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The rheological, color, micro-structural, and electrical properties of surimi 

seafood gels were investigated. Various starches and protein additives at different 

ratios were evaluated with Alaska pollock surimi under ohmic heating at different 

heating rates to determine their functional properties and further to compare these 

properties with those of conventionally cooked gels. 

Native starches at low concentration were able to enhance rheological 

properties due to their gelatinization during heating. Pregelatinized starch 

decreased texture properties; however, it could suppress the undesirable appearance 

of the final product because its granules could absorb the surrounding water during 

chopping and perform a higher degree of retrogradation when cooling. A mixture 

of native and pregelatinized starches showed a positive trend at high concentration. 

The more starch added, the lower the L* and b* values of the gels. Protein 



additives improved textural properties, but negatively affected gel colors. Lower 

moisture content of the final products showed higher strength in texture, but lower 

lightness values. 

Gels cooked under ohmic heating with a slow heating rate mostly exhibited 

better texture properties than conventionally cooked gels. Electrical conductivities 

increased when temperature increased, resulting in a linear relationship. Electrical 

conductivity also significantly increased with moisture content, and slightly 

increased with applied frequency and voltage. There were some changes in the 

magnitude of electrical conductivity of surimi-starch paste when temperature 

increased, most obviously seen at a high concentration of native starch with slow 

ohmic heating. This indicated that starch gelatinization affected the electrical 

conductivity of surimi-starch paste while heating. 
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Gelation Properties of Alaska Pollock Surimi with Functional Ingredients 
under Ohmic Heating. 

INTRODUCTION 

INTRODUCTION 

Surimi is a stabilized concentrate offish myofibrillar proteins. Fish utilized 

to produce surimi are normally economical, white fleshed, low fat fish such as 

Alaska pollock {Theragra chalcogramma). Pacific whiting {Merlucciusprodiictus), 

hoki {Maciironus navaezelandiae), and threadfin bream {Nemipterus spp.) (Park et 

al., 1997; Park and Morrissey, 2000; Juttelstad, 1998). 

For the surimi process, fish are deboned, chopped, and then washed with 

water to remove fat and sarcoplasmic proteins. Typically, processors add sorbitol, 

sugar, and phosphates as cryoprotectants to improve frozen shelf life offish 

proteins (Juttlestad, 1998; Park and Morrissey, 2000; Park et al., 1997). A number 

of factors, such as fish freshness, fish species, quality and quantity of leaching 

water, and process conditions, affect the properties of the final product. 

The appearance of gel is normally expressed as the color properties. Color 

is a sensation perceived by the eye in the presence of an object submitted to visible 

light (380-770 nm). There are two major methods for color measurement. For the 

first method, a spectrophotometer is used to measure absorbency and transmission 

of light; however, this method is only good for liquid or very thin samples that 

allow light to pass through. The other method uses a colorimeter to measure the 



reflected light from the surface of the sample (Wrolstad, 2000; Minolta, 1998). 

The latter method is much more suitable for surimi samples since surimi is a non- 

transmittable material. 

The L*a*b* color space, also referred to as the CIELAB space, is one of the 

uniform color spaces defined by the Commission Internationale de 1'Eclairage 

(CEE) (Wrolstad, 2000; Minolta, 1998). There are three recorded parameters for 

this color measurement: L* (representing lightness or brightness as 0 for black up 

to 100 for white), a* (representing red-green hue as -60 for green to 60 for red), and 

b* (representing yellow-blue hue as -60 for blue to 60 for yellow). From these 

three values, the whiteness value can be calculated as 100 - [(100 - L*)2 + a*2 + 

b*2]0'5. Park (1994 and 1995) reported that a* values of surimi-based gel were very 

consistent regardless of cooking/setting conditions, moisture contents, sample size, 

or frozen storage. Therefore, the L* and b* values are used to calculate whiteness 

from the equation known as whiteness II (L* - 3 | b* I). 

Several rheological methods are used to measure gel texture. Efforts to 

measure food texture by instrumental methods have resulted in three classes: 

fundamental, empirical, and imitative tests (Kim and Park, 2000). The most 

common rheological methods for texture analysis of surimi are torsion, as a 

fundamental test, and punch, as an empirical test. Force and shear stress, from the 

punch and torsion test, respectively, represent gel strength. Gel cohesiveness and 

the degree of protein interaction in gel formation, on the other hand, are represented 

by deformation and shear strain, from the punch and torsion test, respectively. 



Surimi seafood is manufactured with surimi and other ingredients to create 

a variety of products. Starches are the second main ingredient used in surimi 

seafood since they can improve texture, mouth-feel, and shelf life. Non-fish 

proteins, such as beef plasma, egg white, whey protein concentrates, and soy 

proteins are normally added as functional ingredients. Beef plasma has been shown 

to be an effective binding material and protease inhibitor (Juttelstad, 1998; Park, 

1994). Flavor and color are also added to produce a variety of taste and 

appearance, increase product value, and enhance consumer acceptability. 

During the pasteurization step of surimi seafood production, not only are all 

harmful microorganisms killed, but the gelation offish proteins mixed with other 

functional ingredients is completed. In a surimi seafood processing line, the 

surimi-based paste, continuously extruded as a thin sheet, reaches 90 0C within 1 

min. This rapid cooking process was found to allow enough time for fish protein 

gelation, but is not enough time for starch gelatinization (Park and Jaundoo, 1999; 

Park, 2000a). In industry, the conventional heating method used to analyze product 

quality, however, is to cook samples in a 90 0C water bath for 15-40 min, 

depending on the size of the sample holders. Ohmic heating, where heat is 

internally generated due to electrical resistance (Parrott, 1992), is a novel 

alternative method for heating the sample to analyze gel quality. Using ohmic 

heating, the paste is able to be heated to 90 0C within 1 min at 13.3 V/cm voltage 

gradients which is similar to the heating rate of an actual processing line 

(Yongsawatdigul et al., 1995a). 



Since there is little information for surimi seafood cooked under the ohmic 

heating method, the main objectives of this study were to measure the physical 

properties of surimi seafood gels, containing surimi and starch or protein additives 

under ohmic heating and further to compare these properties with those of gels 

prepared using conventional water bath heating. In addition, electrical 

conductivity, a critical parameter for ohmic heating, was measured for the surimi- 

starch system. 

MYOFIBRILLAR PROTEINS AND GELATION 

Myofibrillar proteins are contractile proteins and are fibrous or rod-like in 

structure (Ziegler and Acton, 1984). The myofibrillar proteins of most fish species 

are less stable to heat denaturation than those of mammalian and avian species 

(Lanier, 1986). About 80% of muscle fiber volume consists of these proteins. 

Contrary to stroma, and sarcoplasmic proteins, myofibrillar proteins exhibit 

excellent gel-forming ability. The myofibrils are composed of 20 or more proteins, 

two of which, actin and myosin, account for 65% of these proteins, and are 

primarily responsible for gel network formation. Other proteins such as P- 

tropomyosin, troponin complex, actinins, M-proteins and C-proteins are minor and 

contribute little to the properties of meat and fish as a food gel (Rodger and 

Wilding, 1990). 

Myosin, comprising 55-60% of the myofibrillar proteins, is an elongated 

molecule composed of two large subunits called myosin heavy chain (MHC) and 
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four small subunits called myosin light chain (MIX) (Park et al., 1997; Lanier, 

2000). Myosin contains about 2,000 amino-acid residues and has a molecular 

weight of about 4,8 x 105 daltons (Rodger and Wilding, 1990; Park et al., 1997). It 

has an isoelectric point (pi) of 5-5.5. Each MHC consists of a long a-helical and 

globular region. The long a-helix of each MHC is wound around each other to 

form the rod portion, while globular regions are responsible for ATPase activity 

and also contain the actin binding site (Park et al., 1997). 

When myosin is digested with trypsin, two major fragments are found. The 

first is heavy meromyosin, the larger fragment containing the myosin globular 

heads and a portion of the myosin rods. The other is light meromyosin, the helical 

rod portion. Further proteolytic digestion of heavy meromyosin yields the S-l 

fragment, the individual myosin head, and the S-2 fragment, the small portion of 

myosin rod (Park et al., 1997). 

Myosin is usually extracted from comminuted pre-rigor meat with a 

solution of salt (about 0.5 M) and phosphate at about pH 7. To solubilize myosin, 

the interactions of the rod-like tails need to be minimized by using a high salt 

concentration (> 0.3 M). If the pH of the myosin solution is decreased closer to the 

pi, the solubility of myosin will also decrease (Rodger and Wilding, 1990).  Since 

myosin has been reported to be soluble to some degree in either salt solution or 

water, losing viable myosin during the washing process is a concern. 

Actin is a globular protein with a molecular weight around 40 x 10  daltons. 

It is present in muscle as a double-stranded helical polymer of globular actin known 



as F-actin. In the absence of adenosine triphosphate (ATP) or ATP analogues, 

myosin interacts with fibrous actin (F-actin), tropomyosin, troponins, and actinins, 

forming a complex known as actomyosin (Rodger and Wilding, 1990). 

Denaturation is a process or a sequence of processes in which the 

arrangement of the polypeptide chains within the molecule is changed from the 

typical alignment of native proteins to a more disordered arrangement (Ziegler and 

Acton, 1984). Denatured proteins change conformational structures and alter their 

linkages, such as hydrogen bonding, hydrophobic interactions, and ionic linkages 

(Park et al., 1997). During this step, proteins unfold and hydrophobic regions are 

exposed to the surrounding water, resulting in higher hydrophobic interactions 

among the protein molecules. Denaturation occurs by adding salt, adjusting the 

pH, chopping, and heating or cooking the proteins. Denaturation is usually 

irreversible if the methods are drastic due to aggregation that prevents a return to 

the native state (Ziegler and Acton, 1984; Park et al., 1997; Smith and Culbertson, 

2000). 

Aggregation is the general term to describe the process where denatured 

protein molecules align and interact with one another at specific points to form a 

three dimensional structure.   Aggregation can be divided into two categories: 

coagulation, where the aggregation of the protein molecules is random; and 

gelation, where a continuous network exhibiting a certain degree of order develops 

(Ziegler and Acton, 1984). The slower the aggregation step relative to the 
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denaturation step results in better orientation of the denatured protein chains and a 

finer gel network (Ziegler and Acton, 1984). 

A gel structure is formed by hydrogen bonding, the weak dipole bond 

between hydrogen ions and highly electronegative elements such as oxygen, and 

nitrogen. Hydrophobic interactions, the interaction between the hydrophobic parts 

of the molecules occurring in the presence of water, also play an important role in 

the forming gel structure. Hydrogen bonding is important in gel stabilization and 

gel strength during cooling, while hydrophobic interactions are important during 

heating when the myosin structures unfold and become exposed to water 

surroundings (Park et al., 1997). 

Thermal denaturation offish myosin usually takes a place at lower 

temperatures than that of mammal myosin because the structure offish myosin is 

less thermo-stable. Once proteins denature, the aggregation process can occur 

slowly at 30-45 0C, and rapidly when the temperatures increase to approximately 

55 0C (Ziegler and Acton, 1984). When fish muscle proteins are pre-incubated at 

the specific habitat temperature of the fish, normally lower than 40 0C for 1-24 hr 

prior to cooking, a phenomenon known as the setting effect or suwari, which can 

improve textural properties of gel, occurs (Park et al., 1997; Lanier, 2000; Ziegler 

and Acton, 1984; Lanier, 1986). Such pre-incubation has a negligible effect on the 

rheological properties of mammalian and avian muscle protein gels, which may be 

attributed to the greater proportion of functional salt soluble proteins in fish muscle 

compared to other muscle tissues (Lanier, 1986). 
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Suwari allows slow interactions of the unfolded protein molecules and 

results in the polymerization of myosin molecules between the y-carboxyl amide 

groups of glutamine and the e-amino group of lysine residues. The cross-linking of 

myosin heavy chain is catalyzed by endogenous transglutaminase (TGase), a Ca++- 

dependent amyl-transfer enzyme. This enzyme, widely distributed in nature, is 

stable at pH 4-11, and exhibits a relatively high level of activity from pH 4-9, with 

optimum activity at pH 6-7 (Juttelstad, 1998). It is found that the cross linking of 

the myosin polymers was classified as a non-disulfide covalent bond (Park et al., 

1997; Lanier, 2000; Ziegler and Acton, 1984). Consequently, setting gel normally 

shows better texture properties and finer gel structure (Lanier et al., 1982). 

Gel formation is a complicated process and is one of the important 

functional properties of the proteins. A protein gel can be defined as a continuous 

three-dimensional, solid-like, cross linked network of protein molecules embedded 

in an aqueous solvent. Generally, gel formation is affected by protein 

concentration, quantity and state of water, ionic type and strength, heating time and 

temperature, pH, and interactions with other components. Interestingly, gels 

containing as little as 1% protein are still able to perform as a rigid or solid like 

material (Smith and Culbertson, 2000; Rodger and Wilding, 1990). 

