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Biochemical changes of Atlantic salmon (Salmo salar) fillets during superchilled storage were 
evaluated. Due to the significant differences in ice crystal sizes observed, the biochemical changes 
were evaluated both at the top and centre parts of the superchilled samples. No significant differences 
were found in biochemical changes between the top and centre parts of the superchilled samples. The 
amount of cell tissue fluid (CTF) increased significantly from day 1 to 3 in the top and centre parts of 
the superchilled samples. The amount of CTF was stable between day 3 and 14 but increased 
significantly from day 21 to 28. A significant increase in the activity of β-N-acetyl-glucosaminidase in 
the CTF at the top was observed between day 3 and 7, while at the centre at day 7 of storage. There was 
also a significant increase in β-N-acetyl-glucosaminidase both at the centre and the surface of the 
superchilled samples between day 21 and 28 of storage whereby the activity in these samples was on 
the same level as in the frozen samples. In the superchilled samples, the cathepsin B activity in CTF 
and homogenates were stable for the first one week of storage. There was significant increase in 
activity of cathepsin B in cell tissue fluid and homogenates between day 21 and 28 for both chilled and 
superchilled samples. These findings provides valuable information on the quality of food products for 
the food industry in relation to ice crystallisation/recrystallization during superchilled storage.  
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INTRODUCTION 
 
Partial freezing of food is an effective way of preservation 
and it has been shown to double shelf-life of foods (Duun 
and Rustad, 2008; Duun et al., 2008). Superchilling and 
superchilled storage of food may, however, lead to quality 
changes and protein denaturation, especially of the 

myofibrillar proteins. These changes may result in altered 
functional    properties,   such   as   changes   in   texture, 

reduced water holding capacity and juiciness. These 
properties are related to food quality and are important 
for maintaining high quality.  

Quality is an arbitrary term and one which causes 
confusion among consumers, processors and 
researchers. Product quality is a very complex concept 
(Gao, 2007) which  included:  Nutritional,  microbiological,
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biochemical and physiochemical attributes. Quality not 
only relates to the freshness of food, how old it is and the 
appearance, it also related to the service received by the 
consumers and the consumer’s expectations and 
specifications (Gao, 2007). Microbial growth, colour, 
taste, texture, water holding capacity and juiciness, off-
flavour, biochemical properties and oxidation are 
important factors both for the safety and the quality of 
food products. The deterioration in the food quality during 
superchilled storage is due to undesirable processes 
taking place in lipids and proteins (Duun and Rustad, 
2008; Jiang and Lee, 1985; Ocano-Higuera et al., 2009). 
The degree of deterioration is influenced by many factors 
such as freshness and treatment before partial freezing, 
state of rigor, partial freezing rate, ultimate partial 
freezing temperature, storage temperature, storage 
period, fluctuation of storage temperature, and thawing 
methods (Benjakul and Visessanguan, 2010; Blond and 
Meste, 2004; Chevalier et al., 2001; Duun and Rustad, 
2008; Duun et al., 2008; Hagiwara et al., 2002; Jiang and 
Lee, 1985; Kiani and Sun, 2011; Martino et al., 1998; 
Mittal and Griffiths, 2005; Petzold and Aguilera, 2009). 

There is growing demand for fresh and high quality 
foods worldwide. In recent years, consumers are 
increasingly concerned with their health, and are 
demanding foods that are beneficial to their health and 
help prevent diseases. This leads to an increased need 
for technologies to preserve the freshness of foods. 
Superchilled storage is an efficient way of preserving the 
quality of food (Kaale et al., 2013b). With good handling 
and safety practices both before and after partial 
freezing, superchilled foods can retain high quality. To 
retain good quality, the superchilled foods should be kept 
at stable superchilled storage temperatures (Banerjee 
and Maheswarappa, 2017). At these temperatures, 
growth of micro-organisms is very low and deteriorative 
reactions take place at very slow rates (Duun and 
Rustad, 2008).  

