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Abstract To elucidate the structure of the network of the

water retention mechanism of fish-meat gel, the micro-

scopic relationship between the water content and visco-

elasticity was investigated, and the specific surface area

(S) where the water molecules are adsorbed was also

measured. The gel structures of fish-meat, actomyosin

(AM), and myosin (M) were investigated. In the fish-meat

gel, as the water content increased, the number of network

chains (m) decreased and the molecular weight between the

cross-linking points (Me) increased. At 10 % salinity and

approximately 79 % moisture, m decreased to a minimum

and Me began to increase remarkably. In addition, when the

moisture increased to 78 %, S increased about 1.5 times

and the elasticity decreased significantly, indicating that

this level of water content is the limit for sufficiently

forming a gel structure in fish-meat gel. In the AM and M

gels, Me and S were similar to those observed in the fish-

meat gels. When the moisture content increased, they also

increased, regardless of the salt concentration. This result

suggests that the size of the network was enlarged or that

the network chains were cleaved.

Keywords Actomyosin � Cross-linking � Fish-meat gel �
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Introduction

Most foods derived from organisms such as plants and

animals contain water. While the amount of water can

range from just a few percent to more than 90 %, it is

typically retained in the food and interacts in some manner

with food materials. In addition, the water contained in the

food that is directly derived from the organism is unlike

usual water, and is believed to be highly structured; For

example, fish-meat gel (kamaboko), which is made from

fish paste, can contain a large quantity of water. Because

there are many polymers in a cell or a gel, it is suggested

that there are interactions between the water and polymers

in the gel [1].

The main polymers in food are glucides, proteins, and

lipids, which are composed of monosaccharide, amino

acid, and fatty acid units. These units maintain the primary

structure of the polymer, and it appears that hydration leads

to the stabilization of the structure. In proteins, for exam-

ple, hydration helps maintain a coiled structure and pro-

tects the proteins from heat denaturation, thus contributing

significantly to food texture characteristics [2]. In addition,

the polymers found in food have a hydrophobic section,

polar groups, and dissociation groups that influence the

hydration based on their relative positions and strength/

weakness.

The material in a gel is connected together in such a way

that the polymer chains also interact strongly with water.

This type of structure, which can retain large quantities of

free water in a cavity, is of significant interest, but has not

yet been understood sufficiently.

Fish-meat gel is an important traditional food product in

Japan, and can contain a large quantity of water. Not only

the protein, but also the water is important for its physical

properties. Therefore, there is significant interest in
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learning more about its properties. To understand the tex-

ture and physical characteristics of fish-meat gel, its rhe-

ological properties must be investigated [3]. Rheological

properties are mainly governed by molecular mass and

molecular conformation [4]. These factors are influenced

by concentration, temperature, pH, and ionic strength,

among others. With increasing concentration, the hydro-

dynamic domains of the protein molecules come into

contact with each other, and these interactions between the

suspended proteins are of paramount importance [4].

Heating decreases the viscosity due to an increase in the

kinetic energy, and thus thermal denaturation contributes to

the rheology of the protein system [4]. The pH and ionic

strength of macromolecular systems affect its rheological

properties by altering the electrostatic charge [5]. Differ-

ences in the functional properties of different gels may also

derive from inherent factors (protein structure, molecular

mass, and amino acid composition) [6, 7]. These differ-

ences can be investigated by measuring the rheological

behavior of the gels. In fish-meat gel, water accounts for

approximately 75 % of the entire material. To understand

its rheological properties, not only the protein itself, but

also its concentration must be known. Furthermore, the

relationship between the water and protein, and how this

relationship affects the gel structure and the state of the

network chain must also be elucidated.

In the present study, to clarify the water retention mech-

anism at a molecular level in fish-meat protein gels with

various salinities, the number of network chains, the molec-

ular weight between the cross-linking points, the specific

surface area, and the rheological properties were measured.