STARCHES AND GELATINIZATION 

Starch is present in most green plants and in every type of plant tissue 

(Sivak and Preiss, 1998; Chaplin, 2001). Cereal grains, tubers, and roots are the 



main sources of starch (Zobel, 1984). Starches differ from plant to plant and from 

one commercial source to another (Moore et al., 1984). The most commonly used 

sources are corn (maize), wheat, potato, tapioca, and rice (Chaplin, 2001; Moore et 

al., 1984) 

Starch is a tiny granule that consists of two major polymers: amylose and 

amylopectin. Amylose is the straight chain polymer of glucose units linked by a-1, 

4-glucosidic linkages. Amylopectin is the branched polymer of glucose units with 

a-1, 6-glucosidic linkages at the branch points and a-1, 4-glucosidic linkages in the 

linear regions (Sivak and Preiss, 1998; Young, 1984; Deis, 1998; Baldwin, 2001; 

Chaplin, 2001). 

The relative proportions of amylose to amylopectin depend on the source of 

the starch. The proportion of amylose-amylopectin of starches controls several 

functionalities of starch, such as viscosity, texture, heat and freeze thaw stability, 

gel formation, film formation, and moisture binding (Deis, 1998). Based on the 

amylose content, starches are classified into 3 main groups: waxy (0-10% 

amylose), normal or native (20-30% amylose), and high amylose (>50% amylose) 

(Jane, 2000; Deis, 1998). 

Starches are not water soluble because starch molecules are too large to 

form a true solution (Baldwin, 2001). At temperatures below 60-70 0C, cold 

swelling occurs. The size of the starch granule increases, but there will be no loss 

of birefringence, the intact crystalline regions that give maltese cross patterns under 

polarized light. Cold swelling is reversible, thus the granule will go back to its 
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original size when dried (Baldwin, 2001). When starches are heated in water: 

however, the granules swell to several times their original volume, and this 

swelling is irreversible (Moore et al., 1984). 

The initial temperature or range of temperatures where the irreversible 

swelling begins is called the gelatinization temperature (Morris, 1990). Above the 

gelatinization temperature, many changes occur, allowing a number of ways to 

monitor the gelatinization phenomenon of starches. These include the loosened 

structure of the granules, a disruption of molecular order within the granules, and 

an increase of engaged water to H-bonding sites. These changes force the starch 

granules to lose their unique birefringence. The thickness, viscosity, solubility, 

translucency, and clearness also increase (Baldwin, 2001; Zobel, 1984; Sivak and 

Preiss, 1998; Daniel and Weaver, 2000). Consequently, there are several methods 

used to determine starch gelatinization, such as light microscopy with crossed 

polarizers for tracking loss of birefringence, Brabender amylograph and Brookfield 

viscosity for detecting changes in viscosity, and microscopic structure for 

measuring granule swelling (Zobel, 1984). When starch is present with other 

components, such as proteins, sugar, salt, and fat, its gelatinized temperatures 

always shifts to either higher or lower temperatures (Daniel and Weaver, 2000). 

Heating starch results in a fluid composed of porous, gelatinized and 

swollen granules with an amylopectin skeleton suspended in a hot amylose 

solution. When left to cool and allowed enough time to stand, the starch will begin 

to re-associate in an ordered structure through the process called retrogradation or 
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crystallization (Daniel and Weaver, 2000). Cooling converts the fluid into a turbid 

viscoelastic paste or, at sufficiently high starch concentration, an opaque elastic gel 

(Morris, 1990; Baldwin, 2001). Rate and extent of retrogradation depend on 

molecular size, amount of amylose, and chain length. Higher amylose content 

performs a higher degree of retrogradation because the linear amylose molecules 

have a higher ability to form a gel matrix. Overtime, amylose will form more and 

more linkages to each other, which pull the molecules closer together. As the 

molecules get closer, the gel structure tightens, squeezing out the bound water 

(syneresis). Normally, as the water is lost, the retrogradated gel becomes tough and 

crumbly. Retrograded gel also loses its translucency and becomes chalky looking 

(Baldwin, 2001; Chaplin, 2001). 

Potato and wheat starch are most frequently used in surimi processing. 

Several reports showed that potato starch is good at enhancing gel strength while 

wheat starch is good at enhancing whiteness.   Potato starch is composed of about 

20% amylose (Sivak and Preiss, 1998; Hegenbart, 1996; Young, 1984). 

Rheological properties of potato starch are typical of root or tuber starches that 

develop in high moisture plant tissues. Generally, root and tuber starches have 

large granules and cook or solubilize more easily than grain starches (Moore et al., 

1984). The potato starch granules are large with a smooth round oval shape and 

have a diameter range from 5-100 (im (Hegenbart, 1996; Sivak and Preiss, 1998, 

Deis, 1998). The phosphorus found in potato starch is in the form of phosphate 

monoesters that occur as negatively charged groups. These groups generate ionic 
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repulsions that weaken the association between the molecules and increase the 

water-binding capacity, swelling power, and paste clarity (Hegenbart, 1996; Deis, 

1998). Potato starch normally performs as a smooth paste that retrogrades to a 

gummy, but flexible gel (Moore et al., 1984). 

Wheat starch is produced from wheat flour by removing the proteins, 

including gluten. It is best known for its texturing and tendering capabilities in 

baked products. Normally, wheat starch is uniquely bright white in color. 

Rheological properties of wheat starch are similar to corn starch (Moore et al., 

1984). Its granules are relatively thick at 5 to 15 [im with a smooth, round- 

lenticular shape ranging from 0.5 to 45 \xm in diameter. It has an amylose content 

of around 25-28% (Sivak and Preiss, 1998; Hegenbart, 1996; Young, 1984). 

Wheat starch is composed of various sized groups of starch granules. The viscosity 

and gel strength of wheat starch are normally low and the wheat starch always 

gives a cloudy paste (Sivak and Preiss, 1998; Moore et al., 1984). Deis (1998) 

reported that at concentrations higher than 6%, wheat starch could produce stronger 

gels due to its high percentage of linear amylose. 

Starch is a versatile, cheap, and multi-functional ingredient. Due to the 

number of hydroxyl groups available on the starch polymer, modern food scientists 

are able to readily modify starches to consumer preferences and trends (Deis, 

1998). Pregelatinization is one of the modification processes.  Several terms 

interchangeably describe these modified starches, such as "pregelled", "instant", 

"precooked", and "cold water swelling" (Alexander, 1995). All terms refer to a 
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group of starches that when mixed in water provides rapid viscosity development at 

room temperature without additional cooking (Alexander, 1995; Baldwin, 2001). 

Pregelatinized starch can be achieved from either native or chemically modified 

starches. The three main procedures to gelatinize or disrupt the starch granules are 

aqueous heat processing or gelatinization, non-aqueous heat processing, and 

chemical modification. The most widely used process involves aqueous 

gelatinization followed by drying and grinding to a small particle size (Alexander, 

1995). 

OHMIC HEATING METHOD 

Ohmic heating has been used for pasteurization since the 1920s but failed to 

gain wide acceptance due to the lack of suitable electrode materials (EPRI, 1998; 

FDA, 2000). Ohmic heating, which is also called Joule heating, electrical 

resistance heating, direct electrical resistance heating, electro-heating, or 

electroconductive heating, is commercially utilized in Europe, Japan, and the USA. 

This method was developed by the Electricity Council Research Centre at 

Capenhurst, UK, and was licensed to A.P.V. Baker Ltd, who has developed it into a 

commercial process in the UK (Biss et al., 1989). 

In a conventional food sterilization process, such as the steam autoclave, 

heat is applied to the outside of the container. Heat is transferred to the center of a 

liquid phase by convection and to the center of every solid phase by conduction, 

which is usually a much slower process than convection, depending on the thermal 
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conductivity of the solid particle (Halden et al., 1990; de Alwis and Fryer, 1990). 

To ensure that the product is sterilized, the surrounding liquid and surface of the 

solid particles must usually be overheated, leading to low product quality. Quality 

deterioration includes loss of firm texture, loss of flavor, development of off-color 

or off-flavor, loss of moisture, and loss of yield. This deterioration can be 

minimized, however, by using HTST (High Temperature Short Time), UHT (Ultra 

High Temperature) processes, or rapid heating methods (Holdsworth and 

Richardson, 1989; EPRI, 1998; Parrott, 1992).    Non-traditional heating, such as 

microwave and ohmic heating, in which heat is generated from within the product, 

was therefore developed as a mean of rapid cooking. 

In contrast to microwave heating, the depth of heat penetration from ohmic 

heating is theoretically unlimited (EPRI, 1998). In addition, ohmic heating is 

distinguished from other rapid heating methods by the presence of electrodes 

contacting the food. When a voltage difference exists between two electrodes, it 

creates an electric field, which causes the electrons to move or creates an electric 

current (Munley, 2002). Since most foods contain ionic constituents such as acids 

and salts, electric current can be passed through them. By definition, ohmic 

heating is a process wherein electric currents are primarily passed through foods or 

other materials with the purpose of heating them (FDA, 2000; Palaniappan and 

Sastry, 1991a and 1991b). The natural electrical resistance of the food product to 

the passage of electricity causes the temperature to rise internally, allowing solid 

particles to be heated as fast as liquid (Halden et al., 1990; FDA, 2000; EPRI, 1998; 
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Sastry and Li, 1996; Reznick, 1996; de Alwis and Fryer, 1990). The amount of 

heat generated and resultant temperature increase is dependent on the electrical 

resistance or electrical conductivity of the food product, the electrical voltage, 

geometry (size and distance apart) of the electrodes, particle orientation, and the 

amount of time that the food product is exposed to the electrical current (EPRI, 

1998; de Alwis and Fryer, 1990; Sastry and Palaniappan, 1992; Parrott, 1992; 

Reznick, 1996). 

In multiphase product, the lowest thermal conductivity of the particular 

solid particle normally controls the heating rate in a conventional heating system, 

whereas electrical conductivity is the controlling factor in ohmic heating (Halden et 

al., 1990; Palaniappan and Sastry, 1991a and 1991b). The rate of heating is 

directly proportional to the square of the electric field strength (E) and the electrical 

conductivity (a). The electric field strength may vary either by changing the 

electrode gap or the applied voltage, although the latter is much more easily 

controlled (FDA, 2000). All changes, such as cell rupture, tissue shrinkage, 

changes in membrane permeability, phase change, dehydration, and starch 

gelatinization, which occur in foods during heating, may affect electrical 

conductivity with respect to temperature (Palaniappan and Sastry, 1991b; Halden et 

al., 1990). 

Halden et al. (1990) studied the changes in electrical conductivity during 

ohmic heating in several foods such as pork, egg plant, potato, and beetroot. They 

reported that a number of effects, such as starch gelatinization, melting of fats, and 
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cell structure change, could affect the electrical conductivity.   They hypothesized 

that there were four possible mechanisms (electro-osmosis, increase ionic mobility, 

increase the diffusion flux across the membranes, and increase the rate of cell 

membrane breakdown) that could enhance conductivity. Electro-osmotic effects 

were found to be the most important mechanism caused changes of electrical 

conductivity. 

Electrical conductivity is normally calculated from voltage and current data 

and is plotted against the corresponding temperature to obtain the electrical 

conductivity curve (Palaniappan and Sastry, 1991a and 1991b; Yongsawatdigul et 

al., 1995b). It has been reported that the electrical conductivity of food generally 

increases with temperature (Biss et al., 1989; Halden et al., 1990; Palaniappan and 

Sastry, 1991a and 1991b; Yongsawatdigul et al., 1995b; Fu and Hsieh, 1999). 

Electrical conductivity of samples during the heating process showed an increasing 

trend with increased salt and moisture content (Palaniappan and Sastry, 1991b; 

Yongsawatdigul et al., 1995b; AbuDagga and Kolbe, 2000). Furthermore, 

Palaniappan and Sastry (1991a) and Larkin and Spinak (1996) reported that the 

presence of nonionic or non-electrical constituents, such as oil and fat, could 

suppress the conductivity of foods, resulting mostly in conduction heating. 

Ohmic heating has been studied in surimi-based product for years.  Since 

ohmic heating was able to heat the product to reach 90 0C within a minute, it could 

minimize proteolysis or inactivate the protease enzymes in Pacific whiting surimi 

(Yongsawatdigul et al., 1995a). Moreover, most of ohmically cooked surimi gels 
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were reported to have better texture properties than those cooked conventionally 

(Yongsawatdigul et al., 1995a; Yongsawatdigul and Park, 1996; Shiba and 

Numakura, 1992).   Yongsawatdigul and Park (1996) also reported that shear stress 

of Alaska pollock surimi (low in proteolysis) heated ohmically at a slow heating 

rate (1 0C/min) was greater than surimi heated ohmically at 30 0C/min, which was 

possibly caused by the polymerization of myosin heavy chain catalyzed by the 

endogenous transglutaminase enzyme. 

Several studies involving ohmic heating used a 50-60 Hz alternating 

current. At this frequency range, electrolytic reactions can take place at the 

electrode surface, leading to product burning and corrosion of electrodes made 

from common food-grade metals (Shiba, 1992). Wu et al. (1998) overcame this 

drawback by increasing the electric signal frequency to 5 kHz or higher. 

