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Abstract: The study was to evaluate the effects of chitosan-based coating combined with rosmarinic
acid (RA) with different concentrations of e-polylysine (e-PL) on flavor retention and sensorial
properties of half-smooth tongue sole fillets during storage at 4 °C. Results showed that chitosan-based
coatings combined with e-PL and RA contributed to the reduction of off-flavor compounds,
such as total volatile base nitrogen (TVB-N), trimethylamine (TMA), and ATP-related compounds,
and accumulation of free amino acids (FAAs). Nineteen volatile organic compounds were analyzed
by gas chromatography-mass spectrometer (GC/MS) during storage, including seven alcohols,
six aldehydes, and six ketones. The coating treated fresh half-smooth tongue sole (HTS) fillets
significantly reduced the relative content of off-odor volatiles, such as 1-octen-3-ol, propanal, hexanal,
and octanal. According to sensory evaluation results, chitosan-based coating combined with e-PL
and RA was an effective way to maintain quality of HTS fillets during refrigerated storage.

Keywords: half-smooth tongue sole; refrigerated storage; edible coating; e-polylysine; shelf life

1. Introduction

The half-smooth tongue sole (HTS, Cynoglossus semilaevis Giinther) is a demersal fish that is widely
distributed off the coast of China, particularly in the Bohai and Huanghai Seas, because of its delicious
taste and nutrition [1]. With the development of e-commerce, the convenient and fast consumption
of fresh fish fillets will become a main marketing form of fish products [2]. However, HTS could
easily decompose by environmental factors and eventually reach unacceptable quality during storage.
Although synthetic or chemical preservatives are used to maintain quality during storage, consumers
generally prefer natural additives [3]. Rosmarinic acid (RA) usually originates from Lamiaceae herbs
and its possible application in processed foods as a natural antioxidant has reached new interest levels
in recent years [4,5].

However, the limited antimicrobial activities of RA do not satisfy consumer needs for perishable
aquatic products preservation. e-polylysine (e-PL) is a natural polypeptide and perceived as a safe
and effective substance, which could interact with bacterial membranes because of its polycationic
and surface nature [6]. e-PL can interact with the microbial cell surface, strip the outer membrane,
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and cause abnormal distribution of the cytoplasm [7]. Now, ¢-PL has been widely used in aquatic
products preservation. Cai et al. found that e-PL could effectively inhibit themicroorganisms growth,
and delay changes in lipid oxidation, protein degradation, and nucleotide breakdown in Japanese sea
bass during storage [8]. ¢-PL could inhibit the growth of Pseudomonas, Shewanella, and Acinetobacter,
which are the major genera in spoiled bighead carp (Aristichthys nobilis) fillets [9].

In recent years, a variety of active packaging systems have been developed to prolong storage
life and enhance the safety of fish products [10]. The present study prepared the chitosan-based
coating containing 30 mg/L RA and different concentrations of ¢-PL, and the changes of flavor-related
compounds (including total volatile base nitrogen (TVB-N), trimethylamine (TMA), ATP-related
compounds, and free amino acids (FAAs)), volatile profile, microbiological, and sensory properties of
HTS fillets were assessed to determine the potential effects of chitosan-based coatings combined with
e-PL and RA on the flavor of HTS fillets during refrigerated storage (4 + 0.5 °C).

2. Material and Methods

2.1. Chitosan-Based Coating Solutions Preparation

Chitosan-based coating solutions were used at concentrations of 1% (w/v) chitosan (deacetylation
degree of 80-95% and average molecular weight of 400 kDa, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) in 1% (v/v) acetic acid solution stirring with a magnetic stirrer for 2 h to dissolve
completely. The final concentrations of ¢-PL and RA for the chitosan-based coating solutions are listed
in Table 1. Then, 30 mg of RA (a purity of 97%, Aladdin Biochemistry Technology Co., Ltd., Shanghai,
China) was weighed and introduced into 1000 mL distilled water (30 mg/L) under ultrasonic vibration
at ambient temperature according to our previous research [11]. Subsequently, certain amounts of e-PL
(molecular weight < 5000, Macklin Chemical Reagent Co., Ltd., Shanghai, China) were respectively
dissolved in the above solution to obtain final concentrations for 0.05%, 0.10%, 0.15%, and 0.20% (w/v).
Homogenization was carried out using a rotor stator (FA25, Fluko, Shanghai, China) at 10000 rpm for
60 s to obtain stable coating solutions, and deaeration was conducted in a vacuum pump for 1 h to
remove air bubbles from the solution for immersion treatments.

Table 1. The final concentrations of chitosan, rosmarinic acid (RA), and e-polylysine (¢-PL) in
coating solutions.

Codes for Coating Treatments Chitosan (w/v) RA (w/v) e-PL (w/v)
CK1 1% - -
CK2 1% 30 mg/L -
C1 1% 30 mg/L 0.05
C2 1% 30 mg/L 0.10
C3 1% 30 mg/L 0.15
C4 1% 30 mg/L 0.20

CK1: Chitosan coating without rosmarinic acid or ¢-PL; CK2: Chitosan coating with 30 mg/kg rosmarinic acid;
C1/C2/C3/C4: Chitosan coating with 30 mg/kg rosmarinic acid and 0.05%/0.10%/0.15%/0.20% &-PL.

