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Abstract

Background: This study developed a novel chitosan (CS)–mint extract (ME)–esterified corn starch (ECS) (CS–ME–ECS) active film
to preserve chilled mutton. Methods: Using solvent casting, composite films were fabricated with ECS as the continuous matrix, CS
as a structural copolymer, and ME as a bioactive agent. Results: Structural characterizations via scanning electron microscopy (SEM),
Fourier transform infrared (FTIR), and X-ray diffraction (XRD) confirmed excellent interfacial compatibility among these components,
thereby synergistically enhancing the overall physicochemical performance of the biocomposite. Notably, the active film exhibited
remarkable surface hydrophobicity with a water contact angle of 102.8°, thereby establishing an effective moisture barrier against mi-
crobial proliferation. During packaging trials for chilled mutton, the CS–ME–ECS film effectively mitigated oxidative and microbial
deterioration, maintaining significantly lower levels of Total Volatile Basic Nitrogen (TVB-N) and Thiobarbituric Acid Reactive Sub-
stances (TBARS) (p < 0.05) compared to traditional storage, thereby successfully prolonging the shelf life of the meat at 4 °C to 15
days. Additionally, the polymer network was highly susceptible to natural decomposition, with approximately 80% mass loss in soil
within 7 days. Conclusions: Ultimately, these robust structural, functional, and eco-friendly attributes highlight the strong potential of
the CS–ME–ECS film as a sustainable alternative active packaging material for meat preservation.
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1. Introduction

Although recognized as an indispensable source of
dietary protein, fresh meat is intrinsically highly perish-
able. The abundant moisture and nutrient-rich muscle ma-
trix create an ideal medium for rapid microbial prolifer-
ation and biochemical deterioration during post-slaughter
handling and storage [1,2]. To effectively delay these ad-
verse quality alterations and extend commercial shelf life,
various preservation interventions have been widely im-
plemented in the food industry. These strategies conven-
tionally rely on temperature control (e.g., refrigeration and
freezing), emerging non-thermal physical treatments (such
as ultra-high pressure and ionizing radiation), and the in-
corporation of exogenous chemical preservatives like citric
and ascorbic acids [3]. However, the aforementioned meth-
ods involved high costs, sophisticated equipment, and po-
tential risks [4]. In comparison, biodegradable films con-
taining bioactive substances, such as plant extracts or es-
sential oils, have garnered considerable attention for their
dual functionality in antimicrobial and antioxidant proper-
ties [5,6]. The application of these functional packaging
matrices has proven highly advantageous in delaying meat
spoilage, thereby prolonging commercial shelf life and sus-
taining overall product integrity [7].

Driven by the escalating demand for sustainable pack-
aging alternatives, starch has garnered tremendous atten-
tion owing to its universal availability, affordability, and
inherent biodegradability [8]. Nevertheless, the practical
implementation of native starch films is substantially im-
peded by their inferior mechanical profile and limited func-
tional versatility [9]. To circumvent these inherent draw-
backs and broaden the application potential of starch-based
matrices, current interventions conventionally rely on ei-
ther the physicochemical tailoring of the polymeric back-
bone or the formulation of biocomposites with complemen-
tary additives [10]. To maximize the synergistic benefits
of these approaches, this study concurrently deployed both
modification strategies, aiming to engineer a robust starch-
based film with significantly upgraded mechanical strength
and diverse functional attributes. Chitosan was considered
a highly promising biopolymer due to its biodegradabil-
ity, environmental friendliness, and excellent film-forming
characteristics [11].

Consequently, chitosan was co-blended as a funda-
mental structural skeleton to formulate the starch-based
composite matrices [10]. To further functionalize these
biopolymers for active packaging, the integration of exoge-
nous bioactive substances has proven highly advantageous
in delaying food spoilage. Specifically, mint extract (ME)
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emerges as a robust candidate for this purpose. Its natu-
rally enriched phenolic profile confers exceptional antioxi-
dant capabilities, rendering it highly effective in mitigating
oxidative deterioration [12,13].

