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In response to growing environmental concerns and the demand for sustainable, functional food

packaging, this study adopts a green nanotechnology approach by utilising phytochemically rich neem

leaves to produce fluorescent and bioactive carbon dots (NLCDs). The NLCDs, prepared via a one-pot

hydrothermal route, formed quasi-spherical nanostructures (∼8 nm) with abundant oxygen- and

nitrogen-containing surface functional groups. These confer a strong electron-donating capacity,

enabling the efficient scavenging of reactive oxygen species, while their quantum confinement and

surface defect states underpin an excitation-dependent blue fluorescence (450 nm) and UV-vis

absorption at 220 and 270 nm. When incorporated into a chitosan/polyvinyl alcohol (CP) matrix via

solvent casting, the small size and uniform dispersion of NLCDs promoted strong hydrogen bonding and

interfacial compatibility, as confirmed by FTIR, XRD, and SEM analyses. These reduced the polymer chain

mobility, increasing the tensile strength by 66% (43.7 MPa) and enhancing the UV-blocking performance

(93% attenuation at 280 nm). Antioxidant activity reached 82% (DPPH) and 77% (H2O2), attributable to the

synergistic effects of NLCDs and the CP matrix. The films demonstrated potent antibacterial activity, with

CPCD-3 inhibiting E. coli and S. aureus (15 mm and 12 mm zones) via membrane disruption and

oxidative stress modulation, respectively. Biodegradation reached 94% in 100 days, and release studies

showed sustained diffusion of NLCDs in food simulants. In prawn packaging trials, CPCD-3 preserved the

pH (6.8–7.0), reduced the TVBN (28 mg/100 g), and maintained the microbial load (5 log CFU g−1) for

over 15 days at 4 °C. These findings position NLCD-embedded CP films as next-generation,

multifunctional active packaging materials with a clear mechanistic basis for their performance.
Sustainability spotlight

The present study contributes signicantly to the development of sustainable and biodegradable food packaging materials by utilizing neem leaf biomass to
synthesize bioactive carbon dots (NLCDs) through a green hydrothermal process. These carbon dots were embedded into chitosan/PVA-based lms using
a solvent casting technique, signicantly enhancing their antioxidant, antimicrobial, UV-blocking, andmechanical properties. The resulting lms demonstrated
excellent shelf-life extension when used for prawn packaging, maintaining freshness and reducing spoilage for up to 15 days under refrigerated conditions. By
repurposing natural waste and eliminating synthetic additives, this work addresses both food preservation and environmental concerns, offering a promising
solution for eco-friendly and active food packaging systems.
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1 Introduction

Food packaging materials made of petroleum, synthetic, and
non-biodegradable polymers continue to pose complex issues.
These substances persist as environmental trash for a long
period of time. Micro- and nano-plastics are released into the
environment when they break down, endangering biodiversity.1

These plastics are so ubiquitous that they contaminate the soil,
water, and air, affecting habitats on land as well as in the ocean.
Food safety is a concern since plastic contaminants seep into
© 2025 The Author(s). Published by the Royal Society of Chemistry
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food and water sources.2 Furthermore, consumption of micro-
plastics may harm one's health, which is why studies on the
effects of microplastics on the human health are still being
conducted, although it is unclear to what extent;3 meanwhile,
food packaging has undergone a dramatic shi in the last few
years due to the increased need for environmentally friendly,
sustainable, and active packaging materials as awareness of
food safety and environmental issues has grown globally.4,5 One
cutting-edge strategy in this eld is the creation of functional
lms with enhanced qualities that can decrease food waste,
increase the shelf life of perishable goods, and improve the
overall health of consumers.6 To head towards a sustainable
packaging direction, various methods are employed for the
quality preservation of food, viz., coating,7 chemical process-
ing,8 blanching,9 exposure to ultraviolet irradiation,10 plasma
treatment,11 packaging in a modied atmosphere,12 intelligent
packaging systems,13,14 and active packaging lms.15,16 Active
food packaging not only sustains against microbes but also
extends the shelf life of the packed food. Active food packaging
protects food from harmful UV rays, which may otherwise cause
UV-mediated oxidation of food.17 Furthermore, it controls the
exchange of gases between the surrounding air and the packed
product, thereby controlling the amount of respiration and
prolonging the ripening and spoiling stages.17 Using an active
food packaging material with antimicrobial properties is crucial
because most foodborne illnesses result from microbial harm
during storage and may cause the loss of food essence.18,19

