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Abstract 

Myofibrillar proteins, the main components that impart functional properties to 

muscle foods, can undergo denaturation and aggregation during frozen storage. The 

overall objective of this research was to study the changes in protein structure that are 

associated with the preparation and frozen storage of surimi. In addition, the relative 

cryoprotective effects of whey protein concentrate, whey protein isolate, soy protein 

isolate, flaxseed meal and flaxseed protein were assessed in surimi during storage. 

Raw surimi was prepared by repeatedly washing Alaska pollock flesh with 

chilled water. The product was either slowly frozen or underwent rapid freezing using 

liquid air; in either case it was then subjected to frozen storage at -20°C for 24 months. 

Protein structural changes were monitored using sodium dodecyl sulfate­

polyacrylamide gel electrophoresis (SDS-PAGE), native-PAGE, Fourier transform 

infraredlattenuated total reflectance (FTIRJ ATR) spectroscopy, and differential 

scanning calorimetry (DSC). 

FTIRJATR spectroscoPY showed that during preparation of surimi the u-helix 

content increased with increased number of washing cycles. DSC results revealed a 

shift in the thermal transition of actin to a higher temperature during surimi 

preparation. An electrophoresis, FTIRJ ATR spectroscoPY and DSC results revealed a 

10ss of myofibrillar proteins from surimi after three washing cycles, suggesting that 

three washing cycles were adequate to prepare surimi. 

Native-PAGE showed no major changes in surimi after 24 months storage at 

-20°C, SDS-PAGE showed relatively minor changes in protein subunit structure with 
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sorne 10ss of the myosin light chains (MLC); myosin heavy chain (MHC), actin and 

tropomyosin were found to be relatively stable. FTIRI ATR spectroscopy indicated a 

significant decrease in u-helix relative to ~-sheet structure in surimi after 2 years of 

storage at -20°C. The 10ss of u-helical content was more significant in s10wly frozen 

surimi compared to rapid-frozen surimi samples. DSC results revealed a shift in the 

thermal transition of actin to lower temperatures during frozen storage of surimi. 

Changes in the ratio of u-helix to ~-sheet structures suggested that flaxseed 

protein was the most effective cryoprotectant, followed by whey prote in isolate and soy 

protein isolate, for maintaining protein structure stability during frozen storage. Whey 

protein concentrate and flaxseed meal showed the least cryoprotective ability. After 15 

days storage at 4°C, the SDS·PAGE results showed that flaxseed protein was the only 

cryoprotectant that prevented the degradation of myosin heavy chain, actin and myosin 

light chains. 
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Résumé 

Les protéines myofibriUaires sont les composantes principales qui possèdent 

des propriétés fonctionnelles aux produits marins. D'ailleurs, elles peuvent se dénaturer 

et s'agglomérer lors de la congélation. L'objectif de cette recherche était d'étudier les 

changements de la structure des protéines associés avec la préparation et la congélation 

du surimi. De même que les effets sur les agents cryoprotecteurs tels que: concentré de 

protéine de sérum, protéine lactosérique isolée, protéine de soja isolée, graine de lin et 

protéine de graine de lin ont été évalués dans le surimi durant la conservation. 

Le surimi cru a été préparé en lavant la chair de goberge d'Alaska à maintes 

reprises avec de l'eau froide. Le produit a été lentement ou rapidement congelé en 

utilisant de l'air liquide. Dans les deux cas, le produit a été congelé à -20°C pendant 

24 mois. Les changements de la structure sur la protéine ont été régulés avec 

l'électrophorèse sur gel de polyacrylamide en présence de SDS (SDS PAGE), PAGE 

natif, spectroscopie transformée de Fourier par réflectance totale atténuée (FTIR ATR) 

et par analyse calorimétrique à compensation de puissance (DSC). 

La spectroscopie FTIR ATR a démontré que pendant la préparation du surimi, 

le contenu de a-hélix a augmenté avec le nombre de lavage. Les résultats de DSC ont 

révélé un changement dans la transition thermique de l'actine à une température plus 

élevée pendant la préparation du surimi. Les résultats spectroscopiques FTIR AIR et 

DSC ont révélé une perte de protéine myofibrillaire de surimi après trois cycles lavage, 

suggérant que trois cycles lavage aient été suffisants pour préparer le surimi. 

Le PAGE natif n'a pas démontré de changement majeur dans le surimi après 24 

mOlS de stockage à une température de -20oe. Le SDS PAGE a démontré des 
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changements relativement mineurs dans la structure fractionnée de la protéine avec la 

perte des chaînes de myosine légère (MLC); chaînes de myosine lourde (MHC), actine 

et tropomyosine ont prouvé être relativement stables. La spectroscopie FTIR ATR a 

indiqué une diminution significative de a-hélix relativement à une structure-~ dans le 

surimi après 2 années de stockage à une température de -20°C. La perte du contenu a­

hélicoïdal était plus significative dans le surimi lentement congelé en comparaison avec 

les échantillons de surimi rapidement congelés. Les résultats de DSC ont révélé un 

changement dans la transition thermique de l'actine pour abaisser la température lors 

de la congélation du surimi. 

Les changements dans la proportion de a-hélix à une structure-~ ont suggéré 

que la protéine de graine de lin était la plus efficace des agents cryoprotecteurs, suivi 

par la protéine lactosérique isolée et la protéine de soja isolée, dans le maintien de la 

structure protéique pendant le stockage congelé. Le concentré de protéine de sérum et 

le repas de graine de lin ont démontré la moins grande capacité cryoprotecteur. Après 

15 jours de stockage à 4°C, les résultats de SDS PAGE ont démontré que la protéine de 

la graine. de lin était la seule protéine à effet cryoprotecteur à empêcher la dégradation 

de la chaîne de myosine lourde, de l'actine et des chaînes de myosine légère. 
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Chaim of Origimdity 

In this study freeze-denaturation and stabilization of protein in surimi were 

investigated. To the best of the author's knowledge the following are the original 

contributions made in this work: 

® In this study, the optimum number of washing cycles for surimi preparation 

from Alaska pollock was determined based on solubilization of myofibrillar 

proteins shown by native-PAGE, SDS-PAGE, FTIR, and DSC. 

• The effect of rapid freezing by liquid air on protein stability in surimi was 

investigated for the fust time using electrophoresis and FTIR spectroscopy 

techniques. A comparative study of rapid and slow freezing was also presented. 

® The application of whey protein concentrate, whey protein isolate, soy protein 

isolate, and flaxseed meal as cryoprotectants in surimi was investigated for the 

tirst time. 

® This is the tirst research work to incorporate isolated flaxseed protein in surimi 

and to establish its potential as an effective cryoprotectant. 

® This is the first study to apply FTIRI A TR spectroscopy to investigate the 

effects of cryoprotectants on surimi protein structure during storage. 

® FTIR and electrophoresis analyses were correlated for the first time in surimi 

investigations. 
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1.1. Gene:ral 

Chapter 1 

INTRODUCTION 

Surimi is one of the value-added seafood products from minced fish (wasted 

fish flesh recovered after deboning); minced fish is washed to remove water-soluble 

proteins, then mixed with cryoprotectants to extend its frozen shelf life. The surimi 

industry is expanding rapidly due to the fact that surimi has a relatively long shelf life 

and is a functional protein ingredient with good nutritional quality (Lee, 1986). Surimi 

is easily mass-produced, and there is a constant supply of raw materials for its 

production due to the abundance of under-utilized fish species. 

Generally, any fish with good gel forming ability and white meat color can be 

used to make surimi. Alaska pollock (Theragra charcogramma) represents the largest 

fishery biomass used for surimi production and the largest global whitefish catch 

worldwide (Lee, 1984; Morrissey and Tan, 2000). 

Fish quality deteriorates rapidly if fish are poorly handled and not stored 

properly. Each year, over 91 million tons of fish are harvested, of which 29.5% is 

transfonned into fishmeal. Possibly, more than 50% of the remaining fish tissue 1S 

considered to be processing waste and not used as food (Kristinsson and Rasco, 2000); 

there is therefore an increased need to utilize our sea resources more effectively. 

The consumption and popularity of seafoods has consistently increased during 

recent years since seafoods are increasingly recognized as important sources of 

nutrients for human health. Protein, lipids and bioactive components from seafoods 
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have unique characteristics that differ from those of land animaIs (Shahidi, 1997). The 

main chemical components of fish meat are water, crude protein, and lipids, which 

together make up about 98% of the total mass of the flesh. These components have 

substantial impact on the nutritive value, functional properties, sensory quality, and 

storage stability of the meat. The nutritive value of fish proteins Îs relatively high 

because of the favorable essential amine add pattern (Sikorski et al., 1990b). 

Muscle proteins can be divided into three major groups based on their 

solubility: sarcoplasmic proteins (water-soluble), myofibrillar proteins (salt-soluble), 

and stromal proteins (insoluble). Of the three groups, myofibrillar proteins play the 

most critical role during processing and are responsible for functional properties such 

as gel forming ability (Xiong, 1997). 

The seafood processing industry is an extremely important component of the 

Canadian food industry. However, there are several major problems facing the growth 

of this industry including increasing environmental concerns about dumping of fish 

wastes, Therefore, it is necessary to investigate the use of under-utilized fish species, 

which are cheaper and in greater abundance, as well as the use of fish processing 

wastes. Waste products could be incorporated into battering and breading production 

Hnes to create value-added seafood products, resulting in increased profits. Value 

addition may also result in different flavors that are usually associated with more 

expensive fish and seafood products (Roessinlc, 1989). 
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1.2. Rationale and Objectives of Study 

One of the major problems facing the growth of the seafood industry is the 

method of storage and distribution ofproducts. To date, freezing is the only method of 

long-term storage to ensure keeping quality and to extend shelf life (Roessink, 1989). 

However, during frozen storage of fish muscle, denaturation and/or aggregation of 

myofibrillar proteins cause a 10ss of functional properties. Frozen storage prevents 

microbial spoilage and minimizes the rate of biochemical reactions in muscle, but 

changes in functional properties can occur at low temperatures (Park et al, 1987). 

The use of cryoprotectants to extend the shelf life of leached fish minces, i.e., 

the development of surimi, has been an important technologie al development in the 

seafood industry. At present, the most commonly used cryoprotectants are sucrose, 

sorbitol, and a small amount of phosphates. These cryoprotectants have been chosen 

for their effectiveness, low cost, availability, and low tendency to cause Maillard 

browning. There is, however, interest in identifying alternative cryoprotectants and 

blends for specifie applications, which have improved ability to stabilize myofibrillar 

proteins, and to reduce sweetness (MacDonald et al., 2000). 

The freezing rate, frozen storage temperature, steadiness of storage conditions, 

and thawing conditions significantly affect the quality of frozen surimi. It is desirable 

to prevent the formation of large ice crystals in frozen surimi during the freezing 

process (Matsumoto and Noguchi, 1992). However, published comparative studies of 

rapid and slow freezing rates are very limited 80 far. 
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The overall objective of this research therefore was to investigate protein 

changes in Alaska pollock during preparation and storage of surimi, and to study the 

role of potential cryoprotectants on protein changes during storage. 

The specifie objectives ofthe research were: 

1) To optimize a method for surimi preparation considering the effects of 

rinsing conditions and the number of washing cycles on the quality of 

surimi. 

2) To investigate the changes in protein structure of minced fish and surimi 

during preparation and storage of surimi, using electrophoresis, FTIRI A TR 

spectroscopy, and DSC. 

3) To determine the effect of freezing rate on the shelf life stability of the 

product, and to study the effect of rapid freezing on the biochemical and 

physical properties offish proteins compared to slow freezing. 

4) To investigate the role of incorporation of different cryoprotectants on the 

quality of surimi during frozen storage. 

5) To monitor the effects of cryoprotectants on protein changes at 4°C when 

compared to frozen storage at -20°C. 
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Chapter 2 

LITERA TURE REVIEW 

2.1. Nitrogenous Components of Fish Muscle 

2.1.1. Total Contents and Composition 

The nitrogenous components of fish muscle mainly include proteins, peptides, 

nucleic acids, nucleotides, trimethylamine (TMA) and its oxide (TMAO), free amino 

acids, and urea. The flesh of fish contains usually from Il to 24% crude protein (1.76 

to 3.84% total nitrogen), depending on the species (Sikorski et al., 1990b). 

Fish muscle proteins are less stable to frozen storage than muscle proteins from 

other vertebrates such as poultry and mammals. It has been proposed that such 

differences could be attributed to the fact that fish are cold-blooded animais, whiie 

poultry and mammals are warm-blooded (MacDonald and Lanier, 1991). 

The proteins of fish muscle can be categorized into the following three major 

groups: (1) the components of the sarcoplasmic fraction which perform the 

biochemical tasks in the cells, (2) the myofibrillar proteins of the contractive system, 

and (3) the proteins of the connective tissues, responsible mainly for the integrity of the 

muscles. A schematic diagram of fish muscle prote in composition is shown in Figure 

2.1. 

Figure 2.2 shows the structural organization of fish fiUet. The fish fillet 1S 

divided into blocks of muscle known as myotomes, separated by collagenous 

myocomata. The collagen of the myocomata is denatured on cooking and the 

myotomes may separate, thus forming the flakes of the cooked fish. The fish muscle 
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Figure 2.1: Schematic diagram of fish muscle prote in composition. l(Sikorski et al., 

1990b); 2(Hall and Ahmad, 1997); 3(Mackie, 1993). 
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fibers stretch between adjacent myocomata. Within the muscle fibers are the 

myofibrils, the contractile elements of the muscle. The myofibrils consist of thick 

filaments of myosin and thin filament of actin. The arrangement of these filaments 

gives muscle its banding pattern, as shown in Figure 2.2. The repeating unit of the 

myofibrils, the distance between two Z-lines, is known as a sarcomere (Goodband, 

2002). 

2.1.2. The Sarcoplasmic Proteins 

The sarcoplasmic, or water-solub1e, proteins make up 18 to 20% of total muscle 

proteins (Hall and Ahmad, 1997). They are normally found in the cell plasma where 

they act as enzymes and oxygen carriers. These proteins are heat sensitive and 

precipitate on cooking and do not contribute significantly to the texture of fish. The 

oxygen storage protein, myoglobin, is found in this fraction and it is believed to 

contribute to the oxidative changes within the flesh (Mackie, 1993). 

2.1.3. The Myofibrillar Proteins 

Myofibrillar proteins, the largest proportion of fish muscle proteins, account for 

65 to 80% of total protein. They give the muscle its fibre-like structure (Han and 

Ahmad, 1997). These proteins can be extracted from the comminuted fish with neutral 

salt solutions of ionic strength ranging from 0.30 to 1.0. The myofibrillar proteins 

participate in the postmortem stiffening of the tissues (rigor mortis). Changes in these 

proteins lead to resolution of the stiffness; during long-term frozen storage they may 

cause toughening of the meat. The myofibrillar proteins are mainly responsible for the 
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water-holding capacity of fish, for the characteristic texture of fish products, as weIl as 

for the functional properties of fish minces and homogenates, especially the gel­

forming ab il it y (Sikorski et al., 1990b). 

The major components of myofibrillar proteins are myosin, actin, tropomyosin, 

and troponin. 

Myosin: Myosin with MW of about 500 kDa makes up 40 to 60% of the 

myofibrillar fraction (Mackie, 1993). Myosin is a long, linear molecule made up oftwo 

identical heavy chains (MHC) of MW of 200 kDa and four light chains (MLC) of MW 

"'" 20 kDa each. The two heavy chains have a high degree of a,-helical content and are 

wound around each other in a super-coiled helical conformation and form the rod 

portion (Figure 2.3 a). The globular regions are responsible for ATPase activity and 

contain actin-binding sites. 

Myosin is a relatively large molecule that can be cleaved into several 

fragments. Myosin heavy chain can be cleaved by papain near the globular end of the 

rod, to produce fragment 1 (S-1) (Visessanguan et al., 2000). When myosin is digested 

with trypsin, two major fragments are obtained. The large st fragment is heavy 

meromyosin containing both myosin globular heads and a portion of the myosin rod. 

The other major fragment 1S light meromyosin, which is the helical rod portion of the 

myosin molecule. Further proteolytic digestion of heavy meromyosin yields the 8-1 

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

myosin rod (Figure 2.3 b) (Rattrie and Regenstein, 1997). 
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Figure 2.3: Schematic diagram of (a) the myosin molecule and (h) its subfragments 

(from MadGe, 1993 and Visessanguan et al., 2000). 
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Actin: Actin comprises 15 to 30% of the total myofibriUar protein content of 

fish muscle (MadGe, 1993). The water-extractable actin, whlch can be obtained from 

the acetone-dried powder of the purified myofibrillar fraction, is in the monomeric 

form caHed globular actin (G-actin) with MW of 43 kDa. It polymerizes in the 

presence of neutral salts and forms actin filaments referred to as fibrous actin (F-actin), 

which has a double helicai structure. When minced fish meat 1S treated with neutral salt 

solutions, actin is extracted together with myosin in the form of actomyosin. Like 

myosin, this complex exhibit the Ca2+ activated ATPase characteristics but is aiso 

activated by Mg2
+ (Sikorski et al., 1990b). 

Tropomyosin and the Troponins: Tropomyosin and the troponins together 

account for 10% of the myofibrillar proteins. Tropomyosin with MW of about 66 kDa, 

is a dimeric molecule consisting of two subunits designated (J,- and ~-tropomyosin with 

MW of about 34 and 36 kDa, respectively. Troponin is a complex protein comprised 

of three subunits designated T,land C with MW of 31, 21, and 18 kDa, respectively. 

Troponin T is the major site for binding troponin to tropomyosin; troponin C binds 

calcium; troponin 1 inhibits the enzymic activity of actomyosin. 

C-protein: C-protein with MW of 135 kDa is located in the thick filament. It 1S 

often a contaminant in myosin preparations (Mackie, 1993); C-protein is relatively 

high in proline content, which explains why the prote in contains Httle or no (J,-helical 

structures (Xiong, 1997). 
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a-Actinin: The major protein found in the Z-disk is a-actinin with MW of 

about 95 kDa. It contains a large amount of a-helical structure and a relatively high 

content of charged residues (Mackie, 1993; Xiong, 1997). 

