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Abstract: In order to clarify the individual role of freezing and frozen storage on the quality of fish,
fillets of large-mouth bass (Micropterus salmoides) were subjected to different freezing rates (freez-
ing with -18 °C (A), -60 °C (B), -60 °C with forced air circulation at 2 m/s (C), respectively) followed
by frozen storage at -18 °C for 30 and 90 days. Another 2 groups were frozen with -60 °C, followed
by storage at -40 °C (D) and -60 °C (E), respectively. Results showed that water-holding and TVBN
were mainly affected by storage time. No significant changes were found in free thiol content among
treatments. A greater freezing rate and lower storage temperature generally led to lower TBARS.
GCxGC-TOFMS revealed a total of 66 volatile compounds which were related to lipid oxidation.
PLS-DA showed that fresh samples were separated from the frozen-thawed ones, and fillets in
group D & E were relatively close to fresh fillets in the composition of oxidation-related volatiles. In
conclusion, freezing rate and storage temperature had significant impact on lipid oxidation and
protein denaturation in the fillets of large-mouth bass, while protein oxidation was more affected
by freezing rate.
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1. Introduction

Large-mouth bass (Micropterus salmoides) is one of the important commercial fish
species and is popular due to its high proportion of unsaturated fatty acids especially EPA
and DHA, also the delicate texture and excellent taste. In recent years, the growth rate of
large-mouth bass yield was one of the highest among all the freshwater fish species in
Chinalll. Freezing is one of the most common storage methods for fish and fish products.
However, freezing of muscle foods can lead to a series of physicochemical changes such
as formation of ice crystals and the ice-water interface, concentrating of pro-oxidants, al-
tered pH and ionic strength, etc.?. Although frozen storage of muscle foods is a common
practice, new insights into the mechanism of freeze-induced damage are still emerging!>4.
Many studies have shown that different freezing rates and frozen storage temperatures
have significant effect on fish quality indicators, including texture, water-holding, flavor,
etc.l>6l. However, it is often difficult to distinguish the individual contribution of freezing
rate and storage temperatures to specific quality indicators.

Among the quality deterioration in frozen muscle, lipid oxidation is of particular im-
portance. The large-mouth bass is generally prepared by steaming as the original taste
and odor is favored by consumers. Therefore, extensive off-flavor in this kind of fish is
especially unacceptable. Oxidation of polyunsaturated fatty acids and subsequent decom-
position of lipid oxidation products can produce volatiles which lead to fishy odor(”.. Tra-
ditionally, the oxidation of lipids has been followed by measuring TBARS and PV values.
Volatiles generated from oxidizing fatty acids, such as hydrocarbons, alcohols, aldehydes,
acids, etc. have been widely used to assess the extent of lipid oxidation!®l. Volatile com-
pounds of meat are very complex and the identification/quantification requires powerful
instruments. As pointed out by Dunkel et al.l%, a total number of 10000 volatiles was pre-
dicted to occur in foods, and omitting just one key odorant will induce significant devia-
tions in perception of aroma. Therefore, the analytical coverage of the chemical odor space
of food needs to be comprehensive. In recent years, two-dimensional gas chromatography
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(GCxGC) has been applied in the analysis of food flavor!'0-12. Its high resolution may allow
the separation of target compounds from matrix interferences or coeluted substances!'3l.
The aim of this study was to classify the individual contribution of freezing rate and
frozen storage temperature on selected quality indicators of frozen/thawed large-mouth
bass, with a focus on volatiles related to lipid oxidation revealed by GCxGC-TOFMS.