RHEOLOGICAL PROPERTIES OF SURIMI GELS 

Rheology is defined as the science of the deformation and flow of matter. It 

is mainly used to describe the material properties: force, deformation, and time. In 

surimi and surimi seafood product, fish proteins are denatured upon thermal 

processing and form a three-dimensional structure called a gel. A gel is a form of 

matter intermediate between a solid and a liquid, exhibiting both viscous and elastic 

properties (Hamann and MacDonald, 1992). In the gel, the liquid restrains the 

network from collapsing and the network restrains the liquid from flowing away 



(Tanaka, 1981). Rheology, therefore, is primarily used to investigate surimi and/or 

surimi seafood gel structure as it responds to applied forces and/or deformation. 

Force or load is defined as the power to produce acceleration or deform the 

material. Stress, the internal force acting on an area of the specimen, however, is 

primarily used since it gives more meaning than force. The unit of stress is unit 

force per unit area (dyne/cm2, Newton/m2, or pascal). Deformation (AL) is the 

absolute elongation or contraction of the specimen in the direction of the applied 

force. Strain (e) is the ratio between normal deformation and the initial length (L) 

of the specimen in the same direction as the applied force. Solids can deform and 

return to their original position if they are elastic while deformation of fluids is 

irreversible (Kim and Park, 2000). 

The ratio of the measurable physical parameters of stress and strain relates 

to the sensation in the human mouth. When a food structure strongly resists 

deformation, but upon subjection to sufficient force collapses before appreciable 

deformation of the food has occurred, the product will be considered as brittle. A 

low value of the stress/strain ratio would likewise indicate a rubbery material that is 

easily deformed, but resists coming apart even with extensive deformation. Mushy 

or soft food is neither stiff (rigidity) nor rubbery (low stress and strain values) 

while tough food has high stress and strain values (Lanier, 1986). 

Since surimi based products usually fracture rather than flow when 

deformed, deforming forces can be applied to gel in shear, compression, or tension. 

Shear changes the shape of a specimen but does not change volume. Tension, 
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however, tends to increase volume while compression tends to decrease volume. 

When compressive or tensile forces on a specimen are limited to a single direction 

they are termed uniaxial and can change both shape and volume (Hamann and 

Foegeding, 2002). There are methods for determining the fracture properties of 

foods based on uniaxial compression, uniaxial tension, or torsion. Food gels 

normally contain a high amount of water and are incompressible. Fracture can 

occur in shear or tension; however, shear stress and strain are usually calculated 

because shear fracture occurs in gel specimens subjected to uniaxial compression. 

The torsion test produces a pure shear stress condition that does not change 

the specimen volume, even if the material is compressible.  Stress and strain from 

the torsion test are not "geometrically coupled" as in empirical textural tests. 

Therefore, the strain measurement remains unaffected by the magnitude of the 

stress measurement. Moreover, strain has been found to be the best indicator of 

gelling quality for proteins and hydrocolloids, since this parameter is less sensitive 

to concentration effects. Due to the unchanged shape of the specimen during the 

test, minimal fluids are forced out of the specimen and more reliable results, that 

are not a dehydrated derivative, are obtained (Hamann and Foegeding, 2002). The 

calculated shear stress and strain are true up to about shear strain equal 1.0 (twist 

angle about 110°); however, a correction equation allows reasonable accuracy up to 

shear strain values of about 3.0 (twist angle about 450°) (Kim and Park, 2000). 

In the torsion geometry, the sample can fracture along planes of maximum 

tension, shear, or compression because each of these types offerees is equally 
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imposed in the test (Hamann and Foegeding, 2002). The main disadvantage of the 

torsion test is that specimen shaping and preparation are usually more complex than 

required for uniaxial compression.   However, food gels like surimi based gel seem 

well suited to the torsion test because their elastic character allows the torque and 

angle of twist relationship to be fairly linearly to the point of fracture. Food gel 

specimens can be milled or molded to obtain the desired shapes and dimensions. 

Fracture stresses are also low enough to simply glue the specimens with disposable 

attachment disks that were designed for the test instrument. Therefore, National 

Fisheries Institute (NFI, 1991) recommended to the surimi industry to use the 

torsion test as a recommended standard method. In addition, torsion is classified as 

one of the fundamental tests where the obtained values are independent of the 

specific instrument and specimen geometry (Kim and Park, 2000). 

Both shear stress and shear strain from torsion gradually increase with 

refrigerated storage time of gel before analysis.   These increases are likely due to 

the function of hydrogen bonds (Kim and Park, 2000).   Texture properties vary 

with testing temperature (Howe et al., 1994; Niwa et al., 1987). Higher moisture 

content of the final product showed lower stress values since stress commonly 

relates to the quantity of proteins. In contrast, strain, which indicates the protein 

quality, was not affected within the certain range of moisture content (Kim and 

Park, 2000). Addition of functional additives also directly affects the rheological 

properties of products (Park, 1994; Kim and Lee, 1987; Yoon et al., 1997). 
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The viscoelastic properties of food are also measured by using small strain 

rheological methods. Kim and Park (2000) said that the small strain rheological 

measurements normally do not directly produce food texture data, but rather 

monitor physical property changes in the gel that relate to molecular changes. 

The small strain measurements can be grouped into two categories: 

transient and dynamic methods. The transient methods are the application of 

constant and instantaneous strain. They include stress relaxation, which measures 

decaying stress with respect to time, and creep, which measures increasing strain 

with time. Though these methods are easy to perform, there are several limitations, 

such as chemical and physiological changes, which may affect the physical 

behavior of material during the experiment (Kim and Park, 2000). The 

disadvantage of transient methods, however, can be overcome by dynamic 

mechanical tests. 

The dynamic test is performed applying a small strain, which is less than 

the amount required for structural breakdown, and measuring the resulting stress. 

It is important that the strains used in this test are very small, often in the order of 1 

to 3 or 5%, to assure that material response is in the linear range where the stress is 

proportional to the applied strain (Gunasekaran and Ak, 2000). Two frequency 

dependent functions, usually G and G", are measured simultaneously, providing a 

check on the experimental error and applicability of the time-temperature 

superposition.  G, known as the shear elastic (storage) modulus, is a measure of the 

energy stored and subsequently released per cycle of deformation per unit volume. 
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G", known as the shear viscous (loss) modulus, is a measure of the energy 

dissipated as heat per cycle of deformation per unit volume. 

Dynamic viscoelastic property, the loss tangent [tan (5) = G'7 G'], denotes 

relative effects of viscous and elastic components in a viscoelastic material 

(Gunasekaran and Ak, 2000; Kim and Park, 2000). A large value of G' in 

comparison to G" indicates pronounced elastic (gel) properties of the analyzed 

product. A phase angle of 0° means a perfectly elastic material and a phase angle 

of 90° means a perfectly viscous material. The frequency sweep can give 

information about the gel strength where a large slope of the G curve indicates low 

strength and a small slope indicates high strength (Bolmstedt, 2000; Kim and Park, 

2000). 

Due to time consuming and complex results of fundamental testing, 

empirical testing, which is quicker and simpler has been developed from practical 

experience to determine the texture properties and has been found to correlate well 

with textural quality (Kim and Park, 2000). The punch test is the most popular gel 

measurement technique used in the surimi industry. The recorded peak force (F) at 

break and the depth of penetration are used to describe the gel properties and offers 

a good correlation with attributes such as first bite hardness. However, the 

disadvantages of an empirical test are that the results are specific to a particular 

instrument and cannot be compared between different testing methods (Kim and 

Park, 2000). 
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Rheological properties are affected by several processing factors.   When 

fish are stored in ice too long before processing, there is a decrease in both 

cohesiveness and hardness of the gels. The rate of decline depends on the 

denaturation of the myofibrillar proteins from either pH change and/or proteolytic 

degradation (Park et al., 1990). 
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ABSTRACT 

Texture, color, and microstructure of surimi seafood gels were investigated 

to determine the effects of starches and protein additives under ohmic heating, and 

further to compare ohmically cooked gels with those cooked conventionally.   Gel 

properties were affected by the type of additive, additive concentrations, and the 

method of cooking. The effect of starch on gel texture was more pronounced at 

low concentrations. Compared to wheat starch, potato starch seemed to improve 

gel strength slightly better; however, it decreased the whiteness of the gel more. 

Most non-fish protein additives resulted in better or equal textural properties of gels 

whereas for gel color there was a slightly negative effect. Ohmically cooked gels, 

especially with a slow heating rate, mostly exhibited higher gel strength than 

conventionally cooked gels. 

Key words: surimi seafood, starch, non-fish protein additive, ohmic heating, Alaska 

pollock surimi. 
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INTRODUCTION 

Surimi seafood is commonly manufactured using surimi and other 

ingredients such as starches, non-muscle protein additives, oil, color, and flavor 

(Park et al., 1997). The most popular surimi seafood in the USA is crabstick. In 

the commercial crabstick processing, paste is extruded as a continuous thin sheet 

and reaches 90 0C under steam or gas heating within 1 min. This rapid cooking 

process completes fish protein gelation, but it is not enough time for starch 

gelatinization (Park and Jaundoo, 1999; Park, 2000a). The gel preparation method 

currently used for quality control testing in the industry, however, is to heat 

samples in a water bath at 90 0C for 15-40 min, depending on the size of samples. 

This heating method gives a non-linear heating rate and needs at least 12 min for 

the cold region to reach 90 "C (Yongsawatdigul et al., 1995a). Consequently, there 

is a significant difference in heating rates between gel preparations for testing and 

commercial cooking. 

Ohmic heating, in which heat is generated due to electrical resistance 

(Parrott, 1992), can cook gels to reach 90 0C within 1 min at a voltage gradient of 

13.3 V/cm (Yongsawatdigul et al., 1995a). Since surimi-based paste contains water 

and dissolved ionic salts, the conductivity is sufficiently good for the ohmic effect. 

Ohmic heat results in a linear heating pattern (either slow or rapid) and uniformly 

increases temperature in the product (Yongsawatdigul et al., 1995b). 

Yongsawatdigul and Park (1996) reported Alaska pollock surimi gels cooked by 
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ohmic heating with a slow heating rate showed higher stress values while Pacific 

whiting surimi showed higher stress values when heated rapidly. 

Starch is the second major ingredient used in surimi seafood because it 

maintains good texture at reduced surimi content and improves shelf life (Park, 

2000b; Kim and Lee, 1987; Yang and Park, 1998). Native starch granules are 

insoluble or poorly soluble in cold water, but when they are heated to a specific 

temperature, called the gelatinization temperature, they become swollen and 

dramatically increase the viscosity of the suspension (Waniska and Gomez, 1992). 

The type and concentration of starch can affect gel properties due to its swelling 

and water uptake during heating (Lee et al., 1992; Park, 2000b). 

Non-muscle protein additives are generally used to improve texture 

properties and nutritional values. The effect of protein additions was previously 

observed for their textural and color functionality in surimi gels (Park, 1994). 

Interactions for stabilizing gel network structure (Regenstein, 1984) and gel matrix 

development. (Lanier, 1991) were also studied as a function of protein additives. 

However, all these studies were conducted using gels prepared in hot water, 

providing little information for starch and protein additives in surimi gel cooked 

under ohmic heating, which more closely mimics the commercial cooking time and 

heating rate of surimi seafood. 

The objectives of this study were to measure the physical properties offish 

protein gels prepared with starch and non-fish protein additives under ohmic 
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heating, and further to compare the properties of ohmically cooked gels to those of 

gels cooked using a conventional water bath. 

MATERIALS AND METHODS 

Materials 

High-grade (FA) Alaska pollock (Theragra chalcogrammd) surimi obtained 

from UniSea, Inc. (Redmond, WA, USA) was used for the surimi-protein additive 

experiment. Another FA grade Alaska Pollock surimi from Trident Seafood Corp. 

(Seattle, WA, USA) was used for the first test of the surimi-starch experiment. 

Medium grade (A) Alaska pollock surimi from American Seafood Co. (Seattle, 

WA, USA) was used for the second test of the surimi-starch experiment. Surimi 

was cut into approximately 1000 g blocks, vacuum-packaged, and stored in the 

freezer (-30 0C) during the experiments. The moisture content of the UniSea surimi 

was 73.5 ± 0.2%, the Trident surimi was 75.0 ± 0.3%, and the American Seafood 

surimi was 75.9 ± 0.3% (AOAC, 1995). 

Native potato starch (P) from KMC (Industrial Food Ingredients, St. Paul, 

MN, USA) and wheat starch (W) from Midwest Grain Product, Inc. (Atchison, KS, 

USA) were used for all surimi-starch experiments. The initial moisture of the 

starch was 18.0 ± 0.3% and 10.0 ± 0.3% for potato and wheat starch, respectively 

(AOAC, 1995). For non-fish protein additives, whey protein concentrates (WPC), 
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Nutilac™ SU - 7723 from Aria Foods Ingredient (Union, NJ, USA), dried egg 

white (EW) from Prim egg Ltd. (Cameron, WI, USA), and beef plasma proteins 

(BPP) from Proliant (Ames, 10, USA) were used. The moisture content of all dried 

protein additives was assumed to be 5%, the industry standard. 

