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The high perishability of fish after capture requires effective preservative strategies to delay its quality loss and
extend shelf-life of fish products during chilled storage. There has been a growing interest in employing
biodegradable active films for chill-stored fish preservation due to the increasing environmental concern of
plastic packaging disposal. The aims of this work were to develop fish gelatin/chitosan-based films loaded with
nanoemulsified a-tocopherol (a-TP) and thyme essential oil (TEO) and their combination, and to evaluate the
effectiveness of the films to inhibit fish quality deterioration. Nanoemulsified biopreservatives were obtained by
ultrasonication with desirable polydispersity index. A good compatibility of the nanoemulsions within the film
matrix was observed using confocal laser scanning microscopy (CLSM) and their uniform distribution rendered
the active films compact and smooth surface morphology as revealed by SEM. FTIR spectra showed that the
chemical structure of the films was altered by incorporation of the natural materials. For metabolic profiles in
chill-stored fish fillets, totally 47 metabolites were identified using NMR spectroscopy. Amino acid metabolism
was found to be the most influenced pathway during fish storage. Besides, the production of some undesirable
metabolites such as organic acids, putrescine, tyramine, and hypoxanthine were markedly reduced, which
suggested that the active packaging could preserve fish quality through interfering the carbohydrate, nitrogen,
and nucleotide metabolisms. Combination of nanoemulsified a-TP and TEO extended the fish shelf-life to 15 days
with TVB-N values under the rejection limit, which further confirmed that the biodegradable active films could
effectively delay fish quality deterioration.

1. Introduction

With the rising apprehensions regarding the serious ecological
accumulation problems resulting from the excessive usage of nonbio-
degradable petroleum-based synthetic plastics (Tessaro et al., 2021;
Yang et al., 2019), biodegradable films made from naturally sourced
biopolymers, mainly proteins and polysaccharides, have been the
research focus in recent decades as promising alternatives to the plastics
of synthetic origin (Gulzar et al., 2022; Kumar et al., 2018; Martins et al.,
2012; Pérez-Cordoba et al., 2018; Tessaro et al., 2021; Yadav et al.,
2020). Their application in food industry not only helps deal with
environmental concerns caused by the accumulation of plastic waste but
protects consumers from exposure to the styrene monomer and plasti-
cizers that may migrate from packaging materials into foods (Pilevar

etal., 2019). Moreover, these biopolymer-based films can serve as active
packaging to keep the food quality during storage and extend the shelf
life of food products, by acting as excellent vehicles for delivery of
incorporated bioactive compounds and providing them with a
controlled release during the required time (Bahrami et al., 2020; Wu
et al., 2022).

Within biopolymers, gelatin and chitosan have been recognized as
promising excipients for fabrication of biopolymer-based films due to
their advantageous characteristics, such as biocompatibility, biode-
gradability, non-toxicity, and film-forming ability (Kanatt et al., 2012;
Yadav et al., 2020). Development and characterization of biodegradable
gelatin/chitosan-based active films have been extensively reported in
recent years (Bonilla et al., 2018; Haghighi, De Leo, et al., 2019; Liet al.,
2021; Roy & Rhim, 2021; Wu et al., 2014; Yadav et al., 2020).
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Combination of chitosan and gelatin as film-forming solutions renders
bio-composite films enhanced mechanical robustness and barrier prop-
erties against environmental stress such as oxygen and light (Pérez
Cordoba & Sobral, 2017), owing to formation of polyelectrolyte com-
plexes between positively charged chitosan and negatively charged
gelatin, along with production of strong hydrogen bond (Haghighi, De
Leo, et al., 2019; Wang et al., 2021). Besides, the intrinsic antimicrobial
character of chitosan promises the films as active packaging for pro-
tection of food products from biological alterations over time (Bahrami
et al, 2020). The incorporation of bioactive agents into the
bio-composite films could further extend their functional properties
such as antimicrobial and antioxidant properties.

More recently, with increasing demands of consumers for organic
and safer food products, natural bioactive substances such as essential
oils with potent antimicrobial and antioxidant activities are emerging in
food packaging (Bahrami et al., 2020; Martins et al., 2012; Bhowmik
et al., 2022; Roy, et al., 2021; Yemmireddy et al., 2020). Although some
studies have reported that gelatin/chitosan-based films could serve as
effective carriers for those functional ingredients over fish spoilage and
quality deterioration of fresh-cut fruits (Gomez-Estaca et al., 2010;
Kakaei & Shahbazi, 2016; Zhang, Yang, et al., 2021), potential appli-
cations of gelatin/chitosan-based films as active packaging are still
limited in the realm of food biopreservation and the underlying pre-
servative mechanisms have yet to be elucidated especially on the mo-
lecular level.

Therefore, the objectives of this study were to develop biodegradable
fish gelatin/chitosan-based films loaded with nanoemulsified active
compounds (thyme essential oil, a-tocopherol, and their combination)
by casting technique, and to evaluate the effects of these functional
substances on their microstructure and physicochemical properties.
Furthermore, the bio-composite active films were used as active pack-
aging to preserve the chill-stored golden pomfret fillets, and the rela-
tionship between metabolite profiles and fish quality over time was
uncovered by high resolution NMR spectroscopy coupled with multi-
variate analysis.

2. Materials and methods
2.1. Materials

Commercial fish gelatin (FG) was kindly provided by Yiweilong
Biological Technology Co., Ltd (Xiamen, Fujian, China). Corn oil was
purchased from FairPrice (Singapore). Food-grade thyme (Thymus vul-
garis) essential oil (TEO), a-tocopherol (a-TP), chitosan (CS, 75-85%
deacetylation degree, Mw 50-190 kDa), glycerol, Tween® 80, and
fluorescent dyes (Nile Red and Nile Blue A) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Other chemical reagents were of analytical
grade.

