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1  | INTRODUC TION

Pseudosciaena crocea is an economically important marine fish that is 
widely cultured in southeast China due to its pleasant taste and high 
nutritional value (Liu & Mitcheson, 2008). In China, 165,496 tons of 
this fish species were farmed in 2016, placing it first for mariculture 
output (Guo et al., 2017).

Fish and fishery products have long been recognized as healthy 
foods with excellent nutritional value, providing high-quality protein, 
minerals, vitamins, essential fatty acids, and trace elements. Fish is 
widely consumed in many parts of the world by humans due to the 
high content of good protein characterized by an excellent amino 

acid composition and easy digestibility (Venugopal et  al.,  1996). 
Freezing is a preferred technique to preserve fish and fish products 
for extended periods. It preserves the flavor and nutritional proper-
ties better than storage above the initial freezing temperature. It also 
has the advantage of minimizing microbial and enzymatic activities 
(Martino et al., 1998).

Slurry ice, also known as fluid ice, ice mud, and liquid ice, 
is a mixture of fine ice crystals with a diameter of 0.1–1  mm 
and a carrier liquid (Kauffeld et  al.,  2005). It represents a new 
type of green preservation technology. Slurry ice crystals are 
small and smooth, fluid, and do not cause mechanical damage 
to the product. It can be pumped through pipelines, and there 
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Abstract
In order to explore the effect of slurry ice on myofibrillar protein of Pseudosciaena 
crocea, the changes in myofibrillar protein and muscle microstructure during storage 
were studied with crushed ice as a control. During the storage period, the rate of 
decrease in myofibrillar protein content, Ca2+-ATPase activity, and total sulfhydryl 
groups in the slurry ice group was lower than in the control group (p <  .05). There 
was a significant linear correlation between the hydrophobicity and the storage time 
(Rcrushed ice (4℃) = 0.9881, Rslurry ice (4℃) = 0.9878, Rslurry ice (−1℃) = 0.9674), and trichloro-
acetic acid (TCA) soluble peptide content was lower than in the control group at the 
same time. Slurry ice (−1℃) was optimal in maintaining protein content in P. crocea; 
the arrangement of myofibrils in P. crocea treated by slurry ice was compact and the 
gaps were small. Slurry ice can delay the denaturation and degradation of fish myofi-
brillar protein and maintain its quality.
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are no bubbles between the product and the slurry ice (Bellas 
et al., 2002). It can be stored and transported in a fully enclosed 
manner, has the advantages of environmental protection and 
cleanliness, is widely used in food processing and preservation 
(Kauffeld et  al.,  2010; Losada et  al.,  2007; Narasimha Murthy 
et al., 2017), ice storage air conditioning (Bellas & Tasso, 2005), 
medical treatment (Laven et al., 2007), and other fields. Slurry 
ice has a high surface heat exchange rate, can quickly cool 
aquatic products (Pineiro et  al.,  2004), can inhibit the growth 
and reproduction of spoilage microorganisms in aquatic prod-
ucts, inactivate biochemical reactions in the body, maximize the 
quality of aquatic products, and extend shelf life. Therefore, 
there are many advantages for application in the field of aquatic 
product preservation. Previous studies on the preservation of 
aquatic products such as squid (Narasimha Murthy et al., 2017), 
barramundi (Zakhariya et al., 2015), bonito (Zhang et al., 2015), 
and other aquatic products, have mainly focused on sensory 
characteristics, microbial indicators, and chemical indicators. 
However, little research has been done on the changes in myo-
fibrillar protein in fish muscle during storage.

Protein is one of the most important nutritional components 
of P. crocea. Structural changes in the protein occur under differ-
ent storage conditions; changes to the proteins can result in a dull 
and opaque texture, and the tissue becomes soft and spongy, se-
verely affecting the quality of the fish product (Schilling et al., 2017). 
Therefore, protein degradation in aquatic products such as fish can 
affect freshness, and it is pertinent to study the changes in myo-
fibrillar proteins. Previously we investigated the precooling effects 
of slurry ice and the changes in sensory quality, texture character-
istics, microbial, and chemical parameters of P. crocea (large yellow 
croaker fish) during storage. In this study, slurry ice with fine parti-
cles and good fluidity was used as the preservation medium, and the 
effects on changes in myofibrillar protein and muscle tissue micro-
structure were investigated in comparison with traditional crushed 
ice refrigeration.

2  | MATERIAL S AND METHODS

2.1 | Materials

Pseudosciaena crocea were cultured in the northern shore sea area 
of Xiangshan Port (N 29.31°, E 121.33°). After capture, they were 
aerated and transported to the Marine and Fishery Science and 
Technology Innovation Base (Ningbo City) for treatment. The mass 
of each fish was determined to be 500 ± 50 g.

Tris-hydrochloride (Tris-HCl), ammonium molybdate, anhy-
drous ethanol, anhydrous sodium sulfite, ammonium persulfate, 
sodium hydroxide, hydroquinone, and glutaraldehyde were ana-
lytically pure and purchased from Sinopharm Chemical Reagent 
Co., Ltd; sodium dodecyl sulfate, bovine serum albumin, and ty-
rosine were analytically pure and purchased from Beijing Solaibao 
Technology Co., Ltd.