Nevertheless, studies by Kaale et al. (2013b) and 
Kaale et al. (2013c) reported that a high superchilling rate 
results in a high rate of heat removal, leading to the 
formation of a large number of small nuclei and thus a 
large number of small ice crystals that grow both within 
and outside cells. As a result, the cells maintain their 
integrity which in turn minimises drip loss; maintain water 
holding capacity and textural changes during thawing 
(Smith, 2011). However, this advantage was reduced 
during superchilled storage by the rapid growth of ice 
crystal sizes in the salmon fillets (Kaale et al., 2013b). 
Moreover, there was a large difference between the ice 
crystal sizes at the surface and centre of the superchilled 
salmon fillets. The increase in ice crystal sizes during 
superchilled storage may impart mechanical damage by 
physically rupturing cell walls, which may result in an 
increase in drip loss, a reduction of the water-holding 
capacity and textural changes (Smith, 2011). 

Therefore, there is a need to study  the  damage  which 
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may take place during superchilled storage of salmon 
fillets. When muscle foods are partially frozen, cell and 
organelle membranes are destroyed leading to leakage 
of lysosomal enzymes into the cell (Nilsson and 
Ekstrand, 1993). The degree of membrane destruction 
can be measured as an increase in amount of cell tissue 
fluid (CTF). Increase in lysosomal enzyme activity in the 
CTF is also a measure of membrane destruction. 
Increased amount of CTF is closely related to loss of 
water holding capacity and increase with reduced ability 
of the tissue to hold water (Duun and Rustad, 2008; 
Johansen, 2013).  Hence, the objective of this study was 
to assess cell tissue fluid and enzyme activity changes 
both at the surface and centre of the salmon fillets in 
order to clarify the effect of the ice crystal development 
during superchilled storage. 
 
 

MATERIALS AND METHODS 
 
Salmon fillets (Salmon salar) stored in ice (0.9 to 1 kg), were 
delivered by Lerøy Midnor (Hitra, Norway). The fillets were vacuum-
packed and stored at 4°C for 24 h before the superchilling process 
to ensure a constant temperature in all samples. Superchilling was 
performed in an Impingement Advantec Lab Freezer (JBT Food-
Tech, Rusthållsgatan 21, SE-251 09, Helsingborg, Sweden) at 
NTNU Energy’s laboratory in Trondheim, Norway. The samples 
were superchilled (partially frozen) at -30°C and 227 W/m2.K (at 2.5 
kPa pressure differences of the fan at the impingement freezer) for 
2.1 min to achieve an ice content of 20% (Kaale et al., 2013c). 

 
 
Temperature trend during storage 
 
The temperature, as one of the critical parameters during 
superchilled storage, was strictly controlled during this study. The 
storage box was designed (92 × 73 × 54.5 cm) with a heating 
element inside to ensure adequate temperature regulation. Three 
Pt100 temperature sensors were inserted in the storage box: One 
was used to measure the air temperature, and the other two were 
used to measure the surface and centre temperatures of the 
superchilled salmon fillets. The set-point temperature was -1.7°C. 
The box was placed inside the storage room, which was at a 
temperature of approximately -5°C (temperature outside the 
storage box). 
 
 

Cell tissue fluid (CTF) 

 
Approximately 20 g of coarsely cut muscle was weighed out in a 
centrifuge tube and centrifuged at 4°C for 30 min at ~28 000 x g in 
SS-34 rotor (Sorvall centrifuge, The Netherlands) (Nilsson and 
Ekstrand, 1994). The supernatant was pipetted off, and this is the 
CTF. Quantification of the CTF was made by weighing directly into 
Eppendorf tubes. Samples were kept at -80°C until analysis. Two 
parallels were made from each sample. 

 
 
Protein extraction (homogenate preparation) 
 
Extraction of water soluble protein was performed as described by 
Nilsson and Ekstrand (1994) at +4°C, and samples were kept on ice 
before, under and after homogenization. Each sample was 
extracted  once.  For  protein  fractionation,   approximately   5 g   of 
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muscle was cut from the loin side and weighed out in a centrifuge 
tube (50 mL), and 15 mL of 50 mM phosphate buffer, pH 7.0 was 
added before homogenization (Ultra Turrax). The homogenate was 
left in a cold room for 30 min, occasionally stirred or shaken before 
centrifugation at 4°C for 30 min at ~14 700 x g in a SS-34 rotor 
(Sorvall centrifuge). The supernatant was decanted into a 
volumetric flask, through a funnel with glass wool. The glass wool 
was rinsed with buffer, and the volume was made up to 25 ml. 
Aliquots of the extracts were frozen at -80°C until analyses. 
 
