foods

Article

Design and Evaluation of a Cinnamomum burmannii Essential
Oil-Loaded Preservative Film for Enhancing the Quality and
Shelf Life of Squaliobarbus curriculus Filets

Xiaonan Zhang "*(7, Jiayi Lai !, Xiaoxiao Dai !, Feng Huang !, Lei Guan 2 and Rushu Wen 1-*

check for
updates

Academic Editor: Abul Hossain

Received: 29 July 2025
Revised: 29 August 2025
Accepted: 5 September 2025
Published: 8 September 2025

Citation: Zhang, X.; Lai,].; Dai, X.;
Huang, F.; Guan, L.; Wen, R. Design
and Evaluation of a Cinnamomum
burmannii Essential Oil-Loaded
Preservative Film for Enhancing the
Quality and Shelf Life of Squaliobarbus
curriculus Filets. Foods 2025, 14, 3139.
https:/ /doi.org/10.3390/
foods14173139

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

1 Life Science College, Jiaying University, Meizhou 514015, China; 18316404107@163.com (J.L.);
daixiaoxia00201@163.com (X.D.)

Aquatic Research Institute, Meizhou Academy of Agricultural and Forestry Sciences, Meizhou 514015, China
*  Correspondence: xiaonanzhang@neau.edu.cn (X.Z.); wenrs2025@126.com (R.W.)

Abstract

In this study, an edible matrix consisting of sodium alginate, gelatin, zein, and gum arabic
was combined with Cinnamomum burmannii essential oil (CBEO) to produce a natural, eco-
friendly, and bioactive food packaging preservation film. After the CBEO was extracted by
hydrodistillation and analyzed using gas chromatography mass spectrometry, 55 chemicals
were found, with the main ingredients being «-terpineol, borneol, and cinnamon aldehyde.
Scanning electron microscopy and Fourier transform infrared spectroscopy were used to
extensively evaluate the preservative coating, which demonstrated bacteriostatic activity.
When compared to the control at a 3% CBEO loading, the film effectively maintained
color stability while extending the shelf life of Squaliobarbus curriculus filets by around
3 times. Furthermore, compared to the blank film, the film showed a 23.8% increase in
tensile strength and a 23.59% improvement in light transmittance. These results show how
CBEO-loaded edible films can enhance meat preservation and offer fresh perspectives on
the creation of useful, biodegradable food packaging materials.

Keywords: essential oil; Cinnamomum burmannii; Squaliobarbus curriculus; bacteriostatic
activity; biodegradable food packaging

1. Introduction

Squaliobarbus curriculus, a representative fish of the Hakka region in southern China
and a key ingredient of the traditional delicacy “Yusheng” [1,2], is rich in high-quality
proteins and polyunsaturated fatty acids [3]. However, its extremely short shelf-life poses
a significant challenge, as quality deterioration—including discoloration, flavor loss, and
softening—begins within hours post-slaughter, and refrigeration at 4 °C extends it only
up to 48 h [4]. Conventional preservation techniques, such as ice storage or freezing,
can slow spoilage [5,6], but freezing induces ice crystal formation that damages cellular
structures and reduces texture and tenderness [1,7-10]. The occasional use of chemical
preservatives raises consumer safety concerns, while widely applied nondegradable plastic
packaging imposes a substantial environmental burden [11-15]. These limitations highlight
the urgent need for effective, safe, and sustainable preservation strategies, motivating the
development of bioactive preservative films in this study.

Natural biopolymer-based preservative films have drawn interest in food preservation
in recent years due to their safety, biodegradability, and environmental friendliness [16-18].
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These films were made of chitosan and included thyme essential oil, which successfully
prolonged the shelf-life of Oncorhynchus mykiss filets.

Similarly, Ref. [19] used cinnamon essential oil and sodium alginate to prepare coatings
that suppressed Escherichia coli and Staphylococcus aureus while significantly prolonging
the shelf-life of perch filets [20]. demonstrated that gum arabic-stabilized zein nanoparti-
cles could efficiently encapsulate peppermint oil, with nanoemulsions prepared Via the
propylene glycol solvent displacement method exhibiting good sustained-release proper-
ties, achieving 100% release within 24 h under acidic conditions. Additionally, the active
ingredients of essential oils are protected by natural polymer materials like gelatin and
chitosan, which also improve the physicochemical stability of film matrices [21-23]. This
allows for targeted release in areas contaminated by microorganisms, which lowers the
dosage needed [24].

Cinnamomum burmannii is an evergreen tree of the Lauraceae family, widely distributed
in Southeast Asia and southern China. Its leaves are rich in essential oils, whose major
components include oxygenated monoterpenes (e.g., borneol, a-terpineol) and aldehydes
(e.g., cinnamaldehyde). Previous studies have demonstrated that C. burmannii essential
oil exhibits strong antimicrobial activity against foodborne pathogens [25] and possesses
antioxidant properties through free radical scavenging [26], making it a promising natural
preservative for the food industry. However, its application in freshwater fish preservation,
particularly for Squaliobarbus curriculus, remains largely unexplored.

This study aimed to develop a natural preservative film by incorporating Cinnamomum
burmannii essential oil (CBEO) into a zein—gum arabic nanoparticle system and blending
it with a sodium alginate-gelatin matrix. To our knowledge, this is the first application
of CBEO in preserving Squaliobarbus curriculus filets. The objectives were to optimize the
film formulation for improved stability and functionality, evaluate its physicochemical and
antimicrobial properties, and assess its potential as a sustainable alternative to synthetic
preservatives and non-degradable packaging.