In this study, chitosan (CS)–mint extract (ME)–
esterified corn starch (ECS) (CS–ME–ECS) composite film
was prepared using the cast film-forming method. To elu-
cidate the microstructural configurations and intermolec-
ular compatibilities, the prepared CS–ME–ECS compos-
ite was systematically characterized via scanning elec-
tron microscopy (SEM), Fourier transform infrared (FTIR),
X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS). Concurrently, the fundamental physico-
chemical properties including mechanical durability, mois-
ture affinity, and swelling behavior were comprehensively
evaluated. Ultimately, the antimicrobial efficacy and fresh-
ness preservation capacity of this functionalized biopoly-
mer were monitored during practical meat storage applica-
tions. These systematic investigations aimed to provide a
reliable theoretical basis and verify the immense potential
of this biodegradable chitosan-based system as a sustain-
able alternative for green food packaging.

2. Experimental Section
2.1 Materials

Fresh mutton (Ovis aries) and raw mint (Mentha hap-
localyx Briq.) leaves were locally sourced from a com-
mercial meat facility (Yijia Agricultural Products Lim-
ited, Huzhou, China) and a regional agricultural market
in Hangzhou, China, respectively. Chitosan (CS, ≥95%,
analytical purity (AR)) and acetic acid solution (≥99.5%,
AR) were provided by Macklin Biochemical Co. (Shang-
hai, China). Corn starch was procured from Jindichao
Food Co., Ltd. (Guangdong, China). Zeye Biotechnol-
ogy Co., Ltd. (Shanghai, China) served as the provider
for D-sorbitol (98%, AR). Succinic anhydride (SA, 97%,
AR) was obtained via Honghu United Chemical Products
Co., Ltd. (Beijing, China). Routine biological consumables
were acquired from a local scientific vendor. Unless other-
wise specified, all other chemicals utilized herein met AR
standards and were applied strictly as received.

2.2 Preparation of Esterified Corn Starch
ECS was synthesized according to the study of Qiu et

al. [14], with some modification. An aqueous suspension
was first formulated by vigorously dispersing 40 g of corn
starch into 60mL of distilled water. Upon adjusting the sys-
tem to a stable pH of 8.5 using a 3% (w/v) NaOH solution,
the mixture was continuously agitated at ambient temper-
ature for 30 min. 4% (w/v) SA was incorporated into the
suspension, during which the system’s alkalinity was main-
tained via the dropwise addition of NaOH. After a 3-h es-
terification process, the reaction was quenched by reducing
the pH to 6.5 using 1% (w/v) HCl. The resulting precipi-
tates were recovered through filtration, washed thrice with

distilled water, vacuum-dried at 37 °C for 24 h, and me-
chanically pulverized through a sieve (100 mesh).

2.3 Preparation of Mint Extract
Briefly, 100 g of leaves underwent an initial aqueous

extraction by refluxing in 1000 mL of distilled water for 1
h, followed by cooling and straining through cheesecloth.
The retained biomass was subjected to a secondary 1.5-h
reflux. The pooled liquid fractions were then centrifuged
for 15 min. Ultimately, the collected supernatant was con-
centrated utilizing a rotary evaporator, and the recovered
extracts were completely dehydrated into fine powders by
freeze-drying, which were preserved at 4 °C for subsequent
applications.

2.4 Fabrication of CS-ME-ECS Films
The composite packaging films were fabricated via a

modified solvent casting method [10]. Initially, a 2% (w/v)
CS solution was formulated by dispersing the powder in
acetic acid solution (1%, v/v) under continuous magnetic
agitation at 75 °C for 8 h. Upon cooling to ambient temper-
ature, predetermined mass gradients of ECS (1.0% to 3.0%
(w/v)) were blended into the biopolymer matrix. This pro-
cedure was immediately followed by the dropwise addition
ofmint extract (ME) at varying concentrations ranging from
0.4% to 1.2% (w/v). Subsequently, 1.8 g of D-sorbitol was
incorporated to plasticize the network, and the ternary mix-
ture was agitated for an additional 30 min to ensure com-
plete homogenization. To cast the films, 15 mL aliquots of
the respective homogeneous suspensions were poured onto
glass Petri dishes (9 cm × 9 cm) and dried in a ventilated
oven at 37 °C for 12 h (Scheme 1). The dried composite
specimens with varying formulation ratios were stored in
desiccators for subsequent property evaluations to screen
for the most suitable matrix for mutton preservation.