2.2. Preparation and Immersion Treatment of Fillets

Fresh live HTS (weight: 0.75 + 0.05 kg; length: 40 + 2 cm) were purchased from Luchao Port
Market (Shanghai, China) in August and immediately transported to the laboratory with ice within
30 min. HTS were killed using percussive stunning and fillets with 6 cm X 4 cm X 1 cm, weighing
approximately 40 g, were cut and prepared. The final concentrations of chitosan, RA, and e-PL
in coating solutions are listed in Table 1. The HTS fillets were each immersed in freshly prepared
chitosan-based coating solution for 10 min at 4 °C with a fillet/solution ratio of 1:3 (w/v), then removed
and allowed to drain in a sterile biochemical incubator with air flow at 4 °C for 60 min to form the
coatings. After that, each fillet sample was individually packed in a sterile polyethylene bag and stored
at4 + 0.5 °C for subsequent assessments at 3-day intervals.
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2.3. Water Distribution and Migration

The method described by Li et al. [11] was used to assess the water distribution and migration
in HTS fillets samples with low field nuclear magnetic resonance (LF-NMR) analysis and magnetic
resonance imaging (MRI). The samples from the dorsal part of fillets were cut into small squares
(3cm X 3 cm X 1 cm, about 5 g) and sealed with polyethylene films. T, relaxation measurements were
implemented using a LF-NMR analyzer (MesoMR23-060H.I, Niumag Corporation, Shanghai, China)
with a proton resonance frequency of 20 MHz through CPMG pulse. A total of 16 scans were performed
with 3000 echoes for each measurement, and the relative content of three types of water components
was obtained from the iterative inversion with analytical software of T, transverse relaxation time.
Acquisition parameters were as follows: Slice width = 3 mm, time repetition (TR) = 2000, and time
echo (TE) = 15 ms.

MRI experiments were also implemented by the LE-NMR analyzer to obtain proton density weighted
images. Acquisition parameters were as follows: Slice width = 3 mm, TR = 2000, and TE = 15 ms.

2.4. Total Volatile Basic Nitrogen (TVB-N)

TVB-N values were determined according to Guan et al. [12]. The TVB-N values were determined
using the automatic Kjeldahl nitrogen-determination instrument (Kjeltec8400, Foss, Hilleroed, Denmark)
and expressed as mg/100 g samples.

2.5. TMA

Trimethylamine (TMA) values were determined according to the picric acid colorimetric
method [13].

2.6. ATP-Related Compounds Analysis

ATP-related compounds (ATP, ADP, AMP, IMP (inosine 5’-monophosphate), HxR (inosine),
and Hx (hypoxanthine)) in HTS fillet samples were quantified using HPLC (Waters 2695, Milford,
CT, USA) according to the method proposed by Shibata et al. [14]. After obtaining all of the ATP
metabolites from HPLC, the freshness index K value was calculated as follows:

HxR + Hx

K value (%) = 100 1
value (%) = S5 ADP T AMP + IMP 7 IR © Tix ™

2.7. Thiobarbituric acid (TBA) Values

TBA values were analyzed according to Sun et al. [15] and expressed in mg malonaldehyde per
kg of sample.

2.8. Free Amino Acids (FAAs)

FA As were performed according to the method of Tavakoli et al. [16] using an automatic amino
acid analyzer (L-8800, Hitachi, Tokyo, Japan). Peak identification and quantification were accomplished
by the retention times and peak areas from the instrument software in comparison to FAAs standards
(Sigma Chemical Co., St Louis, MO, USA).

2.9. Headspace SPME-GC/MS Analysis

Volatile compounds (VOCs) of different treated samples were implemented by the method
portrayed by Li et al. [17]. First, 2 g minced samples and 5 mL saturated sodium sulfate were placed in
a 20 mL headspace vial and ultrasonically extracted for 30 min at 40 °C. Then, a PDMS/DVB SPME fiber
(65 um, Supelco, Bellefonte, PA, USA) was injected into the headspace vial and exposed to the headspace
for 25 min at 50 °C. Volatile compounds were identified using an Agilent 7890A/5975C GC-MS system
(Agilent, Santa Clara, CA, USA) equipped with a DB-5MS column (30 m X 0.25 mm X 0.25 um, J&W
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Scientific, Folsom, CA, USA). Helium was used as the carrier gas with a flow rate of 1.0 mL/min.
The temperature program was isothermal at 40 °C for 10 min, and ramped at 5 °C/min to 240 °C,
then 20 °C/min to 280 °C and held for 8 min. The MS ran in EI+ mode with electron impact energy at
70 eV; and collected data at a rate of 0.7 scans/s over a range of m/z 40-650. The volatile compounds
were identified by comparison with commercial reference compounds provided by Sigma-Aldrich
(St. Louis, MO, USA) and by comparison of their mass spectra with those contained in the NIST 2011.

2.10. Microbiological Analysis

Representative 10 g portions of HTS fillets samples were transferred to sterile homogenous bag
with 90mL sterile 0.85% NaCl, fully homogenized, and then subjected to serial dilutions. The following
microbiological analyses were performed [18]: (i) Determination of total viable counts (TVC) on
nutrient agar medium (Hopebio, Qingdao, China) at 28 °C for 48 h; (ii) enumeration of Pseudomonas
spp. after incubation on cetrimide agar (Hopebio, Qingdao, China) at 44 °C for 48 h; (iii) enumeration
of HyS-producing bacterial counts after incubation on Iron Agar (Hopebio, Qingdao, China) at 25 °C
for 72 h.

2.11. Texture Profile Analysis (TPA)

Texture was assessed using a texture analyzer (Stable Micro Systems, Ltd., Surrrey, UK) equipped
with a cylindrical probe (P/5). Portions of 2 cm X 2 cm X 1 cm were cut, and the parameters of hardness,
adhesiveness, springiness, and cohesiveness were acquired using constant test speed of 1 m/s and
sample deformation of 50%. A texture profile analysis (TPA) was performed on HTS samples.

2.12. Microstructure

Fillets were cut into blocks (3 mm x 3 mm X 1 mm) and fixed with 2.5% glutaraldehyde for 12 h.
Then, the blocks were washed with 10x PBS buffer solution for three times and dehydrated by a
series of concentrations of ethanol between 30% and 100%. Constantly, isoamyl acetate was added
to the above samples to replace the water and lyophilizated. The microstructure of samples was
detected with scanning electron microscope (SEM) analyzer (53400, Hitachi, Tokyo, Japan) based on
the gold-coating treatment.

2.13. Sensory Attributes

Sensory analysis of HTS fillets samples was carried out with the method reported by
Miranda et al. [19]. Ten experienced judges (4 men and 6 women between 22 and 40 years old)
received special training on the cold storage fish samples, focusing on the evaluation of color, odor,
tissue morphology, elasticity, and mucus. The different descriptors were evaluated on a scale from
5.0 (stage of highest quality) to 1.0 (stage of lowest quality). At each sampling time, fish samples
were coded by three-digit random numbers, presented to the panelists in individual trays in a
randomized order, and scored individually. Results were expressed as average values of the different
descriptors considered.

