balance, gels of both
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random and ordered aggregations can be formed from one protein and the transfer from

one type of gel structure to another can occur within 0.1 pH unit (Hermansson, 1986).

2.2.3 Role of Denaturation Temperature (Td) in Heat-induced Protein Gelation

The disruption of the native protein conformation is called denaturation

(Milewski, 200 I). Heating a protein solution, a common method to achieve

denaturation, increases the vibrational and rotational energy of the protein molecules

and results in further structure development different from the native conformation.

In the case of heat-set gelation, gelation normally occurs at or above the

denaturation temperatures of proteins, therefore data on the denaturation temperature is

important in studies of heat-set gelation (Hall, 1996). The primary importance of the

denaturation process is to expose the functional groups (such as c=o and N-H of

peptide bonds, side-chain amide groups, and hydrophobic groups), which, under

appropriate conditions, interact with each other to form a three-dimensional gel

network. The higher the extent of denaturation, the higher is the exposure of functional

groups and the greater is the gel strength (Wang and Damodaran, 1991). Therefore, to

improve the physical properties of the gel, Clark et al. (2001) suggested that a thermally

induced unfolding of the native protein in solution (possible after some degree of

dissociation, if a multisubunit protein is involved) was the initiating step in the multi

stage mechanism. The development of rheologically significant structures did not begin

until most of the protein had been denatured (Arntfield et aI., 1989). For legume

proteins, such as soy and pea, it has been suggested that the less-than-desirable

functional properties may be related to their particular structural stability and hence

high heat-stability (high denaturation temperature) (Damodaran, 1997).
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Different components of various proteins have their own denaturation

temperature. Meng and Ma (2002) reported that the denaturation temperatures (Td) of

red bean globulin are about 78 and 92.2°C, respectively (O.OlM phosphate buffer at pH

7.4). Denaturation temperatures of vicilin (7S) and legumin (llS) of field pea

concentrate were 86 and 94°C, respectively (Sosulski et aI., 1985). The lIS globulin of

soy protein had a Td at 99.6°C (Yildirim and Hettiarachchy, 1997) and that of soy 7S

fraction was reported at 87.7°C (Liu and Xiong, 2000). Beveridge et al. (1985) reported

that an essentially flat thermal curve was obtained for commercial soy protein,

indicating possible denaturation of this protein during processing.

2.2.4 Effects of Sodium Chloride and pH Level on Denaturation Temperature (Td)

Salt concentration can shift the thermal denaturation temperature (Td) of

globular proteins. Zheng et al. (1993) employed differential scanning calorimetry (DSC)

to investigate the denaturation behavior of broad bean legumin (11 S). The authors

reported that enthalpy and Td were increased progressively with increasing NaCI

concentration. At NaCI concentrations higher than 0.8 M, legumin had a denaturation

temperature greater than 100°C. The authors concluded NaCI stabilized the quaternary

and tertiary structure of legumin, and thereby probably protected the protein against

denaturation. The effect of salt on thermal transition temperature also can be observed

for other globular proteins, such as cereal, bean and milk (Choi et aI., 2000). This has

been attributed to the increased hydrophobic interactions caused by addition of salt to

stabilize the native conformation (Danilenko et aI., 1985).
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The effect ofpH level on the thermal characteristics of globular protein has been

reported by Meng and Ma (2001). The results showed that denaturation temperature of

red bean globulin decreased at alkaline or acidic pH, with highest Td at pH 5

(isoelectric pH). Morrissey et al. (1987) indicated that most proteins are stable over a

specific pH range, normally near the isoelectric pH, when the repulsive forces are quite

low and therefore the proteins remain in a native state. At high or low pH, large net

charges are induced and repulsive forces increase, resulting in unfolding ofproteins.

2.3 Cross-links of Heat-induced Protein Gels

Protein cross-linking refers to the formation of covalent bonds between

polypeptide chains within a protein (intramolecular cross-links) or between proteins

(intermolecular cross-links) (Feeney & Whitaker, 1988). Gerrard (2003) indicated that

cross-linking of the protein can change its function in either native or denatured states.

In addition, the cross-linking and aggregation of protein molecules has been cited as one

of the most important mechanisms for engineering food structures with desirable

mechanical properties (Dickinson, 1997).

2.3.1 Relationship Between Cross-links and Rheological and Textural Properties

The textural and rheological properties of food proteins, such as hardness,

cohesiveness, shear stress and strain, may be modified by altering the natural cross-links

or by introducing new cross-links into the protein structure. Wang and Damodaran

(1990) indicated that in phenomenological terms, the strength or rigidity of protein gels

is related to the number of intermolecular cross-links formed in the gel network. The

higher the number of cross-links, the greater would be the gel strength. Differences in
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certain structural features of globular proteins are related to the differences in quantity

and characteristics of the cross-links. The rheological and textural properties of typical

globular protein gels are fundamentally dependent not as much on their chemical nature

but largely on their molecular size (and shape) (Wang and Damodaran, 1990). The

number of stable cross-links formed per unit cell of the gel network is affected by both

the molecular size and protein concentration.

2.3.2 Formation of Cross-linking in Globular Protein Gels

Cross-linking is dependent on availability of binding sites or functional groups

by which thermally induced unfolding can be increased, i.e. sulfhydryl groups could

form disulfide bonds, exposed hydrophobic side chains can participate in hydrophobic

interactions, and polar groups can form hydrogen bonds or charged groups, which link

via electrostatic interaction (Foegeding et aI., 1995). For a globular protein to form an

open three-dimensional network, small aggregates associate into strands which interact

with other such strands to form a cross-linked appearance (different from linear

aggregates of fibrous protein). It is in this context that the term cross-linking is used

here (Amtfield and Murray, 1992). During the process of heat-induced gelation of most

proteins, involvement of hydrogen bonds or ionic links has been discounted since they

are weak or nonexistent at gelation temperatures. Cross-linking of globular protein gel

form mainly through hydrophobic interactions, and following the gel setting on cooling,

there is the formation of a multiplicity of hydrogen bonds since these are favored by

lower temperatures (Beveridge et aI., 1984).
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2.3.3 Impacts of Sodium Chloride and pH on Cross-linking and Gel Network

Increasing ionic strength through salt addition has significant effects on cross

linking and gel network development during globular protein gelation. The masking of

protein charge by the salt may inhibit protein-protein interactions necessary for network

formation. The influence of salts on hydrophobic interactions may also be a factor

(Amtfield et aI., 1990b). In addition, the authors indicated that it would appear that the

promotion of intramolecular hydrophobic interactions is detrimental to the formation of

heat-induced networks. At low salt levels, the stabilizing effect of salt has been

attributed to an electrostatic response; at high concentration, the ability of salt to

stabilize protein structures has been related to the preferential hydration of the protein

molecule as a result of a salt induced alteration of the water structure in the vicinity of

the protein (Amtfield et aI., 1986).

Amtfield and Murray (1992) observed that the storage modulus (G') was

increased from pH 5 (isoelectric point) to pH 9 for fababean vicilin. At pH 5, proteins

aggregate rather than forming networks. This observation simply reinforces the concept

that the appropriate balance of attractive and repulsive force is necessary for network

formation. Doi (1993) reported that the hardness of heat-induced ovalbumin gel

exhibited higher values at either acidic or basic pH level, and the lowest value can be

found near the isoelectric pH. At the isoelectric point, attractive and repulsive forces are

minimum and reduce the interaction among protein molecules. Therefore, the cross-link

formation was dramatically decreased at the isoelectric point.
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2.4 Components of Legume Protein

Legume (seed) protein includes soybean, peanut, peas, and beans that are

dicotyledons. The proteins of most dicotyledon seeds are globulins which are soluble in

dilute salt solutions at pH values above or below their isoelectric points (generally

between pH 4 and 5) (Anglemier and Montgomery, 1976). Legume proteins have some

common characteristics, for example, pea legumin and vicilin have comparable

molecular weights, amino acid compositions, and subunit structure to soy glycinin and

conglycinin, respectively (Derbyshire et aI., 1976).

The individual components of the globulins were initially classified according to

their sedimentation velocity; for instance, soy protein contains 2S, 7S, 11 S and 15S

fractions. Glycinin (11 S) and conglycinin (7S) of soy protein present specific

characteristics and functionalities and thus wi11largely affect mechanical properties of a

heat-induced gel. For example, gel hardness ranks in descending order of �-conglycinin,

soy protein, and glycinin, when heating below 93°C, while the order is glycinin, soy

protein, and �-conglycinin when heating above 93°C at high ionic strength (Kang et aI.,

1991). The difference in the ranks may be due to onset denaturation temperature as the

Td for �-conglycinin is about 70°C, and that of glycinin about 80°C (neutral pH and no

salt added) (Renkema and Vliet, 2002). The same authors also indicated that glycinin is

responsible for the high compressibility of soy protein gels, regardless of whether

glycinin forms a network structure or not and �- conglycinin largely contributes to the

elasticity of the gels.

Hermansson (1986) reported that soy glycinin and conglycinin have the ability

to form ordered networks of strands when heated to 85°C and in 0.2 M sodium chloride
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at pH 7. The strands of both protein components were compositions of associated

monomers arranged in a circular way. The glycinin strands were more regular and the

degree of cross-linking lower than in the case of conglycinin-rich gels. Various

interactions and covalent bonds were involved in gelation of the different fractions

during heating. Utsumi and Kinsella (1985) indicated that electrostatic interactions and

disulfide bonds are involved in the formation of 11 S globulin gels, mostly hydrogen

bonding in 7S globulin gels, and both hydrogen bonding and hydrophobic interactions

in soy isolate gels. Zheng et al. (1993) concluded that heating temperatures below

denaturation temperature (To) showed no heat-set gel. It is believed that the high

temperature heating generates more reaction sites for gel networks on the surface of

protein molecules (mainly hydrophobic sites) and forms a disordered gel (Nagano et aI.,

1992).

2.5 Pea Protein

The field pea (Pisum sativum L.) belongs to the family Fabaceae. Like other

legume seeds, field pea is characteristically rich in protein and the protein fraction can

offer potential as a source of novel ingredients for food processing (Tian et aI., 1999).

Canada produces five different types. Green and yellow peas are the most commonly

produced pea types in Canada. Other varieties of peas produced include: Marrowfat,

Austrian Winter Pea and Maple pea (Pulse Canada, 2004).

2.5.1 Composition of Pea and Pea Protein

As a legume, pea seed contains approximately 20-30% protein (Table 2.1), the

majority of which are storage proteins (Koyoro et aI., 1987). Pea lipids can be
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broadly classified as neutral triacylglycerols and polar phospholipids. The ratio of

neutral to polar lipids ranges from 0.9 to 2.3 among cultivars (Swanson, 1990). Pea

seeds contain about 68% carbohydrate. These include sugars (mono-, di-, and oligo-

saccharides), starch, and fibre. The fibre (56% cellulose and 24% hemicellulose) is

concentrated in the seed coat or hull portion of the pea seed (Adsule et aI., 1989). At

present, pea protein is prepared in two forms: pea protein isolate (PPI) and pea protein

concentrate (PPC). Highly concentrated protein fractions, such as PPI, can be prepared

by wet processing. Protein separation has been mainly based on solubilization ofprotein

followed by isoelectric precipitation for subsequent recovery (Owusu-Ansah and

McCurdy, 1991).

Table 2.1 Gross chemical composition ofyellow field pea seed and protein isolate

Components Yellow field pea seed Pea protein isolate

Crude protein % 20.1 82

Crude fat % 2.2 3.0

Crude fiber % 6.5 2.3

Ash % 3.0 4.0

Carbohydrate % 68.2 8.7

From Sumner et al. (1981). From Anonymous (2003).

The proteins of peas could be fractionated on the basis of their solubility as 21 %

(w/w) albumin, 66% (w/w) globulin, and 12% (w/w) glutelin (Adsule et aI., 1989). The

major globulins of peas are referred to as legumin and vicilin. In addition, the

proportion of the legumin fraction varies from 25 to 80% of the total globulins

depending on cultivar (Adsule et al. 1989). Legumin and vicilin have isoelectric points

of pH 4.8 and pH 5.5, respectively. Legumin, the 11 S storage protein of pea seeds, is a

globulin with a compact oligomeric structure characterized by an arrangement of six (u,

�) subunits and a relative molecular weight of about 360,000 (Colas et aI., 1993).
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Vicilin (7S) has a molecular weight of 180,000, and contains four subunits (Adsule et

aI., 1989) and is a trimer. A third globulin, convicilin, with a subunit molecular weight

(MW) of71,000 and MW of 290,000 and containing a limited quantity of carbohydrate

has also been identified (Swanson, 1990). Megha and Grant (1986) reported that field

pea was high in protein compared to many other crops and that the protein was a good

source of amino acids. The amino acid composition of field pea protein is listed in

Table 2.2.

Table 2.2 Amino acid composition of proteins in relation to a reference protein standard)

Amino acid Field peaz SoybeanZ Human requiremene
Histidine 2.6 2.3
Isoleucine 4.6 4.8
Leucine 8.5 8.1

Lysine 7.2 6.3
Methionine 0.9 1.5

Cysteine 1.0 1.1

Phenylalanine 5.2 5.0

Tyrosine 3.4 4.1
Threonine 3.3 4.1

Tryptophan 1.1 1.4
Valine 5.0 5.1

Arginine 9.4 5.9

Aspartic acid 11.9 11.9
Alanine 4.1 4.3
Glutamic acid 18.5 19.2

Glycine 4.0 4.2
Proline 4.3 5.4
Serine 4.9 5.3

1.7
4.2
7.0
5.1
2.6

7.3

3.5
1.1
4.8

)
g amino acid / 100g protein. zFrom Sosulski and McCurdy (1987).3NAS (1980).

The content of essential amino acids is complementary to that of cereal grains so

that supplementation of cereal based foods with pea protein can significantly improve

the overall nutritional quality. Pea protein is a good source of essential amino acids and

is especially high in lysine content, although it has a deficiency in the sulfur-containing

amino acids methionine and cysteine (WHO, 1985). Pea protein was found to have a
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true digestibility of 88% as measured by rat assay (Sarwar, 1984).

2.5.2 Functional Properties of Pea Protein

Functional properties of pea protein (isolate, concentrate, and flour) and of

protein macro fractions (globulin and legumin) were studied by several researchers

(Tornoskozi et aI., 2001; Dagom-Scaviner et aI., 1987; Sosulski and McCurdy, 1987).

The functionalities of pea protein were compared with soy protein. For example, Baticz

et ai. (2001) indicated that heat-induced pea protein gels had lower oil binding capacity

than that of soy protein gel, and Su et al. (2000) reported that pea proteins isolate

showed relatively poor water retention and absorption properties when compared with

soy protein isolate.

Amino acid analysis of pea vicilin has shown the absence of the sulphur

containing amino acids, cysteine and methionine (Gatehouse et aI., 1984). In addition,

Chanyongvorakul et ai. (1995) also indicated that free sulphydryl content of the

globulins of pea protein was low. Therefore, the formation of disulfide bonds between

these protein molecules, which would initiate SH-SS interchange reactions, is limited.

For gelation of pea protein, mainly reversible and weak noncovalent bonds rather than

disulfide bonds are available to stabilize cross-links of protein network. This may result

in relatively low values for texture and rheological properties of thermally induced gels

from pea protein.

The differences In functional properties observed between commercial pea

protein isolate (PPJ) and pea protein concentrate (PPC) can be partially attributed to the

technological processes used in the isolate preparations. Soral-Smietana et al. (1998)

reported that the solubility and water holding capacity of commercial vegetable protein
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depended on the method ofpreparation. In addition, structural properties such as surface

and exposed hydrophobicity, number of SH groups, and degree of denaturation is

dependent on the processing conditions employed. Sosulski and McCurdy (1987)

reported that the water holding and oil absorption capacities were lowest for pea protein

flour; significantly higher for PPC and the highest values were obtained with the protein

isolate. Nevertheless, higher nitrogen solubility was found with pea protein flour than

PPC and PPI. Denaturation of the protein during processing might contribute to this

difference in PPC and PPI.

2.5.2 Gelation Properties of Pea Protein

2.5.2.1 Thermal Properties of Protein Components

Bacon et aI. (1990) indicated that globular protein components, such as vicilin

and legumin, consist of a number of tightly folded subunits, which are not completely

unfolded even by heat thus keeping many potential cross-linking sites concealed.

Further research by Bora et aI. (1994) exhibited that vicilin, the 7S component of pea

globulin, undergoes heat gelation under pH 7.1, 20 min heating at 87°C while legumin,

the 11 S component, does not gel in the same model system. This may be because vicilin

has a denaturation temperature at 86°C and legumin is at 94°C (Sosulski et aI., 1985).

Bora et aI. (1994) suggested that the heat-denatured gel of the soybean protein has a

higher value of hardness using instrumental texture profile analysis (TPA) than that of

pea protein under the same thermal conditions. This may be due to the relatively low

onset temperatures for both 7S (67°C) and 11 S (80°C) fractions of soy protein

(Hermansson, 1986). The optimal conditions for gelation of a pea mixed globulin
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system, as assessed by gel hardness, were pH 7.1 and heating time 20 min at 87°C.

Addition of NaCI at concentrations of 0.05 M or greater resulted in mixed pea globulin

gels of reduced hardness (Bora et al., 1994).

2.5.2.2 Effects of Salt and pH on Gelation

Heat-induced gels of pea protein are affected by salt concentration and pH level.

Akintayo et al. (1999) indicated that hydrogen and ionic bonds are responsible for the

stabilization of the gel. They further explained that addition ofNaCI would decrease the

viscosity of the gel if the concentration ofNaCI is high enough to neutralize the charges

stabilizing the gel. Ipsen (1997) reported that addition of NaCI (1 %, w/w) reduced the

strength and stiffness of the gels made from pea proteins. The reduction in stiffness (and

strength) was most pronounced for PPI. On the other hand, the gels made with pea

protein concentrate were less sensitive to pH than gels made with soy protein

concentrate (Ipsen, 1995). Bora et al. (1994) reported that for native pea protein (15%

protein content, pH 5.95) with 87°C heating treatment, no gel formed. Gel formation

occurred at higher than pH 6.4, with the greatest gel peak force at pH 7.1.

2.6 Treatment of Proteins with Transglutaminase (TGase)

2.6.1 Introduction

Transglutaminase «R)-glutaminyl (GIn) peptide, amine y-glutamyl transferase;

EC 2.3.2.13) catalyzes the acyl-transfer reaction, in which y-carboxyamide groups of

peptide-bound glutaminyl residues are the acyl donors. When the amino groups of

peptide-bound lysine (Lys) residues are the acyl acceptor, E- (y-Gln) Lys cross-links are
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generated (Mizuno et aI., 2000) (Figure 2.2).

I

(a) Acyl-transfer reaction (b) Cross-linking reaction (c) Deamidation

II

Protein molecull'S f>olyrnerUred protein

•

j !
Glu-C-Nlil + H1N-Lys -
I II I

o

I I

Glu-C-NH-Lys
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o
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Figure 2.2 Reactions catalyzed by transglutaminase (I) and protein polymerization by
transglutaminase (II) (From Ajinomoto, 2002)

Introduction of new cross-links by TGase can be beneficial to gelation or

structure (Imm et aI., 2000). As shown in Figure 2.2, the acyl-transfer reaction can

introduce new groups into proteins, thus introducing changes in charge, hydrophobicity

and structure (de long and Koppelman, 2002) and the deamidation of proteins can

improve protein solubility, emulsification, and gelation properties (Hamada, 1994).
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Transglutaminase can be obtained from various sources (Folk, 1980; Ando et aI.,

1989). Guinea-pig liver has been the sole source of commercial transglutaminase for

decades. The scarcity of the source and the complicated purification procedure for

obtaining this calcium ion dependent tissue TGase have resulted in an extremely high

price for the enzyme. Microbial transglutaminase (Ca2+ independent) based on mass

production by microbial fermentation, is now widely used in food processing (Zhu et

aI., 1995). Nonaka et aI. (1994) reported that calcium independent microbial TGase

produced by Streptovertricillium mobaraense had a better ability to incorporate lysine

or lysine dipeptides into casein than guinea-pig liver TGase. One MTGase product

(Activa™ TG-TI, Ajinomoto, USA) has an optimum reaction temperature range of 50-

55°C and the enzyme stability will largely decrease above 50°C (Figure 2.3).

a b

Figure 2.3 The optimum temperatures (a) and temperature stability (b) ofMTGase (Ajinomoto,
2002).

