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Abstract Fresh grass carp was used to produce surimi samples that were supplemented
with 50 g/kg, 100 g/kg, or 150 g/kg pork back fat. The lipid composition, lipase activity,
lipid oxidation index, and lipoxygenase activity of samples subjected to repeated freeze-
thaw process were determined to assess the effects of the added fat on lipolysis and lipid
oxidation of grass carp surimi. Freeze-thaw treatment increased free fatty acid content,
mainly due to the decomposition of phospholipids and some neutral lipids by lipase. With
repeated freeze-thaw treatment, the levels of free fatty acids and phospholipids were
correlated with the lipid oxidation indexes and lipoxygenase activity, indicating that lipid
degradation can promote lipid oxidation. In the same freeze-thaw cycle, surimi products
with high fat content are more vulnerable to oxidative damage, neutral lipids are the main
source of free fatty acids in the early stage of freeze-thaw, and phospholipids are the main
source of free fatty acids in the late stage.

Keywords freeze-thaw cycles, pork back fat, grass carp surimi, lipolysis, lipid oxidation

Introduction

Freezing is often performed to enable storage of aquatic products. Freezing extends
the shelf life of aquatic products (Zuanazzi et al., 2019), and also reduces the degree of
lipid degradation and oxidation (Ali et al., 2015). However, during transportation and
sales, products may experience cycles of freezing and thawing, potentially leading to
cell damage (Benjakul and Bauer, 2001) and seriously affecting fish quality (Jiang et
al., 2019; Wangtueai and Maneerote, 2018).

Surimi products are a popular kind of aquatic products. During the processing of
surimi products, pork back fat is often added to improve the overall sensory quality
(Chojnicka et al., 2009). However, this added fat may also promote lipid oxidation,

thus affecting the food quality and nutritional value of the product (Pietrowski et al.,
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2011; Shi et al., 2014). During lipid oxidation, free radicals are produced. Jiang et al. (2020) found that free radicals were
formed first during lipid oxidation, followed by primary oxidation products such as hydroperoxides and secondary oxidation
products such as thiobarbituric acid reactive substances (TBARS). However, to the best of our knowledge the relationship
between lipid degradation and lipid oxidation has not been measured in surimi subjected to repeated freeze-thaw cycles. In
this study, the lipid degradation and lipid oxidation of surimi and the correlation of these processes with different amounts of
fat during repeated freeze-thaw process were determined to provide a scientific basis to improve the quality of surimi

products for practical production.

Materials and Methods

Materials

Fresh grass carp were purchased from a local supermarket of the Carrefour Group, and the live fish were immersed in bags of
tap water for transport to the laboratory. Pork back fat was purchased from a local processor, 48 h post-mortem. NH, -
aminopropyl minicolumns were purchased from Agilent Technologies (Santa Clara, CA, USA), N-t-butyl-a-phenylnitrone
(PBN) was purchased from Tokyo Chemical Industry, 4-methylumbelliferyl- oleate was purchased from Sigma-Aldrich (St.
Louis, MO, USA), and all other chemicals used in this study were analytical grade and purchased from Solabio (Beijing, China).

Preparation of grass carp surimi

Surimi was prepared as described previously (Shang et al., 2020a), in accordance with the Regulations on the Administration
of Experimental Animals issued by the China State Council in 2017 and the guidance on Treating Experimental Animals
developed by China’s Ministry of Science and Technology in 2006. Pork back fat was added to grass carp surimi to achieve
final fat content of 0 g/kg, 50 g/kg, 100 g/kg, or 150 g/kg, with the samples designated Fo, Fso, Fioo, and Fiso, respectively.
The prepared samples were packed in moisture-impermeable polyethylene bags, sealed, and stored at —18°C. Each week, a set
of frozen samples was thawed using flowing water (10°C) and then was frozen and stored at —18°C, the samples underwent

six freeze-thaw cycles.