Gel preparation 

Sample paste of each system was adjusted to 78% final moisture content 

and 2% salt was added (Table 2.1 and 2.2). Frozen surimi was partially thawed at 

room temperature for 1.5-2 hr and cut into 3-5 cm cubes. Surimi cubes were placed 

in a Stephan vacuum cutter (model UM - 5, Stephan Machinery Corp., Columbus, 

OH, USA). For the first 1.5 min, frozen cubes were chopped at low speed. Salt 

and protein additives were sprinkled in and mixed at low speed for an additional 1 

min. Then ice/water and starch were added and chopped at low speed for another 

0.5 min. Chopping continued at high speed with vacuum (0.5 bars) for the last 3 

min. The paste was stuffed into chlorinated polyvinyl chloride (CPVC) tubes 

(inner diameter: 1.9 cm; length: 20.5 cm) for ohmic heating and stainless steel 

tubes (inner diameter: 1.9 cm; length: 17.5 cm) with stainless steel screw caps for 

conventional water bath heating using a sausage stuffer (Sausage Maker, Buffalo, 

NY, USA). The interior wall of the tubes was coated with cooking oil spray before 

stuffing. 

Paste in CPVC tubes was heated using an ohmic heating apparatus as 

described and illustrated by Yongsawatdigul et al. (1995a and 1995b). Sample 
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length exposed to ohmic heating was 15.5 ± 1 cm. The apparatus was operated at 5 

KHz and two different voltage gradients were applied (13 ± 1 V/cm with applied 

voltage at 200 V and 3.5 ± 0.5 V/cm with applied voltage at 55 V). The paste was 

heated to 80 0C at 85 ± 5 0C /min when 200 V was applied and 5.0 ± 0.5 0C /min 

when 55 V was applied. Each heating treatment was repeated 3-4 times. The high 

voltage was selected as a means to heat samples as fast as in commercial crabstick 

processing, while the low voltage was used to mimic slow water bath heating. 

Initial temperature, voltage, and length of the sample were recorded. Cooked gels 

were refrigerated (4 0C) overnight. 

Paste in stainless steel tubes was heated in a water bath (WB) at 90 0C for 

15 min and then chilled quickly in ice water after cooking. Cooked gels were 

refrigerated (4 0C) overnight. 

TABLE 2.1 Experimental formulae for surimi-protein additive gels 

Ingredients Control 2% protein additive 

UniSea surimi 75.76 68.29 

Water/ice 22.24 27.71 

Salt 2.00 2.00 

Protein additive - 2.00 
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TABLE 2.2 Experimental formulae for surimi-starch gels 

Ingredients 

Control Surimi-potato starch Surimi-wheat starch 

The first test 

0% starch 3% starch 9% starch 3% starch 9% starch 

Trident surimi 80.00 68.00 44.00 68.00 44.00 

Water/ice 18.00 26.34 43.02 26.67 44.00 

Salt 2.00 2.00 2.00 2.00 2.00 

Starch - 3.66 10.98 3.33 10.00 

The second test 

0% starch 3% starch 9% starch 3% starch 9% starch 

American surimi 82.99 70.54 45.64 70.54 45.64 

Water/ice 15.01 23.80 41.38 24.13 42.36 

Salt 2.00 2.00 2.00 2.00 2.00 

Starch - 3.66 10.9.8 3.33 10.00 

Color measurement 

Gel samples (3.0 cm long) were equilibrated to room temperature before the 

color analysis as described by Park (1994 and 1995). Color L* (lightness), a* ("+" 

red to "-" green), and b* ("+" yellow to "-" blue) values were measured using a 

Chroma meter (Model Cr-310, Minolta Corp., Ramsey, NJ, USA) to evaluate the 



32 

coloring effect of additives and/or cooking methods. Two whiteness indices (I and 

II) were used to compare effectiveness. 

Whiteness I = 100 - [(100 - L*)2 + a*2 + b*2]05 

Whiteness II = L* - 3 | b* | 

Fracture gel analysis 

Gels were placed at room temperature for at least 2 hr to minimize the 

temperature effect on texture at mechanical measurement (Park, 1994). Gels were 

cut into pieces (length: 3.0 cm). About 7-10 pieces of each treatment were milled 

into the dumbbell geometry (end dia: 1.9 cm and minimum dia at the center: 1.0 

cm).  Samples were subjected to the Hamann torsion gelometer (Gel Consultants, 

Raleigh, NC, USA) (NFI, 1991). Torque values were converted to shear stress, 

indicating the strength of gel, and angular displacement was calculated as shear 

strain, denoting the cohesive nature of the gels. For punch test, 2-4 pieces of gel 

were subjected to the compression standard program set in the Sintech machine 

(MTS Systems Corp., Gary, NC, USA) using a 5 mm spherical probe with an initial 

probe speed of 6.0 cm/min. 

Microscopic structure 

Small surimi-starch gel blocks (0.5-1 cm3) were frozen in a freezer (-50 0C) 

overnight and rapidly sectioned (thickness: 0.3 mm or thinner) with a fine sharp 
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knife. Prepared sections were mounted on to micro-slides. The specimen sections 

were dehydrated and stained as described by Yang and Park (1998). Starch 

granules were stained by iodine vapor in an iodine chamber for approximately 20 

min or until the section was partially stained, as described by Little (1957). When 

thoroughly dried, the stained sections were examined with an Olympus microscope 

at x200 (Model BHT, Tokyo, Japan) and the images were photographed using an 

Olympus OM-1 camera (Tokyo, Japan) 

Statistical analysis 

For statistical analysis, Analysis of Variance (ANOVA) of the data was 

carried out among treatments within the same cooking method and among cooking 

methods within the same treatment for each system: surimi-starch systems and 

surimi-protein additive system. Differences among mean values were established 

using Bonferroni multiple range tests for significant differences (P < 0.05) using 

Statgraphics ® version 3.1 (Statistical Graphics Corp., Princeton, NJ, USA) 

RESULTS AND DISCUSSION 

Color properties 

Surimi-starch gels (Table 2.3) showed lower lightness (L*) when starch 

concentration increased.   The green hue (-a*) values slightly shifted when starch 

was added, but remained similar within an extremely narrow range. Unlike the a* 
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TABLE 2.3 Means of the color properties of surimi-starch gels 

Parameter 
Cooking 

method 

Treatments 

Control 3W 9W 3P 9P 

L* 

200 V 77.75 0' 7479 ci 67.91 bl 74.36 CL 65.29 A1 

55 V 79.61 b" 77.48 ^ 70.07 B2 76.33 C2 65.21 A1 

WB 78.42 U1 75.64^ 69.26 B2 75.44 ™ 65.65 A1 

a* 

200 V -4.44 " -4.52^ -4.15 B3 -4.42 " -3.83 C2 

55 V -4.38 ^ -4.40 ^ -4.30 B'2 -4.38 ^ -3.91 ca 

WB -4.57 A1 -4.64 A1 -4.44 B1 -4.62 A1 -4.14- 

b* 

200 V MO01 -0.10 bl -3.66 A1 -0.13 B1 -3.25 ^ 

55 V 1.81 D2 0.64 C2 -3.33 U1 0.53 ^ -3.85 A1 

WB 1.37 C12 0.00 B1 -3.74 A1 0.19 B12 -3.86 A1 

Whiteness I 

200 V 77.28 U1 74.39 C1 67.44 B1 73.97 ^ 64.93 A1 

55 V 79.06 b2 77.04 »2 69.57 B2 75.92 c'2 64.78 A1 

WB 77 89 oi 75.20 C1 68.71 ti2 75.00 C12 65.19 A1 

Whiteness II 

200 V 74.44 C1 74.47 C1 56.92 A1 72.55 B1 55.53^ 

55 V 74.18 C1 75.57 C1 60.07 B2 74.49 Ui 53.65 A1 

WB 74.30 C1 75.18^ 58.02 B1 73.65 C12 54.06A12 

'" : tlie significant differences among treatments witliin tlie same cooking metliod (witliin each row). 
" : tlie significant differences among cooking metliods within tlie same treatment (witliin each 

column of each parameter). 
W: Wlieat starch; P: Potato starch; WB: Water bath cooking; 200 V and 55 V: Olunic cooking at 
200 V and 55 V, respectively. 
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value, the b* value significantly decreased toward the blue hue (-b*) with increase 

of starch. The effects of both a* and b*, however, were minimal; therefore, the 

overall whiteness values decreased when the concentration of starch increased, 

similar to the lightness (L*). 

Other researchers (Yang and Park, 1998; Yoon et al., 1997) also reported 

that when starch concentration increased, gels became more translucent.   They 

suggested that the dramatic decrease of whiteness at higher concentrations of starch 

occurred due to the partially swollen starch granules and the water that is 

consequently absorbed into the starch granules. The other possibility was related to 

the amount of leaking amylose from the starch granule into the system. When the 

starch granule swells, it allows amylose to leach out into the system. Because 

amylose is linked as a linear chain, it has a tendency to align itself in a parallel way, 

leading to precipitation in solution or retrogradation in the gel system. The 

retrogradation of starch normally forms a strong gel and contributes opacity (Deis, 

1998; Sivak and Preiss, 1998). Therefore, when starch was added into the system 

at a high ratio, the swelling capacity might be suppressed, resulting in less amylose 

leaking into the system. 

Surimi-wheat starch gel was slightly more opaque than surimi-potato starch 

gel (Table 2.3). Generally, potato starch tends to give a nearly clear paste while 

wheat starch tends to give a cloudy paste (Sivak and Preiss, 1998).   The amount of 

amylose in each type of starch might be involved in this distinction since wheat 

starch contains a slightly higher amount of amylose than potato starch (Sivak and 
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Preiss, 1998).   Park and Jaundoo (1999) also mentioned high amylose starch gives 

more opaque gels than gels with high amylopectin starch. 

In a surimi-protein additive system, the results showed that dried egg white 

gave the highest lightness, as well as whiteness values (Table 2.4).   Whey protein 

concentrates added to gels decreased lightness. All protein additives significantly 

increased the yellow hue (b* value), especially beef plasma proteins. This result 

was similar to Park (1994), which reported that beef plasma proteins negatively 

affected color by reducing lightness and green hue, and also increasing yellow hue. 

Adding beef plasma proteins shifted the a* value toward neutral, while adding 

dried egg white shifted the b* value toward zero. 

When comparing cooking methods (Table 2.3 and 2.4), the results showed 

that ohmic gels cooked rapidly were the most translucent, but mostly there was a 

non-significant difference with regard to the other cooking methods. For the 

surimi-starch system (Table 2.3), it is possible the amount of leaking amylose in the 

200 V cooked gel was minimized due to the rapid heating time, which resulted in 

the most translucent gel after refrigeration overnight.  Shie and Park (1999) 

reported that when the processing temperature and time increased, the b* value 

increased and whiteness value decreased for surimi seafood gels. Since the high 

voltage ohmic heating method required an extremely short heating time, the gels 

from both systems showed the most translucent gels. However, compared to the 

ingredient effect, the cooking method effect with respect to gel color was 

negligible. 
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TABLE 2.4 Means of the color properties of surimi-protein additive gels 

Parameter 
Cooking 

method 

Treatments 

Control BPP EW WPC 

L* 

200 V 78.80 B1 77.69 A1 78.71 B1 77.70 A1 

55 V 79.74 B2 80.22 BC2 80.99 C2 78.25 A12 

WB 80.39 BC2 80.34 B2 81.25 C2 78.76 ^ 

a* 

200 V -1.54 B1 -0.62C1 -1.22 B1 -2.09 A1 

55 V -1.30 A1 -0.27 B1 -0.81 AI -1.41^ 

WB .1 39^' -0.45 C1 -0.91 BC1 -1.63A12 

b* 

200 V -0.92 A1 1.19C1 -0.23 B1 -0.73 A1 

55 V -0.92 A1 1.65 U2 0.30 C2 -0.71B1 

WB -0.89A1 1.84 " 0.17B2 -0.72 A1 

Whiteness I 

200 V 78.72 B1 77.65 A1 78.67B1 77.59A1 

55 V 7967 B2 80.15BC2 80.97 C2 78.20A12 

WB 80.32 BC2 80.25 B2 81.23° 78.69 ^ 

Whiteness II 

200 V 76.03 ^ 74.12A1 78.02C1 75.50 bl 

55 V 77.00 B2 75.28^ 80.08 C2 76.13AJi12 

WB 77.73" 74 83 AH 80.74 U2 76.62 B2 

: the significant differences among treatments witliin tlie same cooking metliod (witliin each 
row). 
'3: tlie significant differences among cooking metliods witliin tlie same treatment (within each 
column of each parameter). 
BPP: Beef plasma proteins; EW: Dried egg white; WPC: Whey protein concentrates; WB: Water 
bath cooking; 200 V and 55 V: Ohmic cooking at 200 V and 55 V, respectively. 
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Both whiteness systems gave a similar trend for the ingredient 

concentration effect, including the cooking effect. However, whiteness I gave 

higher values than whiteness II for all experiments and showed a trend similar to 

the lightness (L*). Since a* values are always consistent in surimi gels without 

additives, whiteness II is preferred because of its less complicated formula. 

However, whiteness II might lead to a different conclusion. For example, in the 

surimi-protein additive system, whiteness II gave the lowest value for the beef 

plasma proteins treatment (Table 2.4) while lightness and whiteness I showed WPC 

treatment had the lowest values. 

