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Abstract
In this review, recent findings related to various factors influencing quality properties of fish meat and its products during 
frozen storage are introduced. Many studies have indicated that protein denaturation is the factor determining the quality of 
frozen fish meat. Ice crystal size does not necessarily determine the quality of frozen fish meat because the tissue of meat 
reabsorbs water during the thawing process, unless it has been previously damaged by protein denaturation. However, the 
effects of ice crystals on the quality of thawed fish meat differ based on the fish species, post-mortem stages, protein dena-
turation, and processing conditions of the fish meat. In the case of frozen-thawed lightly salted fish meat, salting conditions 
greatly affect the water holding capacity of muscle and the ice crystal size. Also, in the case of frozen kamaboko, which is 
denatured protein gel, as the thawed water is not absorbed enough by the protein gel, ice crystal size could be a determining 
factor of quality. The appropriate freezing and storage conditions required for maintaining quality must be based upon the 
characteristics of each seafood product.
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Introduction

The meat of fish and shellfish exhibits a higher moisture 
content than livestock meat, and the proteins, lipids, and 
tissue structures are highly unstable, leading to substantial 
quality changes during freezing and thawing. Further, these 
characteristics differ depending on the species, season, matu-
rity level, and other factors, including differences in freez-
ing tolerance. Moreover, the meat components of fish and 
shellfish are affected by the changes in the biochemical state 
of the meat which relate to stress, fatigue, freshness, freez-
ing speed, storage temperature, temperature fluctuations, 
and drying and thawing conditions. These factors determine 
quality changes of frozen fish meat and should be considered 
during processing and utilization. Despite extensive research 
on the quality changes of frozen seafood, the factors influ-
encing quality are complicated and there are still unresolved 

issues. In this review, recent findings on the factors affecting 
quality properties of fish and fish products during frozen 
storage are introduced.

Behavior of proteins and water in fish meat 
during freezing and thawing

A schematic representation of the changes in water and 
muscle proteins of fish meat during freezing, frozen stor-
age, and thawing tissues is shown in Fig. 1 (Nakazawa and 
Fukuda 2012). In unfrozen muscle tissues of pre-rigor fish 
meat, the cellular fluids are firmly bound to intracellular 
muscle proteins and maintain the integrity of muscle cells 
or cell membranes (Love 1968; Shenouda 1980; Benjakul 
and Bauer 2001). The cellular fluids in muscle tissue gradu-
ally defuse into extracellular spaces with the progression of 
postmortem changes (Love 1968; Shenouda 1980). During 
the freezing process, the formation of ice crystals, dehydra-
tion of protein molecules, and increase in solid concentra-
tion in the muscle tissues are the factors that may promote 
quality deterioration (Shenouda 1980). The formation of ice 
crystals with a volume expansion of about 9% has a physical 
influence on the structural features of muscle tissues and 
thereby distorts the structure of meat (Ertbjerg and Puolanne 
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2017; Leygonie et al. 2012; Ngapo et al. 1999; Martino et al. 
1998). Foods with a high lipid content exhibit less expansion 
during freezing, as lipids contract when solidifying at low 
temperatures (Okazaki 2009). The freezing point of food 
(the temperature at which ice crystals begin to form) and 
the final temperature after freezing influence the amount of 
unfreezable water, affecting the quality degradation reaction 
(Tolstorebrov et al. 2016; Miyawaki 2018). These tempera-
tures differ among fish species. For example, the freezing 
points of mackerel and squid are approximately − 1 °C and 
− 2.25 °C, respectively (Kato 1985), and the freezing point 
is − 0.9 °C for cod (Miyawaki 2018). Moreover, the freezing 
end point varies widely from − 35.7 to − 17.0 °C depending 
on the fish species and freezing method (Tolstorebrov et al. 
2016; Miyawaki 2018).

