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Feasibility of ohmic heating to overcome gel-weakening in Pacific whiting surimi
was investigated. An ohmic heating apparatus was developed using two rhodium-coated
stainless steel electrodes inside a polyvinyl chloride (PVC) tube, a variable transformer,
and voltage and current transducers. Rapid heating associated with the ohmic process
quickly inactivated endogenous proteinase(s), resulting in significantly high shear stress
and shear strain of surimi gels (78% moisture content, 2% NaCl). Degradation of myosin
heavy chain (MHC) and actin examined by SDS-PAGE were significantly reduced and
continuous gel structure were shown by scanning electron microscopy. Whiting surimi
heated in a 90°C water bath for 15 min exhibited poor gel quality and disordered
microstructure due to proteolysis of MHC.

Electrical conductivity, a critical parameter influencing rate of heat generation
during ohmic heating, was elucidated. Electrical conductivities of whiting surimi pastes.

with four moisture contents (75, 78, 81, and 84% wet basis) and added NaCl (1, 2, 3, and



4%) were measured from 10 to 90°C using ohmic heating at voltage gradient of 3.3, 6.7,
and 13.3 V/cm. Electrical conductivity significantly increased with temperature and salt
content and sligbtly increased with moisture content. The effect of the voltage gradient
was evident at combinations of high moisture (81, 84%) and NaCl content (3, 4%), due
to electrochemical reactions at the electrodes. The empirical model of electrical
conductivity as a function of temperature and compositional characteristics predicted
values with an error range of 0-15.6%.

Finally, kinetic models of textural degradation of whiting surimi were developed
using two different approaches: isothermal and nonisothermal procedure over a range of
temperature (40-85°C) and time (0.5-35 min). The effect of thermal lag was accounted
for using the models derived from the Arrhenius equation. Textural degradation obtained
from both methods followed first order kinetic. Degradation of MHC derived from
nonisothermal procedure was best described by apparent reaction order of 1.4.
Degradation rafe of gel texture and MHC increased with temperature and reached the
highest rate at 55 and 57°C, respectively. Then they decreased to minimum rate at 70
and 75°C, respectively. The kinetic model for the loss of MHC satisfactorily estimated
MHC content of the controls with an averaged error of 10.8%. Relationship between

degradation of MHC and gel texture are discussed.
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TEXTURAL AND ELECTRICAL PROPERTIES OF PACIFIC WHITING SURIMI
UNDER OHMIC HEATING

Chapter 1: INTRODUCTION

Annual harvest of Pacific whiting (Merluccius productus) has been approximately
200,000 metric tons in the United States over the last decade (OCZMA, 1994). Most of
the harvested fish is processed into surimi. Surimi is a minced fish which has been
washed, dewatered, and mixed with cryoprotectants to stabilize the proteins during frozen
storage (Okada, 1992). Washing and dewatering steps are primarily to remove
sarcoplasmic proteins, fat, blood, as well as pigments and also to concentrate myofibrillar
proteins. The most important functional property of surimi is its ability to form a strong
elastic gel, which mostly depends on quality of myofibrillar proteins. The production of
whiting surimi was not practical until 1991 due to severe textural degradation
accompanied by substantial loss of myosin heavy chain upon slow heating (Chang-Lee
et al., 1989; Morrissey et al., 1993). This is caused by proteolytic activity of the
endogenous heat stable proteinase(s) which primarily hydrolyze myosin, a myofibrillar
component required to form three-dimensional gel networks.

Since 1991, the addition of food grade enzyme inhibitors has made whiting surimi
commercially acceptable as a raw material for surimi-based seafoods. Beef plasma
protein, egg white, potato extract, and whey protein concentrate are found to inhibit
proteolytic activity and enhance gel forming ability of surimi (Change-Lee et al., 1989;
Change-Lee et al., 1990; Porter et al., 1990; Morrissey et al., 1993). Hardness and

elasticity of surimi gel measured by an Instron Universal Testing Machine significantly
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improve when either 3% egg white or a combination of 3% egg white and 5% potato
starch are added (Chang-Lee et al., 1989; Chang-Lee et al., 1990). Morrissey et al.
(1993) reported that beef plasma protein shows the highest inhibitory activity as compared
to egg white and potato extract. Proteolytic activity in whiting surimi based on autolytic
assay is inhibited about 85% by addition of 1% beef plasma protein. Moreover, surimi
gels with beef plasma protein exhibit desirable textural characteristics as indicated by
failure shear stress and shear strain (Morrissey et al., 1993). Proteolysis can also be
inhibited by whey protein concentrate with a concentration of 2-3%, depending on its
protein content (Piyachomkwan, 1993).

Although the food grade enzyme inhibitors have been proven to be effective in
inhibiting proteolysis, the use of these compounds provides some negative side effects to
the surimi-based products. Whiteness is one of the most important characteristics of
surimi and is used to evaluate its quality (Lanier, 1992). Addition of 1-1.5% beef plasma
protein decreases whiteness of surimi and increases yellowness, which is an undesirable
color (Park, 1995). Labeling beef plasma protein as food additive in surimi-based
seafoods sometimes draws adverse perceptions from consumers. Furthermore, sensory
properties of surimi containing beef plasma protein at concentration greater than 1% are
seldom accepted by Japanese consumers (Akazawa et al., 1993). Egg white is expensive
and provides an undesirable sulfur-like odor at the levels needed for effective inhibition
(Porter et al., 1993). Although potato extract and whey protein concentrate have less
adverse effect on sensory properties, they must be added at higher concentration as
compared to beef plasma protein (Chang-Lee et al., 1989; Chang-Lee et al., 1990;

Akazawa et al., 1993; Morrissey, et al. 1993). In addition, textural properties of surimi
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with potato extract or whey protein concentrate are lower than those of surimi with beef
plasma protein (Akazawa et al., 1993; Morrissey et al., 1993). Thus, higher usage level
of these two inhibitors would increase the cost. It is obvious that alternative approaches
to overcome the textural deterioration of Pacific whiting surimi are needed.

The endogenous proteinase in Pacific whiting flesh is purified and identified as
cathepsin L (Seymour et al., 1994). The purified enzyme (pH 5.5) exhibits maximal
activity at 55°C and decreases to minimal activity at 70°C. The pattern of myosin
degradation caused by the purified proteinase is consistent with the autolytic pattern of
surimi, indicating that cathepsin L is responsible for myosin and texture degradation in
whiting surimi (An et al., 1994).

Since the endogenous proteinase is heat stable, slow heating rate associated with
conventional heating methods allows the proteinase to hydrolyze myosin before it is
thermally inactivated. When surimi packed in a stainless steel tube (i.d. = 1.9 cm) is
heated in a 90°C water bath, temperature at the geometric center gradually increases and
remains in the enzyme activation range, 45-60°C, for about 85 sec (AbuDagga and Kolbe,
1996). This could be ample time for hydrolytic reaction of myofibrillar proteins,
especially myosin. In contrast, proteolysis of whiting fillets is minimized when they are
deep-fried at 196°C or heated within 1.5 min using microwaves (Patashnik et al., 1982).
Textural degradation in arrowtooth ;'lounder, another kind of fish exhibiting the
endogenous proteinase problem, also markedly decreases when cooked by microwaves
(Greene and Babbitt, 1990). Thus, rapid heating methods could be a potential means to

cope with textural breakdown induced by proteolysis.
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Ohmic heating is a heating process in which alternating electric current passes
through electrically conducting food products (de Alwis and Fryer, 1990). Heat is
internally generated due to electrical resistance of the food materials, and conducts within
the samples. For this reason, heat is readily transferred within the sample, resulting in
rapid heating rate and uniform heat distribution. @ This is a striking contrast to
conventional heating methods in which temperature of the product increases relatively
slow because heat penetrates from external heating medium.

Ohmic heating has been successfully applied to the sterilization process of
particulate foods (Skudder and Biss, 1987; Biss et al., 1989). The advantage of ohmic
heating over conventional sterilization is that both solid and liquid phases with identical
electrical conductivity are simultaneously heated, therefore, temperature uniformly
distributes in both phases (Halden et al., 1990). The problems associated with thermal
lag in solid phase or overheating in liquid phase are eliminated. As compared with
microwave heating, ohmic heating provides more uniform temperature distribution
because heat penetrates throughout the bulk of the sample (Biss et al:, 1989). Moreover,
energy utilization of ohmic heating process is more efficient than that of microwave
heating (Biss et al., 1989). Although the advantages of ohmic heating are obvious, its
application in seafood products is very limited in the United States. In Japan, ohmic
heating has recently been used in manufacturing surimi-based products (Shiba, 1993).
Textural properties of the ohmically heated products are superior to those heated in a
90°C water bath (Shiba, 1992; Shiba and Numakura, 1992). Since ohmic heating
provides a rapid heating rate with uniform temperature distribution, it could be a

promising process to overcome gel weakening in whiting surimi.
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One of the most important properties of food needed to be considered in ohmic
heating is electrical conductivity. Rate of heat generation in ohmic heating is controlled
by electrical conductivity of food materials (Palaniappan and Sastry, 1991a,b; de Alwis
and Fryer, 1992). Several studies have indicated that electrical conductivity of food
materials is dependent on vanious factors, such as temperature, applied voltage gradient,
moisture, and salt content (Palaniappan and Sastry, 1991a,b; Halden et al., 1990).
Therefore, knowledge of electrical conductivity of food materials under ohmic heating is
critical for process design.

Time and temperature are also important parameters influencing textural
properties of surimi gel. Surimi gelation occurs upon heating, and it involves
denaturation and aggregation processes (Ferry, 1948). Denaturation is a process in which
native protein undergoes structural changes (Ziegler and Acton, 1984). Denatured
proteins associate with one another and form gel network during aggregation period
(Ziegler and Acton, 1984). According to the gelation kinetics, stronger gel network tends
to form when slow heating rate is applied because the aggregation process of denatured
proteins is favored (Ferry, 1948; Foegeding et al., 1986a; Camou et al., 1989; Arntfield
and Murray, 1992). However, gelation kinetics alone cannot explain or predict textural
changes in whiting surimi gel. This is because the hydrolytic reaction of myofibrillar
proteins, especially myosin, catalyzed by the endogenous proteinase occurs concurrently
with gelation during heating. Therefore, it is essential to develop the kinetic models that
can adequately explain the changes of gel texture in whiting surimi so that optimum time

and temperature required to obtain a desired surimi gel can be quantitatively determined.



Researc jectives

The overall objective of this research was to apply a rapid heating process, ohmic
heating, as a means to overcome gel-weakening phenomenon in Pacific whiting surimi.
This research demonstrated an alternative approach to minimize proteolysis in fish muscle
proteins, besides the use of food grade enzyme inhibitors. The importance of various
parameters, namely electrical conductivity, time, and temperature, on ohmic heating
process and textual properties of whiting surimi gel was illustrated. The outcome of this
research could also be applicable to surimi made from other fish species that inherently
exhibit endogenous proteinase problems. Specific objectives of this research were:

1. To investigate the feasibility of ohmic heating as a method to reduce
textural degradation caused by endogenous proteinase(s) in whiting surimi
without enzyme inhibitors.

2. To study the effect of temperature and compositional characteristics
(moisture and salt content) on electrical conductivity of surimi during
ohmic heating as well as to develop an empirical model describing
electrical conductivity of whiting surimi as a function of such variables.

3. To determine degradation kinetics of gel texture and myosin heavy chain

of whiting surimi during heating.



Literature Review

Proteolysis of fish muscle proteins

Textural degradation of Pacific whiting at 50-65°C has been extensively studied.
The extent of proteolytic activity is associated with degree of infection of myxosporidian
parasite, Kudoa paniformis (Patashnik et al., 1982; Erickson et al., 1983; Toyohara et al.,
1993). It is still unclear whether the proteinase is produced from the parasite or from
immunological responses of the fish. Nevertheless, most researchers have reported the
role of cathepsins in proteolysis of Pacific whiting. Cathepsins are lysosomal enzymes
and are involved in cellular immunity induced by pathological conditions (Asghar and
Bhatti, 1987). Hydrolysis of muscle proteins in post-mortem is caused by the release of
cathepsins from lysosomes (Zeece et al., 1992). Erickson et al. (1983) studied proteolytic
activity in the sarcoplasmic fluid of Pacific whiting and concluded that the proteinases
involved in textural degradation were cathepsin B and C. Based on the studies of specific
substrates and inhibitors, the heat stable proteinase exhibits cysteine proteinase
characteristics and is identified as cathepsin L (Toyohara et al., 1993; Seymour et al.,
1994). Seymour et al. (1994) reported that cathepsin L purified from whiting exhibited
two forms, namely P-I and P-II with pH optima at 5.5 and 6.0, and temperature optima
of 55 and 60°C, respectively. It was later suggested that P-I is complex-formed with an
endogenous inhibitor; whereas, P-II is the free enzyme (An et al., 1995). The purified
cathepsin L hydrolyzes myofibrillar proteins, myosin, and native as well as heat-denatured
collagen (Toyohara et al., 1993; An et al., 1994). The degradation pattern of myofibrillar

proteins induced by the purified cathepsin L at its pH optimum (5.5) is consistent to that
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of proteolysis of surimi at 55°C, at pH 6.8-7.0, suggesting that textural degradation of
whiting surimi at elevated temperatures is attributed to proteolytic activity of cathepsin
L (An et al,, 1994). The presence of cathepsin B and H in the whiting flesh is also noted
(An et al., 1994). However, it is unlikely that both enzymes are causative agents of
proteolysis at high temperature because the optimum temperatures of cathepsin B and H
as assayed using synthetic substrates are at 37 and 20°C, respectively. It also should be
mentioned that activity of both enzymes is negligible in whiting surimi, but activity of
cathepsin L is predominant. This indicates that cathepsin B and H are removed by
extensive washing during surimi processing, while cathepsin L is highly associated with
myofibrillar proteins.

Cathepsin L and B are also found in white muscle of chum salmon (Oncorhynchus
keta) during the spawning season (Yamashita and Konagaya, 1990a,b). Yamashita and
Konagaya (1990c, 1991) indicated that cathepsin L hydrolyzed myofibrillar proteins to
a greater extent than cathepsin B at 20°C. Therefore, cathepsin L was responsible for
textural degradation of muscle proteins in chum salmon. However, proteolytic activity
of cathepsin L at high temperatures has not been reported. A recent study by Saeki et al.
(1995) demonstrated that surimi made from chum salmon during the spawning season
displayed poor gel-forming characteristics and substantial loss of myosin heavy chain
upon heating. Gel quality was improved when cysteine proteinase inhibitor, L-trans-
epoxysuccinylleucylamino(4-guanidino)butane (E-64), was added, indicating involvement
of heat stable cysteine proteinase(s) in the textural degradation of chum salmon surimi.

Arrowtooth flounder (4 theresthes stomias), a large biomass in the Gulf of Alaska,

also suffers from tissue-softening due to the endogenous proteinase. Although infection
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of parasites was observed in arrowtooth, there was no correlation between parasite density
and degree of proteolysis (Greene and Babbitt, 1990). The partially-purified proteinase
is cysteine proteinase, exhibiting highest activity at 55°C at pH 6.0-7.0 against casein
(Wasson et al., 1992a). Proteolysis of arrowtooth surimi is inhibited by beef plasma
protein, egg white, and «, macroglobulin at concentrations of 1%, 1-1.5%, and 0.2%,
respectively (Wasson et al., 1992b). On the other hand, whey protein concentrate up to
1% does not have any inhibitory effect on proteolytic activity in arrowtooth surimi.

Serine proteinases are responsible for textural breakdown of threadfin bream
(Nemipterus bathybius) (Toyohara and Shimizu, 1988), oval-filefish (Navodon modestus)
(Toyohara et al., 1992), and lizardfish species (Saurida sp) (Suwansakornkul et al., 1993).
Proteolysis of surimi made from these species can be inhibited by soybean trypsin
inhibitor. Distribution of heat-stable serine proteinase in muscle proteins varies among
species. The proteinase is only found in the sarcoplasmic portion of threadfin bream
(Kinoshita et al., 1991), but it is strongly bound to myofibrillar proteins of oval-filefish
(Toyohara et al., 1992). The heat-stable proteinase(s) effectively hydrolyzes myosin heavy
chain at pH 7.0 and 60°C.

In early studies of gel weakening phenomenon, the endogenous proteinase
responsible for textural degradation was normally categorized as heat stable alkaline
proteinase (Iwata et al., 1974; Boye and Lanier, 1982; Makinoden et al., 1985). A distinct
characteristic of alkaline proteinase is its high activity in alkaline condition (pH ~ 8.5-9.1)
at 60-65°C. Makinodan et al. (1987) purified alkaline proteinase from white croaker
(Sciaena schlegeli) and identified it as cysteine proteinase consisting of four subunits with

molecular weight of 430,000 daltons. The enzyme showed maximum activity toward
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myosin heavy chain, actin, and tropomyosin at 60°C. However, Busconi et al. (1984)
reported two purified alkaline proteinases, proteinase I and proteinase II, in white croaker
(Micropogon opercularis) muscle. Proteinase I showed serine proteinase characteristics,
while proteinase II exhibited cysteine proteinase properties. Folco et al. (1984) further
investigated hydrolytic activity of these proteinases against myofibrillar proteins at 60°C
and found that both proteinase I and II hydrolyzed purified myosin, but only proteinase
I was able to degrade myosin heavy chain from actomyosin. Makinodan et al. (1985)
reported that alkaline proteinase was the principle enzyme responsible for textural
degradation of white croaker surimi although the presence of other proteinases, such as
cathepsin D and calpain were also found. This was because alkaline proteinase was the
only enzyme that retained hydrolytic activity at the pH of surimi paste (6.8) and at 60°C.
Textural degradation of surimi made from Atlantic menhaden (Brevoorti tyrannus) is also

caused by proteolytic activity of alkaline proteinase (Boye and Lanier, 1988).