Texture properties 

Shear stress, representing gel strength, showed that both potato and wheat 

starch could suitably replace fish myofibrillar proteins at low concentrations (3%) 

(Table 2.5).   When starch concentration increased to 9%, shear stress decreased 

significantly, indicating the excessive amount of starch could inhibit the gel- 

forming ability offish proteins. Starch granules absorb the surrounding water into 

their granules when they gelatinize. Although more water was added as starch 

concentration increased (Table 2.2), the water was still not sufficient for both starch 

granules and myofibrillar protein to reach the peak gelatinization and gelation 

points, respectively. This, therefore, led to competition between protein and starch 

in the surimi-starch system for available surrounding water. The stress value of 
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surimi gel, consequently, decreased when starch concentration increased to the 

level that fish proteins and starch granules compete with each other for available 

water. 

TABLE 2.5 Means of the textural properties of surimi-starch gels 

Parameter 
Cooking 

method 

Treatments 

Control 3W 9W 3P 9P 

Force (g) 

200 V 520.80C2 43603BC12 294.70A1 42545BCU 326.30^' 

55 V 610.50CJ 517.53BC2 301.20A1 493.48Bt;i 393.05A1 

WB 355.97A1 375.28A1 249.50A1 342.85A1 288.43A1 

Deformation 

(cm) 

200 V 1.07 A1 1.09A1 1.25 A1 1.16A1 1.13 A1 

55 V 1.03 Al 1.23 A1 1.19A1 1.20A1 1.31A] 

WB 1.19Ai 1.28 A1 1.24 A1 1.23 A1 1.41 A1 

Stress (KPa) 

200 V 4292t!ci 47.88C12 35.31A1 48.48 ^ 39.71^ 

55 V 50.81 B2 52.57 B2 38.78 Al 54.61 B2 38.09^ 

WB 38.32 fc!1 44.52 m 38.38 til 41.97 B1 30.35 Al 

Strain 

A-C. ..        •      .,- 

200 V 2.94 A1 3.15 ti2 3.21 B1 3.08 ^ 2.99^ 

55 V 2.86^' 3.00 BC12 3.00 tiCi 3.11" 2.64 A1 

WB 2.79 A1 2.89 A1 3.15 m 2.86 A1 

^1                  J       /            .lA-t. 

2.78 A12 

row). 
,-3: the 
col urn 
Abbreviations were indicated as same as TABLE 2.3. 

'"3: the significant differences among cooking methods witliin the same treatment (witliin each 
column of each parameter). 
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Temperature and time are two of the most important factors that influence 

both gelatinization of starch and gelation offish proteins in a surimi-starch system 

(Yang, 1997). Yang and Park (1998) as well as Wu et al. (1985) found myofibrillar 

proteins were thermally denatured before the starch was completely gelatinized. In 

addition, gelatinization of starch in a surimi-starch system shifts to a higher 

temperature compared to a starch-water system due to the presence of myofibrillar 

protein and other food additives (salt, sugar, sorbitol, etc.) (Park and Jaundoo, 

1999; Park, 2000b). 

Most protein additives showed potential to improve the shear stress of 

surimi seafood gels except dry egg white (Table 2.6). Beef plasma proteins are 

generally used as a gelling agent and protease inhibitor for certain surimi, like 

Pacific whiting surimi. The gelation of non-fish protein additives depended on 

temperature, other ingredients, especially salt content, and sometimes its 

concentration or protein ratio (Park, 2000b). Park also evaluated the functionality 

of various kinds of whey proteins and found extremely significant differences 

among each protein. Although whey protein concentrates are made as a by-product 

of cheese processing, their functionality depends on the nature of the cheese. There 

is a limitation, however, in using non-fish protein additives. For example, beef 

plasma proteins always give a negative effect on color and high level of egg white 

will give off-flavor during high-temperature and extended cooking (Lee et al., 

1992). 
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TABLE 2.6 Means of the textural properties of surimi-protein additive gels 

Parameter 
Cooking 

method 

Treatments 

Control BPP EW WPC 

Force (g) 

200 V 225.28 A1 283.16B1 352.88 C2 326.71 BC1 

55 V 349.15^ 384.30 AB2 408.90 B2 391.SO^2 

WB 248.14A1 313.02C1 273.50^' 305.41 BC1 

Deformation 

(cm) 

200 V 1.07BI 0.91 A1 1.03 m 1.00 B' 

55 V 1.06B1 0.98 A1 1.03^ 1.06 AB1 

WB 1.07C1 097AB. 0.94 A1 1.01 BC1 

Stress (KPa) 

200 V 39.18" 39.70 A12 40.22" 45.36" 

55 V 47.98 m 45.55 m 35.32" 45.75 ti2 

WB 33.76B1 39.27C1 28.76A, 38.18^' 

Strain 

200 V 2.96" 2.89AI 3.10" 3.14" 

55 V 2.88 A12 2.75 A1 2.72" 3.08" 

WB 2.68 B1 2.79 B1 2.28 A1 2.78 B1 

: tlie significant differences among treatments witliin the same cooking method (witliin each 
row). 
'"3: tlie significant differences among cooking methods witliin the same treatment (witliin eacli 
column of each parameter). 
Abbreviations were indicated as same as TABLE 2.4. 

Shear strain, a good indicator of protein-protein interaction, is generally not 

affected by processing. However, the result (Table 2.5) showed that starch could 

somehow improve elasticity. At high concentration, wheat starch was able to retain 
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this improvement. However, there was no clear significant difference among 

treatments. Some treatments under ohmic heating presented significantly higher 

shear strain than water bath heating (Table 2.5), which is similar to the previous 

observation by Yongsawatdigul et al. (1995a). In the surimi-protein additive 

system, there was no significant change of shear strain (Table 2.6). 

Ohmically cooked gels gave higher gel strength than conventionally cooked 

gels for all treatments, especially the 55 V cooked gel (Table 2.5 and 2.6). Ohmic 

heating generates uniform heat internally throughout the product, leading to the 

uniform unfolding of myofibrillar proteins. Slow ohmic heating possibly allowed 

longer time for denatured proteins to better rearrange in order to form a stronger 

gel. Yongsawatdigul et al. (1995a) and Yongsawatdigul and Park (1996) reported 

that Pacific whiting surimi gel cooked by fast ohmic heating showed a higher gel 

reinforcing effect due to the inhibition of proteolytic enzymes while Alaska pollock 

surimi gel cooked by slow heating was stronger than fast heating due to the effect 

of transglutaminase-mediated setting. 

In the surimi-starch system, the high gel strength of ohmic gels cooked 

slowly might be the result not only of the setting effect, but also the retrogradation 

of leaking amylose. Table 2.5 showed that the surimi with a low concentration of 

starch cooked under the ohmic method had the best results.   Because gel strength 

could be enhanced by both starch and heating method, it is difficult to conclude 

which effect is more important to improve the gel strength. 
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Punch test, an empirical test, has been developed from practical experience 

to be correlated with texture quality. The results (Table 2.5 and 2.6) showed that 

force and deformation gave a similar trend as shear stress and shear strain, 

respectively. It confirmed that starch performed positively at low concentration 

and decreased gel strength dramatically when higher amounts of starch were added. 

The results also showed that starch could increase the deformation of gel and there 

was no significant difference between wheat and potato starch. In addition, non- 

fish protein additives seemed to enhance gel properties. Furthermore, ohmically 

cooked gels resulted in better gel texture than water bath cooked gels in both 

systems. 

Native wheat starch used in this study was able to enhance gel properties as 

much as native potato starch. The wheat starch even seemed better at higher 

concentrations. Although wheat starch has higher gelatinization temperature than 

potato starch, there was a report that wheat starch could produce strong gels at 

concentrations higher than 6% due to its high percentage of linear amylose (Deis, 

1998). 

Micro-structure properties 

The size of the potato starch granules was much bigger than that of the 

wheat starch granules (Fig 2. la and b). When comparing the effect of cooking 

methods, the starch granules of water bath cooked gel seemed to give the best 

gelatinization while granules cooked under fast ohmic heating did not show any 
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9% 

Figure 2. la Microstructure of surimi-potato starch as affected by cooking methods and starch concentration t 
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Figure 2. lb Microstructure of surimi-wheat starch as affected by cooking methods and starch concentration *. 
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swelling. Swollen starch granules could also be seen at low concentration 

treatment more than at high concentration treatment. Since there was no evidence 

of swelling in fast ohmic cooking and fewer swollen granules in the high 

concentration treatment, more translucent gels were likely formed through limited 

amylose leaked into the gel system. Potato starch granules at 3% had more swollen 

granules than wheat starch due to its lower gelatinization temperature as clearly 

seen in water bath cooked gels at 3% (Fig 2. la).   When comparing these 

microstructure pictures to the texture analysis results, it is reasonable to conclude 

that the gelatinization of starch in the water bath cooking system somehow could 

increase the gel strength as effectively as the fast ohmic cooking method. The 

texture of slow ohmic gels, however, showed the best data because of enhancement 

of both gelatinization and linear heating rate. 

CONCLUSIONS 

Surimi seafood gel properties were directly affected by the type and 

concentration of additives, as well as by cooking method. Color of gels was 

slightly affected by cooking method while texture was affected significantly. 

Whey protein concentrates and beef plasma proteins performed better than dried 

egg white for gel strength enhancement. Starch at 3% showed the best gel 

reinforcing effect. Gel strength decreased as starch concentration increased to 9%. 

The different heating methods showed some effects for each ingredient, leading to 

difficulty in predicting the final product properties. In addition, the results showed 
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that the properties of surimi seafood gel cooked by water bath were different 

compared to gels cooked under ohmic heating. Therefore, the ohmic cooking 

method, which more closely mimics the heating rate and heating time of a real 

production line, may be a better method to obtain reliable quality control data in the 

surimi seafood industry in the future. 
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ABSTRACT 

Physical properties of surimi mixed with native potato starch, pregelatinized 

potato starch and their mixture were observed under ohmic and conventional 

heating.   When starch concentration increased, gel whiteness dramatically 

decreased. At low concentration, starch gelatinization in fish protein enhanced the 

texture properties. Undesirable appearance and stickiness could be suppressed by 

adding pregelatinized starch. A mixture of both starches could stabilize texture 

properties at high concentration. Ohmically cooked gels showed texture properties 

superior to those of conventionally cooked gels without any changes in myosin 

heavy chain. 

Key words: surimi seafood, native potato starch, pregelatinized potato starch, 

ohmic heating, Alaska pollock surimi. 
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INTRODUCTION 

Starch is the second major ingredient used in surimi-based product because 

of its ability to improve textural properties and its freeze thaw stability. It is also 

able to decrease the cost of the product, since starch allows addition of water while 

still maintaining the desirable cohesiveness of the product (Park, 2000b; Kim and 

Lee, 1987; Yang and Park, 1998; Wu et al., 1985). The effect of native or 

unmodified starch to improve gel strength is assumed to be the result of the packing 

effect from swollen granules upon reaching the gelatinization point (Kong et al., 

1999a, 1999b, and 1999c).   The type and level of starch affect the gel properties 

due to the different swelling and water uptake abilities during heating (Lee et al., 

1992; Park, 2000b). 

In manufacturing surimi-based products, 0-10% starch is added (Wu et al., 

1985). When native starch was added at the higher amount, it reduced the texture 

properties (Yang and Park, 1998). Besides the decrease of gel strength, an 

undesirable appearance known as pasty, gluey, or wet texture was normally found. 

Longer refrigerated storage can reduce this undesirable property, but result in a 

delay in launching the product to the market. 

Pregelatinized starch has the ability to reduce the gluey texture because of 

its higher ability to bind water in the system. Many researches, though, found that 

pregelatinized starch dramatically decreased the texture properties (both strength 

and cohesiveness) of the final product (Niwa et al., 1991; Kong et al., 1999a, 
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1999b, and 1999c; Wu et al., 1985; Kim and Lee, 1987). Few papers, however, 

reported using a mixture of native and pregelatinized starch. 

Most research regarding the effect of starch involves samples cooked using 

the conventional method where samples are heated in a 90 0C water bath for 15-40 

min depending on the size of samples. This heating method gives a non-linear 

heating rate and needs at least 12 min for the cold spot (region) to reach 90 0C 

(Yongsawatdigul et al., 1995a). This method, therefore, sharply contrasts in 

heating rate and heating time from the commercial surimi crabstick process where 

paste, extruded as thin sheet, is heated up to 90 0C within 1 min. Ohmic heating, 

however, in which heat is generated due to electrical resistance (Parrott, 1992), can 

cook gels at 13.3 V/cm to reach 90 °C within 1 min (Yongsawatdigul et al., 1995a). 

Since surimi-based paste contains water and dissolved ionic salts, the conductivity 

is sufficiently good for the ohmic effect. Ohmic heat results in a linear heating 

pattern (either slow or rapid heating) and a uniform temperature increase in the 

product (Yongsawatdigul et al., 1995a; Shiba and Numakura, 1992). Therefore, 

surimi gel cooked under ohmic heating, mimicking the commercial cooking time 

and heating rate of surimi crabstick, should provide better information for the effect 

of starch addition in surimi based product. 