2.14. Statistical Analysis

Experimental data were analyzed using SPSS 19.0 (IBM Corporation, Armonk, NY, USA).
The one-way ANOVA procedure followed by Duncan’s multiple range tests was adopted to determine
the significant difference (p < 0.05) between treatment means, and the results were expressed as means
+ SD of three independent experiments.

3. Results and Discussions

The objective of the present study was to assess the effect of chitosan-based coating containing
30 mg/L RA and different concentrations of e-PL on the quality improvement of HTS fillets.
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Three independent experiments of every quality parameter were performed to ensure the accuracy of
the results. The changes of quality parameters are listed in the following section.

3.1. Microbiological Results

Figure 1 shows the data corresponding to the growth of TVC, Pseudomonas spp., and HyS-producing
bacteria of HTS fillets during refrigerated storage. The initial TVC was 2.34 log10 CFU/g, indicating
quite a good quality of the fresh HTS fillets considering the proposed upper limit for aerobic plate
count of 5 x 10° CFU/g for fresh fish [20]. The microbial count increased during storage and the
mesophile number of the C2 sample was significantly lower than others at any of the storage time
points (Figure 1a). At day 18, CK1 and CK2 had to be removed due to reaching the maximum limit
allowed of 7.0 log CFU/g. Silvia et al. [21] demonstrated that RA had a poor antibacterial activity
on retarding growth of gram-negative bacteria, and similar results are also shown in the current
experiment regarding the increase of Pseudomonas spp. and H,S-producing bacteria. The growth
pattern for Pseudomonas spp. (Figure 1b) was similar to that of TVC, suggesting that aerobic spoilage
bacteria dominated the HTS fillets storage. An initial count of HyS-producing bacteria in HTS fillets
was approximately 1.6 log CFU/g and no significant differences were observed during the first six days
(p > 0.05) in all samples (Figure 1c). At the end of storage, samples treated with e-PL and RA presented
lower counts between 4.81-5.73 log CFU/g. ¢-PL could suppress the growth of gram-negative bacteria
in HTS fillets ascribed to its ability to interact with the microbial cell surface, strip the outer membrane,
and cause abnormal distribution of the cytoplasm [7].
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Figure 1. Changes in total viable bacteria (a), Pseudomonas spp. (b), and HpS-producing bacteria (c) of
half-smooth tongue sole fillets during refrigerated storage (CK1: Chitosan coating without rosmarinic
acid or e-PL; CK2: Chitosan coating with 30 mg/kg rosmarinic acid; C1/C2/C3/C4: chitosan coating
with 30 mg/kg rosmarinic acid and 0.05%/0.10%/0.15%/0.20% ¢-PL).

3.2. Chemical Results in HTS Fillets

TMA basically originates from trimethylamine oxide based on the breakdown of bacterial
community as well as enzymatic autolysis, which is the primary substance that contributes to
the ‘fishy’ off-odor in aquatic products [22]. HTS fillets samples dipped in chitosan-based coating
evidenced an obvious inhibitory effect on TMA formation (Figure 2a). The initial TMA value of
0.15 mg N/100 g increased to 10.5 and 9.18 mg N/100 g in CK1 and CK2 samples on final day 18,
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respectively. However, the treated HTS samples resulted in significantly lower (p < 0.05) values of 2.25,
1.50, 1.51, and 1.53 mg N/100 g for C1, C2, C3, and C4 after 18 days storage, respectively. The use of
chitosan-based coating combined with e-PL and RA led to a sharp reduction in the TMA formation in
the HTS fillets. According to El-Obeid et al., a TMA value of 10 mg N/100 g has been used as a limit
value of fish freshness [23]. Based on our research (in all treated samples, day 15), a TMA value of
5 mg N/100 g could be considered as an indication of HTS fillets spoilage initiation, and such value in
our study corresponded to the microbiological TVC limit value of 7 log CFU/g at day 15 (Figure 1a).
The TMA formation was mainly caused by spoilage organisms in HTS fillets, such as Pseudomonas spp.
and HyS-producing bacteria. The lower TMA values in treated samples could be the result of bacterial
inhibition by chitosan-based coatings containing e-PL and RA.
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Figure 2. Changes in trimethylamine (TMA, a), total volatile basic nitrogen values (TVB-N, b), inosine
5’-monophosphate (IMP, ¢), hypoxanthine (Hx, d), K value (e), and Thiobarbituric acid (TBA, f) of
half-smooth tongue sole fillets during refrigerated storage (CK1: Chitosan coating without rosmarinic
acid or e-PL; CK2: Chitosan coating with 30 mg/kg rosmarinic acid; C1/C2/C3/C4: Chitosan coating
with 30 mg/kg rosmarinic acid and 0.05%/0.10%/0.15%/0.20% e-PL).

Notable TVB-N formation was also determined in HTS fillets under study (Figure 2b). This increase
was especially apparent in CK1 and CK2. High TVB-N values in aquatic products during storage
demonstrate that nitrogenous materials accumulated from the degradation, operated by proteolytic
bacteria of nitrogenous-containing molecules, such as proteins and nucleic acids [24]. ¢-PL and RA
significantly reduced the formation of TVB-N compared to CK1 and CK2 samples. TVB-N values
slowly increased from an initial value of about 10 mg N/100 g of HTS fillets at day 0 to 31.52 and
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30.03 mg N/100 g at day 18 for CK1 and CK2 samples, respectively; however, the treated samples (C1,
C2, C3, and C4) reached 18.13, 15.26, 14.91, and 13.14 mg N/100 g, respectively. These treated HTS
fillets values are below the rejection limit of TVB-N content (30 mg N/100 g) for marine fish.