Muscle proteins

The proteins of muscle can be categorized into three groups (Hultin et al., 1985):
(1) sarcoplasmic proteins are globular and soluble in water or dilute salt; (2) myofibrillar
proteins are the contractile proteins which are fibrous and soluble in salt solution; (3)
stroma proteins are insoluble fractions. After being washed and refined, surimi constitutes
mainly myofibrillar proteins. Approximately 55-60% of myofibrillar proteins is myosin
(Bechtel, 1986). Actin is the second major component comprising 15-30% of myofibrillar
proteins. Monomer form of actin with molecular weight of 43,000 daltons is called

globular actin (G-actin). Actin molecules polymerize together and form actin filament
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referred to as fibrous actin (F-actin). Other small fractions of protein associated with
either actin or myosin are tropomyosin, troponin complex, actinins, M-proteins, and C-
proteins (Asghar and Pearson, 1980).

Myosin is an elongated molecule with molecular weight of 470,000 daltons
(Bechtel, 1986). It is composed of two large subunits called heavy chain and four small
subunits called light chain. Each heavy chain consists of a long «-helical and globular
region with a molecular weight of 200,000 daltons. A long «-helix of each myosin heavy
chain are wound around each other and forms the rod portion (Hultin et al., 1985). The
globular regions are responsible for ATPase activity and contain actin binding site.
Molecular weight of each light chain ranges from 16,000 to 27,500 daltons, depending
on the source of the myosin (Bechtel, 1986). When myosin is digested with trypsin, two
major fragments are obtained (Asghar and Pearson, 1980; Bechtel, 1986). The largest
fragment is commonly known as heavy meromyosin containing both myosin globular
heads and a portion of the myosin rod. The other major fragment is light meromyosin
which is the helical rod portion of the myosin molecule. Further proteolytic digestion of
heavy meromyosin yields S-1 fragment, the individual myosin head, and S-2 fragment,

the small portion of myosin rod.

Gelation of surimi

According to Mulvihill and Kinsella (1990), protein gels can be defined as "three-
dimensional matrices or networks in which polymer-polymer and polymer-solvent

interactions occur in an ordered manner resulting in the immobilization of large amounts
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of water by a small proportion of protein".  Ferry (1948) proposed that formation of

protein gels involves the following mechanisms:

x P, -~ xP; = (P,

n

where x is the number of protein molecules, P, is the native protein, and P, is denatured
protein. Based on this mechanism, gelation is a two-stage process involving denaturation
and aggregation. Denaturation is a process in which native proteins undergo
conformational changes, including alterations of hydrogen bondings, hydrophobic
interactions, and ionic linkages (Mulvihill and Kinsella, 1990). Denaturation is a
prerequisite step for protein gelation (Hermansson, 1979). The following process is
aggregation in which denatured protein molecules align themselves and interact each other
at specific points to form a three-dimensional network.

Surimi is a minced, washed and dewatered fish flesh that contains a relatively high
concentration of myofibrillar proteins. In surimi paste preparation, surimi is comminuted
with sodium chloride and water. Addition of salt is required to extract myofibrillar
proteins from the fish muscle (Niwa, 1992). This is achieved through disrupting
intermolecular electrostatic forces among myofibrillar proteins (Goodno and Swenson,
1975; Sano et al., 1990a). In addition, salt destabilizes the native structures of proteins
prior to thermal denaturation (Park and Lanier, 1990). Interactions between myosin and
actin upon chopping yield a macromolecule called actomyosin (Niwa, 1992). Three-
dimensional gel network is formed when the solubilized actomyosin is heated. Thermal
denaturation of actomyosin begins at 30-35°C in which native tropomyosin and troponin

dissociate from F-actin (Ziegler and Acton, 1984). Then, helical structure of F-actin
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unravels to single chain at 38°C. When temperature reaches 40-45°, four myosin light
chain subunits dissociates from the globular head of myosin heavy chain. Concomitantly,
conformational changes of globular head occur. As temperature increases to 45-50°C,
actin-myosin complex starts to dissociate from each other. Helical regions of myosin
heavy chain then unfold and transform to random coil structure. Finally, conformation
of G-actin monomer alters at temperature greater than 70°C.

Among myofibrillar proteins, myosin is the major component capable to aggregate
orderly and form gel networks (Samejima et al., 1969). According to Ferry (1948), the
aggregation is a process following denaturation. However, aggregation of myosin
proceeds prior to the final stage of denaturation (Wright and Wilding, 1984; Chan et al.,
1992). Chan et al. (1992) reported that the discrete regions of myosin molecule
exhibiting less thermal stability initially unraveled and then aggregated before the entire
molecule completely denatured. Based on the results from dynamic viscoelasticity and
spectrophotometric measurements, Sano et al. (1990a,b) reported that gel formation of
carp myosin first began to develop by interaction of the light meromyosin at 30-45°C.
The second step of gel formation involved aggregation among heavy meromyosin by
hydrophobic interactions at S0°C. However, Taguchi et al. (1987) suggested that
aggregation of heavy meromyosin S-1 occurred to a greater extent than that of light
meromyosin at 30 to 40°C. They proposed that myosin gelation was initiated by
interaction of heavy meromyosin S-1 at 30-40°C, followed by the thermal unfolding and
interaction of light meromyosin to form gel network at 50°C. This gelation mechanism
is in agreement with the findings of Gill and Conway (1989) who reported that the tail

region of cod myosin, rather than the head, participated in noncovalent interaction at 40-
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50°C. Chan et al. (1993) studied the role of myosin fragments in cod and herring and
suggested that myosin molecules initially aggregated through interaction of heavy
meromyosin S-2, at 30-40°C. Further aggregation at 40-55°C was mediated by interaction
of light meromyosin. The results from these studies indicates the important role of
discrete regions of myosin molecules in forming gel networks. Discrepancies in the role
of myosin fragments between the studies of Sano et al. (1990a,b) and the others are
probably due to the structural differences in these discrete portions among different fish
species (Chan et al., 1993).

The synergistic role of actin in gelation of myofibrillar proteins is also observed
(Ishioroshi et al., 1980, Samejima et al., 1982; Yasui et al., 1982). The optimal weight
ratio of myosin to actin that yields the highest shear modulus is 15:1. Yasui et al. (1982)
explained that the complex formed between F-actin and myosin behaved as a cross-linker
between the rod portion of myosin molecules, which consequently increased rigidity of
the gel. They also reported that tropomyosin and troponin did not affect gelation of
myofibrillar proteins.

Hydrogen bonding and hydrophobic interaction mainly contribute to gel structure
of surimi, but the role of disulfide bonding is insignificant (Liu et al., 1982; Park et al.,
1994). In contrast, Samejima et al. (1981) reported that globular head segments of rabbit
myosin formed disulfide linkages providing extra cross-linking to gel structure.
Hydrophobic interactions are enhanced during heating when myosin structures unfold and
expose their hydrophobic amino acids to environment (Howe et al., 1994). During the
cooling period, surimi gel matrix is stabilized and strengthened by hydrogen bonding

(Howe et al., 1994).
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Nondisulfide covalent bonds are also involved in gelation of surimi made from

some fish species. Preincubation of Alaska pollock surimi pastes at 25°C for 1-24 hr
prior to heating to 90°C improves textural properties of surimi gel (Numakura et al.,
1985; Joseph et al., 1994). This phenomenon is called "setting" and also observed in
surimi made from other fish species, such as Atlantic croaker (Kim, 1987; Kamath et al.,
1992) as well as Southern blue whiting and hoki (MacDonald et al., 1994). The optimum
setting temperature is species specific (Kamath et al., 1992). An improvement of surimi
gels is due to polymerization of myosin molecules between y-carboxyamide groups of
glutamine and e-amino groups of lysine residues (Numakura et al., 1987; Nishimoto et
al., 1988). The cross-linking of myosin is Ca*>-dependent reaction and is catalyzed by
endogenous transglutaminase (Seki et al., 1990; Kimura et al., 1991). Recently, the
addition of microbial transglutaminase produced by Streptoverticillium mobaraense also
increases e-(y-glutamyl)lysine crosslinks as well as textural properties of pollock surimi
(Sakamoto et al., 1995) and surimi-based products (Seguro et al., 1995). Unique
characteristic of microbial transglutaminase is its Ca"-independent catalytic activity

(Sakamoto et al., 1995)

Ohmic heating

Ohmic heating occurs when alternating electric current (50 or 60 Hz) passes
through electrically conducting food product (de Alwis and Fryer, 1990). Heat is
generated within the food due to its electrical resistance, resulting in a relatively rapid
heating rate. Rate of temperature increase in ohmic process ranges from 1-5°C/sec (de

Alwis and Fryer, 1992), whereas that at the surface of a can in conventional sterilization
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is about 0.2°C/sec (Datta and Hu, 1992). A number of applications have been found in
areas, such as blanching (Mizrahi et al., 1975; Vigerstrom, 1976), thawing (Naveh et al.,
1983), and sterilization (Biss et al., 1989). Most studies have indicated that the ohmic
process reduces processing time and results in superior product quality to those processed
by conventional means. However, practical application in such processes has been very
limited due to the problems associated with process and equipment design (Sastry and
Palanippan, 1992a).

Recently, ohmic heating has been introduced commercially as a means of
sterilizing particulate foods (Biss et al., 1989). In conventional aseptic processing of
particulate foods, the heat is transferred to the solid particles from the heated liquid phase.
Heat penetration is relatively slow and non-uniform because heat transfer is controlled by
conduction. Thus, the product is normally overprocessed to ensure commercial sterility,
resulting in destruction of flavors and nutrients, and mechanical damage to the
particulates (Sastry and Palaniappan, 1992a). This problem can be overcome with ohmic
heating in which particulate and liquid portions are simultaneously heated if the electrical
conductivities of both phases are similar (de Alwis and Fryer, 1992). The ohmic heating
process developed by APV Baker consists of a series of cylindrical electrodes connected
to a 50 Hz three-phase supply (Parrot, 1992). The food is pumped through the electrodes
and is rapidly sterilized. The use of multiple electrodes provides a uniform electric field
in each section.

Inactivation of microorganisms in the ohmic process is mainly attributed to

thermal effect, rather than the nonthermal effect associated with field strength
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(Palaniappan et al., 1992). Rate of heat generation in ohmic heating for a homogenous

material can be written as (de Alwis and Fryer, 1992):
0 = oE? (1.1)

where Q is rate of heat generation per unit volume, o is electrical conductivity
(S/m), and E is voltage gradient (V/m). Electrical conductivity is the critical property
affecting rate of heat generation. In the case of very low or zero electrical conductivity
(insulator) , the resistance of the food will be so high that a desired heating rate cannot
be achieved because of negligible current flow (Fryer and Li, 1993). Furthermore, the
sample with infinite electrical conductivity cannot be heated due to insignificant
resistance. Thus, feasible region of electrical conductivity is required for ohmic operation
(Stirling, 1987, de Alwis and Fryer, 1992).

For solid foods, electrical conductivity measured at 60 Hz linearly increases with
temperature (Palaniappan and Sastry, 1991a). However, electrical conductivity of the
purified proteins, such as keratin, bovine serum albumin, and collagen, increase with
temperature according to the Arrhenius equation (Pethig, 1979). The varied trend is due
to the differences in the mode of conduction. Electrical conductivity of food is mainly
caused by the movement of free ions (Na’, ClI'), whereas conductivity of the purified
compound is induced by the electrons or ions associated in the molecule. Voltage
gradient enhances diffusion of cell fluid in food, especially vegetables, which
consequently increases electrical conductivity (Halden et al., 1990; Palaniappan and
Sastry, 1991a,b; Schreier et al., 1993). Ajibola (1985) measured electrical conductivity
of cassava and reported that electrical conductivity increased linearly with moisture

content. However, exponential trend is reported in the purified proteins (Pethig, 1979).
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For liquid (orange and tomato juices), electrical conductivity also increases with
temperature, and it decreases with increased pulp content due to of the presence of
nonpolar compounds in the pulp (Palaniappan and Sastry, 1991b).

Orientation of particle also affects electrical conductivity (de Alwis and Fryer,
1992; Sastry and Palaniappan, 1992b). In static ohmic process, when a low conductive
particle aligns in parallel direction in high conductivity medium, it is heated slower than
the medium because most of current density passes through the medium, rather than the
particle (de Alwis and Fryer, 1992). However, if the particle aligns perpendicular to the
current path, it will be heated at a faster rate. This is because the current through the
medium is blocked by particle. When solid particle is more conductive than the liquid,
it is heated at a faster rate in parallel direction and slower rate in perpendicular
orientation. The effect of orientation is relatively small for cubic and spherical particle
(Sastry and Palaniappan, 1991b). Fryer and Li (1993) reported that electric current tended
to concentrate around the corner and sharp edges of the particle, leading to high heat
generation in such areas.

Besides aseptic process of particulate foods, several attempts were made to use
ohmic heating in the meat industry. de Alwis and Fryer (1990) summarized the
application of ohmic heating in cooking frankfurters, meat patties, and coagulation of
meat products. The design of ohmic heating devices were varied according to the shape
and type of the product. In general, these meat products are packed into a non-conductive
container and are contacted between two electrodes. Luijerink (1962) developed the
ohmic apparatus to cook non-homogenous meat products. The sample was placed

between several adjacent electrode pairs connected to a temperature sensor. The
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temperature at each compartment was automatically controlled accordingly by adjusting
power supply. The use of ohmic heating in solid foods has been very limited due to
contamination problems caused by sparking and burning of the electrodes. Good contact
between the electrode and product, which minimizes the scorching, has been suggested
by various means, such as applying edible electrical conducting gel at electrode interface
(Theimer and Heinze, 1977), using spring-loaded contacts, and assuring appropriate
penetration of the product by the electrode (de Alwis and Fryer, 1990).

Appropriate electrode design is essential to prevent contamination from the
electrode.  Stirling (1987) reported that platinised titanium electrodes have been
commercially used in ohmic heating process without contamination problems. Flow of
alternating current in ohmic process occurs by migration of ions through ionic double
layer, which is formed by electrostatic alignment of solution ions on the electrode surface
of the opposite charge (Oldham and Myland, 1994). Potential across ionic double layer
increases as current density increases. When the potential is increased to a certain level,
it will initiate electrochemical reactions on the electrode surface and/or in food materials
(Stirling, 1987). Therefore, it is necessary to determine the optimum current density in
such a way that electrochemical reactions are prevented and a desired heating rate is
achieved. For the platinised titanium electrode, electrochemical reactions in saturated
NaCl solution is noticed at current density of 8,000 A/m?, therefore, the maximum for this

type of electrode is recommended at 4,000 A/m? (Stirling, 1987).
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Destruction kinetics of foods

Chemical kinetics is the study of changes in concentration of a reactant molecule

with time (Wang, 1992). The general rate equation can be expressed as:

ar n 1.2
ot kP (1.2)

where dP/dt is the rate of reaction, n is reaction order, P is concentration of
reactant, and k is rate constant. The reaction order can be either integer or noninteger.
Reaction order determined in food kinetics does not represent the mechanism of the
reaction because reactiohs in food systems are very complex (Arabshahi and Lund, 1985;
Wang, 1992). Nonenzymatic browning reactions can be described by zero order (Cohen
et al., 1994; Peterson et al., 1994). Many other deteriorative reactions in food, such as
loss of vitamins and microbial death can be represented by a first-order model (Mishkin
et al., 1984; David and Merson, 1990; Fontana et al., 1993; Johnson et al., 1995). In
addition, kinetic model of denaturation of whey proteins is described with n = 1.4
(Dannenberg and Kessler, 1988).

The study of destruction kinetics of food are usually encountered with thermal lag
problems because instantaneous heating cannot be achieved. Degradation kinetics of food
during sterilization can be obtained by either an isothermal or a nonisothermal procedure
(Lenz and Lund, 1980). In isothermal experiments, the samples are heated at various
temperatures for various times. The effect of the heating and cooling phase of the
thermal curve is compensated for by the use of a control which is only heated and cooled.
Time-temperature effects during holding can be evaluated by subtracting out the heating

and cooling effect. Rate constant is simply determined from equation (1.2) using either
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differential or integral method described by Hill and Grieger-Block (1980). For the
nonisothermal procedure, the heat-up and cool-down phases are used as part of the final
data analysis. Heating time is converted to the dimensionless group, Fourier number
(Lenz and Lund, 1977a,b). Lethality of microorganism or nutrient is calculated from
integration of the Arrhenius equation over Fourier heating time. Kinetic parameters (rate
constant and activation energy) are obtained by an iterative procedure (Lenz and Lund,
1980). Lenz and Lund (1980) suggested that when the half-life of the component is short,
the nonisothermal method is recommended to derive kinetic parameters. In c()ntrast,.
isothermal procedure can be used to analyze kinetics of compounds whose half-life is
long, and effect of thermal lag is insignificant.

In addition to the method described by Lenz and Lund (1977 a,b), the effect of
thermal lag in kinetic analysis can be accounted for by equivalent time which is the time
required in instantaneous heating (Davies et al., 1977; Perkin et al., 1977). The derived
- equation for equivalent time is based on the principle of thermal death time (TDT), which
expresses rate constant and its temperature dependence in terms of decimal reduction time
(D-value) and z value, respectively (Perkin et al., 1977). Perkin et al. (1977) applied this
concept to analyze thermal inactivation kinetics of Bacillus stearothermophilus spores
heated in glass capillary at ultra high temperature range. They concluded that the effect
of heat-up period was negligible up to 135°C. Above this temperature, the heating period
became more significant and the calculation of equivalent time provided more reliable
kinetics. Calculation of thermal lag effect based on TDT concept has also been applied
to determine kinetics for other microorganisms (Palaniappan et al., 1992) and enzymes

(Wicker and Temelli, 1988; Awuah et al., 1993). Lenz and Lund (1977b) indicated that
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the TDT provided accurate kinetic parameters only in the small temperature ranges.
Therefore, the TDT model is satisfactory for the compounds with high activation energy
of destruction (microorganism). Kinetics for those with low activation energy of
destruction (enzyme or nutrient) can be determined using the Arrhenius equation.