2.6.2 Substrates

Generally, protein substrates of transglutaminase are classified into four groups:

(1) Gln-Lys-type, in which both GIn and Lys residues are available for cross-linking;

(2) GIn-type, in which only the GIn residue is available for reaction; (3) Lys-type, in

which only Lys residues are available; (4) a nonreactive type, in which both GIn and
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Lys residues are unavailable for reaction (Ikura et aI., 1984). This classification is

mainly based on the accessibility of Lys and GIn residues located on the protein's

surface. Therefore, TGase can be used to mediate the incorporation of various amines

into food proteins to improve their nutritional and/or rheological properties

(Chanyongvorakul et aI., 1994).

Kurth (1983) described possible mechanisms for the polymer (cross-link) chain

growth catalyzed by TGase and indicated that possible reactions are the formation of

long unbranched polymer for a bi-functional protein or, if a second protein has either

two acceptor or two donor sites, then branching is possible (Figure 2.4).

a)

b)

Figure 2.4 Two possibilities for polymer chain growth. Light (narrow) branch being a

glutaminyl donor and the heavy (thick) branch a lysyl acceptor. a): straight chain growth. b):
branching chain growth (Kurth, 1983).

The reactivity of proteins with microbial transglutaminase depends on not only

the distribution of glutamine residues but also the secondary and tertiary structure of

proteins (Imm et aI., 2000). It is well known that casein is a good substrate for TGase

(Sakamoto et aI., 1994). Non-meat food proteins, such as soybean (Babiker, 2000) and
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wheat gluten (Lam! et aI., 2000) have shown drastic changes in physicochemical

properties and rheological behavior following reaction with TGase.

Despite relatively high content of glutaminyl and lysine residues in pea protein,

the 11 S and 7S seed storage proteins are rather poor substrates for transglutaminase.

This low reactivity may be related to the low accessibility of the reactive residues due to

the globular compact structure of these seed proteins (Larre et aI., 1992). From a

molecular perspective, in the native globular conformation, only the a. polypeptides

could be polymerized by TGase, indicating that the � polypeptides were buried. This

low reactivity was also related to the small amount of accessible glutaminyl residues

and the absence of lysyl residues in the most flexible segments of this polypeptide

(Larre et aI., 1993). Colas et aI. (l993) reported that citraconylation leads to a stepwise

dissociation of the native legumin (lIS) into 7.4S and 3.8S components. Thus, a greater

accessibility of glutaminyl residues related to conformational changes could explain the

higher degree of TGase reactivity for the native legumin that was citraconylated than

the control sample without citraconylation.

2.6.3 Applications of TGase in Protein Gelation

Treatment with TGase has been shown to produce covalent bonds in heat

induced gels from a wide range of food proteins (Dickinson, 1997). There have been a

number of reports about the TGase induced polymerization with protein from foods,

such as �-casein, �-lactoglobulin (Han and Damodaran, 1996), pea legumin and wheat

gliadins (Colas et aI., 1993), gelatin (Babin and Dickinson, 2001), soy protein and egg

white (Sakamoto et aI., 1994), and myofibrillar protein (Ramirez-Suarez and Xiong,

2003). Furthermore, the ability of the enzyme to modify mechanical properties of
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various food proteins has been reported in several previous studies. Nio et al. (1985)

reported that cross-links caused by guinea pig liver transglutaminase increased the gel

strength of casein components and soy globulins; enhanced gel strength of TGase

treatment on the thermoreversible gelation of gelatin was reported by Babin and

Dickinson (2001); beef muscle protein gels containing TGase exhibited greater hardness

and cohesiveness than those produced without TGase addition (Pietrasik, 2003).

However, no studies with pea protein and TGase addition have been reported.

Based on the optimum reaction conditions for TGase, Larre et al. (2000)

indicated that the level of polymerization was dependent on the quantity of enzyme,

incubation temperature and the reaction time. Ramirez et al. (2000) observed that

concentration of microbial transglutaminase (MTGase) and incubation time have a

positive relationship with gel strength of surimi gels from striped mullet. The maximum

gel strength of the surimi was found at the optimum temperature for TGase reaction.

2.6.4 Effect of Cross-linking on Protein Gelation

TGase has potential applications in the modification of the stability and

rheological properties of various food proteins by inducing covalent bonding in the

protein (Singh, 1991). The overall characteristics of gels are very dependant on the

nature and lor degree of cross-linking of the physical networks. Previous studies

demonstrated that disulfide bonds and non-covalent bonds contribute to stabilization of

the network structure of thermally-induced globulins gels (Furukawa et al. 1979).

Chanyongvorakul et al. (1995) indicated that when chemical bondings are involved in

cross-linking of protein strands, these bonds might restrict flow of the chains, and

enhance elastic properties and/or stiffness.
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Wang and Damodaran (1990) concluded that the greater the molecular weight of

the protein polymers, the greater would be the gelling power. Globular proteins whose

molecular weight is less than 23 kDa under the gelation conditions would not form a

gel. Conversely, one can improve the gelling properties of globular proteins by

increasing their effective chain length via chemical cross-linking methods. It has been

found that cross-linking caused by TGase can modify the thermal stability of the

proteins. Yildirim and Hettiarachchy (1997) employed differential scanning calorimetry

(DSC) to determine the thermal stabilities of the cross-linked polymer of soybean 11 S

globulin with whey proteins (around 5% protein content) caused by TGase. The results

demonstrated that the novel biopolymers of whey protein isolate and soybean 11 S

globulin did not show any endothermic peak up to 130°C.

2.6.5 Effect of Substrates on Cross-linking Catalyzed by TGase

The rate of cross-linking by transglutaminase catalyst is dependent on the

macromolecular structure of each protein substrate (Dickinson, 1997). Reactive

glutamine residues reside in flexible regions of the polypeptide chain (Berbers et aI.,

1983) or in regions with reverse turns (Wold, 1985). The flexible caseins are therefore

good substrates (Nio et aI., 1985). However, globular food proteins such as ovalbumin

and �-lactoglobulin are not attached by transglutaminase in their native states

(Dickinson, 1997). Chemical modifications such as succinylation (Lorand et aI., 1971)

have been shown to open up globular proteins to the transglutaminase. Larre et al.

(1992) employed citraconylation to increase reactivity of the substrate, in which

sufficient citraconic anhydride was added to obtain various degrees of acylation that

resulted in the conversion of 11 S globular protein into a better substrate.
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Koksel et al. (2001) have carried out rheological studies on the reaction of

TGase, gluten and soy protein isolate. They indicated that although it is theoretically

possible to use the TGase reaction to synthesize protein conjugates by cross-linking two

or more proteins, TGase often does not readily cross-link heterogonous proteins even

thought these proteins can provide both glutamine and lysine residues for the cross

linking reaction and will readily form homologous protein polymers because of lack of

thermodynamic compatibility. Han and Damodaran (1996) indicated that because of

mutual repulsion generated from two proteins belonging to different classes, or between

polar and apolar surfaces, two dissimilar proteins would approach each other only up to

a distance at which the free energy of the interaction is zero. Therefore, the inability to

come close together at the active site of the enzyme to form a transient enzyme

substrate complex may preclude formation ofheterologous polymers.

2.7 Detection Methods for Structure Development and Thermal Transition of

Protein Slurries, and Texture of Proteins Gels

It is well known that as the temperature of concentrated solutions of globular

proteins increases, along with the destruction of the native molecular structure, i.e.

denaturation, network formation of heat-set gels can proceed. This process involves

changes in the protein conformation at specific temperatures (Sochava and

Belopolskaya, 1992). In addition, the transglutaminase reaction provides an enzymatic

method for producing a variety of gel-like structures with a range of rheological

properties (Singh, 1991). Thus, several methods can be employed to monitor the

changes in structure, texture, and rheological properties through the course of protein

gelation with or without the enzyme. These methods include texture profile analysis

27



(TPA), torsional rheometry, and dynamic rheological measurement. As previously

mentioned in Section 2.2, denaturation temperature (Td) is one of the most important

factors influencing the thermal stability and is related to thermal processing of the heat-

induced legume protein gel. For this reason, differential scanning calorimeter (DSC)

can be used to determine Td of various proteins as influenced by various factors, such

as ionic strength, pH level and confirmation change.

2.7.1 Texture Profile Analysis (TPA)

Textural characteristics of gels can be analyzed according to the texture profile

analysis (TPA) method (Bourne, 1982). Civille and Szczesniak (1973) provided the

definitions of some textural characteristics (Table 2.3) so that a better understanding of

textural properties could be obtained.

Properties

Table 2.3 Definitions of textural characteristics (Civille and Szczesniak, 1973)

SensoryPhysical
Hardness

Cohesiveness

Adhesiveness

Chewiness

Force necessary to attain a given
deformation

Extent to which a material can

be deformed before it ruptures

Work necessary to overcome the
attractive forces between
material with which the food
comes in contact

Energy required to masticate a

solid food to a state ready for

swallowing; a product of

hardness, cohesiveness and

springiness

Force required to compress a

substance (in the case of solids)
between molar teeth

Degree to which a substance is

compressed between the teeth
before it breaks

Force required to remove the
material that adheres to the mouth

during the normal eating process

Length of time required to

masticate the sample, at a constant

rate of force application, to reduce
it to a consistency suitable for

swallowing
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TPA can be separated into single compression and double compression tests.

The single-compression test can be done to failure, meaning that the sample is

compressed until it breaks. The test can also be done to a fracture point where the

deformation is measured (Barbut, 2002). For a two-cycle compression, a cylindrical

sample is compressed to a certain predetermined deformation during the first cycle, and

then is compressed a second time (Bourne, 1978).

This method was extensively used with various protein gels, such as dried and

non-dried sausage (Ziegler et aI., 1987), low-fat bologna (Shand, 2000), soy protein gel

(Lin et aI., 2000), and pork batters with MTGase addition (Pietrasik and Li-Chan,

2002). For preventing problems such as overcompression and to allow for a meaningful

comparison of results, standard conditions have been recommended (Mittal et aI.,

1992). The parameters are: diameter: specimen length (height) = 1 :5, compression ratio

= 75% and rate of compression = 1 to 2 ern/min. The calculations of some parameters

were shown at Figure 2.5.

Hardness 1

Factorability
Hardness 2

Stringiness

1J
� - .

Adhesive force Springiness

Cohesiveness = Areal/Area2 Chewiness = hardness x cohesiveness x springiness

Figure 2.5 Generalized force-deformation curve (two cycle compression test). Modified
from Bourne (1978).
_ '--_-...A.A._ \.1./ I UJ.
_ a. _ \.&.J I UJ.
_ _ _,.. _ \.&.J I VJe
___ _ - __ _ \ .... .,., (VI-
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2.7.2 Torsional Rheometry

2.7.2.1 Principle and Applications

In torsional rheology, a capstan-shaped specimen (i.e. gelled protein) is twisted,

and the torque-time data are converted into stress and strain, describing structural

changes and textural properties of the tested material. Shear stress is the force that acts

in parallel to the sample surface; the relative deformation of the material is called shear

strain when a sample encounters a shear stress (Daubert and Foegeding, 1998). Torsion

produces a pure shear stress, a condition that maintains sample shape and volume

during the test (Truong and Daubert, 2000). The advantage of using this test is that

volume changes are minimized and the squeezing out of water, prior to the breakpoint,

is avoided (Barbut, 2002). A plot of torsional rigidity (stress/strain) versus strain at

failure adequately describes the textural properties of most protein gels and can be used

to show treatment effects on gel texture (Lanier, 1986). According to Chin et al. (1999),

shear strain at failure represents the deformation; shear modulus (G) is the degree of

rigidity of samples; and shear stress indicates gel strength. In torsion testing, shear

stress at failure is sensitive to protein concentration, processing effects, and ingredients

(Hamann, 1988). Shear strain is influenced mainly by protein quality and may be

considered an evaluation ofprotein functionality (Hamann and Lanier, 1986).

For gels, TPA hardness and shear stress at failure are highly correlated, whereas

shear strain correlated with TPA cohesiveness. Claus (1995) suggested that a single

method for assessing textural characteristics was not sufficient, and recommended other

instrumental measurements, such as the torsion stress test, to confirm observations

found with TPA.
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2.7.2.2 Torsion Texture Map

Because stress and strain are measured independently of one another, a torsion

texture map indicates the textural changes in a product (Figure 2.6). The map is useful

to food product development teams and process engineers since it provides insight into

ingredient effects and impact ofprocessing conditions on mechanical properties relating

to product texture (Truong and Daubert, 2001). For example, slightly higher shear stress

and lower shear strain indicate that the texture would be slightly more brittle (Chin et

aI., 1998) (Figure 2.6). Therefore, this "torsion texture map" could be used for practical

applications in the food industry for quality control (least cost formulation) and new

product development (production improvement).

t

MUSHY RUBBERY

BRITTLE TOUGH

Strain, dimensionless

(Gel Defonnability)

Figure 2.6 Torsion texture map. (From Gel Consultants Inc., 2002)

2.7.3 Differential Scanning Calorimetry (DSC)

2.7.3.1 Principle and Applications

Differential scanning calorimetry (DSC) is used to measure the heat capacity of

a protein as a function of temperature. It can be used to detect the thermal transition
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or unfolding temperature of proteins and to quantify enthalpy of the conformational

transition (Smith, 1994). Information on thermal stability or transition is very useful for

determining the proper heat conditions, heating temperature, ionic strength and for

explaining the gelation behavior ofproteins (Zheng et aI., 1993). Many previous studies

have employed DSC to determine thermal changes and conformation development of

various proteins. Changes in the thermal behavior of fababean, field pea, soybean and

canola with various protein purification processes were determined by Murray et aI.

(1985). Beveridge et aI. (1985) reported conformation development of egg albumen,

whey protein and commercial soy protein in relation to denaturation temperatures.

Effect of salt on the thermal stability of fababean globulins was observed by Arntfield et

aI. (1986); and Savoie and Amtfield (1996) studied the effect of pH on the thermally

induced gelation ofovalbumin using DSC determination.

There are several advantages of DSC to the investigation of plant protein

denaturation. It does not require dissolving the protein and can be performed at various

protein to water ratios (Amtfield and Murray, 1981). Considering the intermolecular

interactions in dilute protein solutions, due to a lack of instrumental sensitivity, many

food protein studies using DSC are performed at high protein concentrations in which

exothermic aggregation may alter the actual pattern of the endotherm and result in

inaccurate calculation of enthalpy (Smith, 1994). Matsumura and Mori (1996) proposed

the solution for this problem is that those aggregates could be removed by

centrifugation or filtration if there are large particles in the dispersion. In addition, the

heating rate used during DSC can influence determination of denaturation temperatures.

Amtfield and Murray (1992) reported that increasing the heating rate of DSC from 2 to

10°C/min resulted in significantly higher apparent denaturation temperature (Td) values
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at pH 5.0, 7.0, and 9.0 for 10% (w/w) vicilin and ovalbumin solutions.

2.7.3.2 Denaturation Temperature and Enthalpy Determined by DSC

The real denaturation temperature of a single peak can be determined by

extrapolating denaturation temperature observed in DSC curves at different heating

rates to O°C/min (Smith, 1994). It is well known that endothermic peak temperatures

(Td) in heating DSC curves could be shifted to higher temperature with increasing

scanning rates (Relkin and Launay, 1990). Normally the denaturation temperature is

estimated by DSC measurement with a constant heating rate, and then the temperatures

of onset (To), peak (Td) and end points (Tf) of denaturation are determined (Zheng et

aI., 1993). For mixed components, it may be possible to separate the protein peak from

those of other components involved in the sample. This requires data on the chemical

composition of the sample powder or the ability to predict the temperature of the phase

transition of other components (Matsumura and Mori, 1996). The denaturation

temperatures of plant seed proteins are normally higher than animal proteins. For

instance, the Td of oat globulin is over 110°C (Ma and Harwalkar, 1988) and 63°C for

chicken pectoralis muscle myosin (Liu and Xiong, 2000).

The calorimetric enthalpy (� Heal) is calculated by integrating the area under a

DSC endothermic curve and is described (Smith, 1994) by

� Heal = f � Cp dT

Where C, is the heat capacity and T is the temperature.

According to the above equation, the higher the degree of denaturation, the

lower the entropy change of conformation and thus the lower enthalpy value might be
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observed. Thus, DSC can be used as an indicator of the degree of denaturation in a

given environment (Arntfield and Murray, 1981).

2.7.4 Dynamic Oscillatory Rheology Measurement

2.7.4.1 Principle and Applications

Dynamic rheological measurement is a useful method to study the gelation

phenomenon; because it can be carried out at small strain within the linear viscoelastic

region and gelation curves can be monitored as a function of time (Clark and Ross

Murphy, 1987). In dynamic rheology, low frequency oscillations are used so as to avoid

structural damage and the parameters measured reflect molecular structures rather than

a response to destruction (Savoie and Amtfield, 1996). Dynamic rheology

determination has be employed to investigate gelation of plant vegetable proteins,

including evaluation of viscoelasticity on gelation of 7S globulin from soybeans

(Nagano et aI., 1992), monitoring of gluten/soy protein gelation with heat treatment

(Apichartsrangkoon, 2002), thermal gelation of the 12S canola globulin (Leger and

Arntfield, 1993), rheology of pea protein-oil emulsion with influence of pH (Franco et

aI., 2000), and rheological properties ofTGase cross-linked gluten (Lam! et aI., 2000).

Commercially available dynamic instruments operate in numerous modes. A

torque ramp is used to determine the limits of linear viscoelastic behavior. In the linear

region, stress and strain are linearly related and the moduli (storage and loss) are

independent of stress or strain (Daubert and Foegeding, 1998). The frequency sweep

shows how the viscous elastic behavior of the material changes with the rate of

application of strain (Steffe, 1992).
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2.7.4.2 Storage, Loss Modulus and Phase Angle (0)

The results of small amplitude oscillatory tests can be described by G' (storage

modulus, a measure of energy stored due to viscous flow within the sample), G" (loss

modulus, a measure of energy dissipated as heat due to viscous flow within the sample)

and tan 8 (G"/G', more elastic when 8 and tangent value are smaller) (Beveridge et aI.,

1984). Therefore, a sample with a larger G' component will behave elastically

(solidlike), while a material with a higher G" will be more viscous (fluidlike) (Daubert

and Foegeding, 1998). The terms are described in the following equations:

G' = (cro/ 'Yo) cos (8) G" = (cro / 'Yo) sin (8)

Where, cro is the amplitude of the shear stress, 8 is the phase lag or phase shift relative to

the strain and 'Yo is the amplitude of the strain.

From the perspective of globular protein gelation, the increase in the G' modulus

has been attributed to increased cross-linking within the network. Increases in G"

appear to reflect increased protein-protein interactions without formation of an elastic

structure. Furthermore, low tan 8 values are an indicator of strong elastic networks

(Amtfield et aI., 1990a). Solid-like gels are characterized by a storage modulus (G'),

which exhibits a pronounced plateau, and by a loss modulus, which is considerable

smaller than the storage modulus in the plateau region (Foegeding et aI., 1995).

2.7.4.3 Combination of Rheology and Thermal Transition Determination

It is useful to directly compare denaturation data of DSC to results of dynamic

rheological analysis, which monitors changes in structure during the heating process.

This approach has been used previously (Beveridge et aI., 1984, 1985) and is
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appropriate to evaluate network development in that a certain degree of interaction is

required (Arntfield et aI., 1989). For example, although some aggregation may be

visible apparent at the onset (To) of protein denaturation, the development of

rheologically significant structures (0') in a protein mixture does not begin until most of

the protein, or perhaps a specific protein species has been denatured or unfolded

(Beveridge et aI., 1985).
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3. MATERIALS AND METHODS

3.1 Experimental Design

The objective of this project was to investigate the rheological and thermal

transition properties of heat-induced pea protein gelation under various processing

conditions and the effects of microbial transglutaminase (MTGase) on pea protein gels

under different reaction conditions. The research was carried out as four studies.

Study 1. Comparative study ofnative and commercial pea protein isolates (PPls)

for assessing the effects of pH level, salt concentrations, and heating temperature on

thermal and rheological properties ofpea protein gels.

Study 2. Response surface methodology (RSM) study of the effects of salt

concentration, pH level and heating temperature on rheological properties of heat

induced gels of commercial pea protein isolate (PPI).

Study 3. Optimization of reaction conditions with MTGase addition of

incubation time, incubation temperature, and MTGase product concentration for heat

induced commercial pea protein gelation using response surface methodology.

Study 4. Effect of transglutaminase-induced cross-linking on thermal gelation

characteristics ofnative and commercial pea protein.

Heat-induced gelation of laboratory prepared (native) and commercial soy

protein isolates (SPIs) were also studied for comparison purposes.
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3.2 Sample Preparation

3.2.1 Raw Materials

Soy flour, Nutrisoy 7B defatted [53% protein content (N x 6.25), 9% moisture,

1% petroleum ether-extractable fat, 30% carbohydrates], and Pro-FAM 982 isolated soy

protein (SPI) (Appendix 8.1) were obtained from Archer Daniels Midland Company

(Decatur, IL). Progress Protein (air classified field pea protein concentrate) was donated

by Parrheim Foods (Saskatoon, SK) (Appendix 8.2). Commercial pea protein isolate

(PPI, Propulse®) was kindly provided by Parrheim Foods Limited (Portage la Prairie,

MB) (Appendix 8.3).

