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Abstract: Superchilling is an emerging technology for meat preservation; however, the temperature changes during the
process have been commonly ignored. Thus, the effects of temperature fluctuations on meat quality during superchilling are
yet to be evaluated. In our study, pork loins and salmon fillets were stored for several days (0, 8, 15, 23, and 30 d) under
different temperature fluctuations based on −3.5 ℃ as the target temperature. The results showed that after 15 d of
superchilling storage, the values of total volatile basic nitrogen, total viable count, and lipid oxidation were significantly (P<
0.05) altered in the ±2.0 ℃ fluctuation group compared with the constant temperature group. On the contrary, there was no
significant difference in these parameters between the ±1.0 ℃ fluctuation group and the constant temperature group after
30 d of storage. In addition, irregular temperature changes significantly accelerated the modulation of various indicators. In
brief, temperature fluctuations and irregular temperature changes accelerated the destruction of muscle structural integrity,
increased the water loss, gradually widened the water loss channels, and thereby reduced the edibility by accelerating the
spoilage of meat.
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1 Introduction

Meat is an important part of the human diet. Pork
is representative of red meat and occupies a major
position in the global market of meat products (Wood
et al., 1999). Salmon has become progressively more
popular among fish in recent years because of its
rich nutrition and delicious taste (Haghiri, 2016). The
various nutrients in meat provide an ideal environ‐
ment for the growth and propagation of common food
spoilage organisms (Yang et al., 2017). If fresh meat
is not processed appropriately, it can easily spoil
due to microorganisms, resulting in poor meat quality
(Fidalgo et al., 2021). Therefore, quality and safety
assurance are necessary for the development of the
meat industry (Xie et al., 2016; Cheng et al., 2017).

Temperature is a crucial factor in the meat supply
chain. Processes such as the denaturation and degrad‑
ation of heat-labile muscle proteins, lipid oxidation,
and protease reactions are sensitive to temperature
changes, which can further lead to the poor quality of
meats (Duun and Rustad, 2008).

“Superchilling” was first introduced in 1920 and
was defined as the temperature zone where the storage
temperature of food is dropped to 1–2 ℃ below its
initial freezing point (Duun and Rustad, 2007). This
value is between the two temperature zones of tradi‐
tional refrigeration and freezing (Zhou et al., 2010).
With the continuous improvement of superchilling
technology, the related cold storage system is becom‐
ing more advanced to improve the shelf-life of meats.

One study controlled the temperatures at −1 ℃
to −3 ℃ using refrigerated chambers for the preserva‐
tion of salmon fillets and seabass (Chang et al., 1998).
Compared with −2 ℃, superchilling at −3 ℃ extended
the shelf-life of pork as well as maintained better
meat quality, which was later measured by the total
viable count, total volatile basic nitrogen (TVB-N),
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and thiobarbituric acid reactive substances (TBARSs)
(Ding et al., 2020). Superchilling was reported to min‐
imize biochemical degradation, protein denaturation,
and structural damage in Atlantic salmon compared
with frozen storage (Gallart-Jornet et al., 2007). Super‐
chilling was reported to improve the shelf-life of
foods by approximately 1.5–4.0 times compared to trad‑
itional refrigeration (Kaale et al., 2011). The tempera‐
ture control capability of superchilling equipment on
the market shows variation. The associated challenges
prompt the standardization of the thermal process and
determination of the optimal degree of superchilling
for different product groups to adequately improve
shelf-life (Banerjee and Maheswarappa, 2019).

Most of the existing research has focused on the
effect of a single temperature (such as −3 ℃) on meat
quality (Ye et al., 2020). Nowadays, refrigerators and
other low-temperature storage devices sold in the
market still feature temperature changes within the
storage space, which is usually ignored by merchants
and consumers alike (Derens-Bertheau et al., 2015;
Khan et al., 2017).

Our study is mainly focused on temperature fluc‐
tuations during long-term superchilling and their impact
on the quality deterioration of pork and salmon. The
results provide a new theoretical basis for reducing
the temperature fluctuations in low-temperature storage
equipment, in order to improve the meat quality during
cold storage.

