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Abstract: This study aimed to investigate the effects of glazing with sodium polyacrylate (SP) and
D-sodium erythorbate (DSE) on the quality changes of squid during frozen storage. Frozen squid
samples were randomly divided into seven groups: (1) CK (unglazed); (2) WG (distilled water-glazed);
(3) SG (0.1% SP -glazed); (4) SG-1DSE (0.1% SP with 0.1% DSE -glazed); (5) SG-3DSE (0.1% SP with
0.3% DSE-glazed); (6) SG-5DSE (0.1% SP with 0.5% DSE-glazed); (7) WG-1DSE (0.1% DSE-glazed).
The efficacy of the different coatings was evaluated using various indicators, such as water holding
capacity (WHC), pH value, low field nuclear magnetic resonance (LF-NMR), color, malondialdehyde
(MDA) content value, free amino acids (FAAs) content, intrinsic fluorescence intensity (IFI) and the
total sulfhydryl content (SH) content. Intrinsic fluorescence intensity (IFI) and low field nuclear
magnetic resonance (LF-NMR) were used as fast monitoring techniques to monitor changes in quality
of squid samples. The results showed that compared with the CK and WG groups, coating with
either SG or DSE alone resulted in reduced rate of moisture loss (p < 0.05), lipid oxidation (p < 0.05)
protein degradation (p < 0.05) and prolonged its shelf-life. The combination of glazing treatment with
SG and DSE (groups SG-1DSE, SG-3DSE and SG-5DSE) further improved the protective effects of
coating, particularly in the SG-3DSE group. Therefore, the glazing of SG-3DSE is recommended to be
used to control the quality of frozen squid and to prolong its shelf-life during frozen storage.

Keywords: squid; glazing; frozen storage; sodium polyacrylate; D-sodium erythorbate; quality

1. Introduction

Squid, the most important group of cephalopods, has high yield [1]. Squid has many advantages,
such as low fat content and high quality proteins, which has a positive impact on the health of
consumers [2]. Generally, squid is easily susceptible to deterioration after being caught through
long-distance fishing. To inhibit microbial growth, oxidation and enzymatic autolysis, freezing
is a widely used technique in squid preservation [3]. However, traditional freezing may lead to
deterioration of fish quality because of lipid oxidation, protein denaturation and surface dehydration
during frozen storage [4].

Glazing, a widely used technique is used to protect the quality of fish from the effects of long-term
frozen storage. A layer of ice on the surface of frozen fish prevents the contact between the air and the
food’s surface, reduces the rate of oxidation and controls moisture loss [5]. The coating thicknesses are
closely related to many factors, such as dipping time, fish temperature and coating temperature [6].

Appl. Sci. 2019, 9, 3847; doi:10.3390/app9183847 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-3968-2868
http://www.mdpi.com/2076-3417/9/18/3847?type=check_update&version=1
http://dx.doi.org/10.3390/app9183847
http://www.mdpi.com/journal/applsci


Appl. Sci. 2019, 9, 3847 2 of 14

The quality of the product would be affected by the coating thickness, for example if the coating
thickness was too low (<6%), it might not be able to play protective function completely over storage
time, but excessive glazing (>12%) may harm the interests of customers [7]. A new regulation was
issued by the Brazilian Agricultural Animal Husbandry and Supply Department: the thickness of ice
on the surface of frozen fish products, with or without additives, cannot exceed 12% [8].

Water is usually used as traditional ice-glazing (IG), but this water glaze cracks easily and
loses antioxidative effects during long-term frozen storage. Edible sodium polyacrylate (SP), as
a water-soluble hydrophilic polymer, could dissolve in water to form a transparent and viscous
solution [9]. Its viscosity is about 15~20 times that of carboxymethyl cellulose and the alginate;
therefore, SP is popular in the food industry because of its thickening characteristics [10]. Sodium
polyacrylate has many advantages, such as excellent mechanical strength and thermal stability, was
approved as a safe food additive by U.S. Food and Drug Administration [10,11].

Antioxidants have been used as glazing materials for better protective effects on the quality of
frozen food products during frozen storage such as chitosan [12–14], rosemary extract [15], saponin-free
quinoa extract [16] and essential oil (EO) [17]. As a stereoisomer of sodium ascorbate, sodium
erythorbate can effectively prevent or delay food oxidation [18,19]. Furthermore, it was reported that
sodium erythorbate was an effective ascorbic acid for stabilizing muscle color, but sodium erythorbateis
is cheaper than ascorbic acid [20]. The aim of the present study was to assess the effects of sodium
polyacrylate and D-sodium erythorbate as the ice-glazing layer on squid during six months’ frozen
storage. The quality of squid was investigated by physicochemical properties such as texture, color,
protein denaturation, and lipid oxidation.

2. Materials and Methods

2.1. Materials and Freezing Process

Fresh squids weighing 410 ± 20 g were purchased from Luchao Port in Shanghai, China, packed in
insulated polystyrene boxes with ice and then transported to the laboratory immediately. Several initial
fresh squids were analyzed for data of the month 0. Then, the remaining samples were thoroughly
washed and put on fish plates. The treated squid samples were frozen by ultra-low temperature cold
storage freezing (Jiangsu Air Conditioner Co., Ltd., Jiangsu, China) at −55 ◦C. When the center of the
squid reached −18 ◦C, these frozen samples were stored in a refrigerator at −30 ◦C.