2.2. Nanoemulsion preparation

The nanoemulsions encapsulating a-TP and/or TEO were prepared
according to Chang et al. (2012) with some modifications. The oil phase
(10%, w/w) composed of fixed amounts of active compounds (a-TP or
TEO) (3%, w/w), or their combination (6%, w/w) and corn oil as
ripening inhibitor was mixed with Tween® 80 (1%, w/w), and deion-
ized (DI) water (89%, w/w) using a high-speed blender (F6/10, Jingxin,
Shanghai, China) at 15,000 rpm for 2 min. The coarse emulsions were
then sonicated on ice with an ultrasonic homogenizer (JY92-IIN, SCI-
ENTZ, Ningbo, China) fitted with a 2-mm diameter of titanium probe at
a power level of 300 W for 5 min (on-time: 3.0 s; off-time: 3.0 s). The
oil-in-water nanoemulsion without active compounds was also prepared
as control.

After preparation, the mean droplet size and polydispersity index
(PDI) of the nanoemulsions were determined using a dynamic light
scattering (DLS) device (Nano Brook Omni, Brookhaven instruments,
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USA) at a fixed scattering angle of 173°. The nanoemulsion specimens
were diluted 100 times with DI water before analysis to avoid multiple
scattering effects. Each measurement was performed in triplicate.

2.3. Film production

Biodegradable films were produced by casting technique (Bonilla
et al., 2018; Pérez Cordoba, et al., 2017). Briefly, film-forming solutions
(FFS) were prepared by thoroughly mixing aliquots of FG (4 g/100 mL of
DI water) and CS (1 g/100 mL of aqueous solution of glacial acetic acid
(1%)), nanoemulsified active compounds (5 g/100 g biopolymer), and
glycerol (30 g/100 g biopolymer) as a plasticizer with gently stirring for
10 min, and subsequently homogenized using a high-speed blender
(F6/10, Jingxin, Shanghai, China) at 10,000 rpm for 5 min. During
stirring, the pH was adjusted to 5.6 to obtain the polyelectrolyte com-
plexes between FG and CS, which can only form at a selected pH above
the isoelectric point of FG (PI=4.5-5.2) to be negatively charged, and
below the pKa of the amino group (pH=6.2-6.5) of CS to be positively
charged, as well as to avoid any phase separation (Benbettaieb et al.,
2015; Pérez-Cordoba et al., 2018). After degassing, the FFS were cast in
plate dishes (15 cm diameter), and then dried in a controlled environ-
ment chamber (KBF 240 Binder, ODIL, France) at 37 °C for 36 h. After
peeling, five different types of films were obtained: (NO) FG/CS-based
films (without nanoemulsions); (N1) FG/CS-based films loaded with
nanoemulsions (without active compounds); (N2) FG/CS-based films
loaded with nanoemulsified a-TP; (N3) FG/CS-based films loaded with
nanoemulsified TEO; (N4) FG/CS-based films loaded with nano-
emulsified «-TP and TEO.

2.4. Film characterization

2.4.1. Water solubility

Film samples measuring 1 cm? were immersed in 15 mL of DI water
with gently stirring at room temperature for 24 h. After that, the un-
dissolved film samples were recovered and dried at 105 °C for 24 h.
Water solubility (%) was expressed as g of solubilized film (dry matter)/
100 g of desiccated film samples (Gomez-Estaca et al., 2010).

2.4.2. Fourier transformed infrared (FTIR) analysis

The chemical structure of film samples was measured by Spectrum
One FTIR spectrometer (PerkinElmer, Waltham, MA, USA) within a
wavelength range of 4000-400 cm™! at a resolution of 4 cm~! and 64
scans. Prior to FTIR analysis, film samples were conditioned at 0% RH.

2.4.3. Confocal laser scanning microscopy (CLSM)

The microstructure of the film samples was measured with Zeiss
LSM710 confocal laser scanning microscope (Carl Zeiss Inc., Braunsch-
weig, Germany). The dual-dyed film samples were prepared by mixing
the fluorescent dye solution (composed of Nile Red and Nile Blue A) with
FFS at a concentration of 0.04 g/kg (Liu et al., 2019). Observation of the
stained samples was made by excitation of Nile Blue A at 633 nm and
Nile Red at 488 nm, respectively.

2.4.4. Scanning electron microscopy (SEM)

A field emission scanning electron microscopy (FESEM, JEOL JSM-
6701 F, Tokyo, Japan) was used to investigate the surface morphology
of the dried film samples (Zhang, Yang, et al., 2021). The film to observe
its microstructure was mounted on specimen holders before coated with
a gold layer. SEM images of film samples were observed at an acceler-
ating voltage of 5.0 kV.

2.5. Fish storage trial
Golden pomfret (Trachinotus blochii) was purchased from Sheng

Siong Supermarket (Singapore). After deboning and evisceration, the
fish fillets were pieced, film packaged, and divided into five groups: (I)
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golden pomfret fillets with no film wrapping; (II) golden pomfret fillets
wrapped with film N1; (III) golden pomfret fillets wrapped with film N2;
(IV) golden pomfret fillets wrapped with film N3; and (V) golden pom-
fret fillets wrapped with film N4. The fish fillets were then packed in
sterile polyethylene bags and stored at 4 °C for 15 days for further
analysis.

2.6. Determination of total volatile basic nitrogen (TVB-N)

The fish fillets were homogenized with DI water at a ratio of 1:10 (w/
v), and then centrifuged at 10,000 xg for 5 min at 4 °C to obtain the
supernatant for determination of TVB-N value (Cen et al., 2021).