2 Results and discussion

2.1 Design of temperature fluctuations

During the freezing process, the core tempera‐
ture of meat dropped rapidly at the initial stage of
freezing, followed by a plateau period, after which the
temperature dropped continuously. The temperature
range of the plateau period is the freezing point of the
meat. According to previous studies, the initial freez‐
ing points of pork loins and salmon fillets are about
−1.0 ℃ and −1.4 ℃, respectively (Duun and Rustad,
2008; Duun et al., 2008; Pomponio and Ruiz-Carrascal,
2017). Superchilling storage usually controls the tem‐
perature of food at 1–2 ℃ below the initial freezing
point. In our experiment, −3.5 ℃ was selected as the
temperature for the superchilling storage of pork and
salmon.

The temperature inside a refrigerator shows com‐
plex fluctuations. When the superchilling temperature
of an ordinary refrigerator was set to −3.5 ℃, the tem‐
perature changes in the central area of refrigerator were
observed (Fig. 1a). These temperature changes were
dominated by fluctuations. In our study, the refriger‑
ators had been remodeled to obtain only the tempera‐
ture fluctuations during storage. The constant tempera‐
ture space was assembled in a place where the tem‐
perature fluctuations were minimized, such that the in‐
ternal temperature changes were kept within ±0.3 ℃
(Fig. 1b). Subsequently, the internal temperature of
the refrigerator was adjusted so that the temperature
fluctuations stabilized, and the integral average tem‐
perature value was −3.5 ℃. The temperature fluctu‑
ations of (−3.5±1.0) ℃ and (−3.5±2.0) ℃ were shown
in Figs. 1c and 1d, respectively. The temperature
changes in the center and surface of pork and salmon
under different temperature conditions were shown in
Fig. S1.

2.2 Effects of temperature fluctuations on meat
quality indicators

TVB-N generally refers to the basic nitrogen-
containing substances such as volatile ammonia and
amines, which are produced by the decomposition of
proteins due to the joint interaction of muscle enzymes
and bacteria during meat storage (Olafsdóttir et al.,
1997). The changes in TVB-N in the different study
groups during superchilling were shown in Fig. 2. In
general, the acceptable limit of TVB-N value for fresh
meat during cold storage is 15 mg/100 g (Zhang et al.,
2011; Fidalgo et al., 2021). The average TVB-N of
pork increased gradually from Day 0 (8.87 mg/100 g).
From Day 8, the average TVB-N values of the
constant temperature group and the ±1.0 ℃ fluctu‑
ation group were significantly altered compared to the
other groups. On Day 30, the mean TVB-N value of
the constant temperature group was 11.55 mg/100 g,
while the value for the ±2.0 ℃ fluctuation group
was 14.23 mg/100 g. The TVB-N of the control group
exceeded 15 mg/100 g on Day 25. This parameter did
not exceed 15 mg/100 g for the other three groups
at Day 30; however, there was a significant differ‐
ence between the ±2.0 ℃ fluctuation group and the
constant temperature group (P<0.05). The average
TVB-N of salmon gradually increased from Day 0
(10.03 mg/100 g), and the differences compared to
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the experimental groups were not clear on Day 8. The
TVB-N values of the control group and the ±2.0 ℃
fluctuation group exceeded 15 mg/100 g on Days 16
and 23, respectively, accompanied by the clear smell of
ammonia. On Day 30, the average value of the con‐
stant temperature group was 13.53 mg/100 g, and
there was no significant difference between the con‐
stant temperature group and the ±1.0 ℃ fluctuation
group (P>0.05). On Day 30, the average TVB-N value
of the control group of salmon was 20.53 mg/100 g,
which was much higher than that of the pork control
group (15.52 mg/100 g). This was because salmon
fillet had a lower freezing point than pork loin. The
temperature in the superchilling area of the ordinary
refrigerator was irregular, and the temperature showed
great fluctuation, which could easily be above the
freezing point of salmon, greatly reducing the amount
of ice crystals in salmon fillets. Pork loins had a
higher degree of ice crystallization than salmon fillets.
Another reason for the above phenomenon is that
salmon has more free nitrogen than pork. Therefore,
the TVB-N value increased more slowly in pork loins.

The observed TVB-N values were consistent with
the previously reported growth trend (Cordoba et al.,
1994). The results showed that the irregular tempera‐
ture changes had a great influence on the TVB-N
value during superchilling storage. With the increase
of storage time, ±2.0 ℃ fluctuations induced the sig‐
nificant increase of TVB-N value, while ±1.0 ℃ fluc‐
tuations did not significantly change the TVB-N value
compared with the constant temperature group.