2.5 Characterization of Active Films
Spectral data of the films were gathered using a Nico-

let iS50 Fourier Transform Infrared spectrometer (FTIR,
Thermo Fisher, USA). The surface elemental composi-
tions and internal crystalline architectures were systemat-
ically evaluated utilizing X-ray photoelectron spectroscopy
(XPS, Thermo Fisher, USA) and a D2 PHASER X-ray
diffractometer (XRD, Bruker, Germany), respectively. Mi-
crostructural morphology was visualized with an EVO-
LS10 scanning electron microscope (SEM, Carl Zeiss AG,
Germany) operating at an accelerating voltage of 5 kV.
Prior to this observation, the specimens underwent cryo-
genic fracture in liquid nitrogen followed by gold sputter-
coating. The captured micrographs were subsequently pro-
cessed via ImageJ software (version 1.54g, National Insti-
tutes of Health, Bethesda, MD, USA) to quantify the struc-
tural porosity. DSA100S drop shape analyzer (Biolin Sci-
ence and Technology Co., Ltd., Gothenburg, Sweden) mon-
itored the hydrophilicity. Thermal degradation behavior
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Scheme 1. Preparation process of CS-ME-ECS composite film. CS, chitosan; ME, mint extract; ECS, esterified corn starch.

and phase transitions were simultaneously tracked using a
HITACHI thermogravimetric/differential thermal analyzer
(TGA, TG/DTA7200, Japan) with calibrated DSC heat flow
output.

2.6 Determination of Mechanical and Physicochemical
Properties

The film thickness was calculated as the mean of
five random spatial measurements using a digital microm-
eter (Mitutoyo Absolute Tester, Tokyo Sangyo Co., Ltd.,
Japan). For mechanical evaluations, the samples were pre-
cisely tailored into uniform rectangular strips (10 mm × 40
mm). The tensile strength (TS) and elongation at break
(EAB) were assessed at ambient temperature utilizing a
TMS-Pilot texture analyzer (FTC, Leesburg, VA, USA).
The initial grip spacing was rigidly fixed at 10 mm with
a constant crosshead extension rate of 20 mm/min.

The opacity of the films was determined following
the protocol established by Simsek et al. [15]. The speci-
mens were precisely tailored into uniform rectangular strips
(4.5 cm × 1.2 cm) and mounted securely against the inter-
nal wall of a quartz cuvette. A UV-vis spectrophotome-
ter (Genesys50, Thermo Fisher Scientific, Waltham, MA,
USA) subsequently recorded the sample absorbance at a
fixed wavelength of 600 nm. The acquired optical read-
ings were then substituted into Eqn. 1 to calculate the final
opacity value:

Opacity =
absorbance 600 nm

sample thickness(mm) (1)

2.7 Determination of Moisture Content (MC) and Swelling
Rate (SR)

The MC was quantified gravimetrically by dehydrat-
ing the film in a hot-air oven at 105 °C until a consistent
dry mass was reached. The percentage of MC was calcu-
lated according to Eqn. 2 [16] :

% MC =

(
m−M
m

)
× 100 (2)

where m and M represent the pre-drying initial weight and
the post-drying constant mass, respectively.

SR was determined by adapting the procedure of Wei
et al. [10]. The film specimens were completely submerged
in distilled water and allowed to swell at a controlled tem-
perature of 25 °C for 24 h. Subsequently, the hydrated sam-
ples were retrieved. Free water adhering to the exterior was
gently blotted dry using filter paper prior to weighing. The
SR was determined by applying Eqn. 3:

% SR =

(
W1 −W0

W0

)
× 100 (3)

whereW0 andW1 represent the initial dehydrated mass and
the final hydrated mass, respectively.