The equivalent point method is another approach to determine the effect of thermal
lag (Swartzel, 1982). This method is derived from Arrhenius relationship of rate constant.
The equivalent time and temperature represent the condition where the effect on
constituent concentration of the nonisothermal system would be equivalent to that of the

instantaneous isothermal condition. Thermal effect is defined as (Swartzel, 1982):

- t _Ea 1 _ 1
¢ = foexp[ R (T(t) T )1 de (1.3)

ref

where t is heating time, E, is activation energy, R is gas constant, and T, is reference
temperature (121.1°C for sterilization process). Thermal effects are calculated at heat-up,
holding, and cool-down periods, and are totaled for the three sections for each selected
E, value. With a set of E, values, equivalent time and temperature are obtained from the

following equation (Nunes and Swartzel, 1990):

total - “Ba 1 _ 1 1.4
G tg exp[— (TE Tmf)] (1.4)

G™* is total thermal reduction, t; is equivalent time, T;, is equivalent temperature,
Both equivalent time and temperature can be accurately estimated using either nonlinear
least squares regression or weighted least squares regression (Nunes and Swartzel, 1990).

Equivalent time and temperature are independent of activation energy (Swartzel, 1982;
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Swartzel, 1984). Therefore, kinetic parameters (rate constant and activation energy) are
not directly obtained from this method.

A different approach to analyze kinetics of food destruction under nonisothermal
conditions is a dynamic method (Mishkin et al., 1984; Rhim et al., 1989; Cohen et al.,
1994). The physical or chemical changes of the interested compound are monitored at
each time interval during the course of reaction. Then, reaction order and activation

energy are estimated from the following relationship:

—Ea
%D = k, [e®(1] pn (1.5)
t

Information required to determine kinetic parameters in the above equation is
temperature history and the changes in quality factors with respect to time (dP/dt).
Accuracy of Kkinetic parameters obtained from this method highly depends on the
approximation of dP/dt. This method is found to be very sensitive to the experimental
errors (Rhim et al., 1989). Rhim et al. (1989) recommended the use of equivalent point
method (Swartzel, 1982) to obtain more accurate kinetic parameters at a wide range of
temperatures. A similar dynamic approach was also applied to determine degradation of

ascorbic acid in potato during dehydration process (Mishkin et al., 1984).



24
Chapter2

OHMIC HEATING MAXIMIZES GEL FUNCTIONALITY OF PACIFIC WHITING
SURIMI

Jirawat Yongsawatdigul, Jae W. Park, Edward Kolbe,
Yaser AbuDagga, and Michael Morrissey

Journal of Food Science
Institute of Food Technologists, Chicago, IL
1995, Volume 60, No.1: 1-5



25
Abstract

Surimi without enzyme inhibitors containing 78% moisture and 2% NaCl was
heated conventionally and ohmically to 90°C after holding at 55°C for O, 1, 3 and 5 min.
Gels heated slowly in a water bath exhibited poor gel quality, while the ohmically heated
gels without holding at 55°C showed more than a twofold increase in shear stress and
shear strain over conventionally heated gels. Degradation of myosin and actin was
minimized by ohmic heating, resulting in a continuous network structure. Ohmic heating
with a rapid heating rate was an effective method for maximizing gel functionality of

Pacific whiting surimi without enzyme inhibitors.

Key Words: ohmic heating, surimi, proteolysis, whiting
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Introduction

Pacific whiting (Merluccius productus) is the most abundant fishery resource off
the West Coast of the U.S. with an allowable biological catch of 140,000 to 250,000
metric tons for the last three years (NMFS, 1993). The major portion of the harvested
fish is used to produce surimi, a washed and dewatered fish mince, which is further
utilized as a raw ingredient for surimi seafood products (Pacheco-Aguilar et al., 1989).
Due to the presence of heat-stable endogenous proteinase in the flesh (Nagahisa et al.,
1981; Patashnik et al., 1982; Erickson et al.,, 1983), Pacific whiting surimi normally
exhibits undesirable textural properties unless food grade enzyme inhibitors are added
(Chang-Lee et al., 1989; Morrissey et al., 1993). The proteinase responsible for textural
degradation was purified and characterized as cathepsin L with an optimum temperature
at 55°C (Seymour et al., 1994). A gel weakening at around 55-60°C has also been
reported in threadfin bream (Nemipterus bathybius) (Toyorahara and Shimizu, 1988),
Atlantic menhaden (Brevoorti tyrannus) (Boye and Lanier, 1988), arrowtooth flounder
(A theresthes stomias)(Greene and Babbitt, 1990), white croaker (Micropogon opercularis)
and oval filefish (Navodon modestus) (Toyohara et al., 1990).

Beef plasma proteins, egg white, and other food grade enzyme inhibitors have
been used to inhibit proteolytic activity (Nagahisa et al., 1981; Chang-Lee et al., 1989;
Hamann et al., 1990; Porter, 1990; Morrissey et al., 1993). However, these enzyme
inhibitors used commercially have some negative effects such as high cost, off-odor, off-
color and labeling concerns. Consequently, processing alternatives to overcome the

textural deterioration of Pacific whiting surimi are needed.
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Ohmic heating is a method in which alternating electric current is passed through
an electrically conducting food product (Biss et al., 1989). Heat is internally generated,
resulting in a rapid heating rate. Because heat is simultaneously generated in liquid and
solid phases, the temperature increase in the product is uniform, compared with the
conventional process in which heat is applied at the external boundary (de Alwis and
Fryer, 1990; Parrot, 1992).

To minimize proteolysis, thermal inactivation of the enzyme should be quickly
achieved (Patashnik et al., 1982). Greene and Babbitt (1990) demonstrated that textural
degradation caused by proteolysis in arrowtooth flounder was notably reduced when
cooked by microwaves. However, microwave processes can create non-uniform heating
patterns because of differences in dielectric properties of the sample and non-uniform
microwave field distribution (Decareau, 1985). In addition, microwave heating rates are
so rapid that conductive heat transfer cannot uniformly take place (Datta and Hu, 1992).
Since ohmic heating provides a rapid heating rate with more uniform temperature
distribution than microwave heating, it could be an alternative to overcome the proteinase
problem. Our objective was to investigate the feasibility of ohmic heating to maximize

gel functionality of whiting surimi without enzyme inhibitors.

Materials and Methods

Unfrozen Pacific whiting (Merluccius productus) surimi (100 kg) without food
grade enzyme inhibitors and cryoprotectants was obtained from Point Adams Packing
Co.(Hammond, OR). Surimi was packed in polystyrene foam containers with ice and

delivered to the OSU Seafood Laboratory (Astoria, OR) within 30 min. Each 17 kg of
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surimi was mixed with cryoprotectants, 4% sucrose, 4% sorbitol (ICI Specialties, New
Castle, DE), and 0.3% sodium tripolyphosphate (B.K. Ladenburg Corp., Cresskill, NJ)
using a Hobart' vertical mixer(Hobart Manufacturing Co., Troy, OH) for 2 min. Mixing
was carried out in a cold room (3°C). Mixed surimi was then divided into = 500-g
portions and vacuum-packed in plastic trays. Samples were frozen and stored in a -30°C

room.

Surimi gel preparation

Frozen surimi samples were thawed at room temperature (=23°C) for 2 hr and cut
into small pieces. Moisture content of surimi was determined using the microwave
procedure described by Morrissey et al. (1993). One kg of surimi was chopped for 1.5
min in a Stephan vertical vacuum cutter (model UM $ universal, Stephan Machinery Co.,
Columbus, OH) at low speed. Salt was added and mixed with surimi another 1.5 min.
Then, ice was added to adjust final moisture to 78%, and the sample was further chopped
at high speed under vacuum (600 mm Hg) for 3 min. The paste was maintained below
8°C during chopping. An aliquot of the paste (=300 g) was stuffed into stainless steel
cooking tubes (1.9 cm i.d. x 17.5 ¢cm long) and heated in a 90°C water bath for 15 min.
Change in temperature at the geometric center of the tube sample was measured using a
T-type thermocouple, and recorded every 30 sec in a datalogger (model 21x, Campbell
Scientific Inc., Logan, UT). The remainder was stuffed into PVC tubes (1.9 c¢m i.d. x
20.5 cm long) and heated using an ohmic heating apparatus. Surimi gels heated by both
heating methods were kept at 4°C for torsion tests, scanning electron microscopy, and gel

electrophoresis within 24 hr. Gel preparation was replicated twice.
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Ohmic heating apparatus

An ohmic heating apparatus was developed from two rhodium-coated stainless
steel electrodes at each end of a PVC tube (1.9 cm i.d. x 20.5 cm long), a variable
transformer (Powerstat F246, Newark Electronics, Eugene, OR), a current transducer
(CT5-010A, Syntex Co., Wilsonville, OR), and a voltage transducer (VT-240A, Syntex
Co., Wilsonville, OR). To minimize electrical hazards, the sample tube and electrodes
were housed inside a plexiglass enclosure equipped with an open-snap action switch,
which was activated when the plexiglass box was closed.

A 1.6-mm-diameter hole was drilled at the center of the PVC tube, and a saddle
(diameter = 1.9 cm) was glued in that position to make a thermocouple port. To measure
temperature at the geometric center of the sample, a 30-gauge teflon-sealed type-T
thermocouple (OMEGA Engineering Inc., Stamford, CT) with a compression fitting
(OMEGA Engineering Inc., Stamford, CT) was used. Sixty-Hz alternating current at 240
V was supplied to a variable transformer. Voltage output ranged from 0 to 280 V.
Voltage and current transducers were used to measure voltage across and current through

the sample, respectively.

Ohmic heating procedure

A sample tube containing surimi paste was placed on the sample holders (Fig. 2.1). An
electrode was inserted into each end of the tube to obtain a sample length of =15 cm.
One of the electrode support rods was connected to an air cylinder (Power Transmission

Products, Albany, OR). Pressure of 448 kPa was applied to the sample to maintain an
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Thermocouple port
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Figure 2.1.  Diagram of ohmic heating apparatus.

air-free contact between the electrodes and the paste. Based on preliminary studies, gel
strength of surimi and corrosion of the electrodes increased with applied voltage gradient.
However, at voltage gradient >13.3 V/cm, corrosion was so severe that it interrupted
electrical circuits. Therefore, the apparatus was operated at the voltage gradient of 13.3
V/cm (applied voltage of 200 V). The pastes were heated to 55°C, and were held at 55°C
for 0, 1, 3, and 5 min. Temperature was controlled by manually adjusting the variable
transformer. After each holding time was achieved, the sample was heated to 90°C by
re-applying 200 V. Each heating treatment was replicated 3 times. Temperature, voltage,
and current changes during heating were recorded at 1 sec intervals on a datalogger

(model 21X, Campbell Scientific, Inc., Logan, UT).



31

Torsion test

Torsion failure tests were performed as described by NFI (1991). Gels were
equilibrated to and tested at room temperature. Ten hourglass samples were used for each
treatment. Shear stress and shear strain at failure were calculated from equations

described by Hamann (1983).

SDS-PAGE

Unheated surimi paste and heated samples were analyzed by SDS-PAGE. Twenty
seven mL of heated (95°C) 5% sodium dodecyl sulfate solution was added to 3 g sample.
The mixtures were homogenized for 1 min at a speed setting of 3-4 by a Polytron
(Brinkmann Instruments, Westbury, NY). The homogenates were incubated in an 80°C
water bath for 1 hr, and were centrifuged at 7,000 x g (Sorvall, DuPont Co., Newton, CT)
for 10 min at room temperature. The protein concentration of supernatants was measured
by the Lowry method (Lowry et al., 1951), using bovine serum albumin (Sigma Chemical
Co., St. Louis, MO) as a standard.

Electrophoresis was carried out according to the procedure of Laemmli (1970).
Stacking gels and separating gels were 4% (w/v) and 10% (w/v) polyacrylamide,
respectively. The amount of protein loaded on the polyacrylamide gel was 60 pug. The
separated proteins were stained with 0.125% Coomassie brilliant blue R-250 (Bio-Rad,

Richmond, CA), and destained in a solution containing 25% ethanol and 10% acetic acid.
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Scanning electron microscopy

Small samples of heated gels were cut with a razor blade and fixed for 2 hr in 1%
osmium tetroxide solution buffered with 0.125 cacodylate buffer pH 7.2. Samples were
immersed for 20 min in 1,] dimethoxypropane to remove unreacted osmium tetroxide and
water. They were then soaked in absolute acetone twice, (10 min each). The samples
were freeze-dried (model 500, Refrigeration for Science Inc., Island Park, NY) at a
vacuum of 750 mm Hg and -73°C for 6 hr. Dried samples were mounted on aluminum
specimen stubs (Ted Pella Inc., Redding, CA) using DUCO cement (Devcon Corp., Wood
Dale, IL), and coated with gold in a sputter (model S150B, Edwards High Vacuum, West
Sussex, England) for 45 sec at 10 kV and 40 mA. The samples were examined at 7,500x
using a scanning electron microscope (Amray 1000A, Bedford, MA) at an accelerating

voltage of 10 kV.

Statistical analysis

Since there were no significant differences (P > 0.05) between two replications,
data were evaluated by one-way analysis of variance using STATGRAPHIC Version 6.0
(Manugistics Inc., Rockville, MD). Differences within heating methods were determined

using the least significant difference (LSD) multiple range test (Box et al., 1978)
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Results and Discussio

Effects of heating methods on gel strength and myosin heavy chain

Shear stress and shear strain values of surimi gels heated conventionally (CON)
were compared with those heated ohmically (Figs. 2.2A,B). Shear stress and shear strain
are correlated with surimi gel hardness and cohesiveness, respectively (Hamann and
MacDonald, 1992). Hardness of OHO and OH1 gels was significantly higher than that
of CON, OH3, and OH5 gels (P<0.05). No significant differences occurred in
cohesiveness between CON and OH3 gels (P>0.05). However, cohesiveness of these two
gels was significantly lower than that of OHO and OH1, and higher than that of OHS5 gels
(P<0.05). Since an acceptable surimi gel should have a strain value of at least 2.0
(Hamann et al., 1990), textural properties of surimi gels heated in a 90°C water bath and
those held ohmically at 55°C for 3 and 5 min were very poor. Low shear stress and shear
strain in OH3 and OHS illustrated the effect of proteinase activity at 55°C on textural
characteristics of Pacific whiting surimi gel. Those gels heated ohmically to 90°C with
a voltage gradient of 13.3 V/cm (200 V) and those held in ohmic heating at 55°C for 1
min showed good textural properties with strain values of 2.81 and 2.50, respectively.
These were more than twice the value of conventionally heated surimi gels. Based on
torsion test results, Pacific whiting gels without enzyme inhibitors heated ohmically
without holding at 55°C were slightly better than those heated conventionally with
incorporation of enzyme inhibitors such as beef plasma proteins, egg white, and potato

extract. These had a maximum strain value around 2.5 (Morrissey et al., 1993).



Shear stress (kPa)
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Figure 2.2.  Shear stress (A) and shear strain (B) of surimi gels heated
by various heating methods. Means with the same letter
(a,b,c) are not significantly different (P > 0.05). CON =
conventional heating (heated in a 90°C water bath for 15
min). OHO = heated ohmically with voltage gradient of
13.3 V/cm (applied voltage = 200 V) to reach 90°C.
OH1, OH3, and OH 5 = heated ohmically with voltage
gradient of 13.3 V/cm and held for 1, 3, and 5 min,
respectively, at 55°C before heating to 90°C.
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Seymour et al. (1994) illustrated that activity of the proteinase purified from
Pacific whiting gradually increased as temperature increased until peaking at 55°C. It
then started dec;easing and reached a minimum at 70°C. The myosin and actin have been
reported as a substrate of endogenous proteinase found in threadfin-bream surimi
(Toyohara and Shimizu, 1988; Toyohara et al., 1990), and of cathepsin L purified from
rabbit skeletal muscle (Okitani et al.,, 1980) and Pacific whiting (An et al., 1994).
Temperature profiles of conventional heating (Fig. 2.3), indicate that surimi was slowly
heated in a 90°C water bath and was exposed to a temperature range of 40-60°C for =2
min. Moreover, it took about 6 min to reach 70°C at which the proteinase could be
inactivated. Due to the slow heating rate, the enzyme was activated and started
degrading the myosin before thermal inactivation occurred. Since the myosin plays an
important role in gel network formation (Niwa, 1992), severe degradation of the myosin
heavy chain (Fig. 2.4) resulted in low gel strength (Figs. 2.2A, B). When holding time
at 55°C in ohmic heating was prolonged, integrity of the myosin heavy chain and actin
were diminished (Fig. 2.4). The OHO and OH1 samples exhibited higher intensity of
myosin and actin than the CON sample, while less intensity was observed in the OH3 and
OHS. As surimi was subjected to optimum temperature of the enzyme for a longer period
of time, more degradation of myosin and actin occurred. For the samples held at 55°C
for 5 min, the myosin heavy chain and actin almost disappeared. These results suggest
that gel-weakening associated with breakdown of the myosin heavy chain and actin in
Pacific whiting surimi was due to proteolytic activity. The highest gel strength and the

most intense myosin heavy chain and actin bands were observed in OHO gels that
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V/ecm to 90°C; (1) surimi heated ohmically with 13.3 V/cm and held at
55°C for 1 min before heating to 90°C; (3) surimi heated ohmically with
13.3 V/cm and held at 55°C for 3 min before heating to 90°C; (5) surimi
heated ohmically with 13.3 V/cm and held at 55°C for 5 min before
heating to 90°C; (C) surimi heated conventionally; (S) High molecular
weight standard; MHC: Myosin heavy chain.
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were heated to 90°C within 1 min. The myosin and actin bands of the OHO were
comparable to those of unheated surimi paste (Fig. 2.4). Probably rapid thermal
inactivation minimized degradation of the myosin and actin.