Microbial transglutaminase, Activa™ TG-TI, was obtained from Ajinomoto®

USA, Inc. (Ames, IA). Enzyme activity reported by the supplier was 86-135 units/gram.

The enzyme product consisted of 99% maltodextrin and 1 % enzyme. The protein and

ash contents of this product were 0.23% and 0.02%, respectively. Vegetarian bologna

was kindly provided by Yves Veggie Cuisine Company (Delta, BC). The product

contained 24.2% protein, 1.7% NaCI and 1.5% fat (w/w). The ingredients of the product

included water, soy protein, vital wheat gluten, canola oil, organic evaporated cane

juice, salt, carrageenan, wheat and rice starch, wheat germ, citric acid and spices. Meat

bologna (No name®, Sunfresh Limited, Toronto, ON) was bought at retail. The product

contained 11.3% protein, 2.5% NaCI and 22.7% fat (w/w). The ingredients of the

product included water, beef, pork, pork back fat, nitrite, sodium erthorbate, sodium

chloride and spices.
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3.2.2 Preparation of Native Pea and Native Soy Protein Isolates

Field pea concentrate or soy flour was processed by a method modified from

Sumner et al. (1981). The extraction procedure is shown in Figure 3.1.

Pea concentrate or soy flour (200g)

+
Water (1 :5, w/v) _. Extraction 10 min,

ambient temperature.

+
1M NaOH

pH 8.5
-----1-._ Extraction 30 min,

ambient temperature.

�
Centrifugation at

2,000 x g for 10 min

+
Supernatant

--------- Residue

1M HCI -----1-.. Acidification

pH 4.5 isoelectric point
+

Centrifugation at

2,000 x g for 10 min

Protein precipitate
+

1M NaOH

Washing with water

�
----.- Neutralization for pH 6.5

�
Protein solution -----1-.. Lyophilization

Figure 3.1 Procedure for preparation of native protein isolates from pea concentrate and soy
flour. Modified from Sumner et al. (1981).
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For each batch, 200 g of pea concentrate or soy flour was soaked in deionized

water at a ratio of 1:5 (w/v) for 10 min and then adjusted to pH 8.5 by addition of 1.0M

NaOH while stirring at ambient temperature for 30 min. The slurry was centrifuged to

recover the liquid extract. The residue was re-extracted by this procedure a second time.

The extracts were combined together and precipitated by adjustment to pH 4.5

with 1.0M HCI and the precipitated protein was recovered by centrifugation. The

protein so obtained was then washed with 1 L of deionized water. The precipitate was

dispersed with stirring, the slurry was adjusted to pH 4.5 and centrifuged. Next, the

precipitate was blended with deionized water to 1 L and the pH of the slurry was

adjusted to 6.5. The slurry was spread about 1 em thick on a stainless steel tray (29 x

38x 2 em) for prefreezing at -30°C overnight. The sample was then freeze-dried

(Labconco stoppering tray drier, Labconco Corporation, Kansas City, MO). All

centrifugation (l2-HC Centrifuge, Beckman Instruments, Inc., Fullerton, CA) was

conducted with a lA 14 rotor at 2,000 g for 10 min at ambient temperature. These

laboratory-prepared isolates suffered minimal denaturation and were termed native. The

protein recovery rate was around 36%.

3.2.3 Commercial and Native Pea Protein Gels for Study 1

Considering the actual practical production conditions in the food industry,

sodium chloride concentration, protein concentration and pH were fixed at 1 %, 19.6%

and 6.5, respectively. The pH of each sample was adjusted by addition of 1M NaOH or

HC!. Formulas for sample preparation are shown in Table 3.1.
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Table 3.1 Gel preparation with native and commercial pea protein isolates for study 1

Commercial PPI I
(g) Native PPI 2

(g) NaCI (g) Distilled Water (g)
97.7 4.00

4.09

300.00

300.00103.65
I, 2Protein content of commercial and native PPls were 76.9% and 80.7%, respectively.

The protein and other ingredients were added in a food processor (Braun,

UKI00, Kronberg, Germany) and then blended with deionized water for 90 sec. After

the pH was measured, the batter was stuffed in a 10-pound vacuum bag. To eliminate

air in the batter of each sample, the bag was placed in a vacuum chamber (Bizerba,

Bizerba Canada, Inc., ON), with the vacuum at maximum capacity, sealed for 2.2 sec

for two times. The batter was then was transferred with a caulking gun to eight 50 ml

centrifuge tubes with lids. After balancing, the tubes were centrifuged at 1300 g for 3

min (lEC Clinical Centrifuge, International Equipment Company, MA). The stuffed

tubes were heated in a circulating water bath (Haake, D 1, Dreieich, Germany) set at the

appropriate temperature (82 and 92°C) for 45 min. The heating temperatures were

determined from the results of DSC; 82°C is the To (onset temperature) of native pea

protein globulin fraction, whereas 92°C is between the second Td (denaturation

temperature) and the Tf (end point). After thermal processing, all samples were moved

to the 4°C cooler immediately and stored for 14 h before rheological determinations.

3.2.4 Commercial Pea and Soy Protein Isolate Gels for Study 2

The sequence of all runs was randomized by Microsoft® Excel 2000. According

to this order, three runs were carried out each day. The formula for each sample was

according to Table 3.2.
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Table 3.2 Gel preparations with pea and soy protein isolate for torsion and TPA detennination

Treatment I NaCI (g) Deionized water (g) PPI (g)
2 SPI 3

(g)
(By NaCI %)
o
0.4
0.7
1.0
1.1
1.6
2.0
1.0

o
4.8
8.9
12.3
13.3
19.5
24.6
12.3

910.5
905.1
903.0
900.0
899.0
891.0
888.0
936.5

311.1
311.1
311.1
311.1
311.1
311.1
311.1

274.6
Iprotein content of each sample was kept constant at 19.6%. 2}>PI protein content was 76.9% (as is basis).
3SP1 protein content was 87.1 % (as is basis).

NaOH and HCI were used to adjust the pH of the batters. Based on the linear

relationship between NaOHIHCI and pH level determined during preliminary work, the

volume of 20% (w/w) NaOH addition for one batch sample was determined, according

to the equation y =0.188x + 6.41, where y stands for pH level, x stands for addition

volume (mL) of20% NaOH or 1M HCI. For example, to adjust the pH to 6.1, 16 mllM

HCI, was added. Based on the addition of NaOH or HCI, an equal weight of water was

deducted to maintain a constant proportion of each ingredient.

According to the formula, deionized water was measured by weight and mixed

with the appropriate amount of salt and NaOH/HCI for 10 min. Commercial PPI was

added into a food processor (Braun, UKI00, Kronberg, Germany) and then blended

with the mixture of deionized water, salt and NaOHIHCI for 90 sec at high speed. The

batter was placed in a 6-pound vacuum bag after the pH was determined. To remove the

air bubbles, the batter was vacuumed at max vacuum capacity for 2.2 sec seal time

(Bizerba, Bizerba Canada, Inc., ON). After vacuum treatment, the batter was transferred

to three 400 ml beakers. During transfer, constant knocking of the beaker prevented air

voids in the batter and then the beakers were covered with food packaging film and

sealed with an elastic band. Samples were thermally processed in the water bath
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(Isotemp 205, Fisher Scientific, PA) to center temperatures of 79, 82, 87, 92 and 95°C.

Beakers containing batter were placed in a water bath maintained at 99°C and then the

water bath temperature was adjusted to the end-point temperature when central point of

each sample reached the desired temperature. Samples were held at the temperature for

25 min. Thermocouples (Omega, HH23 Microprocessor thermometer, CT) were used to

monitor the centre temperature. After heating, samples were immediately transferred to

the 4°C cooler and stored overnight (14 h).

The same method was used to prepare the commercial soy protein gel. The soy

protein gel was prepared with 1 % NaCI, pH 6.5 and heated to 87°C.

3.2.5 Commercial Pea Protein Gels with MTGase Addition for Study 3

The sequence of all runs was randomized by SAS (Release 8.02, SAS Institute

Inc., Cary, NC). According to this order, three runs were carried out each day. The

formula for each sample is described in Table 3.3.

Table 3.3 Formulations for batters 1 ofpea and soy isolate with added MTGase product

PPI2(g) SPI3(g) NaCI (g) Distilled Water MTGase (g)
103.70 4.10 300.00 0.00
103.70 4.10 299.50 0.40

103.70 4.10 298.50 1.45

103.70 4.10 297.00 2.50

103.70 4.10 297.50 2.90
91.55 4.09 309.30 2.87
91.55 4.09 310.70 1.44
91.55 4.09 312.30 0.00

Protein content of each sample was kept constant at 19.6%. PPI protein content was 76.9% (as is basis).
3SPI protein content was 87.1 % (as is basis).

MTGase product and deionized water were weighed and then mixed together by

magnetic stirrer for 10 min until all powder was dissolved. Commercial pea protein

43



isolate (PPI) and other ingredients were added into a food processor (Braun, UK100,

Kronberg, Germany) and then blended with deionized water for 90 sec. The batter was

placed in a 6-pound vacuum bag after the pH was measured. The batter was placed in a

vacuum chamber and a vacuum was pulled at maximum vacuum capacity for 2.2 sec

(Bizerba, Bizerba Canada, Inc., ON). The batter was then transferred with a caulking

gun to eight 50 ml centrifuge tubes with lids. After balancing, the tubes were

centrifuged at 1300 g for 3 min (lEC Clinical Centrifuge) to remove all air bubbles.

The stuffed tubes were incubated at different temperatures in a circulating water bath

(Haake, D 1, Dreieich, Germany). After incubation, the samples were moved to a 92°C

water bath for 45 min to inactive the enzyme and to induce gelation. The samples were

then removed to a 4°C cooler for 14 h.

For every treatment, protein concentration, salt concentration and pH level were

held constant at 19.6%, 1% and 6.5 respectively. The samples were heated finally at

92°C for 45 min. The protein concentrations ofPPI and SPI were 76.9% and 87.1 % (as

is basis), respectively.

3.2.6 Protein Slurry Preparation for Study 1

For preparation of protein slurries, the protein isolate and salt were mixed and

dispersed in deionized water using a vortex (Vortex-Genie, Scientific Instruments, Inc.

Bohemia, NY). All samples contained 10% protein concentration (w/w), and were at pH

6.4-6.5. The slurries were prepared as indicated in Table 3.4.
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Native
PPI (g)

Commercial
PPI (g)

Salt (g)

Table 3.4 Slurry preparations (10%, w/w, protein) with various proteins for DSC study
Water (g)Native SPI

(g)
Commercial

SPI (g)
4.05
4.05
4.05

0.00
0.30
0.60
0.00
0.30
0.60
0.00
0.30
0.60
0.00
0.30
0.60

3.75
3.75
3.75

3.34
3.34
3.34

3.44
3.44
3.44

25.95
25.65
25.35
26.25
25.95
25.65
26.66
26.36
26.06
26.56
26.26
25.96

Protein contents of native and commercial pea protein isolate and soy protein isolate are 80.0%,
74.0%,87.1% and 89.9% (as is basis), respectively.

3.2.7 Protein Slurries and Gels with MTGase Addition for Study 4

Specific amounts of protein isolates were mixed and dispersed with deionized

water by vortexing (Vortex-Genie). Details of the preparations are shown in Table 3.5.

Table 3.5 Slurry preparations! of various proteins for rheometer and DSC study
Commercial Native PPI (g)! Native SPI (g) MTG (g) and Deionized
PPI (g) deionized water Water (g)
1.35 8.65

1.25 8.75
1.35 2.06 6.59

1.25 2.06 6.69
1.11 2.06 6.83
1.11 8.89

[ All samples contained 10% (w/w) protein, pH 6.4-6.5. MTGase product level was 0.6% (w/w).
2 Protein concentrations of commercial, native pea protein isolate and native soybean isolate

were 74.0%,80.0% and 89.9% (as is basis), respectively.
3With addition ofMTGase solution (3g1100 mL w/v), 2g-deionized water and 0.06g MTGase

product were added simultaneously.

For enzyme solution preparation, MTGase product was dispersed in water (3

glI00 mL, w/v) by magnetic stirrer. The protein slurry and MTGase solution were

stored at 4°C separately. During the experiment, the enzyme solution that was equal to
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0.06 g of enzyme product was measured and transferred into the protein solution by

Pipetman (Gilson, Mandel Scientific Company Inc., Guelph, ON) before incubation.

The solutions were mixed by vortexing before use. To prepare the gels with MTGase

under low temperature incubation (4°C), the deionized water and the food processor

were cooled at 4°C overnight before gel preparation. The formula was similar to that of

commercial PPI with 0.6% (w/w) MTGase product addition (Table 3.3). The incubation

was carried out in the cooler at 4°C for 0,2,4, 7 and 18 h. Other processing procedures

were followed as described in section 3.2.5.

3.3 Chemical Compositional Analysis

3.3.1 Moisture Content

Moisture contents of protein isolates, pea concentrate and soy flour were determined

using AOAC method 925.10 (AOAC, 1990). Triplicate samples from each batch were

tested. Approximately 2 g of powder was added to a labeled.

3.3.2 pH Determination

Sample pH was determined using the method of Koniecko (1979). The pH was

measured on a slurry prepared by blending 20 g of batter or gel in 80 ml of deionized

water for 1 min and determined using an Accumet'" pH meter (Model 915, Fisher

Scientific Ltd., Nepean, ON) with a Fisher combination electrode (silver/silver

chloride). All determinations were carried out in duplicate. Before pH determination,

the pH meter was standardized with pH4 and 7 buffers. The pH of slurry samples was

determined by placing the electrode directly into the slurry.
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3.3.3 Protein Content

Protein contents of all raw materials and cooked gels were determined using a

modification of the AOAC method 920.87 (AOAC, 1990). The modifications included

sample size, catalyst pak and equipment. Sample size was 2 to 3 g for the proteins or 4 g

for the gels. For NSI determination, 10 ml of sample was transferred into the digestion

tube using a pipette. One catalyst pak (lOg K2S04, O.3g CUS04: Kjel-Pak Mixture #200

EM Science KX 00 14C-l, VWR International, Mississauga, ON) and 25 ml of

concentrated H2S04 was added to each digestion tube. Tubes were placed into the

digestion block (BUCHI® 435, 12-place Digestion Block, Brinkman Instruments Inc.,

Mississauga, ON) and digested about one hour. After cooling, about 75 ml of deionized

water were added to each digested sample. Each digestion tube was then connected to

the automated distillation unit (BUCHI®, B-324) and automatically diluted with 25 ml

deionized water and 100 ml of 30% (w/w) NaOH (ACS grade, VWR International).

Approximately 100 ml of distillate was collected in a 250 ml Erlenmeyer flask with 25

ml boric acid and 6 drops of N-point indicator (EM Science NX0847-3, VWR

International) that contains methanol, water, bromocresol green, and methyl red. The

distillate with the color indicator was then titrated with 0.190N HCI (standardized with

0.12M NaOH) until the color of the solution turned to light pink. Percentage nitrogen

was determined as follows:

% N = (0.190N HCI sample - blank) ml x N HCI x 0.014 x IIMass of sample (g) x 100

% Protein content of the sample = % N x 6.25
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3.3.4 Ash Content

Ash contents of the samples were determined in duplicate using AOAC method 923.03

(AOAC, 1990). Approximately 3 g of sample were weighed into each crucible (Coors

#60106, VWR International). Each sample was pre-heated on a Fisher Thermix® hot

plate (Fisher Scientific Company, USA) in a fumehood. The samples were transferred

into the furnace once they stopped smoking.

3.3.5 Total Lipid Determination

The total lipid content of each protein sample was determined by AOAC method 960.39

(AOAC, 1990) and a modification of Southgate (1971). The sample weight and the

apparatus for extraction were modified. All the samples (around 2-3 g each) were set up

in duplicate. After adding chloroform and methanol (2: 1 v/v) (EM Science, VWR

International) into the beaker, the thimble with sample, glass wool and rod were placed

into a metal holder and placed in a Goldfisch Apparatus (Labconco, Labconco

Corporation, Kansas City, MO). The heater control was turned to 7.S and then adjusted

to keep the solvent mixture boiling. This extraction was carried out for 4 h. Once the

extraction finished, beakers were removed to a hot plate in the fume hood for S min at

low temperature and then transferred into a forced air oven at 10SoC for 30 min.

3.3.6 Crude Fat

The crude fat of each protein isolate was determined by AOAC method 960.39

(AOAC, 1990). The heater control was turned to high and then adjusted to keep the

petroleum ether boiling. This extraction was carried out for 7 hours and drip was
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adjusted to 5-6 drops per second. The extraction beakers were transferred into a forced

air oven at 105°C for 30 min.

3.3.7 TotaI Dietary Fibre

Total dietary fiber assay was performed according to Technical Bulletin No. TDFAB-3

(Production Information of Sigma@, Saint Louis, MO). Samples and blanks were run in

quadruplicate so that duplicate protein and ash values were available for improved

accuracy.

3.4 Nitrogen SoIubility Index (NSI)

The determination of NSI was according to a modification of AACC method 46-23

(1982) and Betschart (1974). The pH was adjusted to values from 3 to 10 with either 0.1

or 1.0N HCl or NaOH. Samples were placed in a 30°C shaking water bath (Jeio Tech,

BS-1O, Korea) at 120 rpm for 2 hours. Samples were centrifuged for 10 min at 1500 g

and room temperature.

3.5 ExpressibIe Moisture (EM)

According to Barbut (2002), a low-speed centrifugation (750 x g) was carried

out to determine the EM of the pea protein gels. The low speed was used to prevent

disruption of the gel by the centrifugal force. EM was determined by using a

modification of the method described by Jauregui et al. (1981). The sample (1.5 +/- 0.3

grams) was weighed and then placed in the thimble for centrifugation (J2-HC

Centrifuge, Beckman) for 10 min at 750 g and 4°C. All samples were run in duplicate

and expressible moisture reported as percent weight lost from original sample.
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EM % = (Mass of sample - Mass of centrifuged sample) / Mass of sample x 100

3.6 Cooking Yield

After overnight storage, the chilled gel was removed from the beakers, blotted

dry with a paper towel and reweighed. Total cook yield was calculated as a percentage

based on the raw weight.

3.7 Torsional Rheometry

Six center cores (1.0 mm in diameter, 2.8 mm in height) of each run were

prepared. For each treatment, two cores were removed from the gel from each of three

beakers or tubes by using a #12 metal corer (diameter = 20 mm) and cut into 28 mm

long samples with a specially designed cutter. After cutting, the samples were placed on

end on Kimwipes® paper tissue for 5 min to reduce surface moisture, and then flipped

and repeated for the other end. Plastic disks designed to fit the torsion apparatus were

glued onto the ends of each sample using a glue (Loctite 404, Instant Adhesive, Loctite

Corporation, CT) with slight pressure for 15 sec. The samples were placed into a sealed

container to prevent moisture loss and cooled at 4°C for 2 h. The samples were then

machined into dumbbell-shaped specimens with a final minimum diameter of 10.0 mm

using a grinder apparatus (KCI-24A2, Bodine Electric Company, IL). After milling,

cored samples were allowed to equilibrate to room temperature. Samples were placed in

a Brookfield digital viscometer model DV-I with the torsion fixture attached (Gel

Consultants Inc, Raleigh, NC) and twisted at 2.5 rpm until failure. Shear stress and

strain were determined according to the GELSCAN software. The coefficient of

variation of data was within 20%.
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3.8 Texture Profile Analysis (TPA)

Texture profile analysis (TPA) of gel samples was performed on a TMS-90

Texture Machine (Food Technology Corporation, VA). The TPA parameters, namely

hardness (peak force on first compression (N», cohesiveness (ratio of the active work

done under the second force-displacement curve to that done under the first

compression curve) were computed automatically (Pietrasik and Li-Chan, 2002).

Sample size and test conditions were modified from Mittal et al. (1992). Five center

cores (23 mm in diameter, 15 mm in height) of each gel sample were prepared and

stored in a sealed plastic container to prevent moisture loss. After equilibration to room

temperature, the samples were compressed twice to 75% of their original height at a

constant crosshead speed of 0.17 em/sec.