The number of network chains and the molecular weight

between the cross-linking points were analyzed on the basis

of the rubber elasticity theory; For example, because kam-

aboko exhibits entropy elasticity, Takagi [8] measured the

stress–strain behavior at tension and compression sides of

kamaboko (without added starch) and compared the stress–

strain curve with that of an ideal rubber, and Niwa [9]

reported a similar experiment that considered the decrease in

the sectional area with pulling. In addition, Hamada [10]

examined the factors for temperature changes in kamaboko

when it is stretched, and reported that the stress–strain curve

of kamaboko was similar to that of an ideal rubber, but only

when assuming that the elasticity of kamaboko is not just

entropy elasticity but also energy elasticity. However, at

approximately 25 �C, it has been reported that entropy elas-

ticity contributes more to the elasticity of kamaboko, and that

its elasticity is basically entropy elasticity. Therefore, in the

present study, the viscoelasticity of kamaboko was consid-

ered to be rubber elasticity.

In fact, the myofibrillar proteins actomyosin (AM) and

myosin (M), which are the major proteins responsible for

gelation, play an important role in determining the texture and

processing characteristics of meat products. The myofibrillar

proteins are generally extracted in an intermediate- or high-

ionic-strength buffer, and are therefore referred to as salt-

soluble proteins. They constitute approximately 55–60 % of

the total muscle protein or 10 % of the weight of skeletal

muscle [7]. The heat-induced gelation of M results in the

formation of a three-dimensional (3D) network structure that

holds water in a less mobile state [11]. It has been suggested

that the rheological and physical properties of M gels are

more dependent upon molecular size and less influenced by

the amino acid composition or distribution [12]. During

network formation, water retention is enhanced, which

influences the yield, texture, and cohesion of the final product,

and also determines the gelling capacity of the myofibrillar

proteins [13]. However, the aggregation of the protein can

also affect the physical properties of the network, and when

heated, it just coheres rather than forming a gel, thus not

reflecting the elasticity but only the hardness of the gel. It also

interacts with M directly or indirectly and thus influences the

M gel, so consideration of the characterization of kamaboko

as a rubber is not very scientific. Therefore, to correctly and

clearly understand the gel structure, the salt-soluble protein

was extracted and used to prepare a simple network. Conse-

quently, in this study, AM and M gels were also prepared with

different water contents to determine their structures and

compare their characteristics with those of the fish-meat

protein gels.

Materials and methods

Fish-meat gel preparation

Sample gels were prepared from frozen surimi (SA grade)

of Alaska pollack Theragra chalcogramma, which was

stored at -20 �C and then partially thawed at 5 �C for one

night. Approximately 200 g surimi was cut into small

pieces by chopping with a cutter for 2 min. The chopped

material was mixed for 2 min with enough NaCl and dis-

tilled water to create final formulations with 76, 77, 78, 79,

80, and 81 % water content and with salinities of 5 and

10 %. These materials defined as sols were maintained at

temperature below 5 �C. To obtain the cooked gels, the sol

was placed into polyvinyl chloride casings (d = 2 9

10-2 m) and subjected to heating at 80 �C for 30 min in a

water bath. These gels were cooled in ice water for 10 min

and then stored at 4 �C until analysis.

M and AM gel preparation

Alaska pollack M was prepared [14] as follows: First,

frozen surimi was cut into small pieces, and a fivefold

volume of 50 mM phosphate buffer (pH 7.0) was used to
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wash the material three times, with the pellets collected

each time using a gauze. Then, the pellets were mixed with

a threefold volume of 0.45 M KCl, 17.6 mM Na2HPO4,

49 mM KH2PO4, 10 mM Na4P2O7 (pH 6.4) for 7 min to

extract the M. Next, the mixture was subjected to centri-

fugation at 100009g for 15 min to remove the precipitates.