Determination of lipid composition of grass carp surimi

A sample of chopped surimi (2.0 g) was placed in a centrifuge tube, mixed with 25 mL chloroform: methanol (2:1 V/V)
solution, and homogenized in an Ultra homogeniser (T25, IKA, Konigswinter, Germany) for 1 min. The homogenization
liquid was then transferred to a new tube with a plug and the volume was adjusted to 40 mL by addition of chloroform:
methanol (2:1 V/V) solution. After standing for 0.5 h, the protein and connective tissue were removed with filter paper, and
then normal saline was added (the amount added was estimated based on the optimal extraction conditions of lipids. Finally, a
mixture of chloroform: methanol: water=8:4:3), followed by centrifugation at 3,000xg for 15 min. The upper aqueous layer,
methanol, ionic impurities, and other solutions were removed, and the remaining liquid was evaporated using a vacuum
rotary evaporator (Hei-VAP Advantage MLG3, Heldolph, Schwabach, Germany) in a 40°C water bath to obtain total lipids
(samples were then stored at —20°C). Samples (30—-60 mg) of the extracted total lipids were dissolved in 5 mL of chloroform:
methanol solution (2:1 V/V). Total lipids were fractionated into neutral lipids, free fatty acids, and phospholipids on NH,-
aminopropyl minicolumns (100 mg/1 mL, Agilent Technologies) as described by Garcia Regueiro et al. (1994).
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Determination of total phospholipase, acid lipase, and neutral lipase activities

Samples (5.0 g) of chopped surimi were homogenized in 25 mL of 50 mM phosphate buffer, pH 7.0, containing 5 mM of
Ethylenebis(oxyethylenenitrilo)tetra acetic acid (EGTA). The mixture was homogenized at 25,000 rpm (4x10 s, with cooling
on ice) using an Ultra homogenizer (T25, IKA) and then stirred for 30 min in an ice bath. The homogenates were centrifuged
at 4°C, 10,000xg for 20 min (CTH 2050R, Thermo Fisher Scientific, Waltham, MA, USA), and then filtered through glass
microfiber filters (GF/D, Whatman, Maidstone, UK). The total phospholipase, acid lipase, and neutral lipase activities were
determined using a fluorescence spectrophotometer (RF-5301, Shimadzu, Kyoto, Japan) according to Shang et al. (2019).

Peroxide value assay
The peroxide values (PVs) of all samples were determined according to the AOAC method (965.33; AOAC, 1999) and the

results were expressed as meq/kg of surimi.

Thiobarbituric acid reactive substances (TBARS) assay

TBARS values were determined as described by Shang et al. (2020a) by measuring the absorbance of each sample at 532

nm. TBARS values were expressed as mg MDA (malondialdehyde equivalents)/kg surimi surimi.

Lipid extraction and electron spin resonance

Lipid extraction was performed as described by Shang et al. (2020b) with slight modification. Briefly, 40 g samples were
added into 150 mL of petroleum ether and placed on a shaker incubator overnight at 20°C. The mixture was filtered and then
the filtrate was evaporated in a vacuum rotary evaporator (Hei-VAP Advantage MLG3, Heldolph) to obtain the lipid sample.
Electron spin resonance (ESR) experiments were conducted with a Bruker EMXnano system. Samples were incubated at —
20°C and then transferred to room temperature for several minutes to thaw. Next, 50 uL samples were mixed with 5 pLL of 70
mg/mL PBN ethanol solution. After mixing, samples were heated at 100°C. ESR detection was done after heating samples for
80 minutes, with the following parameters: microwave frequency 9.646 GHz, power 10 mW, center field 3436 G, sweep
width 100 G, modulation frequency 100 kHz, modulation amplitude 2G, 1,000-point resolution, and 30 s sweep time.

Radicals were quantified were calculated using Bruker Xenon software with the spin fit and spin count modules.

Determination of lipoxygenase activity

Lipoxygenase activity was determined according to the methods of Gata et al. (1996) and Fu et al. (2009) with slight
modification. Surimi samples (5.0 g) were accurately weighed and then mixed with 3 volumes of 50 mM, pH 7.0 phosphate
buffer, containing 1 mM DTT and 1 mM EDTA. After homogenization, the homogenate was stirred in an ice water bath for
30 min, and then centrifuged at 4°C, 15,000xg for 60 min. After centrifugation, the supernatant was filtered with four layers
of gauze. In a separate tube, 200 pL sodium linoleate was mixed with 2.9 mL of 50 mM citric acid buffer solution (pH 5.5)
and then equilibrated in a 20°C water bath. After the absorbance value at 234 nm had become stable, 0.1 mL enzyme extract
was added and the sample was rapidly mixed to uniformity. The absorbance increase in 1 min was measured at 20°C and 234

nm. One enzyme activity unit was defined as an increase of 1 in absorbance per gram of enzyme protein per minute.

Statistical analysis

The means and SDs of triplicate measurements were determined. To assess statistical significance, SPSS 16.0 was used for
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one-way analysis of variance (ANOVA) and two-way ANOVA for single factor analysis and the interaction of freeze-thaw
cycle and fat content, respectively. Statistical differences between different treatments were assessed by Tukey’s multiple
range test, using a significance limit of p<0.05. Additionally, to evaluate the relationships between variables, Pearson’s two-

tailed correlation analysis was performed by SPSS 16.0.