2.7. Metabolite extraction

Metabolite extraction from golden pomfret fillets was carried out as
described by Zhao et al. (2019) with some modifications. Briefly, two
grams of fish samples were homogenized with 5 mL of methanol: water
(2:1, v/v) for 5 min, and further ultrasonicated on ice for 5 min. The
homogenates were centrifuged at 12,000 xg for 10 min at 4 °C and the
obtained supernatant was then subjected to freeze-drying for methanol
removal (Wang et al., 2019). The extracted metabolites were redissolved
in 600 pL of deuterium water (D30, 99.9%) containing 0.01% (w/v) of
3-trimethylsilyl [2,2,3,3-d4] propionate (TSP, Sigma-Aldrich, St Louis,
MO, USA) as an internal reference. After centrifugation at 12,000 xg for
10 min at 4 °C, 550 pL of the resulting supernatant was immediately
pipetted into a 5-mm NMR tube for NMR analysis.

2.8. NMR spectroscopy

The extracted metabolites were analysed at 25 °C using a Bruker
DRX-500 NMR spectrometer (Bruker, Rheinstetten, Germany) fitted
with a Triple Inverse Gradient probe at 500.23 MHz. The 'H spectra
were acquired using the standard Bruker NOESY pulse sequence (noe-
syprld) with an acquisition time of 3.3 s, 128 scans, and a relaxation
delay of 2 s. A 90° pulse length of each sample was modified using the
automatic pulse calculation (pulsecal) in TopSpin 4.1.4 (Bruker,
Rheinstetten, Germany). The free induction decays were multiplied by
an exponential function equivalent to 1 Hz line broadening factor before
Fourier transformation. The 2D 'H-'3C heteronuclear single quantum
coherence spectroscopy (HSQC) was also performed at 25°C for
metabolite identification. With the Bruker hsqcedetgpsisp2.3 pulse
sequence applied, the H spectra with a 10-ppm spectrum width and the
13¢C spectra with a 165-ppm spectrum width were collected in the F2 and
F1 channels, respectively (Zhao et al., 2020).

2.9. NMR spectra processing and data analysis

The NMR spectra of each sample were automatically adjusted for
phase and baseline correction with TopSpin 4.1.4 (Bruker, Rheinstetten,
Germany). Afterwards, the metabolites were identified referring to the
Human Metabolome Database (https://hmdb.ca/) and some related
references (Locci et al., 2011; Shumilina et al., 2015), and quantified by
automatic referencing of TSP integrals for further analysis (Jégou et al.,
2015).

For multivariate analysis, the 'H spectra were processed and stand-
ardised using Mestrenova (Mestreab Research SL, Santiago de Com-
postela, Spain). The binned data were then analysed with principal
component analysis (PCA) for group separation and orthogonal projec-
tion to latent structures-discriminant analysis (OPLS-DA) to identify the
dissimilarities among treatments with SIMCA (version 14.1, Umetrics,
Umea, Sweden). The identified metabolites with VIP > 1 were applied
for volcano plots, among which those with FCs > 2.0 (or FCs < 0.5) and
P < 0.05 were considered statistically significant (Shen et al., 2018).
Moreover, the crucial pathways were identified based on the database
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/).
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2.10. Statistical analysis

Analysis of variance (ANOVA) was performed with SPSS Statistics
(IBM Corp., Armonk, NY, USA), and differences between multiple means
of treatments were determined by Duncan’s multiple range test at
P < 0.05.

3. Results and discussion
3.1. Characteristics of the nanoemulsions

Droplet size and PDI values, which are two important physical
characteristics of an emulsion that could effectively affect the stability of
colloidal system, were measured in our study. The nanoemulsions
without active compounds encapsulated (control) had the mean droplet
size of around 260 nm, which exhibited no significant difference from
those with o-TP encapsulated, whereas incorporation of TEO signifi-
cantly decreased the size to about 200 nm (Table 1). Besides, PDI value
is a measure for the broadness of droplet size distribution varying from
0 to 1, and the closer the PDI value to 1, the broader distribution it
represents (Sharif et al., 2017). All nanoemulsions produced in our study
were found to possess a monomodal size distribution with PDI values
lower than 0.30, which indicated the superior stability and uniformity of
the nanoemulsions (Zhang, Yang, et al., 2021). Similar results were also
reported that incorporation of o-TP with certain active compounds
(namely, garlic oil and cinnamaldehyde) rendered a uniform droplet size
distribution and desired physical stability during the 90-day storage
period (Pérez-Cordoba et al., 2018). The narrow intensity peak (Fig. S1
in Supplementary Material) and relatively low PDI value of the nano-
emulsions confirmed the efficiency of the ultrasonication method in the
production of uniform nanoemulsions.

3.2. Characteristics of the biodegradable active films

3.2.1. Water solubility

The film solubility in water (FS) is an essential physical property that
can largely determine the release of encapsulated active compounds and
thus their functional attributes such as antimicrobial and antioxidant
activities for food preservation when applied to food surface
(Gomez-Estaca et al.,, 2010). In our study, film NO (without nano-
emulsions) showed the highest FS value (65.1 + 0.8%), and no signifi-
cant difference (P > 0.05) was observed as compared to film N3 (loaded
with TEO nanoemulsion (Fig. 1A). However, incorporation of nano-
emulsified a-TP into the FG/CS-based films sharply reduced the FS value
to 9.8 + 0.0% for film N2 and 40.9 + 2.5% for film N4, respectively,
which could be ascribed to the hydrophobic nature of a-TP. Besides,
compared to film NO, the lower FS value (41.0 + 1.1%) of film N1 could
be attributable to the presence of the oil phase in the film matrix, which

Table 1
Mean droplet size and polydispersity index (PDI) of freshly prepared nano-
emulsions loaded with a-tocopherol and/or thyme essential oil.

