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This paper examines the influence of freezing temperature (-40°C -18°C) and 
frozen storage temperature (-18°C -12°C) on gels made from washed, minced 
muscle of sardine (Sardina pilchardus R). In gels frozen at -18°C there was loss 
of water-holding capacity (WHC), elasticity, hardness and cohesiveness and a 
slight increase in thiobarbituric acid index. The gel strength did not differ from 
that of the chilled gel. The WHC decreased in all lots during storage. The greatest 
increase in rancidity occurred in gels stored at - 12”C, particularly those frozen at 
18°C. Gel strength, hardness, cohesiveness and elasticity all proved more stable in 
gels frozen at -40°C irrespective of storage temperature. 0 1997 Elsevier Science 
Ltd 

INTRODUCTION 

Although pelagic fish species such as sardine abound in 

Spanish coastal waters, the ratio of consumption to 
volume of catch is low. However, their nutritional value 
is high, and technologies have therefore been developed 
to produce gelled shellfish analogues of high nutritional 
value, especially protein, in order to maximize the yield 
of such catches. Preparation of this type of product 
takes advantage of the gel-forming capacity of myofi- 
brillar proteins (Lanier, 1986). 

Most products made from fish muscle are marketed 
in the frozen state. During freezing, the muscle is 
unstable, especially when minced, and undergoes a 
number of alterations. These induce protein aggrega- 
tion, thus causing hardening of the muscle (Shenouda, 
1980). We therefore need to identify suitable freezing 
parameters in order to minimize rheological and bio- 
chemical changes in gels, which in the present case con- 
stituted the end-product. The rate of freezing and the 
conditions of storage affect the structure of the frozen 
tissue. Among the possible factors causing freeze-dena- 
turation are ions and ice crystals, chemical interactions 
of proteins, and binding of fatty acids and lipid oxida- 
tion products (Sikorsky & Pan, 1994). 

Given that gelation is accompanied by protein aggre- 
gation, it is possible that gels are not as strongly affected 
by freezing as muscle. However, very little work has 
been published on freezing of fish gels (Kato et al., 1993; 
Alvarez et al., 1990). 

This paper examines the influence of freezing tem- 
perature and frozen storage temperature on biochemical 
textural characteristics of gels made from sardine mus- 
cle. Two freezing rates were assayed: quick-freezing 
(-40°C) and slow-freezing (-18°C). Storage tempera- 
tures were -12°C and -18°C. 

MATERIALS AND METHODS 

The fish used in these experiments were sardine of the 
species Surdina pilchardus (Walbaum), caught off the 
Mediterranean coast in April. The fish arrived at the 
Instituto de1 Frio 1 day after capture. Fish mince was 
prepared using the following procedure. Sardines were 
headed, gutted and washed. Skin bones were removed 
with a Baader Model 694 (Ltibeck, Germany) deboning 
machine. Muscle was minced and held for 10 min at O- 
3°C in an aqueous solution of 0.5% bicarbonate (3:1, 
solution:minced muscle) with constant stirring. The 
solution was left for 10 min. Excess water was then 
removed using a screw press. As cryoprotectants, 4% 
sorbitol and 0.2% tripolyphosphate were added. The 
mince was kept chilled (12 h) pending commencement 
of gel preparation. 

Homogenization of muscle 

Washed sardine mince was semi-thawed and placed in a 
refrigerated vacuum homogenizer (Model. UM5; Ste- 
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phan u. Siihne, Germany). The muscle was ground for 
1 min (rotor angular velocity 3000 rpm). Sodium chlor- 
ide (2.5%) was then added with sufficient crushed ice to 
give the required final gel moisture and the mixture was 
homogenized for 5 min at 1500 rpm under vacuum. The 
final moisture content was adjusted to 79%. 

Heat treatment 

The resulting homogenates were stuffed into flexible 
casings (Krehalon; Soplaril Hispania, Barcelona), 
40 urn thick, 3.5 cm diameter and 20 cm long. The sau- 
sages were first placed in a waterbath at 37°C for 
30 min, then moved to another bath at 90°C for 50 min. 
The finished gels were kept overnight at 4°C. 

Freezing procedure 

The gels were frozen in a tunnel freezer (Frigoscandia) 
in two different lots, determined by the freezing tem- 
perature: quick (-40°C) slow (-18°C). 