The supernatant was then added to 10.3 times the volume

of cold distilled water. The precipitate was again collected

by centrifugation at 100009g for 10 min and then washed

with a fivefold volume of 0.03 M KCl and 10 mM Tris-

maleate (pH 7.5). The precipitate was obtained after cen-

trifugation at 100009g for 10 min. Then the precipitate

was washed again, and AM was obtained after centrifu-

gation at 100009g for 10 min. AM was then dissociated

into actin and M using 3 M KCl, 80 mM Tris-maleate (pH

7.5), 0.6 M KCl, 50 mM Na4P2O7 (pH 7.5), 1 M MgCl2,

0.1 M ethylenediamine tetraacetic acid (EDTA), 50 mM

2-mercaptoethanol, 0.6 M KCl, 10 mM Tris-maleate (pH

7.5) with gentle stirring for one night, followed by addition

of 5 mM adenosine triphosphate (ATP) and the removal of

the actin by ultracentrifugation at 1000009g for 1 h. The

supernatant was diluted with a sixfold volume of 0.05 M

NaCl, 20 mM phosphate buffer (pH 7.0), and the precipi-

tated M was collected by centrifugation at 100009g for

10 min. The AM and M were mixed with NaCl and dis-

tilled water to prepare solutions with final concentrations of

89, 90, 91, 92, and 93 % moisture and salinities of 5 and

10 %. The solutions were then heated at 80 �C for 30 min

in a water bath to obtain the cooked gels. These gels were

cooled in ice water for 10 min and then stored at 4 �C until

analysis.

SDS-PAGE

To confirm that the AM and M were indeed isolated,

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) was carried out on a slab gel electrophoresis

device (KS-8001; Oriental Instruments LTD, Japan) using

commercially supplied PhastGel. The thickness of the gel

was approximately 1 mm. The sample buffer used for

electrophoresis was composed of 25 % 0.5 M Tris–HCl

(pH 6.8), 20 % glycerin, 4 % sodium dodecyl sulfate

(SDS), 0.01 % bromophenol blue (BPB), and 10 %

2-mercaptoethanol in 100 ml distilled water. Soluble pro-

tein were mixed (1:1, v/v) with the sample buffer. Imme-

diately following the electrophoresis run at 20–25 mA, the

gels were removed from the unit and placed in a devel-

opment unit for staining. The staining solution was com-

posed of 0.25 % CBB R-250 in 50 % methanol and 10 %

acetic acid in distilled water. After 30–60 min, the gels

were then treated with a destaining solution composed of

30 % methanol and 10 % acetic acid in distilled water. The

destaining solution was changed every 15–20 min until

several bands were observed. These bands were used to

confirm whether AM and M were extracted.

Salt-soluble proteins

Muscle protein can be classified on the basis of its solu-

bility in salt. The protein forming the elasticity of kam-

aboko is the myofibril protein, which is a salt-soluble

protein. The Lowry method [15] was used to determine the

protein concentration. Protein solutions of 2.5, 5, and 10 %

salinity were prepared, and the concentrations were mea-

sured by absorbance (ABS) at 750 nm. In this study, a

spectrophotometer (U-3300; Hitachi Ltd., Tokyo Japan)

was used to confirm the relationship between the salinity

and the quantity of salt-soluble protein. Water was used as

the reference.

Stress-relaxation measurements

Kamaboko gels were heated at each temperature (15, 25,

35, and 45 �C), and the temperature was maintained during

the texture measurement using a rheometer (Tensipressor,

TTP-50BXII; Taketomo Elect.). The gels were cut into

pieces (length 1.0 9 10-2 m), and 7–10 pieces were

placed into a tray for each measurement. A cylindrical

plunger with diameter of 1.2 9 10-2 mm was used, and

the plunge rate was 2 9 10-3 m/s. The compression time

for the measurement was 60 s, and the strain was 0.1.

Dynamic viscoelasticity measurements

An RS 50 Haake Rheostress instrument was used to char-

acterize the rheological behavior of kamaboko, AM, and M

gels. The two main parameters determined in a dynamic

rheological test are the storage modulus, G0, and the loss

modulus, G’’. All the dynamic rheological measurements

were obtained at frequency of 1 Hz, the temperature was

increased at a rate of 1 �C/min, and the thickness of the

samples was 1 9 10-3 m. A plate and plate sensor system

(PP35) was used for the measurement compartment, and it

was heated to 10–80 �C to measure the storage modulus,

G0. To prevent evaporation, deionized water was spread

over the outer edges of the sample.

Specific surface area

It is thought that the molecule-specific surface area of the

fish-meat protein gel reflects the area that exists between

the cross-linking points of the gel. Therefore, the specific

surface area as determined by the Brunauer–Emmett–

Teller (BET) method [16] can be used to evaluate the

structure of protein gel. Consequently, by measuring the

specific surface area of the gel where water molecules are
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adsorbed, the relationships between the moisture or salt

content and the molecule-specific surface area can be

examined at a molecular level.