2.2 | Grouping and treatment

Seawater (3.3% salt content) was added directly to the insulation 
bucket, the condensate water and solenoid valve were opened, and 
the liquid icemaker started to prepare delicate slurry ice with good 
fluidity. The system temperature was −2.2℃ and the mass ratio of 
micro-ice particles and water in the system was 7:3. The P. crocea 
were completely submerged in slurry ice, sealed, and stored in a re-
frigerator at either 4℃ or −1℃. A control group using broken ice was 
used to store the P. crocea in a “layer-ice-fish” manner and sealed and 
stored in a refrigerator at 4℃. Freshly fished P. crocea without cold 
treatment were used as a zero-day storage sample. This was sampled 
every other day for 6 days after low-temperature storage, and sub-
sequently every day. The samples were used for the determination 
of various protein parameters and the observation of muscle micro-
structure. Each sample contained three replicates, which were used 
to determine the mean value.

2.3 | Extraction of myofibrillar proteins

Myofibrillar proteins were prepared using the method of Saeki 
(1997), with modifications. Briefly, an appropriate amount of fish 
was weighed and incubated with four volumes of precooling buffer 
A (20  mmol/L Tris-HCl buffer containing 0.1  mol/L KCl; pH 7.5), 
homogenized, and then centrifuged at 10,000 ✕ g for 20  min at 
4℃. The supernatant was discarded, and this was repeated twice. 
Subsequently, four volumes of precooling buffer B (20 mmol/L Tris-
HCl buffer containing 0.6 mol/L KCl; pH 7.0) were added to the pre-
cipitate, homogenized for 2 min, and then incubated at 4℃ for 1 hr. 
This was then centrifuged at 10,000 ✕ g for 15 min, and the super-
natant containing the myofibrillar protein solution was retained. The 
myofibrillar protein concentration was determined using the biuret 
method (Itzhaki & Gill, 1964).

2.4 | Determination of total sulfhydryl content of 
myofibrillar proteins

Sulfhydryl content was determined according to the method of 
Ellman (1959) with slight modifications. Briefly, 1.0  ml of myofi-
brillar protein solution was added to 9.0 ml of 0.2 mol/L Tris-HCl 
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•	 Slurry ice can delay the denaturation and degradation of 
fish myofibrillar protein.

•	 Slurry ice (−1℃) is the best one to keep protein of 
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•	 There was a linear correlation between the hydropho-
bicity and the storage time.
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buffer (containing 8.0 mol/L urea, 2% SDS, 10 mmol/L EDTA; pH 
6.8). After thorough mixing, 4.0 ml to 0.4 ml of 0.1% DTNB solu-
tion was added, and the solution placed in a 40℃ water bath for 
25 min. Absorbance was measured at 412 nm, using a 0.6 mol/L 
KCI solution as the blank. The total sulfhydryl content was calcu-
lated as follows:

where, C0 is the sulfhydryl molar concentration; A is the absorbance at 
the wavelength of 412 nm; D is the dilution factor; ζ is the molecular 
absorption coefficient of 13,600 (mol·cm/L); ρ is the protein concen-
tration (mg/mL).

2.5 | Determination of myofibrillar protein Ca2+-
ATPase activity

Solution C (0.5 mol/L Tris-maleic acid buffer, pH 7.0; 0.1 mol/L CaCl2 
aqueous solution, pH 7.0; 20 mol/L ATP solution) was added to the 
myofibrillar protein solution and incubated in a water bath at 30℃ 
for 5 min. Trichloroacetic acid (TCA) solution (1.0 ml of 15% w/v) was 
then added to stop the reaction. For the blank control, 1.0 ml of 15% 
(w/v) TCA solution was added immediately before the mixture reac-
tion to denature the protein. After the reaction, 1 ml solution was 
added to 1 ml molybdic acid sulfate solution, 0.5 ml metal reagent, 
and 2.5 ml distilled water, mixed, and reacted at 25℃ for 45 min. The 
absorbance was measured at a wavelength of 640 nm. Ca2+-ATPase 
activity was calculated as follows:

where: A is the amount of phosphoric acid generated by 1 ml reaction 
solution, µmol; B is the blank value, µmol; t is the reaction time; and the 
amount of enzyme protein is the amount of enzyme contained in 1 ml 
reaction solution, mg.

2.6 | Determination of surface hydrophobicity of 
myofibrillar proteins

Surface hydrophobicity was determined using the method of Chelh 
et  al.,  (2006). The protein concentration was adjusted to 5  mg/ml 
with 0.02 mol/L phosphate buffer, pH 6.0. The protein solution (1 ml) 
was added to a centrifuge tube and 200 μL of 1 mg/ml bromophenol 
blue added. The solution was left at room temperature for 10 min, 
before centrifugation at 6,000 ✕ g for 10 min. The supernatant was 
diluted 10-fold and the absorbance measured at 595 nm. The results 
were calculated as follows. 

where: A0 is the blank absorbance; A is the sample absorbance.

2.7 | Determination of TCA soluble peptides

The content of TCA soluble peptides was determined using the Lowry 
method, with reference to the method of Morrissey et al., (1993). A stand-
ard curve was prepared using tyrosine solutions with concentrations of 0, 
20, 40, 60, 80, and 100 μg/ml. Tyrosine solution (1 ml) was added to 1 ml 
of diluted Folin reagent, and 5 ml of 0.8 M Na2CO3, mixed, and incubated 
at 40℃ for 20 min. The absorbance was then measured with a microplate 
reader (Thermo Fisher Scientific) at a wavelength of 660 nm.