The growth and reproduction of microorganisms
can lead to the spoilage of meat products. Total viable
count (TVC) is a common indicator for evaluating the
quality and shelf-life of meat products. The changes
of TVC in pork and salmon during superchilling were
shown in Fig. 3. In general, the acceptable limit of TVC
value for fresh meat during storage is 1×106 colony
forming units per gram (CFU/g) (Coombs et al., 2017).
The average TVC of pork gradually increased from
Day 0 (3.87 lgCFU/g). From Day 8, the TVC values
of the ±2.0 ℃ fluctuation group and the control
group were significantly higher compared to the
other two groups (P<0.05). The control group exceeded

Fig. 1 Study of temperature changes during the superchilling process. (a) The actual temperature changes (control)
of the superchilled area in an ordinary refrigerator (−3.5 ℃); (b) Simulation of −3.5 ℃ constant temperature in a
refrigerator; (c) Simulation of refrigerator temperature fluctuations of (−3.5±1.0) ℃ ; (d) Simulation of refrigerator
temperature fluctuations of (−3.5±2.0) ℃.
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6 lgCFU/g on Day 27. The average TVC of salmon
increased gradually from Day 0 (3.41 lgCFU/g). The
control group and the ±2.0 ℃ fluctuation group ex‐
ceeded 6 lgCFU/g on Days 16 and 26, respectively.
There was no significant difference between the con‐
stant temperature group and the ±1.0 ℃ fluctuation
group (P>0.05).

The results showed that temperature changes had
a great influence on the variation in TVC values. As
the time passed, the ordinary refrigerator and ±2.0 ℃
fluctuations significantly promoted the increase of
TVC, while ±1.0 ℃ fluctuations did not alter the
TVC significantly compared with the constant tempera‑
ture group. Besides, the TVC of salmon was initially
lower than that of pork, but it eventually exceeded it.
It was speculated that the high fat and protein con‐
tents in salmon were more conducive to the growth
and reproduction of microorganisms (Fernández et al.,
2009). The degree of ice crystallization in the control
salmon fillets was lower than that in the pork loins,
and therefore the TVC value increased more rapidly
in salmon fillets. At the same time, the growth trend

of TVC in each group was consistent with the TVB-N
level.

Considering the results of TVC and TVB-N, the
shelf-life of pork of the constant temperature group
and the ±1.0 ℃ fluctuation group was approximately
36–39 d, whereas the shelf-life of salmon was approxi‑
mately 33–35 d. On the other hand, the shelf-life of
pork of the ±2.0 ℃ fluctuation group was approxi‐
mately 29–32 d, while the shelf-life of salmon was ap‐
proximately 27–30 d.

TBARS is widely used to determine the degree
of oxidative rancidity of fats in foods, especially fats
in meat and aquatic products (Campo et al., 2006). An
increased TBARS value was mainly associated with
the auto-oxidation and enzymatic hydrolysis of lipids
(Domínguez et al., 2019). The changes of TBARS in
pork and salmon during superchilling were shown in
Fig. 4. The TBARSs of pork and salmon gradually in‐
creased, starting from 0.17 and 0.43 mg/kg on Day 0,
respectively. From Day 15, the difference between the
±2.0 ℃ fluctuation group and the constant temperature
group remained significant (P<0.05). The constant

Fig. 3 Changes of total viable count (TVC) during
superchilling storage at −3.5 ℃, (−3.5±1.0) ℃, (−3.5±2.0) ℃,
and the control. (a) Changes of TVC in pork; (b) Changes of
TVC in salmon. The different lowercases indicate the
significant differences among storage conditions for the
same storage time (P<0.05). Data are presented as mean±
standard deviation (n=3). CFU: colony forming units.

Fig. 2 Changes of total volatile basic nitrogen (TVB-N)
during superchilling storage at −3.5 ℃, ( −3.5±1.0) ℃,
(−3.5±2.0) ℃, and the control. (a) Changes of TVB-N in
pork; (b) Changes of TVB-N in salmon. The different
lowercases indicate the significant differences among
storage conditions for the same storage time (P<0.05).
Data are presented as mean±standard deviation (n=3).
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temperature groups of pork and salmon had no signifi‐
cant difference compared to both ±1.0 ℃ fluctuation
groups. Salmon consistently had higher TBARS values
than pork. This is because salmon has higher fat con‐
tent and is more prone to oxidation under super‐
chilling conditions (Thanonkaew et al., 2006). The re‐
sults showed that irregular temperature changes in the
ordinary refrigerator and that with ±2.0 ℃ tempera‐
ture fluctuations accelerated the lipid oxidation in
pork and salmon during storage, which was consistent
with the results of TVB-N and TVC.