Changes in IMP, Hx, and K values of HTS fillets samples are shown in Figure 2c—e. IMP provides
a sweet and meaty flavor that contributes to enhancing fish quality, whereas its conversion in Hx is
responsible for unpleasant bitterness [25]. The IMP concentrations increased first and then decreased
with storage time in all samples (Figure 2c). The concentrations of IMP in the CK1, CK2, C1, C2,
C3, and C4 samples were at a maximum level at day 3 with values of 8.53, 8.29, 8.17, 7.83, 7.94,
and 8.01 mmol/kg, respectively. After 12 days, the IMP concentrations decreased sharply in all the
samples, however the IMP concentrations in the treated samples were significantly higher than that of
control samples (p < 0.05) during storage, which indicated that chitosan-based coating containing e-PL
and RA inhibited the further degradation of IMP due to controlling the growth of spoilage organism
and preventing the secretion of microbial enzymes. The Hx concentration at day 0 was 0.18 mmol/kg,
and it increased during storage because of IMP degradation (Figure 2d). The control samples showed
significantly higher (p < 0.05) Hx concentration than that of the treated samples except C1 during
storage, which indicated that 0.05% (w/v) e-PL addition might not effectively inhibit the secretion
of autolytic enzymes. At the end of the storage, CK1, CK2, and C1 samples were characterized by
similar values (around 3.98-4.67 mmol/kg); C2, C3, and C4 showed a significant lower value (p < 0.05)
(around 1.36-1.58 mmol/kg). As for K values, the rejection limit of K value is commonly regarded as
60%, as the fish muscle shall lose the possibility of edibility and acceptance once the K value surpasses
the limit point [26]. As shown in Figure 2e, the K value was 11.21% in fresh HTS fillets and K-values
of all samples increased during storage, however the usage of chitosan-based coating significantly
delayed the K-values increase, which had an analogous trend with the TMA and TVB-N. CK1 and CK2
surpassed the maximum permissible level at day 12 and C2, C3, and C4 were still under the rejection
levels of the K-value at day 18.

Thiobarbituric acid test measured the malondialdehyde (MDA) content that can be used to
determine the rate of lipid oxidation [27]. As recorded in Figure 2f, the initial MDA value of HTS fillets
was 0.83 nmol/mgprot and increased gradually in all samples during the first 12 days. Thereafter,
there were slight decreases, with the highest value (3.77 nmol/mgprot) in CK1 group at day 12. The TBA
value at day 0 for the HTS fillets was 0.45 mg MDA kg~!. Subsequently, the TBA values of all samples
showed upward trends during the first 12 days and then slightly decreased due to the reaction of MDA
with aldehydes and ketones [28]. The highest TBA value was 3.77 mg MDA kg~! in CK1 samples,
while the TBA values for C1, C2, C3, and C4 were 0.64, 0.65, 0.62, and 0.61 mg MDA kg_l, respectively,
which may be due to the chitosan-based coating barrier against oxygen penetration and RA acting as
an antioxidant, resulting in delayed lipid oxidation [29].

FAAs are responsible for flavor development and can be precursors of aromatic components.
The most abundant FAA in HTS fillets was arginine, followed by glycine and proline, which accounted
for 36.33-54.41% of total FAAs (Table 2). As a flavor-detracting amino acid, lysine of CK1 increased
from initial value of 14.6 mg/100 g to 51.21 mg/100 g at day 18, while the content in CK2, C1, C2, C3,
and C4 was 41.99, 36.67, 22.88, 28.57, and 28.17 mg/100 g at the corresponding storage time, respectively.
Similar change properties were found in histidine, which was basically caused by the oxidation process
from trimethylamine oxide based on the growth of spoilage organism and was consistent with results
of TMA-N value. Aspartic acid, proline acid, and cysteine showed upward trends at the early storage
and, afterwards, gradually decreased. Alanine and glycine progressively decreased during storage,
which was owing to the positive enhancing effects of desired tastes [30]. For threonine and glutamic
acid, no matter what treatments were applied for HTS fillets, no significant differences were observed
among treated samples. The decrease of special flavor-enhancing amino acids and accumulation of
flavor-detracting amino acids could lead to the flavor deterioration, and the coating could effectively
slow down the process and maintain the quality of HTS fillets.
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Table 2. Changes in free amino acids (FAAs) content (mg/100 g) in different treated samples during refrigerated storage.

. FAAs
Storage Time Samples
Asp Thr Ser Glu Gly Ala Val Pro

Day 0 - 512 +0.35 15.12 + 0.37 14.68 + 0.37 3.21 +0.32 91.32+1.24 50.17 + 0.34 3.27 +0.23 27.89 +0.31
CK1 8.02+0.62ab  19.46 + 0.29ab  10.17 + 0.64cd 5.84 + 0.23c 62.73 + 0.83e 3273 +027c  588+024ab  56.24 +0.48a

CK2 7.86 + 0.46b 19.78 + 0.38a 10.73+0.32c  539+03lcd 6638 +£0.77d  34.99 + 0.34bc 52 +0.13¢c 53.26 + 0.51b

Day 9 C1 8.11 + 0.38a 17.83 £0.25c  12.07 £0.3lab  7.04+0.25ab  73.26 +0.78b  36.56 + 0.23b 6.02 + 0.24a 48.92 + 0.63c
C2 7.93 +0.41b 1723 £0.21ed  12.34 +0.38a 6.84 + 0.64b 84.88 £ 0.29a 39.34 £0.3a 592 +0.23ab  46.27 + 0.54cd
C3 7.99 + 0.34b 1793 £0.32c 1202+ 0.25ab 625+ 0.36bc  79.02+£0.28ab  38.44 +0.23ab 494 £0.27cd  41.54 + 0.57de

C4 8.03 + 0.27ab 18.21 + 0.3b 11.89 + 0.41b 7.16 £ 0.23a 70.56 £ 0.32c  37.29 + 0.28ab 5.23 +0.17c 43.93 + 0.46d
CK1 3.69 £ 0.17d 1468 +027b  4.82+0.57de 413 +0.18b 29.47 +0.28e 37253bic 479 £027bc  26.62 + 0.48cd
CK2 3.94 + 0.32¢ 1493 +0.43ab  5.33 £ 0.25d 4.75+£0.22b 35.49 + 0.3d 18.45+0.24b 503 +0.26ab  27.14 + 0.33cd