Fish meat (3.0 g) was added to 27 ml of 50 g/L TCA, homogenized 
for 1 min, allowed to stand in an ice bath for 1 hr, and centrifuged 
at 5,000 × g for 5 min at 4℃. The supernatant (1 ml) was treated 
as described above in place of the tyrosine solution. The amount of 
tyrosine released was calculated by referring to the standard curve, 
and the result was expressed in µmol/g.

2.8 | Scanning electron microscopy (SEM) 
observation of microstructure

SEM was performed according to the method of Zhou et al., (2019) 
with slight modifications. The cultured P. crocea was collected under 
different storage conditions, and the back muscles were cut into 
3.0 mm × 3.0 mm × 1.5 mm cuboids from the same position in each 
sample. The sections were fixed with 2.5% (v/v) glutaraldehyde for 
24  hr, the morphological changes of mycelium were observed by 
SEM (Hitachi Limited).

2.9 | Statistical analysis

The data analysis followed a completely randomized design 
(Kuehl, 2000) in Python software (version 3.7, Python Institute). To 
avoid the effect of storage time variable, we firstly utilized Equation 
(4) to normalize the data.

where, y is the response, y0 represents the response from Day 0, and d 
represents the storage time.

In this work, we estimated the effect of treatments on five responses; 
TCA soluble peptides, Ca2+-ATPase, total sulfhydryl, myofibrillar protein, 
and surface hydrophobicity. The following treatment conditions were 
tested: 4℃ crushed ice, 4℃ slurry ice, and −1℃ slurry ice, with three 
replicates per treatment. Equation (4) shows the linear model used for 
ANOVA analysis. Here, Yijk is the normalized response (TCA soluble pep-
tides, Ca2+-ATPase, total sulfhydryl, myofibrillar protein and surface hy-
drophobicity), μ is an overall mean, τi is the effect of temperature, βj is the 
effect of ice types, and ϵijk is the experimental random error. To conduct 
the pairwise comparison, we used a t test with Bonferroni correction.

(1)C0 = (A × D) ∕ζ × ρ,

(2)
Ca2+ − ATPase activity = (A − B) ∕t × amount of enzyme protein,

(3)Bromophenol blue binding amount∕μg = 200 ×
(

A0 − A
)

∕A0,

(4)ŷ =
y − y0

d

(5)Yijk = � + � i + � j + (��)ij + �ijk;i = 1, 2;j = 1, 2;k = 1, 2, 3
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3  | RESULTS

3.1 | Changes in myofibrillar protein content

It was determined that the myofibrillar protein content of all three 
treatment groups of P. crocea showed a decreasing trend with the 
extension of storage time (Figure 1a). After 1 week of storage, the 
myofibrillar protein contents of P. crocea were 1.16 mg/g, 3.83 mg/g, 
and 5.53 mg/g in crushed ice (4℃), and slurry ice (4℃), and slurry ice 
(−1℃), respectively; compared with fresh samples, this equates to a 
decrease of 88.35%, 61.54%, and 44.48%, respectively. The protein 
content of fish stored in crushed ice (4℃) decreased the fastest, fol-
lowed by slurry ice (4℃). During the late storage period, the amount 
of myofibrillar protein content in the slurry ice (4℃ and −1℃) group 
was 2.63 mg/g and 2.98 mg/g on days 11 and 17, respectively. This 
shows that slurry ice can slow down myofibrillar protein degradation 
and has a good refrigeration and preservation effect.

3.2 | Changes in total sulfhydryl content

Sulfhydryl groups are very active functional groups in the struc-
ture of fish protein, which can reflect the denaturation of protein 
to a certain extent. The total sulfhydryl content of fish meat in all 
three treatment groups decreased continuously with storage time 
(Figure  2a). The total sulfhydryl content of myofibrillar protein in 
fresh P. crocea was 56.96 mol/105 g. The sulfhydryl content of fish 
stored on crushed ice (4℃) decreased the fastest to 15.62 mol/105 g 
on the 7th day, which was 73.0% lower than the fresh fish. The total 
sulfhydryl content on the 7th day of slurry ice (4℃ and −1℃) was 
33.16 mol/105 g and 42.78 mol/105 g, respectively. The results in-
dicate that slurry ice treatment can slow down the decrease of total 
sulfhydryl content of myofibrillar proteins.

3.3 | Changes in Ca2+-ATPase activity

The activity of ATPase is often used as an indicator to evaluate the 
protein denaturation of fish meat. The better the protein integrity, 
the better was the activity. The initial value (0 day) of Ca2+-ATPase 
activity was 0.49 µmol/(mg·min) (Figure 3a). During the storage pe-
riod, the Ca2+-ATPase activity in all three treatment groups decreased 

while the Ca2+-ATPase activity in the crushed ice group decreased at 
the fastest rate, reaching 73.5% on the 7th day. In the slurry ice (4℃) 
group, the Ca2+-ATPase activity decreased rapidly from day 0 to day 
8 and decreased by 59.2% on day 8. The rate of decrease slowed 
from day 8 and reached 0.17 µmol/mg·min on day 11. In the slurry ice 
(−1℃) group, there was only a 0.21 µmol/mg·min decrease from 0 to 
11 days, and Ca2+-ATPase activity was significantly higher than the 
control group. Thus, Ca2+-ATPase activity in the P. crocea was better 
maintained using slurry ice treatment than broken ice.