Drip loss, as one of the indicators to evaluate the
water retention capacity of meat, is an important par‑
ameter for evaluating meat quality (Bueno et al.,
2013). The changes in drip loss in pork and salmon
during superchilling were shown in Table S1. Drip
loss was more severe in pork compared to salmon be‐
cause of its higher free water content. On Day 30,
drip loss in the control group was significantly higher
than those in the constant temperature group and the
±1.0 ℃ fluctuation group (P<0.05). According to our
results, it was speculated that irregular temperature

changes and ±2.0 ℃ temperature fluctuations caused
the repeated freeze and thaw cycles of ice crystals in
the meat and reduced the ratio of ice formed in pork
and salmon. At the same time, the repeated formation
of intracellular ice crystals could pierce the cell mem‐
brane, reduce the water retention capacity of meat,
and subsequently aggravate the drip loss (Kaale et al.,
2014).

The changes in pH of pork and salmon during
superchilling were shown in Fig. S2. In our study, the
average pH of pork changed from 5.89 (on Day 0) to
5.38–5.55 (on Day 15), and then gradually increased.
The average pH of salmon changed from 6.57 (on
Day 0) to 6.31 (on Day 15), and then gradually in‐
creased. This is because in the initial storage period,
the glycogen and adenosine triphosphate (ATP) in the
meat are decomposed to produce acidic substances
(such as lactic acid), which lowers the pH value. With
the increase of storage time, the protein in meat is de‐
composed by the action of microorganisms and pro‐
duces alkaline substances, which leads to the rise of
pH value (Scheffler and Gerrard, 2007). After Day
23, there was a significant difference in pH between
the control group and the constant temperature group
(P<0.05). It was implied that irregular temperature
changes accelerated the spoilage of meat, which was
manifested as an accelerated pH value. In addition, it
was speculated that pH value of the salmon control
group first increased and then decreased from Day 23
to Day 30. This was due to more pronounced spoil‐
age, the denaturation of myofibril proteins, and the re‐
lease of hydrogen ions, which led to a pH drop in the
salmon control group towards the end of storage
(Zhang and Ertbjerg, 2019).

Color is an important quality indicator of fresh
meat, which directly affects the consumer acceptance.
Lightness value (L*), redness value (a*), and yellow‐
ness value (b*) are three important parameters for
evaluating color (Holman et al., 2016). Sarcoplasmic
protein solubility declines with decreasing pH, which
contributes to a paler pork color. In addition, a slight
water loss can enhance the lightness of pork. The
proper coloration of salmon is dependent on the con‐
tents of astaxanthin and cantaxanthin. The flesh color
should be deep red/orange and can be evenly distrib‐
uted along the salmon fillet. The altered physical state
of salmon myofibrils can affect the light scattering
properties and lead to color changes (Erikson and

Fig. 4 Changes of thiobarbituric acid reactive substances
(TBARSs) during superchilling storage at −3.5 ℃, (−3.5±
1.0) ℃, (−3.5±2.0) ℃, and the control. (a) Changes of
TBARS in pork; (b) Changes of TBARS in salmon. The
different lowercases indicate the significant differences
among storage conditions for the same storage time (P<
0.05). Data are presented as mean±standard deviation (n=3).
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Misimi, 2008). The changes of meat color in pork and
salmon during superchilling were shown in Fig. S3.
The L* value of pork fluctuated from 36.89 to 47.03,
the a* value changed from 4.20 to 6.89, and the b*

value increased from 12.13 to 17.85. In the case of
salmon, the L* value fluctuated from 33.28 to 45.24,
while the a* value fluctuated from 13.45 to 18.62, and
the b* value rose from 16.51 to 22.64. With the passing
of storage time, the color changes of pork and salmon
were not clear, and the differences among the groups
were large. It was speculated that temperature changes
under superchilling storage had no significant effect
on the color of fresh meat, which is in agreement with
previous research (Rosenvold and Wiklund, 2011).