Day 18 C1 4.67 £ 0.33b 15.03 + 0.31a 6.02 £ 0.29¢ 497 +0.37ab 4126 +0.27bc  17.66 + 0.24d 517 £0.24a 27.95 + 0.34c
C2 5.03 £ 0.28a 15.05 + 0.24a 843 +0.17a 511+0.32a 49.47 £ 0.31a 19.87 + 0.36a 4.93 + 0.36b 31.24 +0.31a
C3 493 +0.18ab  14.84 £0.32ab  8.15+0.33b 503+0.19ab 4736 +0.24ab 1794+ 0.31bc 456 +0.34cd  30.73 £ 0.27ab

C4 4.73 + 0.24b 14.94 + 0.21ab  8.32 + 0.32ab 4.93 + 0.3ab 4383 +023b  19.21+0.27ab  4.73 +0.29¢ 28.67 + 0.31b

- - Ile Leu Tyr Lys His Arg Cys total

Day 0 - 8.02 +£0.35 5.12 +0.21 14.93 +0.28 14.6 £ 0.97 14.83 + 0.43 6147 £0.72 2.32+0.21 332.07 + 5.82
CK1 11.89+0.33a 627 +0.17ab 2056 £0.94a  27.37 £0.37a 2147 £0.53a  94.47 +£0.58a 15.03 +0.34a  398.13 +£5.37a
CK2 11.56 + 0.29ab 629 +£0.25a  22.11+0.86ab  25.68 +0.28b  20.78 £0.39ab  89.93 + 0.97bc  14.58 + 0.36ab  391.84 + 4.93b

Day 9 C1 11.14 £ 0.36b 598 +0.27bc  20.89 +0.23a 21.93 + 0.34c 18.9 £ 0.12b 90.43 + 0.62b 12.02+0.33b  391.1 +4.37b
C2 11.38 + 0.23ab  6.09 + 0.32b 23.67 +1.03b 19.69 £ 0.24e  18.14 +0.19bc  75.92 + 0.36d 10.37 £+ 0.26c ~ 386.01 + 5.11c
C3 10.99 + 0.37bc  5.88 + 0.3bc 2527 £0.78c  20.11 £0.27cd 1798 + 0.34bc  73.68 + 0.45de  11.64 +£0.23bc  373.68 + 4.87d
C4 11.07 £ 0.33bc 593 +0.23bc 2499 £0.35b  20.05+0.37cd  17.03 + 0.28¢c 7811+£0.57c 1028 £0.19cd  369.76 + 5.03e

CK1 10.21 £ 0.37d 6.54 + 0.24a 8.21 + 0.57a 5121+043a  47.37 +0.32a 45.05 + 0.23c 3.72 +0.13d 278.4 + 5.12f
CK2 11.34 + 0.23ab 578 £ 0.31cd  10.31+0.39b  41.99+0.52b  42.76 +0.34b  56.11 £ 0.34bc 293 +0.21de  286.28 + 4.75d

Day 18 C1 11.45+0.33ab  5.39 +0.33d 9.34 +0.23ab  36.67 +0.31c 3795+0.28c  55.98 + 0.31bc 5.62 +0.17¢c 285.1 + 4.83e
2 1112 £ 0.16b  6.28 + 0.48ab 13.12 + 0.56¢ 22.88 +£0.23e 34.71 +£0.3d 6021 +0.27a  7.94+03lab  295.39 +5.14a
C3 10.76 + 0.23¢ 6.11+0.26b 1428 +0.76cd  28.57 +0.26d  33.82+0.29d  57.47 £ 0.29b 82+ 0.27a 292.75 + 5.03b
C4 11.54 + 0.33a 5.88 + 0.36¢ 15.67 +0.37d  28.17+0.32d  3425+0.25d 5638 +043bc 7.98+0.28ab  289.23 + 4.82c

8 of 16

Identification and semiquantification of main volatile compounds (ug/kg) identified in HTS fillets after 0, 9 and 18 days of cold storage. Different uppercase letters in same group from
different day indicate a significant difference (p < 0.05). Different lowercase letters in different groups from same day indicate a significant difference (p < 0.05).
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3.3. Volatile Compounds (VOCs)

There were seven alcohols, six aldehydes and six ketones observed in HTS fillets samples during
storage, without taking into account aromatic compounds, hydrocarbons, and amines compositions.
For the fresh HTS fillets (day 0), some aldehyde compounds characterized the fresh fish flavor as their
flavor thresholds are lower compared to alcohols and ketones compounds (Table 3). The most abundant
VOCs were ethanol and benzaldehyde isolated from HTS fillets. Ethanol, 2-decanol, benzaldehyde,
2-methylbutanal, and 2-octanone showed tendencies to decrease gradually. Conversely, 1-octen-3-ol,
1-penten-3-ol, 3-methyl-butanal, hexanal, propanal, octanal, 2-nonanone, 2-pentanone, 3-octanone,
2-heptanone, and 2,3-pentanedione showed upward trends of HTS fillets in all samples during storage.
The accumulation of 3-pentanone was due to the metabolites produced by spoilage microorganisms,
and chemical reactions could be further metabolized [19]. Benzaldehyde was derived from the
degradation of amino acid and has a desirable effect on fish odor owing to its pleasant stone fruit and
almond nutty aroma, and a higher percentage of benzaldehyde could be identified at the beginning [31].
1-Octen-3-ol was usually derived from the oxidation of 12-hydroperoxy arachidonic acid, which was
basically perceived as off-flavor due to the low odor threshold and usually classified as an oxidative
spoilage marker [32]. The accumulation of propanal could be due to the increase of 16-hydroperoxide
formed by autoxidation of methyl linolenate and 15-hydroperoxide from auto-oxidation of methyl
linolenate [19]. The high levels of hexanal could be closely associated with oxidation of linoleic acid.
VOCs generated from the process of lipid auto-oxidation are generally recognized as one of the leading
causes of quality deterioration in aquatic products [33]. Furthermore, the treated HTS fillets (C1, C2,
C3, and C4) showed lower increases compared to CK1 and CK2 at the same storage time. Obviously,
the relative contents of 1-octen-3-0l, 1-penten-3-ol, benzyl alcohol, phenylethyl alcohol, propanal,
octanal, 2-nonanone, 2-pentanone, 3-pentanone, 3-octanone, 2-heptanone, and 2,3-pentanedione in
CK1 and CK2 were higher than that of the treated HTS fillets, and some of them had putrid odors above
certain concentrations, such as octanal and 1-octen-3-ol, having grassy or mushroom-like odors [4].
Alow number of off-odor compounds in treated HTS fillets samples could be attributed to the inhibition
of lipid oxidation and microbial growth by ¢-PL and RA protective coatings [34,35].