3.4 | Changes in surface hydrophobicity

Surface hydrophobicity is one of the important structural proper-
ties of proteins. It can reflect the relative content of hydrophobic 
amino acids on the surface of protein molecules, which in turn in-
dicates the degree of protein denaturation (Alizadeh-Pasdar & Li-
Chan, 2000). The surface hydrophobicity of myofibrillar proteins of 
the fish increased in all three treatment groups with the extension 
of storage time (Figure 4a). The initial binding of bromophenol blue 
was 12.44 μg, and with the extension of storage time, the binding of 
bromophenol blue increased the fastest in the crushed ice group to 
38.17 μg on the 7th day, which was 2.07 times higher than the initial 
binding. Storage on slurry ice (4℃ or −1℃) resulted in increases of 
1.16- or 0.63-fold on the 7th day, respectively. There was a signifi-
cant linear correlation between surface hydrophobic values and stor-
age time (R crushed ice (4℃) = 0.9881; R slurry ice (4℃) = 0.9878; R 
slurry ice (−1℃) = 0.9674).

3.5 | Changes in TCA soluble peptides

The TCA soluble peptide content increased with the degree in pro-
tein degradation during storage. The TCA soluble peptide content 
of P. crocea in the three treatment groups increased with storage 
time (Figure 5a). There were 0.83 µmol/g TCA soluble peptides in 
the P. crocea sample on day 0, and there was a significant difference 
in TCA soluble peptide content between the control group and the 
slurry ice (4℃ and −1℃) group. From day 0 to 7, the amount of TCA 
soluble peptides increased rapidly with time in the control fish, and 
their contents were higher than those in slurry ice (4℃ and −1℃), in-
dicating that the degradation rate of the fish was slower under slurry 

F I G U R E  1   Effect of slurry ice on 
the content of myofibrillar protein of 
Pseudosciaena crocea
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ice storage conditions, and the lower the storage temperature, the 
lower the degree of protein degradation.

3.6 | Effect of slurry ice treatment on 
microstructure

The ultrastructure of fresh fish meat, and that stored under dif-
ferent refrigeration conditions was examined (Figure  6a-f). The 

muscle fibers of fresh P. crocea are arranged in a compact manner, 
with no voids between the muscle fibers, and they have a flat and 
smooth surface (Figure 6a). On the 6th day, in the fish stored on 
crushed ice (4℃) and slurry ice (4℃), folds began to appear on the 
surface of the histones, and pores appeared (Figure 6b-f). Muscle 
fiber separation in the fish meat in the crushed ice group was the 
most serious, while the muscle fiber arrangement was still more 
compact on the 6th day in the slurry ice (−1℃) group. On the 11th 
day, wrinkles and cracks on the surface of myofibrillar proteins in 

F I G U R E  2   Effect of slurry ice on total 
sulfhydryl content in myofibrillar protein 
of Pseudosciaena crocea

F I G U R E  3   Effect of slurry ice on the 
content of myofibrillar protein Ca2+-
ATPase of Pseudosciaena crocea

F I G U R E  4   Effect of slurry ice on the 
surface hydrophobicity of myofibrillar 
protein

F I G U R E  5   Effect of slurry ice on 
trichloroacetic acid (TCA)-soluble 
peptides of Pseudosciaena crocea
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the slurry ice (4℃) group were more pronounced, and deep holes 
appeared, indicating that the protein degradation was severe, and 
that the structure was no longer intact. At the same storage time, 
the degree of muscle fiber separation was lower in the slurry ice 
(−1℃) group than in the slurry ice (4℃) group. This shows that 
slurry ice refrigeration can effectively slow down the degradation 
of collagen fibers, and that the lower the storage temperature, the 
slower the degradation rate of collagen fibers, and the better the 
cohesion in the fish tissue.

3.7 | ANOVA

Storage treatments impacted the myofibrillar protein level (p <.05; 
Figure 1b). Pairwise comparisons among the three treatments indi-
cate that each treatment was different from the others (p <.001). 
In particular, the −1℃ slurry ice had the lowest degradation rate 
for myofibrillar protein. Treatments also impacted the total sulf-
hydryl level (p  <.05; Figure  2b). Pairwise comparisons among the 
three treatments indicate that each treatment was different from 
the others (p <.001). In particular, the −1℃ slurry ice has the lowest 
decay rate for total sulfhydryl content. Furthermore, Ca2+-ATPase 
levels were impacted by the treatments (p <.05; Figure 3b). Pairwise 

comparisons among the three treatments indicate that each treat-
ment is different from the others (p <.001). In particular, the −1℃ 
slurry ice has the lowest decay rate for Ca2+-ATPase.