3.9 Differential Scanning Calorimetry (DSC)

The thermal properties of commercial and native pea and soy protein slurries

(10% protein concentration, w/w) were examined using a modification of the method of

Arntfield and Murray (1981). Approximately 10 to 15 mg ofprotein slurry was weighed

into the aluminium pan. The pan was hermetically sealed and then heated from 20°C to

120°C at a rate of lOoC/min on a TA Modulated DSC thermal analyzer (TA

Instruments, New Castle, DE). A sealed empty pan was used as a reference. Onset

temperature (To), peak transition temperature or denaturation temperature (Td), and

enthalpy of denaturation (�H) were computed from the thermograms by a Universal

Analysis Program, Version 2.5H (TA Instruments, New Castle, DE). Temperature

calibration was done with indium. Each sample was analysed in triplicate.
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3.10 Dynamic Rheology

This method was modified from Arntfield et al. (1989). Heat-induced gelation of

various proteins was followed by a small amplitude dynamic rheological technique,

using a rheometer (TA Instruments, ARlOOO Rheometer, New Castle, DE), equipped

with a parallel plate measuring system (40 mm diameter). Approximately 3 ml of

sample solution was applied to the lower plate, and the upper plate was gently lowered

under the control of a programmed procedure (AR 1000 Rheometer Solution Software,

ARlOOO Module, VI.I.7). Deionized water was applied to the parallel plate system to

minimize the loss of moisture during the heating process. The samples were heated at a

rate of 2°C/min from 35 to 95°C, using a programmable, temperature-controlled water

bath. Oscillatory measurements were made at a fixed frequency of I Hz and strain

amplitude of 0.02, which was within the linear viscoelastic region as determined in

preliminary tests. For all the tests, the storage modulus (G') , loss modulus (Gil), loss

tangent (tan 0 = G' I Gil) were computed from the raw oscillatory data using software

provided with the rheometer.

3.11 Sodium Dodecylsulfate - Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE under denaturing conditions was performed according to Laemmli

(1970) with some modifications. All samples were prepared according to the formula

and method in study 3. To prepare samples for reduced SDS-PAGE, protein solutions

with 10% (w/w) protein concentration was mixed with sample buffer (0.05% �

mercaptoethano1 and 99.95% Laemmli sample buffer (Bio-Rad Laboratories, Hercules,

CA» at a I:2 (v/v) ratio to obtain 3 1lg/1l1 protein concentration, and then boiled for 3
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min. The sample solutions were centrifuged at 7650 g for 3 min (Eppendorf Centrifuge

5415C, Brinkmann Instrument, Inc., Westbury, NY).

A 10% acrylamide separating gel (90 x 50 x 0.75 mm, Mini protein®3 system,

lOwell, Bio-Rad Laboratories, Hercules, CA), with a 4% stacking gel, was prepared.

Aliquots of30 ug ofprotein per lane were loaded onto the acrylamide gel at 20°C and at

a constant current of 200 volts/2 gels (Model 1000/500 power supply, Bio-Rad,

Richmond, CA) for a total of 1.5 h in pH 8.3 running buffer (25mM Tris, 192mM

glycine and 0.1 % (w/v) SDS). Apparent molecular weights were estimated using the

reference protein ladder (10111 per well, 10-200 kDa, VWR International). After

completion of a run, gels were removed from the glass plates, stained 2 h with

Coomassie® Brilliant Blue R-250, and then destained overnight with 10% (v/v) acetic

acid containing 40% (v/v) methanol.

3.12 Statistical Analysis

3.12.1 Completely Random Experimental Design (CRD) for Study 1

Analyses of variance were run using the General Linear Models (GLM)

procedure of Statistical Analysis System (SAS) V8 for windows (Release 8.02 TS level

02MO, SAS Institute Inc., Cary, NC). For DSC data, a one-way ANOVA was run. In the

model, the independent variable was NaCI concentration (0%, 1 % and 2%) and the

dependent variables were To, Td, Tf, and enthalpy of two endothermic peaks. The

experiment was replicated three times. For comparison of the gels, a factorial treatment

in a eRD was employed with three replications. In the model, different proteins

(commercial PPI and SPI) and two heating temperatures (82 and 92°C) were the sources
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of variation. Shear stress and strain were dependent variables. When the model was

significant (P<0.05), multiple comparison of means was performed by using least

significant differences (LSD).

3.12.2 Central Composite Response Surface Methodology Design for Study 2

Response surface methodology (RSM) was used to study the simultaneous

effects of the experimental variables (heating temperature, pH and NaCl concentration)

on commercial pea protein gels. The levels of the variables for each experiment in the

central composite design are shown in Table 3.6.

Table 3.6 Details of coded and uncoded experimental variables and experiment design

Symbol Coded Uncoded

Heating Xl -1.682, -1, 0, +1,1.682 79,82,87,92,95
Temperature eC)
PH X2 -1.682,-1,0,+1,1.682 6.1,6.5, 7.1, 7.7, 8.1
NaCl (%) X3 -1.682,-1,0,+1,1.682 0.0, 0.4, 1.0, 1.6, 2.0

Experiment design
Run Xl X2 X3
1 -1 -1 -1
2 +1 -1 -1

3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1

6 +1 -1 +1

7 -1 +1 +1

8 +1 +1 +1
9 -1.68 0 0
10 1.68 0 0
11 0 -1.68 0
12 0 1.68 0
13 0 0 -1.68
14 0 0 1.68
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
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Experimental design and statistical analysis were performed using Statistical

Analysis System (SAS) V8 for windows (Release 8.02). Five levels of each factor were

chosen based on the central composite rotatable design principle (Kuehl, 2000). The

central points were selected based on Bora et al. (1994). Assessment of error was

derived from replication of the central point treatment conditions. The following

second-order polynomial equation of function Xi was fitted for each factor assessed:

y

n n 11.-1 n

= be) + � b .x , + � b .. x� + � � b .. x.x.�II �1'11 ��IJ1J
i.=1 i=1 i=l j=i+J

where Y is the estimated response, e.g. shear stress, shear strain, hardness, and

cohesiveness, bo, bi. bu and bij, are constant and regression coefficients of the model;

and Xi and X, are levels of independent variables (heating temperature, pH orland salt

level). For each experimental factor, the variance was partitioned into linear, quadratic

and interaction components. The significance of the equation parameters for each

response variable was assessed by P value (P< 0.05). Assessment of error was derived

from replication of the central point treatment conditions. Several contours and surface

plots were drawn to exhibit significant effects and interactions of independent variables

on the properties of gels (responses). The figures show the effect of two independent

variables on a given response at a fixed value of the third independent variable that was

set at the center point. In order to determine linear relationships between specific

variables and responses, the REG and GLM procedures were employed. Pearson

correlation coefficients were generated by the CORR procedure to determine correlation

between responses.
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3.12.3 Small Composite Response Surface Methodology for Study 3

RSM was used to study the simultaneous effects of the three experimental

variables (incubation temperature, incubation time, and TGase concentration) on

commercial PPI gels with added MTGase. Experimental design and statistical analysis

were performed using SAS. This was a small composite design by the Draper/Lin

method. Same 2 nd order polynomial function model was described in section 3.12.2.

There were 3 factors (Xl: Incubation temperature eC); X2: Incubation time (min); X3:

Enzyme concentration (%)), 2 responses (shear strain and stress), the centre point

(50°C, 45 min and 0.35%, w/w) replicated 5 times and 15 runs in this design (Table

3.7), with the assessment of error was derived from replication of the central point

treatment conditions. Significance of experimental factors and interaction of

independent variables on the gel properties (responses) were determined as previously

described in section 3.12.2

Table 3.7 Coded experimental variables for study 3

RUN Actual run code Xl X2 X3

1 9 -1 -1 1

2 10 -1 1 -1

3 14 1 -1 -1
4 1 1 1 1

5 4 -1.41 0 0

6 3 1.41 0 0
7 12 0 -1.41 0
8 8 0 1.41 0
9 7 0 0 -1.41
10 11 0 0 1.41

11 13 0 0 0
12 5 0 0 0
13 15 0 0 0
14 6 0 0 0
15 2 0 0 0
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3.12.4 ANOVA for Study 4

Analyses of variance were run using the General Linear Models (GLM)

procedure of SAS. The DSC data was processed as described in section 3.12.1. The

experiment was replicated at least two times. For the data from low temperature

incubation with MTGase for commercial PPI and SPI, incubation time was the

independent variable and shear stress and strain were dependent variables in the model.

57



4. RESULTS AND DISCUSSION

The first two studies were done to study gelation characteristics of commercial

pea protein isolate, including the influences of thermal processing conditions and

denaturation. In addition, the optimum processing conditions for this protein were

evaluated. The comparisons of various properties of both native and commercial pea

and soy protein isolates were carried out as well.

The purpose of the latter two studies was to investigate effects of addition of

microbial transglutaminase in native and commercial pea and soy protein systems,

including functionality of this enzyme for increasing shear strain and shear stress. In

addition, comparisons of effects of transglutaminase on native and commercial soy and

pea protein gelation were performed.

4.1 Study 1. Comparative Study of Native and Commercial Pea Protein Isolates

The rheological and textural properties of heat-induced protein gels may be

related to their characteristics of thermal denaturation and protein functionalities. To

understand these properties, it was useful to investigate the effects of processing

conditions, such as pH, salt level and heating temperature on heat-induced gels. In this

study, rheological and thermal transition properties of PPI were compared with that of

SPI, which is a widely utilized vegetable protein because of its functionalities.

Differential scanning calorimetry CDSC) can measure the amount of the heat required

for a protein to undergo the physical changes involved in heat-induced denaturation.
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Furthermore, DSC can be used as an indicator of the degree of denaturation in a given

environment (Amtfield et aI., 1989). Constant structure formation in macromolecules or

their mixtures can be studied using rheological techniques, such as the dynamic small

oscillation test. This test was considered a valuable method to monitor gel development

(Meng and Ma, 2002).

4.1.1 Proximate Analysis for the Raw Materials

The proximate composition of the pea concentrate, soy flour and the protein

isolates are shown in Table 4.1.

Table 4.1 Proximate analyses ofprotein samples (as is basis)

Protein TDFI Total Lipids Crude Fat Ash Moisture

(%) (%) (%) (%) (%) (%)
Pea Concentrate' 44.8±0.33 20.l±1.2 5.8±0.3 2.03±0.2 4.3±0.3 11.8±0.0

Soy Flour 51.4±0.9 19.3±1.2 5.7±0.1 0.48±0.0 2.7±0.2 5.7±0.0

Native PPI 80.7±0.4 0.7±O.l 9.2±0.1 2.2±0.1 5.9±0.1 4.3±0.1

Native SPI 89.9±0.3 1.1±O.l 3.7±O.l 0.0 4.1±0.0 1.4±0.0

Comm.4PPI 76.9±0.2 2.6±0.4 11.7±0.2 2.2±0.1 5.0±0.5 5.3±0.2

Comm. SPI 87.1±0.4 0.5±0.0 4.2±0.1 1.1±0.0 4.9±0.4 3.5±O.l
i Total dietary fiber. 2Air classified. 3Mean ± standard deviation. 4Commercial.

From the proximate analysis, protein content and crude fat of pea concentrate

were lower, total dietary fiber was similar, and ash and moisture were higher than its

specification values (Parrheim Foods, 2003). The protein and total dietary fiber (TDF)

contents of soy flour from our analysis were quite similar to the supplier values of 53%

and 18%, respectively (ADM products grid, 2003). However, crude fat and moisture

were more than 1 % lower than the specification. Different storage conditions might

result in differences in moisture content. The protein content and crude fat of

commercial SPI were similar to values of 90% protein (dry basis) and 1% crude fat
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reported by the supplier (Appendix 8.1). The 3.5% ash content of commercial SPI

determined in this study was lower than the 5% reported by the supplier. The protein

content and crude fat of commercial PPI were slightly lower and ash higher than values

provided by the supplier (Appendix 8.3). The composition determined for native PPI

generally agreed with Tian et al. (1999), except that, the protein content of native PPI in

this study, 85%, was higher than the 77% (dry basis) reported by the authors. The lower

protein content reported by Tian et al. (1999) might result from differences in extraction

procedures. Air classified pea concentrate and defatted soy flour were the raw materials

used for native PPI and SPI extraction. The extraction procedure removed most of the

carbohydrate, such as TDF and sugars. Thus, the protein contents were greatly

increased compared with the pea concentrate and soy flour. However, the ash contents

were increased during the extraction, likely due to the acid and alkali used for protein

precipitation and neutralization (Sosulski and McCurdy, 1987).

The protein content of native PPI was lower than native SPI, although they were

extracted by same procedure. In addition, the crude fat of native PPI was higher than

that of native SP!. These differences might result from the different compositions of the

raw materials. Defatted soy flour was used for native SPI extraction. On the other hand,

both soy flour and pea concentrate exhibited similar total lipids content. Compared with

the pea concentrate, total lipids of native PPI was increased from 5.8% to 9.2%

following extraction. Native SPI had a reduced content of total lipids (from 5.7% to

3.7%). This may indicate that extraction procedure exhibited different effects on lipids

and lipid complexes of soy flour and pea concentrate. Bacon et al. (1990) reported

alkaline solubilization and isoe1ectric precipitation tended to concentrate lipid in the pea

protein products because of lipid-protein binding during protein extraction.
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Commercial SPI exhibited higher protein content than PPI, while commercial

PPI contained higher amounts of TDF, total lipids and crude fat. Commercial PPI had

the highest total lipids content. A quite similar ash content was found in both

commercial protein isolates. The differences in total lipids and dietary fiber between

isolated pea and soy proteins may influence gelation properties of native and

commercial protein isolates.

Values for crude fat and total lipids differed markedly as shown in Figure 4.1. A

significant portion of the lipids in foods is bound to proteins and carbohydrates and is a

component of complex lipoproteins and liposaccharides (Min and Steenson, 1998).

Lipoproteins contain the polar lipids (Reichert and MacKenzie, 1982). As different

solvents were used for total lipid determination than that of the crude fat determination,

more of the lipid complex might have been extracted in the total lipids determination.

Furthermore, both native and commercial SPI had a lower crude fat content than PPI

(Sumner et al., 1981). Thus, SPI might contain less lipid complex than PPI.

4.1.2 Nitrogen Solubility Index (NSI) of Native, Commercial Pea and Soybean

Protein Isolates

The nitrogen solubility index (NSI) of both commercial and native PPI and SPI

were compared. The results are shown in Figure 4.1. As legume proteins, all four

proteins had a common isoelectric point close to pH 4.5. Adjustment to this pH

neutralized the charge of ionizable functional groups in the side chains of the protein,

such as -COOH and NH2. When pH level reached an isoelectric point, the number of

positively charged group is equal to that of the negatively charged groups and thus the

net charge would be zero. The pH-dependence of protein solubility is the consequence
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of its ionic property. There is no electrostatic repulsion between neighboring molecules,

and thus they tend to coalesce and precipitate (Milewski, 2001).
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Figure 4.1 Nitrogen solubility index (NSI) of native and commercial pea and soy protein
isolates.

Both native pea and soybean protein isolates had a higher NSI value than that of

commercial pea and soybean protein isolates at pHs higher or lower than the isoelectric

point (Figure 4.1). Within the pH range of this study, commercially produced pea and

soy protein isolates exhibited lower values ofNSI than native PPI and SPI, respectively,

likely because ofprocessing conditions, that leads to denaturation and aggregation when

the spray-drying andlor other processes were employed during commercial production

ofPPI and SPI. Normally, the spray-dryer could have an air inlet temperature of 190°C

and product exit temperature of 86°C (Sumner et al., 1981). Sosulski and McCurdy
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(1987) and Tomoskozi et al. (2001) observed similar NSI profiles for native PPI and

SPI, respectively.

The solubility profile of native PPI was characterized by higher solubility with

increasing alkaline pH, a minimum NSI at isoelectric point and moderate solubility in

acidic medium (Figure 4.1). Native SPI exhibited a higher solubility than the native PPI

at all pH levels. The biggest differences in NSI values were found at pH 3 and 7. The

native SPI showed only a gradual increase in solubility from pH 7 to 10. However, at

pH 7, native SPI reached 90% NSI while the NSI for native PPI was only 55%.

Commercial PPI showed a moderate increase in NSI on both sides of the

isoelectric point. Both PPI and SPI had similar NSI values at pH 7. On the other hand,

the NSI of commercial SPI exhibited a relatively sharp increase above pH 7, while the

NSI for PPI remained relatively constant. The difference in NSI values between

commercial PPI and SPI was probably related to the compositional and conformational

differences in proteins that resulted from heat treatment during commercial production.

The differences in particle sizes may also have been an influence on NSI. Since NSI

values of native SPI were higher than native PPI at the same pH, the inherent properties

of each protein, such as protein conformation and interactions, might result in the

differences in NSI observed between commercial PPI and SPI.

Solubility can affect some functional properties of proteins, predominantly the

emulsifying capacity, foaming, and gel forming ability (Sikorski, 2001). For heat

induced gel formation, soluble aggregation is the second step of this three-step gelation

mechanism and thus NSI values may relate to different degrees of the protein molecule

interactions during heat-induced gelation. Therefore, the NSI may have a relationship

with elasticity or deformation properties ofheat-induced gels.
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4.1.3 Effect of Sodium Chloride Concentration on Thermal Properties

Savoie and Arntfield (1996) indicated that salt addition could enhance ionic

strength and modify the solvent environment of protein solutions. It may be able to

mask protein charge and influence hydrophobic interaction to change stability and the

protein conformation. In this study, the influences of various salt concentrations on

thermal stability and conformation of proteins in pea and soy protein isolates were

examined using DSC to monitor onset (To), denaturation (Td), peak (Tp) temperatures

and enthalpy changes.

4.1.3.1 Native Pea Protein and Soy Protein Isolates

DSC thermograms of native pea protein with 0, 1 and 2% (w/w) sodium chloride

addition are shown in Figure 4.2.

;
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Figure 4.2 DSC thermographs for native pea protein isolate slurries (10% (w/w) protein
concentration, pH 6.5 and heating rate of 10°C/min) with different levels of sodium chloride.
Y-axis stands for heat flow (mW). A: 0% NaCI, B: 1 % NaCI, C: 2% NaCl.
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All the native PPI treatments with salt additions of 0, 1, and 2% showed two

major endothermic peaks at 67 and 85°C, 68 and 90°C, and 68 and 93°C, respectively.

Enthalpy change of the first peak was smaller than the second peaks for all the

treatments (Table 4.2).

Table 4.2 Temperature of thermal transitions and enthalpy of the combined endotherm (�H) of
native pea protein isolates with different sodium chloride levels

First J2eak To (OC) TdeC) Tf(OC) �H (Jig)
O%NaCI 61.25±2.98a1 67.15±1.83a 74. 14±0.84a 0.095±0.006a

I%NaCl 61.51±0.63a 68.15±0.80b 75.97±0.46a 0.070±0.027a
2%NaCI 63.10±2.69a 68.06±2.01a 76.28±3.29a 0.146±0.025a

Second peak To (OC) Td (OC) Tf(OC) �H (Jig)
O%NaCI 77.47±0.35a 85.07±0.47a 100.06±2.64a 0.725±0.060a
I%NaCI 81.83±0.18b 90.03±0.69b 108.29±2.56b 0.852±0.044a

2%NaCI 83.87±0.20c 92.90±0.30c 111.17±1.99b 0.922±0.105a
I Means with the same letter are not significantly different (P >0.05).

Arntfield and Murray (1981) obtained Td value of 86°C for air-classified field

pea without sodium chloride addition. Pea vicilin without NaCI at pH 7 showed a peak

at 81.3 "C (Bacon et aI., 1989). Bora et aI. (1994) reported that DSC of mixed globulins

(35.7% legumin and 64.3% vicilin of pea) indicated one thermal transition between 74

and 95° with a maximum at 86.2°C under 10°C I min heating rate.

According to the denaturation temperatures observed, the second peak of the

thermograph may represent the denaturation of the legumin and vicilin fractions of

native PPI, the major globulin proteins of pea seed. It is possible that the first peak

represents a thermal transition for the non-globulin fraction components, such as crude

fiber orland starch. Sosulski et aI. (1985) reported that the starch of field pea showed a

peak gelatinization temperature (TG) at 65°C with a relatively smaller enthalpy change

than that of the protein fraction. However, the storage proteins - vicilin (7S) and
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legumin (11 S) are heterogeneous protein components, and thus could account for the

multiple endotherms and variation in Td (Sosulski et aI., 1985). In this study, only the

second peak may represent the thermal transition of the protein fraction of native PPI.

The small difference between Td values of vicilin and legumin of native PPI might

cause an overlap of the endothermic peaks. Cserhalmi et aI. (1998) observed one major

endothermic peak because of overlapping transition temperatures of two major globulin

fractions, legumin and vicilin, of the pea.

The effects of sodium chloride on the thermal stability of proteins may be

demonstrated by observing an increase or decrease in Td values with salt concentration

changes. Addition of 0,1.0, and 2.0% NaCI had no significant effect on the first thermal

transition for both Td and enthalpy (Table 4.2). However, for the second peak, the

stabilizing influence of NaCI was demonstrated by the gradual increase in the To, Td

and Tf values with increasing sodium chloride concentration (Figure 4.2, Table 4.2).