2.1.4. Tbe Proteins of tbe Stroma 

The residue obtained after extraction of the sarcoplasmic and myofibrillar 

proteins is called the stroma, and is composed of the main connective tissue proteins 

(collagen, reticulin, and elastin). The proteins of the stroma comprise about 3 to 5% of 

the total protein and are easily solubilized by cooking (Hall and Ahmad, 1997). The 

collagens of fish muscle have lower melting temperatures than mammalian muscle and 

are easily converted to gelatin on cooking (Goodband, 2002). 

2.2. Tbe Functional Properties of Fisb Protein 

The total quality of fish as food depends on the nutritive value of the meat, its 

sensory attributes, and the functional properties, i.e., on the ability to contribute to the 

desirable sens ory characteristics of food products by interactions with water and other 

food components. In fish flesh, the functional properties depend mainly on the proteins. 

The functional properties attributed to proteins of the fish flesh consist of hydration, 

which is reflected in solubility, dispersibility, water retention, swelling, and gel­

forming ability, as weIl as interaction with lipids, i.e., emulsifying capacity and 

emulsion stability. These properties depend on the composition and conformation of 

proteins. They change during storage and processing of the fish (Sikorski et al., 1990a). 
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2.2.1. Formation of Gel Structure 

Protein gels can be defmed as "three-rumensional matrices or networks m 

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

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

prote in" (Mulvihill and Kinsella, 1987). 

Ferry (1948) proposed that, in general, formation of protein gels involves the 

following mechanisms: 

X PN --? X PD --? (PD) X 

where X is the number of protein molecules, PN is the native protein, and PD is 

denatured protein. According to this, gelation is a two-step process involving 

denaturation and aggregation. Denaturation is a proeess in which native proteins 

undergo conformational changes inc1uding alterations of hydrogen bonding, 

hydrophobie interactions, and ionie linkages (Mulvihill and Kinsella, 1987). The 

subsequent process is aggregation in which denatured prote in molecules align 

themselves and interaet with eaeh other at specifie points to form a three dimensional 

network. 

The formation of a myofibrillar protein network is responsible for the 

functional properties of surimi. It 1S this gel structure that brings about the elasticity 

and the texturaI strength of the product. The grinding of fish with no salt added does 

not disrupt the myofibrillar structure (Sato et al., 1987). When fish meat is mineed with 

salt, disintegration of the myofibrillar structure and formation of an actomyosin 

network are observed (Sato et al., 1987; Pan, 1986). 
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Setting of the mince at below-ambient temperature enhances the unfolding of 

protein helices and the interaction between the hydrophobie side chains, resulting in a 

more uniform and thicker network as compared to those minced fish that skip setting 

before heating (Sato et al., 1987; Niwa, 1975). 

Formation of firm gel network requires a balance between the protein-protein 

and protein-water interactions. Hydrophobie interactions and disulfide linkages are the 

major forces that account for the integrity and strength of the gel network (ltoh et al., 

1979). Addition of cysteine or sodium bisulfite to the mince produced from frozen fish 

results in the recovery of reactive and total sulflydryl groups and improves the gel 

strength of the minced fish products (Lan et al., 1987). Denaturation and interactions 

between the heavy chains reduce gel-forming capacity and lower the surimi quality 

(Numakura et al., 1987). 

2.2.2. The Hydration of Pro teins 

The ability of fish meat to retain water plays a critical role in palatability and 

consumer acceptance of the product and is usually referred to as water-holding 

capacity. Changes in pH as weIl as denaturation and aggregation during frozen storage 

and processing may cause an undesirable decrease in solubility and thus deterioration 

of other functional properties of the proteins. 

The water-retaining properties of fish flesh can be measured in different ways, 

mainly as the 10ss of juice from a sample due to, for example, pressing or 

centrifugation, or as the water-binding capacity, i.e., the amount of water bound by 

comminuted meat with added water, as measured in the pellet arter centrifugation 
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(Regenstein and Regenstein, 1984). Hydration in fish muscle depends on many factors, 

especially the characteristics of the proteins, pH, the concentration of postmortem 

metabolites and added salts, as well as the changes in the proteins due to storage and 

processing. Many aspects of the water-holding capacity of fish meat have been 

investigated and discussed by Hamm (1960 and 1986), while water retention in fish 

flesh has been presented by Regenstein and Regenstein (1984). 

2.2.3. Emulsifying Properties 

The interaction of fish proteins with lipids is especially important in fish 

sausages, as high emulsifying capacity and emulsion stability is required in the sausage 

batters. These attributes as well as other functiona1 properties have a special impact on 

the quality of fish protein concentrates and preparations which are intended to be used 

as structure forming components of different food products (Kinsella, 1976; Sikorski 

and Naczk, 1981). 

2.3. Postharvest Biocbemical Changes in Fisb Muscle 

In considering the effects of frozen storage on the proteins of muscle it is 

important to recognize that from the moment of death, a whole series of biochemical 

changes is initiated in fish. The major event is the cessation of circulation of blood, 

which means that oxygen is no longer supplied to the tissue, resulting in a decrease in 

the A TP concentration and initiating glycolysis, and eventually contraction of muscle 

through the interaction of the thick and thin filaments (Mackie, 1993). 
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The catabolic processes taking place in a dead fish body lead to stiffening of the 

muscles known as rigor mortis. The stiffness of a fish in rigor is a sure sign of 

freshness. However, it may have an adverse effect on the suitability of the fish for 

mechanical or even hand facilitating. After several hours, the rigid fish gradually 

softens, although the extension of the muscles under stress is not reversible and the 

muscle has no ability to respond to electrical stimuli. The biochemical state of the 

postrigor muscles is different from that of the prerigor flesh. The postrigor fish does 

not display the signs ofprime freshness (Sikorski et al., 1990a). 

The quality of fish, regardless of the species characteristics, is affected both by 

the freshness and the appearance of the flUet. The biochemical and biophysical 

processes involved in rigor may, however, influence the appearanee of the fiUet and the 

amount of fluid 10st due to freezing/thawing and eooking. Fish entering rigor at high 

ambient temperatures lose much drip on thawing and may be tough and stringy after 

eooking (Stroud, 1969). 

The time for the onset of rigor depends upon a number of factors sueh as the 

species of animal, its physiologieal condition, and the temperature of storage 

postmortem. When muscle is removed from the skeleton at the prerigor stage, rigor 

mortis may result in extreme contraction causing unacceptable toughness. On the other 

hand, if it is rapidly frozen and stored, rigor mortis can develop on thawing. Thus, 

proeessing of fish is often delayed until rigor has been resolved (Mackie, 1993). 
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2.4. Surimi Composition and Preparation 

Surimi is stabilized myofibrillar proteins obtained from mechanically deboned 

fish flesh that is washed with water and blended with cryoprotectants (Park and 

Morrissey, 2000). Surimi is an intermediate product used in a variety of products, 

ranging from the traditional kamaboko products of Japan to surimi seafoods or 

shellfish substitutes. 

Conventional surimi is refined myofibrillar proteins processesd by removing 

unnecessary foreign materials. However, a newly developed acid-aided surimi 

processing method has shown great potential to utilize the maximum quantity of flesh. 

This new process retains aU sarcoplasmic proteins, but provides very functional surimi 

gels. However, few fundamental questions about this process remain unresolved, 

inc1uding the role of sarcoplasmic proteins on the strength of fish gels, and the gelation 

mechanism with regard to the presence of protease (Choi and Park, 2002; Kim et al, 

2002; Park, 2001). 

There are several steps in the surimi manufacturing process. For surimi-type 

products, fish should be processed soon after the onset of rigor mortis (Sonu, 1986). 

First, the fish are headed, gutted and cleaned in a washing tank. The fish are then run 

through a mechanical deboner, which separates the fish flesh from the bone and skin. 

Surimi is prepared from minced fish by repeated washing with water to remove various 

undesirable components, such as fat, blood, pigments, and odorous compounds, but 

more importantly, water-soluble proteins. Wasrung also increases the concentration of 

myofibrillar protein, which improves gel strength and elasticity. After washing, water 

is removed and the remaining fish flesh is run through a strainer to remove any residual 

17 



skin, bone, and scale. Following the washing and dewatering, the concentration of 

funetional actomyosin inereases, which faeilitates the gel-forming ability of surimi 

seafood. Cryoprotectants, sueh as sugar, sorbitol, and polyphosphate, are added at this 

stage to proteet the fish proteins from the denaturing effeet of eold temperatures. 

Surimi is made from a wide variety of fish species, however most are not used 

to make frozen surimi. The most suitable species for surimi processing are those with 

white flesh and low fat content (Park and Morrissey, 2000). Fresh surimi can be made 

from species such as tuna, mackerel, croaker, and shark. Japanese frozen surimi is 

made from Alaska pollock (Theragra charcogramma), whereas in the Philippines, 

frozen surimi is made from big-eye snapper (Priacanthus spp.), croaker (Pennahia, 

lohnius spp.), and threadfin bream (Nemipterus spp.). Generally, auy fish with good 

gel forming ability and white meat color can be used to make frozen surimi. The surimi 

industry mainly uses Alaska pollock for suri mi production, representing 50-70% of 

total surimi production. 

The quality of surimi during frozen storage depends upon storage temperature, 

storage period, the level of remaining moisture, and the eryoprotectants used (Lee, 

1984). Sucrose was the first cryoprotectant used after it was found to prevent the 

denaturation of muscle protein, partieularly actomyosin, during frozen storage 

(Matsumoto, 1978). Adding polyphosphates also extends the frozen shelf life by 

enhancing the effects of sucrose. 

Since surimi lS essentiaUy bland in flavor due to the extensive washing it 

receives during production, it cau be formulated to have a number of different flavors, 

including crab, lobster, or shrimp. These shellfish analogs have been particularly 
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successful due to the fact that their texture is aiso very similar. There are aiso a large 

number of products that can be produced from frozen surimi, including a number of 

breaded and battered products, such as fish cakes and fish sticks. 

The largest overall bene fit of surimi cornes from the fact that it uses 

underutilized fish species, which are in abundant supply. This is extremely important 

since there is an over-exploitation and depletion of the world's most valuable fish 

stocks, despite attempts to control over-fishing (Venugopal & Shahidi, 1994). 

Biological (intrinsic) factors affecting surimi quality are the effects of species, 

seasonality/sexual maturity, and freshness or rigor, while processing (extrinsic) factors 

affecting surimi quality include harvesting, onboard handling, time/temperature of 

processing, washing cycle/wash water ratio, pH and salinity (Park and Morrissey, 

2000). The overall proeess of surimi production is summarized in Figure 2.4. 

2.5. Freezing, Frozen Storage, and Thawing of Surimi 

The freezing rate, frozen storage temperature, steadiness of storage conditions, 

and thawing conditions strongly affect the quality of frozen surimi. It is desirable to 

prevent the formation of large iee erystals in frozen surimi during the freezing proeess. 

Such large ice crystals fonn in the critical temperature range of to -5°C, and their 

formation can be prevented by rapid freezing or by minimizing the time in which the 

product remains in this critical temperature range (Matsumoto and Noguchi, 1992). 
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Figure 2.4: Flow diagram of surimi manufacturing process with estimated yield. NaCl*: 

NaCl CaTI be added for better removal ofwater (from Park et al., 1997). 
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The stabihty and shelf life of surimi depend also upon the frozen storage conditions. 

The gel strength of surimi remains very stable at -35°C, but is less at -1 DoC. The shelf 

life of surimi is longer at lower, non-fluctuating temperatures. In 1984, the Japanese 

Association of Refrigeration recommended that the shelf life of frozen sOOmi be fixed 

at 6-12 months at-23 to -25°C. 

It is generally believed that storage temperature is more important than freezing 

rate for determining the quality of frozen fish. However, the freezing rate determines 

ice crystal size, locality of ice crystals, and sites of highly concentrated salt solutions, 

which may be linked to protein alterations (MacDonald et al., 2000). 

Thawing is another important step in surimi processing and use, which can 

affect myofibrillar protein denaturation. Quick thawing at low temperature is 

recommended (Matsumoto and Noguchi, 1992). 

2.6. Freeze Denaturation of Myofibrillar Pro teins 

The optimal way to achieve long-term storage of surimi is through freezing, 

which prevents microbial spoilage and minimizes biochemical reactions. However, 

after prolonged storage even at temperatures as low as -20oe, undesirable sensory 

changes in the product take place. The shelf life of fatty species lS hmited by oxidative 

changes of lipids and pigments, while the quality of lean fish is affected mainly by 

severe alterations of proteins, usuaHy called denaturation. 

Protein denaturation lS a complex phenomenon involving alterations of the 

secondary and tertiary structure of proteins due to breakage of the bonds that contribute 
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to the stability of the native protein conformation without rupture of the covalent 

linkages between carbon atoms in the polypeptide chains (Sikorski et al., 1976). 

Factors causing protein denaturation include partial dehydration, inorganic 

salts, lipids and fatty acids and the action of formaldehyde (Sikorski et al., 1976). The 

degree of protein denaturation during frozen storage is affected by many factors such 

as the state of rigor at the time of freezing, treatment before freezing, quantity and 

composition of free amino acids, and adenosine-nucleotides and their derivatives (Park 

et al., 1997). Factors influencing protein denaturation aiso include salt concentration, 

pH, ionic strength, surface tension, dehydration, physical damage caused by ice 

crystals, enzymic breakdown of trimethylamine oxide, lipids and their degradation 

products (Park, 1994; Mackie, 1993). 

The functional properties of fish such as protein solubility and gel forming 

ability aiso change significantly during frozen storage, especially when frozen in a 

minced state. The thawed material has lower water holding capacity and fat­

emulsifying ability and is less suitable for use in the manufacture of jellied products. 

The deterioration of fish proteins during frozen storage is reflected mainly by a 

significant decrease in solubility, which is due to alterations of the myofibrillar 

fraction. The sarcoplasmic pro teins do not undergo significant changes. Most of the 

alterations oeeur in the myosin-actomyosin system. Myosin upon standing in solutions 

tends to aggregate (Sikorski et al., 1976). The properties of actin do not change 

signifieantly during prolonged frozen storage of fish (Connell, 1960). 

King (1966) showed that during frozen storage of cod there is an initially rapid 

decrease in extraetability of the F-actomyosin fraction, followed by a fairly large 
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increase in the concentration of a fraction consisting of myosin and G-aetomyosin and 

a subsequent gradual decline of the extractability of an the investigated fractions of 

myofibrillar proteins. Based on this evidence, King (1966) proposed that during frozen 

storage of cod there was a "rapid dissociation of F-actomyosin lnto G-actomyosin 

followed by a slower rate of dissociation of G-actomyosin into components that then 

aggregate to form inextractable protein" (Figure 2.5). 

Many attempts have been made to discover which chemically active groups, by 

their interactions, cause the decrease in solubility of fish proteins at freezing 

temperatures. The sulfhydryl groups, the potent cross-linking agents in proteins, were 

reported by Connell (1964) to be "unmasked" and thus more easily reactable and 

accessible for chemical determination in fish myosins than in those extracted from 

mammals and chicken. Mao and Sterling (1970) also detected an rncrease of the 

content of ester and aldehyde groups in myosin during frozen storage at -5°C for 30 

days. 

Several theories on prote in denaturation in relation to fish and freezing damage 

have been formulated. One theory worthy of note is that of protein denaturation being 

affected by the freezing out of water. The conformation of most native proteins has the 

hydrophobie side chains buried inside the protein molecule. However, some of these 

hydrophobie side chains are exposed at the surface of the molecule itself. It has been 

suggested that the water molecules arrange themselves around these exposed 

hydrophobie side chain groups so as to minimize the energy of the oil/water interface 

and, at the same time, act as a highly organized barrier, which mediates the 

hydrophobic/hydrophilic interactions between protein molecules. These water 
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molecules form a network of hydrogen bonds, which contributes to the stability of the 

highly organized three-dimensional structure of the proteins. As water molecules freeze 

out, they migrate to form ice crystals, resulting in the disruption of the organized H-

bonding system that stabilizes the protein structure. As the freezing process continues, 

l 
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Figure 2.5: Postulated mechanism for the conversion of myofibrillar proteins into 

inextractable prote in (from King, 1966). 
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the hydrophobie as well as the hydrophilic regions of the protein molecules become 

exposed to a new environment, which may allow the formation of intermolecular cross-

linkages either within the same protein molecule, causing deformation of the protein's 

three-dimensional structure, or between two adjacent molecules, leading to protein­

protein cross links. Freezing also concentrates solids, inc1uding mineraI salts and small 

organic molecules, within the remaining unfrozen aqueous phase in the œIl, which 

results in changes in ionic strength and possibly pH, leading to the denaturation of the 

prote in molecule (Figure 2.6). 

2.7. Stabilization of Protein in Surimi 

2.7.1. Cryoprotectants 

Freeze-thaw stability is one of the functional properties of fish proteins, of 

prime importance to the quality of surimi products. Before 1960, surimi was 

manufactured and used within a few days as a refrigerated raw material because 

freezing commonly deteriorated muscle proteins and induced protein denaturation, 

which resulted in poor functionality. Nishiya et al. (1960) discovered a technique that 

prevented freeze denaturation of proteins in Alaska pollock muscle. This technique 

required the addition of low-molecular weight carbohydrates, such as sucrose and 

sorbitol, to the dewatered myofibrillar pro teins before freezing. The carbohydrates 

stabilized the actomyosin, which is highly unstable during frozen storage (Scott et al., 

1988). Freezing of surimi is done commercially with the addition of sucrose (4%), 

sorbitol (4%) and polyphosphates (0.2%), which protect fish myofibrillar proteins 

during long periods of frozen storage (Lee, 1984). 
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Figure 2.6: Diagramatic representation of a possible effect offreezing out ofwater on 

the water-mediated hydrophobic-hydrophilic linkage in a protein molecule (from 

Sikorski et al., 1976). 
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One disadvantage of the commercial cryoprotectant blend used is the high level 

of sucrose and sorbitol, which impart a sweet taste that may be undesirable particularly 

to the Western consumer. Yoon and Lee (1990) reported that 4% sucrose plus 4% 

sorbitol in crystalline or liquid form in red hake surimi when given as extruded gel 

products to a sensory panel were judged to be too sweet. In addition, consumers today 

are concerned about calorie content, and low calorie cryoprotectants in surimi may be 

preferred. 