The ice crystal size depends on the freezing rate, and the 
location of ice crystal formation varies (intracellular and/or 
extracellular) depending on the freezing rate and the post-
mortem stages of the meat (Fukuda 2006). In general, rapid 
freezing produces a number of fine ice crystals in muscle 
cells, whereas slow freezing tends to produce large ice crys-
tals outside of muscle cells. The formation and growth of 
ice crystals during freezing and cryopreservation destroys 
organelles and cells, releasing some proteinases and pro-
oxidants and ultimately degrading muscle quality (Alizadeh 
et al. 2007; Benjakul and Bauer 2001; Leygonie et al. 2012).

Freeze-concentration accompanying the formation of ice 
crystals promotes reactions in the unfrozen phase, character-
ized by a high concentration of electrolytes and a reduced 
pH, and myofibrillar proteins are denatured (Connell 1968). 
In addition, enzymatic reactions and autoxidation also pro-
ceed more easily with the formation of a freeze-concentrated 
phase during freezing (Leygonie et al. 2012).

In the thawing process, ice crystals melt, and the tissue 
reabsorbs the water, unless the muscle protein is damaged 
by denaturation. Ultimately, a state of muscle tissue similar 
to that prior to freezing is restored (Fukuda 1996; Ngapo 
et al. 1999). However, when muscle proteins are frozen and 
denatured, the water holding ability decreases and traces of 
ice crystals remain as empty spaces after thawing, resulting 
in incomplete restoration of muscle tissues, and affecting 
sensory issues of muscle foods such as drip loss, softer tex-
ture, gaps, and changes in taste and flavor (Fukuda 1996; 
Ngapo et al. 1999; Okazaki 2009). As described later, in the 
case of kamaboko (a typical Japanese surimi-based product), 
which is a heat-denatured protein gel without the organized 
structure of muscle tissue, the ice crystals in kamaboko at 
slow freezing can be larger than those in fish meat tissue; the 
thawed and dissolved water is only partially absorbed by the 
protein, voids formed by ice crystals often remain intact, and 
drip during thawing increases (Jia et al. 2019).

Fig. 1  Behavior of water and proteins in the process from freezing to thawing of muscle tissue of fish (schematic diagram). Adapted from 
Fig. 4.3.2 of Fukuda and Okazaki (2013)
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Quality changes of fish meat during freezing 
and frozen storage

Effect of frozen storage temperature on protein 
denaturation and fish meat quality

During frozen storage, the properties of proteins forming 
the structure of fish meat, such as muscle cell membranes, 
are greatly affected, resulting in alterations in the water 
holding capacity and texture (Shenouda 1980). This qual-
ity deterioration is affected by the freezing rate, freezing 
storage temperature, fluctuations in storage temperature, 
thawing conditions, and other factors. Among these fac-
tors, storage temperature is particularly important. It is 
required that frozen foods should be stored at − 18 °C or 
lower according to Codex International Food Standards 
(1989) and the International Refrigeration Association. 
However, it is impossible to suppress the quality deterio-
ration under the conditions of general commercial freezers 
(− 20 to − 25 °C). It has been reported that the rate of pro-
tein denaturation during frozen storage increases exponen-
tially as the storage temperature increases (Fukuda et al. 
1981, 1982). The degree of freezing tolerance depends on 
fish species. For example, bigeye tuna and tilapia, which 
inhabit high-temperature environments, have a high freez-
ing tolerance, whereas pectoral rattail and Alaska pollock, 
which live in low-temperature environments, tend to have 
a low freezing tolerance (Fig. 2) (Fukuda and Arai 1994; 
Fukuda 1996).

When the storage temperature is lowered to around 
− 40 °C, the denaturation rate slows, and the interspecific 
differences are minimal (Fukuda and Arai 1994). Fish 
meat quality can be maintained for a long period, which 
can be attributed to less protein denaturation when ultra-
low temperature storage (below − 40 °C) is used, while 
the quality deterioration of fish meat occurs rapidly and 
continually as the storage period at − 20 °C is extended.