In recent times, scientists have developed active packaging
lms that crucially contribute to food preservation by utilizing
a variety of nanomaterials from diverse sources. Carbon dots
(CDs), a novel class of nanomaterials, have lately been used as
an abundant and affordable functional material in various
elds.20 These are spherical, zero-dimensional nanomaterials
made of carbon, usually smaller than 20 nm.21 Unlike other
carbon-based nanomaterials, these CDs exhibit distinct photo-
luminescent features because of their small size.22 They also
show additional advantageous characteristics like low toxicity,
biocompatibility, water solubility, and photoluminescence.23

Their tunable surface functional groups and size also result in
excellent adsorption interactions with biological surfaces.24 CDs
exhibit a sophisticated chemical composition comprising
a carbon-rich core and a distinct surface functional group.25 The
foundational structure of these CDs varies based on the
synthesis technique employed and the specic carbon source
utilized in their creation. On the other hand, the functional
groups are directly derived from the source. CDs typically
comprise carboxyl, amino, hydroxyl, and various other groups
that govern their surface properties.26 Apart from their relevance
in biological applications, recent studies have highlighted the
robust antioxidant potential27 and moderate antimicrobial28

attributes associated with CDs. According to the literature
survey and recent reports on the cytotoxicity of CDs, which are
synthesized from biogenic sources such as plant and animal-
based, they exhibit a remarkably low or negligible level of
cytotoxicity.29,30 Swarup Roy et al. conducted a study on the
cytotoxicity of enoki mushrooms, which showed negligible to
no toxicity even at high concentrations. Additionally, numerous
© 2025 The Author(s). Published by the Royal Society of Chemistry
investigations have demonstrated that CDs, whether or not
their surface is modied, exhibit extremely low toxicity. Further
studies conducted on CDs exhibited quantities ranging from
0.01 to 0.1 g L−1, resulting in a negligible loss (around 10–15%)
of healthy cells. Hence, CDs could be employed in applications
like food packaging and cell labelling.17 These food-grade CDs,
devoid of harmful and non-food-grade chemicals in their
synthesis, are considered highly bio-compatible and pose
minimal to zero toxicity concerns in the context of food pack-
aging applications. Their origin from natural and edible sources
enhances their safety prole, making them an environmentally
sustainable and health-conscious choice for use in food pack-
aging materials. These specic properties render them
appealing materials for the exploration of novel applications,
particularly in packaging.

For the development of active packaging lms, bio-based
polymers, such as polysaccharides, proteins, and polyacids,
surpass synthetic petroleum-derived polymers in terms of
safety, biodegradability, biocompatibility, environmental
friendliness, and sustainability.31 Hence, there is a growing
preference for their utilization. There is a burgeoning interest in
formulating binary composite lms by amalgamating poly-
saccharides and synthetic biodegradable polymers to create
functional packaging lms based on biopolymers.32 This
endeavour aims to harness the inherent strengths of each
constituent while mitigating their individual limitations. It is
anticipated that such a hybrid lm would leverage the benets
of each component while offsetting its drawbacks.

Chitosan (CS) exhibits tremendous potential for food pack-
aging and in various other elds because of its barrier proper-
ties and excellent lm-forming ability.33–36 However, its
maximum functioning is restricted by inherent limitations,
such as poor mechanical properties, solubility, primarily in
acidic conditions, and diminished antibacterial efficacy at pH
levels over 6.5.37,38 A strategic approach to overcoming these
drawbacks involves blending CS with diverse polymers, such as
gelatin,39 polylactic acid (PLA),40 and notably, polyvinyl alcohol
(PVA).41 Among synthetic polymers, PVA is particularly note-
worthy due to its high biodegradability, nontoxic nature, and
superior miscibility and lm-forming properties.42–44 Leveraging
the compatibility between PVA and CS, hydrogen bonding acts
to immobilize CS with the PVA matrix. This integration
augments the mechanical prowess of CS signicantly.45 The
addition of PVA in varying quantities signicantly improves the
overall performance of the composite lms. It fosters plastici-
zation, elevates elasticity, augments elongation, bolsters tensile
strength, and forties water and oxygen barrier properties.46,47