Cryoprotectants applicable to minced fish products generally faH into five 

categories based on their chemical nature: (1) amino acids and peptides, (2) carboxylic 

acids, (3) mono- and disaccharides, (4) polyols, and (5) salts, mainlypolyphosphates. 

Many amino acids have cryoprotective effects. Arnong them, glutamate and 

aspartate are most effective (Noguchi and Matsumoto, 1970; Ohnishi et al., 1978). 

They prevent the actomyosin from rapid decreases in solubility, viscosity, and A TPase 

activity. They aIso keep the actomyosin molecules from forming aggregates. Amino 

acids having relatively large hydrophobie side ehains such as leucine and 

phenylalanine do not have cryoprotective effects. 

Malonie, maleic, lactic, malic, tartaric, gluconic, and glycolic acids are among 

the carboxylic acids displaying most effective cryoprotective effects (Noguchi and 

Matsumoto, 1975). 

Hexoses (glucose and fructose), and disaccharides (sucrose and lactose) are 

very effective. It has become a standard industrial practice to include suerose in the 

surimi formulation to prevent freezing denaturation of fish muscle proteins. Reducing 

sugars may cause browning during processing and storage. 
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Carvajal et al. (1999) revealed the ability of maltodextrins of varying mean 

molecular weight (versus sucrose or a sucrose-sorbitol mixture) to stabilize Alaska 

pollock surimi proteins to the denaturing effects of frozen storage. Furthermore, highly 

concentrated branched oligosaccharides were used as cryoprotectants for surimi by 

other researchers (Auh et al., 1999). 

Polyols, especially glycerol, have long been used as biological cryoprotectants. 

Glycerol, ethylene glycol, and sorbitol, which have been considered as humectants in 

food processing, are effective cryoprotectants for surimi processing. Additions of 10% 

sorbitol and 1.5 to 3% glutamate to horse mackerel mince show a synergistic effect on 

upgrading the gel strength of the end products (Noguchi et al., 1976). 

Salt, such as sodium chloride, is a primary ingredient in fish mince. However, it 

is used to solubilize the actomyosin and to season the flavor. It does not serve as a 

cryoprotectant. Polyphosphates are widely used to improve water-holding capacity and 

to reduce thaw drip. Tripolyphosphates, pyrophosphates, and hexametaphosphates are 

more effective than orthophosphate. Mixtures of tripolyphosphate and pyrophosphate 

or of either phosphate or sugar are effective in improving water retenti on and gel 

strength (Noguchi et al., 1975; Matsumoto and Noguchi, 1971). 

Several mechanisms of how cryoprotectants prevent protein denaturation 

during frozen storage have been proposed. Since an substances with cryoprotective 

effects on fish protein have more than two functional groups, Tsuchiya et al. (1975) 

suggested the foUowing mechamsms: 

To show a positive cryoprotective effect, the molecule must have one essential 

group, -COOH, -OH, and one or two complementary groups, such as -COOH, -OH, 
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-NH2, -SH, -S03H. Di- or tri- P04H2 groups function as both essential and 

complementary groups. 

A cryoprotective substance might be bound to protein moleeules by one of the 

functional groups via either ionie, hydrogen or -S-S- bonds, while the other functional 

groupe s) may be hydrated, resulting in an increase in hydration and in net charge of the 

protein. This may increase the eleetrostatic intennolecular repulsion and hydration of 

proteins, and then proteet the protein moleeules from dehydration during frozen 

storage. 

Baek et al. (1979) indieated that proteins are stabilized by a eombination of 

hydrogen bonding, eleetrostatic interactions, and hydrophobie interactions. These 

researehers showed that sugars induee reorientation and rearrangement of the water 

molecules that surround them. The results supported the hypothesis that the dominant 

meehanism by which sugars and polyols stabilize proteins against heat denaturation 1S 

through their effect on the structure of water, which detennines the strength of 

hydrophobie interactions. They eoncluded that hydrophobie interactions make the 

major contribution to protein structure stabilization, white hydrogen bonding and 

electrostatic interactions have relatively smaU effeets. 

Based on densitometric determination of proteinlsugar/water solutions, 

Arakawa and Timasheff (1982) concluded that the denatured structure of proteins is 

thermodynamically less favorable in sugar solution than in water. This theory involves 

the increase ofhydration ofprotein molecules in sugar-added water. 

29 



Figure 2.7 illustrates a proposed model for the aggregation process of proteins 

during frozen storage and the mechamsm of the function of the cryoprotectants with 

respect to such aggregation. As the muscle is cooled below the freezing point, the water 

molecules in the cooler locations of the muscle start to crystallize. Water molecules 

located elsewhere migrate to the ice crystal s, resulting in their growth. The growth of 

ice crystals accompanies the removal of water from the environment around the protein 

molecules, causing the surface functional groups to become dehydrated and free, which 

allows the intermolecular bonds between the functional groups to form (Matsumoto, 

1980). 
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Figu.re 2.7: A schematic mode! of denaturation (aggregation) of a-helical proteins 

during frozen storage and its prevention by cryprotectants. -Ef), catiornc side chain; 

-9, amonie side chain; -0, nonpolar side chain; @, water molecule; 8-9, 

dianiornc cryoprotectant molecule (from Matsumoto, 1980). 
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For the cryoproteetive effects of compounds other than sugars and polyols, a 

hypothetical mechanism was explained by Matsumoto and Noguchi (1992). In such 

cases, the cryoprotectant molecules interact and bond with the protein molecules via 

functional groups on the surface. Water molecules are hydrated onto the other 

remaining functional groups of the cryoprotectants. Thus, each protein molecule is 

covered by hydrated cryoprotectant molecules. This way, the frequency of joint contact 

between protein molecules is lowered, resulting in increased hydration and decreased 

aggregation of the proteins (Figure 2.7, the lower portion). 

In the case of cryoprotectants containing ionic functional groups, particularly 

those having anionic groups like dicarboxylic acids and dicarboxylic amino acids, the 

protein molecules become covered by anionic charges. These anionic surface charges 

result in a repulsive force between the protein molecules and an increased hydration of 

the protein-cryoprotectant conjugates via other anionic groups on the cryoprotectant 

molecules. 

The higher effectiveness of anionic compounds as cryoprotectants may be 

explained as follows: At neutral pH, the muscle protein contains a negative net surface 

charge due to the dominance of exposed anionic residues. Thus, it would require less 

anionic additive to block the remaining cationic surface groups than cationic additives 

to block the more dominant amome surface groups of the protein. Furthennore, the 

anionic groups tend to become more hydrated than cationic groups. Thus, an ionie 

coating is more extensively aehieved when anionie additives are used. 
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A hypothetical mechanism of freeze denaturation in non-helical proteins and hs 

prevention by cryoprotectants was proposed by Matsumoto (1980) (Figure 2.8). When 

a globular or non-helical protein dissolved in water, the conformation of the native 

globular molecule is maintained largely by the intramolecular non-polar bonds, which 

have resulted from a thermodynamic balance between the two systems, A and B. 

System A consists of folded protein-water, while system B consists of unfolded 

protein-water. In system A, the non-polar groups on the polypeptide backbone are 

oriented to avoid contact whh the water phase (Figure 2.8 top left) , In system B sorne 

of the non-polar groups are oriented outward into the water phase. The entropy of such 

oriented water structure is lower as compared with that of the freely mobile water 

molecules (system A). Thus, in the unfrozen state, system A is thermodynamically 

more favored than system B, and common folded structures of protein are found to 

occur in which intramolecular non-polar bonds exist (Matsumoto and Noguchi, 1992). 

If the system is frozen, the water molecules surrounding the prote in are 

displaced to form ice crystals, eliminating the balance between systems A and B. Thus, 

a new thermodynamic balance must now be considered to exist between system C, 

which consists of folded protein molecule with Uttle or no hydration, and system D, 

which consists of unfolded proteins with little or no hydration. System D, 

thermodynamically, is more stable than system C in the frozen state. During frozen 

storage the native folded protein molecules undergo conformational changes, resulting 

in disruption of the active sites for enzyme activity and other biochemical functions of 

rnyosin and actin. 

32 



" 
" " fl"C1Utn 

.. 1IIt«Ul.iI9@ 

" " 
" " .. .. 

~C!ll 
cl'Yl&tal 

~(.:è:fI:.* 
fI: .... fJ.~ •• .. ., .. 

Figure 2.8: A schematic model of denaturation of non-helical (globular) proteins 

during frozen storage and its prevention by cryoprotectants .. -EB, cati orne side chain; 

-e, anionic side chain; -0, nonpolar side chain; 1iD, water molecule; e-e, 

dianiornc cryoprotectant molecule (from Matsumoto, 1980). 
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When cryoprotectants are added prior to freezing, they are dissolved and remain 

bound to the protein molecules (Figure 2.8 lower left). This results in an increased 

hydration of the protein molecules, slower growth of ice crystals due to increased 

resistance to the displacement of water from prote in surfaces, and an incomplete 

freezing of water due to increased amounts of bound water. These reduce the degree of 

protein unfolding or denaturation (shifts from system A to system D; Figure 2.8 lower 

right). This may reasonably explain the mechanism ofunfolding ofnon-helical proteins 

during frozen storage and its prevention by cryoprotectants. 

2.7.2. Other Additives to Improve the Functional Properties 

2.7.2.1. Macromolecular Extenders 

Starch is widely used at a level of 5 to 10% in minced fish products. During 

heating, starch imbibes sorne water from the mince and becomes partially gelatinized 

and fins the pores of the protein network to reinforce it (Pan et al., 1979). At the same 

time, starch acts as a humectant and improves the freeze-thaw stability of the minced 

fish products. However, pre-gelatinized starch having no granular structure induces 

mushy texture with no rigidity increase while addition of potato starch causes the 

rigidity of fish gel to increase dramatically (Wu et al., 1985). Starch from potato, corn, 

and cassava, and a-starch are commonly used. Modified starch with thermal stability is 

being tested to reduce the degradation of gel strength when minced fish products are 

thermally processed. 

Carbohydrate gums such as alginate, carboxymethylcellulose (CMC), and 

xanthan gums have been used in the development of surimi products. Carrageenan is 
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used in gelling agent blends to improve freeze-thaw stability of surimi products 

(Lanier, 1986). 

Alaska pollock products containing soy protein isolate (SPI) at 2% in boiled 

fish gel products and at 3 to 4% in fried and broiled products showed no difference in 

gel strength from products containing no SPI extender. Further additions of SPI to the 

minced Alaska pollock resulted in reduction of gel strength (Motohiro and Numakura, 

1978). However, addition ofup to 15% SPI to minced mackerel product still increased 

the gel strength of the products, probably due to the fact that the gel strength of the 

minced mackerel was lower than that ofthe minced Alaska pollock (Pan et al., 1981). 

Milk solids, egg white albumin, and gluten are other protein extenders being 

used in minced fish products. Their effects on texturaI modification vary with the 

species and freshness of fish and the type of minced products. Egg white also adds 

glossiness to the products (Pan, 1990). 

2.7.2.2. Fats and Oils 

Other ingredients are added to fish mince depending on the type of products. 

Vegetable oil at 3 to 4% is often incorporated in molded products (Lee, 1986). 

Incorporation of plastic fats improves freeze-thaw stability and prevents development 

of sponge-like texture. It aiso modifies the cooked gel to become less rubbery and 

minimizes the texturaI weakening effect of cooking especially when reaching 

temperatures between 60 and 70°C. 
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2.7.2.3. Protein Additives 

Protein additives are widely used as proteinase inhibitors in surimi processing 

of Pacifie whiting. They improve the physical properties of surimi gels and control the 

activity of heat-stable proteinase, which breaks down muscle proteins (Morrissey et al., 

1993; An et al., 1994). WPC was used at 3% concentration as a proteinase inhibitor in 

Pacifie whiting surimi. No negative sensory properties have been reported for WPC 

(Weerasinghe et al., 1996). 

Whey protein concentrate (WPC) products are available with protein 

concentrations from 35 to 80%; whey protein isolate (WPI) are produced with protein 

contents of 90% and higher (Giese, 1994). WPC has been utilized mostly as a 

functional ingredient in foods (Morr, 1992). WPC has many applications in a variety of 

foods as emulsifier, thickener, whipping agent, flavor enhancer, whitener, foaming 

agent, water and fat binder, and gelling agent (Hsu and Kolbe, 1996; Morr, 1989). 

WPC can increase the nutritive value of foods and contribute to the flavor, texture, and 

color ofproducts (Giese, 1994; Mangino, 1992). 

Soybean is still considered to be the world's most inexpensive source of 

protein. Furtherrnore, soybean contains a nurnber of minor constituents such as 

isoflavones, which are believed to have beneficial biological effects in the diet, such as 

lowering blood cholesterol or prevention of cancer (Anderson and Wolf, 1995). 

Isolated soy proteins have found widespread application in forrnulated food 

products, and are also used directly as nutritional supplements (Rackis et al., 1975). 

The application of soybean proteins as ingredients of foods depends on their functional 
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properties (Nakamura et al., 1984). The gel forming ability induced on heating of 

soybean proteins is one of the most important functional properties. 

Flaxseed protein products containing different levels of polysaccharide gums 

have been assessed as additives in food systems such as canned-fish sauce (Dev and 

Quensel, 1989). Generally, flaxseed protein products were found to have emulsion­

stabilizing effects. The incorporation of flaxseed protein products at 3% level produced 

a smooth and creamy fish sauce without any undesirable flavor and a significant 

reduction in Hs red color. 

Dev and Quensel (1986, 1988) demonstrated that, in general, flaxseed products 

exhlbit favorable water absorption, oil absorption, emulsifying activity, and emulsion 

stability compared with the corresponding soybean products. 1t appears that flaxseed 

proteins are structurally more lipophllic than soybean proteins. Their hydrophilic 

properties are influenced by the presence of polysaccharide gums in flaxseed protein 

preparations. The gum in flaxseed has been implicated in enhancing the viscosity and 

the water binding, emulsifying, and foaming properties of linseed protein products. 

Flaxseed protein provides several functional properties that make it a useful 

food ingredient including solubility, rheological behavior, emulsifying capacity, 

foaming and whipping ability (Oomah and Mazza, 1995). Dev and Quensel (1986) 

reported that a flaxseed protein isolate generally exhibited superior functional 

properties than a commercial soybean isolate. 
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2.8. Techniques to ldentify Structural Changes in Proteins 

2.8.1. Electrophoresis 

Generally, electrophoresis involves the separation of charged ions on the basis 

of their mobility under the influence of an externally applied electric field and can be 

used to monitor the changes occurring in food proteins during frozen storage. Gel 

electrophoresis is an important method for the study of protein structures and is usually 

used to reveal differences in the characteristics of closely related proteins (Alli & 

Baker, 1983). 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) has 

found wide application and is used to monitor the proteolytic degradation of myofibrils 

during post-mortem storage of the meat of many different animal species. It is aIso 

commonly used to study chemical interactions in gelation of muscle proteins (Hwang 

et al., 2000; Toyohara et al., 1990; Koohrnaraie et al., 1984; Weber and Osborn, 1969). 

As solutions of SDS are effective in splitting non-covalent bonds, solubility in 

this solvent is a useful indicator of the formation of covalent crosslinks. If aggregation 

on frozen storage involved significant crosslinking, as through -S-S- bond formation or 

via methylene cross-bridges following rcacHon of formaldehyde with amino groups, 

sorne decrease in solubility in SDS solution rnight be expected (Mackie, 1993). Urea 

and SDS can dissociate any non-covalent interactions present in the muscle proteins. 

The presence of protein polymers in urea and SDS suggests the involvernent of only 

covalent bonds. Briefly, the electrophoretic patterns provide evidence rnainly for the 

formation ofhydrogen and hydrophobie bonds on frozen storage. 
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Polyacrylamide gel electrophoresis has been largely used as a technique for 

characterization and identification of species. It has aiso been used for detection of 

protein deterioration or adulteration during storage and processing of fish (Cowie, 

1968). 

SDS-PAGE can be used with great confidence to determine the molecular 

weights (MW) of polypeptide chains for a wide variety of proteins. By this technique, 

polypeptide MW may be determined with an accuracy of at least ±lO% (Weber and 

Osborn, 1969). 

Myosin, the main myofibrillar protein in fish, could be easily separated into a 

single band on SDS-PAGE, and its relative concentration could be roughly estimated 

by the intensity of the band on the gel (Morrissey et al., 1993). 

2.8.2. Infrared Spectroscopy 

Mid-infrared spectroscopy was assessed as a means for rapidly determining the 

fat, protein, and moisture content of fish tissues (Darwish et al., 1989). There have 

been relatively few studies on the structural properties of fish proteins in situ, i.e., in 

surimi or geL It has been proposed that Raman spectroscopy can be a useful tool to 

investigate protein structure in solid and liquid food systems (Li-Chan et al., 1994). 

This technique has been used to study the sub-structure ofmyosin (Carew et al., 1975) 

and the effects of inorganic salts on myosin solutions (Barrett and Peticolas, 1978). 

Circular dichroism 1S aiso another powerful technique for the study ofprotein structure; 

however, it is not suitable for direct spectroscopie measurements of samples in solid 

states (Chen et al., 1974; Compton and Johnson, 1986). The participation of the a-helix 

39 



in the setting of fish actomyosin and myosin among different fish species has been 

studied using circular dichroism measurements (Ogawa et al., 1995). Fluorescence 

spectroscopy is another tool for studying proteins, but it is incapable of determining 

peptide backbone structure and is also limited to the study of the environments of 

tyrosine and tryptophan side chains (Mantulin and Pownall, 1986). 

The infrared spectra of proteins exhibit absorption bands associated with their 

amide groups. There are nine amide bands called amide A, amide B and amides 1-VII, 

in order of decreasing frequency. The most useful infrared band for the analysis of the 

secondary structure of proteins in aqueous media is the amide 1 band, which occurs 

between approximately 1700 and 1600 cm- l
. The observed amide 1 band is usually a 

complex composite, consisting of a number of overlapping component bands 

representing helices, ~-structure, turns and random structures. The characteristic 

frequencies of the secondary structures of proteins are summarized in Table 2.1. 