There was no distinct trend in terms of �H values.

No reports of the effect of sodium chloride concentration on thermal transition

temperature shift of native PPI were found in the literature. However, similar results

were reported for red bean (Meng and Ma, 2001) and fababean globulin (Arntfield et

aI., 1986). The reason for enhancement of thermal stability might result from increased

intramolecular hydrophobic associations (Arntfield et at, 1990a) and the electrostatic

response or alteration of water structure around the protein, which enhanced the

hydration of the protein molecules (Meng and Ma, 2001). There were no pronounced

changes in enthalpy of the second peak with changes in NaCI concentration (Figure 4.2

and Table 4.2). This result might indicate salt addition had no significant effect on

protein conformation change.
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DSC was also conducted on native SPI as a comparison (Figure 4.3). The

thermographs of the native SPI without NaCI addition exhibited two characteristic

peaks corresponding to endothermic transitions of the glycinin (11 S, 93°C) and

conglycinin (7 S, 75°C) fractions (Table 4.3).

.-=----t--- .. _ ..

__
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Figure 4.3 DSC curves for native soy protein isolate with different levels of sodium chloride.
Y-axis stands for heat flow (mW). A: 0% NaCl, B: 1% NaCI, C: 2% NaCl.

Table 4.3 Temperatures of thermal transition and enthalpy of the combined endotherm (�H) of
native soy protein isolates with different sodium chloride levels

First Eeak To (OC) Td (OC) Tf(OC) �H (Jig)
O%NaCI 71.04±O.51a1 74.95±O.56a 82.62±O.80a O.100±O.OI9a
I%NaCI 75.42±O.62b 79.56±O.34b 87 .50± 1.22b 0.1 33±O.045a
2%NaCI 79.00±3.22b 82.27±1.23c 90.30±O.32c O.187±O.032a

Second Eeak To CCC) Td CCC) Tf(OC) �H (Jig)
O%NaCI 87.96±1.32a 92.71±1.20a lO3.66±1.43 O.494±O.050a
l%NaCI 91.92±O.33b 97.44±O.29b 107.99±O.92 O.549±O.034a
2%NaCI 94.99±O.60c 99.91±O.29c 108.60±3.34 O.651±O.031b

(Means with the same letter are not significantly different (P> 0.05).

Scilingo and Aii6n (1996) reported a similar finding for native SPI with

denaturation temperatures of76 and 92°C for 7S and lIS components, respectively. On
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the other hand, Liu and Xiong (2000) and Yildirim and Hettiarachchy (1997) reported

higher DSC thermal transition temperatures of individual soy fractions than the results

in this study.

As NaCI concentration increased, there was a shift in the transition temperatures

of both 7S and lIS fractions of native SPI (Figure 4.3, Table 4.3). The stabilizing effect

ofNaCI in native SPI against thermal denaturation is similar to that observed for native

PPI. Zheng et al. (1993) also observed NaCI addition dramatically increased the

denaturation temperature ofbroad bean legumin.

Changes in protein denaturation temperatures with various salt concentrations

may be controlled by the hydrophobic interactions between non-polar groups and a type

of "cooperativity" between the polar and the nonpolar groups (Arntfield and Murray,

1981). Therefore, an increased ionic strength might affect these interactions and the

native conformation and thus influence the denaturation temperatures of the native pea

protein. In this study, increasing NaCI concentration shifted thermal transition

temperatures for both native PPI and SPI to a higher level.

The total enthalpy change of the second DSC peak (11 S) of native soy protein

with 2% salt addition was significantly different from treatments with 1 % and 0%

(w/w) NaCI (Table 4.3). There is little literature about the effect of ionic strength or salt

addition on enthalpy change of native SPI. However, the greater endothermic peak area

might indicate that the protein conformation was modified with 2% salt addition. The

electrostatic effect caused by salt exerts a nonspecific influence on hydrophobic

interactions of the protein (Arntfield et aI., 1990b). Therefore, it is assumed that sodium

chloride could also affect the conformation of the native PPI when salt addition reached

a certain concentration.
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It is difficult to compare individual fractions (7S and 11 S) of native PPI with

SPI because only one endothermic peak for the PPI globulin fraction was observed. The

To of conglycinin of native SPI was lower than that of the globulin fraction of native

PPI. However, the Td of SPI glycinin was higher than the Td of PPI protein fraction.

The interaction of each individual protein component and other factors such as total

lipids and polysaccharides would contribute the differences in thermal transition

temperatures between PPI and SPI.

4.1.3.2 Commercial Pea Protein (pPI) and Soy Protein Isolates (SP!)

The thermal transition properties of commercial PPI were evaluated (Figure

4.4). Only one peak was observed in the thermograph of commercial PPI. This

component of commercial PPI has a similar Td at 68°C to the first peak observed for

native PPI, 67°C. Thus, this transition might be same as that of native PPI, and may

represent a Td of a non-protein component. In addition, there were no other peaks

indicating that the major protein fractions of commercial PPI might have been

denatured before DSC analysis. No reports of DSC determination of commercial PPI

were found in the literature. Arntfield and Murray (1981) concluded that the lack of an

endotherm might indicate a denatured protein, particularly if the undenatured protein

gives an endotherm under usual analytical conditions. Therefore, combined with the

relatively low NSI value observed for this protein, we might conclude that the

commercial PPI contains partially or completely denatured proteins.
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Figure 4.4 DSC curves for commercial pea protein isolate with different levels of sodium
chloride. A: 0% NaCl, B: 1 % NaCl, C: 2% NaCl.

The effects of NaCI concentration on denaturation temperatures and enthalpy

change of commercial PPI (Table 4.4) were minor.

Table 4.4 Temperatures of thermal transition and enthalpy of the combined endotherm (.1H) of
commercial pea protein isolates with different sodium chloride levels

First peak To (OC) Td (OC) Tf(OC) ilH (Jig)
O%NaCI 63.42±1.28a1 68. 19±0.09a 79.14± 1.22a 0.102±0.036a
I%NaCI 63.67±1.42a 70.82±I.S7a 79.27±0.92a 0.077±0.010a
2%NaCI S9.39±1.20a 66.60±0.09b 76.46±0.26a 0.090±0.020a
Second peak To (OC) Td (OC) Tf(OC) ilH (Jig)
O%NaCI NP2 NP NP NP
I%NaCI NP NP NP NP

2%NaCl NP NP NP NP
'Means with the same letter are not significantly different (P> 0.05). 2NP = no peak observed.

Mathews et al. (2000) indicated that the hydrophobic effect makes a major

contribution to the thermodynamic stability of many globular proteins. Salt might
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promote intramolecular hydrophobic interactions and greater refolding of the protein

(Amtfield et al., 1990b), and thus increase the thermal stability of the native protein.

Protein molecules of commercial PPI were probably unfolded during the processing and

have exposed hydrophobic groups, and thus may not be influenced by sodium chloride

addition.

The DSC thermograph of commercial SPI with various sodium chloride

concentrations is shown in Figure 4.5 .
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Figure 4.5 DSC curves for commercial soy protein isolate with different levels of sodium

chloride. A: 0% NaCl, B: 1 % NaCl, C: 2% NaCl.

Hermansson (1986) commented that commerciaIIy produced soy protein isolates

may behave quite differently from native soy proteins, due to processing conditions

causing denaturation and various states of aggregation. In this study, as there were no

endothermic peaks observed, SPI was also considered to contain denatured proteins.
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Therefore, the thermal transition properties of commercial PPI and SPI might not be

modified by addition of sodium chloride.

4.1.4. Effect of Heating Temperature on Rheological and Gel Properties

Heat-induced protein gelation plays a key role in the structure and properties of

vegetable protein products. Heating of proteins may cause various reactions such as

denaturation, association, dissociation and aggregation. Denaturation is often required

for gel formation to take place, but gels can form from already denatured protein or

spontaneously from native proteins under special conditions (Hermansson, 1986). In

this study, heat-induced gels of commercial and native PPI were compared using

torsional rheology shear stress and strain to failure. To investigate inherent gelation

properties of PPI, the rheological properties of native PPI was detected by a rheometer

monitoring of the structure development during the heating process. Native SPI was

compared as a reference.

4.1.4.1 Heat-induced Gel Properties of Commercial and Native PPI

For a protein at native state, heat-induced gel formation could be described by a

three-step mechanism involving denaturation, soluble aggregation and network

formation (Arntfield et aI., 1989). According to our study, commercial PPI and SPI

contain predominately denatured proteins. The presence of already denatured proteins

would affect the mechanism of gel formation and thus variation in gel properties may be

observed. Little literature on heat-induced gelation comparisons of native and

commercial vegetable proteins has been reported. In this study, gel properties of native

and commercial PPI were investigated. The results are shown in Table 4.5.
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Table 4.5 Effect of heating temperatures on rheological properties of heat-induced native and
commercial PPI gels (protein content 19.6%, pH 6.5, and 1% salt concentration)

Protein Heating temp. caC) Shear stress (kPa) Shear strain

Native PPI 82 6.93±0.22cl 0.75±0.04a

Native PPI 92 11.05± 1.04ab 0.80±0.04a

Commercial PPI 82 10.29±2.24b 0.57±0.10b

Commercial PPI 92 12.45±0.87a 0.62±0.05b
[Means with the same letter are not significantly different at P > 0.05.

Effects of final heating temperatures and type of the proteins on heat-induced

gel properties were investigated. The highest value of shear stress was observed for gels

from commercial PPI heated at 92°C and the lowest one was from native PPI heated to

82°C. At the same heating temperature, commercial PPI showed relatively higher shear

stress (gel strength) than that of native PPI. However, native PPI gel showed a higher

shear strain than commercial PPI at both temperatures. In addition, a higher shear stress

was observed for gels from both commercial and native PPI when heating temperature

was increased from 82 to 92°C.

Heat-induced gelation is directly affected by the thermal stability of the proteins

(Meng and Ma, 2001). The lowest gel strength (shear stress) came from native pea

protein heated at 82°C (Table 4.5). This temperature was lower than Td (90°C) of the

second peak (globulin protein fraction), and thus the proteins might not be denatured

and not unfolded enough to interact with each other and thus not able to form a gel

network. When heating temperature (92°C) was higher than Td of second peak, the

shear stress of native PPI was sharply increased based on unfolding of the protein and

the formation of the gel network. At this temperature, a greater extent of denaturation

would be found in both legumin and vicilin fractions of native PPI. The structure

development usually coincides with the temperature associated with maximum heat
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flow on Td for the most prominent protein in the mixture (Amtfield et aI., 1989).

For commercial PPJ, the shear stress was increased moderately with increased

heating temperature. The higher temperature might have caused a higher degree of

interaction ofprotein molecules and thus enhanced the gel network. However, there was

a 37% change in shear stress of native PPJ when temperature was increased from 82°C

to 92°C and only a 17% change for commercial PPJ. Since commercial PPJ is already

denatured, gel strength was less dependent on heating temperature compared with

native PPJ. Higher gel strength (shear stress) was observed for gels from commercial

PPJ compared with native PPJ at the same heating temperature. The heating

temperature, 82°C, between To and Td of native PPJ, might be not high enough to

denature many of the protein molecules, and thus the lowest value of gel strength was

obtained from native PPJ. On the other hand, the commercial PPJ may already have a

higher degree ofprotein unfolded at 82°C and thus more reactive sites exposed.

Native PPJ exhibited higher shear strain (elasticity) than commercial PPJ. There

are some differences in protein functionalities between native and commercial PPJ, such

as, native PPJ showed around 59% NSJ while the NSJ of commercial PPJ was 22% at

pH 7. Shear strain seems to be more sensitive to protein functionality, including

nitrogen solubility (Lanier, 1986). With a higher solubility, a higher value of shear

strain was observed for native PPJ than its commercial counterpart. This result might

indicate that a higher level of soluble aggregation during protein heat-induced gelation

may result in an increasing intermolecular interaction to create more cross-links. In

particular, the increasing elasticity probably results from increasing numbers of cross

links stiffing the structure of individual aggregates (Beveridge et aI., 1984). This could

have lead to the enhanced elasticity of native pea protein gel was. Whereas, the soluble
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aggregation during gelation of commercial PPI would be affected by relatively low NSI

values and the number and type of cross-linking might be less than native PPI. In

addition, shear strain of both native and commercial PPI was not significantly affected

by heating temperatures (P<O.05). However, there was a slight increase in shear strain

when heating temperature was increased (Table 4.5).

4.1.4.2 Rheological Comparison of Native PPI and SPI

Dynamic viscoelastic measurements in all duplicated experiments produced

similar gel viscoelasticity curves. Of the rheological parameters assessed, only storage

modulus (G') of native PPI and SPI with heating is shown in Figure 4.6.

300

Ii 250
Q.

� 200
1/1
::::I

� 150
o
E

& 100
I!

� 50

o 10 20 30 40 50 60 70 80 90 100

Temperature(C)

I _._ Native PPI - Native SPI I

Figure 4.6 Effect of temperature on storage modulus (Pa) of native PPI and SPI with 10%

protein content, heating rate 2 °C/min, pH 6.5.

From 35°C to 75°C, both native PPI and SPI did not show any structure

formation. This indicated that a gel network was not forming yet as native proteins were
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not unfolded and could not form cross-links while the heating temperature was lower

than Td. A gradual increase in storage modulus value for native PPI was observed from

75 to 82°C (Figure 4.6). This may indicate that a viscoelastic gel matrix was forming.

Native SPI also showed a sharp increase at 75°C. An earlier structural development

occurred for native SPI than that for native PPI. The structure development of native

SPI in this study agreed with Renkema and Vliet (2002). The authors reported that an

increase in storage modulus was observed on further heating from 75°C.

Native SPI showed a relatively higher G' value than that of native PPI while

heating temperature was higher than 75°C. The rapid structure development for PPI did

not occur until the globulin fraction of native PPI was denatured (Td = 85°C). Above

85°C, G' values rapidly increased because more unfolded protein became incorporated

into the network leading to a further structure development. It is possible that there will

be higher gel strength of native SPI than that of native PPI at the same process

conditions based on gel network formation. For both native SPI and PPI, the need for

some protein denaturation prior to network formation was evident from this study.

When the heating temperature was lower than onset temperature (To), both proteins did

not exhibit structure development. Hermansson (1986) reported that the denaturation of

both conglycinin and glycinin of native SPI contributed to the gel structure development

with the formation of cross-links and ordered structures during heating. A quite similar

phenomenon for PPI was also observed in this study.

4.1.4.3 Rheological Comparison of Commercial PPI and SPI

To investigate the rheological properties of commercial PPI, a comparison

between PPI and SPI was carried out as shown in Figure 4.7.
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Figure 4.7 Structure development of commercial PPI and SPI slurries during heating (10%
protein content, pH6.5 and heating rate of 2°C/min).

The storage modulus (0') of commercial PPI did not show marked changes until

the temperature reached 70°C, then a gradual increase in 0' was observed from 70°C to

85°C, and finally an abrupt increase in 0' at 85°C was observed. Commercial SPI

showed an increase in storage modulus value from about 75°C. The commercial SPI

exhibited higher storage modulus values during the complete heating process than

commercial PPI. The formation of some measurable structure of commercial SPI prior

to 75°C was observed. This initial structure development did not occur in commercial

PPI slurry (Figure 4.7). More solid-like structure development of commercial SP!

during the heating process exhibited from this study might have resulted in higher shear

strain and stress for heat-induced gels of commercial SPI than that of PPI under the

same process conditions.

There are several reasons why dynamic rheological properties may differ with

various protein sources. Differences in protein conformation, thermal properties and
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molecular interaction might result in gelling or structure development differences

between commercial SPI and PPI. The effects of solubility on structure development

can not be related to what was observed in this study. As Figure 4.1 showed, both

commercial SPI and PPI exhibited a quite similar NSI value at pH 6.5.

4.1.5 Summary of Study 1.

In this study, the proximate analysis of both commercial and native PPI showed

that the PPls were similar in composition to SPI except for the higher total lipids (lipid

complex) content. The differences of functionality between commercial and native PPI

was demonstrated by measuring the nitrogen solubility index (NSI) at five pH levels.

Commercial proteins isolates showed lower NSI values than did native counterparts.

Heat-induced gels obtained from native PPI with 19.6% (w/w) protein content showed

higher elasticity than that of commercial PPI gels obtained under both 82 and 92°C

heating conditions. However, commercial PPI exhibited higher gel strength (shear

stress) than native PPI under the same process conditions. Compared with heating at

82°C, a higher shear stress and strain of native PPI were obtained at 92°C, which is

higher than the Td of native PPI (90°C). Thermal transition temperatures of native PPI

and SPI were shifted to higher temperatures by sodium chloride addition (0%-2%, w/w)

without changes of enthalpy. Both commercial PPI and SPI did not exhibit the

endothermic peak of the protein fraction.

During small oscillation dynamic rheometry determination, native PPI (10%,

w/w, protein slurry) showed a later rheological structure development than native SPI

(82°C versus 75°C), and at temperatures between 75 and 90°C, lower storage modulus

values were observed. Under the same conditions, commercial SPI showed a higher G'
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value (more solid-like structure development) than that of commercial PPI throughout

the complete heating process, from 35 to 90°C. Thermal gelation of soybean protein has

been studied extensively (Mori et aI., 1982; Nakamura et aI., 1984; Hermansson, 1986).

However, information on the gelation behavior of pea protein is limited (Bora et aI.,

1994), especially on commercially produced PPI.

4.2 Study 2: Response Surface Methodology Study on the Effects of NaCI, pH

Level and Heating Temperature on Properties of Heat-induced Commercial PPI

Gels

Gel formation is complex and involves denaturation, dissociation/association

and aggregation interactions (Bacon et aI., 1989). Therefore, the protein network

formation may depend on the balance between protein-protein and protein-solvent

interactions, and thus heating temperature, pH level and ionic strength may influence

texture and rheology properties of heat-induced gels.

This study investigated the optimum processing conditions for gelation of

commercial PPI. Response surface methodology (RSM) was employed to study effects

of three experimental variables (temperature, pH and NaCI concentration) on

commercial pea protein gelation. The values of shear strain, shear stress, hardness and

cohesiveness were used as responses. Rheological and textural parameters of the heat

induced gels that were prepared under various conditions were determined. Torsion

rheometry and textural profile analysis (TPA) were used to determine effects of the

variables on pea protein gels. A comparison of rheological properties between

commercial pea and soy protein isolates at the design center point processing conditions

was carried out.
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4.2.1 Rheological and Textural Properties of Heat-induced PPI Gels Prepared

under Different Conditions

4.2.1.1 Shear Stress

Analysis of variance for shear stress revealed that the regression model and

heating temperature were significant (P < 0.05) in this study, while pH level explained a

lower percentage of variability in the data (P = 0.059) and there was no significant

effect (P>0.05) of sodium chloride concentration on shear stress of heat-induced

commercial PPI gels (Table 4.6).

Table 4.6 Variance analysis of the regression model for shear stress of commercial PPI gels
with 19.6% protein content

Master Model

Source DF SS MS F Pr>F

Xl 1 34.958 34.958 21.155 0.002
X2 1 7.978 7.978 4.828 0.059
X3 1 0.877 0.877 0.531 0.487
Xl*Xl 1 0.432 0.432 0.261 0.623
Xl*X2 1 5.104 5.104 3.089 0.117
Xl*X3 1 0.932 0.932 0.564 0.474
X2*X2 1 6.217 6.217 3.762 0.088
X2*X3 1 1.403 1.403 0.849 0.384
X3*X3 1 4.139 4.139 2.505 0.152

Model 9 59.877 6.653 4.026 0.031

(Linear) 3 43.813 4.604 8.838 0.006

(Quadratic) 3 8.626 2.875 1.740 0.236

(Cross Product) 3 7.438 2.479 1.501 0.287
Total 17 73.096

Yl: Shear stress (kPa); Xl: Heating temperature (OC); X2: pH level; X3: Salt concentration (%).

Increasing heating temperature had an appreciable positive effect on the shear

stress, the linear component of the regression being significant also (P<0.05). The gels
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processed to 82°C at pH 6.5 or lower exhibited a low shear stress, but a linear

relationship between temperature and shear stress can be observed, especially when pH

was lower than 7.2 (Figure 4.8). In addition, at around pH 7.0, the highest value of shear

stress was obtained when heating temperature was higher than 87°C. When pH was

higher than 7.8, the shear stress was slightly decreased, as heating temperature

increased.

Fixed Level: NaCI=1.0% (w/w)

Figure 4.8 Effects of heating temperature (OC) and pH on shear stress of commercial PPI gels at

1 % NaCl. (Yl: Shear stress, kPa).