The effect of ohmic heating on surimi gel quality was also reported by Shiba
(1992). Gel strength of surimi made from walleye pollock, white croaker, and sardine
was increased when ohmically heated at a heating rate of 47°C/min was applied. Shiba
and Numakura (1992) illustrated that walleye pollock surimi (diameter = 3 cm, length
= 18 cm) heated by ohmic heating within 1 min exhibited a 33.1% increase in gel
strength and a 38.1% increase in myosin heavy chain content in comparison with that
heated conventionally 50 min. Gel strength and the myosin heavy chain content were
decreased when the samples were heated ohmically with a slow heating rate. Since there
is no substantial evidence of the presence of endogenous proteinase(s) in walleye pollock,
an increased gel quality may not be solely affected by rapid inactivation of the
proteinase(s). However, ohmic heating with a rapid heating rate can evidently improve
surimi gel quality.

Although the intensity of the myosin heavy chain band of CON gels was visually
greater than that of OH3 gels, no differences (P > 0.05) occurred in shear strain and shear
stress between those two gels. Toyohara and Shimizu (1988) also found a similar
discrepancy. They indicated that the intensity of myosin did not always accordingly
correlate with gel strength. We could hypothesize that, once the myosin was degraded
by the enzyme to a specific level i.e. in CON sample, the gel network could not be
properly formed regardless of degree of degradation. This would agree with the fact that

intact myosin is required for gel formation (Ziegler and Acton, 1984). When the myosin
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is severely hydrolyzed to smaller protein fragments (OH3 and OHS in Fig. 2.4), a gel
network was hardly developed, resulting in extremely low gel strength and very mushy

texture.

Effects of heating methods on gel microstructure

Scanning electron micrographs of surimi gels heated by conventional and ohmic
heating were compared (Fig. 2.5a,b). Microstructure of CON gels showed a sponge-like
structure with several voids (Fig. 2.5a). The protein particles appeared to be randomly
aggregated, without ordered network formation. This corresponded to a poor gel strength
observed in the conventionally heated samples. On the other hand, OH0 gels involved
formation of a continuous network exhibiting some definite degree of order (Fig. 2.5b).

The micrographs suggested that poor gel network formation resulted from degradation

of myofibrillar proteins caused by proteolysis.

clusio

Pacific whiting gels rapidly heated to 90°C by ohmic heating with a voltage
gradient of 13.3 V/cm demonstrated superior shear stress and shear strain. Degradation
of the myosin heavy chain and actin was significantly minimized. Scanning electron
micrographs showed a continuous gel structure corresponding to its gel strength. A
decreased gel strength associated with poor gel network and degradation of the myosin
heavy chain and actin was noticed as holding time at optimum temperature of the

proteinase, 55°C, was prolonged. Surimi gels were susceptible to proteolysis under
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Scanning electron micrographs of surimi gels heated by water bath and
ohmic heating. (A) = CON; (B) = OHO (abbreviations indicated in Fig.
2.2).
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conventional heating since a slow heating rate allowed the enzyme to degrade more

myosin heavy chain and actin.
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Abstract

Electrical conductivities of Pacific whiting surimi paste containing various
moisture (75, 78, 81, and 84 %) and added salt (1, 2, 3, and 4%) were measured using
an ohmic heating apparatus at alternating current of 3.3, 6.7, and 13.3 V/cm. Electrical
conductivity of surimi significantly increased with temperature and salt content and
slightly increased with moisture content. Electrical conductivity was found to be linearly
correlated with temperature (=~ 0.99). Generally, voltage gradient did not
significantly affect electrical conductivity. However, variations of electrical conductivity
with voltage gradient observed at combinations of high moisture (81, 84%) and NaCl
content (3, 4%) were probably caused by electro-chemical reactions at electrode surfaces.
The empirical model of electrical conductivity predicted values within 15.6% of

independent experimental results.

Key Words: Ohmic heating, electrical conductivity, surimi, whiting.



Introduction

Surimi made from Pacific whiting (Merluccius productus) normally undergoes
textural degradation due to the presence of a heat-stable endogenous proteinase in the
flesh (Chang-Lee et al., 1989; Patashnik et al., 1982). The proteinase has been identified
as cathepsin L with an optimum temperature at 55°C (Seymour et al., 1994). A
breakdown of myofibrillar proteins caused by proteolysis, inhibits the proper development
of a three-dimensional gel structure (Niwa, 1992). As a result, the gel forming ability
of Pacific whiting surimi is poor unless food grade enzyme inhibitors, such as beef
plasma proteins, egg white, and potato extract are added (Chang-Lee et al., 1990;
Morrissey et al., 1993; Porter, 1990). In conventional heating methods, heat is
transferred from the heating medium to the product interior by means of both convection
and conduction. Yongsawatdigul et al. (1995) illustrated that temperature at the center of
a cylindrical sample (I.D.=1.9 cm, length=17.9 cm) of whiting surimi paste heated in
a 90°C water bath took approximately 10 min to reach 70°C. The proteinase is
completely inactivated at this temperature (Seymour et al., 1994). For two minutes of
this process, surimi was exposed to a temperature range in which the proteinase is the
most active: 40-60°C. Thus, a typical slow heating rate activates the proteinase to
degrade myofibrillar proteins before the proteinase can be thermally inactivated. To
minimize proteolytic activity without the use of enzyme inhibitors, the proteinase would
need to be thermally inactivated as quickly as possible. This could be achieved through
a rapid heating methods as reported by Greene and Babbitt (1990) and Yongsawatdigul

et al. (1995).
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Ohmic heating is a method in which an alternating electric current is passed
through an electrically conducting food product (de Alwis and Fryer, 1992). Heat is
internally generated due to electrical resistance of the food sample, supporting a rapid
heating rate. Moreover, ohmic heating can provide a uniform temperature distribution
because both liquid and solid phases are heated simultaneously (Parrott, 1992). These
advantages have led to development of commercial ohmic sterilization for particulate
foods (Biss et al., 1989; de Alwis and Fryer, 1990). Application of ohmic heating in
seafoods has also been investigated. Gel strength of surimi made from walleye pollock,
white croaker, threadfin bream, and sardine was improved when samples were ohmically
heated, as compared with samples heated in a 90°C water bath (Shiba, 1992; Shiba and
Numakura, 1992). Pacific whiting surimi heated ohmically with an applied voltage
gradient of 13.3 V/cm exhibited good gel quality (shear stress of 30.5 kPa; shear strain
of 2.8), while those gels heated conventionally had shown shear stress and strain values .
of 13.9 kPa and 1.3, respectively (Yongsawatdigul et al., 1995). Improved gel
functionality was accompanied by significant retention of myosin heavy chain, indicating
that the endogenous proteinase was quickly inactivated by the rapid heating rate
associated with ohmic heating.

To optimally design the ohmic process, electrical conductivity of food materials
during ohmic heating must be elucidated, because it is a critical parameter influencing the
rate of heat generation, as described by Palaniappan and Sastry (1991a) and de Alwis and
Fryer (1992). Although electrical conductivities measured using alternating current (50
or 60 Hz) of various food products have been studied (Halden et al., 1990; Palaniappan

and Sastry, 1991a, b; Schreier et al., 1993), information about electrical conductivity of



46

seafoods, particularly surimi paste, is still unknown. Therefore, the objectives of this
study were: (1) to investigate the effects of temperature, voltage gradient, moisture, and
added salt content on the electrical conductivity of Pacific whiting surimi paste and (2)
to establish an empirical model of electrical conductivity as a function of compositional

variables.

Surimi paste preparation

Pacific whiting (Merluccius productus) surimi was taken from a process line of
a local manufacturer and mixed with 4% sucrose, 4% sorbitol (ICI Specialties, New
Castle, DE), and 0.3 % sodium tripolyphosphate (B.K. Ladenburg Corp., Cresskill, NJ)
at the OSU Seafood Laboratory. No food grade enzyme inhibitors were added. The
samples were frozen and kept in a -30°C cold room throughout the experiment. Frozen
surimi samples were thawed at room temperature (~23°C) for 2 hr and cut into small
pieces (about 3 cm cubes). Sixteen batches of surimi paste representing four different
moisture contents (75, 78, 81, and 84% wet basis) and added NaCl (Mallinckrodt Inc.,
Paris, KY) contents (1, 2, 3, and 4%w/w) were randomly prepared. One kg of partially
thawed surimi was chopped for 1.5 min in a Stephan vertical vacuum cutter (model UM
5 universal, Stephan Machinery Co., Columbus, OH). Salt was added and mixed with
surimi for another 1.5 min. Then ice was added to adjust final moisture content to
desired level and the sample was further chopped at high speed under vacuum of 600

mmHg for 3 min. Final moisture content of each batch was determined using the
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standard oven method (AOAC, 1990). The paste was stuffed into PVC tubes (1.9 cm

I.D. x 20.5 cm long) and heated using the ohmic heating apparatus described below.

Electrical conductivity measurement

A sample tube containing surimi paste was placed on the sample holders as shown
by Yongsawatdigul et al. (1995). An electrode was inserted into each end of the tube to
obtain a sample length of 15 cm. A minimum pressure that can maintain an air-free
contact between the rhodium-coated stainless steel electrodes and the paste, 448 kPa, was
applied to the sample. The sample was heated to 90°C using alternating current of 60
Hz at applied voltages of 50, 100, and 200 V, corresponding to voltage gradients of 3.3,
6.7, and 13.3 V/cm, respectively. Temperature at the geometric center of the samples
was continuously measured with a T-type thermocouple covered with teflon to prevent
interference from the electrical field. Voltage and current were measured using a voltage
and current transducers, respectively. Temperature, voltage and current data were
recorded on a datalogger (model 21X, Campbell Scientific, Inc., Logan, UT) at 10, 2,
and 1 sec intervals, according to the applied voltage gradient of 3.3, 6.7, and 13.3 V/cm,
respectively. Electrical conductivity of surimi paste during ohmic heating was measured
twice at each voltage gradient.

The accuracy of the voltage and current transducers was tested against a portable
multimeter (John Fluke Manufacturing, Everett, WA). The voltage was applied to the
circuit connected with a known 500 Q resistor. Voltage and current transducers were
calibrated so that they provided the same readings as those obtained from the multimeter.

Since surimi paste is a homogenous material and electric field was assumed to be uniform
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along the sample tube, temperature variation throughout the sample tube was neglected.

Data analysis

Electrical conductivities of the samples were calculated from voltage and current

data using the equation described by Palaniappan and Sastry (1991a):

o = () (D) 3.1)
where,
o = electrical conductivity (S/m)
L = sample length (m)
A = cross-sectional area of the sample (m?)
R = resistance of the sample (ohm)

Since electrical conductivity linearly increased with temperature at all salt-moisture
levels, the general model of electrical conductivity as a function of temperature was

expressed as:

6 = a,+b,T (3.2)

where a, is the estimated intercept, b, is the estimated slope, and T is temperature (°C).
Initially, the effect of voltage gradient (V), moisture (M) and added salt (N) content on
the estimated parameters (a, and b,) was evaluated using split plot design l(Peterson,
1985). Whole plots were assigned to M and N. Three levels of V were assigned as a

subplot factor. The estimated values were subjected to analysis of variance using the
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General Linear Models (GLM) procedure of the Statistical Analysis System (SAS
Institute, Inc., 1990).

An empirical for electrical conductivity was developed from equation 3.2. Each
estimated parameter (a3, and b,) was modeled as a function of compositional
characteristics (M and N) . Total 5 independent variables including 2 main effects (M
and N), 1 interaction term (MN), and 2 quardatic terms (M?, N*), were analysed for their
statistical significance using stepwise regression (SAS Institute, Inc., 1990). The
empirical models for a, and b, were then substituted into equation 3.2 to obtain electrical
conductivity model. Since residuals plot of each model indicated the assumption of
constant variance was violated, weighted regression was applied using the inverse of sum
of square errors as a weighting factor. Mean square error of the electrical conductivity
model was calculated (Dunn and Clark, 1974). Predictability of the model was tested
using electrical conductivity of surimi paste obtained from independent experiment.

Tested levels of moisture and salt were 75, 84% and 1, 2, 3, 4%, respectively.

Resul 1 Di .

Surimi is a washed and dewatered minced flesh consisting primarily of
myofibrillar proteins. Due to 3 cycles of washing and dewatering, ionic constituents
originally present in the fish are dissolved out with wash water, resulting in a low ion
content of surimi (Lin, 1992). The sodium content of Pacific whiting surimi without
enzyme inhibitors was found to be 0.002% (Chung et al., 1993); this is relatively low
compared to the amount of NaCl used in this study (1-4%). For this reason, the effect

of added NaCl content was studied instead of total ion content.



Table 3.1.

Means of estimated parameters of electrical conductivity modeled as a function of temperature.

Coeff.(°C)* Intercept (S/m)
Voltage gradient(V/cm) Voltage gradient (V/cm)
Moisture Salt ‘
(%) (%) 3.3 6.7 13.3 3.3 6.7 13.3
1 0.030+0* 0.030+0 0.028+0 0.540+0.003 0.606+0.039 0.649+0.062
75 2 0.052+0.002 0.049+0 0.050+0.001 1.099+0.041 1.204+0.007 1.267+0.033
3 0.074+0.001 0.067+0.004 0.069+0.002 1.704+0.018 1.904+0.020 1.921+£0.037
4 0.092+0 0.090+0 0.104+0.003 2.264+0.028 2.533+0.009 2.160+0.071
1 0.033+£0.001 0.031+0 0.029+0.001 0.613+£0.007 0.645+0.025 0.696+0.024
78 2 0.053+0.001 0.051+0.001 0.051+0.004 1.257£0.014 1.326+0.026 1.449+0.042
3 0.080+0 0.072+0.002 0.087+0.003 1.653+0.059 1.869+0.032 1.894+0.042
4 0.099+0.003 0.096+0.001 0.100+0 2.285+0.176 2.651+0.069 2.709+0.065
1 0.032+0.001 0.031+0 0.029+0.001 0.629+0.009 0.682+0.034 0.767+0.010
81 2 0.058+0 0.054+0 0.057+0.002 1.327+£0.016 1.381+£0.038 1.499+0.028
3 0.083+0.003 0.076+0.003 0.082+0.003 1.933+0.023 2.239+0.256 1.984+0.079
4 0.112+0.005 0.110+0.003 0.131+0.001 2.540+0.046 2.556+0.046 2.404+0.125
1 0.036+0.001 0.034+0.001 0.032+0 0.678+0.034 0.758+0.038 0.832+0.024
84 2 0.060+£0.001 0.057+0 0.056+0 1.433+0.028 1.623+0.004 1.708+0.008
3 0.074+0.001 0.081+0.001 0.088+0.002 2.006+0.056 2.433+0.062 2.418+0.301
4 0.092+0.002 0.107+£0.001 0.106+0.008 3.343+0.107 3.495+0.112 3.051+0.268

* 0 indicates values less than 0.001

0§
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Linear relationship between temperature and electrical conductivity was evident
with r? ranging from 0.987 to 0.999 (Table 3.1). The changes of electrical conductivity
of Pacific whiting surimi paste with respect to temperature at various added NaCl and
moisture contents are shown in Fig. 3.1 and Fig. 3.2. Since variation between two
replicates as shown in Table 3.1 was small, the raw data from either one were presented
in Fig. 3.1 and Fig. 3.2. Moisture and salt content significantly affected the estimated
values of temperature coefficients (a, and by) (P<0.05), indicating that the electrical
conductivity was inﬂuencoed by compositional characteristics. Electrical conductivity
significantly increased as temperature and added salt content increased, and slightly
increased as moisture content increased. As salt content in surimi paste increased, the
number of ions (Na* and CI) available for conducting electrical current increased, which
in turn increased electrical conductivity of surimi. An increased electrical conductivity
at high temperature was due to ionic mobility (Palaniappan and Sastry, 1991a). This
linearly increasing trend agreed with the results reported by Fryer et al. (1993) and
Palaniappan and Sastry (1991a, b). However, electrical conductivity of the purified
proteins, such as wool, collagen, and elastin varied with temperature according to the
Arrhenius-type equation (Pethig, 1979). Differences in the trend could be due to the
differences in electrical conducting mode of the materials. Ionic constituents played a
major role in conducting electrical currents through the surimi paste and other food
materials during ohmic heating. On the other hand, electrical conductivity studied in the
purified proteins was mainly attributed to negative and positive charges associated with
the protein molecules (Pethig, 1979). According to Shiba (1992), impedance of surimi

paste linearly decreased as it was heated ohmically from 5°C to 50°C, indicating an
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increase of electrical conductivity with increased temperatures. However, electrical
conductivity of surimi at temperatures greater than 50°C cannot be compared with our
results because electric current in Shiba's (1992) study was controlled below 3 A in order
to achieve a desired heating rate.

Electrical conductivity tended to increase with increased moisture content (Fig.
3.2). Ion solvation could increase when more water molecules are available, leading in
an increased ionic mobility. An increase in electrical conductivity with increased
moisture content was also observed in various proteins, such as hemoglobin, keratin, and
bovine plasma albumin (Pethig, 1979). This was due to ionic conduction effects
associated with salts in hydrated proteins. Hydration of proteins allowed protons and
other ionic species to migrate around the surface of the hydrated proteins (Pethig, 1979).
Our study demonstrated that changes in electrical conductivity were greater with respect
to salt content than moisture content (Fig. 3.1 and Fig. 3.2) in the studied ranges.