2. Materials and Methods
2.1. Materials and Chemicals

Cinnamomum burmannii leaves were collected from the campus of Jiaying Univer-
sity in Meizhou city, China. Select pest-free, intact, and mature leaves, wash thoroughly,
and place in a well-ventilated area at room temperature (25 &+ 2 °C) for 15 min to air
dry before use. Fresh Squaliobarbus curriculus samples were purchased from the Meizhou
Agricultural Product Market, with undamaged and physiologically sound individuals
chosen for experimentation. The samples were first stunned with a wooden mallet, fol-
lowed by careful evisceration to remove the viscera and gills. Filets were trimmed into
uniform triangular pieces (25 mm x 25 mm x 50 mm, approximately 5 mm thick) to
ensure dimensional consistency across samples. The following raw materials and reagents
were used in the experiment: Sodium alginate (Tianjin Zhonglian Chemical Reagent
Co., Ltd., Tianjin, China): purity > 95%, viscosity < 180 £ 20 mPa-s, water-insoluble
substances < 0.1%; Gum arabic (Tianjin Huasheng Chemical Reagent Co., Ltd., Tianjin,
China): purity > 99.0%, viscosity 80-120 mPa-s, pH 4.1-4.6, moisture content < 15%,
ash content < 3.5%; Zein (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China):
bioreagent grade, protein content > 92%; Gelatin (Guangdong Kangda Biotechnology
Co., Ltd., Guangzhou, China), food grade.

2.2. Instrument

Laboratory pure water system, model: Master-Touch-S30UVF (Shanghai, China);
constant temperature and humidity incubator, model: GZX-150BSH/QHX (Shanghai,
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China); UV-Vis spectrophotometer, model: T-600A (Beijing, China); electronic nose sensor,
model: PEN3 (Schwerin, Germany); high-pressure homogenizer, model: HPH-L2 (Suzhou,
Jiangsu, China); magnetic stirrer, model: C-MAGHS? (Staufen, Germany); electronic
balance, model: SQP/QUINTIX51 (Gottingen, Germany).

2.3. Fabrication of Active Preservative Films
2.3.1. Preparation of Essential Oil Nanoemulsion

The preparation of the essential oil nanoemulsion followed the method outlined
by [27], with minor modifications. The process involves 3 steps: (1) Preparation of zein
solution: 1 g of zein was added to 25 mL of ethanol aqueous solution (70%, v/v) and stirred
for 2 h to obtain a homogeneous zein solution. Separately, 50 mL of zein/deionized water
solution was prepared at a 1:3 ratio (zein: water) under constant stirring for 30 min. (2) Gum
arabic solution preparation: To guarantee full dissolution, 50 mL of gum arabic/deionized
water solution was prepared at a 1% (w/v) concentration and agitated at 450 rpm for
40 min. (3) Synthesis of nanoemulsion: In total, 49 mL of gum arabic solution was gradually
mixed with 1 mL of Cinnamomum burmannii essential oil while being constantly stirred. The
mixture was then homogenized using a high-pressure homogenizer (HPH-L2, Nantong,
China) at 50 MPa for five cycles to form a stable nanoemulsion. Subsequently, 50 mL
of zein solution was gradually added to the nanoemulsion containing different essential
oil concentrations, yielding zein-gum arabic nanoemulsions loaded with 1%, 2%, and 3%
Cinnamomum burmannii essential oil, respectively.

2.3.2. Preparation of Preservative Films

With a few minor adjustments, the preservative film preparation process was based
on the methodology described by [28]. Firstly, 2% (w/w) sodium alginate solution
(100 mL) was made by dissolving sodium alginate in deionized water after it had been
weighed. For 45 min at room temperature, the mixture was magnetically agitated at
500 rpm until it completely dissolved and became a homogenous mixture. Gelatin was
dissolved separately in deionized water to create a 10% (w/w) gelatin solution (100 mL),
which was then continuously stirred in a water bath at 60 °C until it completely dissolved.
After that, 4 mL of glycerol was added as a plasticizer to the mixture of sodium algi-
nate and gelatin solutions at a mass ratio of 6:4 (sodium alginate—gelatin). At 40 °C and
600 rpm, the mixture was agitated until it was evenly combined. Then, at a volume ratio
of 1:1 (nanoemulsion to matrix solution), Cinnamomum burmannii essential oil nanoemul-
sions at different concentrations (1%, 2%, or 3%), were added to the film-forming solution
and well mixed to guarantee homogeneity. All films were dried under controlled con-
ditions at 60 °C and relative humidity of 50 & 5%. Maintaining consistent temperature
and humidity during drying is critical for ensuring uniform film formation, preventing
defects such as cracking or uneven thickness, and achieving reproducible mechanical and
optical properties.

2.4. Scanning Electron Microscopy Observation of Preservative Films

Using the methodology outlined by [29], scanning electron microscopy (SEM,
model: Hitachi SU5000, Tokyo, Japan) was used for sample observation and analysis
in order to examine the surface morphology and microstructure of the Cinnamomum bur-
mannii essential oil composite preservative film. Double-sided conductive copper tape was
used to mount the prepared film samples onto a gold-plated sample table after they were
sliced into tiny pieces (5 mm x 5 mm). The samples were sputter-coated with a nanoscale
gold coating to improve the conductivity and imaging clarity. Imaging was carried out
using a working distance of 10 mm and an accelerating voltage of 20 kV. Each film for-
mulation was analyzed in triplicate, with representative images selected for comparative
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analysis to elucidate the impact of varying essential oil concentrations on the microstructure
of the film.

The physicochemical properties of the nanoemulsions were characterized using dy-
namic light scattering (DLS, Zetasizer Nano Z590, Malvern Instruments, Malvern, UK) to
evaluate their stability and uniformity. Each formulation (1%, 2%, and 3% essential oil)
was measured in triplicate at 25 °C. The results indicated that the nanoemulsion loaded
with 3% essential oil exhibited the optimal performance, with an average particle size
of 178.5 £ 9.6 nm, a polydispersity index (PDI) of 0.20 & 0.04, and a zeta potential of
—34.8 & 2.5 mV. These parameters indicate a narrow particle size distribution (PDI < 0.3)
and strong electrostatic stability (absolute zeta potential > 30 mV), which are crucial for
preventing droplet aggregation during storage and ensuring uniform incorporation into
the film matrix. The 1% and 2% essential oil-loaded nanoemulsions showed similar trends,
with average particle sizes of 189.2 & 8.8 nm and 172.6 £ 8.3 nm, PDIs of 0.23 £ 0.05 and
0.19 & 0.03, and zeta potentials of —32.5 £ 2.1 mV and —35.7 £ 2.2 mV, respectively.