With regards to surface hydrophobicity, the three treatments 
had different effects (p  <.05) (Figure  4b). Pairwise comparisons 
among the three treatments indicate that each treatment was dif-
ferent from the others. Comparison of the differences between the 
4℃ crushed ice and 4℃ slurry ice treatments (0.01 < p <.05) was 
higher than that between other pairwise comparisons (p <.001). In 
particular, −1℃ slurry ice has the lowest decay rate for surface hy-
drophobicity. During the storage period, the surface hydrophobicity 
of fish protein in the slurry ice (4℃ and −1℃) treatment groups was 
lower than in the control group (p <.05), and the lower the storage 
temperature, the lower the hydrophobicity.

The different storage conditions impacted the TCA soluble 
peptide levels (p  <.05; Figure  5b). Pairwise comparisons among 
the three treatments indicate that each treatment was different 
from the others. The difference between the 4℃ crushed ice and 
4℃ slurry ice (p <.001) was greater than that between the other 
pairwise comparisons (p <.001), resulting from the several outliers 
ranging from 0.075 to 0.15 shown in the 4℃ slurry ice group. The 
−1℃ slurry ice was shown to have the lowest increase in TCA sol-
uble peptides.

F I G U R E  6   Scanning electron 
micrographs of muscle fibers under 
different storage conditions (a) untreated 
sample; (b) samples of crushed ice (4℃) 
group on the 6th day; (c) samples of slurry 
ice (4℃) group on the 6th day; (d) samples 
of slurry ice (−1℃) group on the 6th day; 
(e) samples of slurry ice (4℃) group on the 
11th day; (f) samples of slurry ice (−1℃) 
group on the 11th day

(a) (b)

(c) (d)

(e) (f)
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4  | DISCUSSION

Protein oxidation is one of the major reasons for quality deterio-
ration during storage of meat products (Zhang et  al.,  2013). The 
main oxidative modifications of proteins include sulfhydryl oxi-
dation and the formation of carbonyl groups (Estévez,  2011; Liu 
et  al.,  2018). Sulfhydryl plays an important role in the structural 
characteristics of the myofibrillar protein (Han et al., 2019). Total 
sulfhydryl includes both those sulfhydryls uncovered on the exte-
rior, i.e., reactive sulfhydryls, and those uncovered in the interior of 
the protein. In this study, the sulfhydryl content of the myofibrils 
of P. crocea meat in the three treatment groups decreased with an 
extension in storage time. The total sulfhydryl content of myofibril-
lar proteins decreases during storage, possibly because myofibrin 
is degraded and the spatial conformation of the protein is changed, 
so that the sulfhydryl groups buried in the interior of the molecule 
are exposed and oxidized, resulting in a decrease in sulfhydryl con-
tent (Benjakul et al., 2003). Sulfhydryl groups are the most reactive 
functional groups in myofibrillar proteins and are easily oxidized 
into disulfide bonds during storage (Chamba et al., 2014; Zhang & 
Ertbjerg, 2018). The results showed that the fish protein was grad-
ually oxidized during the storage process, and this affected meat 
freshness and quality.

Glycolysis is a critical metabolic pathway in postmortem mus-
cle providing a consistent ATP supply during the initial phase of the 
muscle to meat conversion (Liu et al., 2018). The activity of the Ca2+-
ATPase in myofibrils of P. crocea meat decreased in the three treat-
ment groups with the extension in storage time. This suggests that 
glycolysis can play a key role in meat maturation processes, and with 
the extension of storage time, the muscles in the material produced a 
complex series of reactions, resulting in a decrease in muscle quality.

Hydrophobic fluorescence is increased in a nonpolar environ-
ment, and the change in surface hydrophobicity can reflect the 
change in myofibrillar protein in the microenvironment (Alizadeh-
Pasdar & Li-Chan, 2000). The surface hydrophobicity increased and 
then slightly decreased with time (Figure 4). The increase in surface 
hydrophobicity can be attributed to the unfolding of the myofibril-
lar protein structure as more buried nonpolar amino acids are ex-
posed to the surface of the myofibrillar protein (Lou et  al.,  2017). 
Denaturation of myofibrillar proteins leads to changes in the spatial 
conformation of proteins. The folding and gradual extension of myo-
fibrillar protein molecules, and the exposure of hydrophobic groups 
inside the polypeptide chain, increases the hydrophobicity of the 
protein surface.

Tornberg (2005) showed that a good network structure is bene-
ficial to the gel properties of protein. In this study, spaces between P. 
crocea muscle fibers gradually appeared with the extension in stor-
age time, which may be because the collagen fibers of fish meat were 
gradually degraded under the action of enzymes and microorgan-
isms, and the muscle fibers were gradually separated. This has also 
been reported to cause the phenomenon of "bone separation" in fish 
meat (Jiang & Wu, 2018). The degree of muscle fiber separation in 
the slurry ice treatment group was lower than that in the crushed 

ice group, indicating that the slurry ice refrigeration treatment could 
effectively alleviate the degradation of protein fibers; under slurry 
ice treatment, the lower the storage temperature, the slower the 
degradation rate of collagen fibers, and better the maintenance of 
the integrity of the fish tissue structure.