3.4. Texture Profile Analysis

Texture changes in postmortem fish muscle are always ascribed to the modifications of myofibrillar
proteins caused by protease action and other physicochemical factors [36]. The hardness, springiness,
adhesiveness, and cohesiveness were used to evaluate the texture profile of HTS fillets samples
(Figure 3). The hardness, springiness, and cohesiveness of CK1 significantly (p < 0.05) decreased
by 73.93%, 50.02%, and 77.36%, respectively. Interestingly, the corresponding values of C1, C2, C3,
and C4 declined by 43.19-62.48%, 44.12-54.41%, and 43.4-54.72%, respectively, suggesting that the
addition of e-PL and RA could prevent HTS fillets texture becoming loose during cold storage. Texture
deterioration were tightly related to the disintegration and degradation of myofibrillar proteins based
on the decrease of endogenous proteolytic activity, and then softening occurred during post-mortem,
affecting the organoleptic acceptability of consumers [37,38]. As discussed above, chitosan-based
coating with e-PL and RA might enhance the cross-link network of protein-water through improved
hydratability, keeping the HTS fillets’ texture.
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Table 3. Identification and semiquantification of main volatile compounds (ug/kg) identified in half-smooth tongue sole (HTS) fillets after 0, 9, and 18 days of
cold storage.

9d 18d
Compounds od
CK1 CK2 C1 C2 C3 C4 CK1 CK2 C1 C2 C3 C4
Alcohols - - - - - - - - - - - - -
3.68 + 7.85 + 7.63 + 7.02 + 6.93 + 6.76 + 6.87 + 19.94 + 18.58 + 16.03 + 12.76 + 1291 13.17 +
1-Octen-3-ol

0.23A 0.64a, B 0.57ab, B 0.46b,B  0.56bc, B 0.45¢, B 0.55bc, B 1.53a,C 1.38b, C 1.29¢, C 1.56de,C 1.14d, C 1.17d,C
1217 + 23.87 + 21.65 + 20.03 + 18.93 + 18.25 + 18.56 + 69.76 + 65.82 + 60.28 + 52.36 + 56.82 + 59.67 +

1.67A 2.23a,B 1.97b, B 2.03¢, B 1.86d,B  1.08de,B  1.56d, B 2.18a,C 1.76b, C 3.21c, C 2.19d,C 3.284,C  3.03cd, C
187.97 + 93.27 + 107.83 + 116.63 + 13211 + 134.03 + 125.18 + 3217 + 39.26 + 45.16 + 58.73 + 49.76 + 5218 +

1-Penten-3-ol

Ethanol 693A  241a,B  197b,B  523¢c,B 335, B  3.16ef,B  276d,B  165a,C 193b,C  187c,C 168 C  356d,C 195, C
367 + 3794+  31.89% 2463+ 1113+ 2185+  23.67x
Benzyl alcohol ND 047A ND ND ND ND ND 1.38,B  1.18b,B  124c,B  118B  206e,B  1.ldcd,B
216 + 9.26 + 8.89 = 754 + 197 + 3.83 = 325+
Phenylethyl Alcohol ND 024 A ND ND ND ND ND 042a,B  053b,B  0.64c, B 022fB  074d,B 0.5, B
. | 9.18 + 1783+ 1625+ 1511+ 1389+ 1503+ 1478+  7.83+ 857 + 8.96 + 9.98 + 921+ 8.86 +
exano 0.64A 215a,B  1.16b,B  143¢,B  128¢,B  148cd,B  137d,B  126a,C  137b,C 145c¢d,C 134e,C  1284,C  1.24c C
8.73 + 6.23 = 6.28 + 641+ 7.84 + 712+ 6.94 + 0.64 + 185+
2-Decanol 1.24A 049a,B  0.38ab,B  0.18b,B  0.17d,B  0.38cd,B  0.32¢, B ND ND ND 0.18b, C ND 0.24a, C
Aldehydes - - - - - - - - - - - - -
Bengaldehvd 69.07+ 4312+ 4888+ 5167+ 5458+ 5396+ 5212+ 1428+ 1981+ 2598+ 3694+ 3184+ 3033+
enzaldenyde 1.74A 154a, B 127b,B  138,B  117B  298¢,B  2.04cd,B  147a,C  137b,C  223¢,C  1284,C 121de,C 1.98d,C
7.26 + 347 = 394+ 428 + 477 + 468 = 433+ 0.94 =
Z-methylbutanal 1.12A 0.18a,B  032b,B  027¢c,B  068d,B  043¢,B  037B ND ND ND 0.08a, C ND ND

11.53 + 25.76 + 2295 + 20.78 + 16.97 + 1748 + 19.37 + 67.92 + 61.37 + 56.59 + 53.94 + 58.38 + 54.61 +
1.62A 1.94a, B 1.26b, B 1.01c, B 1.21f, B 1.46e, B 1.62cd, B 2.25a,C 1.82b,C 197¢d,C 139d,C 1.89¢d,C  1.26¢,C
3.87 + 14.56 + 13.93 + 1272 + 11.37 + 11.06 + 10.96 + 47.37 + 45.12 + 4138 + 40.63 + 40.23 + 52.78 +