2.5. Fourier Transform Infrared Spectroscopy Observations of Preservative Films

Fourier transform infrared spectroscopy (FTIR, model: Nicolet Magna-IR560, Madison,
WI, USA) was performed according to the method described by [30]. The dried film samples
were cut into appropriate sizes, placed on KBr pellets, and heated under an infrared lamp
to soften and melt. Another KBr pellet was then placed on top, and the assembly was
pressed under controlled pressure to form a thin, homogenous film. Spectral data were

L and

acquired over a wavenumber range of 500-5000 cm ! with a resolution of 4 cm™~
32 scans per sample to increase the signal-to-noise ratio. Characteristic absorption peaks
corresponding to functional groups in the film matrix were analyzed to compare the effects

of varying essential oil concentrations on molecular interactions.

2.6. Measurement of the Light Transmittance of Preservative Films via a UV-Vis Spectrophotometer

The light transmittance of the preservative films was assessed Via a UV-Vis spec-
trophotometer (Model: UV-5100, Shanghai Yuanxi Instrument Co., Ltd., Shanghai, China)
to evaluate their visible light barrier properties. To ensure there were no wrinkles or air
bubbles, dry film samples were cut into rectangular strips of the proper size and adhered
smoothly to one side of a colorimetric cuvette in accordance with conventional protocols.
The reference was a cuvette that was blank-that is, devoid of film. A wavelength of 700 nm
was used to test each film sample’s absorbance [31] (A). The average absorbance value was
determined after each sample was examined in triplicate. The following formula was then
used to calculate the light transmittance (T):

T (%) = 10>~4 (1)
where T is the light transmittance (%) of the film and A is the absorbance at 700 nm.

2.7. Analysis of Volatile Odor Compounds via Electronic Nose

The PEN3 electronic nose (AIRSENSE GmbH, Schwerin, Germany) was used to assess
the fish samples’ volatile odor profiles in accordance with the technique outlined by [32].
Ten different metal oxide gas sensors are included with the PEN3 system; these sensors have
different sensitivities: W1C (aromatic compounds), W5S (nitrogen oxides), W3C (aromatic
compounds), W6S (sulfides/reducing gases), W5C (alkanes/aromatic compounds), W1S
(methane derivatives), WIW (sulfur-containing compounds), W2S (alcohols/ketones),
W2W (aromatic/organosulfur compounds), and W3S (alkanes/aliphatic compounds). The
fish samples (2 g) were put into 50 mL sealed headspace vials and let to equilibrate for
half an hour at room temperature in order to help the volatile chemicals come out. The
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e-nose’s dual-needle sampling probe was placed into each vial before the measurement.
The following operational parameters were used throughout the analysis: 400 mL/min of
carrier gas flow rate, 5 s wait time, 360 s purge time, and 1 min measurement time.

Sensor responses were recorded as the ratio of the sample resistance to the refer-
ence air resistance (G/Gp), providing a quantitative representation of odor characteristics.
The collected data were subjected to multivariate statistical analyses, including principal
component analysis (PCA) and hierarchical clustering, Via Origin 2022 software to as-
sess odor profile differences among treatment groups and evaluate the effectiveness of
preservation strategies.

2.8. Detection of Volatile Compounds in Samples by Gas Chromatography—Mass Spectrometry

Following the procedure reported by [30], the extracted essential oil was first dehy-
drated with anhydrous sodium sulfate (1:5, w/w) and left to stand for 2 h to remove residual
moisture. The sample was then filtered through a 0.22 pm organic-phase membrane to
obtain a clear oil. The volatile constituents of the purified essential oil were subsequently
analyzed by gas chromatography—mass spectrometry (GC-MS) using an Agilent 7890
system. Separation was achieved on a DB-1 capillary column (60 m x 0.25 mm x 0.25 um).
The oven temperature program was as follows: initial temperature of 40 °C (held for 1 min),
ramped at 5 °C/min to 150 °C, then at 10 °C/min to 200 °C. High-purity nitrogen (N,) was
used as the carrier gas at a constant flow rate of 1.0 mL/min. GC-MS analysis conditions
were applied as described in [33], which provides a validated method for essential oil
volatile profiling.

2.9. Physical Properties of the Preservative Film

Tensile testing was performed Via an HLD tensile tester (Aidebao Instrument
Co., Ltd., Yueqing, China). The preservative film samples were cut into rectangular strips
(15 mm x 40 mm), mounted onto the grips, and subjected to a constant-speed tensile force
until rupture. The maximum tensile force (Fy.x) and displacement at break were recorded.
Each group of preservative films was tested in triplicate, and the average values were
calculated. Following the formula from [34], the tensile strength (TS) and elongation at
break (EB) were calculated as follows:

TS (MPa) = Frg’” (2)

where F4y is the maximum tensile force at preservation film rupture, and S represents the
cross-sectional area of the preservative film.

Linax — LO

EB (%) = ="

x 100% 3)

Lyay is the length of the preservative film at rupture, and L represents the original
length of the preservative film. The thickness of the film samples was measured at six
randomly selected points Via a handheld micrometer (Mitutoyo Corp., Kanagawa, Japan;
measurement accuracy: 0.01 mm), and the average value was calculated.

2.10. Inhibitory Activity Experiments of Escherichia coli and Staphylococcus aureus

The inhibitory effects of Cinnamomum burmannii essential oil on Escherichia coli and
Staphylococcus aureus were evaluated Via a modified agar disk diffusion method [35]. Sterile
filter paper disks were impregnated with Cinnamomum burmannii essential oil or 4 pg/mL
ampicillin solution. In a Petri dish (60 mm x 60 mm), 10 mL of sterilized LB agar medium
was poured evenly and allowed to solidify. Subsequently, 100 pL of bacterial suspension
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was uniformly spread on the medium surface. The impregnated disks were then placed at
the center of the agar plate and incubated at 37 °C for 16 h. The diameter of the inhibition
zones was measured, and the inhibition rate (%) was calculated as follows:

Inhibition ratio (%) = % x 100 4)

where D; represents the inhibition zone diameter (mm) and D represents the diameter of
the bacterial inoculation area (mm).