The objectives of this study were to measure the physical properties offish 

protein gels prepared with native (N), pregelatinized (P) starches, and their mixture 

(M) at a 1:1 ratio under ohmic heating, and fiirther to compare ohmically cooked 

gels with gels prepared using a conventional water bath. 
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MATERIALS AND METHODS 

Materials 

High-grade Alaska pollock (Theragra chalcogramma) surimi was obtained 

from Trident Seafoods Corporation (Seattle, WA, USA). Surimi was cut into 

approximately 1000 g blocks, vacuum-packaged, and stored in the freezer (-30 0C) 

during the experiments. The moisture content of the surimi was 75 + 0.3% (AOAC, 

1995).    For starch, KMC native potato starch (N) from Industrial Food Ingredients 

(St. Paul, MN, USA) and Pen Plus 10 pregelled potato starch (P) from Penwest 

Foods Company (Richland, WA, USA) were used.   The moisture content of the 

native and pregelled starch was 18 and 4%, respectively (AOAC, 1995). 

Gel preparation 

Sample paste was adjusted to 78% moisture content, 2% salt was added, 

and different ratios and types of starch, as shown in Table 3.1, were included. 

Frozen surimi was partially thawed at room temperature for 1.5-2 hr and cut 

into 3-5 cm cubes. Surimi cubes were placed in a Stephan vacuum cutter (model 

UM - 5, Stephan Machinery Corp., Columbus, OH, USA). For the first 1.5 min, 

frozen cubes were chopped at low speed. Salt was sprinkled in and mixed at low 

speed for 1 min. Then ice/water and starch were added and chopped at low speed 

for another 0.5 min. Chopping continued at high speed with a vacuum (0.5 bars) 

for the last 3 min. The paste was stuffed into stainless steel tubes (inner diameter: 



TABLE 3.1 Experimental formulae. 

Ingredients 
Control 

(no 

starch) 

3% starch 6% starch 9% starch 

P M N P M N P M N 

Salt 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Pregelled - 3.13 1.56 - 6.25 3.13 - 9.38 4.69 - 

Native - - 1.83 3.66 - 3.66 7.32 - 5.49 10.98 

Surimi 80.00 68.00 68.00 68.00 56.00 56.00 56.00 44.00 44.00 44.00 

Ice/water 18.00 26.88 26.61 26.34 35.75 35.22 34.68 44.63 43.82 43.02 

N: Native potato starch; P: Pregelatinized potato starch; M: Mixture (1:1) of native and pregelatinized starches 
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1.9 cm; length: 17.5 cm) with stainless steel screw caps for conventional heating 

and Chlorinated Polyvinyl Chloride (CPVC) tubes (inner diameter: 1.9 cm; length: 

20.5 cm) for ohmic heating using a sausage stuffer (Sausage Maker, Buffalo, NY, 

USA). The interior wall of tubes was coated with cooking oil spray before stuffing. 

Paste (< 5 0C) in CPVC tubes was heated using an ohmic heating apparatus 

as described and illustrated by Yongsawatdigul et al. (1995a and 1995b) and the 

sample length was 16.8 ± 0.5 cm. The apparatus was operated at 5 KHz with a 

voltage gradient of 12 ± 1 V/cm (applied voltage of 200 V) and 3.5 ± 0.3 V/cm 

(applied voltage of 55 V), respectively. The paste was heated to 80 0C in 55 ± 5 s 

when 200 V was applied and 16 ± 1 min when 55 V was applied. Each heating 

treatment was repeated about 4 times. Initial temperature, voltage, and length of 

sample were recorded. Cooked gels were kept refrigerated (4 0C) overnight. 

Paste (< 5 0C) in stainless steel tubes was heated in a water bath at 90 0C for 

15 min and quickly chilled in ice water after cooking. Cooked gels were kept 

refrigerated (4 0C) overnight. 

Color measurement 

Gel samples (length: 2.9 cm) were equilibrated to room temperature before 

color analysis as described by Park (1994 and 1995). Color L* (lightness), a* ("+" 

red to "-" green), and b* ("+" yellow to "-" blue) values were measured using a 

Chroma meter (Model Cr-310, Minolta Corp., Ramsey, NJ, USA) to evaluate the 
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coloring effect of additives and cooking methods. Two whiteness indices (I and II) 

were used to compare the effect on color. 

Whiteness I = 100 - [(100 - L*)2 + a*2 + b*2]0 5 

Whiteness H = L* - 3 I b* I 

Fracture gel analysis 

Gels (4 0C) were placed at room temperature (23 ± 2 0C) for at least 2 hr to 

minimize the temperature effect on texture at mechanical measurement (Park, 

1994). Gels were cut into pieces (length: 2.9 cm) and each piece was milled into a 

dumbbell geometry (end dia: 1.9 cm and minimum dia at the center: 1.0 cm). 

Samples were then subjected to the Hamann torsion gelometer (Gel Consultants, 

Raleigh, NC, USA) (NFI, 1991). Torque values were converted to shear stress, 

indicating the strength of the gels, and angular displacement was calculated as 

shear strain, denoting the cohesive nature of the gels. 

Non-fracture gel analysis 

A small amount of paste was subjected to a dynamic test using a Bohlin 

Rheometer, CS-50 (Bohlin Instruments Inc., East Brunswick, NJ, USA). Dynamic 

rheological properties of surimi paste were determined using a 4.0 cm dia/ 4° cone 

and plate. Moisture trap with a wet sponge inside was used to minimize moisture 
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loss during heating. Stress sweep test was measured at 0.1 Hz and 20 0C to 

determine the stress value for the temperature sweep of each sample. The sample 

paste was heated from 10 0C to 90 0C at 1 °C/min heating rate and 0.1 Hz 

frequency during the temperature sweep. Dynamic rheological parameters: G' 

(storage modulus), 5 (phase angel), G"(loss modulus), and r| (viscosity) were 

obtained. 

Continuous SDS-PAGE 

The continuous SDS-PAGE system was carried out according to the 

procedure of Weber and Osborn (1969) to investigate possible polymerization of 

myosin heavy chain in the surimi-starch gels. Samples for electrophoresis were 

prepared using the method described by Yongsawatdigul and Park (1996). 

Approximately 0.6 g of frozen surimi starch gel was solubilized in 7.5 ml of 

solubilizing buffer (8 M Urea-2% SDS-2% p-mercaptoethanol-20 mM Tris-HCl 

(pH 8.0)). Protein concentration of the homogenate was measured by the Bradford 

method, using bovine serum albumin as a standard (Sigma Chemical Co., St. Louis, 

MO, USA), and absorbency measured at 595 nm. Gels were prepared with 3% 

(w/v) polyacrylamide and GelBond PAG film (BioWhittaker Molecular 

Applications, Rockland, ME, USA) was used to support the gel. The amount of 

protein applied on each well of the polyacrylamide gel was 60 |j.g. 
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Statistical analysis 

Statistical analysis of the data was carried out using Analysis of Variance 

(ANOVA) in 2 different categories: difference among treatments and difference 

among cooking methods. Differences among mean values were established using 

Bonferroni multiple range tests for significant differences (P < 0.05) using 

Statgraphic Plus, version 3.1 (Statistical Graphics Corp., Princeton, NJ, USA). 

RESULTS AND DISCUSSION 

Color properties 

The lightness or L* value (Fig 3.1) and yellow-blue hue (b* value) (Fig 3.3) 

decreased when the concentration of the starch increased. Pregelled starch 

decreased the lightness of gel less than native starch. The green hue (-a* value) (Fig 

3.2) showed a slightly significant difference at low concentration, especially native 

starch, which shifted closer to neutral.   Surimi-starch gels were more translucent 

when the concentration of starch increased (Fig 3.4 and 3.5), possibly caused by the 

incompletely swollen starch granules. Other researchers (Yang and Park, 1998; 

Yoon et al., 1997) also reported that as the concentration increased for certain types 

of starch; gels became more translucent due to more imbibed water in the starch. 

Amylose leaking out of the starch granule during granule swelling normally 

enhances the opacity of the gel via retrogradation. When the concentration of 

starch increased, the swelling power of starch granule was possibly suppressed and 
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Figure 3.1 Lightness of surimi-starch systems as affected of cooking methods, types and concentration of starch 
A-H: the significant differences among treatments within the same cooking method. 
1-3: the significant differences among cooking methods within the same treatment. 
3, 6, 9: starch concentration; N: Native potato starch; P: Pregelled potato starch; M: Mixture (1:1) of N and P; C: Control; 
WB: Water bath cooking; 55 V and 200 V: Ohmic cooking with 55 V and 200 V, respectively oc 
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Figure 3.2 Red-green hue (a* value) of surimi-starch systems as affected of cooking methods, types and 
concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1 
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Figure 3.3 Yellow-blue hue (b* value) of surimi-starch systems as affected of cooking methods, types and 
concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1 
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Figure 3.4 Whiteness I of surimi starch-systems as affected of cooking methods, types and concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1 
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Figure 3.5 Whiteness II of surimi-starch systems as affected of cooking methods, types and concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1 
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less amount of leaking amylose would be found in the gel. Pregelied starch 

granules, readily swell due to the lack of crystallites, and may allow more amylose 

to leak into the surroundings, which results in more opaque gel. 

When comparing the cooking methods, the results showed that ohmic gels 

cooked fast gave the lowest lightness value, but this difference was insignificant 

when compared to conventionally cooked gels (Fig 3.1).   In addition, the ohmic 

cooking method shifted a* value closer to neutral, but a more yellow response for 

the b* value (Fig 3.2 and 3.3). However, when comparing the overall whiteness 

equations (Fig 3.4 and 3.5), there was little difference between cooking methods, 

unlike comparing the differences from the type and concentration of starch 

addition. 

Both whiteness equations gave the same trend. However, whiteness I, 

recommended by NFI (1991), gave a higher value and a better significant 

difference than whiteness II, which is popularly used in Japan and other Asian 

countries for surimi-starch systems. 

Rheological properties 

Shear stress (Fig 3.6), representing gel strength, showed that both native 

and a mixture of native and pregelied starch could replace fish myofibrillar protein. 

It was also found that the higher starch concentration used, the lower shear stress 

values obtained. To gelatinize well, starch granules need to absorb surrounding 
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water into their granules. Although more water was added as starch concentration 

increased, the water was still not sufficient for both the starch granules and the 

myofibrillar protein to reach the peak gelatinization and gelation points, 

respectively, resulting in competition for the surrounding water. 

Kong et al. (1999a) suggested the theory called the "packing effect", 

indicating that the gelatinization of starch is prevented by the protein network. It 

assumed that starch granules trapped in the protein network could absorb the bound 

water in the network to swell. When starch gelatinized, there was a change in 

diameter, leading to internal pressure against the fish proteins which had already 

started to form gel network.   This internal pressure possibly led to the 

reinforcement of gel strength when native and/or mixture starch was added to the 

system (Kong et al., 1999a, 1999b, and 1999c). When the starch concentration 

increased, the amount of water available for starch granules decreased; therefore, 

native starch granules could not be gelatinized as good as at lower concentration. 

In addition, reduce protein concentration due to increased starch concentration is 

likely to give less impact on strengthening gel structure. As a result, the gel 

strength decreased dramatically. 

Due to its ability to swell in either cold or warm water, pregelled starch 

could absorb the surrounding water during grinding and tended to absorb more 

water before and while heating. In samples mixed with pregelled starch, there was 

less available water for the protein to form a good gel matrix. Moreover, there 

were reports that there was little or no change in the diameter of the starch granule 
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Figure 3.6 Shear stress of surimi-starch systems as affected of cooking methods, types and concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1 
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or additional gelatinization during heating (Kong et al., 1999a, 1999b, and 1999c; 

Wu et al., 1985; Niwa et al., 1991). As pregelled starch used up available water 

quickly, leaving little water for fish proteins to use, the stress of gels containing 

pregelled starch was much lower than that of gels with native and/or mixture 

starch. The results, however, were similar to previous studies (Kong et al., 1999a, 

1999b, and 1999c; Wu et al., 1985; Niwa et al., 1991) 

Ohmically cooked gel gave better gel strength than conventionally cooked 

gel for all treatments with the highest gel strength for ohmic gels cooked slowly 

(Fig 3.6). The ohmic method gives internally uniform heat throughout the product, 

leading to the uniform unfolding of all myofibrillar proteins. Due to minimal 

amount of enzyme in Alaska pollock, slow ohmic heating provides longer time for 

denatured proteins to rearrange themselves to form a gel matrix, resulting in a 

stronger gel. This effect was similar to Yongsawatdigul et al. (1995a) and 

Yongsawatdigul and Park (1996). 

Both native and the mixture of starch at low concentration somewhat 

improved shear strain (Fig 3.7). When pregelled starch was added, however, it 

decreased the strain value which might be due to the suppression of the protein gel 

matrix by the starch absorbing available water during grinding. Decreasing 

elasticity was also reported by Niwa et al. (1991). They suggested that the 

depression of elasticity of the gel upon the addition of pregelatinized starch was 

due to the reduction of its mechanical strength upon the critical amount of water 

absorption during processing. Almost all ohmically heated gels showed significant 
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Figure 3.7 Shear strain of surimi-starch systems as affected of cooking methods, types and concentration of starch. 
* Legend and label were indicated as the footnote in Figure 3.1. 
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higher values than water bath heating for starch mixture and pregelled starch added 

systems. 