In this study, the myofibrillar protein content of P. crocea meat 
decreased with time under the three treatment conditions, and the 
myofibrillar protein in the fish meat was degraded due to the ac-
tion of endogenous enzymes and spoilage microorganisms with the 
extension of storage time. The reactive sulfhydryls of myofibrillar 
proteins are oxidized to form disulfide bonds resulting in the polym-
erization of myosin heavy chains, which may also lead to a decrease 
in myofibrillar protein content (Zhang et al., 2012). The maintenance 
effect of P. crocea treated with slurry ice was better than that of the 
broken ice group (p <.05), indicating that the low temperature of the 
slurry ice system and the sealing protection could partially inhibit 
the enzyme activity and microbial growth and reproduction, slow 
down the oxidation process, reduce the deformation degree of myo-
fibrillar protein, and thus maintain the freshness of the fish.

5  | CONCLUSION

The effects of slurry ice were investigated in the meat of P. crocea 
(large yellow croaker fish). The results showed that with the exten-
sion of storage time, the myofibrillar protein, total sulfhydryl con-
tent, and Ca2+-ATP enzyme activity decreased more than the control 
group, whereas the surface hydrophobicity was higher than that of 
the control group. At the same time, the electron microscopy ob-
servations found that slurry ice can maintain the integrity of muscle 
fiber tightness better. Therefore, the −1℃ slurry ice treatment was 
shown to be best cold storage condition in this study. Slurry ice can 
maintain the protein characteristics of large yellow croaker, retard 
quality reduction, and maintain the integrity of the fish tissue.

ACKNOWLEDG MENTS
This study was supported by Zhejiang Provincial Natural Science 
Foundation of China (grant numbers LY17C010001), Ningbo Natural 
Science Foundation of China (grant numbers 2017A610287), Fishery 
science and technology project of Ningbo Marine and Fisheries 
Bureau of China (grant numbers NITY20170328062), Zhejiang 
Provincial Top Discipline of Biological Engineering (Level A) (NO. 
ZS2016003), and College Student Technological Creativity Program 
of Zhejiang Province in 2021.

CONFLIC TS OF INTERE S T
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

AUTHOR CONTRIBUTION
Feng Guan: Writing-original draft (lead). Yirui Chen: Data curation 
(lead); Visualization (lead). Simin Zhao: Methodology (lead). Zhuo 



     |  3813GUAN et al.

Chen: Writing-original draft (supporting). Chen Yu: Methodology 
(supporting). Yongjun Yuan: Funding acquisition (lead); Supervision 
(lead).

ORCID
Yongjun Yuan   https://orcid.org/0000-0002-5047-6934 

R E FE R E N C E S
Alizadeh-Pasdar, N., & Li-Chan, E. C. Y. (2000). Comparison of pro-

tein surface hydrophobicity measured at various pH values using 
three different fluorescent probes. Journal of Agricultural and Food 
Chemistry, 48(2), 328–334. https://doi.org/10.1021/jf990​393p

Bellas, I., & Tassou, S. A. (2005). Present and future applications of ice 
slurries. International Journal of Refrigeration-Revue Internationale 
Du Froid, 28(1), 115–121. https://doi.org/10.1016/j.ijref​
rig.2004.07.009

Bellas, J., Chaer, I., & Tassou, S. A. (2002). Heat transfer and pres-
sure drop of ice slurries in plate heat exchangers. Applied Thermal 
Engineering, 22(7), 721–732. https://doi.org/10.1016/S1359​
-4311(01)00126​-0

Benjakul, S., Visessanguan, W., Thongkaew, C., & Tanaka, M. (2003). 
Comparative study on physicochemical changes of muscle pro-
teins from some tropical fish during frozen storage. Food Research 
International, 36(8), 787–795. https://doi.org/10.1016/S0963​
-9969(03)00073​-5

Chamba, M. V. M., Hua, Y. F., & Katiyo, W. (2014). Oxidation and struc-
tural modification of full-fat and defatted flourbased soy protein 
isolates induced by natural and synthetic extraction chemicals. 
Food Biophysics, 9(3), 193–202. https://doi.org/10.1007/s1148​
3-014-9333-8

Chelh, I., Gatellier, P., & Sante-Lhoutellier, V. (2006). Technical note: A 
simplified procedure for myofibril hydrophobicity determination. 
Meat Science, 74(4), 681–683. https://doi.org/10.1016/j.meats​
ci.2006.05.019

Ellman, G. L. (1959). Tissue sulfhydryl groups. Archives of 
Biochemistry and Biophysics, 82(1), 70–77. https://doi.
org/10.1016/0003-9861(59)90090​-6

Estévez, M. (2011). Protein carbonyls in meat systems: A review. Meat 
Science, 89, 259–279. https://doi.org/10.1016/j.meats​ci.2011.04.025

Guo, Y., Zhao, W., Gao, H. Q., Wang, S., Yu, P. M., Yu, H. S., & Wang, Z. F. 
(2017). China fishery statistical yearbook. Fisheries Agency of China 
Agriculture Ministry. https://data.cnki.net/trade/​Yearb​ook/Singl​e/
N2017​10015​8?z=Z009

Han, Z., Cai, M.-J., Cheng, J.-H., & Sun, D.-W. (2019). Effects of micro-
wave and water bath heating on the interactions between myofibril-
lar protein from beef and ketone flavour compounds. International 
Journal of Food Science & Technology, 54(5), 1787–1793. https://doi.
org/10.1111/ijfs.14079

Itzhaki, R. F., & Gill, D. M. (1964). A micro-biuret method for estimat-
ing proteins. Analytical Biochemistry, 9, 401–410. https://doi.
org/10.1016/0003-2697(64)90200​-3