2.11. Changes in the Physicochemical Quality and Color Attributes of Squaliobarbus curriculus
Filets Treated with Preservative Film and Microbiological Analysis

Untreated fish filets served as the negative control, whereas filets treated with
potassium sorbate solution were designated the positive control. Squaliobarbus cur-
riculus filets were preserved using films containing 1%, 2%, or 3% Cinnamomum bur-
mannii essential oil. The experiment was conducted under controlled conditions
(Temperature: 29.0 = 0.5 °C; relative humidity: 75%). The physical and chemical in-
dicators of the fish meat were measured every 24 h, with photographic documentation of
the experimental process and outcomes. Following the methods of [36], fish slices were
placed in polystyrene Petri dishes (90 mm diameter), and color changes were quantified Via
a colorimeter (ZE-6000, Tokyo, Japan) at designated storage intervals. The color parameters
brightness (L*), redness (a*), and yellowness (b*) were statistically analyzed to evaluate the
impact of different treatments on the visual quality of the fish meat.

The changes in total viable count (TVC) during storage were determined using the
pour plate method on Plate Count Agar (PCA), following the procedures described by [37]
with slight modifications. Briefly, 10 g of fish sample from each treatment group was
aseptically weighed and homogenized with 90 mL of sterile saline solution (0.85% NaCl) in
a stomacher bag for 2 min. Subsequent serial decimal dilutions were prepared. Then, 1 mL
of appropriate dilutions was poured onto Plate Count Agar (PCA, Hope Bio-Technology
Co., Ltd., Qingdao, China) and incubated at 37 °C for 48 h. After incubation, colonies
were counted and expressed as logarithm of colony-forming units per gram of sample
(logl0 CFU/g). The analysis was performed in triplicate for each sample at each
sampling point.

2.12. Statistical Analysis

All experiments, including the measurement of physical properties of preservative
films and the quantification of essential oil components by GC-MS, were performed in
at least 3 independent replicates. Data are expressed as mean + standard deviation (SD).
Statistical differences among films containing different concentrations of Cinnamomum
burmannii essential oil (EO) were analyzed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test for multiple comparisons. For GC-MS component
distributions, relative peak areas were compared across samples using the same ANOVA
and post hoc approach. A p-value < 0.05 was considered statistically significant. All
statistical analyses were performed using GraphPad Prism 9.5.1 (GraphPad Software, San
Diego, CA, USA). Figures and plots, including the lollipop plot for GC-MS data, were
generated using Origin 2023 (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Microscopic Morphology of the Preservative Films

As illustrated in Figure 1, the blank control sample exhibited a continuous, com-
pact, and irregular surface structure. Sodium alginate and gelatin matrices formed a
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homogeneous network through intermolecular hydrogen bonding. Observations revealed
that zein—gum arabic nanoparticles adopted a spherical morphology and were uniformly
embedded within the matrix without detectable phase separation. Upon essential oil incor-
poration, well-defined nanoencapsules with sharp boundaries were uniformly distributed
in the matrix. This suggests that the hydrophobic core of zein encapsulates essential oil
molecules, forming a typical core—shell configuration. The carboxyl groups in gum arabic
and the hydroxyl groups in sodium alginate synergistically stabilized the microcapsule
interfaces via hydrogen bonding and hydrophobic interactions, ensuring the structural
integrity of the preservative film. With increasing essential oil concentration, the preser-
vative film structure maintained a uniform dispersion, whereas the surface gradually
developed a dense, honeycomb-like microcavity architecture. In our study, although the
film thickness increased slightly (from 0.17 mm in the blank control to 0.23 mm in the film
containing 3% essential oil), the measured transmittance also increased (from 32.28% to
35.97%), this seemingly contradictory behavior can be explained by structural homoge-
nization induced by high-pressure homogenization of the essential oil-alginate-gelatin
emulsion system. Specifically, the incorporation of essential oil induced two key effects:
(1) swelling interactions between the oil and the polymer matrix (alginate, gelatin, zein, and
gum arabic) expanded intermolecular spacing, while zein—gum arabic nanoparticles carry-
ing the oil were uniformly dispersed, filling voids and slightly increasing film thickness;
(2) more importantly, the homogenization process transformed the emulsion into a uniform
nanocrystalline structure, minimizing local defects such as aggregates or uneven polymer
distribution. This structural regularity reduces light scattering, allowing more light to
pass through the film despite the increased thickness. The observed slight yellowish tint
reflects the natural color of the essential oil but does not substantially affect the overall
transmittance measurement.

Figure 1. Visual appearance of fish filets under different treatments at selected time points.
(a,e) Blank control; (b,f) preservative film containing 1% essential oil; (c,g) preservative film containing
2% essential oil; (d,h) preservative film containing 3% essential oil.

These pores originated from residual voids left after essential oil volatilization. It
is hypothesized that this honeycomb microstructure endows the film with exceptional
loading capacity and sustained-release properties, facilitating the controlled release of
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active components. This structural feature further supports prolonged bacteriostatic activity
and antioxidant efficacy, thereby enhancing preservation performance.

3.2. Chemical Structure Analysis of Preservative Films via Fourier Transform Infrared
Spectroscopy (FTIR)

Figure 2 presents the FTIR spectra of different preservative film samples used to
characterize their chemical structures, the spectra show similar trends across all samples,
although minor variations are observed at specific characteristic peaks. The absorption peak
at 3271 cm~! is attributed to the stretching vibration of hydroxyl groups (O-H) [38]. The
peak at 2924 cm ! corresponds to the asymmetric stretching vibration of CH, groups, which
are commonly present in organic compounds, including essential oil constituents, zein,
alginate, gelatin, glycerol, and gum arabic [39]. In the present study, this peak was notably
more intense in the essential oil-treated films compared to the blank control, suggesting
a stronger contribution from terpenes or long-chain alkanes with increasing essential oil

content. A distinct peak near 1635 cm ™!

was observed in all samples, including the blank
control. This band is mainly attributed to the stretching vibration of carbonyl groups (C=0)
from the carboxylate moieties of alginate, as reported in previous studies on alginate-based
films [40]. In the essential oil-loaded films, slight shifts and peak broadening were detected,
which may also reflect contributions from aldehydes or ketones of the o0il [41] and suggest

intermolecular interactions between the oil constituents and the polymeric matrix.
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of preservative films with different
formulations, highlighting their chemical structural features. (a) Film with 3% essential oil. (b) Film
with 2% essential oil. (c) Film with 1% essential oil. (d) Blank control film.