2.2. Preparation of Glazing Solution

A solution of D-sodium erythorbate (DSE) from Aladdin Biochemistry Technology Co., Ltd.
(Purity ≥ 98%, Shanghai, China) and edible sodium polyacrylate (SP) from Macklin Biochemical Co.,
Ltd. (50% aqueous solution, Average Mw3000–5000, Shanghai, China) was prepared. D-sodium
erythorbate and sodium polyacrylate were mixed mechanically through different proportions and
dissolved in distilled water. Subsequently, these solutions were mixed thoroughly with a magnetic
stirrer (Shanghai Siro Instruments Co., Ltd., Shanghai, China) at room temperature, until complete
dissolution. Finally, six glazing solutions including distilled water, 0.1% SP, 0.1% SP with 0.1% DSE
(w/v), 0.1% SP with 0.3% DSE, 0.1% SP with 0.5% DSE, and 0.1% DSE were obtained. These solutions
were stored at 3 ◦C for glazing.

2.3. Glazing and Frozen Storage

The frozen squid samples were randomly divided into seven groups: (1) CK (unglazed); (2) WG
(distilled water-glazed); (3) SG (0.1% SP -glazed); (4) SG-1DSE (0.1% SP with 0.1% DSE -glazed); (5)
SG-3DSE (0.1% SP with 0.3% DSE-glazed); (6) SG-5DSE (0.1% SP with 0.5% DSE-glazed); (7) WG-1DSE
(0.1% DSE-glazed). Different groups of squid samples, dipped into the corresponding coating solutions
(3 ◦C, 20~25 s), were applied an even glazing percentage (10% ± 1%) [15]. After glazing, the samples
were packed in a polyethylene bag and immediately stored at −18 ◦C for 6 months.
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Every month, samples, in triplicate, were taken from the refrigerator for analysis. Before being
analyzed, the squid samples were thawed in flowing water.

2.4. Determination of Water-Holding Capacity (WHC)

WHC was analyzed according to the method proposed by Zang et al. [21] with the following
modifications: portions of 2 × 1 cm (about 2 g) were cut from the carcass, weighed (W0). Then samples
were covered by filter paper and located within a flat-bottom round (50 mm diameter) polyethene tube,
then centrifuged at 5000 r/min for 10 min in 4 ◦C The samples were removed from the filter paper and
re-weighed (W1). Analyses were performed in triplicate for each sample. The WHC was calculated as
follows:

WHC/% =
W1

W0
× 100 (1)

2.5. Determination of Weight Loss

The weight of squids before frozen storage without glazing was weighed (W2). Afore storage,
frozen squids were taken out and its surface ice was stripped, weighed the present weight (W3). The
weight loss of squids was calculated as follows:

weight loss/% =
W2 −W3

W2
× 100 (2)

2.6. Low-field Nuclear Magnetic Resonance (LF-NMR) Measurements

Portions of 3 cm× 3 cm× 0.5 cm (about 5 g) were cut from the carcass and sealed with polyethylene
films. The LF-NMR measurements were implemented using a LF-NMR analyzer (MesoMR23-060H.I,
Niumag Corporation, Shanghai, China) with a corresponding stable frequency of 20 MHz through
CPMG pulse. The LF-NMR measurements were performed as described by Li et al. [22], with slight
modifications. Acquisition parameters were as follows: the receiver bandwidth frequency (SW) = 100
kHz, analog gain (RG1) = 20 dp, P1 = 18.00µs, digital gain (DRG1) = 5, TD = 200,020, preamplifier gain
(PRG) = 1, the duration between successive scans (TW) = 4000 ms, the number of the scans (NS) = 8,
P2 = 37.00 µs, time echo (TE) = 0.400ms and NECH = 5000.

To obtain proton density weighted images, acquisition parameters were as follows: time repetition
(TR) = 500ms and TE = 18.2 ms. The measurements were run in triplicate.

2.7. Determination of pH Value

The pH value was determined according to Sun et al. [12] with the following modifications: a
portion of each sample (2 g) was added to 18 mL cooled distilled water and centrifuged at 3,000 r/min
for 10 min. Then the supernatant was used to measure pH value with a pH meter (PB-10, Sartorius
Ltd., Göttingen, Germany).

2.8. Determination of Color Parameters

The color of squid with no epidermis was determined in triplicate by a colorimeter (CR-400, Konica
Minolta Corporation, Tokyo, Japan). White standard plate (Y = 88.5, x = 0.3149 and y = 0.3222) provided
by manufacture was used as a standard. L* values represents the degree of lightness to darkness, the
degree of redness to greenness was accounted by a* values and b* scale ranges from yellowness to
blueness. Analyses were performed in five repetitions for each sample. Five measurements were made
for each sample. The whiteness of squid was calculated as the following equation:

W = 100−
√
(100− L∗)2 + a∗2 + b∗2 (3)
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2.9. Determination of Malondialdehyde (MDA) Value

1 g of ground squid sample was homogenized in 9 mL of saline solution, centrifuged at 5000 r/min
for 10 min in 4 ◦C. The supernatant was used to determine the MDA value by the MDA kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Analyses were performed in triplicate for
each sample.