Proximate analysis and protein functionality 

To characterize the washed mince, moisture, ashes, 
crude fat and crude protein were determined by AOAC 
(1975) methods. The analysis did not show 4% added 
sorbitol as cryoprotectant. The results were averages of 
three determinations expressed as percentage of muscle 
mince. As functionality index, apparent viscosity (Bor- 
derias et al., 1985), protein solubility (Ironside & Love, 
1958) and emulsion capacity were determined (Border- 
ias et al., 1985). 

Water-holding capacity (WHC) 

The WHC was determined according to the procedure 
described by Montero and Gomez-Guillen (1996) and 
expressed as the percentage of water retained per 100 g 
of water present in the gel prior to centrifugation. All 
determinations were carried out in quadruplicate. 

TBA (Zthiobarbituric acid) index 

The method of Vyncke (1970) was followed. The results 
are expressed as umol malonaldehyde per 100 g of sam- 
ple. Determinations were performed in quadruplicate. 

Table 1. Proximate analysis and pH of washed muscle and 
unwashed muscle 

Fat Total 
(%) protein 

(%) 

Ash Moisture pH 
(%) (%) 

Washed 4.2zkO.4 17.7+0.8 1.4*0.0 74.5*0.6 7.3zk0.0 
Unwashed l.l*O.l 13.O~kO.2 0.9kO.l 81.7*0.2 7.5&0.1 

Analysis does not show sorbitol (4%) added as a cryoprotec- 
tant in washed muscle. 

Puncture test 

The puncture test was determined according to the pro- 
cedure described by Gomez-Guillen et al. (1996). The 
gel strength was determined by multiplying breaking 
force (N) by breaking deformation (mm). All determi- 
nations were performed at least in quadruplicate. 

Compression tests 

Both texture profile and compression-relaxation tests 
are described by Gomez-Guillen et al. (1996). All the 
determinations were performed at least in quadrupli- 
cate. 

Statistical analysis of data 

Two-way analysis of variance was carried out for the 
different samples. The computer program used was 
Statgraphics (STSC Inc., Rockville, USA). The differ- 
ence of means between pairs was resolved by means of 
confidence intervals using a least significant difference 
(LSD) range test. Level of significance was set for 
PlO.05. 

RESULTS 

Proximate analysis and protein functionality of the 
washed mince 

Table 1 shows the proximate composition of minced 
sardine muscle before and after washing. 

The moisture protein contents of unwashed muscle 
were within the normal ranges for this species. Washing 
removed approximately 3% of fat. It also caused a 
reduction in total protein content through elimination 
of some water-soluble sarcoplasmic proteins a relative 
increase in muscle moisture. These findings are consis- 
tent with the literature (Suzuki, 1986; Gomez-Guilltn et 
al., 1996; Huidobro et al., 1992). 

Values of pH were relatively high (7-7.5). In unwa- 
shed muscle this could have been affected by season of 
capture, as sardine spawn in April and May. During the 
spawning season, glycogen reserves in the muscle are at 
a minimum, so that there is virtually no conversion to 
lactic acid and hence no reduction in pH. These findings 
are consistent with Toyoda et al. (1992). 

The bicarbonate solution, used during washing to 
encourage solubilization and partial elimination of sar- 
coplasmic proteins (Lanier, 1986) and fat, raised the pH 
slightly. 

The relatively low fat content found in the unwashed 
muscle is typical of this species at the time of year when 
the specimens were caught, which was during the sar- 
dine spawning season (Nunes et al., 1990). 

As regards functional properties (Table 2), soluble 
protein values were similar to those reported by Gomez- 
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Table 2. Fmwtional properties of wasbed muscle 

Soluble protein (%) Viscosity (cP) Emulsifying 
capacity 

62.5 f 4.29 15600*259.89 153.72*0.52 

Guillen et al. (1996) for muscle with high gel-forming 
capacity. Values of viscosity and emulsifying capacity 
were very high, which is consistent with a protein hav- 
ing a high degree of functionality. A number of authors 
(Huidobro et al., 1990; Borderias et al., 1985) working 
with either minced or whole fish have reported that 
viscosity and emulsifying capacity are indicative of the 
degree of alteration of the protein. 