The sample gels were prepared as described above. Gels

with different moisture contents were dried for 2 weeks

below 30 �C and then powdered. The powdered samples

were passed through a stainless-steel sieve (JIS Z 8801) to

select particles with diameter of 100–106 lm. The specific

surface area was measured by the BET method with a

Kinoshita-type surface area apparatus (KR-300; Kinoshita

RKC Instrument Co., Ltd.). Approximately 0.1–0.2 g dried

and graded powder was placed in a flask, and the flask was

then connected to the device. An oil diffusion pump was

used to degas the system until a vacuum of 1.33 9 10-2 to

1.33 9 10-3 Pa was reached. In addition, the sample was

heated and vacuated to remove the water as vapor. Next,

only the flask with samples was soaked in a Dewar bottle

filled with liquid nitrogen. Then, first, only helium gas was

led into the flask to evaluate the dead surface area of the

system, because helium with boiling point of ca. 4 K, lower

than that (ca. 77 K) of nitrogen, shows no adsorption on the

sample surface, and the resulting change in pressure could

be read on the burette. Second, only argon gas, with boiling

point ca. 87 K higher than that of nitrogen, was substituted

for the helium to adsorb on the sample surface, and the

pressure was again read on the burette. The quantity of

adsorbed gas was calculated by subtracting the amount of

helium adsorbed from that of argon adsorbed. In addition,

because the measurement was carried out at 20 �C, the

time for the gas to be adsorbed by the sample was con-

sidered to be the adsorption equilibrium time, and was

within 5 min.

Statistical analysis

Statistical analysis was performed using Excel and Statis-

tical Analysis System software (SAS Institute Inc., Cary,

NC). Significant difference were defined at p \ 0.05.

Comparison of means was carried out by Duncan’s mul-

tiple-range test.

Results

Salt-soluble proteins

Based on a standard curve made using bovine serum

albumin, the quantity of salt-soluble protein per 10 g sol

was calculated from the ABS of the sample. The quantity

of salt-soluble protein in the fish gel with salt content of

5 % was 102 mg, and in the gel with salt content of 10 %

was 109 mg (p \ 0.05). The gel with salt content of 2.5 %

contained 76 mg salt-soluble protein per 10 g sol (Table 1).

As can be seen from these results, the amount of salt-

soluble protein increased remarkably when the salt content

increased to 5 %, but did not increase noticeably when the

salt content exceeded 5 %.

Muscle M, the main component of the myofibrillar

proteins, is composed of two heavy chains of approxi-

mately 220 kDa each, and four light chains of approxi-

mately 20 kDa each [17]. M’s heavy chain is composed of

a long a-helix tail and a globular head. The two heavy

chains are woven together to form a tail and two pear-

shaped heads [18]. Actin is about 42 kDa. From the results

of the SDS-PAGE analysis, it was confirmed that actin and

M were isolated from the surimi (Fig. 1). As with the fish-

meat gel, the quantity of M and AM in the corresponding

gels with different salt contents did not change signifi-

cantly. At salt contents of 5 and 10 %, the M and AM

concentrations were 0.12 and 0.15, and 0.26 and 0.33 mg/ml,

respectively (Fig. 2). However, the results did indicate that,

at the same salt concentrations, the amount of dissolved M

was less than that of dissolved AM.

Number of network chains

The fish paste was affected by changes in temperature, with

the result that the elastic modulus changed, and thus it was

Table 1 Quantity of salt-soluble protein in the fish at different salt

concentrations

Salt-soluble protein (mg/sol 10 g) Salt concentration (%)

76 ± 1.37z 2.5

102 ± 1.02y 5.0

109 ± 1.21x 10.0

Different letters in the same column indicate significant differences

(p \ 0.05)