When myofibril proteins undergo denaturation, the 
water holding capacity decreases, muscle tissue does not 
completely restore during thawing, moisture that is not 
reabsorbed flows out as drip loss, and the quality deterio-
rates significantly. Temperature fluctuations during frozen 
storage promote protein denaturation in fish meat (Fukuda 
et al. 2006).

The oxidation and hydrolysis of lipids, color changes 
due to sugar and amino acid reactions, color fading of 
red-skinned fish involving in carotenoids, formation of for-
maldehyde, which affects protein denaturation, and other 
quality changes also depend on temperature, similar to the 
protein changes described above.

Cod is an example of a fish that exhibits a significant 
deterioration in quality at around − 20 °C. In cod and 

lizardfish species, formaldehyde is likely to form from 
trimethylamine oxide and denatured proteins during the 
process of freshness deterioration during frozen storage. 
This reaction progresses during frozen storage and results 
in a hard, watery, and spongy texture and a porous struc-
ture, which lowers the commercial value significantly.

There are slight differences in texture and odor when 
Atlantic salmon is stored at − 40 °C and − 25 °C, respec-
tively, but the quality superiority due to low-temperature 
storage is not always observed (Indergard et al. 2014).

Low storage temperatures are required for maintain-
ing the quality of tuna meat. The brilliant red color of 
tuna meat is due to myoglobin, which is a chromoprotein. 
Tuna meat in the 1950s, when distant longline fisheries 
were first established, exhibited browning during storage 
at insufficient temperatures, resulting in a low commercial 
value. Subsequent studies showed that storage at − 35 °C 
or lower can prevent the formation of met-myoglobin (Bito 
1976). Since then, the temperatures of frozen storage cabi-
nets have been reduced, and extremely low temperatures of 
− 50 °C or lower have been utilized in industrial settings.

As described above, the optimal storage temperature 
varies with the fish species and objectives. It is important 
to identify a suitable storage temperature for individual 
types of fish at which the quality is retained and energy is 
conserved at the same time.

Fig. 2  Comparison of temperature dependence based on freeze dena-
turation rate constant (KD) of myofibrillar Ca-ATPase in minced fish 
muscle for five different species. Reproduced from Fig. 3 in Fukuda 
(1996)
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Influence of freezing rate and chemical changes 
of frozen fish meat on restoration after thawing

Freezing rate and storage temperature of food greatly influ-
ence the ice crystal size. However, studies of livestock meat 
(Añón and Calvelo 1980; Ngapo et al. 1999) have shown 
that the resilience of muscle tissues after thawing does 
not depend unconditionally on the freezing rate. Fukuda 
(1996) reported that cells in fish meat with large ice crys-
tals at a slow freezing rate are restored to good conditions 
upon thawing, when the meat is stored at a sufficiently low 

temperature (− 40 °C). This indicates that the formation 
of ice crystals is not the direct cause of damage, and that 
accompanying protein denaturation is an important factor. 
Figure 3 (Fukuda 1996) depicts the ice crystals of mackerel 
meat stored for 10 months with various freezing rates and 
storage temperatures as well as the restoration after thawing. 
Figure 4 (Fukuda et al. 1982) depicts the degree of protein 
denaturation.

In cod and swordfish meat, a new network structure forms 
easily during the formation of ice crystals, and the meat 
exhibits a sponge-like shape after thawing. Rapid freezing 

Fig. 3  Effect of freezing rate 
and freezing storage tempera-
ture on the muscle fiber tissue 
of chub mackerel. Fillet of chub 
mackerel was initially frozen 
at − 20 °C (for slow freezing) 
or − 80 °C (for quick freez-
ing) for 20 h and subsequently 
stored at − 20 °C or − 40 °C 
for 10 months. Modified based 
upon Fig. 2 in Fukuda (1996)

Fig. 4  Effect of the freezing 
rate and storage temperature on 
protein denaturation (10 months 
of storage). Reproduced from 
Fig. 3 in Fukuda et al. (1982)
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and low temperature storage (− 30 °C or lower) are effective 
in preventing this phenomenon (Tanaka 1985; Tolstorebrov 
et al. 2016). Moreover, slow freezing causes the expansion 
of intercellular spaces in squid tissue (Ando and Miyoshi 
2002).