These spectral variations confirm the successful incorporation of cinnamon essential
oil into the polymer network. In contrast, the blank film exhibited a comparatively smooth
region around 2250 cm !, while the essential oil-containing films showed additional vibra-
tional signals related to the active compounds of the oil. Collectively, the observed peak
differences demonstrate the integration of essential oil components into the preservative
coatings, despite the overall similarity of the polymeric backbone structures.

3.3. Physical Properties of the Preservative Films

The thickness of the blank control film was 0.17 mm, as shown in Table 1. The
film thickness rose to 0.20 mm when 1% essential oil was added, to 0.22 mm when
2% essential oil was added, and to 0.23 mm when 3% essential oil was added. The
swelling effect between the essential oil and the film matrix, where essential oil molecules
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increase intermolecular spacing, is probably what caused this rise in thickness. The essen-
tial oil-loaded zein—gum arabic nanoparticles may be evenly distributed throughout the
matrix, filling in the gaps and adding to the film’s thickness. An HLD digital force gauge
was used to measure tensile strength (TS), a crucial parameter for assessing mechanical
performance. With a TS value of 6.66 MPa, the blank control film demonstrated good
flexibility but a restricted tensile capacity. The TS value increased to 9.73 MPa at 1% EO,
suggesting enhanced polymer chain interactions via hydrophobic or hydrogen bonding be-
tween essential oil molecules and the film matrix. However, at 2% EO, TS slightly declined
to 9.15 MPa, likely due to increased aggregation of zein-gum arabic nanoparticles at higher
concentrations, creating stress concentrations that compromise tensile integrity [42]. At
3% EO, TS rebounded to 9.50 MPa, possibly attributed to more complex interfacial inter-
actions (e.g., intensified hydrogen bonding) between nanoparticles, EO, and the matrix,
partially offsetting the aggregation effect.

Table 1. Physical properties of preservative films containing varying concentrations of Cinnamomum
burmannii essential oil (EO).

Film Thickness Mean Tensile Elongation at . . N
Sample (mm) Strength (MPa) Break (%) Light Transmittance (%)
Blank film 0.17 £ 0.01 6.66 £ 0.06 0.66 £ 0.01 32.28 £ 0.08
Film (1% EO) 0.20 £ 0.01 9.73 £0.03 1.43 +0.03 33.91 £0.11
Film (2% EO) 0.22 £0.01 9.15 4+ 0.03 1.53 +0.03 34.59 £ 0.09
Film (3% EO) 0.23 £0.01 9.50 £+ 0.05 1.37 £ 0.02 35.97 £ 0.07

The TS value rose in proportion to the rise in essential oil content. This implies that
essential oil molecules might engage in hydrophobic or hydrogen bonding interactions
with the film matrix, strengthening the bonds between polymer chains and boosting tensile
strength. Additionally, the films” elongation at break increased significantly, indicating
increased flexibility. This could be explained by the active ingredients in the essential oil,
like phenolics and terpenoids, which can interact with polar groups in the film matrix
through noncovalent means (like hydrogen bonds and hydrophobic forces) to strengthen
the network structure and increase the tensile strength and extensibility. Similar findings
were reported by [43], who reported that the addition of clove essential oil to chitosan
films enhanced both TS and elongation at break at optimal concentrations. Regarding
light transmittance, there were no significant fluctuations among the samples. The blank
control exhibited a light transmittance of 32.28%, whereas the films with 1%, 2%, and 3%
essential oils presented slightly higher values of 33.91%, 34.59%, and 35.97%, respectively.
This increase might be due to the formation of an essential oil-alginate—gelatin emulsion,
which, after homogenization, produced uniform nanocrystalline structures, increasing the
scattering and refraction of light through the film matrix.

3.4. The Electronic Nose Determines the Odor of a Sample
3.4.1. Odor Characteristics of Fish Flesh

As intelligent analytical instruments that simulate the human olfactory system, elec-
tronic noses can detect and identify volatile organic compounds (VOCs) released by fish
samples in real time through multiple gas sensors and perform quantitative and classi-
fication analyses of their odor characteristics. Figure 3 shows the principal component
analysis results of the electronic nose data of the fish samples in the different groups. PC1
and PC2 represent more than 70% of the total variance, and PC2 alone contributes 19.1%,
indicating that these two principal components effectively capture the major volatility
differences between samples. Further analysis revealed that PC1 was associated mainly
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with sulfur-containing compounds (such as hydrogen sulfide) and aldehydes (such as
hexanal), whereas PC2 was strongly influenced by alcohols (such as ethanol) and ketones
(such as acetone), which are common metabolic markers during the deterioration of fish
samples. Among them, microbial growth and metabolism are often accompanied by the
production of sulfur-containing compounds, whereas lipid oxidation often leads to the
accumulation of aldehydes and ketones [44]. In the negative quadrants of PC1 and PC2,
the cling film treatment group with additional essential oil displayed tight clustering,
suggesting a low volatility and stable volatile component composition. This could be as
a result of the fact that nanoencapsulation techniques improve the stability of essential
oils, delay their volatilization, and successfully prevent the release of volatile metamorphic
chemicals linked to oxidation reactions and microbial metabolism [45]. The untreated
group’s samples, on the other hand, were more widely distributed in the PC2 direction,
suggesting notable alterations in their volatile properties that might be connected to oxida-
tive rancidity and bacterial fermentation during storage [46,47]. The distinct separation in
the PCA plot is corroborated by the GC-MS identification of key spoilage volatiles. Sensors
with high loadings on PC1 (W1W, W5S) are likely responding to sulfur-containing com-
pounds and nitrogen oxides, which align with microbial metabolites. Conversely, sensors
on PC2 (W25, W5C) detected alcohols and aldehydes (e.g., Hexanal), consistent with lipid
oxidation products identified by GC-MS. This confirms that the E-nose effectively captured
the specific volatile fingerprint of spoilage. To better elucidate the chemical basis of odor
changes in fish filets during storage, the principal component analysis (PCA) of electronic
nose (E-nose) responses was correlated with GC-MS-identified volatile compounds. The
distinct separation observed in the PCA plot is supported by the GC-MS analysis of key
spoilage volatiles. Sensors with high loadings on PC1 (W1W, W5S) primarily responded
to sulfur-containing compounds and nitrogen oxides, which are typical microbial metabo-
lites. Conversely, sensors on PC2 (W2S, W5C) detected alcohols and aldehydes, such as
hexanal, consistent with lipid oxidation products. This correlation confirms that the E-nose
effectively captured the specific volatile fingerprint associated with spoilage, providing a
complementary validation to the chemical analysis.
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Figure 3. Volatile flavor profiles of fish filets at different storage periods as detected by an

electronic nose.