The storage modulus from the dynamic test indicated that the surimi paste 

containing pregelled starch showed gel-like behaviors before heat was applied (Fig 

3.8). At the low temperature, the more pregelled starch was added, the higher the 

G' value. Although samples with pregelled starch showed higher values of G' at 

the low temperature than samples with native and/or the starch mixture, it showed 

lower values at the higher temperature. Like Kong and others (1999a), we 

observed higher G' at low temperature probably because the contact area between 

fish protein and the pregelled starch granule was larger due to rapidly swollen 

granules. 

There was no change in the protein pattern of gels cooked by the different 

methods as determined by continuous SDS-PAGE (Fig 3.9). This result was 

similar to Shiba and Numakura (1992), leading to an unexplained cause of superior 

gel strength obtained from the ohmic heating method over the water bath heating 

method. This indicated that neither crosslink of myosin heavy chain nor proteolytic 

degradation occurred during heating by any tested methods. According to 

Yongsawatdigul and Park (1996), however, Alaska pollock surimi heated with a 

very slow heating rate (1 0C/min) showed crosslinking of myosin heavy chain. 

Therefore, in our samples, which were heated at 85 0C/min and 5 0C/min, there 

might be a small amount of myosin heavy chain polymerization, but too little to be 

detected by SDS-PAGE. 
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There is no instrument available in the laboratory to properly measure 

tackiness at the time of this experiment; therefore, there is no mechanical data to 

support the decrease of tacky or gluey appearance of the final product. Through 

observation, especially during the milling process for torsion analysis, it was found 

that native starch contributed more tackiness to the gel than when a mixture and/or 

pregelled starch were added. We found the more the native starch was added, the 

tackier the product became. On the other hand, the more the pregelled starch was 

added, the drier the product became. 

CONCLUSIONS 

Whiteness decreased when starch concentration increased. Native starch at 

low concentration could enhance gel texture due to its gelatinization in the surimi 

paste during heating. Pregelled starch absorbed water during grinding, resulting in 

poorer texture properties. However, it enhanced the whiteness and suppressed the 

undesirable tacky appearance. At higher concentration, the mixture of native and 

pregelled starch could reduce the negative effect of each starch individually. 

Hence, it is possible to use the mixture of native and pregelled starch to reduce the 

sticky appearance and also to stabilize the texture properties at high concentration. 

There was no sign of myosin heavy chain polymerization or proteolytic degradation 

occurred in any heating methods. The ohmic heating method enhanced gel texture 

more compared to the conventional heating method. Therefore, the ohmic cooking 
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Figure 3.9 Continuous SDS-PAGE of proteins solubilized from surimi-starch gels. 
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ABSTRACT 

Electrical conductivities of Alaska pollock surimi mixed with native and 

pregelled potato starch at different concentrations (0, 3, and 9%) and different 

moisture contents (75 and 81%) were measured using a multi-frequency ohmic 

heating system. Surimi-starch paste was tested up to 80 0C at frequencies from 55 

Hz to 20 KHz and at alternating currents of 4.3 and 15.5 V/cm, respectively. 

Electrical conductivity increased when moisture content, applied frequency, and 

applied voltage increased, but decreased when starch concentration increased. 

Electrical conductivity correlated linearly with temperature (R ~ 0.99). Electrical 

conductivity pattern (magnitude) changed when temperature increased, which was 

clearly seen after 60 0C in the native potato starch system, especially at high 

concentration. This indicated that starch gelatinization that occurred during heating 

affected the electrical conductivity. Physical properties of the surimi mixed with 

pregelled potato starch were also observed. Whiteness and texture properties 

decreased with an increase of starch concentration and a decrease of moisture 

content. 

Keyword: Electrical conductivity, surimi-starch, physical properties, Alaska 

pollock surimi, potato starch. 
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INTRODUCTION 

Ohmic heating, a rapid heating method, occurs when an electric current is 

passed through a food. The resistance of the current as it passes through the food 

generates energy internally to increase the temperature.   Ohmic heating can work 

with most foods, including surimi paste, because there are ionic species such as 

salts and acids, so that an electric current can be made to pass through the food. In 

a conventional heating system, the lowest thermal conductivity of a particular 

ingredient controls its heating rate, whereas in an ohmic process, the electrical 

conductivity is the controlling factor (Halden et al., 1990). Electrical conductivity 

is a function of the structure of the food and often changes by cooking; however, in 

some food, the overall effect might be too little to alter the pattern of electrical 

conductivity (Halden et al., 1990). The electrical conductivity is a complex 

function of time and temperature, and will be directly reflected in the ohmic heating 

rate. 

The changes which occur during the heating of food have long been of 

interest to food scientists. It is known that cell rupture, tissue shrinkage, changes in 

membrane permeability, phase change, dehydration, starch gelatinization, etc., 

occurring in foods during heating, may affect the electrical conductivity with 

respect to temperature (Palaniappan and Sastry, 1991a and 1991b; Halden et al., 

1990).    During thermal processing, Lazarev (1968) found changes occur in the 

polymeric properties of food fibers, resulting in changes in fiber electrical 
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conductivity. Electrical conductivities of food material must therefore be 

elucidated to understand the ohmic process. 

Electrical conductivities have been studied on various food products 

(Halden et al., 1990; Palaniappan and Sastry, 1991a and 1991b; Marcotte and 

Piette, 1998; Wang and Sastry, 1997). Yongsawatdigul et al. (1995b) also studied 

the electrical conductivities of Pacific whiting surimi paste and established an 

empirical model of electrical conductivity as a function of composition. Electrical 

conductivity of samples during the heating process showed an increasing trend with 

salt and moisture content (Palaniappan and Sastry, 1991a and 1991b; 

Yongsawatdigul et al., 1995b; AbuDagga and Kolbe, 2000). 

Although there are several studies about electrical conductivities in food, 

the information about electrical conductivity of a surimi-starch system is lacking. 

Therefore, the objectives of this study were to investigate the effects of 

temperature, applied voltage, applied frequency, moisture, types of starch, and 

starch concentration in Alaska pollock surimi. The physical properties of the 

surimi-starch system under ohmic cooking conditions at various applied frequency 

and voltage were also investigated. 
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MATERIALS AND METHODS 

Materials 

High grade (FA) Alaska pollock {Theragra chalcogramma) surimi was 

obtained from American Seafood Co. (Seattle, WA, USA). Surimi was cut into 

approximately 1000 g blocks, vacuum-packaged, and stored at -30 0C until tested. 

The moisture content of the surimi was 75.01% (AOAC, 1995). KMC native 

potato starch (N) from Industrial Food Ingredients (St. Paul, MN, USA), with 18% 

moisture content (AOAC, 1995), and Pen Plus 10 pregelled potato starch (P) from 

Penwest Foods Company (Richland, WA, USA), with 4% moisture content 

(AOAC, 1995), was used. 

Surimi-starch paste preparation 

Sample paste was adjusted to 75% or 81% final moisture content. In 

addition, 2% salt was added along with different types and concentrations of starch 

(Table 4.1). Frozen surimi was partially thawed at room temperature for 1.5-2 hr 

and cut into 3-5 cm cubes. Surimi cubes were placed in a Stephan vacuum cutter 

(model UM-5, Stephan Machinery Corp., Columbus, OH, USA). For the first 1.5 

min, frozen cubes were chopped at low speed. Salt was sprinkled in and mixed at 

low speed for an additional 1 min. Then ice/water and starch were added and 

chopped at low speed for another 0.5 min. Chopping continued at high speed with 

a vacuum (0.5 bars) for the final 3 min. The paste was stuffed into chlorinated 



TABLE 4.1 Experimental formulae. 

Ingredients 

75 % moisture content 81% moisture content 

0 3 9 0 3 9 

Control P N P N Control P N P N 

Salt 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Pregelled - 3.13 - 9.38 - _ 3.13 - 9.38 - 

Native - - 3.66 - 10.98 - - 3.66 - 10.98 

Surimi 92.04 80.03 80.03 56.20 56.20 68.03 56.02 56.02 32.01 32.01 

Ice/water 5.96 14.84 14.31 32.60 31.00 29.97 38.85 38.32 56.61 55.01 

P: Pregelled potato starch; N: Native potato starch 
-j 
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polyvinyl chloride (CPVC) tubes (inner diameter: 1.9 cm; length: 20.5 cm) using a 

sausage stuffer (Sausage Maker, Buffalo, NY, USA). The interior wall of tubes 

was coated with cooking oil spray before stuffing. 

Electrical conductivity measurement 

The ohmic heating apparatus, described and illustrated by Yongsawatdigul 

et al. (1995a and 1995b), was modified by connecting to a Voltage transducer, 

model VT8-007D, and a Current transducer, model CT8-015DY101 (Ohio 

Semitronics Inc., Hilliard, OH, USA). The sample length exposed to ohmic heating 

was around 14.2 ±0.5 cm. The sample was heated to 80 0C at 3 frequency (co) 

levels (55 Hz, 5 KHz, and 20 KHz). To avoid interference from 60 Hz electrical 

wiring and lights, 55 Hz was selected. Two different voltage (V) levels: 60 V and 

220 V, corresponding to a voltage gradient of 4.3 ± 0.2 and 15.5 ± 0.6 V/cm, 

respectively, were used for 5 KHz and 20 KHz. However, to minimize electrode 

corrosion and to prevent heat explosion, which occurs from accumulated current 

density at the end of the corrosion electrode, only 60 V was used for 55 Hz. 

Voltage, current, and temperature of each sample were recorded 

automatically every second using Lab VIEW software version 6.1 (National 

Instruments Corp., Austin, TX, USA). Electrical conductivities of each sample 

were calculated from the recorded voltage (V; volts), recorded electrical current (I; 

amperes), and length (L; m) of the sample. Electrical conductivity of the surimi- 

starch paste during ohmic heating was measured 2-3 times for each heating 
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treatment. Surimi-starch paste was mixed as a homogenous material and the 

electric field was assumed to be uniform along the sample tube; therefore, 

temperature variation within the sample tube was neglected. Cooked gels were 

kept refrigerated (4 0C) overnight. 

Color measurement 

Gel samples (length: 2.9 cm) were equilibrated to room temperature before 

color analysis as described by Park (1994 and 1995). Three color parameters: L* 

(lightness), a* ("+" red to "-" green), and b* ("+" yellow to "-" blue) values were 

measured using a Chroma meter (Model Cr-310, Minolta Corp., Ramsey, NJ, USA) 

to evaluate the coloring effect of the additives and cooking methods. Two 

whiteness indices (I and II) were used to compare the treatments. 

Whiteness I = 100 - [(100 - L*)2 + a*2 + b*2]0'5 

Whiteness II = L* - 3 I b* I 

Fracture gel analysis 

Gels (4 0C) were placed at room temperature (23 ± 2 0C) for at least 2 hr to 

minimize the temperature effect on texture at mechanical measurement (Park, 

1994). Gels were cut into pieces (length: 2.9 cm) and each piece was milled into a 

dumbbell geometry (end dia: 1.9 cm and minimum dia at the center: 1.0 cm). 

Samples were then subjected to the Hamann torsion gelometer (Gel Consultants, 
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Raleigh, NC, USA) (NFI, 1991). Torque values were converted to shear stress, 

indicating the gel strength, and angular displacement was calculated as shear strain, 

denoting gel cohesiveness. 

Data analysis 

Statistical analysis of the physical properties of surimi-pregelled potato 

starch sample was carried out by Analysis of Variance (ANOVA) in 2 different 

categories: difference among treatments and difference among cooking methods. 

Differences among mean values were established using Bonferroni multiple range 

tests for significant differences (P < 0.05) in "Statgraphic Plus, version 3.1" 

(Statistical Graphics Corp., Princeton, NJ, USA). 

Electrical conductivities of the samples were programmed to be calculated 

using the equation described by Palaniappan and Sastry (1991a): 

a = (l/R)(L/A) 

where, a = electrical conductivity (S/m); L = sample length (m); A = cross- 

sectional area of the sample (m2); R = resistance of the sample (ohm) that was 

calculated from the recorded constant applied voltage (V) across the electrode from 

the voltage transducer and the recorded electrical current (I) that flowed through the 

sample from the current transducer at the certain range of time during heating. 

Electrical conductivities were rearranged with respect to temperature from 2 to 80 

0C to arrange the data for clearer comparison. The electrical conductivities of the 
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same cooking method in each treatment were then averaged and plotted against 

temperature. Electrical conductivities were compared for the various treatments to 

observe the effect of moisture content, applied voltage, applied frequency, type of 

starch, and concentration of starch. The simple linear regression of each sample 

was also performed to find the means of estimated parameters as a function of 

temperature. 

RESULTS AND DISCUSSION 

Electrical conductivity 

Electrical conductivity of surimi-starch increased with temperature and 

tended to give a linear relationship (R2 = 0.989-0.999; Table 4.2). Electrical 

conductivity of the surimi-starch paste increased as moisture content increased (Fig 

4.1). An increase in electrical conductivity with moisture content in various 

proteins has also been observed (Yongsawatdigul et al., 1995b; Pethig, 1979). 

They reported that when more water molecules were available, ionic mobility 

possibly increased. Ionic conduction effects increase by being associated with salts 

in a hydrated sample. Therefore, higher hydrated proteins could allow protons and 

other ionic constituents to migrate around the surface of the proteins (Pethig, 1979). 