Jiang et al. (2018a) examined the influence of differ-
ent freezing methods on the quality of snakehead fillets 
and reported that freezing by extremely rapid temperature 
changes using liquid nitrogen caused tissue cracking and 
decreased the water holding capacity. For large fish (tuna), 
only parts near the surface freeze quickly, whereas the center 
portions freeze slowly; therefore, the ice crystal size also 
differs between the body surface and the central portions 
(Hanzawa and Fukuda 2006). However, these differences in 
ice crystal size do not necessarily have a decisive influence 
on the quality and price of tuna meat.

A study by Fukuda and Okazaki (2013) evaluated the 
effects of freezing rate on the pH of frozen tuna meat at 
different post-mortem stages (immediately after death, dur-
ing rigor mortis, and after rigor mortis) and indicated that 
a lower freezing rate markedly affected the pH when tuna 
was frozen immediately after death. Further, it was found 
that the concentration of adenosine-5′-triphosphate (ATP) 
and lactic acid in tuna meat differed among different body 
regions, and the uneven distribution was attributed to the dif-
ferent freezing rates among the positions (Suzuki et al. 2015) 

(Fig. 5). Based on these findings, differences in meat quality, 
particularly large fish between central and peripheral parts, 
were considered to be related to the progress of post-mortem 
changes prior to complete freezing, rather than a direct influ-
ence of ice crystal size (Fukuda and Okazaki 2013).

Effect of fish freshness before freezing 
on the quality of frozen fish meat

In fish meat, the degradation of ATP, decrease in pH, and 
increase in  Ca2+ concentration and osmotic pressure in mus-
cle are related to the progression of post-mortem changes, 
and they are considered to be the main factors in protein 
deterioration, increase in susceptibility to proteolysis, and 
weakening of muscle structure (Delbarre-Ladrat et al. 2006). 
Furthermore, rapid decreases in the ATP concentration and 
pH are related to the stress of being caught combined with 
muscle fatigue during catching. In red meat fish containing 
high amounts of glycogen, such as sardine and mackerel, 
these changes are particularly marked (Fukuda et al. 1984).

Various reports have indicated that freshness also affects 
the formation of ice crystals during freezing. In Alaska pol-
lack (Tanaka 1969), bonito (Tanaka et al. 1977), and Atlantic 
cod (Love and Haraldsson 1961; Love 1966), the structure 
of frozen tissues differed with different postmortem states 

Fig. 5  The distribution of ATP 
and lactic acid in muscle from 
a cross section of bigeye tuna. 
ATP content was expressed 
as the ratio of ATP to total 
ATP-related compounds (%). 
Modified from Figs. 2 and 4 
from Suzuki et al. (2015)
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before freezing, and the ice crystals tended to grow extracel-
lularly when the time interval prior to freezing was extended.

Love and Haraldsson (1961) predicted that an increase 
in free water due to protein denaturation promoted the for-
mation of ice crystals, and Tanaka (1969) suggested that 
endomembrane changes were important determinants. Kaale 
and Eikevik (2013) reported that the state of ice crystals 
formed during the freezing process varied in Atlantic salmon 
depending upon the freshness and the portion of fish body. 
Kominami et al. (2014) showed quantitatively that postmor-
tem changes in tissue properties, such as decreased water 
holding capacity and weakening of endomembrane, were 
significantly involved in ice crystal formation in frozen horse 
mackerel. Hashimoto and Takiguchi (2015) reported that 
larger ice crystals formed between the muscle cells of frozen 
spotted mackerel with the lowering of freshness, and there 
was a positive correlation between the ice crystal size and 
the amount of drip loss after thawing.