Samples Droplet size (nm) PDI

NEs 258.9 +1.1% 0.30 + 0.00%
a-TP NEs 263.8 +£ 7.4 0.24 + 0.02°
TEO NEs 198.6 + 1.8° 0.27 + 0.02°
a-TP/TEO NEs 260.3 + 3.3% 0.27 + 0.01°

Mean values + standard deviation (n = 3). Means with different lowercase let-
ters in the same column indicate significant differences (p < 0.05) among
different nanoemulsion samples.

a-TP: a-tocopherol; TEO: thyme essential oil.

NEs: nanoemulsions encapsulating no active compounds (Control); a-TP NEs:
nanoemulsions encapsulating a-tocopherol; TEO NEs: nanoemulsions encapsu-
lating thyme essential oil; a-TP/TEO NEs: nanoemulsions encapsulating
a-tocopherol and thyme essential oil.
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Fig. 1. Water solubility (A), FTIR spectra (B), and CLSM (C) images of fish gelatin/chitosan-based (FG/CS-based) films. (NO) FG/CS-based films (without nano-
emulsions); (N1) FG/CS-based films loaded with nanoemulsions (without active compounds); (N2) FG/CS-based films loaded with nanoemulsified a-tocopherol; (N3)
FG/CS-based films loaded with nanoemulsified thyme essential oil; (N4) FG/CS-based films loaded with nanoemulsified a-tocopherol and thyme essential oil. Means
with different lowercase letters are significantly different among different film samples (P < 0.05). (a) Excitation at 633 nm in red; (b) Excitation at 488 nm in green;
(c) Combined image of (a) and (b).
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may reduce the film hydrophilicity (Tessaro et al., 2021).

3.2.2. Fourier transformed infrared (FTIR) spectroscopy

The FTIR spectra of biodegradable FG/CS-based films loaded with
nanoemulsified active compounds are shown in Fig. 1B. The broad
bands in the range of 3600-3200 cm™! were characteristic of O-H
stretching vibration that overlapped with N-H stretching within the
same region. The bands between 3000 and 2800 cm ™! could be assigned
to vibration of the C-H stretching, among which peaks at 2926 and
2855 cm ™! were indicative of the presence of symmetric and antisym-
metric -CHy groups (Chen et al., 2016; Pérez Cordoba, et al., 2017).
Moreover, the bands at 1646 em™), 1562 em™!, and 1238 em ™! indi-
cated carbonyl (C=O0) stretches, N-H amide bending vibration, and C-N
stretching, respectively (Pereda et al., 2011; Pérez Cordoba, et al.,
2017).

Incorporation of nanoemulsions generated a tiny new band at peak of
1746 cm ™!, which may represent the C=O0 stretching of fatty acid esters
present in corn oil (used as ripening inhibitor in the nanoemulsions).
Tessaro et al. (2021) also reported a tiny peak at 1744 cm™! present in
bovine gelatin-chitosan films incorporated with a double emulsion
(W/0O/W). Besides, the FTIR spectra of FG/CS-based films loaded with
active compounds (a-TP and/or TEQO) showed a slight shift at some
existing peaks (e.g., at 3377 cm ™! and 1047 ecm™ 1), evidencing the
appearance of these active compounds in the film matrix. Specifically,
bands at around 1047 cm ™! could be manifested by the stretching vi-
bration of C-O-H bond, and its hydration was reported to be positively
correlated with water absorption ability of chitosan-based films (Martins
et al., 2012).

3.2.3. CLSM & SEM

The spatial arrangement of the nanoemulsions in the film matrix
could contribute to the film morphology and other properties such as
mechanical properties and water solubility (Nisar et al., 2018). To reveal
the distribution of the nanoemulsion droplets in film samples, a dual
fluorescent dye solution composed of Nile Red and Nile Blue A was
applied to stain the oil phase and the continuous biopolymer phase,
respectively. As shown in Fig. 1 C, the nanoemulsion droplets exhibited
a homogeneous distribution within the film matrix (films N1-N4),
among which films N2 and N4 loaded with nanoemulsified o-TP
distinctly featured more oil droplets that were more uniformly distrib-
uted than those in films N1 and N3. The uniform droplet distribution
observed in CLSM images was consistent with the narrow intensity peak
of the nanoemulsions shown in Fig. S1 (Supplementary Material), as
well as their relevant PDI values (Table 1). It could be ascribed to the
polyelectrolyte complexes formed between FG and CS that served as an
emulsifier, hindering the dispersed oil droplets from flocculation and
coalescence, thus leading to the good stability and uniform distribution
of the nanoemulsions in the biopolymer-based films (Liu et al., 2019).

SEM was used to image the surface topography of biodegradable FG/
CS-based active films and to study the microstructural changes in the
biopolymer films loaded with various bioactive compounds (Fig. S2 in
Supplementary Material). All the five bio-based films totally exhibited a
compact, smooth, and homogeneous surface structures without any
large pores present, although incorporation of nanoemulsified a-TP and/
or TEO slightly induced the porosity and roughness of the films as
compared to film NO. It could be attributed to the migration of oil to the
film surface during air drying (Dammak et al., 2017; Tessaro et al.,
2021). Similar phenomenon was also observed in
gelatin/chitosan-based films with non-emulsified essential oils (Bonilla
et al., 2018). Besides, the intact bio-composite films indicated the even
distribution of the nanoemulsified active compounds for their excellent
compatibility within the film matrix, which agreed well with the
observation in CLSM images (Fig. 1C). These results suggested that
FG/CS-based films could be confidently applied for delivery of active
compounds such as a-TP and TEO for food preservation.
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3.3. Metabolic changes of chill-stored golden pomfret fillets under
different treatments

NMR-based metabolomics strategy was performed to elucidate the
mechanism of active packaging on fish preservation during refrigerated
storage. The representative "H NMR spectra of golden pomfret fillets
packed with various active films during chilled storage are shown in
Figs. 2A and S3 (Supplementary Material). In total, forty-seven metab-
olites were explicitly identified based on the 2D NMR analysis (‘H-3C
HSQC) and metabolic databases (Fig. 2B and Table S1 in Supplementary
Material), which could be grouped into amino acids, organic acids,
carbohydrates, alcohols, biogenic amines, nucleotides, and other
metabolites.