There are numerous factors influencing the quality of 
any washed minced muscle. Important among these are: 
season caught, physiology, state of preservation of the 
sardine before mincing and ambient conditions during 
the process. 

Effect of freezing temperature on the gel 

Table 3 shows water-holding capacity (WHC), 2-thio- 
barbituric acid (TBA) index and rheological analysis 
(puncture test, texture profile analyses (TPA) and 
relaxation test) of the gels, both chilled and immediately 
after freezing at the two experimental temperatures 
(-40°C and - 18°C). The WHC was very high in all 
cases, with no significant differences between the chilled 
gel (control) and the gel frozen at -40°C (quick-frozen). 
The WHC of the gel frozen at - 18°C (slow-frozen) was 
significantly lower than that of the control. These results 
are in agreement with Kato et al. (1993), who reported a 
small increase in free drip in crab scallop analogues 
made from walleye pollack surimi after slow freezing 
(-1oOC or -2o”C), whereas there was virtually no dif- 
ference after quick freezing (-35°C). Crystallization of 
ice may disrupt the water structures contributing to the 
hydrophobic adherents which participate in buttressing 
the native protein conformation (Sikorsky & Kola- 
kowska, 1994). 

The initial TBA value in chilled gel (control) was 
relatively high, as sardine is a fatty species. Montero et 
al. (1996) working on sardine mince, reported similar 
values to those of the present paper. According to Hui- 
dobro et al. (1995) TBA levels within this range in sar- 

dine muscle do not correlate with rancidity as 
appreciated by the senses. The increased rancidity 
denoted by the TBA index is due chiefly to formation of 
malonaldehyde by hydroperoxides from fatty acids 
containing three or more double bonds (Sikorsky et al., 
1984). The TBA index can present problems in inter- 
pretation owing to the large number of factors that 
interfere in measurement. But even so, it is a widely used 
method and the authors believe it is valid for monitor- 
ing the difference in oxidation among the various lots 
(Sikorsky & Kolakowska, 1994). Immediately following 
the freezing process, there was a significant increase in 
the TBA index of the slow-frozen lot but no significant 
difference between the quick-frozen and control lots. 
Huidobro et al. (1990), working on muscle of horse 
mackerel, also found that, at the outset of frozen sto- 
rage, TBA levels increased with respect to the levels in 
chilled muscle. Rehbein and Orlick (1990) found that 
even severe lipid oxidation had only a slight effect on 
the texture of frozen minced fillets of Antarctic fish. 

The gel strength of the chilled gel (control) was simi- 
lar to that reported by Gomez-Guillen et al. (1996) for 
minced sardine muscle with high gel-forming capacity 
(Table 3). Likewise, the data for breaking force and 
breaking deformation were very similar. The slow-fro- 
zen lot did not differ significantly from the control in gel 
strength, breaking force or breaking deformation. The 
quick-frozen gel again did not differ significantly in 
breaking deformation, although breaking force was 
lower than in the control (P<O.O5). Kato et al. (1993) 
likewise reported no significant variation in the gel 
strength of commercial scallop analogues frozen at 
10°C but they did find a moderate increase in gel 
strength of commercial crab analogues frozen at -20°C. 

After freezing there was a significant decrease in the 
hardness and cohesiveness of the slow-frozen gel; these 
parameters were not significantly different in the fast- 
frozen gel and the control. Kato et al. (1993), on the 
other hand, reported a slight increase in gel strength as a 
result of freezing. Penetration and compression testing 
are different rheological techniques which do not always 
correlate well (Burgarella et al., 1985; Lee & Chung, 
1989. Slow-freezing appears to cause some structural 
damage to gel proteins, which lose part of their water- 
binding ability. Rate of freezing and storage tempera- 
ture are both factors that influence the formation of ice 

Table 3. Influence of freeze temperature on rheological properties, water-holding capacity (WHC) and TBA (pmol MA per 100 g) index 
of gels 

WHC (%) TBA index Gel strength Breaking Breaking force Hardness Cohesiveness Elasticity 
(Nxmm) deformation (N) (N) (%) 

(mm) 