2.8 Soil Burial Degradation (SBT) of the Film

To evaluate the natural biodegradability of the com-
posite matrix, a simulated SBT was performed [17,18].
Uniform square specimens (30 mm × 30 mm) were pre-
cisely pre-weighed and embedded at a depth of 5 cm within
plastic containers holding natural garden soil. Adequate
hydration for microbial degradation was ensured by spray-
ing 5 mL of tap water daily. Throughout the testing pe-
riod, the surrounding environment was rigidly maintained
at room temperature with constant humidity. The degraded
film fragments were excavated at assigned incubation inter-
vals of 1, 3, 5, and 7 days. Residual soil particles adhering
to the matrix were gently detached using a soft brush. The
samples were desiccated in an oven at 40 °C for 20 min to
achieve a constant weight. The soil degradation rate was
then computed based on Eqn. 4:

% Soil degradation =

(
IW− DeW

IW

)
× 100 (4)

where IW and DeW denote the original mass of the intact
specimen and its residual weight recorded post-burial, re-
spectively.
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2.9 The Application of Film in the Preservation of Mutton
In a sterile environment, after the skin, visible fat, and

connective tissues were carefully removed, the fresh lean
mutton (Ovis aries) was cut into uniform blocks with an av-
erage weight of approximately 50 g. The samples were then
divided into two groups. GroupNA served as the blank con-
trol without any packaging treatment. For the experimental
group (Group CS-ME-ECS), each mutton block was indi-
vidually and entirely wrapped with a piece of the selected
optimal active film (dimensions: 9 cm × 9 cm) covering its
surface. Subsequently, all samples from both groups were
placed into separate 100 mL sterile beakers, sealed within
sterile polyethylene bags, and stored in a refrigerator at 4
°C. The evaluation of the meat quality parameters was con-
ducted at 1, 3, 5, 7, 9, 11, 13, and 15 days. Under aseptic
conditions, samples were analyzed for chemical and micro-
biological properties.

2.9.1 pH and Total Viable Count (TVC)
For pH measurements, 5 g aliquots of minced meat

were vigorously blended with 50 mL of distilled water at
ambient temperature for 30 min. The stabilized acidity of
the resulting homogenates was directly captured using a
digital pH meter (PHS-3E, Leici, China). The TVC of the
mutton samples was quantified through the standard plate
count method based on the GB 4789.2-2022 standards and
procedures established by Qi et al. [19]. Primary bacterial
suspensions were formulated by transferring 25 g of the tis-
sue into sterile sealed bags containing 225mL of physiolog-
ical saline for mechanical homogenization. Sequential ten-
fold dilutions derived from this mixture were subsequently
inoculated onto plate count agar. Following a 48 h incuba-
tion phase at 37 °C, the visible colonies were enumerated
to calculate the TVC expressed as log CFU/g.

2.9.2 Total Volatile Basic Nitrogen (TVB-N)
In accordance with the Chinese Standard (GB

5009.228-2016), TVB-N was quantified via a steam distil-
lation protocol [20]. The distillation was executed employ-
ing an automated Kjeldahl analyzer (Kjeltec 8400, FOSS,
Denmark). The final results, expressed as mg/100 g of fresh
meat, were computed based on the exact titration volume of
0.1 mol/L HCl.

2.9.3 Thiobarbituric Acid Reactive Substances (TBARS)
The accumulation of TBARS within the mutton sam-

ples was monitored using a UV-vis spectrophotometer. The
analytical results are presented as mgMDA/kgmutton. De-
tailed procedures for the TBARS extraction, colorimetric
reaction, and calculation formula are appended in Supple-
mentary Material (S1).