The estimated values of temperature coefficients at various voltage gradients of
each moisture-salt combination were very similar (Table 3.1). However, analysis of
variance of temperature coefficients revealed that the interaction effect N*V was
significant (P < 0.05). The effect of voltage gradient appeared to be predominant in the
sample containing 3 and 4% NaCl (Figs. 3.3A,B). The effect of voltage gradient on
electrical conductivity of fruit and vegetable products was reported by Palanippan and
Sastry (1991b) and Halden et al. (1990). High applied electric field enhanced cell fluids
motion within plant cells and ruptured cell membrane, resulting in a release of cell fluids
(Halden et al., 1990). As a result, electrical conductivity of fruits and vegetables

increased with increasing voltage gradient. The differences in electrical conductivity at
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varied voltage gradients observed in this study were unlikely to arise from the enhanced
motion of the cell fluids because surimi paste was finely comminuted and was a
homogeneous material which was quite different from vegetables or fruits that retained
the integrity of plant cells during ohmic heating. Dependence of electrical conductivity
on voltage gradient could be caused by corrosion of the electrodes which normally
occurred in the samples containing 3 and 4% NaCl. Faradaic current, which was a direct
current generated by electrolytic reactions, was observed when current density greater
than 8,000 A/m? passed in a platinised-titanium electrode immersed in saturated sodium
chloride solution (Stirling, 1987). Thus, an electric current measured under corroded
condition included both applied alternating current and Faradaic current(Oldham and
Myland, 1994). To minimize corrosion of the electrode, the maximum current density
was recommended at 4,000 A/m’ (de Alwis and Fryer, 1992). Fig. 3.4 illustrates
relationship between applied voltage and electric current of surimi pastes at 25°C. For
the sample containing 4% NaCl and 84 % moisture, electrode corrosion and deviation
from the Ohm's law were observed when electric current exceeded 1 A, corresponding
to a current density of about 3,500 A/m?. On the other hand, Ohm's law was followed
for the sample containing 1% NaCl and 75% moisture, when the total current was less
than 1 A and electrode corrosion was not noticed. To obtain accurate electrical
conductivity values, it is critical to measure conductivity in such a way that
electrochemical reactions at the electrodes do not occur.

A model for electrical conductivity of Pacific whiting surimi as a function of
temperature (T), added NaCl content (N) and moisture content (M) was developed. The

effect of voltage gradient was not included in the model because it appeared to be
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interfered by the electrode corrosion, rather than be affected by property of the sample.
From stepwise regression, significant variables (P <0.001) for models of intercept (a;)

and slope (b,) can be written as:

a, = ay t+ apN+a,MN
= 2
b, = by, + by, N+ a,;MN + by, N

where a, and by were estimated parameters shown in Table 3.1. Therefore, the final
model of electrical conductivity as a function of compositional characteristics and

temperature can be described as:

o = (ay * a,N+aypMy +
(by, *+ by, N + ay,,MN + by, N?) T

Table 3.2.  Estimated coefficients of a, and b, as a function of moisture and salt

content.

Variable Estimated coefficient Standard error
(x10% (x10°%)

Model for intercept (a,) -

dg 34.94 4.53

Ay, -1,008.54 29.45

ay; 20.94 041

Model for slope (by)

bo; 7.83 0.42

boz -1.83 0.90

bos 0.31 0.01

bos 0.26 0.11




59

Mean square error of the electrical conductivity model was estimated to be 0.082
(degree of freedom = 5,989). Positive coefficient of TN indicated that an increase in
electrical conductivity with temperature was greater at higher salt content. Although the
effect of moisture content was not significant, a positive coefficient of MN suggested that
an increase in electrical conductivity with salt content was greater in the samples
containing higher moisture content. Predictability of the model is illustrated in Figs.
3.5a-b. The model satisfactorily predicted electrical conductivity of Pacific whiting with
an error ranging from 0-15.6%. Error of prediction was relatively large in the sample
containing 3-4% NaCl and 84% moisture content at high temperature (Fig. 3.5b). This
was probably due to electrode corrosion problem as discussed previously. Although the
model was primarily developed for Pacific whiting surimi paste, it could be used to
estimate electrical conductivity of surimi made from other fish species. This inference
was based on the fact that ions content of surimi made from various fish could be similar
due to the washing and dewatering process. Furthermore, electrical conductivity of
surimi-based seafoods, such as surimi-based crabmeat, could be predicted from this model
because the main factors affecting electrical conductivity of those products are only salt

and moisture content.

Conclusions

Electrical conductivity was highly dependent on temperature and added salt
content, and was slightly dependent on moisture content. The effect of applied voltage
was insignificant. The changes of electrical conductivity affected by heating temperature

and compositional characteristics of the sample indicated the importance of such factors
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in the design and operation of ohmic heaters for surimi-based seafood products. The
empirical model obtained from this study adequately predicted the electrical conductivity

of whiting surimi based on temperature, salt and moisture content.
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Abstract

Degradation kinetics of whiting surimi gel texture and of whiting myosin heavy
chain (MHC) ‘were examined over a temperature/time range (40-85°C, 1-35 min).
Changes in both textural properties and MHC of whiting surimi gel were mainly affected
by proteolytic activity of endogenous proteinase. A decrease of failure shear stress and
shear strain followed first order kinetics. The kinetic models developed using either
isothermal or nonisothermal principles provided similar kinetic parameters. Degradation
rate of gel texture increased with temperature, reaching a maximum at 55°C. It then
decreased to the minimﬁm at 70°C. Activation energy (E,) values for the activation and
inactivation were in the range of 2.0x10>-2.3x10* and 2.0Xx10%4.7x10? kJ/mol,
respectively.

A Kkinetic model of MHC degradation was derived using the nonisothermal
concept. Degradation of MHC was best described with an apparent reaction order of
1.4. Changes of degradation rate with temperature exhibited similar trend as that of
textural degradation. Maximum degradation rate was estimated to be at 57°C and the
minimum rate was at 75°C. E, values of activation and inactivation temperature range
were 2.1Xx10% and 1.3X10® kJ/mol, respectively.  The kineti;: model satisfactorily
estimated MHC content with an averaged error of 10.8%. Degradation of actin did not

show any particular trend.

Key words: Kkinetics, gel texture, myosin degradation, proteolysis
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Introduction

Pacific whiting (M erluccius productus) surimi without enzyme inhibitors normally
undergoes texture degradation during slow heating (Chang-Lee et al., 1989; Morrissey
et al., 1993; Yongsawatdigul et al., 1995). This is due to the presence of heat stable
endogenous proteinase(s) that exhibit high hydrolytic activity on muscle myosin (Erickson
et al., 1983; Patashnik et al., 1982). One of the endogenous proteinases purified from
Pacific whiting flesh is cathepsin L, which has the highest proteolytic activity towards a
synthetic substrate, N-carbobenzoxy-Phe-Arg-7-amido-4-mehtylcoumarin (Z-Phe-Arg-
NMec), at pH 5.5 and 55°C (Seymour et al., 1994). The degradation pattern of
myofibrillar proteins in the presence of the purified cathepsin L was consistent with that
of surimi incubated at 55°C (An et al., 1994). This indicated that cathepsin L was
respoﬁsible for a gel weakening phenomenon in whiting surimi.

In the formation of gels by conventional heating methods, heat is transferred
within the solid sample by means of conduction from the outside boundaries. Rate of
heat transfer is typically slow and depends on various factors, such as temperature of
heating medium, geometry, and thermal properties of the sample. When heated in a
90°C water bath, temperature at the geometric center of whiting surimi paste in stainless
steel tubes (i.d. = 1.9 cm) increased from 10 to 80°C within 8 min (Yongsawatdigul et
al., 1995). Such a slow heating process allowed the proteinase(s) to be active for a
relatively long period of time. As a result, substantial loss of myosin heavy chain (MHC)
was evident concomitant with very poor textural characteristics (Yongsawatdigul et al.,
1995). Rapid heating methods, such as microwave and ohmic heating, have been

reported to effectively minimize textural degradation of fish muscle caused by endogenous
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heat stable proteinases (Greene and Babbitt, 1990; Yongsawatdigul et al., 1995). For
both heating methods, heat is internally generated, rather than externally transferred from
the heating medium, therefore, temperature of the sample quickly increases. As a result,
the proteinase is thermally inactivated in a rapid manner.

High quality of whiting surimi gel (shear stress and shear strain of 30 kPa and
2.8, respectively) was obtained when heated ohmically from 10 to 90°C within 1 min
(Yongsawatdigul et al., 1995). On the other hand, as the time of ohmic heating was
prolonged to 80 min over the same temperature range, very soft and mushy gels were
obtained, accompanying complete disappearance of MHC and a reduced actin band
(Yongsawatdigul and Park, 1996). It is clear that heating time and temperature are
critical factors controlling textural properties of whiting surimi. This trend also extends
to other fish species that exhibit similar problems with endogenous heat stable proteinase
as shown for threadfin bream (Nemipterus bathybius) (Toyohara and Shimizu, 1988),
Atlantic menhaden (Brevoorti tyrannus) (Boye and Lanier, 1988), and arrowtooth
flounder (Atheresthes stomias) (Greene and Babbitt, 1990). To obtain desired whiting
surimi gel properties without the use of inhibitors, proper heating rates and temperature
need to be determined. Therefore, the kinetics of gel weakening and MHC degradation
during heating should be understood.

In systems where the sample size is so small that instantaneous heating and
cooling can be assumed, kinetic parameters can be derived using isothermal approach.
A reaction rate constant, k, is obtained from the relationship between concentration and
time at different temperatures. The temperature dependence of the rate constant is then

modeled using either the Arrhenius equation or other function forms (Saguy and Karel,
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1980). However, the Arrhenius equation can be applied over a wide temperature range
and often provides an accurate estimate (Lenz and Lund, 1977b; Saguy and Karel, 1980).
Example applications include kinetic studies of denaturation of whey protein (Dannenberg
and Kessler, 1988), thermal inactivation of enzymes and inhibitors (Park et al., 1988;
Roa et al., 1989), and loss of ascorbic acid in orange juice (Johnson et al., 1995).

However, when instantaneous heating and cooling is not possible, i.e. physico-
chemical changes during heat-up and cool-down periods are significant, kinetic
parameters cannot be accurately determined using an isothermal approach. In such cases,
a thermal lag correction is required (Davies et al., 1977; Perkin et al., 1977; Wicker and
Temelli., 1988; Awuah et al., 1993). An equivalent isothermal process time can be
calculated using the equations derived from the thermal death time (TDT) model (Davies
et al., 1977; Perkin et al., 1977, Wicker and Temelli, 1988; Palaniappan et al., 1992)
or from the Arrhenius model (Lenz and Lund, 1977a,b; Swartzel, 1982).

Since the TDT method is only appropriate for first-order reactions (Ramaswamy
and Abdelrahim, 1992), it cannot be applied to derive kinetic parameters for degradation
of MHC and gel texture whose reaction orders are unknown. The kinetic analysis in this
study was also complicated by the fact that activation and inactivation of the endogenous
proteinase took place as whiting surimi was heated to 90°C. This was in contrast with
degradation kinetics of microorganisms and nutrients during thermal processing in which
the rate of degradation only increased with temperature. Therefore, the existing
methodology developed for thermal processing could not be directly applied to this study.

The objective of this research was to develop kinetic models describing the changes of
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gel texture and MHC of whiting surimi when heated to 90°C, using the Arrhenius model

as a fundamental basis.

Surimi gel preparation

Unfrozen Pacific whiting (M erluccius productus) surimi without enzyme inhibitors
and cryoprotectants was obtained from Point Adams Packing Co. (Hammond, OR).
Surimi was processed from the fish caught within 18 hr. The surimi was mixed with
cryoprotectants as described by Yongsawatdigul et al. (1995). The samples were stored
at -30°C throughout the experiment and used within 6 mo.

Surimi pastes with 78% moisture content and 2% salt concentration, were
prepared as described by Yongsawatdigul et al. (1995). The paste was stuffed into
chlorinated polyvinyl chloride (CPVC) tubes (1.9 cm i.d. X 20.5 cm long) and heated
using an ohmic heating apparatus. This device described in detail by Yongsawatdigul et
al. (1995), was developed from two rhodium-coated stainless steel electrodes, a variable
transformer, current and voltage transducers and a temperature controller (Model
CN3201, OMEGA Engineering Inc., Stamford, CT) connected to a solid state on-off
relay which enabled the control of temperature as a constant or ramp-increase function.
To minimize electrical hazards, the sample tube and electrodes were housed inside a
plexiglass enclosure equipped with an open-snap action switch, which was activated when
the plexiglass box was closed. Temperatures at the geometric center of the sample were

measured by a 30-gauge teflon-sealed thermocouple (Type-T) and were recorded on a
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datalogger (model 21X, Campbell Scientific, Inc., Logan, UT). Temperature variation

during the constant-temperature holding period was +0.5°C.

Table 4.1.  Heating regimes at various temperatures.

Holding Temp. Initial heat-up Holding time (min) Final heat-up
°C) (sec) (sec)
40 27 0,5,10,15,25,35 40
45 32 0,3,5,8,12,15 36
50 36 0,1,2,3,5,7 32
55 41 0,1,2,34,5 28
60 45 0,1,2,34,5 24
65 46 0,1,2,34,5 20
70 48 0,0.5,1,2,2.5,3 16
75 51 0,0.5,1,2,2.5,3 12
80 54 0,0.5,1,2,2.5,3 8
85 58 0,0.5,1,2,2.5,3 4

Preliminary studies indicated no changes in shear stress, shear strain, and MHC
content occurred in surimi gels held up to 1 hr at 30°C. Therefore, the samples were
heated to temperatures ranging from 40 to 85°C and increased at the maximum allowable
rate corresponding to a voltage gradient of 13.3 V/cm (Yongsawatdigul et al., 1995); the
samples were held at these temperatures for various times. When the holding times were
achieved, the samples were then heated rapidly to 90°C using the same voltage gradient
applied for initial heating. Heating regimes at various temperatures are shown in Table

4.1. Control samples were prepared by heating surimi paste continuously from 10°C to
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90°C at 13.3 V/cm with no intermediate holding temperature. To obtain adequate
number of gel samples for torsion testing, three sample tubes were individually heated
for each holding time. Once cooked, surimi gels were cooled in ice water and kept at
4°C for torsion tests and gel electrophoresis. One batch of surimi paste (1.5 kg) was
used for each studied temperature and its control. The experiment was performed in

duplicate

Determination of the effective concentration of E-64

Textural properties of surimi gel could be affected by kinetics of gelation and/or
proteinase. Therefore, it was necessary to identify the primary reaction governing final
gel structure so that kinetic models could be reasonably interpreted. To study the effect
of gelation kinetics on textural properties, the enzymatic reaction was inhibited using 1-
(L-trans-epoxysuccinylleucylamino)-4 -guanidinobutane (E-64). E-64, a cysteine
proteinase inhibitor, was chosen because it completely inhibited the activity of cathepsin
L purified from whiting flesh, which is presumably responsible for textural degradation
(Seymour et al., 1994). Autolysis test on surimi was conducted to determine the effective
concentration of E-64. A solution of 1 mM E-64 (Sigma Chemical Co., St. Louis, MO)
was prepared. A 1.5 g surimi paste sample containing 2% NaCl and 78% moisture
content was mixed with various volumes of a 1 mM E-64 solution to obtain the final
concentration of 357, 286.5, 178.5, 107.2, 35.7 pug/g of surimi. The mixture was
incubated in a 55°C water bath for 1 hr (Morrissey et al., 1993). Blank samples
containing all components were kept in ice and analyzed to account for oligopeptides

present in surimi. The control was the surimi paste without addition of E-64. Autolytic
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reaction was stopped by adding 5% cold trichloroacetic acid (TCA) solution. Different
amounts of cold TCA ranging from 12.3 to 13.5 mL was added to adjust the final volume
to 15 mL. The mixture was incubated at 4°C for 15 min and centrifuged at 6,100 X g
for 15 min. The TCA-soluble proteins expressed as mmoles of tyrosine released were
analyzed for the oligopeptide contents by Lowry's assay (Lowry et al., 1951). Duplicate
samples for each concentration were run. The inhibitory effect of E-64 was calculated

as follows:

$Inhibition =
((TYZoon = TYZ con, prank) ~ (T¥Tp-es = T¥Zp 64, brank) ] %100
[ (Tyrcon - Tyrcon,blank) ]

where Tyr,,, was tyrosine content of the control, Tyr,, ... Was tyrosine content for the
control kept in ice, Tyrg 4, Was tyrosine content of the sample with E-64, and Tyrg 4 pau

was tyrosine content of the sample with E-64 kept in ice.

Surimi gel with E-64

Since the autolysis test indicated that inhibitory effect of E-64 at various
concentrations (35.7-357 ug/g of surimi) was about 97-100% (not shown), E-64 at
concentration of 35.7 ug/g of surimi was used in surimi gel preparation. A batch of
1,200 g surimi was prepared with 2% NaCl to form a paste. A solution of 1 mM E-64
was added to the paste along with ice water to attain 35.7 ug/g of surimi. Chopping and
stuffing procedures were as described above. The paste was heated ohmically to 40 and

55°C with the same heating regimes as shown in Table 4.1. Moisture content of surimi
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paste determined by the AOAC (1990) method was 80.4 + 0.2% (average + standard

deviation). Surimi gels were cooled in ice water and kept at 4°C for torsion tests.

Torsion test

Torsion failure tests were performed at room temperature, 18-24 hr after gel
preparation as described by NFI (1991). Ten hourglass-shaped samples for each
treatment were equilibrated to room temperature before torsion. Shear stress and shear

strain at failure were calculated from equations described by Hamann (1983).

SDS-PAGE

Unheated and heated samples were solubilized in 5% sodium dodecyl sulfate
solution (95°C) as described by Morrissey et al. (1993). Electrophoresis was carried out
according to the procedure of Laemmli (1970). Stacking gels and separating gels were
made of 4% (w/v) and 10% (w/v) polyacrylamide, respectively. The samples treated
at each individual temperature were applied on each SDS-PAGE gel along with the
unheated surimi paste and the control. The amount of protein applied on polyacrylamide
gel was 40 ug. Rabbit MHC (Sigma Chemical Co., St. Louis, MO) was used as a
molecular weight standard, and loaded on each SDS-PAGE gel at concentrations of 5,
10, 20, 30, and 40 ug. Rabbit myosin was used instead of whiting myosin because of
its purity and known concentration. Protein patterns were scanned using an HP ScanJet
II scanner (Hewlett-Packard Co., Minneapolis, MN) equipped with NIH Image Software

1.54 (NIH, Washingtion, DC). MHC of the samples was quantified using a standard
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curve established from the density of rabbit MHC bands. Change of actin with respect
to time at any temperature was expressed as the ratio of the area of its density to that of
the control sample. Gel electrophoresis and densitometric analyses were conducted in

duplicate.