Because of the collaborative synergy between CS and PVA, the
limitations of CS are mitigated, and the resulting blend is
positioned as a exible and effective antibacterial agent in the
realm of food packaging materials.48 According to previous
research, a composite lm with superior physical properties was
obtained by mixing chitosan and PVA (3 : 1). Furthermore, the
amalgamation of a bioactive and eco-friendly ller, specically
CDs, serves to augment the functional attributes of the blended
lm. This optimum lm has the scope to be used as an active
packaging material. Notably, there is a discernible dearth of
Sustainable Food Technol., 2025, 3, 2088–2107 | 2089
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View Article Online
reports documenting the utilization of NLCDs in the fabrication
of CS/PVA-based functional composite lms for food packaging
applications.

Recent research has advanced the design of sustainable and
multifunctional food packaging systems, including greener
polymers,49 natural biomass-based lms with improved biode-
gradability and antimicrobial properties,50–52 and smart nano
systems with integrated sensing functions.53 These studies
collectively emphasize the urgent need for packaging that not
only extends shelf life but also minimizes environmental
impact. Building on this progress, the present work introduces
a green nanotechnology-based strategy that employs phyto-
chemically rich neem leaves to synthesize uorescent and
bioactive carbon dots (NLCDs), which are subsequently inte-
grated into a CPmatrix. This approach leverages the dual role of
NLCDs as mechanical reinforcers and active agents with anti-
oxidant, antibacterial, and UV-shielding properties, thereby
addressing the critical gap of simultaneously achieving struc-
tural enhancement, multifunctional bioactivity, and high
biodegradability in a single, sustainable packaging platform.
This work bridges fundamental research and scalable produc-
tion, aligning with the principles of the circular economy.

To the best of our knowledge, this study presents a novel
combination of NLCDs embedded in chitosan-based lms,
which have not been explored yet, specically tailored for
sustainable prawn packaging applications, addressing the dual
challenge of enhancing food preservation while promoting eco-
friendly packaging solutions. Thus, the main aim of this
research was to create multifunctional lms by adding NLCDs
to a CS/PVA composite matrix and evaluate the functional
qualities of the prepared lms. It was hypothesized that adding
NLCDs would greatly enhance the mechanical strength, barrier
properties, antibacterial activity and antioxidant properties of
CS/PVA lms. Furthermore, it is anticipated that the structural
Fig. 1 Flow chart of the work.

2090 | Sustainable Food Technol., 2025, 3, 2088–2107
integrity and release kinetics of the implanted NLCDs within
the matrix will display regulated and prolonged behaviour,
increasing the potential for use in the food packaging industry
(Fig. 1 and 2).

2 Materials and methods
2.1 Materials

A low molecular weight chitosan, 1526.464 g mol−1, with 5–20
mPa s, 0.5% in 0.5% acetic acid at 20 °C, was purchased from
TCI. Polyvinyl alcohol (PVA), with a molecular weight of 125
000 g mol−1, 98–99% hydrolysis, was purchased from Thomas
Baker Pvt. Ltd., Mumbai. Acetic acid, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), hydrogen peroxide (H2O2), anhydrous
CaCl2, ethanol, magnesium oxide (MgO), hydrochloric acid
(HCl) and all other chemicals were purchased from Merck Life
Science Pvt. Ltd., Mumbai. The neem leaves (Azadirachta indica)
were collected from the botanical garden area of Karnatak
University, Dharwad, Karnataka, India. The prawns were
purchased from the local market. All the polymer blends were
prepared using double-distilled water.

2.2 Preparation of carbon dots

Carbon dots (CDs) were synthesized using a one-step, easy
hydrothermal method using freshly harvested neem leaves.
Aer being dried out in the shade, the neem leaves were milled
into a ne powder. In a Teon-lined stainless-steel reactor with
a 100 mL capacity, 10 grams of this neem leaf powder were
mixed with 100 mL of distilled water. The mixture was then
heated for 4 hours at 150 °C. Aer heating, the resultant solid
was separated using centrifugation for 20 minutes at 10
000 rpm. The resulting supernatant was ltered using
a membrane lter, with a 25 mm diameter made of nylon
material and a 0.2 mm pore size, purchased from Merck. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction mechanism of the work.
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ltrate was then subjected to lyophilization to produce neem
leaves carbon dots (NLCDs) in powder form, which were kept in
a refrigerator until the additional testing.54 The quantum yield
(QY) of the NLCDs was determined using quinine sulfate in
0.1 M H2SO4 (QY = 0.54) as a standard, yielding a QY of
0.21(21%) for the synthesized NLCDs.