Jiang, L. F., & Wu, S. J. (2018). Pullulan suppresses the denaturation of 
myofibrillar protein of grass carp (Ctenopharyngodon idella) during 
frozen storage. International Journal of Biological Macromolecules, 112, 
1171–1174. https://doi.org/10.1016/j.ijbio​mac.2018.02.094

Kauffeld, M., Kawaji, M., & Egolf, P. W. (2005). Handbook on ice slurries: 
Fundamentals and engineering. International Institute of Refrigeration. 
https://doi.org/10.13140/​RG.2.2.28391.68009

Kauffeld, M., Wang, M. J., Goldstein, V., & Kasza, K. E. (2010). Ice slurry 
applications. International Journal of Refrigeration, 33(8), 1491–1505. 
https://doi.org/10.1016/j.ijref​rig.2010.07.018

Kuehl, R. (2000). Design of experiments: statistical principles of research 
design and analysis[M]. Duxbury Press.

Laven, B. A., Kasza, K. E., Rapp, D. E., Orvieto, M. A., Lyon, M. B., Oras, J. 
J., Beiser, D. G., Vanden Hoek, T. L., Son, H., & Shalhav, A. L. (2007). 
A pilot study of ice-slurry application for inducing laparoscopic 
renal hypothermia. BJU International, 99(1), 166–170. https://doi.
org/10.1111/j.1464-410x.2006.06518.x

Liu, M., & de Mitcheson, Y. S. (2008). Profile of a fishery collapse: Why 
mariculture failed to save the large yellow croaker. Fish and Fisheries, 
9(3), 219–242.

Liu, R., Warner, R. D., Zhou, G., & Zhang, W. (2018). Contribution of ni-
tric oxide and protein S-nitrosylation to variation in fresh meat qual-
ity. Meat Science, 144, 135–148. https://doi.org/10.1016/j.meats​
ci.2018.04.027

Losada, V., Barros-Velazquez, J., & Aubourg, S. P. (2007). Rancidity devel-
opment in frozen pelagic fish: Influence of slurry ice as preliminary 
chilling treatment. LWT-Food Science and Technology, 40(6), 991–999. 
https://doi.org/10.1016/j.lwt.2006.05.011

Lou, X. W., Yang, Q. L., Sun, Y. Y., Pan, D. D., & Cao, J. X. (2017). The effect 
of microwave on the interaction of flavour compounds with G-actin 
from grass carp (Catenopharyngodon idella). Journal of the Science of 
Food and Agriculture, 97(12), 3917–3922. https://doi.org/10.1002/
jsfa.8325

Martino, M. N., Otero, L., Sanz, P. D., & Zaritzky, N. E. (1998). Size and 
location of ice crystals in pork frozen by high-pressure-assisted 
freezing as compared to classical methods. Meat Science, 50(3), 303. 
https://doi.org/10.1016/s0309​-1740(98)00038​-2

Morrissey, M. T., Wu, J. W., Lin, D., & An, H. (1993). Protease inhibi-
tor effects on torsion measurements and autolysis of Pacifif whit-
ing surimi. Journal of Food Science, 58(5), 1050–1054. https://doi.
org/10.1111/j.1365-2621.1993.tb061​09.x

Narasimha Murthy, L., Phadke, G. G., Jeyakumari, A., Parvathy, U., & 
Visnuvinayagam, S. (2017). Biochemical, textural and microbiological 
quality of squid stored under conventional and slurry ice during on-
board fishing. Proceedings of the National Academy of Sciences India, 
88, 1647–1653. https://doi.org/10.1007/s4001​1-017-0916-2

Pineiro, C., Barros-Velazquez, J., & Aubourg, S. P. (2004). Effects of 
newer slurry ice systems on the quality of aquatic food products: A 
comparative review versus flake-ice chilling methods. Trends in Food 
Science & Technology, 15(12), 575–582. https://doi.org/10.1016/j.
tifs.2004.09.005

Saeki, H. (1997). Preparation of neoglycoprotein from Carp myofibrillar 
protein by maillard reaction with glucose: Biochemical properties 
and emulsifying properties. Journal of Agricultural and Food Chemistry, 
45(3), 680–684. https://doi.org/10.1021/jf960​325s

Schilling, M. W., Suman, S. P., Zhang, X., Nair, M. N., Desai, M. A., Cai, 
K., Ciaramella, M. A., & Allen, P. J. (2017). Proteomic approach to 
characterize biochemistry of meat quality defects. Meat Science, 132, 
131–138. https://doi.org/10.1016/j.meats​ci.2017.04.018

Tornberg, E. (2005). Effects of heat on meat proteins - Implications on 
structure and quality of meat products. Meat Science, 70(3), 493–
508. https://doi.org/10.1016/j.meats​ci.2004.11.021

Venugopal, V., Chawla, S. P., & Nair, P. M. (1996). Spray dried protein 
powder from threadfin bream: Preparation, properties and compar-
ison with fpc type-b. Journal of Muscle Foods, 7, 55–71. https://doi.
org/10.1111/j.1745-4573.1996.tb005​87.x

Zakhariya, S. Y., Fotedar, R., & Prangnell, D. (2015). The effects of two 
forms of ice on microbiological and physiochemical properties of bar-
ramundi (lates calcarifer, bloch) fillets. Journal of Food Processing and 
Preservation, 39, 2886–2896. https://doi.org/10.1111/jfpp.12540