Refrigeration 93.20 i 1.24a 1.03+0.02a 67.43&11.90a 13.61*0.15a 4.92*0.78a 31.22*0.19a 0.725iO.Ola 13.40+0.15a 
(control) 
-40°C 91.56~t 1.49ab 1.2240.31ab 50.85&5.01b 13.851 1.07a 3.67+0.09b 30.22&0.94a 0.738+0.023a 12.61 kO.19b 
-18°C 90.53 f O&lb 1.37*0.13b 61.10&1.84a 14.76*0.53a 4.583*4.14b 23.78+4.14b 0.695*0.01b 11.80+0.35c 

Significant (P<O.OS) differences for the same column are indicated by different letters. 
MA, malonaldehyde. 
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crystals (Shenouda, 1980; Sikorsky et al., 1976). Slow- 
freezing favours the formation of ice crystals and the 
enlargement of their diameter (Fennema et al., 1973). 
The portion of the water that was shed formed small ice 
crystals. When the gel was thawed, these caused a slight 
loss of the network’s structural integrity, which was 
appreciable as a decline in textural parameters as mea- 
sured by the compression test. The penetration test, on 
the other hand, registered no significant changes, prob- 
ably because there was insufficient freezing-induced 
protein aggregation to cause rheological changes. 

As regards elasticity (relaxation test), the control 
values were similar to those reported by Gomez-Guillen 
et al. (1996). Upon freezing, there was a significant 
decrease in both slow- and quick-frozen gels. 

Effect of storage temperature 

Figure 1 shows the WHC of the various gels over the 
frozen storage period. 

The evolution of WHC was very similar in all lots, 
irrespective of freezing and storage temperatures. There 
was a marked downward tendency in WHC during the 
first 30 days of storage. From that point until 180 days 
of storage, there were no significant changes in WHC of 
quick-frozen gels regardless of storage temperature. 
After 90 days, slow-frozen gels were found to contain 
large numbers of ice crystals which undermined their 

structural integrity, and it was therefore decided to dis- 
continue analysis of these gels. Kato et al. (1993) 
reported a pronounced increase in free drip in commer- 
cial crab and scallop analogues over the first 6 months 
of storage at -10°C. These authors found either no 
changes or only very slight changes in samples frozen at 
35°C. In the present case, the WHC did not differ sig- 
nificantly in gels stored at different temperatures. In 
slow-frozen gels, however, there was considerable for- 
mation of ice crystals during the early days of storage, 
which did not occur in quick-frozen gels. In order to 
determine the WHC, the sample must be completely 
thawed; this means the elimination of considerable 
quantities of water, which are not taken into account 
since the purpose is to measure the WHC of the gelled 
proteins. This could be the reason why the various lots 
exhibited no significant differences in WHC. 

Figure 2 shows the evolution of rancidity as deter- 
mined by the TBA index. This was generally less stable 
in gels stored at -12°C than in those stored at -18°C. 
TBA was constant throughout storage (PiO.05) in the 
quick-frozen gel stored at -18°C. In all other lots there 
were slight fluctuations in the early stages of storage, 
and by 90 days TBA had increased considerably. This 
increase was most pronounced in slow-frozen gels 
stored at - 12°C followed by quick-frozen gels stored at 
12°C. This suggests that the increase in TBA over the 
storage period was influenced by both freezing rate and 
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-40 l-18 

0 
all 

15 
ah/l 

30 
b/l 

60 
b/l 

90 
b/l 

180 
b/l 

-40 l-12 a/l b/l b/l b/l c/l c/l 
-181-18 a/l all b/l cbll c/l - 
-181-12 all all abll be/l c/l - 

Fig. 1. Water-holding capacity (WHC) of gels during frozen storage at -18°C (-4O”C/-18°C; -4O”C/-12°C) and at -12°C 
(- 1 S’C/- 18°C; - 18”C/- 12°C). Different letters in the same row indicate significant differences (PsO.05) between the controls and 

each lot. Different numbers in the same column indicate significant differences (P10.05) between the lots and each control. 
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storage temperature. From 90 days until the end of the 
storage period, TBA did not vary in quick-frozen gels, 
irrespective of storage temperature. The recorded levels 
of rancidity were within the ranges reported for other 
species with comparable fat content, and in no case was 
rancidity appreciable to the senses (Huidobro et al., 
1995). The TBA value correlated well with extractability 
of salt-soluble protein and texture in fatty and lean 
herring (Kolakowska et al., 1992). 