2. Materials and Methods

2.1. Sample preparation

Fresh large-mouth bass (Micropterus salmoides) were purchased from a local super-
market during August. Those fish were stunned at head with a wooden stick, and fol-
lowed by the removal of scales and internal organs. The fish buried in crushed ice were
transported to the lab within half an hour. Upon arrival, each fish was rinsed under tap
water and their weight was recorded (weight: 405 + 34 g). The dorsal muscle was taken
out and cut into fillets of 5 cm * 3.5 cm. The fillets were divided into 5 groups and subjected
to different freezing/frozen storage treatments. Each fillet was frozen by cold air in freezer
till the center of fillet reached a temperature of -18 °C (monitored by a K-type thermocou-
ple), and then the fillet was transferred to frozen storage at different temperatures. The
treatment was as follows: Group A, Freeze at -18 °C and storage at -18 °C; Group B, Freeze
at-60 °C and storage at -18 °C; Group C, Freeze at -60 °C with forced air circulation (wind
speed 2 m/s) and storage at -18 °C; Group D, Freeze at -60 °C and storage at -40
°C; GroupE, Freeze at-60 °C and storage at -60 °C. The groups were designed to evaluate
the effects of different freezing rates (Groups A/B/C) and different frozen storage temper-
atures (Groups B/D/E). Temperature of the freezers during frozen storage were recorded
by a K-type thermocouple (Uni-Trend Technology, Dongguan, China). After frozen stor-
age for 30 and 90 days, the fillets were sampled for physiochemical analysis. Fresh fillets
were used as control.

2.2. Water-holding capacity

Water-holding capacity was evaluated by thaw loss and centrifugation loss. Frozen
fillets were thawed at room temperature. Each frozen fillet and the corresponding thawed
fillet were weighed and recorded as M1, M2, respectively. The thaw loss was calculated
by the formula: Thaw loss (%) = (M1-M2)/M1 * 100. For centrifugation loss, myofibrils
were extracted from thawed fillet and the water-holding capacity of myofibrils was deter-
mined as described by Ji et al.l4l,

2.3. Lipid oxidation

Thiobarbituric acid-reactive substance (TBARS) test was used to estimate the degree
of lipid oxidation based on Bao et al.['> with some modifications. Briefly, minced fish mus-
cle (5 g) was homogenized (IKA T18 Ultra-Turrax, Labortechnik, Staufen, Germany) with
20 mL of 5% trichloroacetic acid at a speed of 14000 rpm for 20 s, and then the mixture
was filtered through double layers of filter paper. An aliquot of 5 mL filtrate was mixed
with 5 mL thiobarbituric acid (20 mM) and incubated in a 90 °C water-bath for 30 min.
After cooling to room temperature, the absorbance at 532 nm was measured. Tetraethox-
ypropane was used as the standard because it forms equal moles of malonaldehyde
(MDA) during heating in acid conditions. TBARS values were expressed as mg MDA / kg
meat.

2.4. Total volatile basic nitrogen (TVB-N)

TVB-N values were estimated according to the current Chinese standard method
(method III, micro diffusion) for determination of TVB-N in foods (GB5009.228-2016).
Briefly, minced fish muscle (5 g) was homogenized (13500 rpm, 20 s) with 25 mL cold
distilled water, and the mixture was incubated at room temperature for 30 min followed
by filtration. An aliquot of 1 mL filtrate was added to the outer chamber of a micro-
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diffusion dish (Supplementary File 1, Fig. 1), and 1 mL of boric acid (20 g/L) with methyl
red-bromocresol green mixed indicator was added to the inner chamber of the diffusion
dish. After addition of 1 mL of saturated K2CO3 solution to mix with the filtrate, the dif-
fusion dish was sealed and incubated at 37 °C for 2 h. And then the boric acid solution in
the inner chamber was titrated with 0.01 M HCI, the TVB-N value was expressed as mg
nitrogen/100 g muscle.

2.5. Protein oxidation and denaturation

Surface hydrophobicity of myofibrils was used as indicator of protein denaturation.
It was evaluated based on the method proposed by Chelh et al.('6l. This method was based
on the interaction of the hydrophobic chromophore bromophenol blue (BPB) with myofi-
brillar proteins, and the separation of free and bound BPB. Some modifications were made
as described in Ji et al.l'l. Protein oxidation was indicated by loss of free thiol groups and
the free thiol content of fish meat was determined according to Bao et al.[*5l.