2.10. Determination of Free Amino Acids (FAAs)

FAAs was analyzed using an automatic amino acid analyzer (L-8800, Hitachi, Tokyo, Japan)
according to the method of Li et al. [22]. The minced samples (1.0 g) were homogenized with 10 mL of
5% trichloroacetic acid and centrifuged at 8000 r/min for 10 min in 4 ◦C. The obtained precipitates were
centrifuged again under the same conditions, then dilute the combined supernatant to 25 mL. The
1 mL extract is filtered with a 0.22 um disposable filter for reserve, and automatic amino acid analysis
was used. The assays were run in triplicate.

2.11. Determination of the Total Sulfhydryl (SH) Content

The myofibrillar protein (MFP) was performed according to Li et al. [23]. Squid samples of 3 g
were mixed and homogenized with 30 mL precooled KCl solution (0.6 mol/L, pH 7.0) and then the
homogenate was centrifuged at 8000 r/min for 30 min in 0 ◦C, then the supernatant was added to three
fold volume cooled distilled water and centrifuged at 8000 r/min for 30 min. The supernatant was
discarded and precipitate was added to the same volume precooled KCl solution (1.2 mol/L, pH 7.0) to
dissolve completely the actomyosin. The solution was centrifuged at 5000 r/min for 20 min to remove
the insoluble protein and the supernatant was myofibrillar protein. Finally, the total sulfhydryl (SH)
content was measured using a total mercapto measurement kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The measurements were run in triplicate and the mean value was considered
to be the final result.

2.12. Determination of Intrinsic Fluorescence Intensity (IFI)

Intrinsic fluorescence intensity of squid samples was carried out with the method reported by
Shi et al [15] with some modification. The myofibrillar protein solution was performed by paragraph
2.11 and the MFP (0.05 mg/ml) was diluted in 0.6M NaCl. Then solution was scanned by a fluorescence
spectrophotometer (F-7100, Hitachi, Tokyo, Japan). The scan mode was emission and acquisition
parameters were as follows: excitation and emission slit widths of 5 nm, excitation wavelength of
295 nm, emission wavelength of 300~410 nm, scan speed of 1200 nm/min and PMT Voltage of 400 V.

2.13. Statistical Analysis

Experimental data from each assay was analyzed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA)
for analysis of variance (ANOVA), with significance at p < 0.05. The results were recorded as the
means ± SD.

3. Results and Discussion

3.1. Changes in WHC and Weight Loss

The changes in WHC in squid with different treatments during frozen storage are shown in
Figure 1a. For all treatments, WHC values decreased first and then increased during frozen storage.
The results were similar to that reported by Zang et al. [21]. The decreasing of WHC was caused by the
growth of ice crystals during frozen storage [24], and unglazed squid showed the lowest (p < 0.05)
WHC at the second months of storage. Compared with unglazed squid, glazed squid was significantly
(p < 0.05) inhibited the diminished of WHC.
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Figure 1. Changes of WHC (a) and weight loss (b) of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and 
SG-5DSE groups during frozen storage. Different lower case in different groups from same day 
indicates significant differences (p < 0.05). Different larger case in different groups from different day 
indicates significant differences (p < 0.05). 
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Figure 1. Changes of WHC (a) and weight loss (b) of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and
SG-5DSE groups during frozen storage. Different lower case in different groups from same day indicates
significant differences (p < 0.05). Different larger case in different groups from different day indicates
significant differences (p < 0.05).

The changes of weight loss of squid with different treatments during frozen storage are shown
in Figure 1b. With increasing storage time, the weight loss of the samples gradually increased.
The results were similar to that reported by Soares et al. [13,25]. The weight loss of frozen sample
was attributed to sublimation of water during frozen storage, and glazing can form a water vapor
protective barrier against sample dehydration [26,27]. Therefore, the water content of the samples
gradually decreased and the water from squid was more difficult to remove through centrifugation
which resulted in a gradually increase of WHC during the late stage of frozen storage. The WHC
of unglazed samples (CK group) increased rapidly (p < 0.05) from 2nd month. In the experimental
groups, the glazing containing sodium polyacrylate and D-sodium erythorbate, especially in the
SG-3GSE group, significantly inhibited water loss of squid during the whole frozen storage, which
might be also attributed to their protective effects on the protein which thus protects the squid against
dehydration [15,27].

3.2. Low Field-Nuclear Magnetic Resonance (LF-NMR) Analysis

LF-NMR can be used to evaluate the freshness of fish, and MRI as a complementary technology
can better understand water migration [22,23]. Figure 2 shows the relative content of three water
components and MRI depending on storage time and treatment method. P21 represented content of
the bound water entrapped within tertiary and quaternary protein structures. P22 represented the
bound water that accounted for 90.5~95.6% of total water. In addition, P23 corresponds to content of
free water extramyofibrillar space. It was noted that there were no regular trends in P22 of all samples,
while P23 of glazing samples first declined rapidly and then increased steadily [23]. Furthermore,
the samples glazed with sodium polyacrylate and D-sodium erythorbate (SG-1DSE, SG-3DSE and
SG-5DSE) had lower (p < 0.05) P23 than other groups (CK, WG and WG-DSE).