Results and Discussion

Changes of lipid composition

The lipid composition was determined for grass carp surimi as shown in Table 1. Samples subjected to freezing and
thawing cycles exhibited changes in the neutral lipid content of 74.26%—77.40%. Compared with neutral lipids, more
significant changes were observed for the levels of phospholipids and free fatty acids. Freeze-thaw treatment resulted in

decreased phospholipid content and increased free fatty acid content due to the lipolysis of lipids by lipase (Qiu et al., 2013).

Table 1. Changes of lipid composition and enzyme activity during multiple freeze-thaw cycles

Lipid composition (%) Enzyme activity
Freeze-thaw Total
cycles . . Free fatty . . . Acid lipase Neutral lipase Lipoxygenase
Neutral lipid . Phospholipids hospholipase
P acids photip P (pU /g)p (Ulg) (Ulg) (Ulg)
F Fo 76.59 3.20 20.21 15.54 11.52 39.90 20.55
+0.2542 +(.1342 +0.124d +0.204f +0.854f +0.454¢ +0.6142
Fso 76.22 341 20.37 19.03 17.74 50.78 23.82
+0.2042 +(.1242 +(.324d +0.078f +0.748¢ +0.13B¢ +0.23B2
Fioo 76.24 3.14 20.63 20.34 25.66 58.83 24.70
+0.104b +0.0442 +0.138f +0.678f +0.98¢d +0.68¢F +0.44B2
Fiso 76.06 3.40 20.54 22.32 38.74 68.56 21.83
+0.2240 +0.1442 +0.084Bsg +0.55C¢ +0.55P4 +1.33Pf +£0.3742
Ci Fo 76.57 3.84 19.59 14.32 7.28 17.56 23.74
+0.5142 +0.1542 +0.378d £0.274¢f +0.344¢ +0.294d +0.3440
Fso 76.19 4.40 19.41 15.98 11.19 24.20 25.98
+0.4642 +0.40ABab +0.0684 +0.6248B¢ +0.488d +0.51Bf +0.16AB2
Fioo 76.00 5.29 18.70 16.12 12.93 29.09 28.78
+0.204b +0.30BCb +0.104¢ +(.91ABde +1.168C¢ +1.17C +].25Bb
Fiso 75.49 5.62 18.89 18.34 15.38 32.34 25.31
+0.224b +0.10P +0.124f +0.76Bd +0.99C¢ +0.54P¢ +0.80420
C2 Fo 75.57 4.80 19.64 13.14 5.14 13.62 27.48
+0.5842 +0.324b +0.27¢d +0.064d +0.224d +0.494¢ +0.754¢
Fso 76.99 4.80 18.22 13.74 7.69 19.67 29.09
+0.1182 +0.05420 +0.168¢ +0.43ABd +0.288¢ +0.378¢ +0.2040
F1o0 76.80 5.36 17.85 13.70 6.42 22.21 30.42
+(.114Bb +0.314b +(.194Bd +(.14ABed +0.46AB0 +0.36¢d +0.864P
Fiso 76.45 5.95 17.60 15.05 11.13 27.40 28.20
+0.06ABbe +0.44Ab +0.384¢ +0.48B¢ +0.35¢P +(.73Pd +].214be
Cs Fo 77.40 4.77 17.83 11.85 3.36 12.72 29.48
+1.0342 +0.314b +(.72B¢ +(.74Acd +0.458¢ +0.074¢ +0.734¢
Fso 76.92 6.02 17.06 14.96 5.30 17.30 31.21
+1.0542 +0.138b +(.92ABb +(.10Bde +0.01B° +(0.91Bd +0.954b
Fioo 76.73 7.15 16.12 16.25 7.07 22.53 32.33
+0.254b +0.12C¢ £0.14Abe +0.78B¢ +0.60Bb +0.55¢ +0.7940
Fiso 75.93 7.48 16.60 18.53 9.29 24.96 29.52
+0.204P +0.25C¢ +0.054Bd +0.21¢d +0.54Cb +0.19Pd £0.714¢
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Table 1. Changes of lipid composition and enzyme activity during multiple freeze-thaw cycles (continued)