Fig. 1 SDS-PAGE of myofibrillar protein (a myosin, b actomyosin,

m standard proteins, Lane 1 loaded with 10 lg protein on 12 % SDS-

PAGE, MHC myosin heavy chain, AC actin)
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assumed to exhibit entropy elasticity. Therefore, based on

the temperature dependence of the elasticity E0, the num-

ber of chains per unit volume of the sample was deter-

mined. By the rubber elastic theory [19], it was found that

at each temperature,

P ¼ vRT L=Luð Þ2� Lu=Lð Þ
n o2

ð1Þ

where R is the gas constant, m is the number of chains per

unit volume (mol/l), T is the absolute temperature, Lu is the

length of the sample before the transformation (m), L is the

length of the sample after transformation (m), and P = E0

is the elastic modulus. E0 was obtained as E0 = p0/e0,

where p0 is the initial stress and e0 is the strain. The values

for the elastic modulus of the gels as determined from static

viscoelasticity measurement using gels with 5 and 10 %

salt contents are shown in Figs. 3 and 4, respectively. From

Figs. 3 and 4, it can be seen that, when the moisture con-

tent and central temperature of the gel increased, the elastic

modulus decreased (p \ 0.05). The relationship between

the number of network chains and the moisture content for

the gels with 5 and 10 % salt content at different temper-

atures is shown in Figs. 5 and 6, respectively. As the

moisture in the gel increased, the number of network

chains decreased (p \ 0.05). Therefore, because the con-

centration of the protein decreased with an increase in the

moisture content, the network density that supports the gel

structure decreased. At water content of approximately

79 %, the number of network chains in the fish-meat gel

with 10 % salt content decreased to a noticeably small

value (p \ 0.05). In other words, moisture of approxi-

mately 79 % serves as a boundary that prevents sufficient

formation of a network structure. In addition, the

temperature influence was important as well: as the tem-

perature increased, the change in the number of network

chains decreased.

Molecular weight between the cross-linking points

The average molecular weight between the cross-linking

points can be determined from the storage modulus when

the network size of the gel has been estimated [20]. The

storage modulus results from the vibration of the polymer

chains and structures forming aggregation. Therefore, in

this study, it was assumed that the entangled points in the
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fish-meat protein gel behave like cross-linking points, and

that the elasticity is due to the storage modulus, which can

be determined from dynamic viscoelasticity measurements.

Thus, the molecular weight between the cross-linking

points could be estimated from the theoretical formula for

the rubber-like elasticity in amorphous polymers, as

follows:

G0 ¼ qu1=3RT
.

Me ð2Þ

where q is the density (kg/m3), u is the volume fraction of

the polymer, R is the gas constant, T is the absolute tem-

perature, and Me is the molecular weight. The results of the

dynamic viscoelasticity measurements are presented in

Tables 2 and 3 (p \ 0.05). From the data in the tables, it

can be seen that the storage modulus of the protein gel

decreased when the temperature reached 50–60 �C. It is

thought that, as the surimi was heated, the AM in the fish-

meat underwent enzyme digestion, resulting in the deteri-

oration of the gel, because at this temperature, the activity

of the enzyme protease is at its highest level.

Based on the values in these tables, the average

molecular weights between the cross-linking points for the

gels with different moisture contents were calculated and

are shown in Fig. 7. As the moisture increased, the average

molecular weight between the cross-linking points of the

gel also increased. When the moisture content increased

above 78–79 %, the average molecular weight between the

cross-linking points increased remarkably (p \ 0.05).

In the same manner, the average molecular weight

between the cross-linking points of the M and AM gels

with various moisture contents were also calculated

(Figs. 8, 9). It can be seen from the figures that, as the

moisture increased, the average molecular weight between
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Fig. 5 Relationship between the moisture and the number of network

chains at different temperatures in 5 % salt fish gel. Filled diamonds
15 �C, open squares 25 �C, filled triangles 35 �C, open circles 45 �C.

Different letters indicate significant differences (p \ 0.05)
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chains at different temperatures in 10 % salt fish gel. Filled diamonds
15 �C, open squares 25 �C, filled triangles 35 �C, open circles 45 �C.