 
Enzymatic activity 
 
Activity of the lysosomal enzymes cathepsin B and N-
acetylaminidase were determined in CTF and extract of water 
soluble proteins. The cathepsin B activity was determined with a 
synthetic fluorogenic substrate, Nα-carbobenoxy-L-arginyl-L-7-
amido-4-methylcoumarin (Barrett and Kirschke, 1981). Activity of β-
N-acetylglycosaminidase (NAG) was determined using ρ-

nitrophenyl-N-acetyl--D-glucose amide as a substrate. The activity 
was determined as described by Milanesi and Bird (1972). 
 
 
Statistical analysis 
 
The observations of the CTF at the two locations with respect to 
storage days were analysed by one- and two-way analyses of 
variance using Minitab 16 software (Minitab, Inc., USA). A general 
linear model, (post- hoc test) under Tukey’s simultaneous test was 
applied whenever the ANOVA results were significant (p < 0.05).  

 
 
RESULTS AND DISCUSSION  

 
Ice crystal evolution during the superchilling process 
and the superchilled storage 

 
Figure 1 showed the micrographs of superchilled and 
without superchilled salmon tissues (Control). The study 
by Kaale et al. (2013a) reported that the ice crystal size in 
zero-time (superchilling process) was significantly smaller 
(23 ± 3 µm) compared to that during storage of 
superchilled samples (92 µm), which is 4 folds larger than 
ice crystals at zero time. This is because the superchilling 
process was performed at a very low temperature (-30°C) 
and the samples were stored at -1.7 ± 0.3°C.  

In addition, thermal gradients which developed during 
the superchilling process in the product near the surface 
were reported to contribute to the increase of ice crystal 
size during superchilled storage. When temperature 
equalisation was achieved within the samples, the growth 
of the intracellular ice crystals at the surface layer was 
not significant (p < 0.05) (Kaale et al., 2013a). Prior to 
temperature equalisation, ice crystal growth progresses 
from the surface to the centre of the superchilled food 
products (Figure 1). No ice crystals were formed at the 
centre during the superchilling process (zero time). The 
size of ice crystal that are formed at the centre was 
significantly larger than that at the surface (318 ± 4 µm_ 
after only 1 day of storage, which is 3-folds larger than 
ice crystals at surface. The large size is due to slow 
superchilling rate, and  these  crystals  may  damage  the  

 
 
 
 
integrity of the superchilled product. Due to the significant 
difference in ice crystal sizes (surfaces vs centres) within 
the superchilled salmon samples, cell tissue fluid and 
enzyme activity were analysed separately at the surfaces 
and centres of the fillets during superchilled storage. 

 
 

Cell tissue fluid (CTF) 
 
Figures 2 and 3 showed the amount of CTF at the centre 
and surface of the superchilled samples. The amount of 
CTF increased during storage. No significant differences 
were found in CTF between the top and centre parts of 
the superchilled samples. Kaale et al. (2013a) reported 
that the temperature equalization had taken place at day 
1 and there was no significant growth of ice crystal size 
after this time. In this study, there was a significant 
increase in amount of CTF from day 1 to 3 at the top and 
the centre parts of the superchilled samples. The amount 
of CTF was stable between day 3 and 14 but increased 
significantly from day 21 to 28.  

The changes in CTF showed a slight damage of cell 
membranes between day 1 and 3 where temperature 
equalization takes place and between day 21 and 28 
(Figure 2). These results are according to that reported in 
previous study (Kaale et al., 2014). The type of samples 
and storage procedures in this study are the same as that 
used in Kaale et al. (2014).  
 
 

Enzyme activity  
 
Leakage of lysosomal enzymes such as different 

cathepsins, β-N-acetyl-glucosaminidase and -
glucosidase have been used as an indicator of 
membrane damage due to freezing (Nilsson and 
Ekstrand, 1993; 1994, Bahuaud et al., 2008). The 
significant increase in the activity of β-N-acetyl-
glucosaminidase in the CTF at the top was observed 
between day 3 and 7, while at the centre on day 7. In 
contrast, the β-N-acetyl-glucosaminidase in the CTF 
increased significantly between day 21 and 28 at the 
centre and the surface of the superchilled samples and 
the activity in these samples (day 21 and 28) was on 
the same level as in the frozen samples.  No significant 
differences were found in the β-N-acetyl-glucosaminidase 
in the CTF between top and centre parts of the 
superchilled samples. 