Kinetic modeling of textural degradation

Changes of textural properties were initially assumed to follow first order
reaction. The kinetic models were determined using two different approaches described

as follows:

1. The kinetic models for degradation of shear stress and shear strain were

developed using isothermal concept. The model can be expressed as:

Inp = 1Inp, - kt:‘ (4.1)
where P = textural properties of surimi gel at time t
t = holding time (min)
k = apparent rate constant (min’' )
P, = textural properties of the sample heated to 90°C using

voltage gradient of 13.3 V/cm (control).

This was based on the fact that temperature history of every sample during heat-up
periods would be identical to that of the control (Fig. 4.1). Therefore, the effect of any
thermal lag on a sample would be equivalent to that on the control during the heat-up
period. Thus, the ratio of P to P, would represent the effect of proteolysis during the

holding time only. The effect of P reduction during the thermal lag period would be the
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same for sample and control and reflected in the value of P,. Rate constants at each
holding temperature were obtained using weighted least square regression between In
(P/Py) and holding time. The inverse of the square of residuals from the unweighted
regression was used as a weight factor (Hill and Grieger-Block, 1980; Arabshahi and
Lund, 1985). Rate constant values were modeled as a function of temperature using the
Arrhenius model, then kinetic parameters (activation energy, E, ,and frequency factors,
k, ) were calculated.

2. The second approach applied nonisothermal principles to derive the kinetic
models. P, was defined in this approach to represent textural properties of the sample
that could be heated instantaneously with no proteolysis. Even though the control was
heated, using a maximum allowable voltage gradient (13.3 V/cm), from 10 to 90°C
within 1 min (Fig. 4.1), heat-up period was not instantaneous and inhibition of proteolytic
activity was not completed. Thus, the second approach is to develop kinetic models
which account for degradation during heat-up periods. For nonisothermal conditions,

equation (4.1) is rewritten as:
In[(P] = 1n[p,) —fotk[T(t)] dt (4.2)

where the apparent rate constant is now a function of temperature, and temperature a
function of time. If instantaneous heating and cooling were achieved, equation (4.2)

could be modified to:
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1n [731301 = -kyy tap 4.3)
where kr = apparent rate constant at temperature T; if there was no
thermal lag
tari = equivalent holding time at temperature T,

t,r; is the summation of the holding time and the equivalent heat-up time from the
initial temperature to T; and from T; to the final temperature (90°C). To determine t,y;
for a nonisothermal process, equation (4.2) and (4.3) can be combined and rewritten in

term of the Arrhenius model as:

_Ea
kit = Ky [T (44)

where k, = frequency factor (min' )
E

= activation energy (J/mol)

n

R = gas constant (8.315 J/mol K)
T = absolute temperature (K)

Based on temperature profiles shown in Fig. 4.1, equation (4.4) can be rewritten as:

(-Eg) ac, inc
1 L_l ——
taTi = ‘E— ( (ko)ac,inc fo € RTe) dt + kTi (t2_t1)
Ti (4.5)

(-Ey) ac, inc

t
+ (ko)ac,inc fcle kre) dt]

2

Where t, is the time when the sample first reaches the holding temperature (T)), t, the
time when holding is completed, and t; the finished heating time (Fig. 4.1). The
subscripts ac, inc represent values of the kinetic parameters during activation and

inactivation of the proteinase, respectively. When temperatures are in the range of
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activation, (E,),. and (k;),. are substituted in the integral terms, while (E)),,. and (Ky);,
are applied in the inactivation range. The integral terms of equation (4.5) indicate the
proportional of loss of textural properties during heat-up periods, 0-t, and t,-t;. It can be
seen that if the thermal lag effect is insignificant, equivalent holding time will be the same
as holding time.

Because the true values of Py, t,r;, kri, (E)qc inc and (Ko),c inc are unknown, iterative
procedure was adopted to determine these values. The results from the first approach
(Kris (EDsc.inc and (Ko).cinc ) Were used as initial values to calculate t,;; and P of control
was first used as P,. Since temperature was assumed to be uniform throughout the
sample, the two integral parts were numerically solved by Simpson's rule (Forsythe et
al., 1977) using time-temperature data recqrded during the heating-up periods. Using the
calculated t,; , the new kr;'s were estimated from equation (4.3). When ky;'s at all
studied temperatures were determined, (E)),.;.and (Ko, .. Were calculated using an
Arrhenius plot. Iterative calculation was performed about 3-5 cycles until the difference
in kr; from the previous cycle was < 0.0001.

The new P, was calculated using the following equation:
Inp, = 1np+ [k[T(E)] dt (4.6)
0

The P value represented the textural properties of the control. The integral term
indicating thermal effect of the control was numerically solved by Simpson's rule using
the calculated ky;'s and (E,), ;... The P, for each individual batch was calculated and used

to reestimate kr; and (E,),;,. as described above. Iterative calculation was performed
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until the difference in P, within individual batch was less than 0.01. The P, values

normally converged in 3 cycles.

Kinetic modeling of MHC degradation

The kinetic model of MHC degradation was developed using a nonisothermal
approach. Reaction order of MHC degradation was first determined using a differential
method described by Fogler (1992). In this approach, MHC content as a function of
time was fitted to either a 3™ or 4™ degree polynomial function, and then the function was
differentiated to obtain the rate of myosin degradation (dP/dt). Reaction order was
determined from a plot of In(dP/dt) vs In(P) (Hill and Grieger-Block, 1980; Fogler,
1992). Degradation of MHC held at 55, 60, and 65°C for longer than 3 min was so
severe that accurate measurement of MHC content could not be obtained. Therefore,
reaction order was determined at all temperatures except at these temperatures because
the 3™ and 4™ polynomial functions could not be truly represented by 4 data points.
When reaction order was determined, t,; and the kinetic parameters were then calculated
by the iterative procedures described previously. The MHC contents were then plotted
against the calculated t,;;'s and dP/dt was recalculated to determine the new reaction
order. Iterative calculation for determining reaction order converged after 3 cycles. A
final kinetic model was used to estimate the MHC content of the control. Differences
between the estimated and experimental values were evaluated by paired t-test using

STATGRAPHIC Version 6.0 (Manugistic Inc., Rockville, MD).
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Effect of E-64 on textural properties

Shear stress and shear strain of surimi gels with E-64 heated at 2 different heating
regimes are shown in Figs. 4.2A,B. At each holding temperature, there were no
differences in both shear stress and shear strain of whiting surimi gels held at any holding
times (P>0.05). Although the role of E-64, if any, as a gelling enhancer or suppressor
on gelation of myofibrillar proteins has not been documented, it was reasonable to neglect
such effects because the amount of E-64 was less than 10 of the amount of surimi. The
effect of E-64 on textural properties of surimi was mainly due to its inhibitory function.
The result at 55°C implied that concentration of E-64 used in this study was sufficient
to inhibit textural degradation caused by proteolysis. E-64, a cysteine proteinase
inhibitor, suppressed textural breakdown at 55°C, confirming that proteinase responsible
for proteolysis at elevated temperatures was cysteine proteinase. Activity of proteinase
purified from Pacific whiting was also inhibited (99%) by 0.01 mM E-64 (Seymour et
al., 1994). Moreover, Saeki et al. (1995) reported that a breaking strength of chum
salmon surimi incubated at 40, 50, or 60°C up to 6-8 hr prior to heating to 90°C was
improved by addition of E-64. They concluded that cysteine proteinase(s) was involved
in gel weakening of chum salmon.

In whiting surimi without enzyme inhibitors, degradation of MHC catalyzed by
the endogenous proteinase(s) also occurred simultaneously with its gelation process. The
extent of these two reactions were time- and temperature-dependent. Therefore, both

gelation and enzyme kinetics could play a vital role in governing the final textural
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properties of surimi gels. Aggregation process would be favored when heating time was
prolonged, resulting in formation of strong gel networks (Hermansson, 1979; Foegeding
et al., 1986a; Arntfield and Murray, 1992). Although textural degradation caused by the
proteinase was inhibited by E-64, in our case increasing holding times at 40°C, a process
which would supposedly promote aggregation, did not significantly increase shear stress
and shear strain of whiting surimi gel (Fig. 4.2A). This indicated that changes in gel
texture of whiting surimi with respect to the experimental time range were not influenced

by kinetics of gelation.

Kinetic of textural degradation

Changes in both shear stress and shear strain with respect to time at various
temperatures are shown in Figs. 4.3A-B and 4.4A-B, respectively. Because there was
no difference between 2 experimental runs (P>0.05), averages of 2 replications are
presented. Failure shear stress and shear strain of the samples held at various times at
any temperatures were normalized by those of the control. Textural properties were
plotted against holding time. Textural breakdown of surimi gels started to occur at 40°C
and the most severe deterioration was at 55-60°C. Shear stress and shear strain of the
samples held for 5 min at 55, 60, and 65°C could not be evaluated because the samples
were very soft and mushy. Textural properties of the samples held at 75 and 80°C did
not significantly change with holding times (P>0.05). This indicated that textural
degradation of whiting surimi gel would be minimized if surimi was heated quickly to

75°C.
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From Figs. 4.3A-B and 4.4A-B, changes in shear stress and shear strain of
whiting surimi did not reach equilibrium state. But it decreased with time and elastic gel
became mushy so that textural properties could not be measured. When retention of
shear stress and shear strain was less than 10% and 30%, respectively, the samples
exhibited no gel properties. Therefore, changes in shear stress and shear strain of
whiting gel were modeled using the ratio of P to P,. Apparent rate constants of textural
degradation at each temperature obtained from 2 different analyses are shown in Table
4.2. The apparent rate constants of both shear stress and shear strain obtained from
using either isothermal (P, = P_,,) or nonisothermal conditions (P, = P_) were
similar. Therefore, only the results calculated from nonisothermal model are shown in
the plots of In(P/P,) versus equivalent holding time (Figs. 4.5A-B for shear stress and in
4.6A-B for shear strain). It is seen that first order reaction sufficiently described the
changes of textural properties in whiting surimi (Table 4.2, Figs. 4.5A-B and 4.6A-B).
Since heating rates of the control and samples were identical, textural degradation of the
control was equivalent to that of the sample during heat-up periods. Kinetic analysis
based on isothermal condition was also reported by Lenz and Lund (1980). The
advantage of using isothermal condition to derive the kinetic model is that apparent rate
constants and other kinetic parameters can be readily determined from the experimental
data. The kinetic model is independent of heating rate during heat-up periods as long as
the control and sample are subjected to the identical temperature history. However, the
definition of P, is not universal and must be specified, depending on the conditions used

in the experiment.



Table 4.2.

Apparent rate constants for kinetic of textural degradation.

Temp. (°C) Shear stress Shear strain
1:’0 = 1:’control 1:’0 = Pcal 1:’0 = 1:’control 1:’0 = Pcal
k r K+, r k r ko r
(min™") (min™) (min™") (min™")

(Std error) (Std error) (Std error) (Std error)

40 0.0370 0.988 0.0366 0.989 0.0292 0.997 0.0292 0.997
(0.0012) (0.0012) (0.0005) (0.0005)

45 0.1077 0.976 0.1092 0.980 0.0821 0.967 0.0828 0.971
(0.0050) (0.0048) (0.0046) (0.0044)

50 0.3560 0.997 0.3659 0.999 0.2269 0.978 0.2044 0.957
(0.0067) (0.0022) (0.0038) (0.0144)

55 0.5376 0.988 0.5419 0.987 0.3046 0.978 0.3152 0.982
(0.0185) (0.0193) (0.0144) (0.0134)

60 0.4267 0.873 0.4341 0.887 0.2840 0.871 0.2886 0.948
(0.0576) (0.0548) (0.0386) (0.0368)

65 0.4157 0.997 0.4175 0.998 0.2582 0.942 0.2614 0.978
(0.0075) (0.0066) (0.0213) (0.0129)

70 0.3046 0.986 0.3088 0.986 0.2462 0.891 0.1997 0.950
(0.0160) (0.0164) (0.0424) (0.0227)

¥8
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Table 4.3 shows the corrected times at various temperatures calculated using the

following equation:

t = t.. -t 4.7)

corr aTi
where t_, is corrected time (min), t,;; is equivalent holding time (min), and t is holding
time (min). The corrected times indicate the equivalent thermal effect during heat-up
periods at each temperature. For instance, thermal effect on shear stress during heat-up
periods of the sample held at 40°C was equivalent to the thermal effect occurring at 40°C
for 2.99 min. When comparing corrected time with the holding time (Table 4.1), the
thermal effect during héat—up periods was more pronounced at higher temperatures (55-

70°C), especially at relatively short holding times (0.5-3 min).

Table 4.3. The corrected times at various temperatures.

Corrected time (min)

Temp

°C) Shear stress index Shear strain index
40 2.99 2.33

45 1.04 0.87

50 0.30 - 0.30

55 0.20 0.22

60 0.25 0.24

65 0.26 0.27

70 0.35 0.31

The calculated P, obtained from iterative calculations for shear stress and shear
strain are presented in Table 4.4. The "calculated P," indicated a theoretical maximum

value of shear stress and shear strain that could have been obtained if textural degradation
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Table 4.4. Experimental and theoretical values of shear stress and shear strain of
samples heated ohmically using 13.3 V/cm (control).
Shear stress (kPa) Shear strain
Run
Experimental Calculated Experimental  Calculated
value P, value P,
1 30.24 £1.62 33.76 2.59 + 0.06 2.77
2 34.62 £1.73 38.65 2.80 = 0.08 3.00
3 28.91 £2.14 32.27 2.68 £ 0.09 2.88
4 24.60 + 1.58 27.46 2.53 = 0.06 2.72
5 27.32 £ 1.26 30.50 2.51 £ 0.04 2.69
6 29.91 + 1.69 33.39 2.69 £ 0.07 2.89
7 26.09 + 1.67 29.13 2.63 £0.10 2.82
8 29.75 + 1.53 33.21 2.48 £ 0.07 2.66
9 25.74 £1.32 28.74 2.77 £ 0.11 2.97
10 28.15 £ 1.03 31.43 2.58 + 0.09 2.77
11 29.69 + 1.44 33.15 2.77 £ 0.09 2.97
12 28.86 + 1.66 32.22 2.48 + 0.07 2.66
13 26.69 = 1.18 29.80 2.62 £0.12 2.81
14 29.65 + 1.34 33.10 2.73 £ 0.06 2.93
15 27.07 £ 1.08 30.22 2.61 £ 0.10 2.80
16 27.67 + 1.65 30.89 2.55+0.10 2.74
17 30.78 = 1.58 34.36 2.73 = 0.09 2.93
18 27.99 £ 1.26 33.76 2.75 £ 0.11 2.95
19 28.24 £ 1.38 31.53 2.64 £ 0.08 2.83
20 27.84 £ 1.18 31.08 2.72 £ 0.06 2.92
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had not occurred. Shear stress and shear strain of whiting surimi decreased by ~10 and
~7%, respectively, when it was heated from 10 to 90°C at voltage gradient 13.3 V/cm.
It should be nqted that whiting surimi retained good gel quality despite the approximate
10% textural degradation.

Figs. 4.7A-B illustrate the plot of In kq; of shear stress and shear strain versus the
reciprocal of the absolute temperature, respectively. The ky;'s were calculated from the
nonisothermal approach. It was evident that there were two different temperature ranges
in which the trends of apparent rate constant (kr;) were markedly different. The break
in straight line was at about 55°C for both shear stress and shear strain. Rate of textural
degradation increased with temperature and reached a maximum at 55°C. Then, it
gradually decreased until 70°C. Rate of textural degradation could not be monitored at
> 75°C. The rate of textural changes resembled the temperature profile of purified
proteinase activity from Pacific whiting (Seymour et al., 1994). An increase in rate of
textural degradation with temperature up to 55°C could be due to enzyme activation,
while a decrease in rate of degradation at higher temperature was probably caused by
thermal denaturation of the endogenous proteinase. This supported the results from our
E-64 study that proteolysis by the endogenous proteinase predominantly controlled final
gel texture. Table 4.5 gives the values of E, and r* determined from two different
approaches. E, values of shear stress and shear strain at the temperature ranging from
40-55°C and 55-70°C were comparable, implying that proteolysis affected these two

parameters to a similar extent.
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Table 4.5.

Activation energy values for kinetics of textural degradation.

Temp. (°C) Shear stress Shear strain
P0 = Pcontrol P0 = Pt:al P0 = Pcomrol P0 = Pcal
E,x10° P E,x107 P Ex10° P E,x10? P
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
40-55 2.28 0.972 2.30 0.967 2.00 0.958 1.99 0.975
55-70 0.47 0914 0.47 0.926 0.20 0.987 0.40 0.912

16
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Kinetic of MHC degradation

Standard curves exhibited good linear relationship (r* = 0.982-0.999) between the
area of densitogram and concentration of MHC standard (not shown). MHC degradation
showed similar patterns to the changes in shear stress and shear strain (Figs. 4.8A-B).
Degradation of MHC was significant from 40 to 75°C, and it increased with time at all
temperatures. Degradation of MHC was in the range of 15-25% when the samples were
held at 80 and 85°C for 0.5 min, but no changes of MHC content were observed at
holding times beyond that time. Thus, it was reasonable to assume that degradation of
MHC at 80 and 85°C was mainly due to the effect of thermal lag during heat-up
periods. Yongsawatdigul and Park (1996) demonstrated that gelation of whiting surimi
did not involve covalent cross-linking of MHC. Therefore, a decrease of MHC observed
on SDS-PAGE in this study was mainly due to proteolysis of the endogenous proteinase.
Degradation of MHC at 75°C suggested that proteinase in situ exhibited higher thermal
stability than the purified proteinase, which exhibited the minimum activity at 70°C
(Seymour et al., 1994; An et al., 1995). This could be because proteinase in situ was
surrounded by and/or bound to its substrate, which tended to stabilize the enzyme
structure and protect the proteinase towards thermal denaturation (Stauffer, 1989).