Resolution enhancement of the amide 1 band allows the identification of the various 

structures present in a protein or peptide. Derivatives and deconvolution can be used to 

obtain such information (Stuart, 1997). 

Attenuated total reflectance (ATR) techniques can be used for samples that are 

difficult to analyze by normal transmission methods (Sedman et al., 1999). 

Measurements can be made using an ATR œIl in contact. The ATR technique has been 

used to record the spectra of a wide variety of samples such as minced meat (Al­

Jowder et al., 1997). ATR spectroscopy utilizes the phenomenon of total internaI 

reflection. A beam of radiation entering a crystal will undergo total internai reflection 

when the angle of incidence at the interface between the sample and the crystal is 
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greater than the critical angle, which is a function of the refractive indices of the two 

surfaces. The crystal used in ATR cens are made from materials which have low 

solubility in water and are of very high refractive index such as zinc selenide (ZnSe) 

and germanium (Ge) (Stuart, 1997). FTIRJATR spectroscopy is a non-invasive, non­

destructive method that does not require sample preparation. Using tbis technique, a 

reading can be obtained in 2 min (Gangidi et al., 2003). 

Table 2.1: Characteristic amide l band frequencies of protein secondary structures 

(From Stuart, 1997). 

Frequency (cm-1
) Assignment (Structure) 

1621-1627 ~-Structure 

1628-1634 ~-Structure 

1635-1640 ~-Structure 

1641-1647 Random coiI 

1651-1657 <x-Helix 

1658-1666 Turns and bends 

1668-1671 Tums and bends 

1671-1679 ~-Structure 

1681-1685 Turns and bends 

1687-1690 Tums and bends 

1692-1696 Tums and bends 
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2.8.3. Differentiai Scanning Calorimetry (DSC) 

DSC is the most widely used of an thermal analysis techniques and is defined 

as "a technique in which the difference in energy inputs into a substance and a 

reference material is measured as a function of temperature while the substance and 

reference material are subjected to a controlled temperature program" (Ma et al., 

1990). 

DSC can be used to detect first-order (melting) transitions such as protein 

denaturation and second-order (glass transition) transitions including frozen products. 

The changes induced in food proteins by thermal treatments often lead to denaturation 

or unfolding of the native structure. Since the disruption of intramolecular hydrogen 

bonds is an endothermic reaction, thermal denaturation can be detected as an 

endothermic peak in the DSC thermogram. On the other hand, aggregation and the 

break up ofhydrophobic interactions are exothermic reactions (Ma et al., 1990). 

The overall enthalpy (.6.H) value can be calculated from the area under the 

transition. It provides an estimate of the thermal energy required to denature the 

protein. The temperature of denaturation (T d) can be estimated from the transition, 

generallyas the peak temperature (Tp) (Ma et al., 1990). 

DSC determines the temperature and heat flow associated with material 

transitions as a function of time and temperature. It also provides quantitative and 

qualitative data on endothermic and exothermic processes of materials during physical 

transitions that are caused by phase changes, melting, oxidation, and other heat-related 

changes. This information helps the scientist or engineer identify processing and end­

use performance. 
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DSC has been reported to be a very use fuI technique for monitoring changes in 

fish muscle proteins during frozen storage (Herrera et al., 200 1; Howell et al., 1991; 

Poulter et al., 1985). DSC enables fish muscle proteins to be studied in situ. Sorne 

authors have pointed out that it allows differences between cryoprotectants to be 

observed (Sych et al., 1990; Park and Lamer, 1987). 
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Chapter 3 

CHANGES IN PROTEIN STRUCTURE DURING PREPARATION 

AND FROZEN ST ORAGE OF ALASKA POLLOCK SURIMI 

3.0. INTRODUCTION 

In the first part of this research, the structural changes in proteins that are 

associated with the preparation and frozen storage of surimi were investigated. Since 

the washing procedure for preparation of surimi is of great importance with regard to 

the quality of the final product, a method for the preparation of surimi from Alaska 

pollock was optimized, and the effects of rinsing conditions such as nurnber of washing 

cycles on the quality of surimi were studied. The laboratory-prepared surimi was either 

slowly frozen or subjected to rapid freezing using liquid air; in either case surimi was 

subjected to frozen storage at -20oe for a period of 24 months since it was reported 

that lean fish species have the longest recommended storage time of 8 to 24 months 

within the range of fish species used for human consurnption (Mackie, 1993). Protein 

structural changes were monitored using electrophoresis, FTIR! ATR spectroscopy, and 

DSC techniques during frozen storage. Furtherrnore, a comparative study of rapid and 

slow freezing regarding the stability of protein structure was made. 
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3.1. MATERIALS AND METRODS 

3.1.1. Preliminary Experiments 

3.1.1.1. Preparation of Surimi 

The purpose of these preliminary experiments was to establish methods for 

surimi preparation and separation of fish protein fractions. 

Fresh Atlantic sole fillets were purchased from a local supermarket (Provigo, 

Baie-D'Urfe, QC). The fish were kept on ice in an insulated box and used for surimi 

preparation immediately. A quantity (317.7 g) of fish was chopped and blended 

(Osterizer blender) to obtain minced fish. The rninced fish was used to prepare surirni 

as follows: Water was added to the rninced fish at a ratio of (i) 3:1 water:minced fish 

(WIM) and (ü) 5:1 water:minced fish. Each water/fish mixture was stirred for 10 

minutes. This washing process was repeated 3 times. The water was removed by a 

stainless steel press and cheesecloth after each washing cycle. The product with 5: 1 

W/M was divided into two portions before the last washing cycle. For one part, 0.2% 

(w/v) NaCl was added to the wash water. Samples from the product of each cycle 

(surimi) and from the wash waters were taken and kept at -20°C. 

Market raw surirni (H. Aida mc., Valleyfield, QC) was also obtained for 

comparison purposes. 
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3.1.1.2. Separation of Fish Protein Fractions (MyoflbriUar, 

Sarcoplasmic and Stroma) 

The method of Dyer et al. (1950) as modified by Machado and Sgarbiere 

(1991) was used to separate the fish protein fractions from the Atlantic sole fiUet 

samples. The extraction was carried out at approximately 4°C. A sample (20 g) was 

blended at high speed (Oster blender) in 166.5 ml buffer solution (5% NaCl in 0.02 M 

NaHC03, pH 7.4) for 2 min. The mixture was centrifuged (4000 RPM or 2831 x g, 30 

min, 4°C). The supematant containing the sarcoplasmic and myofibrillar protein 

fractions was retained. The pellet, containing mainly stroma, collagen and denatured 

proteins, was lyophilized. The myofibrillar fraction was precipitated from the 

supematant by 10-foid dilution with cold distilled water and holding the mixture at 4°C 

for 24 h. The diluted salt extract was centrifuged (7500 RPM or 9954 x g, 15 min, 

4°C). The supematant, consisting of sarcoplasmic protein, was Iyophilized and kept for 

further analysis. The precipitate, containing myofibrillar proteins, was resuspended in 

15 volumes of 1.1 M K1 in 0.1 M potassium phosphate buffer (pH 7.4). The mixture 

was blended for 30 s at high speed then centrifuged (4000 RPM, 15 min, 4°C). The 

supematant containing myofibrillar protein was lyophilized. 
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3.1.2. Surimi Preparation from Alaska pollock 

The procedure discussed in section 3.1.1.1 was used to prepare surimi from 

Alaska pollock (Theragra chalcogramma), based on the method of Lee (1984) with 

some modifications. Frozen minced Alaska pollock was obtained from Blue Water 

Seafoods (Lachine, QC). A quantity offrozen minced fish was thawed ovemight at 4°C 

and washed (15 min) with chilled water (2-4°C, pH 7.2). The ratio ofwater to minced 

fish was 3:1 (v/w). The wash water was separated using a stainless steel press and 

cheesecloth. The washing procedure was repeated 5 times; after each washing cycle 

samples of surimi were (a) directly stored at -20oe (slow freezing), and (b) frozen by 

immersion in liquid air (LA) before storage at -20oe (rapid freezing). Figure 3.1 shows 

a schematic diagram of the surimi preparation procedure. 

3.1.3. Protein Determination 

The prote in content of wash waters was determined using the method of 

Hartree (1972), Bovine serum albumin (Sigma Chemicals Co., St. Louis, MO) was 

used as a standard. The nitrogen content of minced fish and surimi was determined 

using the AOAC (1984) Kjeldahl procedure. The % nitrogen was converted to % 

protein using a factor of 6.25. 
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Frozen Minced Fish (171.2 g) 

~Thawed overnighl al 4°C 

Minced Fish (150 g) 
Il' Cycle' 

* Water/minced fish ratio, 3: 1 

t 
Surimi2 

1 4
th 

* 

1 75 ml ofwash water was taken for further analyses using the Hartree method and SDS­

PAGE. 

2 10 and 5 g of surimi from each cycle and minced fish were taken for slow and rapid 

freezing (by liquid air), respectively, and stored at -20°C. 

Figure 3.1: Procedure used for preparing surimi from Alaska pollock. 
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3.1.4. Electrophoretic Analyses 

Slab-gel electrophoresis using homogeneous and gradient polyacrylamide gels 

under denaturing and reducing conditions were perfonned as described by Laemmli 

(1970). Non-denaturing homogeneous and gradient polyacrylamide gels were prepared 

based on the method of Davis (1964). AU electrophoresis experiments were carried out 

on a Mini-Protean II Electrophoresis cell unit connected to an electrophoresis power 

supply (BioRad, Hercules, CA). An chemicals were purchased from BioRad 

(Mississauga, Ontario, Canada) and Sigma (St. Louis, MO). 

3.1.4.1. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

3.1.4.1.1. Sample Preparation 

The samples for SDS-PAGE were prepared from 2 mg lyophilized minced fish 

and surimi in 1 ml sample buffer. For wash waters, 200 III of liquid samples in lml 

sample buffer were used. The sample buffer consisted of Tris-HO (0.5 M, pH 6.8), 

glycerol, SDS (10%), 2-mercaptoethanol, bromophenol blue (0.1 %) and distilled water. 

The sample mixtures were heated (95°C, 5 min) and cooled to room temperature before 

loading on the gel. The following SDS-PAGE broad range molecular weight standard 

mixture (Biorad, Hercules, CA) was subjected to the same procedure as described 

above: myosin (200 kDa), p-galactosidase (116.5 kDa), phosphorylase B (97.4 kDa) , 

serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin 

inhibitor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa). 
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3.1.4.1.2. Gel Concentration and Preparation 

The separation gel and stacking gel were 12% and 4% acrylamide, respectively, 

for SDS-PAGE. Separation gel was prepared using the following reagents: acrylamide, 

Tris-Hel (lM, pH 8.8), glycerol, SDS (10%), distilled water, ammonium persulfate 

(APS, 10%) agent, and tetramethylethylene-diamine (TEMED). The mixture was 

poured between 7 x 8 cm glass plates and allowed to polymerize (30 to 45 min). After 

polymerization the area above the separation gel was dried with filter paper. Stacking 

gel was prepared with acrylamide, Tris-HCl (0.5 M, pH 6.8), SDS (10%), distilled 

water, APS (10%), and TEMED. The mixture was poured over the separation gel using 

a comb to make wells for sample loading and allowed to polymerize about 30 min. 

After polymerization the wells were dried and cleaned using filter papers. Soluble 

proteins (15 ~l) and molecular weight markers (5 ~l) were loaded into the wells. 

3.1.4.1.3. Electrophoresis Running Conditions 

The running buffer consisted of a tris-glycine buffer (pH 8.3) containing SDS 

(1 %). Electrophoresis was carried out at a constant CUITent of 15 mA/gel, voltage of 

400 V at 15 W. Running times varied usually between 1 to 1.5 h, when the tracking 

dye reached the bottom of the gel. 

The conditions discussed above were used for electrophoresis with the pre-cast 

gradient gels (BioRad, Hercules, CA). 
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3.1.4.1.4. Protein Fixing, Staining and Destaining 

Gels were removed from the glass plates and immersed in a fixing solution 

consisting of 20% (V N) methanol and 10% (V N) acetic acid in water for 1 to 2 h, 

stained with Coomassie Brilliant Blue R-250 (0.1 % W/V) in 20% (V/V) methanol and 

10% (V/V) acetic acid in water overnight, then destained with the same fixing solution 

by repeated washing until the background col or was removed. The destained gels were 

stored in 7% (V N) acetic acid in a refrigerator until they were photographed. 

3.1.4.2. Native-PAGE 

3.1.4.2.1. Sample Preparation 

The samples for native-PAGE were prepared from 10 mg of lyophilized 

samples of minced fish and surimi dissolved in 0.5 ml sample buffer containing Tris­

HCI (1.5 M, pH 8.8), glycerol, bromophenol blue (0.1 %), and distilled water. The 

following high molecular weight (HMW) calibration kit for native electrophoresis 

(Amersham Pharmacia Biotech, Kirkland, QC) was used to estimate the molecular 

weight (MW) of bands separated on pre-cast 4-20% gradient gels: thyroglobulin (669 

kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and 

bovine serum albumin (66 kDa). Pure ovalbumin with MW of 43 kDa was added to 

extend the range of HMW standard. Precision prestained standard (Bio Rad, Hercules, 

CA) was also used as a low molecular weight (LMW) standard (10-250 kDa). 
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3.1.4.2.2. Gel Concentration and Preparation 

Homogeneous separation gels (10%) with stacking gels (4%) and pre-cast 

4-20% gradient gel (BioRad, Hercules, CA) were used for native-PAGE. Soluble 

prote in (30 Ill) and molecular weight markers (10 Ill) were loaded into the sample 

wells. Gel preparation and sample application were similar to that described in section 

3.1.4.1.2. 

3.1.4.2.3. Electrophoresis Running Conditions 

The running buffer consisted of Tris-glycine buffer (pH 8.3). Electrophoresis 

was perfOlmed at a constant current of 7.5 mAI gel with voltage and power limits set at 

400 V and 15 W, respectively. Running time varied between 3 to 4 h, when the 

bromophenol blue tracking dye reached the bottom of the gel. 

3.1.4.2.4. Protein Fixing, Staining and Destaining 

The procedure is the same as that described in the section 3.1.4.1.4 for protein 

fixing, staining, and destaining. 

3.1.5. Fourier Transform Infraredl Attenuated Total Refledance 

(FTIRI ATR) Spectroscopy 

An FTIR spectrometer (Excalibur, BioRad, Cambridge, MA) purged with dry 

air from a Balston dryer (Balston, Lexington, MA) and equipped with a ZnSe single­

bounce ATR accessory (SB-ATR) (PlKE, Madison, WI) was employed to record the 

FTIR spectra. A small amount of freeze-dried powder was placed ou the ATR crystal 
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(~5 mm in diameter). After addition of a drop of D20, the sample was pressed gently 

against the crystal. Preliminary experiments were performed without addition of D20. 

FTIR spectra were recorded in triplicate to ensure spectral reproducibility and to 

confirm sample homogeneity. A total of 64 scans were co-added at 4 cm-1 resolution 

and ratioed against a background spectrum recorded from the bare crystal. The spectra 

were then deconvolved using Omuic 6 software (Nicolet, Madison, WI) with a k factor 

of2.3 and a bandwidth of30 cm- l
. 

3.1.6. DifferentiaI Scanning Calorimetry (DSC) 

Freeze-dried samples were subjected to thermal analysis using a DSC QI 00-T 

Zero Technology with Auto-sampler, equipped with DSC Refrigerated Cooling System 

(TA Instruments INe, New Castle, DE), and monitored by the Univers al Analysis 2000 

software (ver. 3.7A) for Windows®. Nitrogen (PRAXair, Montreal, QC) was used as 

purge gas (50 ml min-1
) for an scans. Heat flow and melting point were calibrated from 

the melting endotherm of indium. The heating rate used for calibration was the same as 

that used for scanning samples to be analyzed. An empty pan was always used as a 

reference to obtain a baseline. 

Samples (2 to 3 mg) were weighed into aluminum pans (25 Ill), and 0.1 M 

phosphate buffer (pH 7.4) was added to bring the total weight to 13-15 mg. The pans 

were hermetically sealed, placed on the calorimetrie ccU, allowed to equilibrate at 

25°C, then heated to 100°C at the rates of 10°C and 5°C min- l
. Each thermal transition 

was defined in terms of the maximum denaturation temperature (T max), which is the 

temperature corresponding to the highest amount of heat applied, and the enthalpy of 
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denaturation (b.Hd, Jg-1
), the area that results from integrating the peak for each 

transition. 

An of the experiments described in tms section were repeated at least twice 

until good reproducibility was obtained; the results are the mean of duplicates. 

3.2. RE SUL TS AND DISCUSSION 

3.2.1. Preliminary Experiments 

The objectives of these preliminary experiments were to establish an optimized 

method for surimi preparation (such as the water:minced fish ratio, and addition of 

salt), to obtain the electrophoretic patterns for fish protein fractions, and to measure the 

protein contents of each wash water. 

Figure 3.2 shows the SDS·PAGE patterns of minced fish, the separated fish 

protein fractions, market raw surimi, surimi made in the laboratory with and without 

the addition of salt to the third wash water, and the 3rd wash water. Table 3.1 presents 

the molecular weights of the main bands (A to l in Figure 3.2) and the tentative identity 

of the proteins. 

These results show that the surimi prepared in the laboratory has a similar 

electrophoretic pattern as that from market raw surimi. From Figure 3.2 (lanes 6 and 9), 

it is also observed that an increase of the water to minced fish ratio (W lM from 3: 1 to 

5: 1) does not have an apparent effect on the electrophoretic patterns of the produced 

surirni. The higher volume of water did not affect the quality of surimi; however it 

made the process harder to handle with much more waste water. 
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Figure 3.2: SDS-P AGE patterns of minced fish, surimi, wash water, and protein fractions 

of fish; 1 third wash water, 2 sarcoplasmic proteins, 3 and 7 minced fish, 4 and Il 

myofibrillar proteins, 5 and 8 market surimi, 6 surimi (3:1 W/M), 9 surimi (5:1 W/M), 10 

surimi with added salt (5:1 WIM), 12 collagen, St. broad range standard. 
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Table 3.1: Molecular weight and presumptive identification of bands present in SDS­

PAGE patterns of minced fish, surimi, wash water and fish protein fractions. 