2.3 Fabrication of nanocomposite lms

The lms using a blend of chitosan (CS) and polyvinyl alcohol
(PVA) were developed through a solvent casting technique.
Initially, 1.5 grams of CS was dissolved in 100 mL of 2% acetic
acid and stirred for an hour, while 0.5 grams of PVA was di-
ssolved in 50 mL of double-distilled water, stirred at 70 °C for 30
minutes. The solutions were combined and mixed for 30
minutes in a 500 mL beaker. Later, 0.2 mL of glycerol was added
to the solution and stirred for 3 hours. NLCDs (1%, 3%, and 5%,
based on the weight of the polymeric solid content) were
incorporated and stirred for an additional hour. The blended
solutions were cast onto glass Petri dishes and air-dried for
seven days at room temperature. Aer drying, the lms were
gently removed from the glass Petri dishes and conditioned at
25 °C and 50% relative humidity for at least 72 hours. Control
lms, solely composed of CS/PVA without NLCDs, were
prepared for comparison. These lms were labelled as CP
(control lm), CPCD-1 (1% NLCDs), CPCD-2 (3% NLCDs), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
CPCD-3 (5% NLCDs), reecting variations in the NLCDs
content. The characterization of the resulting lms was con-
ducted using the following established procedures.

2.4 Characterizations of NLCDs and fabricated
nanocomposite lms

2.4.1 Characterization of NLCDs. UV-vis spectrophotom-
eter (JASCO V-670, Japan) and uorescence spectrophotometer
(F-7000, Japan) were used for the study of optical properties.
TEM-EDS (JEOL JEM 2100 Plus, Japan) was used to analyze the
morphology and elemental mapping, while ATR-FTIR (Thermo
Nicolet, USA) was used to examine the chemical structures. XRD
(Rigaku D/Max-IIA, Japan) was used to determine the interlayer
spacing and antioxidant activity was evaluated via the DPPH
and H2O2 scavenging assays.55–57

2.4.2 Nanocomposite lm characterizations. SEM (JSM-
IT500, Japan) was used for morphology; ATR-FTIR and UV-vis
spectrophotometry were used to analyze the structural and
optical properties, while XRD was used to assess the crystal-
linity.58 Mechanical properties, including tensile strength,
elongation, and elastic modulus, were evaluated using UTM
(DAK, India). Water vapour permeability (WVP) and water
contact angle (WCA) were measured using standard methods.

2.4.3 Functional studies. The release kinetics of NLCDs in
food simulants were monitored using UV-vis spectroscopy.54,59
Sustainable Food Technol., 2025, 3, 2088–2107 | 2091
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The antioxidant activity of the lms was tested via DPPH and
H2O2 assays. The antibacterial properties were assessed using
agar well diffusion against E. coli and S. aureus. Their biode-
gradability was evaluated via a soil burial test.

2.4.4 Prawn packaging assessment. Prawns were stored in
CP and CPCD-3 lms for 15 days at 4 °C. The tests included pH,
Total Volatile Basic Nitrogen (TVB-N) using a Micro Kjeldahl
equipment, Total Viable Count (TVC) by plate count agar, and
qualitative assessments of rmness and odour.

The detailed characterization procedures, including the
equations, are provided in the SI.
3 Results and discussion
3.1 Characterizations of NLCDs

The synthesized NLCDs solution is yellowish brown in hue, but
the quantum connement effect causes it to transform to dark
green when exposed to ultraviolet light60,61 (Fig. 3). The identi-
ed phenomenon aligns with ndings from prior research on
carbon dots synthesized using enoki mushrooms.17 UV-vis
absorption spectra were utilized to track the optical character-
istics of water-soluble NLCDs.