Image brightness of samples presented a tendency of a red color towards blue color during frozen
storage. The red color stands for high proton density and the blue color stands for low proton density
in the pseudo-color images. Furthermore, brighter samples were observed inSG-1DSE, SG-3DSE
and SG-5DSE groups than that of CK, WG and WG-DSE groups at the same interval, especially in
the SG-3DSE group. This may be because samples glazed with sodium polyacrylate and D-sodium
erythorbate could effectively inhibit water of myofibrillar network translate to free water [28]. Water
component and MRI among different treatments showed the same results. These results demonstrated
that samples glazed with sodium polyacrylate and D-sodium erythorbate could better reduce the
transformation of water and could maintain the quality of frozen squid (p < 0.05), especially in the
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SG-3DSE group. Similar LF-NMR results to the findings of water-holding capacity during frozen
storage were reported [24,29].Appl. Sci. 2019, 9, x 6 of 14 
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Figure 2. Relative content of three water component (a) and magnetic resonance imaging (MRI) (b) of 
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Figure 2. Relative content of three water component (a) and magnetic resonance imaging (MRI)
(b) of CK(A), WG (B), WG-1DSE (C), SG-1DSE (D), SG-3DSE (E) and SG-5DSE (F) groups during
frozen storage.

3.3. pH Value and Color Analysis

Changes in pH values of all squid samples during frozen storage are shown in Figure 3a. The pH
value in all of the treatments first showed a decreasing trend, after that an increase was observed [17,30].
The decrease might be due to obvious acidification which was caused by the liberation of inorganic
phosphates and the accumulation of lactic acid produced. As the storage time increased, the followed
increase might be attributed to the accumulation of alkaline compounds (e.g., ammonia compounds,
trimethylamine) [26,31]. SG-1DSE, SG-3DSE and SG-5DSE groups had significantly (p < 0.05) slower
decreasing speed of pH value than those of CK, WG than WG-1DSE groups. It could be concluded that
glazing with sodium polyacrylate effectively slowed down microbial growth and inhibited the activity
of endogenous proteases, thus extending the extension of preservation of frozen squid. However, there
were not significant differences between SG-1DSE, SG-3DSE and SG-5DSE groups.
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Color values are widely used to characterize the freshness of fish and the whiteness of squids,
which is a desirable parameter for consumers [32,33]. Whiteness of squids during frozen storage
was depicted in Figure 3b. In the first four months of frozen storage, the whiteness increased with
increasing storage time. This was caused by the frozen enhanced the light reflection intensity and
decreased the whiteness [24]. In addition, the freezing denaturation of proteins caused by the increased
of ice crystals also affected the increased of whiteness during frozen storage [34]. Whiteness decreased
from the fourth to the sixth month, which was related to the degradation products of lipid affected the
light reflection intensity [34,35]. However, the glazed groups always showed the higher whiteness
compared to that of the unglazed groups (CK) during the frozen storage. Additionally, the whiteness
of SG-3DSE group was the highest from 4th to 6th month in the glazed groups. Therefore, glazing
significantly (p < 0.05) inhibited the color change of squid and retarded oxidation of proteins and lipids,
especially in the SG-3DSE group.

3.4. Lipid Oxidationanalysis

An amount of malonaldehyde (MDA) was employed to measure the extent of lipid oxidation [23,36].
Figure 4 showed that the MDA values for all samples increased during frozen storage, which agreed
with the results of Xuan et al. [30]. This could be ascribed to the accumulation of the final products of
unsaturated fatty acidoxidation [37]. However, squid is a kind of low-fat fish and MDA values were
lower than those of most marine fish. During the whole frozen storage, the MDA values of unglazed
squid (CK) increased rapidly (p < 0.05) from the initial value of 0.07 nmol/mgprot compared with the
other experimental groups. There are indications that glazing treatment could effectively delay lipid
oxidation, inhibiting the increase of MDA values in frozen squid. Although there were not significant
differences for MDA values between SG-1DSE, SG-3DSEand SG-5DSE groups, MDA values of these
groups still lower than those of other groups at the same interval. The glazing cured on the surfaces of
the squid could form a protective film that isolated the squid from the environment [15]. Besides, glazing
contain sodium polyacrylate could enhance the function of a protective film. Meanwhile, a slower
formation of MDA values was observed in WG-1DSE group compared with the WG group during
frozen storage, which was probably attributed to the antioxidant properties of D-sodium erythorbate.
Bilinskiet al. [38] also reported that glazing with sodium erythorbate had more anti-oxidative effects
than that of water-glaze alone in frozen pacific herring.



Appl. Sci. 2019, 9, 3847 8 of 14

Appl. Sci. 2019, 9, x 7 of 14 

Therefore, glazing significantly (P  <  0.05) inhibited the color change of squid and retarded 
oxidation of proteins and lipids, especially in the SG-3DSE group. 