2.6. Freeze substitution histological observation

Prior to analysis, meat samples were kept at -18 °C overnight and then cut into small
cubes (5 x 5 x 3 mm3). The unthawed meat cubes were fixed in Carnoy solution (60%
thanol, 30% chloroform, and 10% acetic acid) at -18 °C overnight. After fixation, the sam-
ples were dehydrated at 4 °C with a graded series of ethanol solutions (70-90% in 5% in-
crements). And then the samples were further processed as described in Bao et al.l'”] until
micrographs were taken by a light microscope (DM 2000, Leica Microsystems CMS
GmbH)

2.7. Comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry
(GCxGC-TOFMS)

Samples from fresh and thawed fillets (4 samples per group) were subjected to
GCGC-TOEMS analysis. Two grams of minced meat was mixed with 10 L of internal
standard (1,2-dichlorobenzene, 50 mg/L) and transferred to a 20 mL glass GC vial. The
instrumental conditions were set up according to Wang et al. (2020b). Briefly, a Pegasus®
4D GCxGC-TOFMS system (LECO Corp., St. Joseph, MI, USA) equipped with an Agilent
7890B GC, a secondary oven, and a dual-stage quad-jet thermal modulator was used. A
60m 0.25 mm x 0.25 um DB-FFAP (Agilent Technologies, Palo Alto, CA, USA) was used
as the first dimensional column, and a 1.5 m x 0.25 mm x 0.25 pm Rxi-17Sil MS (Restek,
Bellefonte, PA, USA) was used as the second column. The initial oven temperature was
45°C and kept for 3 min, raised to 150°C at 4°C/min and held for 2 min, then ramped at
6°C/min to 200°C and at 10°C/min to 230°C for 20 min. The modulation period of 4 s and
hot pulse of 0.80 s was performed. The second oven was kept 5°C higher than the first
oven. The electron energy of TOFMS (m/z 35 to m/z 400) was -70 volts, and acquisition
rate was 100 spectra/s, ion source and transfer line were 230°C and 240°C respectively.

The data was processed with ChromaTOF version 4.61.1.0 software (LECO Corp., St.
Joseph, MI, USA). The peaks aligned by the software based on the extracted masses and
their retention times (first- and second-dimensional). Identification was done by compar-
ing mass spectra and retention times (first- and second-dimensional) in databases (NIST
2014 and Welly 9). Identified compounds with similarity values larger than 800 were con-
sidered, and only the compound presented at least in three replicates was considered re-
liable.

2.8. Data analysis

Analysis of variance (ANOVA) with a post-hoc test using Duncan method (P<0.05)
was performed by SPSS 22 statistics package program (IBM Corp., New York, USA). For
multi-factor ANOVA, Day 30 & Day 90 samples were used. OPLS-DA analysis of volatiles
was performed with MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/). Data
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processing methods: Data transformation: Cubic Root Transformation; Data scaling: Pa-
reto Scaling. 2D score plot of PLS-DA displayed 95% confidence region.

3. Results and discussion

3.1. The freezing process and frozen storage

The core temperatures of fillets subjected to different freezing treatments were rec-
orded. As the freezing process started, temperature gradually dropped. And then the tem-
perature reached a plateau, and the temperature corresponding to the plateau was lower
when freezing at -60 °C as compared to freezing at -18 °C (Fig. 1a). Similarly, the phenom-
enon that faster freezing resulted a relatively lower temperature at the plateau were also
observed in the freezing of muscle foods!'#18 and other non-muscle food!"”l. This difference
may have resulted from different freezing rates. It is well-known that during slow freez-
ing, the formation of ice will release the latent heat of water and thereby against the heat
removal by cooling. As a result, the system maintained at a rather constant temperature.
When the cooling rate was higher, the heat removal would be greater than the released
latent heat, therefore the equilibrium temperature would be lower. At even higher freez-
ing rate, such as freezing with liquid nitrogen, a temperature of plateau is hardly seen. It
can be seen that freezing at -60 °C was much faster than freezing at -18 °C. The time needed
for the temperature to decrease from -1 °C to -5 °C (maximal ice formation region) was
approximately 47 min when freezing at -18 °C, while it took 13 min at -60 °C. The addi-
tional forced air circulation at 2 m/s further reduced that time to 7 min. Throughout the
storage period, temperatures of the freezers were relatively stable with minor fluctuations

(Fig. 1b)
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Figure 1. Core temperature of large-mouth bass fillets during freezing until the center reached -18
°C (a), and typical temperature fluctuations within different freezers over a period of 1 month,
temperature was recorded every 15 minutes (b).