To deeply understand the metabolic changes in stored golden pom-
fret fillets under different treatments, PCA was carried out to illustrate
the discrepancies of metabolite variations within different treatment
groups. As shown in Fig. 3A, the high values of R%X (0.939) and Q2
(0.879) imparted excellent interpretation and prediction capability to
the PCA model. In the 3D score plot (Fig. 3B), different treatment groups
exhibited distinct separations, among which the fresh fillet group (day 0,
I) was recognizably separated from its counterparts (IL, III, IV, and V) on
day 12. Moreover, the treated groups (IIl and IV) were well clustered in
each group and were clearly separated from their combination (V).
These observations confirmed the fish fillets’ discriminative metabolic
responses to quality deterioration during chilled storage when employed
with different biopreservatives for preservation.

Moreover, the dominating metabolites responsible for the group
separation are depicted in the loading plot (Fig. 3C). For example, me-
tabolites such as 2,3-butanediol, creatine, tyrosine, aspartic acid, valine,
alanine, and glycine dominated in PC1, while those such as ethanol,
threonine, anserine, and maltose featured in PC2. These metabolites
may serve as potential biomarkers for fish spoilage during chilled
storage.

Furthermore, pairwise comparisons were conducted by OPLS-DA to
investigate the metabolic changes in chill-stored golden pomfret fillets
with various active packaging. Specifically, the identified metabolites
from the fresh fillets (day 0, I) were compared with those from treatment
groups on day 12 (II, III, IV, and V), respectively. Besides, pairwise
comparisons between groups III/IV and V were carried out to determine
the metabolic disparities in stored fish fillets treated with individual
biopreservative and their combinations. The results were exhibited as
cross-validated score plots and corresponding coefficient plots. The R2X
and Q2 were 0.969 and 1 for paired I-11, 0.881 and 0.993 for paired I-III,
0.835 and 0.988 for paired I-IV, 0.941 and 0.997 for paired I-V, 0.958
and 0.997 for paired II-V, and 0.909 and 0.993 for paired IV-V,
respectively. The high values of R?X and Q? indicated the high quality
of the OPLS-DA model with good fitness and predictability (He et al.,
2021). As shown in Fig. 4(A1-F1), each paired group was distinctly
separated, demonstrating that the metabolic variations in chill-stored
golden pomfret fillets with various biopreservatives could be differen-
tiated. The coefficient plots (Fig. 4(A2-F2)) were also applied to screen
the marked metabolites that were largely responsible for the pairwise
differentiation, among which metabolites located in the negative and
positive side of coefficient axis indicated the lower and higher relative
concentrations, respectively between the paired groups (Lin et al.,
2022). The metabolites with VIP >1 in each paired group were
considered greatly affected by different treatments during storage
(Zhao, et al., 2019). Compared to the fresh fillets (day 0, I), a total of 39
metabolites were found to be markedly influenced by the FG/CS-based
films, among which 17 metabolites such as tyramine, methylamine,
hypoxanthine, lactic acid, acetic acid, and 3-hydroxybutyric acid
increased in the group II after 12 days, whereas the rest including
choline, betaine, glycine, and glycogen decreased during the refriger-
ated storage. The accumulation of organic acids such as lactic acid and
acetic acid indicated the anaerobic glycolysis of glycogen in fish muscle
for supplying energy during storage (Choe et al., 2008; Scheffler &
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Fig. 2. Representative 1D 'H NMR spectra (A) and 2D 'H-'3C NMR spectra (B) of chill-stored golden pomfret fillets. Note: 1. Leu; 2. Ile; 3. Val; 4. Met; 5. Lys; 6. Thr;
7. Phe; 8. His; 9. Ala; 10. Tyr; 11. Cre; 12. Gly; 13. Tau; 14. Gln; 15. Glu; 16. GABA; 17. Asp; 18. Arg; 19. Anserine; 20. Lactic acid; 21. Acetic acid; 22. Butyric acid;
23. Fumaric acid; 24. 3-Hydroxybutyric acid; 25. a-glucose; 26. p-glucose; 27. Glycogen; 28. Maltose; 29. Sucrose; 30. Ethanol; 31. 2,3-Butanediol; 32. Putrescine; 33.
TMA; 34. DMA; 35. Tyramine; 36. Histamine; 37. Cadaverine; 38. Methylamine; 39. Uracil; 40. ATP; 41. ADP; 42. AMP; 43. IMP; 44. HxR; 45. Hx; 46. Betaine;

47. Choline.

Gerrard, 2007). The production of biogenic amines such as putrescine,
histamine, and tyramine reflected the fish spoilage during storage
(Prabhakar et al., 2020), resulting from the decarboxylation of lysine,
histidine, and tyrosine, respectively (Jinadasa et al., 2016;

Romero-Gonzalez et al., 2012). Although the fish spoilage is a natural
process caused by the digestive enzymes, surface bacteria, as well as
lipid oxidation (Prabhakar et al., 2020), the presence of a-TP or TEO in
the FG/CS-based films inhibited the breakdown of certain amino acids
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Fig. 3. Principal component analysis (PCA) of 'H NMR spectra for the
metabolite profiles of golden pomfret extracts. The variances are explained by
principal components in PCA (A); the 3D score plot of PCA (B); and the loading
plot of PCA (C). Note: I, fresh golden pomfret fillets on day 0; II, III, IV and V
represents chill-stored golden pomfret fillets on day 12 under different bio-
ploymer films wrapping (N1-N4), respectively. (N1) Fish gelatin/chitosan-
based (FG/CS-based) films loaded with nanoemulsions (without active com-
pounds); (N2) FG/CS-based films loaded with nanoemulsified a-tocopherol;
(N3) FG/CS-based films loaded with nanoemulsified thyme essential oil; (N4)
FG/CS-based films loaded with nanoemulsified a-tocopherol and thyme essen-
tial oil.