A distinct peak at approximately 220 nm and around 270 nm
indicated the n–p* and p–p* transitions of either C]O or C–
OH and C]C bonds,62 affirming the successful production of
carbon dots via the carbonization process of neem leaves
(Fig. 3(A)). The photoluminescence spectra of the NLCD solu-
tion exhibited a robust emission peak in the blue light
Fig. 3 (A) UV absorbance spectra, (B) photoluminescence spectra, (C) vis
derived carbon dots (NLCDs).

2092 | Sustainable Food Technol., 2025, 3, 2088–2107
spectrum, roughly at 450 nm. Notably, the emission light could
be tuned between 300 and 480 nm by varying the incident
excitation wavelength, as depicted in Fig. 3(B). As the excitation
energy increased within this range, a noticeable red shi
occurred in the emission peak, albeit with reduced intensity.
Surface defects are considered the probable cause behind this
coordinated emission, generating diverse energy states and
hence, tunable emissions.63 TEM analysis conrmed that the
NLCDs were uniformly dispersed, nearly spherical, and ∼8 nm
in size. This uniform distribution enhances surface interactions
with analytes, thereby improving uorescence sensitivity and
stability in food packaging applications.64 These ndings
closely resemble those of previously published research on
neem leaf-mediated carbon dots.65 The quantum yield (QY) of
the NLCDs was determined using quinine sulfate in 0.1 M
H2SO4 (QY = 0.54) as a standard, yielding a QY of 0.21(21%) for
the synthesized NLCDs.
3.2 Antioxidant properties of NLCDs

DPPH and H2O2 radical scavenging assays were used to evaluate
the antioxidant characteristics of NLCDs at different doses
(12.5, 25, 50, and 100 mg mL−1). The DPPH experiment
demonstrated the powerful antioxidant potential of NLCDs by
showing an increase in their free radical scavenging activity as
the concentration increased with the maximum activity recor-
ded at 100 mg mL−1, as depicted in Fig. 4. Similarly, the H2O2

scavenging assay demonstrated a signicant decrease in
ualisation under visible and UV light, and (D) TEM image of neem leaf-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorbance at 230 nm as NLCDs concentration increased,
demonstrating their efficacious capacity to scavenge H2O2

radicals. The concentration of 100 mg mL−1 was found to have
the maximum scavenging activity of 85%. The median inhibi-
tory concentration (IC50) was calculated to be 18 and 40 mgmL−1

for DPPH and H2O2 scavenging, respectively. This data is in
accordance with the DPPH scavenging power of carbon dots
derived from neem leaves, priorly synthesized by Gedda et al.,
with an IC50 of 13.87 mg mL−1.66

These results imply that NLCDs have strong antioxidant
properties, most likely because neem leaves have a number of
active phytocompounds, such as azadirachtin, alkaloids, nim-
bolinin, nimbin, quercetin, triterpenes and others, which are
known for their radical scavenging and antioxidant properties.67

The presence of –OH and –COOH groups on the surface of
NLCDs can be attributed to radical scavenging by donating
Fig. 4 Antioxidant activity of NLCDs at different concentrations.

Fig. 5 (A) FTIR spectra and (B) XRD diffractograms of NLCDs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen atoms, with stabilization occurring through bond
reconguration or electron delocalization within the aromatic
core.56 This demonstrates their potential use as organic anti-
oxidants in a variety of industries, such as biomedicine and
food preservation.
3.3 FTIR spectra of NLCDs

Insights into the chemical structure and functional groups of
NLCDs can be gained by interpreting the FTIR peaks, as shown
in Fig. 5(A). Among the notable peaks found, the peak at about
3400 cm−1 is associated with the stretching vibration of
hydroxyl (–OH) groups, suggesting that the NLCDs surface
contains alcoholic or phenolic functional groups. The stretch-
ing vibrations of the C–H bonds are responsible for another
notable peak at around 2900 cm−1, which implies the presence
of methyl groups or aliphatic hydrocarbons. C]C stretching
vibrations are indicated by peaks in the 1600–1700 cm−1 range,
which would suggest the presence of aromatic C–C double
bonds. Moreover, the peaks observed between 1400 and
1500 cm−1 can be associated with methyl or methylene group
C–H bending vibrations. Peaks found between 1700 and
1750 cm−1 can be used to infer the presence of carbonyl (C]O)
groups. Furthermore, the peaks in the 1000–1200 cm−1 range
could be associated with C–O stretching vibrations, indicating
the presence of carboxylic acids, ethers, or alcohols.68
3.4 XRD diffractograms of NLCD