3.2. Water-holding

Water-holding is an important quality attribute of muscle foods. Water is distributed
in a compartmentalized meat matrix and generally can be grouped into bound water, en-
trapped or immobilized water, and free water!2l. There are different methods in the eval-
uation of water-holding of meat, including filter paper press, drip loss, thaw lossl?!l, water-
holding of extracted myofibrils??], sausage method®), etc. In frozen-thawed meat, the wa-
ter-holding is generally lower than that of fresh meat, especially at a slow freezing rate,
and this has been attributed to the formation of larger ice crystals and more severe protein
denaturation!l.

In this study, water-holding was studied by thaw loss and the centrifugation loss of
myofibrils. Results showed that only storage time had a significant effect (P < 0.001) on
thaw loss (Table 1). Thaw loss at day 90 was more than doubled as compared to day 30
(Fig.2D), while the water-holding of myofibrils did not show significant changes
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throughout the frozen storage (Fig.2E). This was probably due to the different principles
of the two methods. Thaw loss mainly reflect the loss of extracellular water, while the
centrifugation loss of myofibrils reflects water loss in the intracellular matrix. The thaw
loss of fish fillets was below 3.5%, while the thaw loss of pork or beef was often greater.
This could be linked to a higher ultimate pH in fish and higher pH is often associated with
better water-holding/?4l. Water-holding had close relationship with meat color, in addition
to meat pigments. Disruption of the sarcolemma and the shrinkage of myofibril led to
changes in water-holding, and the structural changes would affect the light scattering
properties of meat!?l. Thawed fillets had higher values of L* (lightness) as compared to
unfrozen fresh sample (Supplementary File 1, Fig.2), suggesting reduced water-holding.
Different freezing rate or frozen storage temperature did not significantly affect thaw loss,
However, there was a trend that lower storage temperature (Group D & E) had lower thaw
loss. As for the water-holding of myofibrils, two-way ANOVA revealed that there was a
significant effect of storage temperature and the interaction between freezing rate and
storage time (P<<0.05). In the current study, only thawing at room temperature was used.
It is well-known that different thawing methods would affect water-holding of muscle
foodsl2e-281,

Table 1. Main effects of storage time (t), freezing rate (FR), and storage temperature (ST) and their
interaction on selected quality indicators of frozen-thawed large-mouth bass fillets.

Indicator time t freezing rate FR temperature ST t*FR t*ST
TVBN Fkk NS NS NS NS
TBARS **k* **k*k **k*k ** *kk
Water—h(_)ld!ng of NS NS - - NS
myofibrils
Thaw loss Fkek NS NS NS NS
Thiols NS *x NS NS NS
Surface . .
hydrophobicity NS NS NS

NS, not significant; *, P<<0.05; ** , P<<0.01; ***, P<<0.001.
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Figure 2. Quality indicators of large-mouth bass fillets. “-, fresh sample; Group A, Freeze at -18
°C and storage at -18 °C; Group B, Freeze at -60 °C and storage at -18 °C; Group C, Freeze at -60 °C
with forced air circulation (wind speed 2 m/s) and storage at -18 °C; Group D, Freeze at -60 °C

and storage at -40 °C; Group E, Freeze at -60 °C and storage at -60 °C, and 0, 30 or 90 indicates the
storage time in days.