and formation of their degraded compounds such as cadaverine and
tyramine (Fig. 4(B2-D2)). Notably, as shown in Fig. 4(E2 & F2), com-
bination of a-TP and TEO led to decreased levels of biogenic amines
including TMA, DMA, histamine, and cadaverine as compared to their
individual application in fish preservation, whereas certain carbohy-
drates (sucrose and maltose) and amino acids (creatine, arginine,

Food Packaging and Shelf Life 36 (2023) 101046

tyrosine, and histidine) were maintained at higher relative levels. Their
combination also hampered the degradation of inosine and accumula-
tion of hypoxanthine within the storage time due to nucleotide break-
down, mainly resulting from autolysis of endogenous enzymes along
with bacteria spoilage (Li et al., 2017), which may contribute to the
desirable textural quality. These together help maintain the suitable
physicochemical and sensory characteristics of fish muscle. The results
may indicate the potential application of FG/CS-based films loaded with
nanoemulsified o-TP and TEO as active packaging for fish preservation.

3.4. Pathway analysis

The underlying mechanisms of preservative effects of a-TP and TEO
on fish muscle during refrigerated storage were revealed based on the
disturbed metabolic pathways that were identified through the screened
principal metabolites. Volcano plots shown in Fig. 5 were based on the
correlation coefficients, P values, and fold changes (FCs) and the
pathway analysis was carried out based on the screened metabolites.
Those with P value < 0.05 and FCs > 2.0 (or FCs < 0.5) were of sig-
nificant statistics (Zhao et al., 2020). It is worth noticing that the altered
metabolites among different treatment groups were primarily distrib-
uted in the top right region of the volcano plots (Fig. 5(A1-D1)), indi-
cating that the individual treatment mainly led to accumulated
metabolite contents in the golden pomfret fillets during chilled storage.
For example, a total of 30 metabolites showed marked alterations
(P < 0.05) (Fig. 5(A1)), among which 18 metabolites including some
carbohydrates (glucose, maltose, and glycogen), amino acids (valine,
alanine, glycine, and aspartate) and alcohols (ethanol and 2,3-butane-
diol) located in the right side of the volcano plot were marked with
orange points, representing the growth of these metabolites in the
chill-stored fish fillets as compared to the fresh fish fillets. The increased
trends in amino acids could be attributed to the protein hydrolysis
induced by bacterial spoilage (Moczkowska et al., 2017). However, the
presence of a-TP and TEO protected the fish muscle from quality dete-
rioration during storage by inhibiting the glycolysis and degradation of
adenine nucleotides, confirmed with the reduction of organic acids and
biogenic amines (Fig. 5(B1-D1)). Notably, combination of a-TP and TEO
led to the optimal preservative effects on fish muscle by inhibiting the
production of some typical spoilage inducing substances such as tyra-
mine and methylamine.

Furthermore, pathway analysis was conducted to identify the
metabolic pathways within different treatment groups based on the
screened metabolites and database (Fig. 5(A2-F2) and Table S2 in Sup-
plementary Material). As shown in Fig. 5(A2), the total of 33 pathways
were predicted and 11 of them were considered significant pathways in
the group II on day 12. The disturbed pathways were aminoacyl-tRNA
biosynthesis; histidine metabolism; valine, leucine, and isoleucine
biosynthesis; glycolysis/gluconeogenesis; phenylalanine, tyrosine, and
tryptophan biosynthesis; glycine, serine, and threonine metabolism;
beta-alanine metabolism; phenylalanine metabolism; alanine, aspartate,
and glutamate metabolism; glyoxylate and dicarboxylate metabolism;
and arginine biosynthesis. The identified interfered pathways were
mainly related with amino acid biosynthesis and carbohydrate meta-
bolism. However, two more pathways, namely, purine metabolism and
glutathione metabolism were identified as significant pathways for the
chill-stored fish fillets treated with nanoemulsified TEO (Fig. 5(C2)). As
for fish fillets treated with combination of a-TP and TEO, twelve sig-
nificant pathways were altered, the number of which reflected the
synergistic effects of a-TP and TEO on fish preservation (Fig. 5(D2)).
Moreover, the combined treatment of o-TP and TEO significantly
changed 11 and 8 metabolic pathways as compared to its individual
component (Fig. 5(E2 & F2)), respectively, which further confirmed the
stronger preservative effects of the FG/CS-based films loaded with
nanoemulsified a-TP and TEO on fish muscle than their counterparts.
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Fig. 4. Orthogonal projection to latent structures-discriminant analysis (OPLS-DA) of the metabolic profiles of golden pomfret fillets under different treatments
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Fig. 4. (continued).