0 1 2 3 4 5 6

6.5

6.6

6.7

6.8

6.9

7.0

7.1

cd

ef
de
d

e
d

d
f
de

d

bcc
c

c

c

a
b

b ab

b

b

b

a

a
a

a

a

pH

Storage time (months)

 CK
 WG
 WG-1DSE
 SG-1DSE
 SG-3DSE
 SG-5DSE

(a) a

 
0 1 2 3 4 5 6

50

55

60

65

70

75

80

d

f

d

d d

d

d

b

de

c

c

bc

c

c

bc
ab bc

b b

b
b

a
a

a

a

a
a

w
hi

te
ne

ss

Storage time (months)

 CK
 WG
 WG-1DSE
 SG-1DSE
 SG-3DSE
 SG-5DSE

(b)

 

Figure 3. pH value (a) and whiteness (b) of CK, WG, WG-1DSE, SG-1DSE, SG-3DSEand SG-5DSE 
groups during frozen storage. Different lower case in different groups from same day indicates 
significant differences (p < 0.05). 

3.4. Lipid Oxidationanalysis 

An amount of malonaldehyde (MDA) was employed to measure the extent of lipid oxidation 
[23,36]. Figure 4 showed that the MDA values for all samples increased during frozen storage, which 
agreed with the results of Xuan et al. [30]. This could be ascribed to the accumulation of the final 
products of unsaturated fatty acidoxidation [37]. However, squid is a kind of low-fat fish and MDA 
values were lower than those of most marine fish. During the whole frozen storage, the MDA values 
of unglazed squid (CK) increased rapidly (p < 0.05) from the initial value of 0.07 nmol/mgprot 
compared with the other experimental groups. There are indications that glazing treatment could 
effectively delay lipid oxidation, inhibiting the increase of MDA values in frozen squid. Although 
there were not significant differences for MDA values between SG-1DSE, SG-3DSEand SG-5DSE 
groups, MDA values of these groups still lower than those of other groups at the same interval. The 
glazing cured on the surfaces of the squid could form a protective film that isolated the squid from 
the environment [15]. Besides, glazing contain sodium polyacrylate could enhance the function of a 
protective film. Meanwhile, a slower formation of MDA values was observed in WG-1DSE group 
compared with the WG group during frozen storage, which was probably attributed to the 
antioxidant properties of D-sodium erythorbate. Bilinskiet al. [38] also reported that glazing with 
sodium erythorbate had more anti-oxidative effects than that of water-glaze alone in frozen pacific 
herring. 

0.0

0.1

0.2

0.3

0.4

0.5

D

M
D

A
 (n

m
ol

/m
gp

ro
t)

Storage time (months)

 CK
 WG
 WG-1DSE
 SG-1DSE
 SG-3DSE
 SG-5DSE

Aa

Ab

Ac

Ade
Ae

Ad

Ba

Bb

Bc

Be
Bd Bde

Ca

Cb

Cc
Cde

Cf
BCd

6420
 

Figure 4. MDA values of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE groups during 
frozen storage. Different lower case in different groups from same day indicates significant 
Figure 4. MDA values of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE groups during frozen
storage. Different lower case in different groups from same day indicates significant differences
(p < 0.05). Different larger case in different groups from different day indicates significant differences
(p < 0.05).

3.5. Protein Degradation and Oxidationanalysis

3.5.1. Changes in Free Amino Acids (FAAs)

As is known, squid is rich in proteins and the formation of FAAs caused by the degradation of
proteins [39]. The FAAs of squids in the first, third and sixth month during frozen storage are shown
in Table 1. It is worth noting that the most abundant amino acids in squid was proline, followed by
alanine and arginine, which had a similar finding in squid by Fu et al. [39]. As storage time went on,
the total contents of FAAs increased gradually for all samples. This increase was mainly related to
the rapid degradation of protein [26]. However, the total contents of FAAs of SG-1DSE, SG-3DSE and
SG-5DSE groups were 841.17, 780.16 and 899.63 mg/100 g, which lower than that of CK, WG and that
of WG-1DSE groups (2485.43, 1072.28 and 982.23 mg/100 g) after six months of frozen storage. Besides,
SG-3DSE group showed lowest the total contents of FAAs than those of SG-1DSE and SG-5DSE groups
during frozen storage. As an off-taste amino acid, histidine had similar change properties. The content
of histidine increased from 7.03 mg/100 g in first to 96.92 mg/100 g in the sixth month in the CK samples,
while in the glazing groups, the WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE were only 69.88,
48.48, 40.29, 33.52 and 34.01 mg/100 g after six months of storage. These findings suggested that the
squid, glazed with sodium polyacrylate and D-sodium erythorbate, could significantly (p < 0.05) inhibit
the degradation of proteins, especially in the SG-3DSE group. D-sodium erythorbate, as a preservative
with strong antioxidant activity, might develop its antioxidant effects in fish preservation and thus
decrease the degradation of proteins. Similarly, Cao et al. [40] introduced the idea that the combined
glazing significantly stabilized the proteins by decreasing in the oxidation of protein in frozen shrimp,
which was mainly governed by the antioxidant effect of sodium erythorbate. With the addition of
sodium polyacrylate, the glazing effectively maintained the quality of squid during frozen storage,
which was due to the formed glazing barrier prevented oxidation reactions from oxygen permeation.
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Table 1. FAA contents (mg/100g) of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE groups during frozen storage.