Lab-
Calculated Presumptive Minced Market 

Band Made Myofibrillar Sarcoplasmic Collagen 
MW (kDa) Identity* Fisli Surimi 

Surimi 

A 196.3 MHCt X X X - - X 

B 45.4 Actin X X X X X X 

Creatin 
C 43.2 X X X X X X 

kinase 

D 38.8 Aldolase X X X X X x 

E 34.5 Tropomyosin X X X X - -
F 22.8 Troponin-I x X - X - -
G 21.8 Troponin-C X - X - - X 

H 19.1 MLC!: x - x - - -
1 18.8 MLC:J: X - X X X X 

X Major band 

x Minorband 

- Not present in gel 

t Myosin heavy chain 

:J: Myosin light chains 

* According to Xiong (1997) and Haard (1995) 

Wasli 

Water 

-
X 

X 

X 

-
X 

-

-
X 

56 



Salt (up to 0.2%) is usually added to the last wash to remove water but should 

not be at a level to solubilize the actin and myosin. Our results (Figure 3.2, lanes 9 and 

10) indicate that the addition of salt to the last wash water did not affect the 

electrophoretic patterns of the surimi. Thus, surimi for the subsequent experiments was 

prepared using the W/M ratio of3:1 without the addition of salt to the last wash water, 

in order to reduce the waste water, and to avoid any possible interference of salt on 

further experimental analyses. 

The residue after extraction of sarcoplasmic and myofibrillar proteins, called 

stroma, is composed of the main connective tissue proteins - collagen and elastin, of 

reticulin, and of denatured aggregated myofibrillar and possibly sarcoplasmic proteins, 

which 10st their characteristic solubility (Sikorski et al., 1990b). This may explain why 

some common bands were observed in the SDS-PAGE separation profiles of 

myofibrillar, sarcoplasmic and collagen fractions offish protein (Figure 3.2). 

Protein contents of lyophilized samples of wash waters (l mg), determined by 

the Hartree method (1972), were 0.11, 0.19, and 0.28 mg/ml for the 1 st, 2nd and 3rd 

wash waters, respectively. The increase of protein content with the increase of washing 

cycles is attributed to the use oflyophilized samples ofwash waters. 
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3.2.2. Surimi Preparation from Alaska Pollock 

Since myofibrillar proteins of various animal species are most stable at neutral 

pH (Matsumoto and Noguchi, 1992), neutral distilled water was used for rinsing 

minced fish. It has been reported that when either basic or acidic rinsing solution was 

employed, salt-soluble protein in surimi decreased and freezing denaturation of surimi 

protein increased (Wang et al., 2001). 

Table 3.2 shows sorne parameters measured during surimi preparation from 

Alaska pollock. A total of 2.22 g protein was removed from minced fish during the five 

washing cycles. The amount of water-soluble protein in minced fish decreased 

progressively with each washing cycle. The yield of surimi from minced fish was 

60.2% (a quantity of 90.4 g surimi was obtained at the end of the 5th washing cycle 

from 150 g of minced fish at the start of the 1 st washing cycle, Table 3.2). With our 

surimi preparation process, a quantity of ~ 14.5 kg of waste water would be generated 

to produce 1 kg of surimi, while Lin and Park (1995) reported that for a shore-side 

operation 29.1 kg waste water was generated for the production of 1 kg of surimi. 

Table 3.2 shows that the protein content of wastewater was between 0.36 and 3.62 

mg/ml. It has been estimated that 50% of total proteins are 10st during washing (Park et 

al., 1997). Therefore, excessive washing not only increases the cost for water usage 

and wastewater disposaI, but also results in a yield 108s. 

The protein contents of minced fish and surimi, measured using the Kjeldahl 

method, were 19.5% and 21.59%, respectively. 
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Table 3.2: Parameters measured during surimi preparation. 

l st cycle 2°U cycle 3fU cycle 4tn cycle stn cycle 

Weight of fish or 
150 81 78.4 78 85.4 

surimi (g) 
Volume ofwater 

450 243 235.2 234 256.2 
added (ml) 

Weight of final suimi 
96.6 93.7 93.7 100.7 90.4 (g) 

Volume ofwash 
water at the end of 470 210 198 193 235.5 

each cycle (ml) 
Protein content 

3.62 1.061 0.58 0.50 0.36 
m~ml 

Protein removed 1 
1701 222.8 114.8 96.5 84.7 (mg) 

% Of total protein 
57.7 7.46 3.73 3.25 2.85 

removed 

1 Total protein removed after five washing cycles = 2.22 g 

3.2.3. Properties ofWash Waters 

3.2.3.1. Electrophoretic Analysis 

The SDS-PAGE separation profiles of lyophilized and liquid samples of wash 

waters are shown in Figure 3.3. The intensity of bands from the first to the fifth cycle 

decreased for the liquid samples of wash waters, indicating the removal of water-

soluble proteins in the initial steps of washing. However, an increase of band intensity 

was observed for the lyophilized samples possibly due to the increase in purity of 

remaining compounds after successive wasmng cycles. Myofibrillar proteins, 

particularly actin, are aiso removed during the washing cycles. 
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Figure 3,3: SDS-PAGE patterns of wash waters; 1-5 first to fifth washing cycle, 

lyophllized sampI es; 6-10 first to fifth washing cycles, liquid samples. 
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3.2.3.2. FTIRI ATR Analysis 

The baseline-corrected and Fourier self deconvolved (FSD) FTIRIATR spectra 

of wash waters are shown in Figures 3.4 and 3.5, respectively. The firs! to the third 

wash waters (spectra a, b, and c) exhibited similar spectra; however, in the lst wasrung 

cycle, possibly sorne free fatty acids (1711 cm-I
), triglycerides (1740 cm-1

), and 

phospholipids were also removed in addition to proteins. Phospholipids are often 

preferentially hydrolyzed during frozen storage of fish, and as they are the main lipid 

component of the flesh of non-fatty species, it is very likely that malonaldehyde and 

other products of oxidation will be produced even under conditions recommended for 

storage (Mackie, 1993). 

The spectra of the 4th and the 5th wash waters (spectra d and e) were very 

similar to each other, and different from those of the flIst three wash waters. This 

indicates the removal of mainly proteins in the 4th and 5th washing cycles that are 

different from those in the first three washing cycles. In the 4th and the 5th washing 

cycles, proteins with ionized carboxyl groups and protonated amine groups were 

washed out; moreover, their spectra were similar to surimi (shown later in Figure 3.10) 

indicating the 10ss of myofibrillar proteins in these wash cycles. The results suggest 

that three washing cycles are adequate to prepare surimi. 

It should be noted that the position of the amide II band shifts from ~1550 cm-1 

to a ftequency of 1450 cm-1 when deuterated. The amide II band of the deuterated 

protein overlaps with the H-O-D bending vibration, however, the remainder of the 

amide II band at 1550 cm-1 may provide information about the accessibility of solvent 

to the peptide backbone (Stuart, 1997). 
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3.2.3.3. DSC Analysis 

Interpretation of thermal analyses data from DSC presented difficulties in 

setting integration limits and thus building the baseline; similar problems have aiso 

been reported by other authors (Sych et al., 1990; Wright et al., 1977, and Hsu et al., 

1993). Nevertheless, two endothermic transitions were differentiated in the range of 

32-65°C and 40-85°C (Figure 3.6). The first transition (between 32 and 65°C) 

consisted of several overlapping subtransitions resulting from the thermal denaturation 

of the different myosin domains and several sarcoplasmic proteins (Figure 3.6a) 

(Herrera et al., 2001). The second transition (between 40 and 85°C) may be attributed 

to the denaturation of the thin filament proteins, mainlyactin (Figure 3.6b) 

The results suggest that myofibrillar proteins were removed after three washing 

cycles. Primarily sarcoplasmic proteins were removed in the 1 st washing cycle, and 

mainly actin was removed in the 5th cycle. 
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(b) 5th wash water, (c) actin (protein standard), (d) indium (reference standard). 
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3.2.4. Protein. Chan.ges in. Min.ced Fish Durin.g Preparation. of Surimi 

3.2.4.1. Native-PAGE 

Figure 3.7 shows the native-PAGE patterns of minced fish and surimi from 

each washing step after 2 years of storage at -20°C; 6 and 4 major bands were 

identified in minced fish and surimi (surimi 5th
), respectively. The estimated molecular 

weights and presumptive identification of the main bands are shown in Table 3.3. The 

native-PAGE pattern of surimi from each cycle indicates that three washing cycles 

were adequate to prepare surimi since the surimi from the third washing cycle appears 

to have the same protein profile as that from the fifth washing cycle. Figure 3.7 shows 

that the major portion of sarcoplasmic pro teins is fairly soluble and is removed during 

the initial washing steps. Subsequent washing could remove the residual sarcoplasmic 

proteins along with sorne myofibrillar proteins. 

A comparison of minced fish and surimi native-PAGE patterns (Figure 3.7) 

indicates that bands B (a-aetinin) and D (actin) are not present in surimi. The major 

band which disappeared during the process of making surimi is band D with MW of 

~43 kDa, which is considered to be actin. This may be explained by the fact that actin 

exists in both monomer (G-actin) and polymer forms (F-actin) (Park et al., 1997). It is 

likely that during surimi preparation, because of changes in the environment around G­

actin including ionie strength and solubility, G-actin forms F-actin which was observed 

as bands with MW between -100 and -300 kDa. Band D, possibly actin, disappeared 

after the second wash step. Furthermore, fading of band F (MLC) was observed after 

the 3rd washing cycle (Figure 3.7). 
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Figure 3.7: Native-PAGE patterns ofminced fish and surimi; l minced fish; 2-6 first to 

fifth surimi (after 2 years of storage); St. HMW standard. A: myosin heavy chain; B: a­

actinin; C: tropomyosin; D: actin; E and F: myosin light chains. 
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Table 3.3: Molecular weight and presumptive identification of bands present in native­

PAGE electrophoretic pattern ofminced fish and surimi. 

Estimated MW 
Band Relative mobility Presumptive Identity 

(kDa) 

A 0.226 230 Myosin heavy chain 

B 0.328 127 Œ-aetinin 

C 0.422 72 tropomyosin 

D 0.531 43 actin 

E 0.625 23 MLC 

F 0.758 12 MLC 

Aceording to the classieal muscle protein chemistry, sodium chloride (0.3-0.6 

M) 1S needed to solubilize myofibrillar proteins (Park et al., 1997). However, recent 

studies indieate that a significant amount of myofibrillar proteins is solubilized in a 

solution with very low ionie strength (Park et al., 1997; Stefansson and Hultin, 1994). 

When 10% homogenous native-PAGE was used to monitor the protein profile 

during surimi preparation, the same results were observed, i.e. multiple bands appeared 

at the top of the gel (Figure 3.8). It is worth mentioning that the same pattern was 

observed when an actin standard WaS used for comparison. Furthermore, it is noted that 

actin can aiso be removed during surimi preparation. Neither homogeneous nor 

gradient native-PAGE could detect standard myosin and MHC. This may be due to the 

faet that the native form of myosin is filamentous and insoluble. 
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3.2.4.2. SDS-P AGE 

The SDS-PAGE patterns of minced fish and surirni from each washing step 

after 2 years of storage at -20eC are shown in Figure 3.9. The molecular weights of the 

fractions tentatively identified are shown in Table 3.4. The intensity of myofibrillar 

proteins, particularly MHC (band B) and actin (band F), are higher in surimi compared 

to minced fish. Figure 3.9 also shows the disappearance offive bands with MW of 95, 

65, 54, 27 and 13 kDa during surimi preparation. Myoglobin (band N), a hemoprotein 

that accelerates the initiation of fat autoxidation, is removed during the initial step of 

washing. SDS-PAGE results showed that the relative amount ofMHC increased as the 

washing cycle was repeated. Our experiments also indicate that a sufficient washing 

time should be allowed to increase washing efficiency. 

3.2.4.3. FTIRJ ATR Analysis 

In this part of the investigation the positions and relative intensities of the 

amide l' band components in the wavenurnber region of 1700 to 1600 cm- l in the 

deconvolved infrared spectra of the proteins were studied. The amide 1 band, referred 

to as the amide l' band when the spectra of the proteins are recorded in DzO, is the 

most frequently employed band in the elucidation of the secondary structure of 

proteins. The amide 1 band represents primarily the C=Q stretching vibrations of the 

amide groups coupled to the in-plane NH bending and CN stretching modes. The exact 

frequency of this vibration depends on the nature of hydrogen bonding involving the 

c=o and NH moieties (Jackson and Mantsch, 1995; Surewicz et al., 1993; Surewicz 

and Mantsch, 1988). The secondary structures of proteins may be detennined from 
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Figure 3.9: SDS-P AGE patterns of minced fish and surimi; l minced fish; 2-6 first to 

fifth surimi (after 2 years of storage); St. broad range standard. A: myosin aggregate; B: 
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Table 3.4: Molecular weights and presumptive identification ofbands present in SDS­

PAGE electrophoretic patterns of minced fish and surimi. 

Calculated MW 
Band Presumptive Identity 

(kDa) 

A 223 Myosin aggregate 

B 194.1 Myosin heavy chain 

C 154.6 M-protein 

D l31.3 C-protein 

E 99.6 a-actinin 

F 46.3 Actin 

G 43.8 Creatine kinase 

H 39.8 J)-tropomyosin 

l 36.9 a-tropomyosin 

J 26.7 MLC 

K 23.2 MLC 

L 21.7 MLC 

M 19.4 MLC 

N 13 Myoglobin 
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deconvolved spectra based on the amide l' band assignments consisting of 1660-1648 

cm- I (a-helix), and 1640-1625 cm- l (intramolecular ~-sheet) (Jackson and Mantsch, 

1995; Ismail et al., 1992; Surewicz and Mantsch, 1988). It should be stressed that these 

correlations are guidelines on1y. Significant differences exist between the spectra of the 

protein in solution and as dry and hydrated films (Jackson and Mantsch, 1995). Thus, 

the use of these correlations should be guided by common sense and information 

obtained from other sources (Wilder et al., 1992). In this study, the regions between 

1658-1647 and 1635-1624 cm-! were assigned to a-helix and intramolecular ~-sheet 

structures, respectively. 

The area under the spectra in each region was obtained and then divided by the 

total area of the amide l' region to calculate the percentage of each conformation. 

Furthermore, the ratio of a-helix to ~-sheet structure content was calculated. In 

general, the areas of the components around 1635 cm- l (associated with the ~-sheet 

structure) are more easily measured than the components close to 1653 or 1646 cm-] 

(associated with helical portions and 'random' structures, respective1y) (Byler and 

Susi, 1986). 

The FTIRI ATR spectra of minced fish and surimi without the addition of D20 

showed that the protein profile, as reflected by the relative intensities of the amide 1 

band components, in minced was different from that in surimi (data not shown). The 

subtraction of the FTIRIATR spectra of the 3rd and the 5th surimi at time 0 revealed no 

major differences, indicating three washing cycles were sufficient to prepare surimi. 

However, the absorbances obtained by applying freeze-dried samples on the crystal 

were very low, making the interpretation of results complicated. Thus, to improve the 

73 



signal-to-noise ratio and to obtain higher absorbances, the experiment was repeated 

using DzO for sample preparation, the results ofwhich are shown in Figure 3.10. 

As indicated in Figure 3.10, the amide l' band in the spectrum ofminced fish at 

time 0 had structures that can be attributed to diverse conformations. After three cycles 

of successive washing to prepare surimi (surimi 3rd t=O), the amide l' band revealed an 

increase in u-helix content (relative to ~-sheet) and contained more unordered or 

random coil structure (1641-1645 cm-1
). As seen in Figure 3.10, surimi 3rd at time 0 

(t=O) had more u-helix content than minced fish due to the washing process in which 

compounds containing ~-sheet structure were removed; thus, the ratio of ()(rhelix to ~­

sheet structure increased. It is also observed that a slight increase in u-helical and a 

decrease in ~-sheet structure content occurred in surimi after five cycles of washing 

resulting in an increase in the ratio of u-helix to ~-sheet structure compared to surimi 

after three cycles of washing. This increase may be due to the helical nature of myosin, 

and the relative enrichment of myosin obtained by processing Alaska pollock minced 

into surimi. This increase may also be due to the aggregation of myosin heads because 

of changes in ionic strength. It appears that during the washing process the structure of 

myofibrillar proteins changes and the quality of surimi improves. The FTIRJ ATR 

results suggest that it may be possible to obtain an index of quality and probably 

texture by calculating the ratio of u-helical to p-sheet content. 
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Figure 3.10: Stacked plot of deconvolved FTIRJATR spectra ofminced fish and 

surimi with the addition of D20 (top); percentage of a-helix, B-sheet structures and 

their ratio (bottom). The spectra have been offset for darity. 
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3.2.4.4, DSC Analysis 

Figure 3.11(a) shows the thermograms obtained for frozen minced fish, 

indicating that the protein denaturation was irreversible. This 1S evident from the fact 

that there is no peak in the thermograrn during the cooling phase. The frozen minced 

fish DSC therrnogram also revealed two clearly differentiated endothermic transitions. 

The first transition occurred between 32 and 75°C, and the second transition occurred 

between 78 and 89°C. These results were comparable to the findings of Herrera et al. 

(2001) who reported two endothermic transitions for minced blue whiting muscle; the 

first from 30 to 60°C, and the second one from 65 to 85°C. 

As mentioned previously (section 3.2.3.3.) it was very difficult to differentiate 

the endothermic peaks especially in lyophilized samples; this problem has also been 

reported by other researchers. Park and Lanier (1989) reported that a very broad single 

peak was obtained for an of the myosin and actin fractions. This indicates that thermal 

denaturation of these proteins does not occur suddenly at a specifie temperature but, 

rather, gradually over a wide temperature range. In their study, the DSC endothermic 

peaks at about 52°C and 60°C were verified as being derived from denaturation of 

myosin and actin, respectively. Purification of actin and myosin yielded thermograms 

evidencing a single peak, whose enthalpy of denaturation increased with further 

purifications. Crude actin and pure actin exhibited single peaks at 59.3 oC and 61.4 oC, 

respectively. 
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Figure 3.11: DSC thermograms of (a) frozen minced fish, (b) freeze-dried minced fish, 

(c) standard myosin, (d) freeze-dried surimi; heating rate at 1 QOC/min. 
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However, another study by AbuDagga and Kolbe (1997) showed that 

denaturation of myosin and actin occurred at 45°C and 75°C, respectively. Sano et al. 