extracted from different treatment groups (I-V). Four major metabolic

3.5. Metabolic alterations of chill-stored golden pomfret fillets under

different treatments

pathways were proposed, namely amino acid metabolism, carbohydrate
metabolism, nitrogen metabolism, and nucleotide metabolism, among
which amino acid metabolism was the most affected pathway under

different treatments. Both increasing and decreasing trends in amino

The metabolic changes in golden pomfret fillets treated with various
active films during chilled storage are summarized in Fig. 6 based on the

acid concentrations were observed in the chill-stored golden pomfret

fillets. For instance, the higher levels of amino acids (e.g., valine,

KEGG metabolic pathway analysis. Color transformation from purple to

orange indicated the gradual increase in metabolite concentrations
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Fig. 5. Volcano plots (A1-F1) and pathway analysis (A2-F2) for comparing the metabolic profiles of golden pomfret fillets under different treatments during storage.
Note: the volcano plots exhibit the crucial metabolites (P < 0.05 and FCs > 2.0 or FCs < 0.5). Green colour represents decreased metabolite amounts while orange
colour represents increased metabolite amounts during storage. I, fresh golden pomfret fillets on day 0; IL, III, IV and V represents stored golden pomfret fillets on day
12 under different bioploymer films wrapping (N1-N4), respectively. (N1) Fish gelatin/chitosan-based (FG/CS-based) films loaded with nanoemulsions (without
active compounds); (N2) FG/CS-based films loaded with nanoemulsified a-tocopherol; (N3) FG/CS-based films loaded with nanoemulsified thyme essential oil; (N4)
FG/CS-based films loaded with nanoemulsified a-tocopherol and thyme essential oil.
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glycine, alanine, glutamate, aspartate, and anserine) may result from
protein hydrolysis by the extracellular proteases of spoilage microor-

ganisms (Hai et al., 2

Fig. 5. (continued).

022; Lou et al., 2021), whereas the lower levels of
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amino acids such as methionine, creatine, tyrosine, and lysine were
observed in comparison of the group I. The presence of «-TP and TEO
inhibited the biosynthesis of some amino acids such as valine, glycine,



Y. Liu et al.

Food Packaging and Shelf Life 36 (2023) 101046

Glycogen Maltose Sucrose —— Carbohydrate metabolism
L L b ——> Amino acid metabolism
;|< | — Nitrogen metabolism
— Nucleotide metabolism
Glucose 0 I
ol 2 -2 o 9 7o
Choline i
I I
Glucose-6P Treatment
l Lactate CIE T 14
TMA Betaine—» Gly —» Ser —> Pyruvate—» Acetate CITII T [ vy
l BT B ) I 2,3-Butanediol EICTH
DMA Acetyl-CoA—> Ethanol BT 111
Uracil <— Ala N
~ ~

’
<—>» Oxaloacetate

A

Cadaverine <—  Asp
T 11 [

I
I TCA cycle

1

Putrescine «—  Arg
I | N

A
- I
Glu His
2-O'xoglutarate A L <«
l !

Phe > Tyr > Fumarate Gln Histamine
o / o e e O s i
\ 7/
Tyramine N e Cre Anserine
N T
ATP ADP «—>»AMP —» IMP —» HxR —» Hx Ala
5 I CIT e O T T CE e ] T 1] 1

Fig. 6. The alterations of marked metabolites in golden pomfret fillets under different treatments during storage. Note: I, fresh golden pomfret fillets on day 0; II, III,
IV and V represents stored golden pomfret fillets on day 12 under different bioploymer films wrapping (N1-N4), respectively. (N1) Fish gelatin/chitosan-based (FG/
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loaded with nanoemulsified thyme essential oil; (N4) FG/CS-based films loaded with nanoemulsified a-tocopherol and thyme essential oil.

and glutamate that function as osmoprotectants to protect cellular
constituents. The downregulated biosynthesis of these amino acids may
perturb the equilibrium of cytoplasmic osmolality, which further dis-
integrates the cellular structure (Baptista et al., 2020; Hai et al., 2022;
Zhao et al., 2020). The decreased levels of those amino acids, such as
arginine and aspartate serving as alternative carbon sources revealed
that the preservative activities may also be raised through disturbing the
TCA cycle from providing metabolism energy for bacteria growth (Hai
et al., 2022).

Biogenic amines can work as efficient biochemical indicators of fish
quality and freshness. The typical spoilage inducing substances
including TMA, DMA, cadaverine, tyramine, histamine, and putrescine
were identified in our study. The formation of TMA can occur during fish
storage through TMAO degradation and breakdown of certain sub-
stances including choline and betaine, which are mainly responsible for
the fishy odor (Prabhakar et al., 2020). The decarboxylation of amino
acids such as tyrosine, histidine, and lysine can produce their toxic de-
rivatives, i.e., tyramine, histamine, and putrescine, respectively (Yong-
sawatdigul et al., 2004). Although putrescine causes indirect toxicity to
the fishes, its appearance together with cadaverine can drive the hista-
mine allergy (Prabhakar et al., 2020). As shown in Fig. 6, the biogenic
amines generally exhibited an increasing trend in the chill-stored fish
fillets, but to different extents with different treatments. Combination of
a-TP and TEO lessened the production of tyramine and putrescine, while
the amount of cadaverine in all treated samples increased during chilled
storage. The fish freshness may be maintained through interrupting the

12

nitrogen metabolism of microorganisms, reducing the production of
biogenic amines via decarboxylation of amino acids (Jasour et al.,
2018).

Sugars such as glycogen, maltose, sucrose, and glucose were the
major carbohydrates in the golden pomfret fillets, which could provide
carbon sources entering the TCA cycle to generate energy for spoilage
bacteria. Production of organic acids like lactate and acetate, along with
alcohols such as ethanol and 2,3-butanediol resulted from microbial
growth in fish muscle (Prabhakar et al., 2020). In our study, the relative
higher concentrations of sugars like glycogen and glucose in treated fish
muscle may indicate the inhibition of sugar degradation by hydrolysis
and glycolysis (Zhao et al., 2020). Furthermore, the relative lower
concentrations of alcohols like ethanol and 2,3-butanediol in treated fish
muscle implied that the active packaging reduced the production of such
unfavorable odor and maintained fish freshness during refrigerated
storage.