Different letters indicate significant differences (p \ 0.05)

Table 2 Minimum storage elastic modulus and temperature for each

water content in 5 % salt gel

Water content

(%)

Storage elastic modulus

(9103 N/m2)

Temperature

(�C)

76 5.05 ± 0.03a 58.8 ± 1.8

77 4.19 ± 0.07d 50.6 ± 2.3

78 4.75 ± 0.11b 56.6 ± 2.1

79 4.53 ± 0.07c 61.2 ± 1.2

80 3.11 ± 0.09e 64.1 ± 1.5

81 2.40 ± 0.04f 55.8 ± 1.0

Different letters in the same column indicate significant differences

(p \ 0.05)

Table 3 Minimum storage elastic modulus and temperature for each

water content in 10 % salt gel

Water content

(%)

Storage elastic modulus

(9103 N/m2)

Temperature

(�C)

76 5.73 ± 0.10c 60.6 ± 1.1

77 7.25 ± 0.08a 57.7 ± 1.1

78 6.82 ± 0.09b 67.2 ± 1.5

79 4.75 ± 0.15d 55.2 ± 1.7

80 3.87 ± 0.16e 63.5 ± 1.2

Different letters in the same column indicate significant differences

(p \ 0.05)
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the cross-linking points of the M gel also increased

(p \ 0.05). Specifically, at water content exceeding 91 %

and salinity of 5 %, the molecular weight between the

cross-linking points increased remarkably. This result also

indicates that the region within the gel structure increased

in size. A similar phenomenon was also observed for the

AM gel, but when the moisture content neared 92 %, the

molecular weight between the cross-linking points

decreased, which may be due to the lack of gel formation

resulting from low-density cross-linking of AM. In addi-

tion, compared with the fish-meat gel, the M gel had higher

water retention ability, which indicates that the other pro-

teins do not contribute to the network.

Specific surface area

The BET theory explains the physical adsorption of gas

molecules onto a solid surface and serves as the basis for an

important analysis technique for the measurement of the

specific surface area of a material. The quantity of gas

adsorbed as a monolayer on the sample surface can be

calculated on the basis of the equation

P=V P0 � Pð Þ ¼ 1= Vm � Cð Þ þ C � 1ð Þ= Vm � Cð Þ � P=P0

ð3Þ

where P0 is the saturation pressure of the adsorbate, Vm is

the gas quantity adsorbed by the monolayer, and C is the

BET constant. Then, the specific surface area S can be

calculated from the results of the amount of gas adsorbed

by 1 g of a sample as

S ¼ Vm � NA � A=V0 ð4Þ

where S is the specific surface area, NA is Avogadro’s

number, and V0 is the molar volume of the adsorbent gas.

The results of the calculation of the specific surface area in

the 5 and 10 % salt content gels are shown in Fig. 10. For

the gel with salt content of 10 %, the specific surface area

did increase when the moisture content increased

(p \ 0.05). In particular, when the moisture content

increased from 77 to 78 %, the specific surface area

increased by a factor of approximately 1.5. However, the

specific surface area of fish-meat gel with 80 % water

content tended to decrease with increasing water content. It

75 76 77 78 79 80 81
0

1

2
M

e (
×1

06
)

Moisture (%)

e 
c b c

b

a 

c e d b

a
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is possible that, as the moisture content increases, the

formation of the gel does not sufficiently take place, so that

the amount of aggregation is high, and the surface available

for the adsorption of water molecules does not grow.

It was also observed that the specific surface areas of the

M increased as the moisture content increased (Fig. 10)

(p \ 0.05). The change in the specific surface area corre-

sponds to the change in the molecular weight between the

cross-linking points of the gels, indicating that, when the

moisture content increases, the structure of gels changes.

Discussion

The results show that the quantity of salt-soluble protein

did not increase noticeably when the salt content exceeded

5 %. According to the literature [21], when the salt content

rises, the elasticity of kamaboko begins to deteriorate, and

thus kamaboko cannot be formed. The water molecules are

attracted to the salt when the salt content is high, and thus

the protein cannot be dissolved because there is no longer

enough water. This phenomenon in which the solubility of

the protein deteriorates because of a high salt concentration

is called salting-out. The fact that the quantity of salt-sol-

uble protein did not increase when the salt content was

10 % is thought to be an indication that salting-out

occurred.