Conversely, it has been stated that fish meat frozen in an 
extremely fresh state before rigor mortis has excellent color 
and texture after thawing (Einen et al. 2002; Inohara et al. 
2014). Recent studies have also shown that high pH and 
high ATP in fresh fish meat effectively suppressed changes 
in various properties during frozen storage. The inhibitory 
effect of ATP on protein denaturation is 10,000 times that of 
sucrose (Yoshioka and Arai 1986). The frozen denaturation 
of myofibrillar proteins (Ogata et al. 2012) and the formation 
of met-myoglobin (Inohara et al. 2013) are suppressed in fish 
meat with high ATP contents. The pH of fish meat before 
rigor mortis is generally high, around pH 7, and it has been 
reported that protein denaturation in fish meat is suppressed 
at around pH 7–8 with greater stability than that at pH 5–6 
(Fukuda et al. 1984; Hashimoto and Arai 1985).

Long-line tuna fisheries capture the tuna alive, and they 
are subjected to rapid nerve treatment and immediate exsan-
guination, followed by quick freezing and ultra-low tempera-
ture storage. However, tuna meat processed in this way often 
contains high levels of ATP, which is associated with mus-
cular rigidity (thawing rigidity) when it is quickly thawed 
(Imamura et al. 2012). In the frozen tuna market, brokers 
use the above phenomenon to thaw frozen tuna tails in water 
quickly so that they can check the presence of thawing rigid-
ity and evaluate the potential commercial value (Fukuda and 
Okazaki 2013). In fish meat, the ATP content and pH are 
maintained at high levels just after death and play an impor-
tant role in stabilizing the protein in the frozen state.

Nakazawa et al. (2020) compared the rate of metmyoglo-
bin formation in tuna meat at two different freshness levels 
during frozen storage, using bigeye tuna caught by long-line 
fishing and then frozen immediately onboard. They found 
that the metmyoglobin formation was remarkable in the meat 
with low ATP and low pH at − 40 °C, while it was sup-
pressed in the meat with high ATP and high pH.

Based on these findings, high freshness of fish meat prior 
to freezing might have energy- and cost-saving implications 
for freezing and frozen storage.

Quality changes of salted fish meat 
during frozen storage

In recent years, reduction of salt content in salted fish meat 
has progressed due to a focus on health, but the preserva-
tive stability is low. Therefore, “Zuke” (consumed raw) and 
“Ichiya-boshi” (slightly salted dried fish for cooking), which 
are typical Japanese processed fish products prepared via 
mild salting, are sometimes distributed in a frozen state. 
However, such products often cause drip loss at the time 
of thawing, and the suppression has become an industrial 
concern. If the salt content is too high, protein denatura-
tion and aggregation occur, which reduce protein solubility 
(Thorarinsdottir et al. 2011). In contrast, salting with a rela-
tively low salt concentration (usually up to 1 mol/L) causes 
lattice expansion of the muscle filaments due to an increase 
in electrostatic repulsion, thereby improving the water hold-
ing capacity, yield, and textural properties (Ooizumi et al. 
2003; Thorarinsdottir et al. 2004; Kin et al. 2010; Jiang et al. 
2018b).

Though it is well known that the influence of salt on the 
protein properties and quality characteristics of fish meat 
depends on the salting conditions, the precise effects of 
salting on quality changes in fish meat after freezing have 
not been fully explicated. Historically, industrial process-
ing procedures have been largely determined by experience. 
Therefore, a scientific basis for reducing drip loss in frozen, 
slightly salted fish meat is currently required.

Ichisaki et al. (2011) examined the relationship between 
salting condition and water separation after freezing and 
thawing using (instantly killed) horse mackerel meat; the 
results suggested that drip loss was suppressed at a salt con-
centration of 0.25 mol/kg or greater and that the moisture 
content in the meat did not affect water separation signifi-
cantly under these salting conditions (Fig. 6).