3.4.2. Detection of Essential Oil Compounds by Gas Chromatography-Mass Spectrometry

The composition of essential oil was analyzed Via GC-MS. A total of 55 volatile
compounds were separated and identified. The compounds were confirmed by match-
ing against the NIST mass spectral library coupled with retention index (RI) verifica-
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tion, and their relative contents were calculated Via the peak area normalization method
(Table 2). The analysis revealed that the major constituents of the Cinnamomum burmannii
essential oil included borneol (10.81%), 1-methyl-3-isopropylbenzene (6.40%), 4-methylene-
l-isopropylbicyclo [3.1.0] hexane (5.78%), and «-terpineol (5.29%). Notably, borneol and
a-terpineol are oxygenated monoterpenes that have been reported to exhibit strong bacterio-
static activity and food preservation potential [48]. The compositional breakdown revealed
that total terpene hydrocarbons (monoterpene and sesquiterpene hydrocarbons) accounted
for 34.23%, total oxygenated terpenes (Oxygenated mono, sesquiterpenes) accounted for
34.00%, and total nonterpenoid compounds (aldehydes, esters, etc.) constituted 31.77%.
Ref. [49] further corroborated that the abundant mono- and sesquiterpenes in Cinnamomum
burmannii essential oil serve as the primary bioactive foundation for its preservation efficacy.
Although the oil composition is significantly influenced by factors such as geographical
origin, harvest season, and extraction methods, its primary volatile constituents are domi-
nated by monoterpenes, sesquiterpenes, and their oxygenated derivatives, demonstrating
stable chemical characteristics and robust application potential in functional formulations.

Table 2. Gas chromatography-mass spectrometry results for the chemical composition of Cinnamio-
mum burmannii essential oil.

Chemical

A B o) C

No. Compounds Structure RI CAS RA (%)
1 2-Hexenal,(E)- CeH100 850 006728-26-3 0.14
2 3-Hexen-1-ol,(E)- CgH1,0 853 000928-97-2 0.60
3 Tricyclo [2.2.1.0(2,6)]heptane,1,7,7-trimethyl- CioHig 928 000508-32-7 0.02
4 Bicyclo [3.1.0]hex-2-ene,2-methyl-5-(1-methylethyl)- CioHig 941 002867-05-2 1.53
5 (1R)-2,6,6-Trimethylbicyclo [3.1.1]hept-2-ene Ci0Hig 1010 007785-70-8 5.10
6 Camphene CioHus 1079 000079-92-5 1.57
7 Bicyclo [3.1.0]hexane,4-methylene-1-(1-methylethyl)- CioHis 1109 003387-41-5 5.78
8 B-Pinene CioHis 1119 000127-91-3 2.96
9 B-Myrcene CyoHie 1148 000123-35-3 2.87
10 o-Phellandrene CioHig 1155 000099-83-2 497
11 3-Carene CyoHie 1156 013466-78-9 0.69
12 1,3-Cyclohexadiene,1-methyl-4-(1-methylethyl)- CioHie 1166 000099-86-5 0.56
13 p-Cymene CioHus 1241 000099-87-6 0.10
14 Benzene,1-methyl-3-(1-methylethyl)- CioHua 1244 000535-77-3 6.40
15 1,3,6-Octatriene,3,7-dimethyl-,(Z)- Ci0Hyg 1245 003338-55-4 0.40
16 v-Terpinene C10H16 1248 000099-85-4 0.58
17 Bicyclo [3.1.0]hexan-2-ol,2-methyl-5-(1-methylethyl)-,(1x,2,50)- C1oH150 1444 017699-16-0 0.09
18 Cyclohexene,3-methyl-6-(1-methylethylidene)- CioHie 1447 000586-63-0 0.07
19 Cyclohexene,1-methyl-4-(1-methylethylidene)- CioHie 1449 000586-62-9 0.84
20 Linalool C10H150 1498 000078-70-6 1.15
21 (E)-4,8-Dimethylnona-1,3,7-triene Ci1Hyg 1499 019945-61-0 0.06
22 Fenchol C1oH150 1548 001632-73-1 0.05
23 2-Cyclohexen-1-ol,1-methyl-4-(1-methylethyl)-,cis- CioH130 1593 029803-82-5 0.13
24 (+)-2-Bornanone C10H160 1598 000464-49-3 0.37
25 Borneol CyoH150 1653 000507-70-0 10.81
26 Isoborneol C10H180 1659 000124-76-5 2.68
27 Terpinen-4-ol Cy0H150 1663 000562-74-3 292
28 o-Terpineol CyoH150 1668 000098-55-5 5.29
29 2-Cyclohexen-1-ol,3-methyl-6-(1-methylethyl)- trans- C10H180 1675 016721-39-4 0.09
30 2,6-Octadienal,3,7-dimethyl-,(Z)- Cy1oH160 1676 000106-26-3 0.25
31 2,6-Octadienal,3,7-dimethyl-,(E)- C1oH1O 1718 000141-27-5 0.40
32 Cinnamaldehyde,(E)- CoHgO 1725 014371-10-9 0.25
33 Bornylacetate C1pHp00, 1733 000076-49-3 2.23
34 4-Terpinenylacetate C12Hy00, 1738 004821-04-9 0.08
35 2,6-Octadien-1-o0l,3,7-dimethyl-,propanoate,(Z)- C13H2,0, 1758 000105-91-9 0.12
36 a-Cubebene Cy5Hoy 1762 017699-14-8 0.04
37 Propanoicacid,2-methyl-,3,7-dimethyl-2,6-octadienylester,(Z)- C14H40, 1766 002345-24-6 0.29
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Table 2. Cont.
No. Compounds * Chemical RIB CAS RA (%) €
Structure

38 (Cl};ch%hZEz;?e,l—ethenyl—l—methyl—2,4—bls(1—methylethenyl)—,[lS— CysHag 1769 000515-13-9 0.05

39 Tridecanal C13Hp60 1782 010486-19-8 0.11

40 Caryophyllene Ci5Hpy 1788 000087-44-5 0.90

41 Aceticacid, cinnamylester C11H120, 1792 000103-54-8 0.23

42 Humulene Ci5Hoy 1804 006753-98-6 0.26

43 -Copaene Ci5Hpy 1815 018252-44-3 0.07

44 Bicyclogermacrene Cis5Hpy 1821 067650-90-2 0.51
Cyclohexanemethanol,4-ethenyl-a, «,4-trimethyl-3-(1-methylethenyl)- 00.