Figure 3 shows gel strength, breaking force and 
breaking deformation of the various gels during storage 
at -18°C and -12°C. Evolution of these parameters 
was more uniform throughout the storage period in 
quick-frozen gels, irrespective of storage temperature. 
Up to 90 days, gel strength exhibited a slight downward 
tendency (P10.05), and breaking deformation a much 
sharper one (PlO.05). From that point until the end of 
storage, gel strength remained constant. In the two 
quick-frozen lots, breaking deformation increased 
significantly and breaking force remained practically 
constant. 

The slow-frozen gels did appear to be affected by 
storage temperature; gel strength values were least 
stable in those stored at -12°C as evidenced by fluc- 
tuations up to 60 days, at which point breaking defor- 
mation was particularly affected. There was a general 
increase in gel strength, breaking force and breaking 
deformation over the first 30 days of storage. This could 
have been due to the fact that most of the ice crystal 

TBA 

formation took place during this period, only growth 
taking place for the remainder. Crystal formation is 
caused by the removal of heat by freezing and, in the 
process, ice crystals are formed from water bound to 
proteins. Dehydration of the proteins forming the pro- 
tein network, which lose their water-binding ability, 
favours crystal formation and also protein aggregation, 
which increases the density of the protein matrix and 
hence breaking force (Sikorsky & Kolakowska, 1994). 
This effect was most apparent in the slow-frozen gel 
stored at -12°C. Kato et al. (1993) also reported a 
considerable increase in gel strength in commercial crab 
analogues during 2 months of storage at -10°C and a 
more moderate increase in the same products stored at 
20°C. In the present case, however, there was a signifi- 
cant decrease in breaking deformation from day 30 to 
day 90, except for the slow-frozen gel stored at -12°C 
for which this value was similar to that of the first 
month. Breaking force values generally fluctuated con- 
siderably, probably due to the difficulty of rheological 
analysis resulting from large cavities left by ice crystal 
formation. 

In any event, values were lower and more constant 
over the storage period in quick-frozen than in slow- 
frozen gels irrespective of storage temperature, which 
suggests that freezing temperature is a decisive factor in 
subsequent behaviour of gels in frozen storage. 

Figure 4 shows hardness, cohesiveness and elasticity 
of gels over storage at -18°C and -12°C. Evolution of 

+-40/-18 

*-4ol-12 

-_ w- .-181-18 

._ *--. -18l-12 

Lots 0 15 30 60 90 180 
-401-l 8 abll all b/l ali b/l b/l 
-401-12 all b/2 c/2 a/i d/l cd/2 
-181-18 a/l b/l c/3 al2 d/3 
-181-12 all b/l c/3 acJ3 d14 . . 

Fig. 2. TBA (as malonaldehyde) of gels during frozen storage at - 18°C (-4O”C/-18°C; -4O”C/-12°C) and at - 12°C (- 18”C/ 
- 18°C; - lVC/- 12°C). Different letters in the same row indicate significants differences (PlO.05) between the controls and each 

lot. Different numbers in the same column indicate significant differences (P<O.OS) between the lots and each control. 
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Fig. 3. Gel strength, breaking deformation and breaking force of gels during frozen storage at -18°C (-4O”C/-18°C; -4o”C/ 
12°C) and at -12°C (-18”C/-18°C; -18”C/-12°C). Different letters in the same row indicate significant differences (PsO.05) 
between the controls and each lot. Different numbers in the same column indicate significant differences (PsO.05) between the lots 

and each control. 
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Fig. 4. Hardness, cohesiveness and elasticity of sardine muscle gels during frozen storage at - 18°C (-4O”C/- 18°C; -4O”C/- 12°C) 
and at -12°C (-18”C/-18°C; -18”C/-12°C). Different letters in the same row indicate significant differences (PsO.05) between 
the controls and each lot. Different numbers in the same column indicate significant differences (P50.05) between the lots and each 