Storage Groups FAA

Time Asp Thr Ser Glu Gly Ala Val Met Ile

Month 0 8.22 ± 0.12 19.86 ± 1.33 7.56 ± 0.01 24.84 ± 0.05 28.60 ± 0.13 45.70 ± 0.01 16.47 ± 0.02 14.95 ± 0.11 8.11 ± 0.01

Month 3 CK 37.73 ± 0.32a 36.80 ± 0.42ab 28.16 ± 0.45a 81.65 ± 0.23a 38.96 ± 0.81b 114.44 ± 2.14b 34.61 ± 0.19ab 34.91 ± 0.24a 27.21 ± 0.19ab
WG 27.03 ± 3.46b 37.13 ± 3.36a 18.64 ± 2.24cd 73.15 ± 5.30b 50.51 ± 3.14a 119.72 ± 2.34a 37.31 ± 4.74a 27.61 ± 3.52b 29.49 ± 3.87a

WG-1DSE 30.96 ± 0.49b 35.56 ± 0.37b 27.96 ± 0.35a 64.64 ± 0.94c 32.46 ± 0.42d 102.67 ± 1.57c 37.92 ± 0.53ab 24.21 ± 0.29c 26.64 ± 0.33b
SG-1DSE 13.33 ± 2.52d 26.18 ± 4.77cd 20.03 ± 3.73c 41.10 ± 7.77f 47.008 ± 3.35a 85.05 ± 9.36e 22.02±4.15e 17.67 ± 3.39d 16.02 ± 3.00e
SG-3DSE 23.26 ± 1.11c 25.42 ± 1.17d 18.89 ± 0.09d 56.38 ± 3.17d 36.28 ± 1.53c 95.34 ± 4.57d 27.06 ± 1.52d 18.32 ± 1.06de 20.42 ± 1.22cd
SG-5DSE 25.51 ± 1.34c 29.80 ± 1.46c 24.49 ± 1.22b 54.87 ± 3.23de 32.63 ± 1.61d 93.63 ± 4.61de 30.12 ± 1.64c 19.31 ± 1.04d 21.53 ± 0.92c

Month 6 CK 129.88 ± 0.26a 162.77 ± 0.68a 112.86 ± 1.14a 284.23 ± 2.33a 137.43 ± 0.45a 224.53 ± 0.86a 187.23 ± 0.35a 105.84 ± 0.11a 141.02 ± 0.05a
WG 74.678 ± 2.25b 52.49 ± 3.88b 41.52 ± 1.19b 113.13 ± 4.62b 48.12 ± 0.15d 135.36 ± 1.46c 53.36 ± 2.77b 36.07 ± 2.04b 43.88 ± 1.31b

WG-1DSE 61.07 ± 0.55c 45.29 ± 1.85c 36.96 ± 0.86c 91.63 ± 3.67c 55.03 ± 2.43c 112.94 ± 4.44e 50.07 ± 1.61bc 36.58 ± 1.57bc 41.08 ± 1.13c
SG-1DSE 22.7 ± 0.62d 39.04 ± 1.49d 30.78 ± 1.65e 75.64 ± 3.07d 46.36 ± 2.43de 119.12 ± 4.71d 41.8 ± 1.04e 37.59 ± 1.83b 30.74 ± 0.46e
SG-3DSE 18.08 ± 1.56e 33.27 ± 1.04e 28.42 ± 0.63f 61.03 ± 2.74f 57.64 ± 1.25bc 135.84 ± 2.48c 36.89 ± 1.33f 21.94 ± 0.84e 25.64 ± 1.22f
SG-5DSE 21.95 ± 1.86d 42.20 ± 2.56cd 34.96 ± 0.50d 75.69 ± 2.63de 59.08 ± 2.71b 152.98 ± 5.49b 46.67 ± 2.82d 25.12 ± 1.43d 33.43 ± 1.57d

Storage Groups FAA

Time Leu Tyr Phe Lys His Arg Pro Total

Month 0 23.91 ± 0.02 14.13 ± 0.07 24.27 ± 0.23 8.26 ± 0.01 7.03 ± 0.01 37.40 ± 1.45 94.88 ± 2.47 384.20 ± 5.89

Month 3 CK 55.67 ± 0.33a 25.82 ± 0.51ab 44.25 ± 1.88a 33.36 ± 0.64c 44.24 ± 0.82a 76.28 ± 1.45a 141.02 ± 6.07e 855.12 ± 10.04a
WG 54.23 ± 6.98a 22.29 ± 3.00b 38.31 ± 5.17b 40.01 ± 5.01b 35.13 ± 5.00b 40.92 ± 5.64f 187.92 ± 13.04a 839.43 ± 21.09ab

WG-1DSE 26.64 ± 0.60d 26.64 ± 0.12a 27.45 ± 0.15cd 47.27 ± 0.80a 24.97 ± 0.41c 67.58 ± 0.71c 142.38 ± 4.37b 756.33 ± 8.46c
SG-1DSE 32.17 ± 6.06c 13.79 ± 2.62de 23.68 ± 4.62de 19.77 ± 4.11f 20.60 ± 2.87d 70.38 ± 4.64b 133.64 ± 10.07e 602.44 ± 18.20e
SG-3DSE 20.43 ± 1.92e 20.44 ± 1.03c 27.12 ± 1.86c 25.53 ± 1.88e 17.21 ± 1.24e 48.84 ± 3.52de 133.98 ± 7.17be 627.69 ± 17.99de
SG-5DSE 37.00 ± 1.96b 16.17 ± 0.82d 26.05 ± 1.35d 32.84 ± 2.02d 18.57 ± 2.11de 54.54 ± 3.25d 138.53 ± 12.02ef 643.58 ± 19.24d