(1988) also reported that the DSC analysis of myosin showed broad endothermic 

regions at 38-56°C and 56-67°C, suggesting that the conformation of myosin 

molecules changed in these temperature ranges. They proposed that most of the myosin 

molecule may have unfolded and become a random coil. Also in a study by Togashi et 

al. (2002), the DSC deconvolution analysis for Walleye pollock myosin, gave three 

endotherms where the highest endothermic peak was observed at 33.7°C, followed by 

those at 41.3 and at 28.2°C. In this study, it was also reported that denaturation of 

Walleye pollock myosin was partially reversible. 

In the DSC thermograms of freeze-dried minced fish and surimi in buffer 

(Figures 3.11b and 3.1 Id), the transition became less clearly defined and appeared as a 

broad peak, which occurred between 32 and 77°C for minced fish and 41 to 87°C for 

surimi. Figure 3.11c represents the thermogram of standard myosin. In order to 

differentiate more clearly among transitions, a heating rate of 5°C/min was used for 

further DSC analyses. 

Analyses at the lower heating rate (5°C/min), shown in Figure 3.12, revealed a 

shift in the thermal transition of actin to a higher temperature of 63°C in surimi (Figure 

3.l2b) compared to that in minced fish at 60°C (Figure 3.12a), indicating greater 

protein stability in surimi compared to minced fish. 
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Figure 3.12: DSe thennograrns of (a) rninced fish at tirne 0, (b) surirni 5th at tirne 0; 

heating rate at 5°C/min. 

3.2.5. Changes During Frozen Storage of Surimi 

3.2.5.1. Native=PAGE 

Native-PAGE (Figure 3.13) shows the protein profile ofminced fish and surimi 

5th at time 0, and after 1 and 2 years storage at -20oe with slow and rapid freezing. The 

results indicate that surimi is quite stable during frozen storage at -20oe and also slow 

and rapid freezing had no apparent effect on prote in degradation. 
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Figure 3.13: Native-PAGE patterns of minced fish and surimi at time 0, and after 1 

and 2 years of storage at -20°C, respectively; 1-3 minced fish; 4-6 surimi 5th slow 

frozen; 7-9 surimi 5th rapid frozen; St. HMW standard. A: myosin heavy chain; B: (X­

actinin; C: tropomyosin; D: actin; E and F: myosin light chains. 
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3.2.5.2. SDS-P AGE 

Figure 3.14 shows the SDS-PAGE patterns ofminced fish and surimi 5th on 4-

20% gradient gel at time 0, and after land 2 years of storage at -20°e. The results 

showed slight changes in protein subunits particularly in the myosin light chains 

(MLC) zone. Diffusion of sorne MLC bands, with MW of 23.2 and 21.7 was observed; 

this was also reported by Jasra et al. (2001). MHC, actin and tropomyosin were 

relatively stable in surimi samples compared to minced fish. Overall, it appears that 

both minced fish and surimi are quite stable during frozen storage at -20°C for 2 years. 

Figure 3.14 also shows that minced fish and surimi frozen by liquid air (rapid freezing) 

at time 0, and after 1 and 2 years of storage at -20°C had no significant difference with 

minced fish and surimi samples frozen slowly at -20oe in freezer. However, in sorne 

cases, higher intensity of bands were observed in rapid frozen samples suggesting more 

stability of protein using liquid air (refer ta lanes 4-6 compared ta lanes 7-9 in Figure 

3.14). Large ice crystals form in the eritical temperature range of -1 to -5°C, and their 

formation can be prevented by rapid freezing (Lanier and Lee, 1992). 

When Pacifie roekfish (Sebastes sp.) stored at -5°C, -12°C, and -20°C, the 

decrease in ATPase activity was influenced more by the temperature of storage than by 

the initial freezing rate (Mackie, 1993). Freezing has been shown to have a damaging 

effect on isolated proteins and enzymes in general. Rabbit myosin, on freezing in liquid 

air, for example, lost about 40% of its ATPase activity and after five freeze-thaw cycles 

the activity disappeared completely. However, in situ enzymes seem to be more 

resistant ta the effects offreezing and thawing (Mackie, 1993). 
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Figure 3.14: SDS-PAGE patterns ofminced fish and surimi at time 0, and after 1 and 2 

years of storage at -20°C, respectively; 1-3 minced fish; 4-6 surimi 5Ü1 slow frozen; 7-9 

surimi 5th rapid frozen; St. broad range standard. 

82 



It should be noted that SDS~P AGE were done on both slow and rapid frozen 

samples every month over the course of the 2-year study, but the results are not shown 

here due to their high degree of similarity. This may be due to the fact that even 

severely denatured fish flesh will dissolve in SDS solution (Mackie, 1993). Therefore, 

the SDS electrophoretic pattern of the proteins and subunits are remarkably unchanged 

compared to fresh unfrozen muscle. Briefly, the electrophoretic patterns provide 

evidenee mainly for the formation of hydrogen and hydrophobie bonds on frozen 

storage (Mackie, 1993). 

Frozen fish that has undergone deterioration during storage appears to 

accumulate high molecular weight protein aggregates. These aggregates are stabilized 

by hydrophobie interactions, disulfide bonds and other covalent crosslinks. They 

involve mainly myosin and actin, and are initially extractable in salt solutions. Such 

aggregates tend to grow in nurnber and size making sorne aggregates beeome 

inextractable even in the presence of SDS and mercaptoethanol (Careche and Li-Chan, 

1997). There is sorne evidence for high rnolecular weight aggregates on the SDS 

electrophoresis, usually observed as protein staining on the top of PAGE gels and also 

between the MHC and the top of the gels (Mackie, 1993). 

As shown in Figure 3.14, a cross-linked protein with MW of 223 kDa was 

observed in our SDS-PAGE patterns, which is in eonsistence with the findings of 

Ragnarsson & Regenstein (1989) who reported the appearance of a eross-linked protein 

of ~280 kDa formed with a gadoid fish species (Gadidae farnily) during frozen storage. 

They concluded that the best possibility was that the cross-linked protein lS rnyosin 

with additional proteines). 
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3.2.5.3. FTIRI ATR Analysis 

Figure 3.15 shows the deconvolved FTIRIATR spectra of surimi samples at 

time 0 and after 2 years of storage at -20eC. It indicates that the ot-helical content in 

surimi 3rd samples decreased in slow frozen samples after 2 years of storage, but 

remained almost unchanged in rapid frozen samples during storage. There was aiso a 

decrease in p-sheet structure content in both the slow and rapid frozen surimi 3rd 

samples, but this decrease was more significant in rapid frozen samples. Overall, the 

ratio of a-helix to p-sheet structures decreased for slow frozen and increased for rapid 

frozen surimi 3rd samples after two years of storage at -20°C. 

Figure 3.15 aiso shows that there was a considerable loss of a-helical structure 

relative to p-sheet content in surimi 5th after 2 years of storage at -20e e; this loss was 

more significant in slowly frozen samples. Moreover, a comparison of the results for 

surimi 5th samples and rapid frozen surimi 5th samples both at time 0 indicates that the 

ratio of u-helix to ~-sheet structures increased after rapid freezing; this suggests that 

rapid freezing (using liquid air) caused immediate changes in protein structure. On the 

other hand, the results for the surimi 5th samples after 2 years of storage indicate that 

the secondary structures of the proteins remained more stable in the rapid frozen 

samples compared to the slow frozen ones. This is indicated by the relatively small 

changes seen in the ot-helix and ~-sheet percentages in surimi 5th t=2yr LA (rapid 

frozen) compared with surimi 5th t=0 LA (rapid frozen), as opposed to larger changes 

in these values for surÏmi 5th slow frozen samples during the same period (surimi 5th 

t=2yr compared with surimi 5th t=O). 
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Figure 3.15: Stacked plot of deconvolved FTIRI ATR spectra of surimi, at time 0 and 

after 2 years of storage, with the addition of D20 (top); percentage of a-helix, p-sheet 

structures and their ratio (bottom). The spectra have been offset for clarity. 
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It is observed that the percentage of a-helix structure increased in the rapid 

frozen samples (LA) after 2 years of storage (surimi 5th t=2yr LA compared to surimi 

5th t=O LA). This is in agreement with the results of a study by Sultanbawa and Li­

Chan (2001), in which surimi from ling cod (Ophiodon elongatus) subjected to frozen 

storage at -20oe, after eight freeze-thaw cycles in the absence of cryoprotectants, 

showed increased percent a-helix and di sul fi de content using Raman spectroscopy. 

They indicated that freezing resulted in an increase in the percentage of u-helix from 

40 to 60% compared to that observed before freezing. The OH stretching region also 

decreased in intensity, possibly due to the formation of ice crystals that resulted in 

dehydration of the protein and aggregation of the myosin heads. 

No FTIRIATR analysis on surirni was found in the literature. However, 

structural changes in hake (Merluccius merluccius L.) fillet as affected by freezing 

method and frozen storage temperature have been studied by Careche et al. (1999) also 

using Raman spectroscopy. These structural changes were then related to changes in 

texture and functionality. They reported that samples at -10°C showed greater 

structural alteration than at -30oe in terms of increase in l3-sheet content at the expense 

of a-helices. Using Raman spectroscopy, Careehe and Li-Chan (1997) also showed 

that in myosin isolated from cod, structural changes occurred upon formaldehyde 

addition and frozen storage, involving 10ss of u-helical content. Changes in vibrational 

modes assigned to aliphatic residues suggested involvement of hydrophobie 

interactions. Ramirez et al. (2000) proposed that frozen storage of myosin in 

suspension results in aggregation involving side-to-side interactions of the rod with a 

low extent of formation of disulfide bonds. However, when myosin is solubilized prior 

86 



to frozen storage, mainly head-to-head interactions with a higher extent of formation of 

disulfide bonds are implicated in the aggregation. 

3.2.5.4. DSC Analysis 

The DSC thermograms of minced fish and surimi revealed a shift in the thermal 

transition of actin to lower temperatures during frozen storage, 60 to 53°C for minced 

fish (Figures 3.l6a and 3.l6b) and 63 to 59°C for surimi (Figures 3.l6c and 3.l6d), 

indicating destabilization of protein. As shown in Figure 3.17 there was also a shift in 

the thermal transition of actin to lower temperature (64 to 60°C) for rapid frozen surimi 

samples during frozen storage. The results indicate that rapid freezing of surimi using 

liquid air had no apparent effect on thermal stability of pro teins during processing and 

storage. 
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Figu:re 3.16: DSC thennograms of (a) minced fish at time 0, (b) minced fish after 

2 years of storage, (c) surirni 5th at tirne 0, (d) surimi 5th after 2 years of storage; 

heating rate at 5°C/min. 
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Figure 3.17: DSC thermograms of (a) rapid-frozen surimi 5th at time 0, Cb) rapid 

frozen surimi 5th after 2 years of storage at -20oe. 
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Chapter 4 

EFFECT OF CRYOPROTECTANTS ON THE STABILITY OF 

PROTEINS IN SURIMI DURING STORAGE 

4.0. INTRODUCTION 

In this part of the research different cryoprotectants were added to surimi in 

order to improve the stability of proteins during storage. Among the many available 

choices of additives, the following were selected as cryoprotectants to surimi during its 

preparation: whey protein concentrate (WPC), whey protein isolate (WPI), soy protein 

isolate (SPI), flaxseed meal (FM), and flaxseed protein (FP). The effects of these 

cryoprotectants on maintaining the proteins structure during frozen storage were 

investigated and compared to the market products. In addition, the effects of 

cryoprotectants on protein changes at 4°C were studied and compared to frozen storage 

at -20°C. As described in section 2.7.2.3., the above-mentioned additives have been 

used mostly as functional ingredients in different food products; however, their 

application as cryoprotectants in surimi has not been reported in the literature. 
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4.1. MATERIALS AND METHODS 

4.1.1. Preparation of Raw Surimi 

The procedure for preparation of surimi was similar to that described in section 

3.1.2, with the following two modifications: (i) three washing cycles were used, and 

(h) 0.2% salt was added to the third wash water. 

4.1.2. Treatment of Surimi with. Cryoprotectants 

The following materials were used to treat surimi at a 3% wt/wt concentration: 

whey protein concentrate (Calpro Ingredients, Corona, CA), whey protein isolate (Rene 

Rivet Inc. Ingredients, Laval, QC), cryoprecipitated soy protein isolate (samples from 

previous work: Abdolgader, 2000), defatted crushed flaxseed meal (CanAmera Foods, 

Winnipegs, Manitoba), and defatted flaxseed protein (laboratory preparation). Flaxseed 

protein was added at two concentrations of 1 % and 3% to raw surimi. 

4.1.3. Storage 

Samples were taken for further analyses from wash waters, minced fish, surimi 

from each cycle, and surimi with additives. Half of the samples of minced fish and 

surimi were stored at -20oe for 6 mo, whilst the other halfwere stored at 4°C for 15 d. 

Samples were taken after 6 mo storage at -20°C, and after 5, 10, and 15 d storage at 

4°C. A schematic diagram of surimi preparation (with added cryoprotectants) and 

storage is shown in Figure 4.1. 
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Figu.re 4.1: Procedure used to prepare surimi with different cryoprotectants. 
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4.1.4. Commercial Surimi Products 

To assess our surimi production method and effectiveness of our treatments, 

surimi prepared in the laboratory was compared to market raw surimi (H. Aida Inc., 

Valleyfield, QC), and three flavored Alaska pollock surimi products labeled as Atlantic 

lobster (referred to as lobster or Lü), Atlantic scallop (referred to as scallop or SC), 

and King crab (referred to as crab or CR) (SeaOuest, Montreal, QC) during storage at 

-20 and 4°C. In two of the flavored Alaska pollock products from the market (Atlantic 

lobster and Atlantic scallop) soy and whey proteins were present, and in the third 

product (King crab) soy and wheat proteins were present as ingredients. There was no 

antimicrobial preservative in these products. It 1S aiso worth mentioning that in the 

market, surimi 1S processed into various gelled products, such as lobster, scallop, and 

crab meat analogs, which are very popular in the D.S. and, particularly, in Japan and 

Korea because oftheir unique texturaI quality (Zalke, 1992). 

4.1.5. Extraction and Precipitation of Defatted Flaxseed Meal Protein 

Flaxseed proteins were extracted from defatted flaxseed meal with sodium 

hydroxide (NaüH) at pH Il (drop-wise addition of 50% NaOH to distilled water). The 

meal (40 g) was mixed with 400 ml of the above-mentioned solvent for 1 h with 

intermittent stirring using a glass rod. The mixture was then centrifuged (Beckman 

Avanti™ J-251) at 10,000 RPM (17,696 x g) for 20 min at 4°C, and the supematant 

was filtered using cheesecloth. 

The proteins from the extract were isolated using isoelectric precipitation. The pH of 

the extract was adjusted between 4.2 and 4.6 using a dilute acid (Hel, 0.1 N). The 
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precipitated proteins were separated by centrifugation at 10,000 RPM at 4°C for 15 

min (Devet al., 1986; Davidson et al., 1979; Smith et al., 1946). A schematic diagram 

of defatted flaxseed meal protein isolation is shown in Figure 4.2. The protein obtained 

was washed with distilled water, again centrifuged (10,000 RPM at 4°C for 15 min), 

freeze-dried, and used as an additive to raw surimi. 

4.1.6. Protein Measurement 

The protein content of each wash water was determined using the method of 

Lowry (1951). Bovine serum albumin (Sigma Chemicals Co., St. Louis, MO) was used 

as a standard. 

4.1.7. pH Measurement 

At time 0 and after 15 d storage at 4°C, pH of minced fish and surimi was 

measured based on the method described by Lanier (1992) using a previously 

calibrated Coming pH meter (Model 220, Coming Glass Works, Coming, NY). Five 

grams of surimi was added to 50 ml distilled water and blended thoroughly using a 

glass rod for 30 min at 4°C prior to the measurement ofpH. The suspensions were then 

filtered using cheesecloth, and the pH was measured. 

4.1.8. Electrophoretic Analyses 

The procedures used to perform SDS-PAGE and native-PAGE were the same 

as those described in Sections 3.1.4.1 and 3.1.4.2, respectively. Gradient gels (4-20%) 

were used to conduct aH SDS-P AGE and native-PAGE experiments. 
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Figure 4.2: Procedure used to prepare protein isolates from defatted flaxseed meal. 
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4.1.9. FTIRJATR Spectroscopy 

The procedure used to carry out FTIRI A TR spectroscopy analyses was the 

same as that described in Section 3.1.5. In this chapter integrated intensities ofvarious 

components of the protein amide l band representing different protein conformations 

were calculated and used for data analysis, as described previously in section 3.2.4.3. 

AH of the experiments described under Materials and Methods section were 

repeated at least twice until good reproducibility was obtained. The results are averages 

of duplicate analysis. 
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4.2. RESUL TS AND DISCUSSION 

4.2.1. Surimi Preparation 

Table 4.1 shows sorne parameters measured during preparation of surimi. A 

total of 23.4 g protein was washed out from minced fish. The yield from the surimi 

preparation was 61.2%, very close to the result of the previous chapter. Approximately 

12.25 Hters of wash waters was generated to prepare 1 kg of surimi. The protein 

contents of wash waters were 2.36, 1.34, and 0.66 mg/ml for the first to the third wash 

waters, respectively. 

4.2.2. Properties ofWash Waters 

Native-PAGE patterns ofwash waters showed a decrease in band intensities for 

both lyophilized and liquid samples of wash waters (Figure 4.3a). In the first 

lyophilized sample of wash water, the band of actin and a band with MW of ~ 13 kDa 

were present. In the second wash water, in addition to those bands, two other bands 

with MW of ~67, and ~ 18 kDa appeared. In the third wash only major bands with MW 

of ~67 and ~ 18 kDa were observed. 