According to the elastic modulus results, in the low-

moisture gel, since small amounts of water settled into the

protein network, it can be expected that the structure of the

network chain was strong. In addition, because the

elasticity of kamaboko is basically due to entropy elasticity

[8, 9], the volume increases with temperature, and the gel

expands and becomes flexible, and thus the temperature

influence on the elastic modulus will be greater. On the

other hand, for a gel having high moisture content, the

distance between the protein molecules is large, and a

network structure cannot be sufficiently formed. In other

words, because the gel becomes flexible, it is thought that

the overall temperature influence on the elastic modulus is

small, even at higher temperatures. From the results of the

number of network chains, as the water content of the fish-

meat gel increased, the number of network chains

decreased. These results show a tendency similar to that

observed for the experiment on a gel with salt content of

2.5 % [22]. However, a change was recognized when the

moisture content was 76–77 %, and at high salt concen-

tration, a change was also seen when the moisture content

was high. When the salt content increases, the quantity of

dissolved protein increases, which then leads to an increase

in the degree of entanglement.

As the water content increased, the average molecular

weight between the cross-linking points increased. Kam-

aboko is a strong gel, because it is supported by a network

structure that is formed by a strong combination of S–S and

hydrophobic bonds as a result of heating [21], and even if

the moisture increases, these covalent bonds cannot be

broken easily by heating energy [23–25]; therefore, the

network structure also cannot be readily broken. When

gelation occurs, the water is maintained in the gaps created

by the 3D network structure. It is estimated that the average

molecular weight between the cross-linking points

increased because the concentration of the protein

decreased, then the network grew in size to retain all the

water. As a result, we considered that the distance between

the cross-linking points increased, and then a relative new

network structure formed.

When the moisture increased to 78 %, the specific sur-

face area increased by approximately a factor of 1.5. It is

interesting to note that, in the former study [22] on fish-

meat protein gel with salt content of 2.5 %, as the moisture

content of the gel increased from 77 to 79 %, the specific

surface area increased about 2 times (Table 4). In addition,

when the salt content was increased, a sudden increase of

the specific surface area also appeared at high moisture.
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Fig. 10 Relationship between the water-holding ability and the

specific surface area of the gel. Filled circles 10 %, filled triangles
5 % salted fish gels, open circles 10 % salted myosin gels, open
triangles 5 % salted myosin gels. Different letters indicate significant

differences (p \ 0.05)

Table 4 Relationship between the salt concentration and specific

surface area of the fish-meat gel

Salt

concentration

(%)

Water content at which the

specific surface increased sharply

Change of

specific

surface

2.5 About 77 % 2 times

10 About 78 % 1.5 times
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From these results, it was concluded that, when the water

content exceeds a certain level, the structure of the network

chain of the fish-meat protein gel changes.

Kamaboko is regarded as an aggregation of network

chains and an aggregate of the protein molecules. If the

number of network chains increases and water enters the

network, then as a result, it is thought the water hydrates

the protein and therefore the hydrophobic bonds disappear

[26], and the distance between the cross-linking points

increases or the molecular chain is divided. When the salt

content is high, the amount of dissolved myofibril protein

increases [21], and the cross-linking becomes dense,

making it difficult for water to enter the network, and thus

the increase in the specific surface area may be limited to a

factor of approximately 1.5.

In addition, beyond a certain moisture content, the

specific surface area suddenly increased, because the

number of network chains decreased, and the average

molecular weight between the cross-linking points

increased in the fish-meat gel; this also suggests the

occurrence of cleavage of the network chains which are

formed through molecular aggregation. It is also possible

that hydrophobic interactions [27] between macromole-

cules that are nonpolar or have weak polarity such as

proteins enter into the water solution, contributing to the

water structuring. In the gel, it is estimated that there is

considerably more of this structured water than can be

accounted for by a monolayer of adsorbed water molecules.

Furthermore, the characteristics of the fish-meat gel

were compared with gels of AM and M, which make up the

network structure of the fish-meat gel, to more scientifi-

cally elucidate the changes in the gel constitution with

changes in moisture and salt concentration. Independent of

whether fish-meat, AM, or M gel was used, the same trends

in the molecular weight between the cross-linking points

and the specific surface area with increasing moisture

content were shown. The specific surface area is thought to

reflect the area that exists between the cross-linking points

of the gel; therefore, based on the changes in the specific

surface area and the molecular weight between the cross-

linking points of the gels, it is concluded that the size of the

network enlarges, and the network chains are cleaved as

the moisture content increases.

To predict the texture of food at any condition of salt

concentration and water content, it is important to understand

more about the relationship between the function of the gel

structure and the rheological parameters, because the rheo-

logical properties of food considerably influence its taste.
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