Figure 4.9 shows contour plots of the effect of NaCI concentration, pH and

heating temperature on shear stress. Overall, there was no apparent change in pattern for

shear stress and the magnitude of the change was not significant with various sodium

chloride concentrations. While heating temperature was higher than 87°C, a slightly

higher shear stress was observed from the samples with I and 2% NaCI than that of the
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sample without salt addition. In this study, the higher the heating temperature the

higher the shear stress of the resulting pea protein gels. This is a well-known property of

globular proteins through which the compact structured form of the molecule, with its

well-defined secondary and tertiary structures becomes disrupted on heating and, in the

process, becomes more reactive towards its neighbors (Clark et aI., 2001). Scanning

electron microscopy (Beveridge et aI., 1984) has shown that gelled denatured legume

protein contains large spherical particles adhering together because of small amounts of

materials that have been denatured during the heating process. The limited amount of

material involved may not be sufficient to change the DSC response in the previous

study.
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Figure 4.9 Contour of shear stress (kPa) of commercial PPI gels as a function of pH and

temperature COC) under different salt concentrations. A: NaCl 0%; B: NaCl 1 %; C: NaCl 2%.

Meng and Ma (2001) reported that at high or low pH, large net charges are

induced and repulsive forces increase, resulting in unfolding of proteins. In this

research, within the pH range of 6.4 to 7.2, higher shear stress values were observed as
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pH increased under all heating temperatures. An optimum pH level around pH 7.2 was

observed. Compared with other pH levels, the highest value of shear stress was obtained

(Figure 4.8) with various heating temperatures and 1% NaCI at pH 7.2. On the other

hand, the shear stress was decreased when pH level was higher than pH 7.2. At higher

pH levels, the repulsive force of protein molecules was so high that it affected the gel

structure. Therefore, a slight decrease of shear stress was observed.

There was no significant effect of NaCI on shear stress in this research. This

may be because ionic strength cannot significantly modify the functionalities of

commercial PPI, such as nitrogen solubility, thermal properties, and conformation,

because of the denaturation caused during commercial production. Furthermore, this

result is supported by the lack of thermal transition peaks under different salt addition in

DSC determination (Figure 4.4) and thus sodium chloride concentration between 0 and

2% had no major influence on thermal and gelation properties of commercial PPI.

4.2.1.2 TPA Hardness

Significant effects of temperature and quadratic effect of pH level on hardness

were observed (P < 0.05) (Table 4.7). There was no significant effect of NaCI on

hardness. This may be for the same reason as that for shear stress. With increasing

temperature, a positive linear relationship between heating temperature and hardness

was exhibited. An optimum pH level for the highest hardness at pH 7.1 was observed at

all heating temperatures (Figure 4.1 0 and 4.11).
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Table 4.7 Variance analysis of the regression model for hardness of commercial PPI gel

Master Model

Source DF SS MS F Pr>F

Xl 1 39.814 39.814 16.925 0.003
X2 1 0.052 0.052 0.022 0.886
X3 1 0.997 0.997 0.424 0.533
Xl*Xl 1 6.270 6.270 2.665 0.141
Xl*X2 1 0.349 0.349 0.148 0.710
Xl*X3 1 0.060 0.060 0.025 0.878
X2*X2 1 41.914 41.915 17.818 0.003
X2*X3 1 0.005 0.005 0.002 0.966
X3*X3 1 3.083 3.083 1.310 0.285

Model 9 105.207 11.690 4.969 0.017

(Linear) 3 40.862 13.621 5.790 0.021

(Quadratic) 3 63.932 21.311 9.059 0.006

(Cross Product) 3 0.413 0.138 0.058 0.980

Total 17 124.027

Yl: Shear stress (kPa); Xl: Heating temperature COC); X2: pH level; X3: Salt concentration (%).

Fixed Level: NaCI=1.0% (w/w)

Figure 4.10 Surface plot of effects of temperature (0C) and pH on hardness of commercial PPI

gels. (Y3: Hardness, N)
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Figure 4.11 Contour of TPA hardness (N) of commercial PPI gels as a function of pH and

temperature CCc) under different salt concentrations. A: NaCl 0%; B: NaCI 1 %; C: NaCI 2%

An apparent curve for effect ofpH level on shear stress was exhibited. When pH

level was higher or lower than pH 7.1 under the same heating temperature and salt

concentration, the hardness values were decreased. The hardness was not altered by the

presence of increased sodium chloride levels (Figure 4.11).

4.2.1.3 Shear Strain

The model for shear strain was not significant at P = 0.0585, but the trends from

the model still can be observed. Both heating temperature and salt concentration had no

significant effects on shear strain (P >0.05). The pH level showed a significant effect on

shear strain (P < 0.05) (Table 4.8). In addition, general linear model (GLM) analysis

indicated that there was a linear effect of pH level on shear strain (P < 0.001, R2= 0.85).

This result can be observed in Figure 4.12 and 4.13. The pH showed a considerable

effect on shear strain; meanwhile changing of salt levels and heating temperatures did

not alter the values of shear strain. This is likely related to the effect of pH on nitrogen
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solubility (Figure 4.1). This result was supported by Hamann and Lanier (1986) who

observed that shear strain is influenced mainly by protein quality and protein

functionality, such as nitrogen solubility, but not process conditions.

Fixed Level: NaCI=1.0% (w/w)

Figure 4.12 Response surface plot of the effects of heating temperature (0C) and pH on shear
strain of commercial PPI gel. (Y2: Shear strain).
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Figure 4.13 Contour plots of shear strain of commercial PPI gel as a function of pH and

temperature (OC) under different salt concentrations. A: NaCI 0%; B: NaCI 1 %; C: NaCl 2%.
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Table 4.8 Variance analysis of the regression model for shear strain of commercial PPI gel

Master Model

Source DF SS MS F Pr>F

Xl 1 0.0030 0.0030 0.0305 0.8656
X2 1 0.2367 0.2367 24.4415 0.0011
X3 1 0.0074 0.0074 0.7689 0.4061
Xl*Xl 1 0.0040 0.0040 0.4123 0.5388
Xl*X2 1 0.0026 0.0026 0.2639 0.6213
Xl*X3 1 0.0083 0.0083 0.8525 0.3828
X2*X2 1 0.0010 0.0010 0.1041 0.7552
X2*X3 1 0.0068 0.0067 0.7007 0.4268
X3*X3 1 0.0143 0.0143 1.4812 0.2583

Model 9 0.2779 0.0309 3.1884 0.0585

(Linear) 3 0.2445 0.0815 8.4136 0.0074

(Quadratic) 3 0.0159 0.0053 0.5460 0.6645

(Cross Product) 3 0.0176 0.0058 0.6057 0.6296

Total 17 0.3554

YI: Shear stress (kPa); Xl: Heating temperature CCC); X2: pH level; X3: Salt concentration (%)

Beveridge et al. (1984) concluded that increasing elasticity or deformation of

protein gels probably results from increasing numbers of cross-links that stiffen the

structure of individual aggregates. Cross-link formation may strongly relate to degree of

soluble aggregation of the protein molecules during the heating process. Heating

temperature and sodium chloride addition were not able to modify solubility of this

commercial PPI, a denatured protein, and thus had no significant effect on shear strain.

However, as Figure 4.1 showed, changing pH level could considerably modify the

solubility of the commercial PPI and thus influence elasticity of heat-induced protein

gels.

87



4.2.1.4 TPA Cohesiveness

Analysis of variance indicated that the regression model developed for

cohesiveness of commercial PPI was not significant (P = 0.0945; model not shown).

However, according to the one-way ANDVA procedure, a linear relationship between

cohesiveness and pH levels was observed (P < 0.001, R2= 0.91). Temperature and salt

concentration had no significant effects on cohesiveness and this result can be observed

from Figure 4.14 and 4.15. The cohesiveness may be influenced by the same factors as

previously discussed for shear strain. Both shear strain and cohesiveness were affected

by pH level and could not be significantly altered by heating temperature and NaCI

addition.

Fixed Level: NaCI=1.0% (w/w)

Figure 4.14 Response surface plot of effects of heating temperature (0C) and pH on

cohesiveness of commercial PPI gels. (Y4: Cohesiveness)
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Figure 4.15 Contour ofTPA cohesiveness (Y4) of commercial PPI gels as a function of pH and

temperature CCc) under different salt concentrations. A: NaCl 0%; B: NaCl 1%; C: NaCl 2%.

4.2.1.5 Correlations between Torsion Rheometry and TPA

Table 4.9 shows positive statistical correlations between shear stress and

hardness (r = 0.49), and between shear strain and cohesiveness (r = 0.56).

Table 4.9 Pearson correlation coefficients (p-value) between torsion and TPA data

Shear stress Shear strain Hardness Cohesiveness
Yl Y2 Y3 Y4

Shear Stress (Yl) 1.00 0.17 0.49 0.02
0.49 0.04 0.94

Shear Strain (Y2) 0.17 1.00 0.05 0.56
0.491 0.86 0.02

Hardness (Y3) 0.49 0.05 1.00 -0.63
0.04 0.86 0.01

Cohesiveness (Y4) 0.02 0.56 -0.63 1.00
0.94 0.02 0.01

P < 0.05 indicates the statistical significance.

Chin et al. (1999) mentioned that shear stress was highly correlated with TPA

hardness, and shear strain was highly correlated with cohesiveness when measuring

protein gel strength from different species. The results of this study agreed with their

work. Cohesiveness negatively correlated with hardness (r = -0.63) in this study. This
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may indicate that following a change of processing conditions, cohesiveness and

hardness would be modified in opposite directions. For example, at the same heating

temperature, increasing pH has an opposite effect on cohesiveness and hardness (Figure

4.10 and 4.14).

4.2.1.6 Expressible Moisture (EM) and Cooking Loss

These three factors (heating temperature, pH level and salt concentration) had no

significant effects on EM of pea protein gels (P >0.05; model not shown). GLM

analysis also supported this result. The method used to determine EM in this research

might be not suited for samples of commercial PPI gel. The heat-induced commercial

PPI gel did not exhibit significant moisture loss at low speed (750 g) centrifugation.

There was no significant cooking loss found in all samples. Commercial PPI

gels with 19.6% protein content showed a strong water holding capacity under various

processing conditions. The data for both EM and cooking loss did not show.

4.2.1.7 Ridge Statement for Predicted Responses

According to the Ridge statement protocol of SAS, the ridge for shear stress and

strain determination of commercial PPI gel starts at the given center point (87°C, pH

7.15 and 1 %) and the edge points of the ridge are at radius 1 from the origin. To obtain

the highest value of shear stress for this commercial PPI, the model predicted that the

optimum processing conditions would be heating temperature 91.85°C, pH 7.12 and

1.09% salt addition; for maximum shear strain, the optimum conditions would be

86.89°C, pH 7.73 and 0.73% salt, respectively. Two treatments were prepared as

described in Table 4.10, in which the predicted responses were compared to observed
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values. Duplicate batches of the each sample were prepared. The observed values at

these two points were not significantly different from the predicted values. This result

provided support that the model used in RSM for rheology and textural properties

determination was valid.

Table 4.10 Predicted responses of ridge statement and actual value for commercial PPI gels
Predicted response' Actual value

Shear strain at 16.73 ± 0.62a2 16.52 ± 1.lla

87°C, pH 7.70 and 0.73% salt
Shear stress (N) at 0.91 ± 0.05a 0.90 ± 0.12a

92°C, pH 7.10 and 1.09%
ICalculated from the Ridge Analysis and Predictive Model given by SAS (Release 8.02).
2Means of shear stress or strain with the same letter are not significantly different at P < 0.05.

4.2.2 Comparison of Rheological Properties between Commercial PPI and SPI

In order to evaluate the heat-induced gel rheological properties of commercial

PPI, an additional commercial SPI treatment was prepared in duplicate. The result is

showed in Figure 4.16.
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Figure 4.16 Comparison of the shear strain and stress of commercial soy and pea protein gels
processed with 19.6% protein content at 87°C, pH 7.15 and 1% salt level. 1 = commercial PPI;
2 = commercial SPI.
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SPI is recognized as a major functional ingredient because of its gel-forming and

water-retention abilities. The commercial SPI gels were prepared at the center points

(87°C, pH 7.15 and 1 % salt) of response surface design for commercial PPI. The shear

strain and stress of SPI gel were considerably higher (P<O.05) than those of PPI gel

(Figure 4.16), indicating that the commercial SPI gels showed higher elasticity and

hardness or stronger rheological properties than commercial PPI gels at process

conditions of center points. No previous comparison of commercial PPI and SPI gels

was found in the literature. This difference might result from the different

functionalities, protein conformation, and compositions of the protein isolates.

Small amplitude oscillatory rheometry was previously employed to monitor the

structure development of both commercial PPI and SPI with increasing heating

temperature (Figure 4.7). When heating temperature was around 87°C, commercial PPI

and SPI slurries had G' value of 94 Pa and 276 Pa, respectively. The more solid-like gel

structure development of SPI than that ofPPI may have contributed to the differences in

shear strain and stress between SPI and PPI.

4.2.3 Summary of Study 2.

The optimum processing conditions (heating temperature, pH, and sodium

chloride concentration) for heat-induced commercial PPI gel was determined by both

torsion rheometry and textural profile analysis in this study. A positive linear

relationship was found between the values of shear stress and heating temperature,

whereas, heating temperature had no significant effect on shear strain. However, as pH

level increased between 6.1 and 8.1, shear strain increased. This may be because of the

increased NSI of the protein as pH increased. As most proteins were denatured, addition
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of NaCI had no significant effects on unfolding and solubility of commercial PP!.

Therefore, sodium chloride addition (0-2%, w/w) had no significant effects on shear

stress and strain of heat-induced commercial PPI gels. In addition, commercial SPI

showed both higher shear stress and strain than PPI at 87°C, pH 7.15 and 1% (w/w)

sodium chloride. A relationship between rheological properties ofheat-induced gels and

structure development of heated protein slurries could be observed for both PPI and

SP!.

According to the literature, the functional properties of legume proteins may be

improved, such as by introducing novel covalent bonds catalyzed by MTGase into

protein gels (Pedrosa et al., 1997, Hamada, 1994, and Walsh et al., 2003). Therefore,

improvement of both gel strength and elasticity of heat-induced commercial PPI gel by

addition of the enzyme would be important for practical utilization of this protein.

4.3 Study 3: Optimization Study of Reaction Conditions of Transglutaminase

Treatment on the Heat-induced Commercial PPI Gels

Wang and Damodaran (1990) indicated that in phenomenological terms, the

strength or rigidity of protein gels is related to the number of intermolecular cross-links

formed in the gel network. Therefore, inducing more cross-links between protein

molecules catalyzed by microbial transglutaminase (MTGase) may improve rheological

properties of heat-induced commercial PPI gels. The objective of this study was to

investigate the optimum processing conditions of the gelation of commercial pea

protein with MTGase. To obtain a good pea protein gel, it is important to establish the

optimum conditions for the enzyme-catalyzed reaction, such as incubation time,

temperature and enzyme concentration.
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According to requirements of practical production, sodium chloride, protein

concentration and pH levels were fixed at 1 % (w/w), 19.6% (w/w) and 6.5, respectively.

In addition, a 92°C heating treatment for 30 min was carried out for heat-induced

gelation and for inactivation of the enzyme. Mechanical properties of the gels, shear

stress and strain were used as indicators of the gel quality.

4.3.1 Determination and Analysis of Rheological Properties of Heat-induced PPI

Gels with Various MTGase Treatments

Three factors (incubation temperature, time and MTGase product concentration)

at five levels each were included in the RSM model. All the responses (shear stress and

strain) with various MTGase treatments are shown in Table 4.11.

Table 4.11 Operational conditions assayed and experimental results achieved for commercial
PPI gels with and without MTGase under various conditions

Xl X2 X3
Incubation Incubation time MTGase product Yl Y2

temE' {oq {min} cone. (%} Shear stress {kPa} Shear strain

30 20 0.6 22.02±3.29' 1.02±0.09

30 70 0.1 14.21±1.58 0.73±0.06
70 20 0.1 12.65±1.83 0.76±0.14
70 70 0.6 19.39±3.00 1.04±0.05
22 45 0.35 16.97±1.30 0.88±0.04
78 45 0.35 15.31±2.80 0.89±0.11
50 10 0.35 16.17±0.82 0.90±0.12
50 80 0.35 25.58±1.91 1.15±0.08
50 45 0.00 12.82±1.84 0.73±0.14
50 45 0.70 33.55±5.47 1.45±0.16
50 45 0.35 23.45±3.78 1.04±0.06
50 45 0.35 22.35±3.27 1.08±0.12
50 45 0.35 20.98±2.52 1.05±0.07

50 45 0.35 25.48±2.58 1.27±0.10
50 45 0.35 17.9±1.58 1.03±0.07
, Mean ± standard deviation
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4.3.1.1 Shear Stress

Analysis of variance indicated that the regression model was significant (P <

0.05) for shear stress ofthe gels. Incubation temperature (Xl) showed a significant (P <

0.05) quadratic effect on shear stress of commercial PPI. Incubation time (X2) exhibited

no significant effect on shear stress (P>0.05). MTGase product concentration (X3) was

the only variable studied that significantly affected shear stress, as manifested in a

significant linear (P<O.OI) term (Table 4.12).

Table 4.12 Variance analysis of the regression model for shear stress of commercial PPI gels
with or without MTGase under various conditions

Master Model

Source DF SS MS F Pr>F

Xl 1 1.378 1.378 0.180 0.689
X2 1 44.274 44.274 5.794 0.061
X3 1 214.867 214.867 28.120 0.003
Xl*Xl 1 92.822 92.822 12.148 0.018
Xl*X2 1 27.257 27.257 3.567 0.118
Xl*X3 1 25.840 25.840 3.382 0.125
X2*X2 1 9.356 9.356 1.224 0.319
X2*X3 1 0.424 0.424 0.056 0.823
X3*X3 1 0.022 0.022 0.003 0.959

Model 9 418.666 46.518 6.088 0.030

(Linear) 3 264.598 88.199 11.543 0.011

(Quadratic) 3 100.547 33.516 4.386 0.073

(Cross Product) 3 53.521 17.840 2.335 0.191

Total 14 456.871

YI: Shear Stress (kPa) Xl: Incubation temperature; X2: Incubation time; X3: Enzyme
concentration.

The variable incubation time (X2) was not significant at P = 0.06, but there is a

possible trend for an effect of incubation time of MTGase on shear stress of commercial
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PPI with various enzyme concentrations. The effects of different combinations of

incubation temperature (Xl) and time (X2) on shear stress of heat-induced commercial

PPI gel are shown in Figure 4.17. A quadratic relationship or apparent arch curve

between shear stress and incubation temperature (X2) is observed from Figure 4.17 (a

and b). In addition, an optimum temperature (around 50°C) for the highest value of

shear stress was obtained. This temperature is within the temperature range for the

highest activity of the enzyme as reported by Ajinomoto (2002)(Figure 2.3).

Figure 4.17 �a) Effects o� incubation time (min) and incubation temperature (0C) on shear stress
of commercial pea protem g�ls at 0.35% MTGase addition. (b) Effect of incubation temperature
(0C) and MTGase concentration on shear stress at 45 min incubation time (min).

24

(a)

30

(b)

With increasing incubation time, shear stress of the gel was decreased when

incubation temperature was higher than 50°C; when incubation temperature was lower

than 50°C, a reverse result could be observed, i.e., the longer the incubation time, the

higher the value of shear stress (Figure 17a). It is presumable that incubation
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temperature higher than 50°C might result in inactivation of the enzyme. However,

when it was lower than the optimum temperature, the enzyme still had some activity.

The relationship between shear stress and MTGase product concentration is

shown in Figure 4.18. MTGase product concentration had an appreciable positive effect

on the shear stress, the linear component of the regression being significant (P<0.05)

(Table 4.12). The greater the enzyme addition level, the higher was the shear stress.

Shear stress was dramatically increased from 13kPa to 34 kPa with 0.7% MTGase

product addition. The lowest shear stress was obtained from the sample without

MTGase addition (Figure 4.17b and 4.18).

30

80

Figure 4.18 Effect of incubation time and MTGase product concentration on shear stress at

50°C incubation. Yl: Shear stress (kPa).

From the results above, a conclusion might be drawn that the highest shear stress

could be obtained while MTGase was at an optimum temperature and exerted the

highest catalytic activity. In addition, shear stress increased with increasing enzyme
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addition and incubation time under the optimum temperature. An opposite result was

observed when incubation temperature was not at an optimum point. Especially, a

higher temperature than the optimum range for the enzyme resulted in a decrease of

shear stress. This might be due to inactivation of the enzyme. Therefore, under the

optimum conditions MTGase addition had a considerably effect on shear stress of heat-

induced commercial PPI gel.