The SDS-PAGE patterns of wash waters revealed an increase of band intensity 

for the lyophilized samples and decrease of band intensity for the liquid samples of 

wash waters (Figure 4.3b). In the case of lyophilized samples the increase in band 

intensities may be due to the higher purity of remaining compounds after successive 

washing cycles. During washing cycles mainly proteins with MW of 47 (actin), 19, and 

15 kDa were washed out from minced fish. 
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Table 4.1. Parameters measured during surimi preparation 

l st cyde ~ 
Weight of fish or surimi (kg) 

2 1.32 

Volume ofwater added (1) 6 3.96 

Weight of final suirni (kg) 1.38 1.626 

Vol. of wash water at the end of 
6.53 3.53 

each cycle (1) 

Protein content mg/ml 2.36 1.34 

Protein removed (g) 1 15.41 4.73 

% Of total protein removed 65.85 20.21 

1 Total protein removed after three washing cycles = 23.4 g 

Yield of surimi preparation from minced fish = 61.2% 

1 

3f !lcyde 

1.566 

4.7 

1.224 

4.94 

0.66 

3.26 

13.93 
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Figure 4.3: Electrophoretic patterns ofwash waters: (a) native-PAGE, St. high molecular 

weight (HMW) standard; 1-3 lyophilized samples of Ist to 3rd wash waters; 4-6 liquid 

samples of 1 st to 3rd wash waters; (b) SDS-PAGE, St. broad range molecular weight 

standard; 1 minced fish; 2-4 liquid samples of 1 st to 3rd wash waters; 5-7 lyophilized 

samples of l st to 3rd wash waters. 
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Both native and SDS-PAGE patterns of wash waters support the results from 

the previous chapter indicating removal of myofibrillar proteins, particularly actin, 

during successive washing cycles. These findings aiso support the study by Stefansson 

and Hultin (1994) that showed cod muscle myofibrillar proteins were soluble in water 

at neutral pH. This solubility was sensitive to ionic strength and was reversible. 

Figure 4.4 represents deconvolved FTIR/ATR spectra oflyophilized samples of 

wash waters. The results reveal removal of different compounds in the 1 st and 2nd wash 

waters, however, the spectra of the 3rd wash water shows the presence of mainly 

protein bands. There was an increase in both u-helix and ~-sheet structure contents. 

Since the increase was higher for l3-sheet structure, the ratio of <x'-helix to l3-sheet 

contents decreased by successive washing steps. 

4.2.3. Elect.ropho.resis Analyses on C.ryop.rotectants 

Shown in Figure 4.5a are the native-PAGE patterns of the cryoprotectants used 

in this study. The approximate molecular weights of major bands in each additive were 

estimated using high molecular weight (HMW) standards. Three main bands were 

observed in whey protein concentrate (WPC) with MW of 51, 32, and 10 kDa. Whey 

prote in isolate (WPI) showed four major bands with MW of 66, 34, 22, and 17 kDa. In 

soy protein isolate (SPI), also four main bands with MW of 565, 485, 321, and 224 

kDa were revealed. Sathe (1991) reported that soy protein contains two major proteins 

with a MW of 350 kDa for glycinin and 180 kDa for l3-conglycinin. Finally, in both 

flaxseed protein (FP) and flaxseed meal (FM) one major band with MW of 305 kDa 

appeared. In flaxseed meal there was aiso another faint band with MW of 485 kDa. 
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Figure 4.5: Electrophoretic patterns of individual cryoprotectants: (a) native-PAGE, St. 

high molecular weight (HMW) standard; 1 whey prote in concentrate (WPC); 2 whey 

protein isolate (WPI); 3 soy protein isolate (SPI); 4 flaxseed protein (FP); 5 flaxseed meal 

(FM); (b) SDS-PAGE, St. broad range molecular weight standard; 1 WPC; 2 WPI; 3 SPI; 

4 FP; 5 FM. 
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Sammour (1994) reported that flaxseed contains a major globular prote in with 

MW of approximately 320 kDa +/- 20 by gel filtration. Albumins (soluble in water) 

and globulins (insoluble in water) are the storage proteins of flaxseed (Oomah and 

Mazza, 1993). 

The SDS-PAGE patterns of the cryoprotectants on 4-20% gradient gel (Figure 

4.5b) revealed the presence of two major bands for each of WPI, WPC, and SPI with 

MW of 21, 16; 20, 16; and 40, 23 kDa, respectively. WPC consists of several protein 

components (Boye, 1995; MOIT, 1992): p-lactoglobulin, a-lactalbumin, serum albumin, 

and immunoglobulin. In both flaxseed meal and flaxseed protein three major bands 

with MW of 37, 26, and 15 kDa were observed. Madhusudhan and Singh (1985a) 

reported that flaxseed protein has five subunits with MW of Il, 18,29,42, and 61 kDa. 

On reducing SDS-PAGE (with 2-mercaptoethanol), the major polypeptides cleaved 

into acidic subunits with MW of 40 and 25 kDa and basic subunits with MW of 22 and 

18 kDa (Sammour, 1994). SDS-PAGE showed that albumin consists of a single 

polypeptide chain with MW between 15 to 17 kDa (Madhusudhan and Singh, 1985b). 

4.2.4. Changes During Storage of Surimi 

Storage of surÏmi was done at 4°e and at -20oe. Storage at 4°C is not used for 

commercial surimi; however, it provided us a means to observe protein changes in a 

relatively short time period, compared with storage at -20°C. 
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4.2.4.1. pH 

Figure 4.6 shows the pH of an samples of minced fish and surimi as weB as the 

market products after 15 d storage at 4°C. It is observed that the pH ofminced fish and 

laboratory-prepared surimi samples increased during the storage; it is possibly due to 

the production of amines and other basic products. However, the pH of an flavored 

Alaska pollock products and market raw surimi dropped indicating production of acids, 

which may be attributed to the utilization of sugars (present in these products as an 

ingredient) by microorganisms. Nevertheless, based on organoleptic observations there 

was no indication ofmicrobial spoilage after la d storage at 4°e. 

The drop in pH of an flavored Alaska pollock products and market raw surimi 

is in agreement with the findings of Lyver et al. (l998a, b), who reported a decrease in 

pH value of raw surimi nuggets stored at 4°C from 6.5 to ~4.9-4.0 in 21 days. These 

changes were mainly attributed to the growth of lactic acid bacteria. The microbial 

shelf life of raw surimi nuggets was approximately 7 to 14 days when stored at 4°C. 

It is noted here that no pH measurements were conducted on samples stored at 

-20oe. This is due to the fact that the main purpose ofpH measurement was to support 

the notion of microbial spoilage during higher temperature storage (at 4°C). Since it is 

known that freezing at -20oe greatly inhibits microbial growth; therefore, there would 

be no reason for such measurement during low temperature storage. 
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Figure 4.6: pH of different products at t=O and after 15 d storage at 4°C; MF minced 

fish, SI surimi lSt, S2 surimi 2ud
, S3 surimi 3rd

, WPC surimi with whey protein 

concentrate, WPI surimi with whey protein isolate, SPI surimi with soy protein isolate, 

FM surimi with flaxseed meal, FP 1% surimi with 1 % flaxseed protein, FP 3% surimi 

with 3% flaxseed protein, MS market surimi, Lü lobster-flavored surimi, SC scallop­

flavored surimi, CR crab-flavored surimi. 
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4.2.4.2. Electrophoretic Analyses 

4.2.4.2.1. Native-PAGE 

Shown in Figure 4.7a are the results of native-PAGE at time 0; it reveals the 

presence of six and four major bands in minced fish and surimi, respectively, as 

indicated also in the previous chapter, section 3.2.4.1. (Figure 3.7). During preparation 

of surimi, the disappearance of the actin band was accompanied by the appearance of 

the bands in the range of ~ 100 to ~ 300 kDa. These observations confirm the findings in 

the previous chapter. 

Market raw surimi has similar electrophoretic pattern as laboratory-made raw 

surimi with the major band of ~ 76 kDa. The three flavored Alaska pollock surimi 

(crab, scallop, and lobster) showed faint bands possibly due to higher amounts of other 

additives. These products also had similar electrophoretic patterns as market raw 

surimi and laboratory-made raw surimi. Figure 4.7b shows the electropherograms of 

minced fish, raw surimi, and surimi with different cryoprotectants. 

The native-PAGE results shown in Figures 4.8 revealed no major changes in 

minced fish, surimi (either made in the laboratory or from market), or surimi with 

added SPI after 6 months of storage at -20oe. However, fading of the bands attributed 

to WPC, WPI, FM, and FP was observed in surimi with these cryoprotectants. 

Figures 4.9a and b revealed the appearance of an additional band with MW of 

~23 kDa for aH samples after 5 d storage at 4°C. This band was present at time 0 as a 

shade and not as a separate distinct band. In surimi with added SPI also fading of the 

major band of soy protein with MW of ~321 kDa was observed. After 10 d storage at 

4°C, fading ofseveral bands occurred (Figures 4.10a and b). 
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Figure 4.7: Native-PAGE patterns ofminced fish and surimi at time 0: (a) St. 

HMW standard; 1 minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 surimi 3rd

; 5 

market surimi; 6 Lü; 7 SC; 8 CR; (b) St. HMW standard; l minced fish; 2 

surimi 3rd
; 3 surimi with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 surimi 

with FM; 7 surimi with 1 % FP; 8 surimi with 3% FP (for abbreviations refer 

to Figure 4.6). 
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Figure 4.8: Native-PAGE patterns of minced fish and surimi after 6 mo storage at 

-20°C: (a) St. HMW standard; 1 minced fish; 2 surimi l S\ 3 surimi 2nd
; 4 surimi 3rd

; 5 

market surimi; 6 Lü; 7 SC; 8 CR; (b) St. HMW standard; 1 minced fish; 2 surimi 3rd
; 3 

surimi with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 surimi with FM; 7 surimi with 

1 % FP; 8 surimi with 3% FP (for abbreviations refer to Figure 4.6). 
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Figure 4.9: Native-PAGE patterns ofminced fish and surimi after 5 d storage at 4°C: (a) 

St. HMW standard; 1 minced fish; 2 surimi l S\ 3 surimi 2nd
; 4 surimi 3rd

; 5 market 

surimi; 6 Lü; 7 SC; 8 CR; (b) St. HMW standard; l minced fish; 2 surimi 3 rd; 3 surimi 

with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 surimi with FM; 7 surimi with 1% 

FP; 8 surimi with 3% FP (for abbreviations refer to Figure 4.6). 
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Figure 4.10: Native-PAGE patterns ofminced fish and surimi after 10 d storage at 4°C; 

(a) St. HMW standard; 1 minced fish; 2 surimi 1 S\ 3 surimi 2nd
; 4 surimi 3rd

; 5 market 

surimi; 6 Lü; 7 SC; 8 CR; (b) St. HMW standard; 1 minced fish; 2 surimi 3rd
; 3 surimi 

with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 surimi with FM; 7 surimi with 1 % 

FP; 8 surimi with 3% FP (for abbreviations refer to Figure 4.6). 
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Native-PAGE revealed substantial changes for most of the samples after 15 d 

storage at 4°C (Figures 4.11a and b). The six major bands were still present but faded 

in minced fish. In raw surimi fading of an major bands occurred, especially the bands 

with MW of ~76 and ~22 kDa. Fading ofthese two bands was also observed for surimi 

with added WPC. In surimi with added WPI a band appeared with MW of ~52 kDa. 

Only bands with MW of 290, 25, 20, and Il kDa were present in surimi with added 

SPI. In surimi with added flaxseed meal there was just one band with MW of Il kDa. 

In surimi with 3% flaxseed protein faded bands with MW of 290, 52, 26, and Il kDa 

were present. In surimi with 1 % flaxseed protein another band with MW of 21 kDa 

was observed. 

4.2.4.2.2. SDS-P AGE 

The SDS-PAGE patterns of minced fish, market products, and surimi with 

different cryoprotectants are shown in Figure 4.l2a and b. The major bands in minced 

fish and lab-made raw surimi were the same as described in the previous chapter. 

The SDS-PAGE patterns of minced fish and raw surimi showed no substantial 

changes after 6 mo storage at -20°C (Figure 4.13a). Fading of one of the MLC bands 

with MW of 23 kDa, and one band under MHC with MW of 136 kDa were observed in 

an samples shown in Figure 4.13b. 
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Figure 4.11: Native-PAGE patterns ofminced fish and surimi after 15 d storage at 4°C: 

(a) St. HMW standard; 1 minced fish; 2 surimi 1 S\ 3 surimi 2nd
; 4 surimi 3fd

; 5 market 

surimi; 6 Lü; 7 SC; 8 CR; (b) St. HMW standard; 1 minced fish; 2 surimi 3rd
; 3 surimi 

with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 surimi with FM; 7 surimi with 1 % 

FP; 8 surimi with 3% FP (for abbreviations refer to Figure 4.6). 
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Figure 4.12: SDS-PAGE patterns ofminced fish and surimi at time 0: (a) St. broad range 

molecular weight standard; 1 minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 surimi 3rd

; 5 

market surimi; 6 Lü; 7 SC; 8 CR; (b) St. broad range molecular weight standard; l 

minced fish; 2 surimi 3rd
; 3 surimi with WPC; 4 surimi with WPI; 5 surimi with SPI; 6 

surimi with FM; 7 surimi with 1% FP; 8 surimi with 3% FP (for abbreviations refer to 

Figure 4.6). 
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Figure 4.13: SDS-PAGE patterns ofmmced fish and surimi after 6 mo storage at -20°C: 

(a) St. broad range molecular weight standard; 1 minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 

surimi 3rd
; 5 market surimi; 6 Lü; 7 SC; 8 CR; (b) St. broad range molecular weight 

standard; 1 minced fish; 2 surimi 3r<l; 3 surimi with WPC; 4 surimi with WPI; 5 surimi 

with SPI; 6 surimi with FM; 7 surimi with 1% FP; 8 surimi with 3% FP (for 

abbreviations refer to Figure 4.6). 
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Surimi can be kept frozen at -20°C for up to 6 mo without any de1eterious 

consequences (Venugopal and Shahidi, 1995). In the study by Sultanbawa and Li-Chan 

(1998), the MHC band disappeared in the SDS-P AGE profile of ling cod surimi 

containing no added cryoprotectants at 4 months of frozen storage at -18°C, while the 

actin band was still strong. 

SDS-PAGE indicates that no major change occurred after 5 d storage at 4°C 

(Figure 4.l4a and b). Only fading of a band above MHC with MW of 228 kDa was 

observed. The three flavoured Alaska pollock surimi samples did not exhibit this band 

from the beginning. 

Figure 4.15a indicates that after 10 d storage at 4°C, no significant changes 

occurred in minced fish, surimi 1 st, 2nd
, and 3rd

. In market raw surimi, disappearance of 

two MLC bands with MW of23, and 21 kDa occurred. Furthermore, there was a major 

10ss in MHC intensity. In market raw surimi aiso a band above MHC with MW of 228 

kDa disappeared, and instead a new band with MW of 134 kDa was observed under 

MHC. In the case of the three flavored Alaska pollock products, fading of MHC 

occurred. Figure 4.15b shows no major changes except fading of the bands with MW 

of 228, and 136 kDa. 

Figure 4.16a reveals that after 15 d storage at 4°C minced fish was relatively 

stable. Fading of MHC and disappearance of a band with MW of 228 kDa occurred in 

surimi 1 st, while in surimi 2nd these two bands completely disappeared, and instead 

several new bands appeared in the range of 56 to 84 kDa. Furthermore, two bands of 

MLC with MW of 23 and 21 kDa disappeared and another MLC with MW of 20 kDa 

faded. In surimi 3rd the band with MW of 228 kDa disappeared, fading of MHC 
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Figure 4.14: SDS-PAGE patterns ofminced fish and surimi after 5 d storage at 4°C: (a) 

St. broad range molecular weight standard; 1 minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 

surimi 3rd
; 5 market surimi; 6 Lü; 7 SC; 8 CR; (b) St. broad range molecular weight 

standard; l minced fish; 2 surimi 3 rd; 3 surimi with WPC; 4 surimi with WPI; 5 surimi 

with SPI; 6 surimi with FM; 7 surimi with 1% FP; 8 surimi with 3% FP (for 

abbreviations refer to Figure 4.6). 
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Figure 4.15: SDS-PAGE patterns ofminced fish and surimi after 10 d storage at 4°C: (a) 

St. broad range molecular weight standard; 1 minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 

surimi 3rd; 5 market surimi; 6 Lü; 7 SC; 8 CR; (b) St. broad range molecular weight 

standard; 1 minced fish; 2 surimi 3rd
; 3 surimi with WPC; 4 surimi with WPI; 5 surimi 

with SPI; 6 surimi with FM; 7 surimi with 1% FP; 8 surimi with 3% FP (for 

abbreviations refer to Figure 4.6). 
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Figure 4.16: SDS-PAGE patterns ofminced fish and surimi after 15 d storage at 4°C: (a) 

St. broad range molecular weight standard; l minced fish; 2 surimi 1 st; 3 surimi 2nd
; 4 

surimi 3rd
; 5 market surimi; 6 Lü; 7 SC; 8 CR; Cb) St. broad range molecular weight 

standard; l minced fish; 2 surimi 3rd
; 3 surimi with WPC; 4 surimi with WPI; 5 surimi 

with SPI; 6 surimi with FM; 7 surimi with 1% FP; 8 surimi Vliith 3% FP (for 

abbreviations refer to Figure 4.6). 

118 



occurred, and a new band with MW of 131 kDa appeared. The changes in market raw 

surimi were the same as those in laboratory-made surimÏ (surimi 3rd
). In addition, two 

MLC bands with MW of 23 and 21 kDa also disappeared. In three Alaska pollock 

flavored products fading of MHC and actin happened. In the case of lobster-flavored 

market surimi (LO), MHC almost disappeared and fading of actin was more significant 

than for the other two products. 

Figure 4.16b reveals that after 15 d storage at 4°C the band with MW of 228 

kDa disappeared in aU samples except for minced fish. Furthermore, the band with 

MW of 136 kDa disappeared in all samples except for minced fish and surimi with 

added 1% and 3% flaxseed protein with lower band intensity compared to time O. 