2.9.4 Statistical Analysis
All experimental assays were performed three times,

and the results were expressed as the mean ±SD. Statistical

evaluations were conducted via analysis of variance cou-
pled with Duncan’s multiple range test utilizing SPSS 29.0
(IBM Corp., Armonk, NY, USA), significance was set as p
< 0.05. Graphs were plotted employing Origin 2025b soft-
ware (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1 Assessment of Physical, Optical, and Mechanical
Properties

The effects of varying ME and ECS contents on their
physical properties (including thickness, moisture content,
and swelling ratio), optical property (opacity), and mechan-
ical properties (tensile strength and elongation at break)
were systematically investigated (Supplementary Fig. 1)

According to the holistic assessment of these physic-
ochemical properties, the composite film containing 0.8 g
of ME and 2.0 g of ECS exhibited the optimal overall per-
formance. Therefore, this specific optimal formulation was
selected as the representative film to track the deterioration
dynamics of chilled mutton across the designated storage
timeframe. Further detailed data and analyses regarding
these parameters are provided in the Supplementary Ma-
terial.

3.2 FTIR Analysis
To elucidate the structural alterations and intermolecu-

lar compatibilities among the film constituents, FTIR spec-
troscopy was conducted (Fig. 1A). In the spectrum of pure
ECS, a distinct absorption signal emerged at 1715 cm–1,
which was assigned to the C=O stretching vibrations, veri-
fying the successful grafting of ester carbonyl groups onto
the starch backbone [10]. For the ME spectrum, promi-
nent bands at 2940 cm–1 and 1652 cm–1 were ascribed to
the aliphatic C–H and carbonyl (C=O) stretching vibra-
tions, respectively, alongside a broad O–H stretching band
near 3380 cm–1 reflecting the abundance of menthol [12].
The CS spectrum presented a characteristic broad region
spanning 3500–3000 cm–1, resulting from the overlapping
stretching vibrations of –OH and –NHgroups [21]. TheCS-
ME-ECS composite film retained the fundamental skele-
tal peaks of its precursors. Nevertheless, discernible spec-
tral displacements and intensity variations were detected,
specifically the broadening and shifting of the overlapping
–OH/–NH domain (3500–3000 cm–1), the diminished res-
olution of the Amide II band (1590 cm–1), and the intensi-
fied C–O stretching signals (1240–1000 cm–1). Such band
displacements typically occur when new non-covalent in-
teractions are established [10]. These alterations demon-
strated the development of robust intermolecular hydrogen
bonds between the amino/hydroxyl groups of the CSmatrix
and the active carbonyl/hydroxyl sites of ECS and ME, fa-
cilitating the excellent structural integration of the ternary
system.
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Fig. 1. Structural and chemical composition analysis of the films. (A) FTIR spectra of ECS, ME, CS, and the CS-ME-ECS composite
film; (B) XRD pattern of the CS-ME-ECS film; (C) XPS full spectrum of the CS-ME-ECS composite film; High-resolution XPS spectra
of (D) C 1s, (E) N 1s, and (F) O 1s for the composite film. FTIR, Fourier transform infrared spectroscopy; XRD, X-ray diffraction; XPS,
X-ray photoelectron spectroscopy.

3.3 XRD Analysis

As shown in Fig. 1B, broad diffraction peaks around
2θ = 18.5–23.2° were observed, which are characteristic of
the amorphous or semi-crystalline nature of the compos-
ite films. The presence of these broad, diffuse scattering
patterns instead of sharp crystalline peaks indicates that the

original ordered crystalline structures of starch and chitosan
were largely disrupted during the gelatinization and blend-
ing processes, resulting in a predominantly amorphous ma-
trix with a dense intermolecular network [22]. The absence
of sharp crystalline peaks and the presence of broad, dif-
fuse scattering patterns were primarily attributed to the for-
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mation of hydrogen bonds and other intermolecular interac-
tions among CS, ME, and ECS, leading to enhanced molec-
ular disorder and improved compatibility between the dif-
ferent phases [10,23].