Lipid composition (%) Enzyme activity
Freeze-thaw Total
cycles Neutral linid Free fatty Phospholipids hospholipase Acid lipase Neutral lipase Lipoxygenase
P acids PhOUP P é’U /g)p (Ulg) (Ulg) (Ulg)
Cs Fo 76.47 6.20 17.34 10.27 2.56 9.00 33.16
+0.1342 +0.36%¢ +0.248¢ +0.574¢ +0.164%¢ +£0.014° +0.4244
Fso 77.37 5.89 16.75 11.82 4.66 12.65 38.20
+2.0142 +£1.044° +£0.96ABP +(.23A8¢ +0.068° +0.458¢ +0.278¢
Fio0 76.69 7.17 16.15 12.90 6.53 14.32 43.48
+0.8340 +0.184¢ +0.6548¢ +0.44BCe +0.19¢® +0.51¢¢ +0.77¢¢
Fiso 77.19 7.40 15.42 14.45 9.25 18.97 36.23
+0.194¢ +0.074¢ +0.124¢ +0.46¢° +0.31P° +0.08P° +0.80B4
Cs Fo 76.04 7.73 16.23 8.10 1.18 7.57 34.59
+0.5982 +0.39Ad +0.20® +0.794° +0.064A® +0.614° +0.88Ade
Fso 74.59 9.49 15.93 9.32 2.99 8.70 38.98
+0.1942 +0.058° +0.24¢0 +0.43A0 +0.1482 +0.90AP +0.088¢
Fio0 74.40 9.95 15.65 9.60 4.56 10.32 45.73
+0.0642 +0.0084 +0.058° +0.584A° +0.30C=b +0.45480 +1.00¢¢
Fiso 74.26 11.49 14.25 11.97 5.90 13.02 36.06
+0.0042 +0.00¢4 +0.00A° +0.118° +0.05P2 +0.948b +£1.36ABd
Co Fo 75.80 9.47 14.73 5.51 0.88 232 35.89
+1.26%2 +0.594¢ +0.67¢ +0.0142 +0.1842 +0.4642 +0.184¢
Fso 76.08 9.83 14.09 6.64 1.96 241 43.99
+0.5544 +0.024¢ +0.578¢a +0.8544 +0.1182 +0.4942 +1.2784
Fio0 76.08 10.45 13.47 6.99 3.34 3.34 47.03
+0.504° +0.24ABd +0.26ABa +0.4748 +0.32¢2 +0.494a +1.348¢
Fiso 75.87 11.65 12.49 9.20 4.11 9.41 38.73
+0.604° +0.12B4 +0.4842 +0.1282 +0.18¢2 +0.08B2 +0.40Ad

Results of lipid composition are expressed as % of total lipids.

F represents surimi without freeze-thaw cycle, Ci1—Cs represent surimi with 1-6 freeze-thaw cycles respectively. Fo, Fso, Fioo, and Fis0 represent
surimi with 0 g/kg, 50 g/kg, 100 g/kg, and 150 g/kg of pork back fat respectively.

A-D Means within pork back fat content with different superscript letters are significantly different (p<0.05).

*¢ Means within freeze-thaw cycles with different superscript letters are significantly different (p<0.05).

In the same freeze-thaw cycle, the content of neutral lipids changed little with the increase of pork back fat, while the content
of phospholipids decreased and the content of free fatty acids increased. This shows that differences in the amount of added
fat affects lipid composition in surimi.

For samples subjected to different numbers of freezing and thawing cycles, there was no correlation between neutral lipid
content, free fatty acid content, and phospholipid content in surimi containing 0%, 5%, 10%, and 15% pork back fat, but there
was a significant negative correlation between free fatty acid content and phospholipid content. This indicated that the
observed increase of free fatty acids was mainly due to the decomposition of phospholipids, and may also be related to
neutral lipids, a finding that is consistent with the results of a previous study of the effects of pork back fat addition by Huang
et al. (2014). For samples subjected to the same number of freeze-thaw cycles, there was no correlation of the contents of
neutral lipids, free fatty acids, and phospholipids with different contents of pork back fat, except for a negative correlation

between free fatty acids and phospholipids at the 6" freeze-thaw cycle.

Changes of lipase activities

Lipases (including total phospholipases, acid lipases, and neutral lipases) in fish tissues are conducive to lipid hydrolysis
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(Toldra, 2006), and lipase activities in the processing of meat products and aquatic products can vary with different raw
materials, varieties of the same raw material, lipase types, or processing conditions (Huang et al., 2014). However, few
studies have examined the effect of freeze-thaw treatment on lipases. In our study, neutral lipase activity was the highest,
followed by total phospholipase activity, and acid lipase showed the lowest activity (Table 2). Repeated freezing and thawing

can destroy muscle cells due to the presence of ice crystals, resulting in the release of lipases (Sun et al., 2019). However, the

Table 2. Changes of free radical content, peroxide value and TBARS during multiple freeze-thaw cycles