control. 
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hardness was constant and was similar (PlO.05) in both 
quick-frozen lots. As from day 90 of storage, hardness 
increased significantly, although to a different degree in 
each lot. After day 90, the increase in hardness of quick- 
frozen gels was twice that of slow-frozen gels, hardness 
values being higher in quick-frozen gels throughout the 
experiment. As noted earlier, slow-freezing caused 
structural damage to the gel network, resulting in less 
hardness. Variation in cohesiveness during frozen sto- 
rage is shown in Fig. 4. Over the first 90 days, the 
cohesiveness of all gels varied only within a very narrow 
margin. From day 90 on, cohesiveness dropped sharply 
in quick-frozen gels, particularly those stored at -12°C 
(as already noted, and numerous ice crystals were visible 
to the naked eye in slow-frozen gels). According to 
Lanier (1986), cohesiveness is the most sensitive para- 
meter for evaluating the state of surimi proteins. Hsieh 
and Regenstein (1989) reported positive correlations 
between hardness and cohesiveness. However, other 
authors (Hamann & MacDonald, 1992) have postulated 
mutually independent variation of these two parame- 
ters. In the present case, hardness increased and cohe- 
siveness decreased from 90 days of storage on, although 
cohesiveness would appear rather to reflect deteriora- 
tion of the gel network as a result of frozen storage. 
Variation in elasticity during frozen storage (Fig. 4) 
fluctuated very little over the first 2 months, irrespective 
of freezing rate and storage temperature. By day 90, the 
slow-frozen gels were significantly less elastic than the 
quick-frozen gels, with no significant differences in 
respect of storage temperature. This highlights once 
again the importance of the temperature at which gels 
are frozen. From day 90 to day 180, there was no 
change in the elasticity of the quick-frozen gel stored at 
18°C whereas this parameter decreased (P50.05) in the 
gel stored at -12°C. 

During the first 90 days of storage, the compression 
parameters (hardness, elasticity and cohesiveness) of the 
frozen product were mainly influenced by freezing tem- 
perature. Differences arising from storage temperature 
were clearly appreciable only after 180 days. 

ACKNOWLEDGEMENTS 

This research was financed by the Comision Interminis- 
terial de Ciencia y Tecnologia under project ALI- 
910899-CO3-01 (1991/1994). 

REFERENCES 

Alvarez, C., Montero, P., Tejada, M. & Borderias, J. (1990). 
Modification of gel strength during storage of gels made 
from Alaska pollock surimi. In: Chilling and Freezing of 
New Fish Products. IIF, Paris, pp. 77-83. 

AOAC (1975). Methods 24024, 24003 and 18021. Ojicial 
Methods of Analysis, 12th edn., ed. K. H. Elrich. Associa- 
tion of Official Analytical Chemists, Virginia. 

Borderias, A. J., Jimenez-Colmenero, F. & Tejada, M. (1985). 
Viscosity and emulsifying ability of fish and chicken muscle 
protein. J. Food Technol., 20, 3142. 

Burgarella, J. C., Lanier, T. C., Hamann, D. D. & Wu, M. C. 
(1985). Gel strength development during heating of surimi 
in combination with egg white or whey protein concentrate. 
J. Food Sci., 50, 1595-l 597. 

Fennema, O., Powrie, W. & North, E. (1973). Characteristics 
of food myosystems and their behaviour during freeze-pre- 
servation. In: Low Temperature Preservation of Foods and 
Living Matter. Marcel Dekker, New York, p. 282. 

Gomez-Guilltn, M. C., Borderias, J. & Montero, P. (1996). 
Rheological properties of gels made from high- and low- 
quality sardine (Sardina pilchardus) mince with added non- 
muscle protein. J. Agric. Food Chem., 44, 746750. 

Hamann, D. D. & MacDonald, G. A. (1992). Rheology and 
texture properties of surimi and surimi-based foods. In: 
Surimi Technology, eds T. C. Lanier & C. M. Lee. Marcel 
Dekker, New York, pp. 429-500. 

Hsieh, Y. L. & Regenstein, J. M. (1989). Texture change of 
frozen stored cod and ocean perch minces. J. Food Sci., 
54(4), 824826, 834. 

Huidobro, A., Montero, P., Jimenez-Colmenero, F., Tejada, 
M. & Borderias, A. J. (1990). Changes in protein function of 
sardines stored in ice with and without added salt. 2. 
Lebensm. Unters. Forsch., 190, 14. 

Huidobro, A., Pardo, M. V., Borderias, A. J. & Tejada, M. 
(1992). Effect of different storage methods on some func- 
tional properties of sardine muscle. Z. Lebensm. Unters. 
Forsch., 194, 17-20. 