Minced fish was relatively stable showing only fading of two bands with MW of 136 

and 23 kDa. In other samples MHC was almost lost especially in surimi with added 

flaxseed meal. Only surimi samples with 1 % and 3% flaxseed protein could maintain 

the MHC intensity as in minced fish in the same gel. In surimi 3rd also fading of MHC 

and a MLC band with MW of 23 kDa occurred. In surimi samples with added WPC, 

WPI, and SPI, fading of MHC and a MLC band with MW of 23 kDa were observed. In 

surimi with added flaxseed meal and protein two new bands appeared under MHC with 

MW of 131 and 120 kDa. A band with MW of 35 kDa was disappeared aU samples 

except in minced fish and surimi with added 1% and 3% flaxseed protein. In surimi 

with flaxseed meal two MLC bands with MW of 23 and 21 kDa were lost. 

Flaxseed protein was the only additive that could inhibit degradation of MHC, 

and maintain the MHC and also actin with the same intensity as minced fish. 

Furthermore, tlaxseed protein could prevent degradation of MLC bands and the band 
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with MW of 35 kDa. Since the addition of 3% FP may result in off-flavors, addition of 

1% FP was also investigated in this study. 

Results of multiple detection methods for denaturation indicate that every kind 

of muscle protein undergoes denaturation during frozen storage, although the ease and 

rate of denaturation depends on the kind of protein and the kind of fish. It is the 

collective result of such denaturation that brings about undesirable changes in the 

functional properties ofmeat (Matsumoto and Noguchi, 1992). 

4.2.4.3. FTIRJ ATR Spectroscopy 

Figure 4.17 depicts the deconvolved FTIRJ ATR spectra of different 

cryoprotectants (top) and the percentage of various secondary structures (bottom). 

Among the five different additives, WPC and flaxseed meal had the highest ratio of u-

helix to p-sheet structure content. AIl additives had the u-helix content in the range of 

15 to 17% and p-sheet content in the range of 27 to 31 %. 

The secondary structure of the major flaxseed protein, globulin (the 12S fraction), has 

been determined by circular dichroism studies. The results suggest that the protein 

consists of 3-4% u-helix structure, 17% p-sheet and nearly 80% aperiodic structure 

(Madhusudhan and Singh, 1985a). The low MW albumins make 20% of the total 

flaxseed protein, which contains a large amount of u-helix (26-32%) and p-sheet 

structure (51 %) (Oomah and Mazza, 1993). 
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Figure 4.17: Stacked plot of deconvolved FTIRI ATR spectra of different 

cryoprotectants (top); percentage of a-helix, p-sheet structures and their ratio (bottom): 

whey protein isolate (WPI), flaxseed protein (FP), flaxseed meal (FM), soy protein 

isolate (SPI), whey protein concentrate (WPC). The spectra have been offset for 

clarity. 
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Although early investigations indicated that aggregation of proteins was the 

primary change occurring during frozen storage, more recent studies have indicated 

that conformational changes in the proteins aiso occur (MacDonald et al., 2000; 

Matsumoto and Noguchi, 1992). Actin 1S a globular protein containing little helical 

structure; therefore, changes in functional attributes of actin are due to unfolding non­

helical structure during frozen storage. Confonnational changes can be prevented when 

the protein 1S frozen with added cryoprotectants (Matsumoto and Noguchi, 1992). 

The deconvolved FTIRJ ATR spectra and percentage of different protein 

conformations in minced fish during storage at 4°C, and -20°C are shown in Figure 

4.18. The results indicate that minced fish is relatively stable during storage, which is 

consistent with the findings from electrophoresis analyses. Only a slight increase in the 

ratio of a-helix to B-sheet structure was observed during storage at both high and low 

temperatures. 

The FT IR! A TR results for surimi from first washing cycle (surimi 1 st) indicate 

a decrease in a-helix and an increase in p-sheet structures content after 6 mo storage at 

-20°C. In contrast, the ratio of a-helix to B-sheet structure increased after 15 d storage 

at 4°C (Figure 4.19). 
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Figure 4.18: Stacked plot of deconvolved FTIRJ ATR spectra of minced fish during 

storage at 4°C and after 6 mo at -20°C (top); percentage of a-helix, ~-sheet 

structures and their ratio (bottom). The spectra have been offset for clarity. 
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Figure 4.19: Stacked plot of deconvolved FTIRIATR spectra of surimi lst during 

storage at 4°C and after 6 mo at -20°C (top); percentage of a-helix, p-sheet 

structures and their ratio (bottom). The spectra have been offset for clarity. 
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The secondary structure of proteins remained relatively stable in surimi 2nd after 

6 mo frozen storage. There was a decrease of (X,-helix content after 10 and 15 d storage 

at 4°C. However, p-sheet structure content remained unchanged after 10 d and 

decreased after 15 d. Therefore, the ratio of (X,-helix to p-sheet structure decreased after 

10 d but increased after 15 d storage at 4°C (Figure 4.20). 

In surimi 3rd (raw surimi), there was a slight increase in (X,-helix and a decrease 

in p-sheet contents resulting in a higher ratio of (X,-helix to p-sheet structure after 6 mo 

storage at -20°C. Sultanbawa and Li-Chan (2001) reported that the Raman spectral 

data showed an increase in the percent (X,-helix structure content in natural actomyosin 

and surimi after frozen storage in the absence of cryoprotectants. They also mentioned 

that SS bonds were fonned during storage of natural actomyosin in the absence of 

cryoprotectants. During storage at 4°C, (X,-helix content increased in surimi 3rd
• After 

10 d storage at this temperature p-sheet content remained unchanged, but after 15 d it 

showed a decrease. Overall, the ratio of (X,-helix to p-sheet contents increased. This 

increase was much higher after 15 d storage at 4°C (Figure 4.21). 

Market raw surimi was relatively stable after 6 mo storage at -20°C with the 

same (X,-helix and p-sheet contents resulting in the unchanged ratio of these structures. 

The ratio of (X,-helix to p-sheet contents significantly increased after 15 d storage at 4°C 

(Figure 4.22). 
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Figure 4.20: Stacked plot of deconvolved FTIRIATR spectra of surimi 2nd during 

storage at 4°C and after 6 mo at -20°C (top); percentage of a-helix, ~-sheet 

structures and their ratio (bottom). The spectra have been offset for clarity. 
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Figure 4.21: Stacked plot of deconvolved FTIRIATR spectra of surimi 3rd during 

storage at 4°C and after 6 mo at -20°C (top); percentage of a-helix, ~-sheet 

structures and their ratio (bottom). The spectra have been offset for clarity. 
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Figure 4.22: Stacked plot of deconvolved FTIRIATR spectra of market surimi 

during storage at 4°C and after 6 mo at -20°C (top); percentage of a-helix, p-sheet 

structures and their ratio (bottom). The spectra have been offset for darity. 
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The percentage of u-helix in lobster-flavored market surimi (Lü) was aimost 

unchanged after 6 mo storage at -20o e, while the amount of l3-sheet structure slightly 

increased resulting in a lower ratio of u-helix to p-sheet structure contents. There was 

an increase in u-helix and a decrease in p-sheet structure contents resulting in a higher 

ratio of a-helix to l3-sheet especially after 15 d storage at 4°e (Figure 4.23). 

In scallop-flavored market surimi (SC), the ratio of u-helix to ~-sheet structure 

contents significantly decreased after 6 mo storage at -20oe. During storage at 4°e 

also the ratio of u-helix to ~-sheet structure contents decreased. This decrease was 

higher at time 15 d compared to time 10 d (Figure 4.24). 

In crab-flavored market surimi (CR) the ratio of u-helix ta p-sheet structure 

contents increased after 6 ma storage at -20°C. The ratio of u-helix ta p-sheet structure 

was higher at time 10 d than at time 15 d storage at 4°e; it was at the same level as at 

time 6 mo of storage at -20°C (Figure 4.25). 

There was a decrease in a-helix and an increase in l3-sheet structure contents 

resulting in lower ratio of u-helix ta ~-sheet after 6 mo storage of surimi with added 

whey protein concentrate at -20°C. During storage at 4°C, a decrease in a-helix 

content was observed after 15 d. Since the p-sheet content remained unchanged, the 

ratio of u-helix ta ~-sheet decreased after 15 d storage at 4°C (Figure 4.26). 

Sultanbawa and Li-Chan (2001) showed that the percent a-helix decreased after 

freezing for both natural actomyosin and surimi treatments with commercial blend (4% 

sucrose and 4% sorbitol) by Raman analysis; these were the treatments that showed 

good gel strength. In another study using Raman spectroscopy, ügawa et al. (1999) 
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Figure 4.23: Stacked plot of deconvolved FTIRIATR spectra of lobster-flavored 

market surimi during storage at 4°C and after 6 mo at -20°C (top); percentage of {X­

helix, l3-sheet structures and their ratio (bottom). The spectra have been offset for 

clarity. 
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Figure 4.24: Stacked plot of deconvolved FTIRIATR spectra of scallop-flavored 

market surimi during storage at 4°C and after 6 mo at -20°C (top); percentage of u­

helix, ~-sheet structures and their ratio (bottom). The spectra have been offset for 
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Figure 4.26: Stacked plot of deconvolved FTIRJ ATR spectra of surimi with added 

whey protein concentrate during storage at 4°C and after 6 mo at -20°C (top); 

percentage of a-helix, f)-sheet structures and their ratio (bottom). The spectra have 

been offset for clarity. 
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reported that gel fonnation of fish actomyosins requires a slow unfolding of the u­

helix, and that the dissociation of u-helix is closely associated with the 10w 

temperature gelling phenomenon (setting) of actomyosin. 

A slight decrease in both u-helix and ~-sheet structure contents was observed in 

surimi with added whey protein isolate after 6 mo storage at -20°C; thus, the ratio of 

u-helix to ~-sheet remained almost unchanged. This ratio increased during storage at 

4°C, and was higher at 10 d compared to 15 d (Figure 4.27). 

There was a decrease in both u-helix and ~-sheet structures contents resulting 

in a slight decrease in their ratio after 6 mo storage of surimi with added soy protein 

isolate (SPI) at -20oe. During storage at 4°e the percentage of Ot-helix increased 

slightly, and ~-sheet content decreased. Therefore, there was an increase in the ratio of 

u-helix to j3-sheet structure (Figure 4.28). 

There was a decrease in Ot-helix and an increase in ~-sheet structure contents 

resulting in a higher ratio of Ot-helix to j3-sheet after 6 mo storage of surimi with added 

flaxseed meal (FM) at -20oe. During storage at 4°e for 15 d, surimi showed a higher 

ratio of Ot-helix to ~-sheet compared to 10 d (Figure 4.29). 

In surimi with added 1 % flaxseed prote in, no changes happened in u-helix and 

~-sheet contents, and consequently their ratio, after 6 mo storage at -20oe; this is 

consistent with electrophoresis results. The results indicate that flaxseed proteins are 

effective in maintaining the secondary structure of fish proteins during frozen storage. 

During storage at 4°C, surimi showed a much higher ratio of Cl-helix to j3-sheet after 15 

d compared to 10 d (Figure 30). 
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Figure 4.27: Stacked plot of deconvolved FTIRfATR spectra of surimi with added 

whey protein isolate during storage at 4°C and after 6 mo at -20°C (top); percentage 

of a-helix, ~-sheet structures and their ratio (bottom). The spectra have been offset 

for clarity. 
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Figure 4.28: Stacked plot of deconvolved FTIRIATR spectra of surimi with added 

soy protein isolate during storage at 4°C and after 6 mo at -20°C (top); percentage of 

a-helix, p-sheet structures and their ratio (bottom). The spectra have been offset for 

darity. 
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Figure 4.29: Stacked plot of deconvolved FTIRJ ATR spectra of surimi with added 

flaxseed meal during storage at 4°C and after 6 mo at -20°C (top); percentage of (J.,­

helix, ~-sheet structures and their ratio (bottom). The spectra have been offset for 
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Figure 4.30: Stacked plot of deconvolved FTIRI ATR spectra of surimi with added 

1% flaxseed protein during storage at 4°C and after 6 mo at -20°C (top); percentage 

of a-helix, 13-sheet structures and their ratio (bottom). The spectra have been offset 
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In surimi with added 3% flaxseed protein (FP 3%), there was an increase in the 

ratio of u-helix to p-sheet after 6 mo storage at -20°C. During storage at 4°C, surimi 

showed a mueh higher ratio of u-helix to p-sheet after 10 d compared to 15 d (Figure 

4.31). 

Figure 4.32 shows the value of the percent change in the ratio of u-helix to P­

sheet structures after 6 mo storage at -20°C compared to time 0 for control (surimi 3rd
) 

and surimis with different added cryoprotectants. Tt is postulated here that a change in 

this ratio is an indication of a change in the protein secondary structure. Therefore, the 

lower the change in this ratio during storage, the more effective the added component 

in preserving the protein structures. Based on the percent changes in the ratio of (X­

helix to p-sheet structures shown in Figure 4.32, it may be concluded that flaxseed 

protein (FP) was the most effective cryoprotectant (no change for surimi with 1% FP, 

and a slight change for surimi with 3% FP) followed by whey protein isolate and soy 

protein isolate. Whey protein concentrate and flaxseed meal showed the least 

cryoprotective ability. Since flaxseed protein was effective at both concentrations of 

1 % and 3% in maintaining the secondary structure of fish proteins, it can be suggested 

to use 1% flaxseed protein due to possible fonnation of off-flavors at higher 

concentrations. Other additives than flaxseed protein may not maintain the secondary 

structure of proteins but still play a role by modifying the structure sueh that the 

product does not become finn or gelled, and hence improve the texture of the product. 
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Figure 4.31: Stacked plot of deconvolved FTIRIATR spectra of surirni with added 

3% flaxseed protein during storage at 4°C and after 6 mo at -20°C (top); 
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been offset for clarity. 
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Figure 4.32: Percent change in the ratio of a-helix to p-sheet structures after 6 mo 

storage at -20°C compared to time 0, for control (surimi 3rd
) and surimis with different 

added cryoprotectants: surimi 3rd (S3), whey protein concentrate (WPC), whey protein 

isolate (WPI), soy protein isolate (SPI), flaxseed meal (FM), flaxseed protein at 1 % 

(FP 1%), flaxseed protein at 3% (FP 3%). 
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Overall, it is observed here that the ratio of u-helix to ~-sheet structures may be 

used as an indicator of such quality characteristics of the product as protein stability, 

texture, and even microbial spoilage. It is also suggested that the results from 10 d 

storage at 4°C may be comparable to the results obtained after 6 mo storage at -20°C. 

As another observation, it is stated here that the storage at 4°C can be further 

investigated incorporating antimicrobial agents in the preparation of product samples. 
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Chapter 5 

GENERAL CONCLUSIONS 

5.1. Summary and Conclusion 

Although it is accepted that denaturation of myofibrillar proteins occurs during 

frozen storage, Uttle direct evidence on the structural changes occurring in muscle 

pro teins during freezing and frozen storage is found other than 10ss of protein function 

or functionality. Thus, in tbis work protein structural changes during preparation and 

storage of surimi were investigated. Furthermore, the effects of different added 

cryoprotectants to stabilize the protein structure were studied. 

The washing procedure for preparation of surimi has a major effect on the final 

quality of surimi. The results obtained indicate that factors such as wash/meat ratio, 

washing steps, and washing time are important for surimi processing to optimize 

quality and yield of surimi and also to minimize water usage and waste water 

treatment. Solubilization of myofibrillar proteins at zero to low salt concentration was 

not generally accepted according to classical muscle chemistry. 

FTIRI A TR spectroscopy showed that during preparation of surimi the ot-helix 

content increased with increased number of washing cycles. DSC results revealed a 

shift in the thermal transition of actin to a higher temperature during surimi 

preparation. AU electrophoresis, FTIRI ATR spectroscopy and DSC results revealed a 

loss of myofibrillar proteins from surimi after three wasbing cycles, suggesting that 

three washing cycles were adequate to prepare surimi. 
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Electrophoretic analyses in this study revealed that surimi was stable up to 2 yr 

at -20oe, and also rapid freezing using liquid air had no apparent effect on the quality 

of surimi compared to slow freezing. However, structural changes in protein were 

detected using FTIRI ATR analyses and were confirmed by DSe analysis. FTIRI ATR 

spectroscopy revealed that rapid freezing is effective in maintaining the secondary 

structure of proteins during frozen storage. 

The results from the FT1R studies of proteins in surimi suggest that the ratio of 

u-helix to ~-sheet structures may be used as an indicator of such quality characteristics 

of the product as protein stability, texture, and even microbial spoilage. 1t is also 

suggested that the results from 10 d storage at 4°C may be comparable to the results 

obtained after 6 months storage at -20°e. Based on the percent changes in the ratio of 

u-helix to ~-sheet structures, it may be concluded that flaxseed protein had the most 

cryoprotective effect followed by whey protein isolate and soy protein isolate. Whey 

protein concentrate and flaxseed meal showed the least cryoprotective ability. After 15 

days storage at 4°C, the SDS-PAGE results showed that flaxseed protein was the only 

additive that could inhibit the degradation of myosin heavy chain, actin and myosin 

light chains. As a result, flaxseed protein shows potential as an effective functional 

cryoprotectant for fish proteins. The results suggest that secondary and other structural 

changes induced by addition of the cryoprotectants to surimi before freezing may play 

an important role in stabilization of the fish proteins against the deteriorative changes 

that are usually observed during frozen storage without addition of cryoprotectants. 
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5.2. Future Work 

A comparison of the results obtained in cold temperature storage (at 4°C) to 

those from frozen storage (at -20°C) suggest that microbial activity may interfere with 

the biochemical changes in surimi protein when stored at high temperature. Therefore, 

it can be suggested to further investigate storage at 4°C in a future work incorporating 

antimicrobial agents in the preparation of product samples. Future work may aiso 

include identifying new cryoprotectants (both intrinsic and added), and synergistic 

blends of cryoprotectants to stabilize and to improve the functionality of surimi protein. 

The search for such new cryoprotectants may be focused on reducing the sweetness 

and calorie contents of the product. Furthermore, developing new techniques to prepare 

surimi such as acid-aided processes may have a positive impact on surimi industry. 
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