Free radical content Peroxide value

Freeze-thaw cycles (x1014) (el TBARS (mg/kg)
F Fo 0.00+0.0042 0.018+0.0004® 0.19+0.0142
Fso 16.95+1.4842 0.020:£0.0014B2 0.19+0.0342
Fio0 13.15+0.9242 0.02440.0018¢ 0.224+0.0242
Fiso 26.75+1.638° 0.028+0.002¢2 0.33+0.01B2
Ci Fo 0.00£0.0042 0.015+0.0024 0.38+0.0142
Fso 14.00+2.4082 0.156+0.009° 0.410.024B°
Fioo 16.70+0.1482 0.117+0.003B¢® 0.47+0.035¢P
Fiso 35.40+0.99 0.093+0.018B2 0.50+0.00<°
C2 Fo 1.20+0.1042 0.012+0.00242 0.77+0.044°
Fso 17.05+1.638a 0.291+0.011P¢ 0.84:+0.034°
Fioo 17.20+0.9982 0.181+0.008 0.80+0.054°
Fis0 36.10+0.99¢P 0.079+0.00482 0.84:+0.034°
GCs Fo 3.614+0.2642 0.013+0.00142 0.94+0.024>
Fso 36.70+1.13P° 0.315+0.020C<d 1.06+0.0254
Fioo 20.00+0.42¢ 0.312+0.016¢¢ 1.11£0.01B¢d
Fiso 12.80+0.5782 0.093+0.008B2 1.16+0.03¢¢
Cs Fo 21.20+0.574° 0.017+0.0034ab 1.3420.114¢
Fso 41.85+1.34Bb 0.356+0.032Bde 1.37+0.014¢
Fioo 44.55+0.928° 0.585+0.049¢¢ 1.4840.05%¢
Fis0 50.65+0.64¢¢ 0.051+£0.05642 1.4940.014¢
Cs Fo 56.85+2.194¢ 0.01940.00242> 1.79+0.05A4
Fso 69.25+1.48A8¢ 0.378+0.010Cde 1.92+0.054Bf
Fio0 86.2044.248¢ 0.582+0.008P4 1.92+0.014Bf
Fiso 115.30+6.79¢¢ 0.212+0.0058b 2.03+0.065f
Cs Fo 135.05+7.008¢ 0.025:+0.0064° 2.4840.10%¢
Fso 145.00+4.2484 0.417+0.011¢¢ 2.67+0.034B¢
F1o00 112.75+4.3144 0.600::0.004¢ 2.78+0.038¢2
Fiso 141.55+5.028¢ 0.310+0.0015¢ 2.87+0.04B¢

F represents surimi without freeze-thaw cycle, C1—Cs represent surimi with 1-6 freeze-thaw cycles respectively.
Fo, Fso, F100, and F1so represent surimi with 0 g/kg, 50 g/kg, 100 g/kg, and 150 g/kg of pork back fat respectively.

A-D Means within pork back fat content with different superscript letters are significantly different (p<0.05).
22 Means within freeze-thaw cycles with different superscript letters are significantly different (p<0.05).

TBARS, thiobarbituric acid reactive substances.

928



Freeze-Thaw of Surimi

lipase activity did not increase but decreased maybe due to the inhibition of lipase activities (Leygonie et al., 2012). After six
freeze-thaw cycles, the activity of total phospholipase, acid lipase, and neutral lipase was still retained, with activities of
34.36%41.21%, 7.64%—13.02%, and 4.75%—13.72%, respectively, indicating that lipase continued to degrade lipid in the
whole process. For the same freeze-thaw cycle, the total phospholipase, acid lipase, and neutral lipase activities increased

with the increase of pork back fat content, which was consistent with the results of lipid composition.

Changes of peroxide values

Hydroperoxide is the primary oxidation product of lipid oxidation and can be evaluated as the PV. The PVs of grass carp
surimi samples with different amounts of fat content were determined and the results are shown in Table 2. Subjected to
repeated freezing and thawing, the PVs of surimi generally showed an increasing trend, a result that was consistent with the
finding of Nikoo et al. (2015). With increased pork back fat content, the PV of surimi first increased and then decreased. This
result differs from the finding of Pan et al. (2021) who repeatedly freeze-thawed quick-frozen pork patty samples containing
different amounts of pork back fat and found that PV first increased and then decreased with the increase of freeze-thaw

cycles, and PV increased with the increase of pork back fat content.