4.3.1.2 Shear Strain

MTGase product concentration (X3), the quadratic term of incubation

temperature (Xl), and the overall model for shear strain were statistically significant

(P<0.05). On the contrary, shear strain was not significantly affected (P>0.05) by

incubation time (X2). The variance analysis for shear strain is shown in Table 4.13.

Table 4.13 Variance analysis of the regression model for shear strain of commercial PPI gels
with or without MTGase under various conditions

Master Model

Source DF SS MS F Pr>F

Xl I 0.000 0.000 0.005 0.944
X2 1 0.031 0.031 3.362 0.126
X3 1 0.259 0.259 27.886 0.003
Xl*XI 1 0.114 0.114 12.248 0.017
Xl*X2 1 0.025 0.025 2.702 0.161
Xl*X3 1 0.017 0.017 1.777 0.240
X2*X2 1 0.020 0.020 2.200 0.198
X2*X3 1 0.000 0.000 0.017 0.901
X3*X3 1 0.003 0.003 0.299 0.608

Model 9 0.505 0.056 6.033 0.031

(Linear) 3 0.331 0.110 11.855 0.010

(Quadratic) 3 0.132 0.044 4.745 0.063

(Cross Product) 3 0.042 0.014 1.499 0.322
Total 14 0.551

YI: Shear Stress (kPa) Xl: Incubation temperature; X2: Incubation time; X3: Enzyme product
concentration.
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The optimum temperature for shear strain development could be observed at

approximately SO°C. Once temperature increased higher than SO°C, a sharp reduction in

shear strain was observed (Figure 4.19). The MTGase product specification indicates

that the favorable reaction temperature range of the enzyme is SO-SsoC and the thermal

stability will largely decrease above SO°C (Ajinomoto, 2002).

(a) (b)

Figure 4.19 (a) Effects of incubation time (min) and incubation temperature (0C) on shear strain
of commercial pea protein gels at 0.35% MTGase product addition. (b) Effect of inCUbation
temperature (0C) and MTGase product concentration on shear stress at 45min incubation time.
Y2: Shear strain.

A linear relationship between MTGase concentration (0% to 0.7%, w/w) and

shear strain could be observed (Figure 4.19 b and 4.20). With higher enzyme

concentration, more covalent bonds might be formed by enzyme catalysis, and thus

shear strain might be modified. This result agreed with Nonaka et al. (1994), who used

MTGase at four concentrations (0, O.S, 1.0, and S.O unit/g) to incubate with soy protein

isolate at SSOC. The authors reported that the deformation force in the SPI gels

99



increased at O.S and 1.0 units/g protein concentration. Chemical cross-links introduced

by TGase can effectively restrict the permanent flow ofprotein chains. The cross-linked

proteins would develop elasticity and viscoelasticity of the gel network

(Chanyongvorakul et aI., 1995). There were no significant effects of incubation time on

shear strain (P>O.OS). The possible explanations may be same as that of shear stress.

(a) 0% MTGase product (b) 0.35% MTGase product (c) 0.7% MTGase product
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Figure 4.20 Contour plots of effects of incubation time and temperature on shear strain at

different MTGase product concentrations.

The enhancement in rheological properties by MTGase was due to formation of

cross-links of protein substrates. The quite similar changes in shear strain and stress

resulting from protein cross-linking catalyzed by MTGase might indicate that the

addition of MTGase had a significant effect on those two properties. Generally, results

of this study are in agreement with findings reported by other authors with another

legume, soy protein. Sakamoto et al. (1994) found that the gel breaking strength and

deformation of SPI increased with increasing MTGase levels from 10 to 40 units/g

protein concentration. Babiker (2000) reported that the hardness of native SPI was
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sharply increased with 0.05% MTGase addition (incubated at 55°C for 60 min)

compared with the sample without the enzyme.

The MTGase treatment was very useful for the improvement of rheological

properties of heat-induced commercial PPI gels. In this study, a linear positive

relationship between enzyme addition and shear stress and strain was observed within

the enzyme addition range from 0% to 0.7%. However, other reports have found shear

stress and strain may be decreased by addition of too much of the enzyme preparation

(Nonaka et aI., 1994; Oakenfull et aI., 1997). It is probable that the excess formation of

cross-links caused by the enzyme made the protein substrate insoluble and affected the

gelling property orland the protein had fewer available reactive sites to be opened for

network formation and thus gel strength was decreased.

4.3.2 Description of Torsion Texture Map for Effects of MTGase

A plot of torsional stress versus strain at failure was employed to describe

textural properties of heat-induced commercial PPI gel to show various MTGase

treatment effects on gel texture (Figure 4.21). The strongest gel was obtained from the

treatment with the highest TGase concentration, 0.7% (w/w) with 50°C and 45 min

incubation; on the contrary, the sample without TGase addition was the nearest to the

mushy quadrant. Furthermore, a linear relationship was observed from the torsion map

(Figure 4.21). Increasing MTGase product concentration could create a tougher gel.
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Figure 4.21 Torsion map for effects of MTGase product concentration (incubation at

50°C for 45 min) on rheological properties ofheat-induced commercial PPI gel.

Effects of MTGase incubation time on the gels are shown in Figure 4.22. With

50°C incubation and 0.35% MTGase product addition, as incubation time increased the

shear strain and stress increased and the gel became tougher. At the optimum incubation

temperature, increase of enzyme levels and/or incubation time might increase the

number of cross-links and thus shift the sample texture toward the tough region.
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Figure 4.22 Torsion map for effects of incubation time (at 50°C) with MTGase product (0.35%,
w/w) on rheological properties ofheat-induced commercial PPI gels.
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Incubation temperatures greatly influenced rheological properties of commercial PPI

gels (Figure 4.23). As the incubation temperature was higher or lower than 50°C, the

value of shear strain and stress typically moved towards the lower-left-hand quadrant of

the plot, indicating the sample was more mushy (both shear strain and stress decreased).

When the processing conditions were beneficial to the cross-linking reaction by the

enzyme with commercial PPI, such as at optimum incubation temperature and with

higher enzyme concentration, the gel texture moved toward the tougher region. When

incubation temperature is at the optimum, a positive linear relationship between gel

properties and incubation time could be observed.
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Figure 4.23 Torsion map for effects of incubation temperatures (for 45 min) with MTGase

product (0.35 %, w/w) on rheological properties of heat-induced commercial PPI gels.

4.3.3 Comparison Between Commercial SPI and PPI Incubated with MTGase

Commercial soy protein isolate (SPI) is an often-used ingredient in food

processing and we employed it as a reference for commercial PPI in this study. The
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reaction of SPI with MTGase under the same conditions as that for commercial PPI was

carried out. The results are described and compared on the torsion map (Figure 4.24).
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Figure 4.24 Torsion map showing shear stress and strain of commercial PPI and SPI gels with
various MTGase product concentrations and incubation at 50°C for 45 min.

Commercial SPI showed higher values of shear strain and stress at each

MTGase level than that of commercial PPI. The shear strain of PPI increased more

rapidly with MTGase addition than changes in shear stress. The opposite result was

observed for commercial SPI. The different composition and protein conformation of

commercial PPI and SPI might result in different quantity and type of cross-linking in

the protein matrix during cooking. It may be that SPI had relatively easier access by the

enzyme for the cross-linking reaction or/and a higher degree of unfolding of protein

molecular structure during heating than that of PPI based on the much higher initial

shear strain and stress of SPI. It was interesting to note that the heat-induced gel of
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commercial PPI with 0.7% MTGase addition obtained a similar shear stress and strain

to commercial SPI without enzyme addition, showing the potential of MTGase to

modify the rheological properties ofheat-induced commercial PPI gel.

The positions of commercial meat and vegetarian bologna are shown in this

torsion map (Figure 4.24). They had similar protein content to the samples of

commercial SPI and PPI, but other ingredients, such as carrageenan, vital wheat protein,

and starch were added. From the perspective of rheology, addition of 0.7% MTGase for

PPI would result in similar shear stress (hardness) and shear strain (elasticity) to the

commercial meat and vegetarian bologna products. Since the enzyme-assisted cross

linking has the capability to increase both shear stress and strain, MTGase could replace

some other ingredients, such as carrageenan and starch that enhance hardness or gel

strength (Ipsen, 1995 and Shand, 2000) and vital wheat gluten used to increase elasticity

(Xu et aI., 2001) ofprotein gels.

The mechanism of gel textural enhancement by MTGase is different from some

other ingredients. For example, carrageenan introduces another three-dimensional gel

network into the heat-induced protein gel system. x-carrageenan gel networks are

formed by a series of polymer chain associations to give rise to a three-dimensional

helix framework (Trius and Sebranek, 1996). Therefore, x-carrageenan can increase

shear stress or stiffuess, but cannot dramatically improve shear strain.

4.3.4 Summary of Study 3

Both shear stress and strain of commercial PPI gels (19.6% protein content)

were increased by addition of MTGase when the incubation temperature was lower than

50°C. Meanwhile, increasing MTGase product concentration from 0% to 0.7% (w/w)
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orland incubation time increased shear stress and strain. The maximum value for both

shear stress and strain was with 50°C incubation with 0.7% (w/w) MTGase product

addition for 80 min. Commercial SPI gels showed a faster increase in shear stress than

shear strain with MTGase product addition from 0 to 0.7% (w/w). However,

commercial PPI gels showed a greater shear strain enhancement than the shear stress

change with MTGase concentration increased.

The commercial PPI gel with 0.7% MTGase product addition showed quite

similar gel properties to commercial SPI gels without MTGase and was close in shear

stress and strain to commercial meat and vegetarian bologna. The cross-linking

catalyzed by MTGase may improve rheological properties of heat-induced PPI gel and

thus this enzyme may replace some ingredients, such as starch, carrageenan, and vital

wheat gluten that are often used to enhance gel properties.

4.4 Study 4. Effect of Transglutaminase-induced Cross-linking on Gelation of

Native and Commercial Pea and Soy Protein Isolates

Transglutaminase catalyzes acyl-transfer reactions between protein-bound

glutaminyl residues and primary amines. This enzyme has been used to cross-link food

proteins for texturization (Nio et aI., 1985) and for the covalent attachment of essential

amino acids to food proteins, which produces new food materials with unique properties

(Kang et aI., 1994). In this study, the rheological properties and thermal transition

properties of the PPI and SPI reacted with MTGase were compared by using denaturing

SDS-PAGE, DSC and torsion rheometry. Thus, more detailed effects of MTGase on

gelation properties ofPPI and SPI could be investigated.
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4.4.1 Determination of Effects of MTGase on Protein Polymerization

The cross-linking (polymerization) reaction catalyzed by TGase may cause the

modification of protein subunits. Cross-linking of proteins results in formation of

dimmers, trimers, and larger protein polymers (de Jong and Koppelman, 2002). The

novel polymer may be displayed in the SDS-PAGE pattern of cross-linked proteins. The

SDS-PAGE profiles of the native and commercial PPI with or without MTGase are

shown in Figure 4.25.
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Figure 4.25 SDS-PAGE pattern for polypeptides of native (lane b - e) and commercial (lane f

i) PPI with or without MTGase. Lane a) protein ladder; b) 0 min incubation; c) 30 min

incubation; d) 0 min incubation and 0.6% MTGase product; e) 30 min incubation and 0.6%
MTGase product; f) 0 min incubation; g) 30 min incubation; h) 0 min incubation and 0.6%

MTGase; i) 30 min incubation and 0.6% MTGase.

In this study, several bands for polypeptides of vicilin (70, 50, 30-35 and 15

kDa), legumin bands (60, 40, 27, 25, 20 and16 kDa) and the polypeptides at around 100

kDa were observed (Figure 4.25). The result generally agreed with Megha and Grant

(1986) who reported that SDS-PAGE of pea protein concentrate showed 13 detectable
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29.9, 25.0, 21.2, 19.0, 16.1, 15.3, 14.6, and 13.9 kDa. Furthermore, Gatehouse et al.

(1984) indicated that the vicilin fraction (7S) contains major polypeptides ofMW 71, 50

and 33 kDa with minor components of lower MW. In addition, the same authors

reported that the 71 kDa subunit was convicilin. Similar bands at around 70 kDa,

representing convicilin, were observed from both commercial and native PPI in this

study (Figure 4.25). Koyoro and Powers (1987) concluded that 50, 30-35, 19 and 14

subunits were enriched in the vicilin fraction. In addition, the cross-contamination of the

legumin and vicilin fraction prepared by isoelectric precipitation is common. Thus,

some other unconfirmed bands were also found in the SDS-PAGE profile.

There was no visible change in banding pattern for native and commercial pea

protein isolate without MTGase or at 0 incubation time (Figure 4.25, lanes b-d and f

h). However, 30 min incubation with MTGase resulted in the disappearance of the

vicilin bands and most of the legumin polypeptide bands (Figure 4.25, lane e and i).

There was evidence ofproduction ofhighly cross-linked polymers that were too large to

even enter the stacking gel. A substantial amount of cross-linking of native and

commercial pea protein isolate likely occurred.

Even with 30 min incubation with MTGase, there were a few bands in native

PPI that were unchanged, e.g. 15, 25, 30 and 50 kDa. For commercial PPI, a band of 25

kDa was still present after incubation with MTGase. These subunits may not have

participated in cross-linking by MTGase catalysis (Figure 4.25, lane e and i). Lam! et al.

(1992) indicated that low reactivity of 7S and lIS proteins with TGase were related to

low accessibility to the reactive residues due to the globular compact structure. Walsh et

al. (2003) also found that 18 and 22 kDa bands of basic polypeptides of 11 S soy

globulin were not susceptible to TGase cross-linking as determined by SDS-PAGE.
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As section 4.3.2 indicated, incubation time had a positive relationship with heat-

induced gel properties under certain incubation temperatures. The effect of incubation

time on SDS-PAGE of native and commercial PPI with MTGase are presented in

Figure 4.26.
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Figure 4.26 SDS-PAGE pattern for native (lane b - e) and commercial (lane f - i) PPI with
0.6% (w/w) MTGase product at various incubation times. Lane a) protein ladder; b) 0 min

incubation; c) 8 min incubation; d) 16 min incubation; e) 30 min incubation. f) 0 min

incubation; g) 8 min incubation; h) 16 min incubation; i) 30 min incubation. All the samples
were incubated at 50°C before they were denatured.

In order to follow the MTGase reaction from the perspective of protein

polymerization, four incubation times (0, 8, 16, and 30 min) were selected to better

visualize the cross-linking reaction by SDS-PAGE. Following increased incubation

time, fewer bands, especially after 16 and 30 min incubation, were seen for both

commercial and native PPI samples. Compared with lane d and h, both lane e and i

showed a decrease in band intensity or had fewer bands remaining (Figure 4.26).

The rheological and textural properties of typical globular protein gels are

fundamentally dependent on their molecular size (Wang and Damodaran, 1990). In
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section 4.3.2, with increasing incubation time or MTGase addition, both shear stress and

strain of heat-induced commercial PPI gel were increased. The novel polymers caused

by MTGase might have contributed to the enhancement of gelation properties. Certain

subunit polypeptides of pea protein might be polymerized by MTGase to form very

high molecular materials (novel polymers). This was evidenced by progressive

disappearance in the SDS-PAGE gels with increasing reaction time. The polymers were

bigger and could not pass through the pores of the stacking gel.

4.4.2 Effects of MTGase on Thermal Properties of Various Proteins

Differential scanning calorimetry (DSC) was employed to compare the

modification of protein conformation and thermal transition properties caused by

MTGase-assisted cross-linking for both native and commercial PPI. The details of each

treatment are shown in Table 4.14.

Table 4.14 Design of each treatment for the reactions of various proteins with MTGase

Treatment code Proteins Incubation time (min)
1 Control Native PPI 0

2 Control Native PPI 30

3 Native PPI + MTGase 0

4 2Native PPI + MTGase 30

5 Control Commercial PPI 0

6 Control Commercial PPI 30

7 Commercial PPI + MTGase 0

8 Commercial PPI + MTGase 30
1 Control samples were without MTGase addition. Z MTGase product concentration was 0.6%

(w/w) and incubation at SO°C.

110



4.4.2.1 Native PPI

DSC thermograms ofnative PPI samples with or without MTGase addition were

compared (Figure 4.27 and Table 4.15).

Figure 4.27 DSC curve for native PPI with 0.6% (w/w) MTGase product addition. A: treatment

1, without incubation and MTGase; B: treatment 2, incubation 30 min; C: treatment 3, with
MTGase and 0 min incubation; D: treatment 4, with MTGase and 30 min incubation.

Table 4.15 Data of thermal transition characteristics and enthalpy change (�H) of native PPI
with various treatments

First 2eak To (OC) Td CCC) TfCCC) �H (J/d) 1

12 61.3±3.0a 67.2±1.8a 74.1±O.9da O.IO±O.Olab

2 65.0±2.3a 69.5±1.8a 74.9±O.9a O.04±O.Olbc

3 62.6±I.4a 68.8±1.5a 76.l±2.6a O.03±O.Olc

4 62.3±1.Oa 65.4±1.7a 72.4±3.1a O.03±O.Olc

Second 2eak To CCC) Td CCC) Tf(OC) �H (J/d)
1 77.5±O.35a 85.l±O.5a lOO.I±2.6a O.73±O.06a

2 78.0±1.3a 85.8±O.3a 99.9±I.3a O.66±O.10a

3 79.6±O.9a 86.5±O.5a 101.8±3.0a O.66±O.08a

4 78.8±O.9a 86.I±O.3a 99.6±O.7a O.75±O.07a
IMeans followed by a same letter in a same column are not significantly different (P >0.05).
2 Corresponding to treatment code in Table 4.14.
To: Onset temperature; Td: denaturation temperature; Tf: end point temperature
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All of the thermographs displayed similar thermal curves, all showing two

endothermic peaks corresponding to the non-globulin (first peak), and globulin (second

peak) fractions (Figure 4.27) as described in the previous section 4.1.3.1.

Statistical analysis revealed that there was no significant effect of MTGase

treatment on thermal transition temperature and enthalpy change of the thermal

transitions, except that the enthalpy change for the first peak of the treatment 3 and 4

was significantly lower (P < 0.05) from that of treatment 1 (Table 4.15). The first peak

was assumed to be a non-globulin fraction of native PPI and thus was not the substrate

for the enzyme. MTGase was not expected to have an effect on thermal properties on

this fraction (first peak) ofnative PPI.

According to the previous SDS-PAGE gel, the majority of the subunits of both

vicilin and legumin of native PPI were cross-linked by catalysis of MTGase. Yildirim

and Hettiarachchy (1997) reported that MTGase could increase the thermal stability of

proteins by inter- or intra- molecular cross-linking. However, in the present study, there

was no significant effect of MTGase-assisted cross-linking on To, Td, and Tf of

globulin fraction of native PPI. Ramirez-Suarez and Xiong (2003) reported that after

MTGase treatment, �-conglycinin and glycinin from soybean proteins showed a small

increase in Td, I-2°C and 2-3°C, respectively. The small total enthalpy change of the

samples with or without enzyme treatment in this study might indicate that MTGase

induced conformational changes in the globulin fraction of native PPI were minor. In

addition, the novel protein polymer caused by the enzyme catalysis did not result in

measurable change of thermal transition temperatures of globulin fraction ofnative PPI.
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4.4.2.2 Commercial PPI

Thermal transition temperature and enthalpy changes of commercial PPI with

MTGase treatment are shown in Figure 4.28 and Table 4.16.
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Figure 4.28 DSC curves for commercial PPI with 0.6% (w/w) MTGase product addition. A:
treatment 5, without incubation and MTGase; B: treatment 6, incubation 30 min without
MTGase; C: treatment 7, with MTGase and 0 min incubation; D: treatment 8, with MTGase and
30min incubation.

Table 4.16 Data of thermal transition characteristics and enthalpy change (�H) of commercial
PPI with various treatments

First Eeak ToeC) Td (OC) Tf(OC) L\H (J/d)
52 63.4±1.3a1 68.2±O.1a 79.1±1.5a O.102±O.036a

6 62.3±2.6a 69.5±2.6a 76.8±1.5a O.111±O.OI7a

7 63.2±O.Oa 68.6±O.Oa 77.7±2.0a O.044±O.OO7b

8 64.4±1.4a 68.0±1.Oa 77.9±O.la O.032±O.OO4b

Second Eeak ToeC) TdeC) Tf(OC) L\H (J/d)
5 3NP NP NP NP

6 NP NP NP NP

7 NP NP NP NP

8 NP NP NP NP
[ Means followed by a same letter in a same column are not significantly different (P >0.05).
2 Corresponding to treatment code in Table 4.14.
3 NP: no endothermic peak
To: Onset temperature; Td: denaturation temperature; Tf: end point temperature
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In general, MTGase treatment did not exhibit a significant effect on the thermal

transition temperatures of commercial PPI. Treatment 7 and 8 had a lower enthalpy

change than those of treatment 5 and 6 (Table 4.16). The thermographs of commercial

PPI lacked an endothermic peak for globulin protein fraction (second peak of native

PPI) (Figure 4.27). Although commercial PPI lacked an endothermic peak, the subunits

of the major protein fraction were cross-linked by catalysis of MTGase (Figure 4.25).