Nucleotide metabolism was also found in golden pomfret fillets
during chilled storage, which is the process of the autolytic decompo-
sition of ATP and formation of its by-products including ADP, AMP, IMP,
HxR, and Hx (Prabhakar et al., 2020). The production of HxR and Hx
contributes to off-flavors in fish muscle and is associated with deterio-
ration of fish quality (Zhao et al., 2020). In our study, fish fillets treated
with nanoemulsified TEO had the highest level of IMP that could provide
fish with umami flavor. Meanwhile, the contents of HXR and Hx were
maintained at relative lower level, indicating that nanoemulsified TEO
actively mediated the nucleotide metabolism of chill-stored fish fillets,
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thanks to its inhibitory effects on microbial growth (Huang et al., 2018).

3.6. Quality changes in chill-stored golden pomfret fillets under different
treatments

TVB-N is a major parameter to measure the volatile nitrogenous
bases present in fish, which gives an accurate estimation of fish freshness
(Ricque-Marie et al., 1998). Therefore, it is employed to better under-
stand the effect of the active packaging on the fish quality and freshness
during storage. As shown in Fig. 7, the TVB-N value in our study showed
an increasing trend for all fish samples during the 15-day storage,
mainly resulting from the summation of ammonia and amine produced
by spoilage bacteria and endogenous enzymes (Prabhakar et al., 2020).
After 6-day storage, the TVB-N value of control 0 (fish fillets without
treatment) sharply increased from the initial value of 2.8 mg/100 g to
over 30 mg/100 g, which is the upper limit of TVB-N value for golden
pomfret (Lou et al., 2021). Fish fillets treated with FG/CS-based films
without active compounds loaded extended the shelf life of fish muscle
to 9 days during chilled storage, while there was no significant differ-
ence of TVB-N value between the two treatment groups (control 1 and
control 2). Interestingly, a-TP exhibited a stronger inhibitory effect on
fish deterioration than its counterparts during 9-day storage, whereas
combination of a-TP and TEO overtook a-TP as the optimal preservative
for fish quality in the following 6-day storage. These results suggested
that FG/CS-based films loaded with a-TP and TEO could effectively
restrain the accumulation of TVB-N in chill-stored fish muscle and
extend its shelf life.

3.7. Schematic illustration

Based on the previous results, a potential schematic of the effect of
FG/CS-based active films on the metabolic profiles and fish quality and
freshness of golden pomfret fillets during chilled storage was proposed
as shown in Fig. 8. The biodegradable active films maintained the
nutritional value and prolonged the shelf-life of fish fillets during chilled
storage through inhibiting the bacteria spoilage and fish protein
degradation, which could be indicated by the rapid decrease in TVB-N
value. Moreover, the intrinsic antimicrobial property of chitosan
coupled with the incorporation of functional ingredients (a-TP and/or
TEO) imparted a protectant effect on the golden pomfret fillets during
chilled storage, mainly with four metabolic pathways involved. For
example, the production of biogenic amines including histamine, pu-
trescine, and cadaverine was restrained during storage through inhibi-
tion of protein hydrolysis to amino acids that can be further transformed
to biogenic amines (Zhao et al., 2019). The hydrolysis and glycolysis of
sugars were also retarded by active packaging and their major de-
rivatives were organic acids and alcohols that are responsible for fish
off-odors. Besides, the transformation of nucleotides to inosine and
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hypoxanthine was intervened by active packaging through inactivation
of endogenous enzymes and microorganisms (Zhao et al., 2019).

Overall, the protectant effect of the active packaging on chill-stored
golden pomfret fillets could be summarized that inclusion of bio-
preservatives along with chitosan collectively retarded fish spoilage
during chilled storage via intervening the metabolic pathways of chill-
stored fish fillets including amino acid metabolism, carbohydrate
metabolism, nitrogen metabolism, and nucleotide metabolism. These
inhibitors together endowed the FG/CS-based active films with inhibi-
tory effects on the spoilage of golden pomfret fillets during refrigerated
storage.

4. Conclusion

In our study, biodegradable fish gelatin/chitosan-based active films
incorporated with nanoemulsified a-tocopherol and thyme essential oil
were successfully developed using casting technique. These active films
possessed a homogenous surface structure with the nanoemulsified
bioactive materials evenly distributed within their matrix. Incorporation
of a-TP sharply reduced the water solubility of the films. Besides, in-
clusion of a-TP and TEO synergistically improved the preservative ef-
fects of the films on golden pomfret fillets during chilled storage.
Furthermore, metabolic changes in stored fish fillets under different
treatments were revealed through NMR analysis. Four major metabolic
pathways were identified, namely amino acid, carbohydrate, nitrogen,
and nucleotide metabolism. Combination of a-TP and TEO provided
desirable inhibitory effects on the formation of unfavourable com-
pounds that may exert off-odours and facilitate the deterioration of fish
quality during storage. These results suggest that the biodegradable fish
gelatin/chitosan-based films could be used as efficient vehicles for de-
livery of bioactive compounds for preservation and shelf-life extension
of foodstuffs.
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Fig. 7. TVB-N values of chill-stored golden pomfret fillets

Control 0 under different treatments. Bars represent standard devia-
tion (n = 3). Means within each storage time with different
Control 1 uppercase letters are significantly different among different
treatments (P < 0.05); Means within each group with
Control 2 different lowercase letters are significantly different among
different storage time (P < 0.05). Note: Control 0: fillets
a-TP with no treatment; Control 1: fillets treated with FG/CS-
based films (without nanoemulsions); Control 2: fillets
TEO treated with FG/CS-based films loaded with nanoemulsions
o-TP/TEO (without active compounds); o-TP: fillets treated with FG/

CS-based films loaded with nanoemulsified a-tocopherol;
TEO: fillets treated with FG/CS-based films loaded with
nanoemulsified thyme essential oil; o-TP/TEO: fillets
treated with FG/CS-based films loaded with nano-
emulsified a-tocopherol and thyme essential oil.
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Fig. 8. Proposed schematic of the effect of FG/CS-based active films on the metabolic profiles and fish quality and freshness of golden pomfret fillets during

chilled storage.
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