45 TR-(1ot3004B)]- C15Hp60 1866 000639-99-6 1.30

46 1,6,10-Dodecatrien-3-0l,3,7,11-trimethyl-,(E)- C15H60 1869 040716-66-3 0.37
1H-Cycloprop[e]azulen-7-ol, e

47 decahydro-1,1,7-trimethyl-4-methylene-,[1ar-(lacx,4ax,73,7a3,7bx)]- CisH240 1894 006750-60-3 1.74

48 Caryophylleneoxide C15Hp40 1937 001139-30-6 0.93

49 Guaiol C15Hp60 2065 000489-86-1 1.39

50 (1R,3E,7E,11R)-1,5,5,8-Tetramethyl-12-oxabicyclo [9.1.0]dodeca-3,7-diene  C;5H4O 2068 019888-34-7 0.36

51 Tetradecanal C14Hp50 2072 000124-25-4 0.31
Naphthalene,1,2,3,5,6,7,8,8a-octahydro-1,8a-dimethyl-7-(1- 7.

52 methylethenyl)- [1R~(1,7B,8a00)]- Ci5Hoy 2123 004630-07-3 0.04

53 Caryophylla-4(12),8(13)-dien-5x-ol Ci15Hp40 2285 019431-79-9 0.10
2-Naphthalenemethanol,1,2,3,4,4a,5,6,8a-octahydro-«, o, 4a,8-

54 tetramethyl- [2R-(20, 4act,8a)]- C15Hp60 2289 000473-16-5 0.78
5-Azulenemethanol,1,2,3,3a,4,5,6,7-octahydro-o,«,3,8-tetramethyl-,[3S-

0.60

(Ba,3aB,50)]-
Total identified compounds 100%

55 Total terpene hydrocarbons Ci5H260 2296 022451-73-6 34.23%
Total oxygenated terpenes 34.00%
Total non-terpenoid 31.77%

A Compounds listed in order of elution from the HP-5MS capillary column; B Retention indices relative to
C11-C21 n-alkanes on the HP-5MS capillary column; € Relative area percentage (peak area relative to the total
peak area, %).

Figure 4 shows the relative quantity and chemical makeup of the chemicals in the
essential oil of Cinnamomum burmannii, which are divided into 6 functional groups: terpene,
alcohols, aldehydes, esters, monoterpenes, and sesquiterpenes. Monoterpenes (Seen by
pink bubbles) predominate among these in terms of quantity and content, suggesting that
the essential oil is mostly made up of tiny, volatile molecules like myrcene, limonene, and
a-pinene. Interestingly, the most prevalent molecule is cinnamonaldehyde, which plays a
major role in the oil’s distinctive scent and biological activity (relative area percentage of
0.25%), plays a significant role in the essential oil, especially its antibacterial and antioxi-
dant qualities. Moderate concentrations of sesquiterpenes (in green color), which include
substances like humulene oxide and caryophyllene oxide, may additionally strengthen
the oil’s long-lasting pharmacological effects; the essential oil exhibits a rich and complex
profile with promising applications in natural preservation, antimicrobial formulations,
and fragrance products.

3.5. Inhibitory Activity of the Essential Oil Against Escherichia coli and Staphylococcus aureus

In this study, ampicillin was used as the positive control, while culture medium
without any additives served as the blank control group [50]. As shown in Figure 5, Cin-
namomum burmannii essential oil significantly inhibited two common foodborne pathogens.
The inhibition zone diameter against Escherichia coli was 19.56 mm, while its activity against
Staphylococcus aureus was more pronounced, with an inhibition zone of 22.92 mm, approach-
ing the positive control’s efficacy (23.82 mm). The inhibitory activity of Staphylococcus aureus
is higher than that of Escherichia coli, a trend that is highly consistent with the research
of [40]. Due to the complex lipopolysaccharide (LPS) structure of the outer membrane of
Gram-negative bacteria, they typically exhibit greater resistance to many plant extracts.
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Chemical composition of Cinnamomum burmannii essential oil
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Figure 4. Quantitative distribution of essential oil components identified by GC-MS, visualized as a
lollipop plot.
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Figure 5. Inhibitory activity of Cinnamomum burmannii essential oil against Escherichia coli and
Staphylococcus aureus. Left Y-axis: Inhibition zone diameter (mm); right Y-axis: Inhibition rate (%).
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According to recent research, terpenoids increase membrane permeability by altering
the LPS structure of Gram-negative bacteria’s outer membrane, which has bacteriostatic
effects [51]. Cinnamomum burmannii essential oil’s bioactive ingredients can also block
bacterial cell membrane efflux mechanisms, which stops bacteriostatic drugs from being
expelled and increases their permeability and bacteriostatic activity [52]. Additionally, this
is similar to the strong inhibitory activity of plant essential oils against various foodborne
bacteria reported by [53], further validating the potential of plant essential oils as effective
natural alternatives to combat food spoilage and pathogenic microorganisms. In conclu-
sion, the potent bacteriostatic properties of essential oil are probably due to synergistic
multitarget processes, exhibits a lesser potential for resistance induction when compared
to conventional antibiotics with single-mode effects, underscoring its potential for use in
bacteriostatic treatments and food preservation.