The activity of β-N-acetyl-glucosaminidase in extracts 
of water soluble proteins (Figure 4) from the chilled 
samples increases between day 7 and 14 of storage 
while in the superchilled samples there is a decrease 
between day 7 and 14 for the top samples and at the 
centre was observed at day 14 of storage, followed by an 
increase to the same level as in the samples from day 
one. This could imply that there are inhibitors that are 
inactivated during chilled storage while this does not take 
place till after 14 days of superchilled storage. 



Kaale et al.          183 
 
 
 

 
 

Figure 1. Micrographs of superchilled and without superchilled salmon tissues. 
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Figure 2. Changes in amount of cell tissue fluid per gram wet weight in salmon under different storage 
conditions. Superchilled storage at -1.7°C, chilled storage at 4°C and frozen at -20°C. Values are given 
as mean ± SEM of (g CTF / g wet weight) (n =3). 

 
 
 

 
 

Figure 3. Changes in activity of β-N-acetyl-glucosaminidase in cell tissue fluid from salmon. 
Superchilled storage at -1.7°C, chilled storage at 4°C and frozen storage at -20°C. Values given as 
mean ± SEM (µmoles / g wet weight*min) (n = 3). 
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Figure 4. Changes in activity of β-N-acetyl-glucosaminidase in homogenates from salmon. Superchilled 
storage at -1.7°C and chilled storage at 4°C. Values are given as mean ± SEM of (µmoles/ g wet 
weight*min) (n =6). 

 
 
 

 
 

Figure 5. Changes in activity of cathepsin B in cell tissue fluid from salmon at different storage period and 
conditions. Superchilled storage at -1.7°C, frozen storage at -20°C and chilled storage at 4°C. Values are 
given as mean ± SEM (n= 6). 

 
 
 

Cathepsins are also lysosomal enzymes, and the 
cathepsin B activity in CTF (Figure 5) was stable for the 
first one week of storage in all samples. There was a 
significant increase in activity of cathepsin B in cell tissue 
fluid between day 21 and 28 for  chilled  and  superchilled 

samples which might be due to cell denaturation during 
superchilled storage. 

For the homogenates (Figure 6), there is a slight 
increase in the activity for the chilled samples while the 
activity in the superchilled samples  decrease  during  the
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Figure 6. Changes in activity of cathepsin B in homogenates from salmon at different storage period 
and conditions. Superchilled storage at -1.7°C frozen storage at -20°C and chilled storage at 4°C. 
Values are given as mean ± SEM (n= 6). 

 
 
 
first 1 to 2 weeks and then increase from day 21 to 28. 

No significant differences were found in cathepsin B 
activity in CTF between top and centre parts of the 
superchilled samples. 
 
 
Conclusion 
 
No significant differences were found in biochemical 
changes between top and centre parts of the superchilled 
samples. The amount of CTF increased significantly from 
day 1 to 3 in the top and centre parts of the superchilled 
samples. The amount of CTF was stable between day 3 
and 14 but increased significantly from day 21 to 28. A 
significant increase in the activity of β-N-acetyl-
glucosaminidase in the CTF at the top was observed 
between day 3 and 7, while at the centre at day 7 of 
storage. There was also a significant increase in β-N-
acetyl-glucosaminidase in both the centre and the 
surface of the superchilled samples between day 21 and 
28 of storage whereby the activity in these samples is 
on the same level as in the frozen samples. In the 
superchilled samples, the cathepsin activity in CTF and 
homogenates were stable for the first one week of 
storage. There was significant increase in activity of 
cathepsin B in cell tissue fluid and homogenates between 
day 21 and 28 for both the chilled and superchilled 
samples. These findings provides valuable information on 
the quality of food product for the food industry in  relation 

to ice crystallisation/recrystallisation during superchilled 
storage. 
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