3-methyl-Butanal

Hexanal 0.27A 1.62a,B  037b,B  078c,B  0.78d,B 076de,B  104e,B  0.8%,C  093b,C 113, C 3.11cd,C 1.89d,B 3.82d,C
Propanal 172 + 3083+ 2669+ 2492+ 1983+ 2134+ 2073+ 9392+ 8523 8117+ 5489+  6ledx 6498
023A  046a,B  057b,B  037¢,B  047¢,B  027d,B  048de,B  257a,C  2.39,C  286c,C  322fC  289d,C  3.28¢,C
Octanal 254 + 1393+ 1284+ 1117+ 9.95 + 11.02+ 1082+  3816= 3474+ 2993+ 2658+ 2798+ 2684+
0.23A 111a,B  074b,B  131c, B 038, B 123cd,B  0.63d,B  28la,C 218,C 116c,C 116e,C 121d,C  112,C

Ketones - - - - - - - - - - - - -
3.64 + 299 + 267 + 1.87 + 184 + 1.89 + 2354+  2084% 1826+ 1279+ 1482+ 1501+

2-Nonanone ND

0.34a, A 0.29b, A 0.32¢, A 0.29d,A  0.29d, A 0.31d, A 1.27a,B 0.89b, B 1.02¢, B 0.79f, B 0.29%, B 0.14d, B
9.74 + 18.84 + 18.21 + 16.19 + 12.33 + 1419 + 14.67 + 4792 + 4337 39.03 + 31.03 + 36.03 + 3747 +

Z-Pentanone 089A  119a,B  107b,B  118c,B  08%B 074de,B  073d,B  328a,C 218,C 219, C  429,C 192, C 173d,C

2011+ 1489+ 7.38 + 4894+ 3378+ 1803+ 480+ 392+
3-Pentanone ND 329a,B  167b,B  1.11¢,B ND ND ND 242a,C  3.19,C  2.82¢,C ND 037d,C 028, C
1344 + 5.83 = 6.26 + 6.93 + 7.28 + 7.02 = 6.99 + 094 + 112+ 137+
2-Octanone 1.02A 026a,B  057b,B  033c,B 038d4,B 1.19cd,B  1.02c,B  0.05a,C  027b,C  0.35c,C ND ND ND
164+ 123+ 0.87 + 2322+  1974x 1584+  80lx 10.58 = 895 +
3-Octanone ND 023a, A  027b,A 029, A ND ND ND 128a,B  1.14b,B 102, B 092, B  0.83d,B  092¢ B

11.54 + 4093 + 36.65 + 28.55 + 12,99 + 13.27 + 13.35 + 97.49 + 83.78 + 66.45 + 26.16 + 37.84 + 4149 +
1.25A 2.64a, B 2.18b, B 3.19¢, B 1.82¢,B 1.14d, B 1.28d, B 2.12a,C 3.29b, C 3.28¢,C 1.29f,C 1.29¢, C 1.92d,C
17.58 + 49.28 + 4375 + 38.94 + 35.56 + 36.14 + 38.23 + 125.27 + 103.18 + 97.21 + 71.19 + 86.18 + 9453 +
1.16A 1.29a, B 2.01b, B 1.26¢, B 1.13¢,B 3.17d,B  1.29c¢d, B 2.29a, B 1.07b, C 1.72¢,C 1.29f, C 1.28¢,C 1.184,C

2-Heptanone

2,3-pentanedione

RI: Retention index; ND: Not detected. Different uppercase letters in same group from different day indicate a significant difference (p < 0.05). Different lowercase letters in different groups
from same day indicate a significant difference (p < 0.05).
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Figure 3. Changes in hardness (a), springiness (b), adhesiveness (c), and cohesiveness (d) of half-smooth
tongue sole fillets during refrigerated storage (CK1: Chitosan coating without rosmarinic acid or ¢-PL;
CK2: Chitosan coating with 30 mg/kg rosmarinic acid; C1/C2/C3/C4: Chitosan coating with 30 mg/kg
rosmarinic acid and 0.05%/0.10%/0.15%/0.20% ¢-PL).

3.5. Water Distribution by LF NMR Analysis

LF-NMR has been perceived as an efficient technique to evaluate the freshness of fish, and MRI
is also a complementary technology for understanding water migration [39]. In the present study,
the shortest relaxation time T»; representing the bound water varied, ranging from 0.79% to 1.01%
during storage (Table 4), which was due to the water entrapped within highly organized myofibril
structures [40]. Ty, with intermediate population of relaxation time was considered as immobile
water within the myofibril and diminished progressively during storage (p < 0.05). The shortest
relaxation time T3 representing free water increased constantly, which indicted that water located
within myofibrillar macromolecules was released or translated to free water based on the destruction of
muscle fiber [41]. Besides, this process of water migration was also well reflected in the phenomenon of
chitosan-based coating retarding the changes of Ty, and T3. The T, proton density weighted images
of all the samples are shown in Figure 4. It concluded that no significant difference was detected in
image brightness of samples of different treatments in the early storage. From the ninth day, the initial
red color presented a tendency towards the blue color. Furthermore, the color of treated HTS fillets was
brighter than that of CK1 and CK2, which suggested that the degradation of myofibill and destruction
of microstructure was suppressed by the synergistic effect of e-PL and RA, corresponding to the
conclusions of LF-NMR results.
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9d CK1 9d CK2 9dC1 9d C2 9d.C3 9dC4

184 CK1

184 CK2 184 C1 184 C2 184 C3 184 C4

Figure 4. Changes in magnetic resonance imaging (MRI) of half-smooth tongue sole fillets during
refrigerated storage (CK1: Chitosan coating without rosmarinic acid or e-PL; CK2: Chitosan coating
with 30 mg/kg rosmarinic acid; C1/C2/C3/C4: Chitosan coating with 30 mg/kg rosmarinic acid and
0.05%/0.10%/0.15%/0.20% &-PL).

Table 4. Changes in water distribution of of different treated samples during refrigerated storage.