Month 6 CK 125.2 ± 0.47a 126.56 ± 0.46a 113.82 ± 2.13a 216.22 ± 0.83a 96.92 ± 0.34a 135.82 ± 1.59a 185.1 ± 2.46a 2485.43 ± 8.47a
WG 80.61 ± 3.87b 37.12 ± 0.64b 62.64 ± 2.05b 63.20 ± 0.99b 59.88 ± 1.12b 59.44 ± 3.45cd 110.79 ± 4.06e 1072.28 ± 23.16b

WG-1DSE 76.08 ± 2.19c 32.33 ± 0.93c 55.86 ± 1.43c 53.76 ± 1.98c 48.48 ± 1.41c 55.52 ± 1.67e 129.55 ± 3.79d 982.23 ± 16.51c
SG-1DSE 54.87 ± 2.84d 26.96 ± 1.06d 28.65 ± 1.77f 40.67 ± 2.01de 40.29 ± 1.83d 56.73 ± 5.62de 149.21 ± 6.43b 841.17 ± 21.43de
SG-3DSE 44.01 ± 0.46e 20.35 ± 2.89ef 32.17 ± 1.95e 30.87 ± 2.16f 33.52 ± 1.25de 63.95 ± 3.15c 136.54 ± 4.68c 780.16 ± 11.43f
SG-5DSE 54.54 ± 2.01d 22.77 ± 1.22e 36.53 ± 2.19d 43.11 ± 2.34d 34.01 ± 2.16d 79.40 ± 3.75b 137.16 ± 5.84c 899.63 ± 22.82d

Different lower case in different groups from same day indicates significant differences (p < 0.05).
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3.5.2. Changes in Intrinsic Fluorescence Intensity (IFI)

Tryptophan (Trp), a kind of aromatic amino acid, can indicate the degeneration of the protein [15].
The exposure magnitude index of Tryptophan residues could be measured by 295 nm light of intrinsic
fluorescence measurements [41,42]. Therefore, changes in the intrinsic fluorescence intensity (IFI) of
myofibrillar proteins of squid at month zero, and in the third and 6th months are shown in Figure 5.
The data shows that there was a broad band with a maximum at 334 nm, when myofibrillar excited
at 295 nm. As storage time went on, the IFI of myofibrillar protein demonstrated a decreasing trend.
Compared to the initial value, the IFI in CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE groups
squid decreased to 13.08%, 24.53%, 28.94%, 40.38%, 49.46% and 44.25% after six months of storage,
respectively. The decrease in IFI could be ascribed to protein degeneration or denaturation and
exposure of indole side chain of Trp [43]. The results revealed that protein degeneration or denaturation
occurred rapidly during frozen storage. Compared with the Ck group, glazed samples were observed
with lower decrease (p < 0.05) in IFI. Meanwhile, SG-3DSE had the highest IFI in the experimental
groups at the same interval. The results also revealed that glazing significantly decreased protein
degeneration and changes of structural during frozen storage, especially in the SG-3DSE group, which
was consistent with the change of FAAs.Appl. Sci. 2019, 9, x 10 of 14 

300 320 340 360 380 400 420
0

500

1000

1500

2000
(a)

in
tri

ns
ic

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 (I
FI

)

Wavelength (nm)  

300 320 340 360 380 400 420
0

200

400

600

800

1000

1200

1400

1600

in
tri

ns
ic

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 (I
FI

)

Wavelength (nm)

 CK
 WG
 WG-1DSE
 SG-1DSE
 SG-3DSE
 SG-5DSE

(b)

 
300 320 340 360 380 400 420
0

200

400

600

800

1000

1200

1400

1600

in
tri

ns
ic

 fl
uo

re
sc

en
ce

 in
te

ns
ity

（
IF

I）

Wavelength (nm)

 CK
 WG
 WG-1DSE
 SG-1DSE
 SG-3DSE
 SG-5DSE

(c)

 
Figure 5. The intrinsic fluorescence intensity (IFI) of myofibrillar proteins of CK, WG, WG-1DSE, 
SG-1DSE, SG-3DSE and SG-5DSE groups in 0th (a), 3rd (b) and 6th (c) month. 