Changes of thiobarbituric acid reactive substances (TBARS)

TBARS is often measured to assess the degree of lipid oxidation. As shown in Table 2, TBARS increased significantly
(p<0.05) with the increase of freeze-thaw cycle. Ice crystals that form during repeated freezing and thawing can lead to
muscle tissue damage, which may lead to the release of pro-oxidants (Leygonie et al., 2012) as well as lipases, proteases,
nucleases, and oxidases in cells (Sun et al., 2019), thus accelerating lipid oxidation.

For samples subjected to the same numbers of freeze-thaw cycles, TBARS increased significantly with the increase of fat
content (p<0.05). There was also a significant positive correlation between fat content and lipid oxidation, a finding that is

consistent with the results of Liu et al. (2018) and Utrera et al. (2014).

Changes of free radical content

Lipid oxidation first produces free radicals, earlier than peroxide (Jiang et al., 2020). Generally, free radicals can be
detected and quantified by ESR spectroscopy, and correlation between free radical formation and stability of lipid oxidation
has been confirmed for several foods (Jensen et al., 2005). In our study, the ESR intensity and free radical content of the
samples were measured and the results are shown in Fig. 1 and Table 2. We also studied the correlation between free radical
content and other lipid oxidation indexes. With repeated freezing and thawing, free radicals, PV, and TBARS were positively
correlated (free radicals and PV were not correlated in the surimi samples with 5% pork back fat). This result was not
consistent with the study of Jiang et al. (2020), who reported no correlation between free radical formation and PV in edible
oil oxidation. The free radical content and lipoxygenase activities were positively correlated (except for in surimi samples
with 0% pork back fat). For samples treated with the same numbers of freezing and thawing cycles, there was no correlation

between free radical content and PV, TBARS, or lipoxygenase.

Changes of lipoxygenase activity

Lipoxygenase (LOX) can induce the oxidation of polyunsaturated fatty acids to produce unstable hydroperoxides (Hsieh et
al., 1988). Stodolnik et al. (2005) found that LOX activity of mackerel increased during freezing, leading to increased lipid

929



Food Science of Animal Resources Vol. 41, No. 6, 2021

12

o]
1
o

ESR intensity(a.u)
N
1

0 -
AT oo p bl
-2 I v I s I v I 3 I v I
3380 3400 3420 3440 3460 3480
Field[G]

Fig. 1. Changes of ESR spectrum of radical signals of lipid sample by adding 0% of pork back fat. ESR, electron spin resonance.

oxidation. In our study, LOX activity increased with the increase of freeze-thaw times. The activity of LOX first increased

and then decreased with the increase of pork back fat. This result is consistent with the observed PV trend.

Interaction of freeze-thaw cycle and fat content on lipid composition, lipolysis and lipid oxidation of surimi

Table 3 shows the interaction of freeze-thaw cycle and fat content. From Table 3, we can find that the interaction of freeze-

thaw cycle and fat content is significant (p<<0.05) on all index values except the neutral lipid content index (p>0.05).

Correlation of lipid composition, lipolysis, and lipid oxidation

During processing and storage, the hydrolysis of lipids by lipase produces free fatty acids. Lipoxygenase generates
peroxides from these free fatty acids, and the resulting peroxides are further decomposed into aldehydes, ketones, and acids
(Jin et al., 2011; Toldra, 2006). Lipid composition, lipolysis, and lipid oxidation were measured in the treated samples and the

results are shown in Table 4 and described in detail below.

Table 3. p-value of the interaction of freeze-thaw cycle and fat content on lipid composition, lipolysis and lipid oxidation of surimi

Source of Neutral  Free fatty .. Total o Neutral  Free radical Peroxide .

variation lipid acids Blosetelets phospholipase Ceidllinase lipase content value WSS Loy emisss
Freeze-thaw cycle  0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000"
Fat content 0.204 0.000" 0.000" 0.000 0.000 0.000 0.000" 0.000 0.000" 0.000"

Freeze-thaw cycle

0.244 0.000" 0.007" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000" 0.000"
and fat content

p<0.05 means relationship between the two is significant, and the significance is displayed with *.
p>0.05 means relationship between the two is not significant.
TBARS, thiobarbituric acid reactive substances.
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Table 4. Correlation of lipid composition, lipolysis and lipid oxidation under different freeze-thaw times and different addition of pork

back fat

Comsliion v e .increase oit ez Correlation with different addition of pork back fat