When applied frequency and voltage increased, the electrical conductivity 

also increased (Fig 4.2 and 4.3). The effect of the voltage gradient on electrical 

conductivity in several samples was reported by Yongsawatdigul et al. (1995b), 



TABLE 4.2 Means of estimated parameters of electrical conductivity as function of temperature 

Moisture 
(%) 

Cooking 
method 

CoeffCQ-1 Intercept (S/m) 

Control 3N 3P 9N 9P Control 3N 3P 9N 9P 

75 

55 Hz 
60 V 

0.053 

0.054 

0.057 

0.053 

0.049 

0.056 

0.058 

0.057 

0.060 

0.056 

0.053 

0.051 

0.052 

0.052 

0.050 

0.057 

0.055 

0.054 

0.062 

0.055 

0.054 

0.056 

0.054 

0.051 

0.048 

0.057 

0.058 

0.057 

0.057 

0.054 

0.049 

0.051 

0.047 

0.050 

0.050 

N/A 

0.050 

0.053 

0.055 

0.051 

0.055 

0.054 

0.053 

0.051 

0.051 

0.058 

0.058 

0.058 

0.056 

0.052 

1.004 

1.081 

1.246 

1.302 

1.674 

1.259 

1.274 

1.499 

1.441 

1.886 

1.113         1.025 

1.132         1.065 

1.287         1.304 

1.197         1.223 

1.600         1.528 

1.432         1.166 

1.382         1.269 

1.533         1.312 

1.299         1.323 

1.218 

1.258 

1.409 

1.276 

1.610 

N/A 

1.273 

1.547 

1.545 

1.733 

0.916 

0.976 

1.290 

1.124 

1.465 

1.016 

1.116 

1.207 

1.245 

1.615 

5 KHz 
60 V 

20 KHz 
60 V 

5 KHz 
220 V 

20 KHz 
220 V 

81 

55 Hz 
60 V 

5 KHz 
60 V 

20 KHz 
60 V 

5 KHz 
220 V 

20 KHz 
220 V 1.751 1.612 00 
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Figure 4.1 Electrical conductivity of surimi-starch as affected by moisture content. 
75 and 81: moisture content of test batch. 
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Figure 4.2 Electrical conductivity of surimi-starch as affected by applied frequency. 
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Figure 4.3 Electrical conductivity of surimi-starch as affected by applied voltage. 
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Palaniappan and Sastry (1991a and 1991b), and Halden et al. (1990).   Moreover, 

the effect of applied frequency confirmed the results of Wu et al., (1998) that 

conducting experiment at 5 KHz or higher could eliminate product burning and 

electrode corrosion. 

The magnitude of electrical conductivity change was found in the system 

with added starch (Fig 4.4 and 4.5), indicating that starch gelatinization occurring 

during heating could alter the electrical conductivity of the system. When 

temperature increased, the magnitude of electrical conductivity of the surimi-starch 

system decreased, as seen after 60 0C, especially with the addition of 9% native 

starch.    Pregelled starch granules quickly gelatinized before any additional heat 

was applied; therefore, the change in electrical conductivity was not pronounced. 

There were reports that electrical conductivity changed synchronously with 

structural changes due to starch gelatinization in a starch suspension and potato 

slice (Wang and Sastry, 1997; Halden et al., 1990). Starch in surimi-based product 

reportedly competes with fish protein for available water during gelatinization 

(Yang and Park, 1998; Kong et al., 1999a, 1999b, and 1999c). In addition, 

gelatinization of starch in a surimi-starch system normally shifts to a higher 

temperature due to the presence of myofibrillar protein and other food additives 

(Park and Jaundoo, 1999; Park, 2000b). Due to poor gelatinization, the change of 

electrical conductivity was not as sharp as that found in a starch suspension. 
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Figure 4.4 Electrical conductivity of surimi-starch as affected by type of starch. 
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Figure 4.5 Electrical conductivity of surimi-starch as affected by starch 
concentration. 
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Physical properties 

Since high grade Alaska pollock surimi mixed with native potato starch and 

cooked by ohmic heating normally showed supreme texture properties (high in both 

shear stress and shear strain), it usually resulted in data beyond reasonable accuracy 

of the torsion test (shear strain higher than 3.0). Therefore, the physical properties 

were reported only in the pregelled starch system for this experiment to see the 

effect of applied frequency, applied voltage, and moisture content (Table 4.3). 

Surimi-starch gels showed a decrease in lightness (L* value), yellow-blue 

hue (b* value), and whiteness when the concentration of starch increased. Many 

researchers reported that the gels become more translucent due to swelling of the 

starch granules during heating. Although pregelled starch granules swell rapidly 

without heating, it can swell faster as the temperature increases. When moisture 

content increased, the whiteness of the gel also increased. In concurrence with 

these results. Park (2000b) reported that when moisture content increased, the L* 

value increased; b* value decreased; and a* value remained constant. The effects 

of applied voltage and frequency on the color properties of surimi-based gels were 

not statistically different. 

Texture properties (Table 4.3) decreased when pregelled starch 

concentration increased.   When starch was used and the moisture content of the 

batch is fixed, less surimi and more water were needed (Table 4.1). However, in 

sample mixed with pregelled starch, there was less available water for the fish 

protein to form a good gel matrix because available water was absorbed by swollen 
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TABLE 4.3 Means of the physical properties of surimi-pregelled potato starch gels 

Parameters V Hz 
75% moisture 81%) moisture 

Control 3% 9% Control 3% 9% 

L* 

60 

55 79.16cd- 77.15"2 71.IV" SO.SS"' 77.70bc'2 71.82a' 

5K 78.96cd2 76.96"'2 71.69* 80.36d' 78.11"°2 71.81a' 

20 K 77.76"" 77.42b2 71.28a'2 80.52°' 77.54"'2 71.22a' 

220 
5K 77.25"' 75.94"'2 69.96a' 7907=1 76.24"' 70.33a' 

20 K 76.86"' 75.54"' 69.87a' 79.nc' 76.32"' 70.3 P1 

a* 

60 

55 -4.34"c' -4.54a' -4.38"' -4.43ab' -4.23°d' -4.11d' 

5K -4.47a"' -4.58"' -4.39"c' -4.45ab' -4.25"" -4.13d' 

20 K -4.38"c' -4.61" -4.44"' -4.43bc' -4.28°' -4.09d' 

220 
5K -4.41a"c' -4.55al -4.37bcl -4.51*' -4.34°' -4.07"' 

20 K -4.42"' -4.68a' -4.31"' -4.44"' -4.32"' -4.02°' 

b* 

60 

55 2.4 r- 1.29d2 -1.43"2 1.23d2 0.23°2 -3.13aJ 

5K 2.3 r2 1.15d2 -1.28"2 1.23d2 0.23°2 -3.29a23 

20 K 2.1 lc- 1.30d2 -1.46"2 1.18dJ -0.16°'2 -3.36a'2J 

220 
5K 1.68e' 0.62"' -2.00"' 0.75d' -0.49°' -3.68a'2 

20 K 1.65e' 0.48d' -1.91"' 0.72dl -0.31°' -3.69al 

Whiteness 

I 

60 

55 78.57cd2 76.67b2 70.84a'2 80.04d' 77.3 0"°' 71.35a' 

5K 78.36"12 76.48"'2 71.32a2 79.83d' 77.70"c2 71.32a' 

20 K 77.24"'2 76.92b2 70.90a'2 79.99°' 77.13"12 70.73a' 

220 
5K 76.76"' 75.50"'2 69.57'" 78.58°' 75.84b' 69.83al 

20 K 76.38"' 75.09"' 69.50a' 78.69°' 75.92"' 69.81" 
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TABLE 4.3 (Continued) 

Whiteness 

II 

60 

55 71.92c' 73.29c' 66.92b2 76.89"' 77.01"23 62.42a2 

5K 72.04cl 73.50c' 67.84b2 76.67"' 77.35d3 61.94a2 

20 K 71.45c' 73.52"' 66.89b2 76.98el 76.82e23 61.13a12 

220 
5K 72.20c' 74.10°"' 63.95b' 76.83°' 74.78"' 59.29a' 

20 K 71.91°' 74.10"' 64.15b' 77.01e' 75.32"e'2 59.23a' 

Shear 

stress 

(KPa) 

60 

55 128.22"2 101.92* 32.89a' 53.61bi 35.33a2 29.09al 

5K 122.25c2 98.37b2 34.62a' 36.19a'2 26.93a'2 28.47a' 

20 K 124.6ri 99.85"2 41.46b°' 45.53°2J 29.34ab'2 27.5 r1 

220 
5K 95.74"' 83.18°' 36.77b' 35.37bl 20.46a' 24.94ab' 

20 K 97.84"' 86.28°' 36.40b' 32.92ab' 25.20a' 24.66a' 

Shear 

strain 

60 

55 3.04b' 3.08b' 1.82i" 3.21b' 3.00b' 3.02b' 

5K 3.23c'2 3.08"°' 1.78al 297bcl 2.87b' 3.02bc' 

20 K 3.15bli 3.11b' 201a,2 3.06b' 2.95b' 3.14bl 

220 
5K 3.33c2 3.27°' 2.09a2 3.21°' 2.80b' 3.15°' 

20 K 3.33c2 3.29°' 202a,2 3.15b°' 2.93b' 3.21°' 

a"e: the significant differences 
1"3: tlie significant differences 
column of each parameter). 

among treatments witliin the same cooking method (within each row), 
among cooking methods witliin the same treatment (witliin each 

starch granules during mixing. Moreover, there was little or no change in the 

diameter of the pregelled starch granule upon additional heating (Kong et al., 

1999a, 1999b, and 1999c; Wu et al., 1985; Niwa et al., 1991). Consequently, we 

did not see the improvement of texture when pregelled potato starch was used. 
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Shear stress, representing gel strength, is related to the quantity offish 

protein. When moisture content increased, less fish protein was required in the 

formulae (Table 4.1). Therefore, shear stress decreased when moisture content and 

pregelled starch concentration increased.    Shear strain is used as an indicator of 

protein-protein interaction. Since protein could not reach the gelation peak when 

pregelled starch was added to the system, the interaction between proteins was 

poor, resulting in a decrease of shear strain with an increase of pregelled starch 

concentration. 

CONCLUSIONS 

Electrical conductivity was affected by moisture content, starch 

gelatinization, cooking frequency, and voltage. Electrical conductivity was highly 

dependent on temperature and resulted in a linear relationship in a surimi-starch 

system. However, there was a change of electrical conductivity magnitude in 

surimi-starch system as temperature increased, clearly seen after 60 0C when native 

starch was used and when starch concentration increased. This indicated that starch 

granules in surimi-based product swelled during heating and this could alter the 

electrical conductivity of the sample.   When moisture content, applied frequency 

and voltage increased, electrical conductivity also increased. Whiteness and texture 

properties of gels decreased when the amount of pregelled starch increased and 

moisture content decreased. 
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SUMMARY 

There were several factors affecting the physical properties of surimi-based 

gels. Type and concentration of each ingredient, as well as the heating method, 

could alter the finished product properties. To reduce the quantity offish protein 

(surimi) in the product without sacrificing quality, other functional ingredients such 

as starch and non-fish proteins are added. 

Native starch was found to enhance the textural properties due to 

gelatinization during heating of the surimi-starch paste. However, the reinforcing 

effect was pronounced only at low concentration. At high concentration, starch 

granules have to compete with fish proteins for available water, resulting in low gel 

strength values. When starch concentration increased, the gels also became more 

translucent. This might have been caused by either more water imbedded in the 

starch granules when they are partially swollen or less amylose leaked out in the 

gel matrix of the fish proteins. Potato starch showed a higher ability to enhance gel 

properties, but also a higher ability to reduce the whiteness compared to wheat 

starch. 

When comparing native starch with pregelatinized starch, the whiteness of 

gels containing pregelled starch was more opaque. Due to its ability to absorb 

water rapidly even before heating, pregelled starch granules impeded the textural 

properties offish proteins. However, pregelatinized starch can be used to reduce 

the undesirable stickiness of surimi seafood products. The mixture of native and 
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pregelled starch could, therefore, be used to compromise the positive and negative 

effects of each starch, and showed interestingly positive results at high 

concentration. 

Most non-fish proteins were able to enhance or maintain gel properties 

although a higher amount of water was added to the system for remaining the equal 

moisture content. Color properties of surimi gels containing protein additives 

generally decreased because of the negative effect on the b* value. 

Ohmic heating, which is able to mimic the heating rate of commercial 

crabstick manufacturing, was determined to be an effective heating method to cook 

surimi-based product. Most samples cooked ohmically exhibited higher texture 

properties than conventionally cooked samples, especially those cooked with a 

slow heating rate. In the ohmic heating system, the electrical conductivity, which 

controls heating rates, increased with the increase of temperature, moisture content, 

applied voltage, and applied frequency. The simple linear regression revealed a 

linear relationship between electrical conductivity and temperature. In the surimi- 

starch system, the starch gelatinization altered the magnitude of electrical 

conductivity when the temperature increased, obviously seen when a high 

concentration of native starch was added and cooked at a low voltage gradient (4.3 

V/cm). 
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