Jiang et al. (2018b) used scanning electron microscopy 
to study the frozen tissues of untreated tuna meat and tuna 
meat treated with 0.25–3 M NaCl solutions, and found that 
the shape of ice crystals differed substantially among these 
tissues. For instance, in the untreated tissues, large ice pil-
lars formed parallel to the direction of muscle fibers, and 
the muscle fibers were highly compressed. According to 
Love (1968), growing ice crystals cannot develop freely in 
all directions within the muscle fiber of fish meat and are 
limited by the structured framework of the muscle tissue. 
In the case of salted fish meat treated with 0.5–1 M NaCl, 
numerous spherical or elliptical ice crystals were uniformly 
dispersed throughout the cells (Fig. 7), and a small amount 
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of thawing drip was generated. It was also demonstrated that 
the duration and temperature of frozen storage as well as 
freeze–thaw cycle had serious impacts on these phenomena 
(Jiang et al. 2019b). These results suggested that the thawed 
water was easily reabsorbed by the tissues at the time of 
thawing, and that the morphological properties of the ice 
crystals observed in the salted fish meat reflected changes in 
the protein properties due to NaCl as well as the changes in 
the hyperfine structure of tissues (Jiang et al. 2019a).

Quality changes of surimi‑based products 
during freezing and frozen storage

Surimi-based products are produced from fish meat by minc-
ing, kneading with salt, and heating to obtain a relatively 
uniform gel-like state formed by fish meat protein dissolved 
by salt and intertwined in a network structure. The qual-
ity of this product is easily deteriorated by freezing, and 
freezing damage is quite different from that of fish meat. 
In particular, Japanese traditional boarded kamaboko was 

Fig. 6  Relationship between water release rate and moisture content 
in salted horse mackerel meat. Symbols indicate NaCl concentrations 
in the muscle meat, in which circles indicate a concentration of less 
than 0.1 mol/kg, triangles 0.1–0.25 mol/kg, and squares 0.25 mol/kg 
or more. Adapted from Fig. 5 in Ichisaki et al. (2011)

Fig. 7  Morphology of ice 
crystals in tuna meat with or 
without presalting by 1M NaCl 
solution following freezing at 
− 20 °C for 1 week. a Micro-
graphs observed by SEM. b 
Schematic illustration of the 
effect of proper presalting on 
the freezing stability of frozen-
thawed meat. Modified from 
Figs. 3c and 5 from Jiang et al. 
(2019b)
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susceptible to the stress exerted by freezing and thawing 
and tended to exhibit water separation (Jia et al. 2018a). 
Because the consumption time of these products is concen-
trated around the New Year, frozen storage is necessary for 
scheduled production. Rapid freezing using liquefied gas and 
other techniques has recently been applied for manufacturing 
(Okazaki 2009). However, only limited information about 
the effects of various factors involved in the freezing toler-
ance of surimi-based products is available.

According to the studies of surimi gel as a model of 
surimi-based products at slow freezing, the ice crystal size 
varied with the freezing speed, as observed in fish meat, 
but resulted in ice crystals that were larger than those pro-
duced in fish meat (Jia et al. 2018b, c, 2019). In addition, 
water separated from the gel by freezing was not completely 
absorbed by tissues, even after thawing, and the spaces cre-
ated by the ice crystals remained in the gel (Jia et al. 2018c). 
Although the state of drip generation could be suppressed by 
frozen storage at low temperatures, the ice crystal size rela-
tive to the freezing rate had a large influence on the quality 

of frozen surimi gel (Jia et al. 2019). The different effects 
of freezing on the quality of fish meat and surimi gel can be 
attributed to several factors. The muscle cells of fish meat 
are surrounded by membranes and have a regular structure, 
but the surimi gel is a smooth gel-like food without a defined 
structure.