thaw times

Fo Fso Fio0o Fis0 F Ci C2 Cs Cs Cs Cs
Neutral lipid
Free fatty acids ~ —0.480 -0.546 0489 -0458  -0.577 -0.945  0.185 -0.898 -0.062 -0.906 -0.064
Phospholipids 0229 0210  0.194 0181  -0.776  0.764 -0.802  0.668 -0.456  0.661 —0.089
Total phospholipase  0.376 0320 0.402  0.185  —0.971" -0.990"" 0.335 -0.970° 0.512 -0.774 —0.005
Acid lipase 0244 0115  0.130 0144  —0.865 -0978° 0370 -0.980° 0477 -0.896  0.243
Neutral lipase 0310 0125 0227 0167  —0.929 -0962" 0574 -0928 0560 —-0.769 —0.330
Frizlrl‘:iil‘;al ~0469 -0339 -0.546 0437  -0.982° -0.995" 0519 -0.076  0.691 -0.771 0332
Peroxide value ~ —0.346  —0.067 -0.346 -0.501  -0.846 0412 0906 -0.060  0.064 —0.727  0.898
TBARS 0417 0326 0340 0223  -0.708 —0.955* 0745 -0.929  0.194 0909  0.356
Lipoxygenase ~0311 -0230 0428 -0.074  -0493 -0327  0.788  0.089  0.099 -0.537  0.968"
Free fatty acids
Phospholipids ~ —0.964™ —-0.934"" —0.951"" —-0.957" -0.068 -0.933 -0.735 -0.927 -0.860 -0.916 —0.988"
T";"Eosphohpase ~0.992" -0.937" -0.926" -0.902" 0409  0.894  0.898  0.971"° 0.825  0.968°  0.983"
Acid lipase ~0.856° -0.840" -0.821° -0.800° 0358  0.968° 0803 0964 0.847  0.980" 0.942
Neutral lipase ~0.795°  -0.820" -0.899" -0.858" 0351  0.987° 0.902 0995 0790  0.959"  0.953"
F rii;?iil‘;al 0931 0.885™ 0.909™ 0873 0687 0911 0874 0238  0.620  0960° 0.025
Peroxide value 0.747  0.823* 0910 0.897" 0264 0423 0241 0400 0083 0404  0.325
TBARS 0.995"  0.961"" 0.955 0948 0411 0997 0439 0986 0942  0.992"  0.909
Lipoxygenase 0.926™  0.914" 0928 0.904™ -0.087 0577  0.106 0339 0374 0222  0.041
Phospholipids
T";"Eosphohpase 0.987°  0.956" 0.898" 0938 0869 -0.674 -0.778 -0.817 -0.998" -0.984° —0.980"
Acid lipase 0.875  0.931" 0.878" 0.838° 0777 -0.834 -0.744 -0.796 -0.999" -0.891 -0.977"
Neutral lipase 0.788°  0.904" 0.930 0.895"  0.862 -0.890 -0.944 —0.893 —0.990" —0.974" -0.900
Frizlrl‘:iil‘;al ~0.891" -0.889" -0.827° -0.824°  0.668 -0.703 -0.890 0340 -0.906 -0.975°  0.027
Peroxide value ~ —0.725  —0.932" —0.900" -0.829°  0.826 0383 -0478 -0.627 -0.107 —0.030 —0.462
TBARS ~0.978" —0.983" -0.953" -0.976" 0542 0915 -0.782 -0.878 -0.938 -0.900 —0.962°
Lipoxygenase ~0.933" -0.969" -0.890" -0.976"  0.675 -0.779 -0.607 -0.650 -0.383  0.113 —0.190
Total phospholipase
Acid lipase 0.894"  0.895" 0.839°  0.824° 0944  0.960° 0.983° 0.988° 0998 0.933 0919
Neutral lipase 0.823°  0.907"  0.920" 0.882" 0989 0929 0931 0977 0994 0.977°  0.945
Frii;i‘g;‘;al ~0.906" -0.871" -0.910" -0.872° 0944 0999 0978° 0242 0932  0979" 0.170
Peroxide value ~ —0.710  —0.902" —0.860° -0.833*  0.942 0445 -0.018 0290  0.137 0165 0335
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Table 4. Correlation of lipid composition, lipolysis and lipid oxidation under different freeze-thaw times and different addition of pork
back fat (continued)