3.4 XPS Analysis
The XPS full spectrum demonstrated the prominent

existence of carbon (C 1s), nitrogen (N 1s), and oxygen
(O 1s) within the polymeric matrix (Fig. 1C). Specifically,
the high-resolution C 1s spectrum (Fig. 1D) was deconvo-
luted into two distinct signals at 284.7 eV and 288.9 eV,
assigned to the C–C and C=O moieties, respectively [24].
For the N 1s region (Fig. 1E), the binding energies de-
tected at 399.7 eV and 402.3 eV corresponded well with the
–NH and C=N linkages. Furthermore, the O 1s fine spec-
trum (Fig. 1F) was fitted with two components at 531.4
eV and 533.2 eV, attributable to the C–O–C and –COOH
groups. Collectively, these spectral characteristics convinc-
ingly corroborated the successful incorporation of ester and
carboxyl functionalities within the composite architecture.

3.5 Thermal Stability Analysis
As depicted in Fig. 2A, the mass loss underwent a

typical three-step decomposition profile. The initial weight
reduction (Phase I, <245.51 °C) was principally driven by
the evaporation of free moisture and weakly attached water
within the matrix. Subsequently, a drastic thermal degra-
dation occurred between 245.51 and 344.74 °C (Phase II)
with a dominant mass loss of approximately 70%. This
sharp decline was fundamentally ascribed to the thorough
depolymerization and pyrolytic decomposition of the prin-
cipal polymeric backbones (CS and ECS), alongside the
volatilization of ME [25]. Ultimately, during Phase III
(>344.74 °C), the decomposition rate significantly deceler-
ated, corresponding to the progressive carbonization of the
remaining residues. Concurrently, the DSC curve (Fig. 2B)
exhibited a prominent endothermic peak at 105.71 °C, con-
firming the vaporization of trapped H2O and other volatile
molecules. Furthermore, a distinct exothermic transition
observed near 313.03 °C signified the severe structural dis-
integration of the composite framework.

3.6 SEM Analysis
Microstructural topography of the CS-ME-ECS pack-

aging was visually captured using SEM (Fig. 3). The mi-
crographs revealed a continuous and compact matrix con-
taining rounded granular domains (9.74 ± 2.96 μm), which
were attributed to ECS particles partially embedded within
the chitosan network. These granules exhibited rough and
irregular morphologies with occasional surface porosity,
consistent with previous reports [14]. It was speculated that
ME, owing to its abundant surface hydroxyl groups, could
form extensive hydrogen bonds with the amino groups of
CS, thereby enhancing the interfacial adhesion. This mor-
phological observation is fundamentally supported by the

interpolymer interactions and amorphous characteristics in-
ferred from the previous FTIR and XRD analyses. Specif-
ically, the robust non-covalent interactions (primarily hy-
drogen bonding) among the multiple components effec-
tively restrict the mobility of the polymer chains and dis-
rupt the ordered crystalline domains, which ultimately facil-
itates the formation of a highly compatible, predominantly
amorphous matrix with a dense and continuous network
[10,22,26].

3.7 Hydrophilicity Analysis
As shown in Fig. 4, the initial water contact angle

(WCA) value for the CS–ME–ECS composite was recorded
at 102.8°, which signifies a distinctly hydrophobic charac-
ter (>100°) [17]. This elevated contact angle demonstrated
that the simultaneous incorporation ofME and ECS reduced
the hydrophilicity of the polymeric matrix, corroborating
prior study on functionalized active films [27]. Further-
more, the time-dependent WCA was evaluated by continu-
ously tracking the droplets at 10 s and 20 s. The correspond-
ing results revealed that theWCA values underwent merely
negligible declines as time progressed, thereby maintaining
relatively excellent water resistance. This sustained surface
hydrophobicity would substantially enhance the practical
applicability of these composite films in moist packaging
environments.