Heating during processing of gel product is another fac-
tor that is generally associated with differences in protein 
denaturation. In the case of surimi gel, when a directly 
heated gel (90 °C for 30 min) and a two-step heated gel 
(30 °C for 60 min, followed by 90 °C for 30 min) were 
compared, larger ice crystals (Fig. 8) and greater drip loss 
(Fig. 9) were observed in the two-step heated gel than in the 
directly heated gel, suggesting that this was due to both an 
increase in surface hydrophobicity (Akahane and Shimizu 
1990) and differences created by increased free water in the 
gels between the two types of gel (Akahane and Shimizu 
1990; Jia et al. 2019).

It is known that starch may be added to surimi-based 
products to improve the water holding capacity (Yamazawa 

Fig. 8  Ice crystal observation 
of surimi gels by direct heating 
and two-step heating after slow 
freezing and subsequent frozen 
storage at − 40 °C, − 20 °C, and 
− 10 °C for 1-week. Reproduced 
from Fig. 3 in Jia et al. (2019)
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1991). However, with slow freezing, the water holding 
capacity decreased due to the disintegration of starch par-
ticles (Fig. 10). Further, under some freezing conditions, 
the addition of starch could increase drip loss (Jia et al. 
2018b, c). Various properties, including both gelatinization 
characteristics and retrogradation properties of the added 
starch, significantly affect the formation of ice crystals (Jia 
et al. 2018c). When starch-containing gels were frozen after 

setting, no disintegration was found in the starch particles 
and the water derived from ice crystals was absorbed by 
starch particles via heating after thawing; additionally, 
the water holding capacity improved compared to that of 
the conventional method (freezing after heating) (Jia et al. 
2018c).

Furthermore, emulsification of surimi with fish oil con-
tributed to the formation of smaller and more uniform ice 

Fig. 9  Changes in drip loss of direct heated gels (a) and two-step heated gels (b) before and after 12 weeks of frozen storage at − 40 °C (1); 
− 20 °C (2) and − 10 °C (3). Data are shown as mean ± standard deviation. Reproduced from Fig. 9 in Jia et al. (2019)
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crystals and less thawing drip of surimi gel in commercial 
surimi product (Niu et al. 2016; 2020). This is probably due 
to the combined results of improved water holding capacity 
and ice crystal growth inhibition by strengthening the gel 
structure with the protein membrane surrounding fish oil 
particles (Gao et al. 2018).

As described above, various factors are related to the 
freezing tolerance of surimi-based products, and the forma-
tion of ice crystals is closely related to quality changes of 
these products.

Technology aimed at quality improvements 
in frozen fish meat

The performance of freezing machines has been dramati-
cally improved, and ultra-low temperatures of − 60 °C or 
lower are now widely used. In addition, the effects of high 
pressures (Fernández et al. 2006; Tironi et al. 2007; Su et al. 
2014), ultrasound (Zheng and Sun 2006; Cheng et al. 2015), 
antifreeze proteins (Hagiwara 2011; Hagiwara et al. 2017), 
super chilling (Kaale et al. 2011), supercooling (Miyawaki 
et al. 1992; Shimoyamada et al. 1999; Kobayashi et al. 
2014), and other methods are currently being investigated to 
obtain instantaneous and homogenous ice crystals or prevent 
the formation of ice crystals.

On the other hand, in recent years, research focusing on 
biochemical changes that occur under subzero temperatures 
has also been conducted. The freezing of extremely fresh 
seafood products just before rigor mortis is one approach to 

improving quality and conserving energy; however, muscle 
contraction and drip loss due to thawing rigor are problems 
still encountered during the industrial production of frozen 
seafood with high quality. Thaw rigor is thought to be a 
muscle contraction phenomenon that occurs by utilizing the 
energy of residual ATP when calcium leaks from the sarco-
plasmic reticulum to the muscle during thawing (Yamanaka 
et al. 1978; Ma and Yamanaka 1991; Ushio et al. 1991). 
It leads to intense muscle contraction, hardening of meat, 
substantial drip loss, and unfavorable properties (Fukuda 
and Okazaki 2013). The fisheries industry has endeavored 
to prevent this via holding fish for a certain period of time 
before freezing. However, the freshness of the fish decreases 
with this method, and there is a risk of further deterioration 
of quality. Therefore, an appropriate thawing method for 
fish meat is required to prepare fish meat with quality high 
enough for sashimi.