For understanding further about the nanostructure of prepared
materials, XRD is benecial. The broad peak (002 planes) cen-
tred at 2q = 21.87 in the XRD pattern of NLCDs, as shown in
Fig. 5(B), corresponds to an interlayer spacing distance (dhkl) of
2.085 Å, which is less than the lattice spacing in graphite (3.34
Sustainable Food Technol., 2025, 3, 2088–2107 | 2093
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Å). This demonstrates the presence of highly disordered
graphitic-like carbon in the NLCDs nanostructure.68

3.5 Characterization of lms

3.5.1 Optical properties of lms. Blocking of light is crucial
for packaging materials, as light predominantly causes food to
decompose and oxidize by destroying the nutrients and physi-
ologically active compounds. This leads to browning, rancidity,
off-avour, and the development of harmful toxins. One of the
most important characteristics of food packaging lms is their
light transmittance, which denotes transparency and UV
protection. The lms were scanned at wavelengths between 200
and 700 nm. Light transmittance at 660 nm (T660) and 280 nm
(T280) was measured to assess the transparency and UV barrier
characteristics of the lms (Fig. 6).69

The transmittance values (%) of nanocomposite lms at
wavelengths of 280 nm (UV region) and 660 nm (visible light)
are displayed in Table 1. Additionally, it provides the UV-
blocking potential of fabricated lms in the UV-A and UV-B
regions. The transmittance at 660 nm is fairly stable across all
lms, with a range of 22.083% ± 0.51% to 21.964% ± 0.34%.
However, a noticeable drop in transmittance at 280 nm in the
UV region is noted as the concentration of NLCDs increases
from CPCD-1 to CPCD-3. For instance, CPCD-1 has
Fig. 6 (A) Stress–strain curves and (B) % transmittance graph under UV-

Table 1 Transmittance values (%) at 280 nm and 660 nm, and the UV b

Films % T660 % T280

CP 22.083 � 0.51a 24.174 � 0.2
CPCD-1 22.829 � 0.40a 14.022 � 0.4
CPCD-2 22.283 � 0.46a 13.58 � 0.3
CPCD-3 21.964 � 0.34a 7.467 � 0.1

a a–d denotes signicant differences (n = 3, p < 0.05).

2094 | Sustainable Food Technol., 2025, 3, 2088–2107
a transmittance of 14.022% ± 0.40% at 280 nm, whereas CPCD-
3 shows a much lower transmittance of 7.467% ± 0.17% at the
same wavelength, suggesting that higher NLCD concentrations
considerably attenuate UV light. Additionally, the UV blocking
capacity of the fabricated lms in the UV-B region dramatically
rose from 64.833%± 0.57% in CP to 99.634%± 0.43% in CPCD-
3, demonstrating a much-improved UV-B blocking capability of
lms with higher NLCD concentrations.70 A similar trend was
also observed for the UV-A region. The high UV absorbance
capacity of NLCDs in the lm is responsible for its efficiency in
blocking UV radiation. These results highlight the potential of
NLCD-integrated lms, especially CPCD-3, as efficient UV-
blocking materials in food packaging applications that
require vital protection against dangerous UV radiation, as UV
rays cause food to oxidize and decay.71

3.5.2 Mechanical properties of the nanocomposite lms.
The study systematically documented the mechanical proper-
ties of the active lms. The addition of NLCDs resulted in
a moderate increase in lm thickness due to increased solid
content. The pristine CS/PVA lm showed a tensile strength (TS)
of 26.34 ± 0.11 MPa, which is consistent with previous ndings
for lms based on CS/PVA. The strength of the lm is due to the
strong intermolecular interactions between PVA and the CS
matrix. The interaction between the positively charged amino
A, UV-B, and UV-C regions of CP and CPCD films.

locking capacity in the UV-A and UV-B regions of CPCD filmsa

% UV-A % UV-B

8b 61.127 � 0.57a 64.833 � 0.57a

0a 77.203 � 0.46b 91.553 � 0.46b

4a 95.895 � 0.43c 99.689 � 0.50c

7c 98.812 � 0.51d 99.634 � 0.43d

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Thickness, mechanical properties, and water vapour permeability of CPCD filmsa