Thermal transition temperatures of the first peak are quite similar to native PPI. It may

indicate that the non-globulin fraction in commercial PPI might be identical to that of

native PPI. Without the peak for the protein fraction in commercial PPI, possible

thermal transition and enthalpy changes resulting from addition of MTGase and the

novel protein polymer could not be monitored or determined by DSC.

4.4.3 Effects of Low Temperature Incubation of Commercial PPI with MTGase

Under practical processing conditions, high incubation temperatures may cause

moisture evaporation and then higher cooking loss could result, especially if the product

is in a moisture permeable casing. Also, there could be higher energy needs with this

process. In addition, the opportunity of contamination with bacteria might be increased.

Therefore, long-time low temperature (4°C) incubation for MTGase was carried out.

During low temperature incubation, the rate of cross-link formation would be slowed

down, and thus more details about the structure development caused by MTGase might

be observed. Shear stress of commercial PPI and SPI gels following incubation for 0 to

18 h at 4°C with MTGase (0.6%, w/w) are shown in Figure 4.29 and Table 4.17.
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Figure 4.29 Effect of incubation time on shear stress with added MTGase product at 0.6%
(w/w).

Table 4.17 Effect of various incubation times at 4°C on shear stress of commercial PPI and SPI

gels with MTGase (0.6%, w/w)
Incubation time (h) Shear stress ofPPI (kPa)

7.2±O.90dl
8.17±O.30d
11.28±O.85c
12.99±1.1Ob
19.09±1.44a

Shear stress of SPI (kPa)
o
2
4
7
18

26.29±0.49d
34.25±O.88c
34.75±l.03cb
36.48±O.60b
43.33±O.09a

I Means followed by a same letter in the same column are not significantly different (P >0.05).

Commercial SPI gels showed a rapid increase in shear stress from 0 to 2 h

incubation and then a gradual increase of shear stress was observed. A statistically

significant increase in shear stress of commercial PPI was exhibited after 4 h incubation

(Table. 4.17). However, commercial PPI gels had a gradual increase of shear stress

throughout the complete incubation period (Figure 4.29). Under low temperature

incubation, the shear stress values of commercial SPI gel were considerably higher than

PPI samples throughout the incubation period. MTGase might catalyze the cross-linking

of SPI faster orland easier than that of PPI and thus an earlier rapid increase of shear
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stress was observed in SPI. This may be because of different protein conformation and

accessibility of reactive groups.

Shear strain development of both commercial SPI and PPI incubated with

MTGase at 4°C is shown in Figure 4.30 and Table 4.18.
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Figure 4.30 Effect of incubation time on shear strain with added MTGase product at 0.6%
(w/w).

Table 4.18 Effect of various incubation times at 4°C on shear strain of commercial PPI and SPI

gels with MTGase (0.6%, w/w)

Incubation time (h) Shear strain ofPPI Shear strain of SPI
o
2
4
7
18

0.73±0.07c'
0.83±0.07bc
0.81±0.04bc
0.88±0.08ab
1.07±0.lOa

1.22±0.01c
1.36±0.06ab
1.30±0.01b
1.35±0.01ab
1.39±0.01a

[Means followed by a same letter in the same column are not significantly different (P >0.05).

The shear strain of commercial SPI showed a relatively rapid increase from 0 h

to 2 h incubation and then there was no major changes with further incubation. A
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gradual increase in shear strain was observed for commercial PPI gels during the entire

incubation period (Figure 4.30 and Table 4.18). There was no significant increase in

shear strain of commercial PPI gels until 7 h incubation. In addition, relatively higher

values of shear strain were obtained for gels from commercial SPI than that of

commercial PPI.

Beveridge et al. (1984) mentioned that the basic structure of the gel has already

been formed as spherical protein aggregates and the increasing elasticity probably

results from increasing numbers of cross-links stiffening the structure of individual

aggregates and perhaps with slow deposition of cross-linked material binding the

globules together. The low activity of the enzyme under low temperature incubation

might have resulted in the slow increase of shear strain.

The torsion map was used to describe the structure development of commercial

PPI and SPI gels at 4°C incubation with 0.6% (w/w) MTGase (Figure 4.31).
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Figure 4.31 The torsion map of commercial PPI and SPI gels (19.6%, w/w) with the treatment

of low temperature incubation with 0.6% (w/w) MTGase and various incubation times.
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Commercial PPI gels with 18h incubation at 4°C exhibited a large increase in

shear stress 11.89 kPa (165%) and shear strain 0.34 (46%) over that observed with 0 h

incubation. From a practical perspective, to obtain a tougher commercial PPI gel, longer

than 7 h incubation with MTGase at 4°C was needed. The toughest gel of commercial

PPI was obtained from 18 h incubation. In addition, the shear stress and strain of this

gel was closest to SPI with 0 h incubation on the torsion map although a small gap

between these two samples was observed (Figure 4.31). After 18 h incubation with

MTGase, commercial SPI gels increased 17.04 kPa (65%) in shear stress and 0.17

(14%) in shear strain compared with 0 h incubation (Figure 4.31). With incubation,

commercial PPI gels showed a more rapid increase in shear strain than shear stress

while commercial SPI gels had a more rapid increase in shear stress than shear strain.

This result is quite similar to that observed in section 4.4.3.

The low temperature incubation of commercial PPI with MTGase considerably

enhanced the gel strength and elasticity, despite the need for a relatively long incubation

time (18 h) and high MTGase product concentration (0.6%, w/w). To obtain the same

shear stress and strain at the optimum incubation temperature of 50°C, only 45 min of

incubation with 0.35% (w/w) MTGase product addition was needed. Low temperature

incubation with MTGase would have practical significance for improvement of

commercial PPI gel properties, such as hardness and elasticity in some commercial

production environments.

4.4.4 Summary of Study 4

Effects of MTGase on thermal and rheological properties of native and

commercial PPI were examined in this study. The possible polymerization of
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polypeptides of PPIs due to the cross-linking reaction catalyzed by MTGase was

monitored by SDS-PAGE. Major subunits of both vicilin and legumin of commercial

and native PPI were cross-linked and formed novel high molecular weight polymers.

The disappearance of some subunits started at 16 min incubation and more subunits

were cross-linked by enzymatic catalysis at 30 min incubation. However, the bands of

15, 25, 30 kDa for legumin and 50 kDa for vicilin did not change with MTGase-assisted

cross-linking. This shows that some proteins are less reactive with MTGase. Both

thermal transition temperature and enthalpy of globulin fraction of native PPI were not

affected by incubation with 0.6% (w/w) MTGase at 50°C for 30 min. Commercial SPI

more easily reacted with MTGase than commercial PPI. SPI showed an earlier

significant shear stress and strain change and exhibited considerably higher values of

shear stress and strain than PPI at all incubation times with 0.6% (w/w) MTGase. There

was an especially large enhancement of shear strain (elasticity) of commercial PPI gels

with MTGase. Although low temperature incubation was not as effective as the

incubation at the optimum temperature of 50°C for MTGase catalytic activity,

improvement of rheological properties with low temperature incubation with MTGase

for commercial PPI gel preparation was still possible.
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5. SUMMARY AND CONCLUSIONS

This research examined the effects of heating temperature, pH and sodium

chloride concentration on the rheological and textural properties of commercial pea

protein isolate (PPI) gels. The impact of microbial transglutaminase (MTGase)

treatment on the rheology and texture properties of legume protein gels also was

evaluated. Where possible, comparisons were made among native (i.e. laboratory

prepared, thus minimally denatured) and commercial PPI and soy protein isolate (SPI).

The first part of this research, i.e. studies one and two, was done to investigate

the inherent characteristics of native and commercial PPI and heat-induced gelation of

commercial PPI. Differential scanning calorimetry (DSC) of native PPI revealed one

endothermic peak representing the globulin fraction (vicilin, 7S, and legumin, 11 S),

which exhibited a denaturation temperature (Td) of 85°C. Native SPI exhibited two

separate endothermic peaks for 7S and lIS fractions with Tds of 75 and 93°C,

respectively. Thus, a higher temperature would be needed to initiate denaturation of

native PPI globulins than for native SPI. For commercial SPI and PPI, the lack of a

thermal transition over the temperature range from 70 to 110°C likely indicated that the

globulin protein fractions had been denatured during the commercial process. Sodium

chloride addition did not influence the thermal transition properties of commercial SPI

and PPI. However, NaCI had a significant effect on the globulin fraction of both native

SPI and native PPI by shifting their denaturation temperatures to higher values. This

may be due to the stabilization caused by salt and thus the proteins required more
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energy to unfold prior to gel network formation. The gel network of native PPI was

better developed (greater shear stress) when the heating temperature was higher than its

Td. Both shear stress and shear strain of native PPI gels (19.6%, w/w, protein content)

were higher for gels heated to 92°C than for those heated to 82°C.

As determined by small oscillation dynamic rheometry, an increased storage

modulus (G') (i.e. more solid-like structure development) was obtained for both native

PPI and SPI slurries (10% protein concentration) when heating temperatures were

higher than 82 and 75°C, respectively. Native PPI started to develop a gel network at a

slightly higher temperature than did native SPI, and showed lower G' values when

heating temperatures were higher than 75°C. The increase in G' value represented the

transition from a protein mass to an elastic cross-linked network, and thus native PPI

showed weaker gelation properties than did native SPI. Commercial PPI exhibited

lower G' values than did commercial SPI throughout the heating process and indicated

lower initial structure development. The lower G' values and initial structure

development may result in different thermal gel properties with different types and

numbers of cross-links, and thus lower gel strength and elasticity would be observed.

Native PPI generally showed higher nitrogen solubility index (NSI) than

commercial PPI. Nitrogen solubility may relate to soluble aggregate formation during

protein thermal gelation and thus may affect the network formation in heat-induced PPI

gels. Native PPI exhibited a NSI of 47%, whereas the NSI for commercial PPI at pH 6.5

was 18%. The native PPI gel (19.6%, w/w, protein content, pH 6.5) showed more

elasticity than the commercial PPI gel. However, commercial PPI gels exhibited higher

shear stress than did native PPI gels under the same process conditions, possibly due to

the different degree in denaturation or unfolding between native and commercial PPI.
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The optimal process conditions for heat-induced commercial PPI gels (19.6%,

w/w, protein content), with respect to gel strength, were pH 7.1, 2% (w/w) NaCI

addition, and a heating temperature of 93°C. For maximum elasticity and cohesiveness

of the gels, the processing conditions would be pH 8.2, 0% NaCI addition, and 87°C.

With a higher heating temperature, PPI molecules would have more opportunity for

interaction to form cross-links, and thus gel strength would be enhanced. Increasing pH

increased protein solubility and enhanced soluble aggregation of protein chains,

allowing more cross-links. Thus, the shear strain (elasticity) was improved. NaCI

addition had no significant effect on the properties of heat-induced gels from

commercial PPI, and also had no effect on the thermal transition properties of

commercial PPI slurries. Commercial PPI showed weaker structure development during

heating, and lower shear stress and strain, than did commercial SPI. This may have

resulted from their different protein conformation and thermal transition properties.

The second part of this research, studies three and four, investigated the effects

of MTGase-catalyzed cross-linking on gelation of native and commercial PPI. MTGase

addition improved the rheological properties of heat-induced commercial PPI gels. At

the optimum temperature for MTGase activity (50°C), the concentration (0%-0.7%,

w/w) of MTGase product and incubation time (10-80 min) showed a positive linear

relationship with the shear stress and strain of commercial PPI gels. Following

incubation with 0.7% MTGase, shear stress and strain of commercial PPI gels were

similar to those of the commercial SPI gels without MTGase addition. The covalent

bonds catalyzed by MTGase would have restricted the flow of protein chains, and thus

the strength and elasticity of the gel network were increased. The reactivity of

commercial PPI to MTGase differed somewhat from that of commercial SPI, as shown

122



by plotting shear stress versus shear strain (torsion map). During incubation at 4°C or

50°C, commercial PPI gels showed a greater increase in shear strain than in shear stress

with MTGase, the opposite result was seen with commercial SPI gels. Commercial PPI

gels with MTGase exhibited lower shear stress and strain than did commercial SPI gels

at all incubation times. Commercial PPI may not be very accessible to MTGase due to

its relatively compact protein molecular structure, resulting in a weaker gelling ability.

MTGase catalyzed cross-linking of some polypeptides of the globulin proteins.

SDS-PAGE of commercial and native PPI slurries incubated with MTGase product

(0.6%, w/w) showed disappearance of major subunits and the formation of large

polymers that could not pass through the stacking gel. A few subunits of vicilin and

legumin were not cross-linked by the enzyme, likely due to low accessibility and

reactivity to MTGase. Native PPI with MTGase treatment did not show significant

changes in thermal transition temperatures and enthalpy. This may indicate that the

cross-linking catalyzed by MTGase did not significantly modify the thermal stability

and protein conformation of native PPI. Shear stress of commercial SPI gels increased

within a shorter incubation time and reached higher values during low temperature

incubation (4°C) than did commercial PPI gels, possibly due to a higher degree of

accessibility in commercial SPI to MTGase than in PPI. The enhancement of the shear

stress and strain of commercial PPI gels by low temperature incubation still showed the

practical significance of this method, despite the relatively long incubation time needed.

Based on the large-scale commercial production of PPI and its nutritional and

physicochemical properties, PPI could be used in a variety of food applications due to

its capacity to form heat-induced gels. To further enhance gel properties, adjustment of

processing conditions and addition of other ingredients would be necessary.
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6. FURTHER RESEARCH

The aim of the present study was to investigate the gelation properties of

commercial pea protein isolate (PPI) and the effect of MTGase on its gelation

properties. Since vicilin (7S) and legumin (llS) globulins are the major protein

components ofpea protein, the properties of pea protein isolate gels would be related to

the sum total of the contributions from each of these fractions. Therefore, an analysis of

the proportion of each fraction present in the isolates and a study of the

physicochemical properties of individual components would be useful.

As previously mentioned in the RESULTS AND DISCUSSION section, further

research is needed to identify the bonds and interactions, such as disulfide and hydrogen

bonding and hydrophobic interactions, responsible for gel strength and elasticity. Due to

the high interaction energies associated with disulfide bonds, their presence should have

a significant impact on protein network characteristics (Amtfield et aI., 1991). Based on

the research of Amtfield et al. (1991), it may be possible to determine the contribution

of the various bonds and the interactions in each step of PPI gelation.

Heating rate may have an influence on heat-induced pea protein isolate gelation.

Donovan et al. (1975) reported that an increase in heating rate from 2 to 10°C/min

increased the denaturation temperature of ovalbumin. Commercial PPI was unfolded

compared to folded native PPI, and thus heating rate may have different effects on the

gelation of each protein. It would be of practical significance to understand the effects
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of heating rate on the thermal transitions and structure development properties of both

commercial and native PPI.

This research was the first to document the beneficial effects of MTGase on

heat-induced PPI gels. Cross-linking catalyzed by MTGase contributed to enhancement

of the hardness and elasticity of heat-induced gels. The number of E-(y-glutamyl)lysine

covalent bonds would relate to both shear stress and strain. Therefore, the quantitative

measurement of cross-links formed by MTGase catalysis would be necessary. Each

TGase has an optimum pH range. For example, the MTGase used in this research had

the highest relative reactivity at pH 6-7 (Ajinomoto, 2003). Thus, the effects of pH on

the gelation properties of PPI with TGase addition should be determined.

Further studies on the formation of heterologous dimers and polymers of

different proteins with PPI by MTGase catalysis would also be desirable. By

introducing heterologous proteins, both the nutritional and gel properties of heat

induced PPI gel could be enhanced. Nevertheless, as mentioned previously,

heterologous cross-linking between two proteins by TGase depends on the

thermodynamic compatibility of the substrate proteins at the active site of the enzyme

(Han and Damodaran, 1996). Therefore, further testing is needed to determine which

heterologous proteins could be cross-linked with PPI by MTGase incubation, and which

ones would enhance both nutritional properties and gelation.
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8. APPENDICES

8.1 Product Specification for Commercial Soy Protein Isolate

Pro-FAM® 982, Isolated soy protein, 066-982. Pro-FAM® 982 isolated soy

protein is a medium to low viscosity protein that is dispersible in water and other liquid

systems. Because of its unique properties, it lends itself well to injection into various

uncured poultry and red meat products. It is also recommended for dry powdered mixes,

which are later hydrated by the end user.

Protein Specialties Division, Archer Daniels Midland Company. 4666 East Faries

Parkway, Decatur, illinois, 62525. Phone: 217-424-5200. Fax: 217-362-8067.

www.admworld.com.

Proximate data

% Moisture, max - 6.0; % Protein (mfb), min - 90; % Fat (pet. ether), max - 1; % Fat

(acid hydrolysis), max - 4; % Ash, max - 5.90% through #100 U.S. Standard screen.

Ingredients

Isolated soy protein.
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8.2 Product Specification for Progress Protein

Progress Protein is a highly functional and nutritious protein concentrate derived from

field peas. Careful processing to prevent protein denaturation results in a wide range of

the most useful, functional properties. In addition, its excellent amino acid profile

compliments with cereals to greatly improve nutritional value. Typical applications for

Progress Protein include meat extension, baked goods, breakfast cereals, dry mixes,

81 7 48th Street East

casein extenders, protein hydrolysates, baby foods, snacks, pet foods and feed

supplements. This product has excellent binding characteristics that can generally

eliminate a "binder" for pelleting operations.

TYPICAL ANALYSIS

Protein (D.W.B.) 58% Calcium 0.08%

Starch 11% Phosphorous 0.85%

Ash 4% Sodium 0.007%

Total Dietary Fibre 19% Copper 0.004%

Moisture 7% Est. Dig. Energy 3395kcal/kg
Fat 2.7%

Parrheim Foods

Saskatoon, Saskatchewan, Canada

S7KOX5

Telephone: (306) 931-1655

Fax: (306) 931-2664

email: pheim@parrheimfoods.com
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8.3 Product Specification for Commercial Pea Protein Isolate

Nomen

Propulse
Pea Protein Isolate

Technical Information

Origin

FOOD INGREDIENTS GROUP

PHONE: (440) 951-2715
FAX: (440) 951-1366

Propulse is a natural food-grade pea protein isolate, which offers a

high level of functionality and nutrition. The raw materials. Golden
Canadian field peas are not genetically modified. Propulse is
therefore suitable for a GMO-free label.

kemel of Golden Canadian peas
(100% GMO-free)

Composition based on dry matter

Moisture (16 hrs ± 1000e ± 5°C)
Protein (N x 6.25)
Fat (AOAC 7.060. 14'h Ed)
Ash (AOAC 14.006, 14'h Ed)
pH (10% solution)

6,0% ± 1%
82.0% ±2%

<3.0%
<4.0%
neutral

Physical Data

Flavor
Color
Particle Size (through a 80 mesh tyler)
Microns

bland
light cream

>95%
175

Microbiology
Total Plate Count (AOAC 46.015, 14'h Ed)
E.Coli (AOAC 46.016, 14'h Ed)
Salmonella (AOAC 46.117, 14'h Ed)
Yeasts and Molds (AACC42·50, e" Ed)

<10,000/g
negative
negative

<100/g

Minerals
Sodium
Potassium
Calcium
Phosphorus
Iron
Zinc

11,800 ppm
1800 ppm
746 ppm

11,000 ppm
176 ppm
38 ppm

The above analyses ar� merely Iyplcalguides and are nol to be construed as being speclficatlons. While U,e Inlormatlcn containe<l herein Is bElUeved to
be true. accurate anc reliable to tl)e best 01 our knowledge. no warranty as to accuracy. completeness or results Is &xpressed or Implied by such data.

Applications
Propulse can be utilized in a wide range
of foods and beverages where protein
enrichment is required. Propulse is

comprised of an excellent amino acid
profile. and is absent in gluten, lactose,
cholesterol and anti-nutritional factors.

Ingredient Declaration

Pea protein
Protein isolate

Vegetable Protein

Shelf Life

2 years (dry and cool conditions)

Packaging
• meat and fish products' sports and health foods> breads 15 kg multi-walled, kraft paper bags

• crackers> snack bsrs > soups' dressings' pastas

Propul,* is ll1(iinulactured by Pdrrhillm FOO<ls. a diviSion 01 Parrish al1d Helmbecl<er. Umlted - Canada Last Rav!';ed 617f02
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