2.3 Effects of temperature fluctuations on the
myofibril protein changes

During meat storage, proteins in the muscle be‐
come denatured, expose the hydrophobic inner core,
and increase the surface hydrophobicity. The binding ef‐
ficiency of bromophenol blue (BPB) and protein hydro‑
phobic residues reflects the hydrophobicity of meat
surface protein (Li et al., 2019). The changes of BPB
bound in pork and salmon during superchilling were
shown in Fig. S4. The average surface hydrophobicity
of pork and salmon in the constant temperature group
gradually increased from Day 0 (32.26 and 44.44 μg,
respectively) to Day 30 (79.79 and 94.57 μg, respec‐
tively). The constant temperature group was signifi‐
cantly different from the control group on Day 15 (P<
0.05), and it was also significantly different from the
±2.0 ℃ fluctuation group on Day 23 (P<0.05). Greater
surface hydrophobicity means a higher degree of pro‐
tein denaturation. The results confirmed that irregular
temperature changes and ±2.0 ℃ temperature fluctua‐
tions accelerated the protein degradation in pork and
salmon.

During the superchilling storage of muscle, the
structural integrity of myofibrils can be destroyed and
myofibrils can break into small fragments (consisting
of several sarcomeres), which is measured by the
myofibril fragmentation index (MFI). The changes of
MFI in pork and salmon during superchilling were
shown in Fig. S5. The average MFI of pork and
salmon in the constant temperature group gradually
increased from Day 0 (50.73 and 67.97, respectively)
to Day 30 (83.81 and 101.63, respectively). The con‐
stant temperature group was significantly different

from the control group on Day 15 (P<0.05), and it
was also significantly different from the ±2.0 ℃
fluctuation group on Day 23 (P<0.05). During the
post-mortem storage of meat, myosin and actin
degradations are important reasons for the increase
of MFI (Qian et al., 2020; Xiong et al., 2020). Our
results confirmed that irregular temperature changes
and ±2.0 ℃ temperature fluctuations accelerated the
myofibrillar protein degradation towards the end of
storage, which was consistent with the results of
BPB bound.

2.4 Evaluation of the structural variation of muscle

The microstructure of cross-section of pork and
salmon muscles was visualized by light microscopy
(LM) and scanning electron microscopy (SEM) during
superchilling storage (Figs. S6 and 5). The images
of fresh samples on Day 0 showed that the muscle
cells were uniform in size, rigid in structure, and the
intercellular gaps were small and uniform. After 15 d
of storage, the intercellular gaps slightly increased in
different groups. After 30 d of storage, the intercellu‐
lar gaps in the pork and salmon increased significantly,
while they were still relatively tight in the constant
temperature group. In comparison, the irregular tem‐
perature changes and ±2.0 ℃ temperature fluctu‑
ations had a greater degree of compression deform‑
ation, such as scattered, twisted, and even partially
broken myofibrils, which further accelerated the spoil‐
age of meat.

During superchilling storage, ice crystals firstly
form between the muscle cells. With the increase of
storage time, the gaps between myofibrils gradually
enlarge, and the muscle fibers break down, which
makes the tissue structure of muscle sparser. The form‑
ation of intracellular and extracellular ice crystals
damages the integrity of muscle tissue and promotes
microstructural deterioration (Wu et al., 2014). At
the same time, the degradation of myofibril protein
(including cytoskeletal proteins) during the enzymatic
reaction may lead to the destruction of cytoskeleton
and the removal of structural connections between
muscle fibers (Syamaladevi et al., 2012). This phe‐
nomenon further leads to the formation of wider
water loss channels, which could be seen from the
muscle microstructure. This result was consistent with
the results of myofibril protein changes discussed in
Section 2.3.
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3 Conclusions

In summary, this study uncovered the impact of
temperature fluctuations and irregular temperature
changes on the quality deviation of pork and salmon
during superchilling storage. Among the studied
groups, the irregular temperature change and ±2.0 ℃
temperature fluctuation groups exhibited significant
increases of TVB-N, TVC, and TBARS than the other
indicators after 30 d of superchilling storage. Further
investigation showed that temperature changes around
the freezing point of meat affected the formation of
ice crystals, which accelerated the degradation and

denaturation of myofibrillar proteins and thereby im‐
paired the structural integrity of the muscle. Further‐
more, the number of water loss channels of muscles
also increased and they gradually widened with the in‐
crease of storage time. These deformations accelerated
the spoilage of meat. Overall, the results highlighted
the importance of knowledge on the “proper uses of
superchilling temperature for storing meat products,
especially pork and salmon.”

Materials and methods
Detailed methods are provided in the electronic supple‐

mentary materials of this paper.

Fig. 5 Microstructures of meat samples stored at −3.5 ℃, (−3.5±1.0) ℃, (−3.5±2.0) ℃, and the control after 0, 15, and
30 d observed using scanning electron microscopy (SEM). (a) Microstructural changes in pork; (b) Microstructural
changes in salmon.
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