The overall reaction order determined from the iterative calculation procedure

was 1.4. The kinetic model was expressed as:

1 1
- = 0.4 k..t
Cg.4 Cg"l Ti~ar;

4.7)

where C, is MHC content at time t (ug), C, is initial MHC content (ug), ky; is apparent

rate constant at temperature T; (ug®* /min), and t., is equivalent holding time (min).
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The kinetic model was derived using MHC content of unheated surimi paste as the initial
concentration, instead of using MHC content of the control. This was because MHC
content of the unheated paste truly represented initial concentration of MHC and could
be experimentally obtained. The derived kinetic model (equation 4.7) reasonably
estimated MHC content of control samples. Based on paired t-test results, the estimated
values of individual batch were not different from the experimental values (P=0.296, t
value =1.075, degree of freedlom = 18). Difference between the estimated and
experimental value of all 19 samples was averaged to be 10.8%. The kinetic model can
be employed to determine MHC content of whiting surimi (78 % moisture and 2% NaCl)
when temperature history of the sample is known.

Average value of MHC content of unheated surimi paste was 23.10+5.34 ug,
while that of the control sample was 17.5143.71 ug. Degradation of MHC of the
sample heated ohmically at voltage gradient of 13.3 V/cm was calculated to be 24.2%.
Degradation of MHC in the control sample was in agreement with the assumption that
degradation of MHC at 80 and 85°C ranging from 15-25% (Fig. 4.8B) was mainly due
to the thermal lag effect during heat-up periods. Based on the calculated P, shown in
Table 4.4, shear stress and shear strain of the control samples decreased about 10 and 7%
from the calculated values, respectively, when approximately 24% of MHC was
hydrolyzed. The plots of equation (4.7) shown in Figs. 4.9A-B and r? shown in Table

4.6 indicated that degradation of MHC was adequately explained by the kinetic model.
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Table 4.6.  Apparent rate constants and corrected times for kinetic of MHC

degradation.
Temp - Corrected time Ky r
(°C) (min) (ug**/min)

(Std error)

40 3.37 0.0178 0.980
(0.0005)

45 1.01 0.0760 0.989
(0.0016)

50 0.64 0.1161 0.997
(0.0012)

55 0.30 0.2485 0.998
(0.0023)

60 0.32 0.2402 0.996
(0.0037)

65 0.42 0.1894 0.977
(0.0067)

70 0.46 0.1647 0.979
(0.0048)

75 1.30 0.0556 0.995
(0.0010)

Rate of MHC degradation at various temperatures exhibited similar trends as those
of shear stress and shear strain (Fig 4.10). From intersection of the lines shown in Fig.
4.10, the maximum rate of MHC degradation was estimated to be at 57°C. Rate of
degradation markedly increased in the range of 40-57°C with E, of 2.1 X 10? kJ/mol and

then decreased in the range of 57-75°C with E, of 1.3x 10’ kJ/mol. Since degradation
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of MHC was mainly caused by activity of endogenous proteinase, E, in the range of 40-
57°C and 57-75°C could be interpreted as energy required for thermal activation and
inactivation of the endogenous proteinase in situ, respectively. Higher thermal stability
of the endogen(.)us proteinase in situ was evident when E, of MHC degradation in the
inactivation temperature range (57-75°C) was compared to that of cathepsin L purified
from whiting flesh, which was reported to be 320.2 kJ/mol (An et al.,1996).
Interestingly, E, of MHC degradation in the activation temperature range was similar to
that of textural degradation. This suggested that proteolytic activity affected both MHC
and textural properties to a similar extent during the enzyme activation range. However,
E, of thermal inactivation obtained from degradation of MHC was about 4 times greater
than that obtained from textural degradation, indicating that degradation of MHC was
more temperature-sensitive in the range o-f 57-75°C. An increase in temperature had
greater effect on the rate of MHC degradation than on textural degradation.  This
seemed to suggest that MHC content was not the only factor controlling textural
properties of surimi. Degradation of actin was observed at 50, 55, 60, 65 and 70°C
(Fig. 4.11). The extent of proteolysis of actin was highest at 55°C and minimum loss
occurred at temperature above 70°C. However, rate of actin degradation was much
slower than that of MHC. Approximately 80% of MHC was hydrolyzed as surimi was
held at 55°C for 3 min (Fig. 4.8B), while loss of actin from the same sample was about
30% (Fig. 4.11). This agreed with the result of An et al. (1994) indicating that the
endogenous proteinase exhibited greater hydrolytic activity toward myosin than other

myofibrillar proteins and least activity towards actin.
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Although actin was not directly involved in forming the gel network structure, it
has been reported to increase gel rigidity when mixed with myosin at the myosin:actin
mole ratio of 1.5-2.0 (Yasui et al., 1980). Therefore, textural properties of surimi gel
would be affected by quantities of both myosin and actin. Even though degradation of
both MHC and actin was noticed at the activation temperature range, 40-55°C (Figs.
4.8B and Fig. 4.11), textural degradation appeared to be well correlated with MHC
degradation as it was evident by the similar E, values of both reactions. This could be
because MHC was a limiting factor governing final gel structure when both MHC and
actin were severely hydrolyzed. @ However, when only MHC degradation was
predominant, textural properties did not proportionally vary with MHC content. Surimi
gels did not exhibit any changes in shear stress and shear strain at 75°C although its
MHC retention was as low as 47.2% (Fig. 4.8B). It was unlikely that such a low
retention level was a critical MHC content required to form gel. This was because the
similar extent of MHC degradation at 50°C (held for 1 min) resulted in about 20-30%
reduction in both textural parameters (Fig. 4.8B). Fig. 4.11 revealed that approximately
30% loss of actin was observed in the sample held at 50°C for 1 min, while no
degradation of actin was observed at temperature exceeding 70°C. The differences in
actin content between the samples heated at 50°C and those heated at 70°C could explain
why their textural properties were different in spite of the similar MHC degradation
extent. It was likely that gel formation of hydrolyzed MHC at 75°C would be
strengthened by actin. Thus, textural degradation at this temperature was not evident.
Since a decrease in actin did not show any particular trend, degradation kinetic of actin

was not determined. It should be noted that hydrolytic reaction of MHC and actin
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occurred simultaneously. Proteolysis in whiting surimi involved hydrolytic reactions with
at least two substrates and presumably one proteinase. This represented a complicated
system in which the true mechanism of the reaction was unknown. A knowledge of
hydrolytic mechanism could lead one to gain more understanding about the effect of

MHC and actin on gelation of whiting surimi.

Conclusions

Kinetic models of textural and MHC degradation of whiting surimi gel were
developed using the Arrhenius equation to account for thermal lag during heat-up periods.
Kinetic models for textural properties were also readily obtained using isothermal
principle. Changes of rate constant with temperature consisting of activation and
inactivation range resembled the reported temperature profiles of the cathepsin L purified
from Pacific whiting flesh. The models can be used to determine the optimum heating
conditions that provide the desired textural properties and MHC content to whiting surimi

gel.
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Chapter 5: CONCLUSIONS

Ohmic heating was an effective method to maximize gel functionality of Pacific
whiting surimi. Textural properties of whiting surimi gel without proteinase inhibitors
heated in a 90°C water bath for 15 min were unacceptably low. However, those of surimi
gels heated using ohmic heating were more than twofold. The textural improvement was
accompanied by a reduced degradation of myosin heavy chain (MHC) and actin shown
on SDS-PAGE, and continuous gel network structure observed by scanning electron
microscopy.

Electrical conductivity significantly increased with temperature and added NaCl,
and slightly increased with moisture content. Linear relationship between electrical
conductivity and temperature was evident (r* = ~0.99). Deviation from Ohm's law was
observed in the samples containing high added NaCl content (4%), resulting in variations
of electrical conductivity with voltage gradients. This was due to electrochemical
reactions at the electrodes, which was induced by exceeding current density (> 3,500
A/m?). Empirical model of electrical conductivity as a function of moisture and NaCl
content was developed and satisfactorily predicted the electrical conductivity with an error
range of 0-15.6%.

Isothermal and nonisothermal procedures provided the similar first order kinetic
models for textural degradation. Kinetic of MHC degradation derived from nonisothermal
method was well described by n=1.4. The model estimated MHC content of the sample
heated ohmically at 13.3 V/cm with the errors of 10.8%. Rate of textural and MHC

degradation increased with temperature until 55, 57°C, then decreased to minimum at 70
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and 75°C, respectively. At the range of 40-55°C, MHC content was a predominant
factor controlling surimi gel texture as it was evident by the similar E, values of both

reactions.
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Shear stress at failure of Alaska pollock surimi gels with and without beef plasma
protein (BPP) increased as heating rate decreased, but shear strain at failure was
unaffected. An increase in shear stress was accompanied by an increase of cross-linked
myosin heavy chain. Slow heating rates increased proteolysis in Pacific whiting surimi
as shown by degradation of myosin heavy chain and low shear stress and shear strain.
Proteolysis of whiting surimi was lessened by BPP to a greater extent at rapid heating

rates (20 and 30°C/min) than at slow heating rates (1 and 5°C/min).

Key words: Heating rate, whiting, pollock, surimi, gelation
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Introduction

The formation of gel networks upon heating contributes to textural characteristics
of food proteins. According to a classical mechanism for protein gelation (Ferry,1948),
denaturation and aggregation are critical steps in heat-induced gelation. If aggregation
is slow with respect to denaturation, heat-denatured proteins align in an ordered fashion
to form a fine gel network. Resulting gels exhibit more elasticity (Hermansson, 1979).
Based on this mechanism, gel networks are greatly influenced by heating time and
temperature. Foegeding et al.(1986a) demonstrated that stronger myosin and fibrinogen
gels were produced at 12°C/hr than at 50°C/hr. Gel strength of the mixture of
myofibrillar and sarcoplasmic proteins increased when heating rate decreased from
85°C/hr to 17°C/hr (Camou et al., 1989). Amtfield and Murray (1992) reported that
heating rate had no effect on gel strength of vicilin and ovalbumin at pH near the
isoelectric points, when random aggregation, rather than ordered alignment of proteins,
was favored. However, at a higher pH, gel strength of vicilin and ovalbumin decreased
as heating rates increased from 0.3°C/min to 3°C/min. Such results indicated that textural
properties of protein gels could be improved through slow heating treatments.

Surimi is stabilized fish myofibrillar proteins which provide important textural
characteristics. Heating modes influence gelation of surimi. Yongsawatdigul et al.
(1995) demonstrated that Pacific whiting surimi exhibited high shear stress and shear
strain when heated ohmically from 5°C to 90°C within 1 min. Rheological properties of
surimi heated in a 90°C water bath were unacceptably low. This was attributed to a rapid
inactivation of endogenous proteinase with ohmic heating; consequently, degradation of

myosin was greatly reduced. However, a 2-step heating process improved textural
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properties of surimi made from a variety of fish species; such as, Alaska pollock
(Montejano et al., 1984; Numakura et al., 1985), sardine (Roussel and Cheftel, 1988),
Atlantic croaker (Kim, 1987; Kamath et al., 1992), Southern blue whiting, hoki
(MacDonald et al., 1994), and Pacific whiting with beef plasma protein (Park et al.,
1994). Gel elasticity increased when surimi pastes were subjected to setting at 5-40°C
prior to heating to 90°C. In pollock surimi, improved gel quality was associated with
increased e-(y-glutamyl)-lysine contents, resulting from polymerization of myosin heavy
chains. Endogenous transglutaminase was reported to catalyze such reactions (Seki et al.,
1990; Kimura et al., 1991).

The effect of linear heating rate on surimi gelation has not been reported. Since
water bath heating provides non-linear temperature profiles, the influence of such heating
rates on gelation cannot be validated. Linear heating rates may be achieved using a
programmable water bath only when very slow heating rates are applied (Foegeding et
al., 1987a, b; Camou et al., 1989; Amtfield and Murray, 1992). In ohmic heating, heat
is internally generated due to electrical resistance of food products (de Alwis and Fryer,
1990). A wide range of linear heating rates can be provided using appropriate voltage
gradients and temperature controllers.

Our objective was to investigate the effects of linear heating rates on textural
properties and myofibrillar proteins of Pacific whiting and Alaska pollock surimi. These
two species were selected to determine the influence of inherent properties of fish
myofibrillar proteins on heat-induced gelation. Pacific whiting surimi has been known

to undergo proteolysis, resulting in undesired gel quality (Chang-Lee et al., 1989,
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Morrissey et al., 1993), while Alaska pollock surimi exhibits no proteolysis and results

in desirable textures upon heating.

Materials and Methods

High grade (FA) frozen surimi from Alaska pollock (Theragra chalcogramma),
containing 4% sucrose, 5% sorbitol and 0.3% mixture (1:1) of sodium tripolyphosphate
and tetrasodium pyrophosphate, was purchased from Alaska Ocean Seafood Co.
(Anacortes, WA). Pollock surimi was =6 mo old at purchase. Surimi blocks (10kg) were
cut into =1,200g porﬁons, vacuum-packed, and kept at -30°C. Pacific whiting
(Merluccius productus) surimi without food grade enzyme inhibitors was obtained from
Point Adams Packing Co. (Hammond, OR). The whiting surimi was mixed with 4%
sucrose, 4% sorbitol and 0.3% sodium tripolyphosphate. Surimi was divided into =500g
portions and vacuum-packed in plastic trays before freezing using a -30°C plate freezer
(APV Crepaco, Inc., Rosemont, IL). All samples were stored at -30°C throughout the
experiment.

Moisture and total nitrogen contents of pollock and whiting surimi were
determined using standard oven and Kjeldahl procedures (AOAC, 1990). Moisture and
protein contents (% total nitrogen x 6.25) of pollock surimi were 74.85 + 0.04% (mean
+ standard deviation) and 17.16 + 0.12%, whereas, those of whiting surimi were 76.25

+ 0.35% and 15.06 £ 0.59%, respectively.
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Surimi gel preparation

Surimi pastes of pollock (P), whiting (W), pollock with beef plasma protein (BPP)
(P+BPP), and whiting with BPP (W+BPP) were prepared. BPP (AMP 600N, AMPC,
Inc., Ames, [A) was used as an enzyme inhibitor to control proteolytic activity caused by
endogenous proteinase(s) during heating (Hamann et al., 1990; Morrissey et al., 1993).
The protein content of BPP analyzed using AOAC (1990) methods was 70.15%. Final
protein of all surimi pastes was adjusted to 12.2% (w/w). Partially-thawed surimi
(=1.2kg) was chopped for 1 min in a Stephan vertical vacuum cutter (model UM 5
Universal, Stephan Machinery Co., Columbus, OH). Salt (2% w/w) was added and mixed
with surimi for another 1.5 min. Ice water was added and chopping continued for 30 sec.
For P+BPP and W+BPP samples, 1% protein of surimi was replaced by 1% protein of
BPP. The amount of BPP added was =1.4% (w/w). The paste was further chopped at
high speed under vacuum of 50 kPa for 3 min. The final moisture content of P, W,
P+BPP, and W+BPP were 79.7, 78.6, 80.2, and 78.8%, respectively.

The paste was stuffed into chlorinated polyvinyl chloride (CPVC) tubes (1.9 cm
i.d. x 18 cm long) and heated using the ohmic heating apparatus as described by
Yongsawatdigul et al. (1995). Temperatures at the geometric center of the sample were
measured by a 30-gauge teflon-sealed thermocouple (Type-T) and were recorded on a
datalogger (model 21x, Campbell Scientific, Inc., Logan, UT). The heating device was
connected to a temperature controller (OMEGA Engineering Inc., Stamford, CT) and solid
state relay, which automatically turned the power supply on and off to provide a linear
heating rate. The samples were heated from 10 to 90°C with 5 different heating rates:

1, 5, 10, 20, or 30°C/min (Fig. A.1). The approximate applied voltage for each heating
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rate was 50 (1°C/min), 80 (5°C/min), 100 (10°C/min), 120 (20°C/min), and 150 V

(30°C/min). Three sample tubes were individually heated for each heating rate to obtain
enough gel samples for torsion testing. Surimi gels were cooled in ice water and kept

at 4°C for torsion tests and gel electrophoresis. Gel preparation was repeated.

Torsion test

Torsion failure tests were performed at room temperature, 18-24 hr after gel
preparation as described by NFI (1991). Ten hourglass-shaped samples were measured
for each treatment. Shear stress and shear strain at failure were calculated from equations

described by Hamann (1983).

SDS-PAGE

Protein patterns of all samples were initially studied using SDS-PAGE described
by Laemmli (1970). Solubilization of samples with 5% sodium dodecyl sulfate solution
(95°C) was carried out according to Morrissey et al. (1993). Stacking and separating gels
were 4% (w/v) and 10% (w/v) acrylamide, respectively. The amount of protein applied
on the polyacrylamide gel was 60 ng. High molecular weight standard markers (Sigma
Chemical Co., St. Louis, MO) contained rabbit myosin (205 kD), B-galactosidase (116
kD), phosphorylase b (97.4 kD), bovine albumin (66 kD), egg albumin (45 kD), and
carbonic anhydrase (29 kD). Gels were fixed and stained with 0.125% Coomassie
brilliant blue R-250 (Bio-Rad, Richmond, CA), and destained in a solution containing

25% ethanol and 10% acetic acid.
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The continuous SDS-PAGE system described by Weber and Osborn (1969) was

used to investigate polymerization of myosin heavy chain in surimi gels. Samples for
electrophoresis were prepared according to Kamath et al. (1992). The surimi samples
were cut into small pieces and 0.4g were solubilized in 7.5 mL of 2% SDS-8 M urea-2%
B-mercaptoethanol-20 mM Tris-HCI (pH 8.0) buffer. The samples were heated for 2 min
at 100°C and stirred continuously for 24 hr at room temperature (=23°C). Homogenates
were centrifuged at 10,000 x g (Sorvall, DuPont Co., Newton, CT) for 20 min at room
temperature. The protein concentration of supernatants was measured by the Lowry
method (Lowry et al., 1951), using bovine serum albumin (Sigma Chemical Co., St.
Louis, MO) as a standard. Gels were prepared of 3% (w/v) polyacrylamide and contained
6 M urea. GelBond PAG film (FMC Bioproducts, Rockland, ME) was used to support
the gel. The phosphate buffer (0.06 M NaH,PO,, 0.14 M Na,HPO,, 0.002% (w/v) SDS,
pH 7.0) was diluted with water (1:2) and used as a running buffer. A constant current

of 80 mA was applied. Staining and destaining were carried out as described.