3.8 Biodegradability of the Film
To evaluate environmental sustainability, the

biodegradation profile and the corresponding degradation
rate of the composite films were monitored via a 7-day soil
burial assay (Fig. 5). During this period, all specimens
experienced progressive weight reduction, culminating in a
remarkable maximum degradation of 80%, which verified
their excellent susceptibility to natural decomposition.
This pronounced structural disintegration is fundamen-
tally driven by the synergistic action of ubiquitous soil
microflora and environmental moisture, which effectively
catalyze the cleavage of polymeric backbone linkages
[26,28]. Consequently, such outstanding eco-friendly
degradability highlights the immense potential of these
materials as sustainable alternatives for active packaging.

3.9 Practical Application of Active Films in Mutton
Preservation
3.9.1 pH Analysis

The pH profiles of both the NA and CS-ME-ECS sam-
ples (Fig. 6A) presented a transient decline from day 1
to day 3, succeeded by a continuous upward trend. No-
tably, the CS-ME-ECS treatment maintained significantly
suppressed pH levels relative to the bare NA control at each
sampling point (p < 0.05), verifying that the active packag-
ing effectively retarded the pH escalation during storage.
The initial pH drop is fundamentally driven by lactic acid
accumulation generated via the anaerobic degradation of in-
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Fig. 2. Thermal stability analysis. (A) TGA and (B) DSC thermograms of the CS-ME-ECS composite films. TGA, Thermogravimetric
analysis; DSC, Differential scanning calorimetry.

Fig. 3. SEM image of the CS-ME-ECS film and the size distribution of the observed particulate regions. SEM, scanning electron
microscopy; Scale bar, 10 μm.

Fig. 4. The water contact angle of CS–ME–ECS films.

tramuscular glycogen stores [29]. Conversely, the subse-
quent pH increase is ascribed to the extensive degradation
ofmeat proteins during prolonged storage, which ultimately
produces abundant alkaline nitrogenous metabolites (e.g.,
TVB-N) [1].

3.9.2 TVB-N Analysis

In accordance with the Chinese National Standard
(GB 2707-2016), the acceptable threshold of TVB-N for
fresh meat is specified to be less than 15 mg/100 g. As
illustrated in Fig. 6B, an upward trend in TVB-N levels
was observed across all mutton samples during the chilled
storage period. However, the samples enveloped with the
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Fig. 5. Soil degradation within 7 d. Different letters for the same test parameter indicate significant differences among different groups
(p < 0.05).

CS-ME-ECS film exhibited a substantially suppressed ac-
cumulation rate compared to the uncoated NA control (p
< 0.05). Specifically, the TVB-N value of the NA group
surged sharply from 6.14 to 28.35 mg/100 g, exceeding the
acceptability limit on day 9. Conversely, the TVB-N con-
tent in the CS-ME-ECS group merely elevated from 4.89 to
11.76 mg/100 g over the 15 days of storage, successfully
keeping the mutton well below the established spoilage
limit. This significantly decelerated production of TVB-N
in the packaged samples can be fundamentally ascribed to
the robust antibacterial efficacy contributed by the mint ex-
tract and chitosanmatrix. These biologically active ingredi-
ents effectively repressed the proliferation of spoilage mi-
croorganisms, thereby mitigating microbial-mediated pro-
tein hydrolysis and the subsequent generation of volatile
alkaline metabolites [3,21,29,30]. Consequently, the ap-
plication of the CS-ME-ECS active packaging successfully
retarded protein degradation, prolonging the viable storage
duration of chilled mutton from 9 days to at least 15 days.