3.3. Microstructure changes

The combined effects of freezing rates, frozen storage and thawing rates on crystal
formation and the ultrastructure of muscle is a complex system!?l. Upon thawing, the
meat structure appeared to have almost completely recovered. In order to observe the ice
crystals in the frozen state, Cross-sectional micrograph of fish muscle was obtained via
the freeze substitution histological observation (Fig.3). Unfrozen fresh muscle showed
clear perimysium, the myofiber remained intact and the extracellular space was relatively
small. Formation of ice-crystals and distortion of myofibers can be observed in all frozen
samples. As shown in Figure 1b, that temperature fluctuation in the -18 °C freezer was
around +3 °C, this temperature fluctuation led to ice recrystallization. Generally, the ice
crystals became larger at day 90 as compared to day 30 due to recrystallization during
frozen storage. Samples which were frozen at -18 °C and stored at -18 °C for 90 days dis-
played the most severe damage to muscle structure. However, the structural damage was
comparable to other groups at day 30, suggesting that a relatively long-term frozen stor-
age at -18°C was more detrimental to muscle structure.
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Figure 3. Micrograph of large-mouth bass fillets.

3.4. Lipid oxidation

Many biochemical reactions in frozen foods are inhibited due to a lower activity of
water. However, reactivity of lipid oxidation can be relatively high even at a very low
water activity of aw less than 0.1, Therefore, lipid oxidation can progress to a noticeable
extent during long-term frozen storage of meat products. It can be seen that lipid oxida-
tion level in the fillets measured as TBARS was not significantly different after frozen stor-
age of 30 days, regardless of the freezing/storage treatment (Fig. 2A). However, TBARS
values all increased at day 90 as compared to day 0 fresh sample. The increase of TABRS
in frozen muscle foods with time have been widely reported®'34. The combination of dif-
ferent freezing rates and frozen storage temperatures also had significant effect on TABRS.
Among the day 90 samples, fillets that was frozen at -60 °C and stored at -18 °C (Group B)
showed highest TABRS value around 0.7 mg MDA/kg meat, while the lower content in
TABRS (Group E) was about half of that value. Two-way ANOVA analysis revealed that
storage time, freezing rate and frozen storage temperature all had significant effect on
TABRS (P <0.001), and there was significant interaction of freezing rate * storage time, and
storage temperature * storage time (P < 0.01) (Table 1). Similarly, Hou et al.l®? reported
that freezing methods (with different freezing rates) had significant effect on the TBARS
value of pork, and there was strong interaction between the freezing rate and storage time.
And storage at -80 °C for 20 weeks did not increase the TABRS value in beef. Karlsdottir
et al.B% studied the effects of temperature during frozen storage on lipid deterioration of
saithe and hoki muscles, results showed that extended storage time increased lipid dete-
rioration, but lower storage temperature had more preservative effects.

It is known that lipid oxidation generates a range of small molecular compounds in-
cluding aldehydes, ketones, alcohols and acids, and many of them are volatilel3l. Baron/3l
concluded that measurement of volatiles is a very sensitive method for measuring the
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development of lipid oxidation in rainbow trout during frozen storage at different tem-
peratures. In order to study lipid oxidation in more detail, GCxGC-TOFMS was employed
to investigate possible products degraded from lipid oxidation, and only the compound
presented at least in three replicates was considered reliable. In total, 40 compounds were
quantified and presented in Supplementary File 2. In general, the volatile profile may be
considered as a chemical fingerprint of food: the nature and relative quantities of com-
pounds in the volatile fraction are distinctive features. Analyzing volatile compounds can
be exploited to differentiate fresh fish from frozen-thawed ones. Leduc et al.[¥”l compared
the volatile compounds both in fresh and frozen-thawed European sea bass, gilthead sea-
bream, cod and salmon, and results showed that dimethyl sulfide, 3-methybutanal, ethyl
acetate and 2-methybutanal were suitable differentiation indicators. Zhang et al.l®l sug-
gested to use volatile profile to evaluate the freshness of different seafood, as a conven-
tional chemical marker, trimethylamine does not always have the high contribution in
discrimination.