Films Thickness (mm) TS (MPa) EB (%) EM (GPa) WVP × 10−3 (g m−1 h−1 Pa−1)

CP 0.07 � 0.002b 26.34 � 0.11b 20.476 � 0.17b 8.51 � 0.040b 1.54 � 0.017b

CPCD-1 0.08 � 0.003a 35.432 � 0.34c 33.696 � 0.28c 7.44 � 0.046c 1.94 � 0.028c

CPCD-2 0.09 � 0.004a 40.663 � 0.23d 35.357 � 0.23d 9.03 � 0.051d 2.5 � 0.040d

CPCD-3 0.1 � 0.002a 43.703 � 0.46a 46.448 � 0.51a 10.02 � 0.057a 3.08 � 0.051a

a a–d denote signicant differences (n = 3, p < 0.05).
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groups and the –OH groups of CS with the –OH groups of PVA
leads to physical interlocking and entanglement of the two
materials, resulting in an increase in cohesion at the interface.
This synergistic effect has an impact on the mechanical prop-
erties of the individual entities.72 The addition of NLCDs
signicantly increased the TS because of the electrostatic
interaction between the positively charged CS and the nega-
tively charged NLCDs in the polymer matrix of PVA and CS
(Table 2).

The incorporation of NLCDs into the CS/PVA matrix signi-
cantly impacted the elongation at break (EB) and elastic
modulus (EM) of the resultant lms. Specically, the EB of
CPCD-3 (46.448 ± 0.51) demonstrated a notable enhancement
compared to the pristine CS/PVA lm, while the EM showed
a consistent increase with the addition of NLCDs. According to
Swarup Roy et al., the TS, EB, and EM of composites containing
CDs are primarily inuenced by the characteristics of the CDs
employed, without following a specic trend.17 For instance, in
previous research by Xinyue Zhang et al., chlorogenic acid CD-
doped PVA lms exhibited the TS and EB values of 35.432 ±

0.34 MPa and 94.9%, respectively.73 Similarly, the mechanical
properties of CDs derived from enoki mushrooms in gelatin/
carrageenan matrices displayed a proportional increase in TS
and EB but a decrease in EM.17,73 Likewise, another research
nding indicates that the inclusion of a minimal proportion
(0.5 wt%) of tea-derived cyclodextrin CDs in CS-based lms
Fig. 7 (A) FTIR spectra and (B) X-ray diffractograms of CPCD films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
resulted in enhanced TS and a notable reduction in EB.74 In the
case of carboxymethyl cellulose (CMC) based lms, the addition
of CDs derived from citric acid led to a signicant improvement
in TS, approximately 55% compared to pristine CMC lms.75

Conversely, the incorporation of CDs synthesized from lactic
acid bacteria into cellulose-based lms reportedly decreased TS
and substantially increased EB; hence, the impact of CDs on the
mechanical properties of bio-based lms can vary depending on
the carbon source and the polymer type employed.

3.5.3 FTIR and XRD studies of nanocomposite lms. The
integration of NLCDs is indicated by signicant spectrum
variations in the ATR FTIR analysis of the CPCD series lms
(Fig. 7A). The spectrum of the CP reference lm, characterized
by the presence of solely CS and PVA, shows distinctive peaks of
CS, including the amide I and II bands at 1650 cm−1 and
1550 cm−1, respectively, and a broad O–H/N–H band spanning
around 3200–3400 cm−1.76 The CPCD-1, CPCD-2, and CPCD-3
lms show a signicant shi and intensity change in these
peaks upon the addition of NLCDs. In particular, as the NLCD
concentrations increase in CPCD-1, CPCD-2, and CPCD-3, the
C]O stretching vibration at 1720 cm−1 grows increasingly
stronger, indicating that the NLCDs and polymer matrix are
interacting. Furthermore, additional peaks corresponding to
the vibrational modes of the functional groups on the surface of
the NLCDs appear in the ngerprint area (1000–1500 cm−1).
These spectrum shis indicate a growing degree of interaction
Sustainable Food Technol., 2025, 3, 2088–2107 | 2095
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and integration with increased concentrations of NLCDs and
validate the effective integration of NLCDs into the CP matrix.