ey Correlation with different addition of pork back fat

thaw times

Fo Fso Fioo Fiso0 F Ci C Cs3 Cq Cs Cs
TBARS ~0.998" -0.975" -0.939" -0.916"  0.795 0905  0.751  0.991" 0926  0.962" 0915
Lipoxygenase ~0.952" -0.963" -0.912 -0.920" 0449 0245 -0.019  0.155 0404 -0.011  0.058
Acid lipase
Neutral lipase 0.961%  0.979™ 0972 0990 0981 0.994 088 0983 0994 0966"  0.795
FZ‘(’;{:SECM ~0.642  —0.673 -0.587 —0.516 0.880  0.967° 0961 0091 0906  0.966° -0212
Peroxide value ~ -0.330  -0.994" -0.775" -0.613 0.995 0.563  0.069 0.170  0.084 0479  0.617
TBARS ~0.879" -0.869" -0.752  -0.717 0944  0.961° 0.832  0967° 0927 0949  0.986"
Lipoxygenase ~0.973" -0.887" -0.756° -0.815"  0.156 0505 -0.077  0.075 0360  0.345  0.367
Neutral lipase
FZZZZ‘SECM -0.601 -0.676 -0.728  —0.617 0914 0941 0979 0.149 0917  1.000™ 0.246
Peroxide value ~ —0.253  —0.967" —0.861" —0.675 0.982° 0.541  0.193 0302  0.043 0238  0.031
TBARS ~0.810° -0.852" -0.853" —0.791°  0.864  0.978° 0749  0979° 0.883  0.928  0.752
Lipoxygenase ~0.901" -0.864" -0.863° -0.882" 0344 0573 0344 0246 0309  0.113 0255
Free radical content
Peroxide value 0.893"  0.672  0.836° 0922  0.845 0437 0167 0873 038 0238 -0.501
TBARS 0.919%  0.938 0953 0.897°  0.780 0922  0.820 0328  0.832 0930 -0.134
Lipoxygenase 0.739  0.871°  0.901" 0.780° 0329 0270  0.180  0.627 0584  0.111 -0.535
Peroxide value
TBARS 0.721  0.872°  0.910™ 0.894™ 0921 0359 0595 0410 0317 0380  0.682
Lipoxygenase 0494  0.895 0.987" 0.716 0203  0.645 0.682 0922 0954 0955  0.958"
TBARS
Lipoxygenase 0.944™ 0973  0.936™ 0934™ -0.176 0515 0211 0285 058 0170  0.446

" p<0.05, ™" p<0.01.
TBARS, thiobarbituric acid reactive substances.

Relationship between lipid composition and lipase enzymes

For samples subjected to repeated freezing and thawing, there was no correlation between neutral lipid content and the
three lipase activities in surimi samples with 0%, 5%, 10%, and 15% added fat (p>0.05). There was a significant negative
correlation (p<0.05) or extremely significant negative correlation (p<0.01) between free fatty acids and the three lipase
activities in all samples, and a significant negative correlation (p<0.05) or extremely significant negative correlation (p<0.01)
between phospholipids and the three lipase activities, indicating that lipase changed phospholipids into free fatty acids (Qiu et
al., 2013).

For the same freeze-thaw cycle, samples prepared with different contents of pork back fat were compared. The results

showed that, for the 0-3 freeze-thaw cycles, neutral lipids were negatively correlated with lipase activities and free fatty acids

932



Freeze-Thaw of Surimi

were positively correlated with lipase activities, but phospholipids were not correlated with lipase activities. In the 4-6 freeze-
thaw cycles, phospholipids were negatively correlated with lipase activities, free fatty acids were positively correlated with
lipase activities, and neutral lipids were not correlated with lipase activities. These data and the results in Table 1 indicate that
neutral lipids are the main source of free fatty acids in the early stage of freeze-thaw, while phospholipids are the main source

of free fatty acids in the late stage.

Relationship between lipid compeosition and lipid oxidation

For samples submitted to repeated freezing and thawing, there was no correlation (p>0.05) between the neutral lipid
content and the four related lipid oxidation indicators (free radical content, PV, TBARS, and lipoxygenase) with surimi with
0%, 5%, 10%, and 15% added pork back fat. However, there was a positive correlation between the free fatty acid content
and these four lipid oxidation indicators (p<0.05) except for the PV for surimi with 0% added fat. There was a negative
correlation between phospholipid content and lipid peroxidation (p<0.05) for all samples, except for the PV of surimi
supplemented with 0% fat, suggesting that lipid degradation can promote lipid oxidation (Yang et al., 2005). For samples
subjected to the same number of freeze-thaw cycles, there is little effect of different additions of pork back fat and little
correlation between lipid composition and the four measured indicators of lipid oxidation (free radical content, PV, TBARS,

and lipoxygenase).

Conclusion

The degree of lipolysis, lipid oxidation and its correlation in surimi samples containing different amounts of fat and
subjected to repeated freezing and thawing were studied for the first time. During repeated freezing and thawing, lipolysis can
promote lipid oxidation, and surimi products with high fat content are more vulnerable to oxidative damage. Therefore, to
ensure high quality surimi, appropriate amounts of fat should be added during processing and temperature fluctuations due to

freezing and thawing should be avoided during storage.
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