3.5.3. Changes in Sulfhydryl (SH) Content 

The total sulfhydryl (SH) content of actomyosin was determined to assess the oxidation degree 
of proteins during frozen storage [44]. As is revealed in Figure 6, the total SH content decreased 
gradually for all squid samples with the prolonged frozen storage time. The oxidation of SH can be 
explained by the formation of disulfide bonds following protein denaturation (due to the freezing 
process) or chemical reaction (cyc can be transformed to serine) [45]. Meanwhile, the serine content 
increased during frozen storage in Table 1, and the result of IFI showed that protein degeneration or 
denaturation occurred rapidly during frozen storage. The SH content in CK, WG, WG-1DSE, 
SG-1DSE, SG-3DSE and SG-5DSE groups squid decreased to 10.41%, 27.03%, 34.32%, 44.33%, 58.30% 
and 49.94% of the initial value after 6months of storage. Unglazed samples had the highest decrease 
of the SH content during the entire frozen storage period. After 6 months frozen storage, the SH 
content for SG-1DSE, SG-3DSE and SG-5DSE groups was significantly (P < 0.05) higher than these 
that of CK, WG and WG-1DSE groups. Additionally, the lowest decreasing rate was found in the 
SG-3DSE group. These findings suggested that glazing of squid could retard total SH content 
decrease and protect the protein from oxidation, especially in the SG-3DSE group. Shi et al. [15] 
reported that glazing of shrimp could significantly slow the total SH content of myofibrillar protein 
changes during frozen storage. 

Figure 5. The intrinsic fluorescence intensity (IFI) of myofibrillar proteins of CK, WG, WG-1DSE,
SG-1DSE, SG-3DSE and SG-5DSE groups in 0th (a), 3rd (b) and 6th (c) month.

3.5.3. Changes in Sulfhydryl (SH) Content

The total sulfhydryl (SH) content of actomyosin was determined to assess the oxidation degree of
proteins during frozen storage [44]. As is revealed in Figure 6, the total SH content decreased gradually
for all squid samples with the prolonged frozen storage time. The oxidation of SH can be explained
by the formation of disulfide bonds following protein denaturation (due to the freezing process) or
chemical reaction (cyc can be transformed to serine) [45]. Meanwhile, the serine content increased
during frozen storage in Table 1, and the result of IFI showed that protein degeneration or denaturation
occurred rapidly during frozen storage. The SH content in CK, WG, WG-1DSE, SG-1DSE, SG-3DSE
and SG-5DSE groups squid decreased to 10.41%, 27.03%, 34.32%, 44.33%, 58.30% and 49.94% of the
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initial value after 6months of storage. Unglazed samples had the highest decrease of the SH content
during the entire frozen storage period. After 6 months frozen storage, the SH content for SG-1DSE,
SG-3DSE and SG-5DSE groups was significantly (p < 0.05) higher than these that of CK, WG and
WG-1DSE groups. Additionally, the lowest decreasing rate was found in the SG-3DSE group. These
findings suggested that glazing of squid could retard total SH content decrease and protect the protein
from oxidation, especially in the SG-3DSE group. Shi et al. [15] reported that glazing of shrimp could
significantly slow the total SH content of myofibrillar protein changes during frozen storage.Appl. Sci. 2019, 9, x 11 of 14 
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Figure 6. SH content of CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE groups during frozen 
storage. Different lower case in different groups from same day indicates significant differences (p < 
0.05). Different larger case in different groups from different day indicates significant differences (p 
< 0.05). 

4. Conclusions 

In this study, six treatment methods (CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE) 
were conducted to evaluate the changes of squids’ quality during frozen storage. After six months of 
frozen storage, the quality of squid declined significantly (p < 0.05), based on the analysis of the 
quality indexes (WHC, pH, LF-NMR, color, MDA, FAA, IFI and SH content). Compared with the 
unglazed groups (CK), the application of glazing of squids had a positive effect on moisture loss, 
lipid oxidation and protein degradation and oxidation. The addition of sodium polyacrylate 
enhanced the glazing’s water vapor protective barrier, which contributed to quality of squid 
maintenance. In addition, D-sodium erythorbate, as a preservative with strong antioxidant activity, 
its addition to glazing significantly inhibited the oxidation of lipids and proteins in squid, and 
prolonged its shelf-life. Meanwhile, the combination glazing treatment composed of sodium 
polyacrylate and D-sodium erythorbate efficiently (p < 0.05) delayed quality deterioration 
parameters than that of single preservative during frozen storage. Especially in the SG-3DSE group, 
it had great potential to maintain the quality of squid during frozen storage. 
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4. Conclusions

In this study, six treatment methods (CK, WG, WG-1DSE, SG-1DSE, SG-3DSE and SG-5DSE) were
conducted to evaluate the changes of squids’ quality during frozen storage. After six months of frozen
storage, the quality of squid declined significantly (p < 0.05), based on the analysis of the quality indexes
(WHC, pH, LF-NMR, color, MDA, FAA, IFI and SH content). Compared with the unglazed groups
(CK), the application of glazing of squids had a positive effect on moisture loss, lipid oxidation and
protein degradation and oxidation. The addition of sodium polyacrylate enhanced the glazing’s water
vapor protective barrier, which contributed to quality of squid maintenance. In addition, D-sodium
erythorbate, as a preservative with strong antioxidant activity, its addition to glazing significantly
inhibited the oxidation of lipids and proteins in squid, and prolonged its shelf-life. Meanwhile, the
combination glazing treatment composed of sodium polyacrylate and D-sodium erythorbate efficiently
(p < 0.05) delayed quality deterioration parameters than that of single preservative during frozen
storage. Especially in the SG-3DSE group, it had great potential to maintain the quality of squid during
frozen storage.
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