3.9.3 TBARS Analysis

As depicted in Fig. 6C, all samples experienced a pro-
gressive escalation in TBARS values throughout the 15-
day chilled storage. Nevertheless, the CS-ME-ECS com-
posite film remarkably suppressed this oxidative deteriora-
tion compared to the NA control (p < 0.05). By day 13,
TBARS accumulation in the unprotected control surged to
1.33 mg/kg. In contrast, the CS-ME-ECS wrapping ef-
fectively suppressed this oxidative marker to a mere 0.53
mg/kg. This inhibitory effect on lipid oxidation was pri-
marily attributed to the synergistic antioxidative action of
the bioactive components within the composite film, cou-
pled with its enhanced oxygen barrier capacity. Specif-
ically, the abundant phenolic compounds enriched in the
mint extract function as potent hydrogen donors, which ef-
fectively scavenge lipid free radicals and interrupt the auto-
oxidation chain reactions [23]. Beyond direct radical scav-
enging, these exogenous phytochemicals engage in exten-
sive intermolecular cross-linking with the host biopolymer
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Fig. 6. Quality changes of mutton samples during refrigerated storage. (A) pH; (B) TVB-N; (C) TBARS; and (D) TVC. The
significance level was set to p < 0.05. The lowercase and uppercase letters in the figure represent the significant differences within the
same treatment group across different storage times and between different treatment groups on the same storage day, respectively. NA,
No Addition; TVB-N, Total Volatile Basic Nitrogen; TBARS, Thiobarbituric Acid Reactive Substances; TVC, Total Viable Count.

skeleton, which significantly restricts oxygen permeation,
acting as a robust physical barrier [17].

3.9.4 TVC Analysis

Bacterial proliferation dynamics depicted in Fig. 6D
reveal that the CS-ME-ECS wrapping strongly suppressed
microbial growth compared to the unprotected NA sam-
ples across the entire testing timeframe (p < 0.05). Interna-
tional regulatory guidelines establish a strict upper thresh-
old of 7.00 log CFU/g for the total viable count (TVC) in
edible meat products [31]. The TVC of the NA control
breached this critical limit by day 7 and underwent rapid
subsequent multiplication. Conversely, the functionalized
CS-ME-ECS matrix successfully restricted bacterial popu-
lations to acceptable safety levels up to day 15. This trend
was consistent with the biochemical degradation patterns
evidenced by the TVB-N assay. Mechanistically, this su-
perior preservation performance is driven by a synergistic
dual-action mechanism. The tightly cross-linked chitosan
skeleton initially acts as a robust physical shield against ex-

ternal microbial invasion. Concurrently, the integrated ME
exerts potent biocidal effects to continuously inactivate en-
dogenous spoilage organisms [2,32].

3.10 Limitations
Although the developed CS-ME-ECS active packag-

ing exhibits promising properties, certain limitations within
this study should be objectively recognized. Primarily, the
current composite films were prepared via a laboratory-
level solvent casting technique. To meet the demands of
commercialization, future studies must transition from lab-
oratory preparation to pilot or full-scale manufacturing pro-
cesses, aiming to improve cost-effectiveness and opera-
tional efficiency. Secondly, the fresh-keeping performance
of the active films was solely verified using chilled mut-
ton stored at a specific refrigeration condition (4 °C) for a
limited 15-day period. Consequently, subsequent research
should incorporate a broader representation of meat prod-
ucts under fluctuating storage temperatures to comprehen-
sively confirm its practical packaging efficacy.
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4. Conclusion
In this study, a novel CS-ME-ECS biodegradable

composite film was successfully prepared via a standard
solvent casting protocol for mutton preservation. Integrat-
ing CS as a structural co-polymer and ME as a bioac-
tive agent into the continuous ECS matrix fundamentally
upgraded the overall structural profile. Such synergistic
blending strongly fortified themechanical durability and es-
sential physicochemical traits of the composite film. Con-
currently, these robust interfacial interactions conferred su-
perior thermal endurance and heightened hydrophobicity to
the final packaging material. Furthermore, SEM and FTIR
analyses demonstrated that the bioactive components ex-
hibited good compatibility and formed stable cross-linking
interactions with the film matrix. Notably, the soil burial
tests indicated that the composite film achieved approx-
imately 80% degradation after 7 days, demonstrating its
excellent biodegradability. In practical application, com-
pared with the control group, the chilled mutton wrapped
with the CS-ME-ECS film significantly delayed the quality
deterioration, extending its shelf life over a 15-day storage
period at 4 °C. Therefore, the developed active composite
film possessed excellent comprehensive properties, making
it a highly promising and sustainable packagingmaterial for
maintaining the quality and safety of fresh meat.
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