Percentage CK1 CK2 c1 C2 C3 4

of T;

Tn - - - - - -

0 day 0.82 £ 0.06A, a 0.82 £ 0.06A, a 0.82 £ 0.06A, a 0.82 £ 0.02A,a 0.82 £ 0.06A, a 0.82 + 0.06A, ab
6 0.93 + 0.04A, b 0.94 + 0.04A,b 0.93 £ 0.02A,b 0.92 + 0.08A, bc 0.85 + 0.05B, a 0.85 + 0.03B, ab
12 0.86 + 0.07A, ab 1.01 + 0.03A, ¢ 0.92 + 0.06A, ¢ 0.89 + 0.05B, b 0.93 + 0.02B, b 0.79 £ 0.02C, a
18 0.94 £ 0.02A, b 0.97 + 0.04A, bc 0.99 + 0.04A, ¢ 0.93 + 0.09B, bc 0.88 + 0.04B, ab 0.88 +0.04C, b

T - - - - - -

0 day 9419 £ 0.23A,a 9419+0.23A,a 9419+0.23A,a 9419+0.23A,a 9419+023A,a 9419+023A,a
6 86.81 £+ 0.29B,a  88.02+0.24B,ab  90.11 £ 0.57B,c  92.36 £ 0.74AB,c  89.36 + 0.32B, b 89.44 + 0.49B,b
12 7858 £0.17C,a  80.43 +0.32C,ab  86.36 +0.42C,c  88.17+£0.82B,cd 8492 +0.63C,b  84.37 + 0.54C, b
18 69.68 £0.22D,a 71.67 +0.31D,ab 7597 £0.68D,c  80.48 +0.73C,d 7493 +0.58D,b  75.25 + 0.67D, bc

Ty - - - - - -

0 day 499 £0.17A,a 499 +£0.17A, a 499 £0.17A, a 499 £0.17A,a 499 £0.17A, a 499 £0.17A,a
6 12.26 +0.24B,a  11.04 £ 0.37B, ab 8.96 + 0.35B, ¢ 6.72 + 0.54B, d 9.79 + 0.52B, b 9.71 £ 0.45B, b
12 20.56 +£1.54C, a 1856 +1.26C,b 1243 +1.32C,d 1093 +1.03C,de 14.15+1.19C,cd 14.84 +1.21C,c
18 29.38 + 1.68D, a 2736 £1.26D,b  23.04 +£1.24D,d 18.59 +1.42D, e 2419 £1.92D,c  23.87 £1.42D, cd

Different uppercase letters in same group from different day indicate a significant difference (p < 0.05). Different
lowercase letters in different groups from same day indicate a significant difference (p < 0.05).

3.6. Morphology Change

Figure 5 CK1-C4 demonstrate the morphology variations in muscle tissues of the HTS fillets at day
18 stored at 4 °C. The myofibril could be seen clearly in fresh fillets with rod-like structure caused by
the reduction of water-holding capacity of fish fillets. The destruction level of microstructure in treated
samples were lower than that of CK1 and CK2 at the same storage time, indicating chitosan-based
coating containing e-PL and RA has a better performance in preserving the integrity of myofibril in
the fillets, probably owing to the deterioration and degradation of myofibrillar proteins. Previous
literature depicted that reduced mechanical restraint of fiber nets caused the immobilized water
loss and brought about the conversion of secondary structure by decreasing the force of hydrogen
bonds [36]. The disordered arrangement of myofibril enhanced during storage was consistent with the
results of LE-NMR parameter.
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Figure 5. Changes in microstructure (CK1-C4), sensory evaluation results ((CK1)—(C4)), and appearance
(<CK1>-<C4>) of half-smooth tongue sole fillets during refrigerated storage (CK1: Chitosan coating
without rosmarinic acid or e-PL; CK2: Chitosan coating with 30 mg/kg rosmarinic acid; C1/C2/C3/C4:
Chitosan coating with 30 mg/kg rosmarinic acid and 0.05%/0.10%/0.15%/0.20% e-PL).

3.7. Sensory Evaluation

Figure 5 (CK1)-(C4) displays the results of sensory evaluation results for the HTS fillets including
color, odor, tissue morphology, elasticity, and mucus, and the appearance of the HTS fillets stored
after 12 days are displayed in Figure 5 <CK1>-<C4>. At day 0, all samples had the highest sensory
scores, indicating they were fresh and of excellent quality. The sensory scores of all HTS fillets
samples declined gradually with storage. However, the results showed that the treated HTS fillets
(C1, C2, C3, and C4) had significant higher sensory scores than that of the controls (CK1 and CK2)
(p < 0.05). In addition, C4 treated with higher level of ¢-PL (0.20% (w/v)) consistently demonstrated
better sensory qualities. Considering different e-PL additions, their efficiencies for shelf-life extension
were quite comparable. In the present research, the sensory score of CK1 and CK2 were close to the
threshold of sensory rejection (score of 3.0) after six and nine days of storage, respectively. However,
the treated samples were on the verge of unacceptability after 12 days. Sensory deterioration was
caused oxidation reactions and microbial spoilage which produced off-odor compounds, such as
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TVB-N, TMA, hypoxanthine, and aldehydes. Higher sensory scores in the treated samples compared
with CK1 and CK2 indicated that chitosan-based coatings containing e-PL and RA could contribute
to maintain the sensory quality in HTS fillets samples because of antioxidant, antimicrobial, and gas
barrier effects of the coatings.

4. Conclusions

The chitosan-based coating containing 0.05%, 0.10%, 0.15%, or 0.20% &-PL and 30mg/L RA treated
HTS fillets showed a potential in slowing down the rate of HTS fillets spoilage. In comparison with the
controls (CK1 and CK2), these treated HTS fillets exhibited better effects on reducing the weight loss
and cooking loss, suppressing the growth of microbial community, retarding protein degradation, and
keeping excellent sensory attributes as well as flavor properties during refrigerated storage. The 0.1%,
0.15%, or 0.2% e-PL additions had similar effects in slowing down HTS fillets spoilage. Therefore,
chitosan-based coating containing 0.1% e-PL and 30mg/L RA can be utilized as a safe preservation
method for extending the shelf life of chilled HTS fillets by considerations of economy and the principle
of using as little food additive as possible.
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