3.6. Preservation Efficacy of Essential Oil Preservative Films on Fish Filets and Their Color
Changes During Storage

As illustrated in Figure 6, the untreated fish samples (blank control group) exhibited
noticeable muscle relaxation, softening, and gradual disintegration of muscle fiber struc-
tures over time. This deterioration was attributed primarily to the synergistic effects of
microbial proliferation and endogenous enzymatic hydrolysis, which collectively acceler-
ated spoilage. In contrast, fish samples treated with preservative films containing varying
concentrations of essential oils maintained superior textural integrity, significantly im-
proved quality, and prolonged shelf-life (Figure 6F-H). A positive correlation was observed
between the essential oil concentration and preservation efficacy, with higher concentra-
tions contributing to enhanced storage stability. During storage, all the samples experienced
varying degrees of shrinkage, mild deformation, and progressive discoloration, with the
color shifting from bright red to dark red and eventually browning. Notably, by day 4, the
control group exhibited significant darkening, likely due to the oxidation of myoglobin
into metmyoglobin. In contrast, samples treated with essential oil-infused films retained
relatively stable coloration throughout the storage period, with the protective effect be-
coming more pronounced at higher oil concentrations. These results suggest that the
incorporation of essential oils effectively suppressed lipid oxidation and microbial activity,
thereby delaying overall quality deterioration and extending shelf-life.

The color parameters of the fish samples from the different treatment groups were
quantitatively analyzed Via a chromameter (Figure 6A-C). The changes in a* values (red-
ness) were closely linked to myoglobin oxidation. The bright red color of fresh fish is due
primarily to oxymyoglobin, which is formed through the binding of oxygen to myoglobin
during early postmortem stages [54]. The oxidation of myoglobin to metmyoglobin results
in brownish discoloration. Fresh samples presented high a* values, indicative of low oxi-
dation. Compared with the control samples, the essential oil-treated samples presented
a smaller decrease in a* values and better redness retention after 4 days, confirming the
ability of the film to inhibit myoglobin oxidation and preserve color stability.

With respect to b* values (yellowness), fresh fish initially presented low values [55].
However, the formation of yellowish compounds such as aldehydes and ketones during
lipid oxidation led to a gradual increase in b* values over time. Compared with the
control group, the essential oil-treated groups presented a significantly slower increase in
b* values, indicating effective suppression of oxidative yellowing. Moreover, the L* values
(lightness) decreased with prolonged storage, reflecting darkening [56]. However, films
with higher essential oil concentrations helped maintain higher L* values, particularly in
the 3% treatment group, which preserved the highest L* value after 3 days. In summary, the
essential oil-enriched preservative film effectively inhibited lipid oxidation and microbial
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growth, thereby stabilizing key color attributes (a* b*, and L*) and preserving the sensory
quality of the fish filets throughout storage.
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Figure 6. Changes in color parameters of fish filets during storage: (A) L* value (lightness),
(B) a* value (redness), and (C) b* value (yellowness) across different treatment groups. (D) Whole
specimen of Squaliobarbus curriculus. Preservation performance of fish filets treated with preserva-
tive films containing different concentrations of essential oils (F-H), blank control (E), and positive
control (I). a—e: Significant differences.

During storage, the changes in total bacterial colony counts of Squaliobarbus curriculus
filets showed that the initial colony levels were similar across all groups and met fresh prod-
uct standards. The blank control group exhibited rapid microbial proliferation, reaching the
spoilage threshold within a short period, indicating poor preservation efficacy. In contrast,
all groups treated with preservative film containing essential oils exhibited antibacterial
effects, with the inhibitory effect increasing with higher essential oil concentrations. As
is shown in the Table 3, the 3% treatment group demonstrated the strongest antibacterial
capacity, comparable to that of the chemical preservative group. This effect is attributed to
the antibacterial properties of the active components in Cinnamomum burmannii essential
oil and the stable sustained-release effect achieved through nano-encapsulation technology,
indicating its potential to replace traditional preservatives [57].

Table 3. Changes in total colony count (Logjg CFU/g) during storage of different Squaliobarbus
curriculus filets.

Storage Duration

BC 1% EO 2% EO 3% EO Positive Control
(Days)
0 352+0.08 356+£010 3444011 3574007 3.41+0.17
2 710+ 0.16 594+064 583+072 478+058 5.14+0.71
4 9.074+039 7794+090 6.70£0.73 6.754+044 6.23+0.78

BC: Blank Control; 1% EO, 2% EO, 3% EO means film with 1%, 2% and 3% essential oil.



Foods 2025, 14, 3139

16 of 19

References

4. Conclusions

In this study, we developed a novel preservative film by nanoencapsulating Cinnamo-
mum burmannii essential oil within zein-gum arabic nanoparticles and embedding them
into a sodium alginate-gelatin matrix. Compared with the blank control, the optimized
film exhibited a 32% increase in tensile strength (9.73 and 7.38 MPa), demonstrating en-
hanced mechanical integrity and structural stability. Biological assays confirmed that the
essential oil effectively inhibited the growth of Escherichia coli and Staphylococcus aureus,
highlighting its potential as a natural antimicrobial agent. Application of the film contain-
ing 3% essential oil to Squaliobarbus curriculus filets during refrigerated storage significantly
reduced myoglobin oxidation and lipid peroxidation while preserving sensory quality,
indicating superior protective performance. The high-pressure homogenization process
ensured uniform nanoparticle dispersion, which not only enhanced transparency and
mechanical properties but also promoted controlled release of active compounds. Over-
all, this work presents a functional, biodegradable, and biocompatible packaging system
that outperforms conventional films by combining mechanical robustness, antimicrobial
efficacy, and antioxidant capacity. The study provides a practical and sustainable strategy
for high-efficiency preservation of aquatic food products, demonstrating the potential of
nanoencapsulated essential oils as eco-friendly alternatives to synthetic preservatives.

The scalability of the preparation process, including high-pressure homogenization
and uniform film casting, requires further investigation to ensure feasibility for indus-
trial production. Additionally, while the preservation effects were demonstrated under
controlled laboratory conditions, the potential impact on fish flavor and quality under
real-world storage and distribution scenarios remains to be validated.

Looking forward, this approach can be extended by incorporating additional nat-
ural antimicrobial agents or bioactive compounds to achieve synergistic effects, further
enhancing preservation efficiency and expanding the applicability of composite films for
diverse food products. Such developments could offer novel solutions for sustainable and
high-performance food packaging in the future.
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