In the present study, a range of aldehydes (2-octenal, 2-nonenal, etc.), ketones (2-un-
decanone, 2-nonanone, etc.), alcohols (3-octanol, 2-octen-1-0l, etc.), and acids (hexanoic
acid, heptanoic acid, etc.) were only presented in frozen-thawed fillets. This likely contrib-
uted to our observation that fresh samples were separated from the frozen-thawed ones
except for E90 in OPLS-DA (Fig. 4). For samples taken at day 30 and day 90, ANOVA
revealed that storage time, storage temperature and the freezing rate before storage all
had significant effects on volatile composition (Table 2). Different volatiles responded to
frozen storage conditions differently. Among the 40 quantified compounds, 2-Pentanone,
1-Pentanol, 1-Hexanol, 1-Heptanol, (5Z)-Octa-1,5-dien-3-ol were significantly affected by
all three factors; while octanoic acid, 3-phenyl-2-Propenal, n-Decanoic acid, octanal, 6-me-
thyl-5-Hepten-2-one, 6-methyl-3-Heptanol, nonanal, 2-Octenal, 2-Nonenal were not af-
fected by neither of the three factors. From the OPLS-DA graph (Fig. 4), it can be found
that fillets in group D & E were relatively close to fresh fillets in the composition of oxida-
tion-related volatiles, suggesting that frozen storage at temperatures below -40°C was ben-
eficial in preserving freshness of large-mouth bass in terms of volatiles. Group B had the
same freezing rate with groups D & E, but a subsequent frozen storage at -18°C increased
lipid oxidation shown by larger TBARS values at day 90. Therefore, group B clearly sepa-
rated from groups D & E. In agreement, group B at day 90 had a higher content of oxida-
tion-derived compounds, such as 1-pentanol, 1-octen-3-ol as compared to other treat-
ments. In addition, a range of oxidation-derived compounds were only detected at day 90
in group B, including heptanal, 2-hexenal, 2,4-heptadienal, 4-hepten-1-ol, 2,7-octadien-1-
ol, undecanal. Group C had higher freezing rate and it generally separated from groups
A & B, indicating that the freezing rate had an impact on lipid degradation as groups A-
C shared the same storage temperature. This was in line with the two-way ANOVA results
that freezing rate had significant effect on TABRS (P < 0.001). These preliminary results
showed that application of GCxGC-TOFMS in the study of frozen fish quality is feasible.
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Figure 4. OPLS-DA of the volatiles in large-mouth bass fillets related to lipid oxidation. Group A,
Freeze at -18 °C and storage at -18 °C; Group B, Freeze at -60 °C and storage at -18 °C; Group C,
Freeze at -60 °C with forced air circulation (wind speed 2 m/s) and storage at -18 °C; Group D,
Freeze at -60 °C and storage at -40 °C; Group E, Freeze at -60 °C and storage at -60 °C, and 30 or
90 indicates the storage time in days.

Table 2. Main effects of freezing rate, storage temperature and storage time on lipid-oxidation
related compounds of frozen-thawed large-mouth bass fillets as detected by GCxGC-TOFMS.

Compounds Freezing rate Storage temperature Storage time
Hexanoic acid NS NS **
Heptanoic acid NS NS *
Pentadecanal * NS NS
Octanoic acid NS NS NS

2-Propenal, 3-phenyl- NS NS NS
Nonanoic acid NS NS wx
n-Decanoic acid NS NS NS
Heptanal Fkk ok NS
2-Hexenal Hokex el NS