Zhang, B., Deng, S. G., Gao, M., & Chen, J. (2015). Effect of slurry 
ice on the functional properties of proteins related to qual-
ity loss during skipjack tuna (Katsuwonus pelamis) chilled stor-
age. Journal of Food Science, 80(4), 695–702. https://doi.
org/10.1111/1750-3841.12812

Zhang, W., Xiao, S., & Ahn, D. U. (2013). Protein oxidation: Basic princi-
ples and implications for meat quality. Critical Reviews in Food Science 

https://orcid.org/0000-0002-5047-6934
https://orcid.org/0000-0002-5047-6934
https://doi.org/10.1021/jf990393p
https://doi.org/10.1016/j.jtherbio.2018.01.012
https://doi.org/10.1016/j.jtherbio.2018.01.012
https://doi.org/10.1016/S1359-4311(01)00126-0
https://doi.org/10.1016/S1359-4311(01)00126-0
https://doi.org/10.1016/S0963-9969(03)00073-5
https://doi.org/10.1016/S0963-9969(03)00073-5
https://doi.org/10.1007/s11483-014-9333-8
https://doi.org/10.1007/s11483-014-9333-8
https://doi.org/10.1016/j.meatsci.2006.05.019
https://doi.org/10.1016/j.meatsci.2006.05.019
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1016/j.meatsci.2011.04.025
https://data.cnki.net/trade/Yearbook/Single/N2017100158?z=Z009
https://data.cnki.net/trade/Yearbook/Single/N2017100158?z=Z009
https://doi.org/10.1111/ijfs.14079
https://doi.org/10.1111/ijfs.14079
https://doi.org/10.1016/0003-2697(64)90200-3
https://doi.org/10.1016/0003-2697(64)90200-3
https://doi.org/10.1016/j.ijbiomac.2018.02.094
https://doi.org/10.13140/RG.2.2.28391.68009
https://doi.org/10.1016/j.ijrefrig.2010.07.018
https://doi.org/10.1111/j.1464-410x.2006.06518.x
https://doi.org/10.1111/j.1464-410x.2006.06518.x
https://doi.org/10.1016/j.meatsci.2018.04.027
https://doi.org/10.1016/j.meatsci.2018.04.027
https://doi.org/10.1016/j.lwt.2006.05.011
https://doi.org/10.1002/jsfa.8325
https://doi.org/10.1002/jsfa.8325
https://doi.org/10.1016/s0309-1740(98)00038-2
https://doi.org/10.1111/j.1365-2621.1993.tb06109.x
https://doi.org/10.1111/j.1365-2621.1993.tb06109.x
https://doi.org/10.1007/s40011-017-0916-2
https://doi.org/10.1016/j.tifs.2004.09.005
https://doi.org/10.1016/j.tifs.2004.09.005
https://doi.org/10.1021/jf960325s
https://doi.org/10.1016/j.meatsci.2017.04.018
https://doi.org/10.1016/j.meatsci.2004.11.021
https://doi.org/10.1111/j.1745-4573.1996.tb00587.x
https://doi.org/10.1111/j.1745-4573.1996.tb00587.x
https://doi.org/10.1111/jfpp.12540
https://doi.org/10.1111/1750-3841.12812
https://doi.org/10.1111/1750-3841.12812


3814  |     GUAN et al.

& Nutrition, 53(11), 1191–1201. https://doi.org/10.1080/10408​
398.2011.577540

Zhang, Y. M., & Ertbjerg, P. (2018). Effects of frozen-then-chilled storage 
on proteolytic enzyme activity and water-holding capacity of pork 
loin. Meat Science, 145, 375–382. https://doi.org/10.1016/j.meats​
ci.2018.07.017

Zhang, Y., Zhao, L., Liu, H., Su, W., & Yuan, M. (2012). Effect of eel head 
protein hydrolysates on the denaturation of grass carp surimi during 
frozen storage. Procedia Engineering, 37(2), 223–228. https://doi.
org/10.1016/j.proeng.2012.04.231

Zhou, L., Yang, Y. L., Wang, J. Y., Wei, S. M., & Li, S. S. (2019). Effects of 
lowfat addition on chicken myofibrillar protein gelation properties. 

Food Hydrocolloids, 90, 126–131. https://doi.org/10.1016/j.foodh​
yd.2018.11.044

How to cite this article: Guan F, Chen Y, Zhao S, Chen Z, Yu 
C, Yuan Y. Effect of slurry ice during storage on myofibrillar 
protein of Pseudosciaena crocea. Food Sci Nutr. 2021;9:3806–
3814. https://doi.org/10.1002/fsn3.2355

https://doi.org/10.1080/10408398.2011.577540
https://doi.org/10.1080/10408398.2011.577540
https://doi.org/10.1016/j.meatsci.2018.07.017
https://doi.org/10.1016/j.meatsci.2018.07.017
https://doi.org/10.1016/j.proeng.2012.04.231
https://doi.org/10.1016/j.proeng.2012.04.231
https://doi.org/10.1016/j.foodhyd.2018.11.044
https://doi.org/10.1016/j.foodhyd.2018.11.044
https://doi.org/10.1002/fsn3.2355