Huidobro, A., Gomez-Guillin, M. C. & Borderias, A. J. 
(1995). Frozen storage of dressed and pre-fried portions on 
minced sardine muscle. Z. Lebensm. Unters. Forsch., 200, 
178-181. 

Ironside, J. I. & Love, R. M. (1958). Studies on protein dena- 
turation in frozen fish. I. Biological factors influencing the 
amounts of soluble and insoluble protein present in the 
muscle of the North Sea Cod. J. Sci. Agric. 9, 597-617. 

Kato, N., Lee, N., Fukuda, K. & Arai, K. (1993). Quality of 
frozen seafood analog such as crab leg type and scallop 
adductor type products. Nippon Suisan Gakkaishi, 59(5), 
815-820. 

Kolakowska, A., Kwiatkowska, L., Lachowicz, K., Gajo- 
wiecki, L. & Bortnowska, G. (1992). Effect of fishing season 
on frozen storage quality of Baltic herring. In: Seafood Sci- 
ence and Technology, ed. G. Bligh. Fishing News Books, 
Oxford, pp. 269-277. 

Lanier, T. C. (1986). Functional properties of surimi. Food 
Technof., 40(3), 107-l 14, 134. 

Lee, C. M. & Chung, K. H. (1989). Analysis of surimi gel 
properties by compression and penetration test. J. Texture 
Stud., 20, 363-377. 

Montero, P. & Gomez-Guillin, M. C. (1996). Behaviour of 
egg white and starch in gelation of sardine muscle (Sardine 
pilchardus). Z. Lebensm. Unters. Forrsch., 200, 294298. 

Montero, P., Gomez-Guillen, M. C. & Borderias, J. (1996). 
Influence of subspecies, season and stabilization procedures 
in gel ability of frozen sardine (Sardina pilchardus). Food 
Sci. Technol. Znt., 2, 11 l-122. 

Nunes, L., Mendes, R., Campos, R. & Bandarra, N. (1990). 
Characterization of fatty acids and lipid classes of sardina 
(Sardina pilchardus) and its variation with season. In: Chil- 
ling and Freezing of News Products. IIF, Paris, pp. 339-344. 

Rehbein, H. & Orlick, B. (1990). Comparison of the contri- 
bution of formaldehyde and lipid oxidation products to 
protein denaturation and texture deterioration during 
frozen storage of minced ice-fish fillets (Champsocephalus 
gunnari and Pseudochaenichthys georgianus). Znt. J. Refrig., 
13, 336341. 



Textural properties of sardine 93 

Shenouda, S. Y. K. (1980). Theories of protein denaturation 
during frozen storage of fish flesh. Adv. Food. Res., 26,275 
311. 

Sikorsky, Z. & Kolakowska A. (1994). Changes in proteins in 
frozen stored fish. In: Seufoodr Proteins, eds Z. Sikorsky, B. 
S. Pan & F. Shahidi. Chapman & Hall, New York, pp. 99-112. 

Sikorsky, Z. & Pan, B. S. (1994). Preservation of seafood 
quality. In: Seafootls: Chemistry, Processing Technology and 
Quality, eds F. Shahidi &J. R. Botta. Blackie Academic and 
Professional/Chapman & Hall, London, pp. 168-195. 

Sikorsky, Z. E., Olley, I. & Kostuch, S. (1976). Protein chan- 
ges in frozen fish. Crit. Rev. Food. Sci. Nutrit., 8, 97-129. 

Sikorsky, Z., Olley, D. & Buisson, D. (1984). Protein changes 
in frozen fish. Crit. Rev. Food Sci. Nutr., 8(l), 97-129. 

Suzuki, T. (1986). New processing technology of small pelagic 
fish protein. Food Rev. Int., 2, 271. 

Toyoda, K., Kimura, I., Fujita, T., Noguchi, S. F. & Lee, C. 
M. (1992). The surimi manufacturing process. In: Surimi 
Technology, eds T. Lanier & C. Lee. Marcel Dekker, New 
York, pp. 79-l 12. 

Vyncke, W. (1970). Direct determination of the thiobarbituric 
acid value in trichloroacetic acid extracts of fish as a mea- 
sure of oxidative rancidity. Fette Seinfen Anstrichm., 72( 12), 
1084-1087. 