2-Pentanone Fxk Fxk Fxk
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1-Pentanol i el il
1-Heptadecanol NS e el
2-Butanone, 3-methyl- NS el *x
2-Butanone, 3-hydroxy- NS * *
Octanal NS NS NS
2,3-Octanedione * * NS
5-Hepten-2-one, 6-methyl- NS NS NS
1-Hexanol i el *x
3-Heptanol, 6-methyl- NS NS NS
2-Nonanone NS NS *
Nonanal NS NS NS
2-Octenal NS NS NS
1-Octen-3-ol * * NS
1-Heptanol il faleied fadad
Decanal NS ** *
2,4-Heptadienal il Hokk NS
(5Z)-Octa-1,5-dien-3-ol falelel folalal **
4-Hepten-1-ol il faleied NS
1-Hexanol, 2-ethyl- NS NS *
2-Nonenal NS NS NS
1-Octanol NS NS *
2,7-Octadien-1-ol sl Fkk NS
Undecanal sl Fkk NS
3-Undecanone Hxx NS *x
2-Undecanone NS * NS
2-Octen-1-ol el NS NS
2-Undecanone NS * NS
1-Nonanol NS * *
11-Dodecenol sl Fkk NS
2(5H)-furanone NS NS *

NS, not significant; *, P<<0.05; ** , P<<0.01; ***, P<<0.001.

3.5. Protein changes

Protein denaturation and oxidation are common consequence of frozen-thawed mus-
cle foods, and both phenomena affect frozen-thawed meat quality such as water-holding.
Protein denaturation and oxidation are likely to be closely related?. In this study, protein
denaturation and oxidation were indicated by increased surface hydrophobicity and loss
of free thiols, respectively. In general, there was no marked changes in protein oxidation
when evaluated by free thiols (Fig.2), but two-way ANOVA revealed that freezing rate
had significant effect (P <0.01, Table 1). Similarly, Hou et al.32 reported that free thiols did
not change between slow freezing and fast freezing pork, but lipid oxidation was lower in
fast freezing samples. In theory, oxidative stress can be transferred between lipids and
proteins. In this study, lipid oxidation displayed significant changes between storage time
and freezing treatments. Many studies observed increased lipid oxidation in frozen meats
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together with increased protein oxidation!*-4l. As for protein denaturation, there was sig-
nificant changes in surface hydrophobicity of extracted myofibrils among freezing treat-
ments, and both freezing rate and storage temperature exhibited a strong effect (Table 1).
In agreement, Zhang & Ertbjerg!*l reported that slow freezing led to increased surface hy-
drophobicity of myofibrils. Qian et al.*?l found that protein denaturation was generally
greater at higher temperatures when beef was frozen stored at temperatures between -1
to -18 °C. Proteolytic activity may proceed during frozen storage, suggested by an increase
of TVB-N with storage time. TVB-N is widely used as an indicator of fish freshness, and
results from the degradation of protein and non-protein nitrogenous compounds by mi-
crobial and endogenous enzymes. Neither the storage temperature nor the freezing rate
had a significant effect on the amount of TVB-N (P > 0.05, Table 1).

4. Conclusions

The present study found that freezing rate and storage temperature had significant
impact on lipid oxidation and protein denaturation in the fillets of large-mouth bass, while
protein oxidation was more affected by freezing rate. Water-holding and TVBN were
mainly affected by storage time. GCxGC-TOFMS revealed a total of 40 volatile compounds
which may derive from lipid oxidation and degradation. OPLS-DA of the detected vola-
tiles showed that fresh samples were separated from the frozen-thawed ones. Volatiles
such as 2-octenal, 2-nonenal, 2-undecanone, 2-nonanone, 2-octen-1-ol,hexanoic acid, hep-
tanoic acid were only presented in frozen-thawed fillets. Fillets that were frozen at -60 °C
with forced air circulation at 2 m/s generally separated from samples frozen at -18 °C or -
60 °C (without forced air circulation), and fillets that were frozen stored at -40 °C and -60
°C were relatively close to fresh fillets in the composition of oxidation-related volatiles,
indicating that a faster freezing rate and storage at temperatures below -40 °C was benefi-
cial in preserving freshness of large-mouth bass in terms of volatiles. However, the level
of temperature may have some limitations regarding an industrial implementation of
these conditions.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Supplementary Figure 1: Illustration of the micro-diffusion dish; Supple-
mentary Figure 2: Lightness (L*) of large-mouth fillet subjected to different freezing/frozen storage treat-
ments. Supplementary File 2: summary of quantified volatiles.
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