Statistical analysis

Whiting samples without BPP heated at 1 and 5°C/min were too mushy to be
measured by torsion test, therefore, only data from gels heated at 10, 20, and 30°C/min
were evaluated. A split plot design (Petersen, 1985) was used to evaluate effects of type
of surimi, addition of BPP, and heating rate on textural properties. Whole plots were
assigned to types of surimi (pollock and whiting) and BPP (with and without BPP). Five
levels of heating rates were assigned as a subplot factor. Since interactions of surimi vs

addition of BPP, and interactions of surimi vs heating rate were significant (P<0.05),



129

data were independently analyzed for each type of surimi. Additions of BPP were whole
plots and heating rates were subplots. Test averages were subjected to analysis of
variance using the General Linear Models (GLM) procedure of the Statistical Analysis
System (SAS Institute, Inc., 1990). Significant interaction means (addition of
BPP*heating rate) were separated using the PDIFF procedure of SAS (SAS Institute, Inc.,

1990).

Results and Discussion

Rheological properties at various heating rates

Heating rates were referred to as linear since temperature increased equally in each
time interval (Fig. A.1). Temperature was assumed to be uniformly distributed throughout
the sample because of the homogeneity of the surimi paste. The effects of voltage
gradient on myofibrillar protein structure were also assumed to be insignificant. This was
because voltage gradients were relatively small, 2.7-8.1 V/cm, and were applied
intermittently to the sample through temperature controller. Changes in textural properties
and myofibrillar proteins were primarily due to heating rates.

Shear stress (Fig. A.2.1) and shear strain (Fig. A.2.2) of whiting gels with and
without BPP were compared. The W samples heated at 1 and 5°C/min were very soft
and mushy. At 10°C/min, the whiting gel was strong enough to measure its rheological
properties. Shear stress and shear strain of the whiting gels increased when heating rates
were raised. However, shear stress of samples heated at 30°C/min was not different from

those heated at 20°C/min (P>0.05). Textural properties of whiting surimi were increased
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whiting surimi with addition of BPP samples were
denoted as a, b, c.
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at all heating rates when BPP was added (P<0.05). This implied that textural degradation
due to proteolysis also occurred in the W samples heated at 20 and 30°C/min.
Yongsawatdigul et al. (1995) reported that the gel-weakening of whiting surimi was
effectively minimized when the surimi was heated ohmically at =80°C/min. Note that
shear stress and shear strain of the W+BPP gels heated at 1°C/min were lower (P<0.05)
than those heated at 5, 10, 20, and 30°C/min.

Shear stress of pollock gels without BPP heated at 1°C/min was higher (P<0.05)
than those heated at faster rates (Fig. A.3.1). Lowest shear stress was observed in the
sample heated at 30°C/min. Heating rates did not appear to affect shear strain of these
samples (Fig. A.3.2). Changes of shear stress and shear strain of P+BPP showed similar
trends to those of P samples (Figs. A.3.1 and A.3.2). The heating rate of 1°C/min
provided the highest shear stress, and the effect of heating rate on shear strain was
insignificant (P>0.05). There was no statistical difference in shear stress and shear strain
between the pooled data of pollock surimi with and without BPP at that level (1.4% w/w).
This indicated that proteolysis of pollock myosin did not occur or was minimal during
heating. Moreover, BPP at that level did not significantly enhance gel-forming ability
of pollock surimi. Montejano et al. (1984) and Kamath et al. (1992) reported setting
treatments had a greater effect on shear stress than on shear strain of pollock surimi,
which was similar to the effect of heating rate we observed. Textural properties of P and
P+BPP improved with slow heating, corresponding to studies reported in porcine myosin

(Foegeding et al., 1986 a,b; Camou et al., 1989), beef batter (Barbut and Mittal, 1990),



Shear stress (kPa)

Shear strain

133

50

KJPollock I Pollock+BPP 1

Figure A 3.

5 10 20 30
Heating rate (°C/min)

Shear stress (1) and shear strain (2) of pollock surimi gels
heated at various heating rates. Statistically significant
differences among heating rates within pollock surimi
without or with BPP were denoted as a, b, c.



134

vicilin, and ovalbumin (Amtfield and Murray, 1992). These reports suggested that slower
heating rates allowed more time for proteins to unfold and interact with each other, thus

a stronger gel matrix could be formed.

Changes of myosin heavy chain on SDS-PAGE

Myosin heavy chain of W samples decreased as heating rate decreased and
primary hydrolysis products (66,000 < M, < 116,000) appeared in samples heated at 5,
10, 20, and 30°C/min (Fig. A.4.1). Disappearance of myosin heavy chain and the
extensive loss of actin were observed in the sample heated at 1°C/min. Consequently, the
number of smaller molecular weight proteins (29,000 < M, < 45,000) increased. A
decreased myosin heavy chain at lower heating rates coincided with changes in shear
stress and shear strain (Figs. A.2.1 and A.2.2). This emphasized the importance of
myosin as a major component responsible for gel-forming ability of surimi (Niwa, 1992).
Although a considerable amount of actin remained in the surimi gel heated at 5°C/min,
the sample was very soft and mushy. This indicated that actin affected gel functionality
to a lesser extent. The endogenous proteinase in Pacific whiting surimi was purified and
characterized as cathepsin L, exhibiting its maximum activity at 55°C with no activity at
>70°C (Seymour et al, 1994). An et al. (1994) illustrated that the enzyme was
responsible for degradation of myosin heavy chain and actin at 55°C. Proteolysis could
occur in surimi heated at 1°C/min for =1 hr (Fig. A.1) before the enzyme was thermally
inactivated at >70°C. This was about 30 times longer than the samples heated at
30°C/min (2 min). Therefore, the extent of proteolysis was greater in the slow heating

treatment than in the rapid heating treatment.
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Figure A.4.1. SDS-PAGE pattern of whiting surimi on 10% polyacrylamide gel.
Samples were applied at 60 pg protein/lane. Numbers designate heating

rate (°C/min). (R) unheated surimi paste; (S) high molecular weight
standard; MHC: myosin heavy chain.
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Figure A.4.2. SDS-PAGE pattern of whiting with addition of BPP on 10%
polyacrylamide gel. Samples were applied at 60 pg protein/lane.
Abbreviations are the same as shown in Fig. A.4.1.
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Protein patterns of W+BPP on SDS-PAGE (Fig. A.4.1) showed decreased myosin
heavy chain as heating rates decreased. Degradation of myosin heavy chain at all heating
rates was not as extensive as Fig. A.4.1. For this reason, textural properties of W+BPP
samples were improved (Figs. A.2.1 and A.2.2). This confirmed inhibitory effects of BPP
as reported (Hamann et al., 1990; Morrissey et al., 1993; Park et al., 1994). However,
the loss of myosin heavy chain accompanied by decreased shear stress and shear strain
at 1°C/min indicated proteolysis. Note that the inhibitory function of BPP decreased as
the activation period of the enzyme was prolonged at slow heating rates (1 and 5°C/min).
Morrissey et al. (1993) reported that 1% BPP inhibited 90% of proteolytic activity in
whiting surimi as determined by autolysis assay. Minimal improvement in proteinase
inhibition was noticed at concentrations > 1%. Since BPP did not completely inhibit
proteolysis, a decrease in myosin heavy chain in the sample heated at 1 and 5°C/min was
due to residual proteolytic activity. The effect of such activity was not pronounced in the
samples heated at rapid heating rates because of rapid thermal inactivation of residual
enzyme.

Based on the 10% polyacrylamide gel of P samples (Fig. A.4.3), myosin heavy
chain markedly decreased at the heating rate of 1°C/min. However, small fragments of
degraded myosin heavy chain were not noted. The same trend was also observed on
SDS-PAGE of P+BPP samples (not shown). Results indicated that decreased myosin
heavy chain was unlikely caused by proteolysis. To investigate the loss of myosin heavy
chain, the protein patterns of P and P+BPP samples were further analyzed on 3%
polyacrylamide (Figs. A.5.1 and A.5.2). Proteins with higher molecular weight than

myosin heavy chain were observed; the highest intensity appeared on the gel heated at
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Figure A.4.3. SDS-PAGE pattern of pollock surimi on 10% polyacrylamide gel.
Samples were applied at 60 pg protein/lane. Abbreviations are the same
as shown in Fig. A.4.1.
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Figure A.5.1. SDS-PAGE pattern of pollock surimi on 3% polyacrylamide gel. Samples
were applied at 60 pg protein/lane. Numbers designate heating rate
(°C/min). (R) unheated surimi paste; (S) high molecular weight standard;
MHC: myosin heavy chain.
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Figure A.5.2. SDS-PAGE pattern of pollock surimi with BPP on 3% polyacrylamide gel.
Samples were applied at 60 pg protein/lane. Abbreviations are the same
as shown in Fig. A.5.1
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1°C/min. Although myosin heavy chains decreased as high molecular weight proteins
increased, the changes in actin band were not pronounced. This suggested that high
molecular weight proteins were formed by cross-linking of myosin heavy chain. Since
an increase in cross-linked myosin was accompanied by an increase in shear stress,
myosin cross-linking could be responsible for a change in rheological properties of
pollock surimi gels heated at slow heating rates. Cross-linking of pollock myosin has
been well elucidated during gel setting, 'suwari' (Numakura et al., 1985; Seki et al., 1990;
Kimura et al., 1991; Kamath et al., 1992; Kim et al., 1993; Nowsad et al., 1993; Joseph
et al., 1994). Preincubation of pollock surimi at 25°C for 1-18 hr induced cross-linking
of myosin heavy chain. The reaction was possibly catalyzed by endogenous
transglutaminase (Seki et al., 1990; Kimura et al., 1991). The enzyme catalyzes the cross-
linking through covalent bonds between y-carboxamide group of glutamine and e-amino
group of lysine (Folk, 1980). Microbial transglutaminase was also reported to increase
formation of e-(y-glutamyl)lysine crosslinks in pollock surimi (Sakamoto et al., 1995;
Seguro et al., 1995).

The surimi gels were solubilized using SDS, urea, and B-mercaptoethanol buffer
prior to electrophoresis. Thus, polymerization of myosin heavy chain (Figs. A.5.1 and
A.5.2) involved nondisulfide covalent bonds. This suggested that cross-linked myosin that
appeared during slow heating could be the same type as that formed during setting.
Probably slow heating enhanced enzymatic cross-linking of pollock myosin by prolonging
the reaction period.

Cross-linking of myosin heavy chain of W (Fig. A.5.3) and W+BPP (not shown)

were also investigated on 3% SDS-PAGE. No proteins with M, > 205 kDa were found
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Figure A.5.3. SDS-PAGE pattern of whiting surimi on 3% polyacrylamide gel. Samples
were applied at 60 pg protein/lane. Abbreviations are the same as shown
in Fig. A.5.1
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in either sample heated at all rates, indicating that nondisulfide covalent bonds were not
involved in gelation of whiting surimi. Chan et al. (1992) also reported that
polymerization of silver hake (Merluccius bilinearis) myosin during thermal gelation was
noncovalent. Thus, low gel-forming ability of whiting surimi could be the result of both
the presence of an endogenous proteinase and lack of covalent cross-linking of whiting

myosin.

Conclusions

Linear heating rates were achieved using an ohmic heating device. The effect of
heating rate on gelation was different, depending on inherent characteristics of the fish.
Textural properties of pollock surimi could be improved through slow heating regimes.
At rapid heating rates, degradation of whiting myosin heavy chain was greatly reduced.
Rapid inactivation of endogenous proteinase resulted in increased shear stress and shear

strain of whiting surimi gels.
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STATISTICAL ANALYSIS OF ESTIMATED COEFFICIENT (a, and b)

General Linear Models Procedure

Class Level Information

Class Levels

SALT 4
MOIS 4
VOLT 3
REP 2

Values

1234

75 78 81 84

50 100 200

12

Number of cbservations .in data set = 96

General Linear Models Procedure

Dependent Variable: INT

Source
Model

Exror

DF
29
66

Corrected Total 95

R-Square
0.987603

Sum of
Squares

57.8829624
0.7265533
58.6095157
C.V.
6.246972

Dependent Variable: INT

Source

SALT
MOIS
VOLT
SALT*MOIS
SALT+VOLT
MOIS*VOLT

DF

3
3
2
9
6
6

Type III SS

52.1451186
3.2846727
0.4769732
1.5183873
0.3626627
0.0951479

Mean
Square F Value

1.9959642

0.0110084

Root MSE
0.10492

Mean Square

17.3817062
1.0948909
0.2384866
0.1687097
0.0604438
0.0158580

181.31

F Value

1578.
99.
21.
15.

5.
1.

95
46
66
33
49
44

Pr > F
0.0001

INT Mean
1.67955

Pr > F

.0001
.0001
.0001
.0001
.0001
.2127

[ejeolololoNol
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Tests of Hypotheses using the Type IIT MS for SALT*MOIS as an error term

Source DF Type III SS Mean Square F Value Pr > F
MOIS 3 3.28467266 1.09489089 6.49 0.0125
SALT 3 52.1451186 17.3817062 103.03 0.0001
Dependent Variable: SLOPE
Sum of Mean
Source DF Squares Square F Value Pr > F
Model 29 0.07215027 0.00248794 200.31 0.0001
Exrror 66 0.00081974 0.00001242
Corrected Total 95 0.07297001
R-Square C.V. Root MSE SLOPE Mean
0.988766 5.293727 0.00352 0.06657
Dependent Variable: SLOPE
Source DF Type III SS Mean Square F Value Pr > F
SALT 3 0.06853761 0.02284587 1839.39 0.0001
MOIS 3 0.00133386 0.00044462 35.80 0.0001
VOLT 2 0.00024220 0.00012110 9.75 0.0002
SALT*MOIS 9 0.00119522 0.00013280 10.69 0.0001
SALT*VOLT 6 0.00062948 0.00010491 8.45 0.0001
MOIS*VOLT 6 0.00021190 0.00003532 2.84 0.0159
Tests of Hypotheses using the Type III MS for SALT*MOIS as an error term
Source DF Type III SS Mean Square F Value Pr > F
MOIS 3 0.00133386 0.00044462 3.35 0.0694
SAILT 3 0.06853761 0.02284587 172.03 0.0001
Estimated mean values
Level of ~  —--------o- INT----======= ==---===== SLOPE---------~-
MOIS N Mean SD Mean SD
75 24 1.48763250 0.67392327 0.06132292 0.02506801
78 24 1.58721933 0.71671498 0.06506950 0.02657784
81 24 1.66181083 0.70564544 0.07116000 0.03300725
84 24 1.98152583 0.96935006 0.0687439%6 0.02627450



Level of
VOLT

50
100
200

24
24
24
24

32
32
32

Level of Level of

SALT

BB B WWWNNN R

VOLT

50
100
200
50
100
200
50
100
200
50
100
200

Level of Level of

MOIS

75
75
75
78
78
78
81
81
81
84
84
84

VOLT

50
100
200
50
100
200
50
100
200
50
100
200

___________ INT--=-=c= e o= e m e ——————

Mean SD

0.67463417 0.08152608 0
1.38090808 0.17105544 0
1.99661875 0.25797689 0
2.66602750 0.42261353 0

___________ INT__________._ - ————
Mean SD
1.58150197 0.78313989 0
1.74416031 0.84994144 0
1.71297909 0.73453031 0
___________ INT__._._.__..__ e e —————

N Mean SD

8 0.61505875 0.05446053

8 0.67278375 0.06543637

8 0.73606000 0.07885626

8 1.27890788 0.13125035

8 1.38346250 0.16397337

8 1.48035388 0.16978199

8 1.82392375 0.16255456

8 2.11155125 0.27059397

8 2.05438125 0.25696743

8 2.60811750 0.47508900

8 2.80884375 0.42959469

8 2.58112125 0.37575627

___________ INT_______
N Mean SD

8 1.40178000 0.69079211 O
8 1.56207875 0.77526170 0
8 1.49903875 0.63178366 O
8 1.45201663 0.65346750 O
8 1.62267000 0.78651116 O
8 1.68697138 0.78005635 0
8 1.60736625 0.75819931 O
8 1.71442500 0.79230587 O
8 1.66364125 0.65337872 0
8 1.86484500 1.04326708 0
8 2.07746750 1.08124455 O
8 2.00226500 0.89628143 O

.03141125
.05404971
.07766208
.10317333

.06617813
.06485719
.06868697

ejojololelofololooloNo)

.03291500
.03159750
.02972125
.05560250
.05296750
.05357913
.07753250
.07400000
.08145375
.09866250
.10086375
.10999375

.06194875
.05920125
.06281875
.06605125
.06253750
.06661975
.07122500
.06768750
.07456750
.06548750
.07000250
.07074188

OOO0OO0O
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.00235655
.00353209
.00687600
.01128737

.02543261
.02657455
.03151244

[efelojejololeololololoNol

[elelololofolololeloloNol

.00253607
.00179529
.00164432
.00370860
.00310297
.00364172
.00434510
.00595208
.00832244
.00893149
.00872908
.01342138

.02491196
.02371176
.02955939
.02716594
.02578879
.03011219
.03143404
.03117660
.03990715
.02162565
.02908740
.03059500