Meanwhile, studies on the thaw rigor of bonito (Bito 
1978), sardine (Bito 1980), pollock (Cappeln et al. 2001), 
and chub mackerel (Moriya et al. 2019) have shown that 
thaw rigor is related to a rapid degradation of glycogen and 
decreased ATP concentration during rapid thawing. It is 
also indicated that thaw rigor can be prevented by treatment 
at subzero temperatures above − 10 °C for a certain period 
before thawing. It has been confirmed that this method is 
effective for frozen whale meat (Murata et al. 2008; Fuku-
shima et al. 2018), frozen bigeye tuna meat (Imamura et al. 
2012), and frozen chub mackerel (Moriya et al. 2019).

When nicotinamide adenine dinucleotide (NAD) dis-
appears due to treatment at subzero temperatures before 

Fig. 10  Microscopic observa-
tion of frozen heat induced 
surimi gel containing potato 
starch before and after thaw-
ing. Purple and white regions 
in thawed gel indicate starch 
granules and structural damage 
caused by ice crystal  formation, 
respectively
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thawing, the pH of the thawed meat remains high, since the 
anaerobic glycolysis system is deactivated at the time of 
frozen thawing; the potential to improve the water holding 
capacity and texture of thawed meat has been confirmed for 
sardines (Bito 1980), bonito (Bito 1978) and bigeye tuna 
(Nakazawa et al. 2016) (Fig. 11). Tsukamasa et al. (2018) 
suggested that the suppression of the pH decrease by this 
treatment is effective for suppressing the progression of 
metmyoglobin formation in frozen bonito meat. However, 
a pH decrease was not prevented by this treatment in whale 
(Fukushima et al. 2018) and chub mackerel (Moriya et al. 
2017). Moriya et al. (2017) proposed that the preventive 
effect on pH decrease by this temperature treatment was lim-
ited to fish species in which the decrease rate of NAD under 
subzero temperatures was rapid.

These findings indicated the potential for quality control 
of fish meat utilizing biochemical changes under freezing 
temperatures. The detailed mechanisms by this method are 
expected to be revealed in future studies.

Summary

Generally, the stability of fish and shellfish meat is lower 
than that of livestock meat, and the concept of T-TT 
(time–temperature-tolerance), including frozen storage tem-
perature and storage period, is more important for maintain-
ing quality of fish and shellfish meat.

Protein denaturation before and during freezing and fro-
zen storage greatly affects the quality. When fish meat is 
stored at a sufficiently low temperature (− 40 °C), protein 
denaturation of the frozen fish meat is suppressed and the 
tissue of the meat reabsorbs water.

Ice crystal formation in frozen seafood significantly 
affects the quality properties by changing the structure of tis-
sues and other properties. However, the effects of ice crystals 
on the quality of thawed fish meat differ based on the fish 
species, post-mortem stages, protein denaturation of frozen 
fish meat, and processing conditions of frozen fish meat.

In the case of frozen fish products such as lightly salted 
fish or frozen kamaboko, changes in the protein properties 
and the tissue structure due to the conditions of processing; 
i.e. salting, heating, additives, freezing rate, storage tem-
peratures, and the order of processing, have great effects 
on the formation and growth of ice crystals and the quality 
after thawing.

Understanding the changes in the pretreatment processes 
such as catching, cooling/freezing, storage, and thawing and 
their relationship with the resulting meat quality is neces-
sary to selecting an optimum technology; however, some of 
this information has not yet been explicated. Thus, further 
research and technical development are required in order to 
elucidate appropriate freezing and storage conditions spe-
cific to the characteristics of each seafood product.
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