The XRD study of the lms in the CPCD series shows that the
addition of NLCDs generates signicant changes in the crys-
talline structure (Fig. 7B). The CP reference lm, which
primarily consists of CS and PVA, has distinctive broad
diffraction peaks at approximately 2q= 20°, signifying the semi-
crystalline composition of the CS/PVA blend. There is a notice-
able variation in XRD patterns in the lms comprising inte-
grated NLCDs. The principal diffraction peak at 2q = 20°
exhibits a progressive broadening and loss in intensity with
increasing NLCD concentration, indicating a possible break-
down in the polymer crystalline structure. Furthermore, the
creation of new crystalline phases or improved interaction
between the NLCDs and the polymer matrix is indicated by the
appearance of new peaks or shoulders at greater 2q angles in
CPCD-2 and CPCD-3. The effective integration of NLCDs into
the CP lms is conrmed by this disruption and restructuring
of the crystalline structure, which is more noticeable at higher
NLCD concentrations.77

3.5.4 Morphology of nanocomposite lms. Scanning elec-
tron microscopy (SEM) was utilized to analyze the surface
morphology of the fabricated lms, revealing signicant
insights into their structural features (Fig. 8A–D). The pristine
CP lm exhibited a predominantly smooth and uncracked
surface, with a few undissolved chitosan particles dispersed
across the matrix, yet the overall integrity of the lm remained
uncompromised. As the concentration of NLCDs increased in
CPCD-1, CPCD-2, and CPCD-3, the lms maintained structural
compatibility, with no visible phase separation, underscoring
the effective dispersion of NLCDs at lower concentrations.
However, CPCD-3 displayed a noticeable agglomeration of
NLCDs, attributed to the hydrophilic nature of the particles,
which tends to promote particle clustering at higher loadings.78
Fig. 8 (A–D) SEM images and (E–H) water contact angles of CP and C

2096 | Sustainable Food Technol., 2025, 3, 2088–2107
Despite the observed agglomeration, the CPCD-3 lm retained
a smooth and uncracked surface morphology, reecting its
robust structural integrity. This lm also exhibited superior
mechanical strength compared to its counterparts, indicating
that the reinforcing effects of NLCDs outweighed the potential
drawbacks of agglomeration.79 These ndings suggest that the
incorporation of NLCDs into the CP matrix enhances its func-
tional properties, with optimal performance observed at
moderate concentrations.

3.5.5 Water vapour permeability (WVP) and water contact
angle (WCA). The evaluation of water vapour permeability
(WVP) of the prepared lms is crucial to their use as food
packaging materials. Water vapour transmission through open
areas in the polymer matrix is measured by WVP. The WVP
values for nanocomposite lms are shown in Table 2. The neat
lm has a WVP of 1.545 × 10−3 (g m−1 h−1 Pa−1). The WVP of
the CS/PVA matrix somewhat increased as the NLCD concen-
trations increased, according to the results (Table 2). The
plausible explanation for this increase inWVP is that NLCDs are
hydrophilic in nature, whichmeans that when they are added to
the CS/PVA polymer blend, initially rich in –OH groups, they
increase the number of –OH groups. When compared to the
pristine CP lm, WVP was higher in NLCD-integrated lms due
to the facilitation of water molecule transport into the polymer
matrix. Similar associations between the WVP and free –OH
groups have also been observed in prior studies, such as that
conducted by Jouki et al., indicating a similar behaviour with
the addition of hydrophilic extracts.80–82 Moreover, the observed
spike in WVP might have been caused by interactions between
physisorbed water molecules and glycerol hydroxyl groups,
facilitated simply by the greater plasticizer concentration in the
NLCD-infused lms.83

Water contact angle (WCA) measurements were used to
evaluate the surface hydrophobicity of CS/PVA-based lms
PCD films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incorporating NLCDs. As the NLCD concentrations rise from 1
to 3 wt%, a decline in WCA is observed (Fig. 8E–H). More
specically, both prior to and following the loading of NLCDs,
the WCA dropped from roughly 67.2° to 64.6°. WCA was
marginally decreased by the addition of NLCDs, but there was
no discernible variation in the values of the composite lms on
the inclusion of NLCDs. The WCA is used to determine the
material roughness and surface functional groups. On the
surfaces of CPCD-3 lms, minor rough structures remained
despite the increase in surface compactness brought about by
the inclusion of NLCDs, suggesting the presence of free
hydroxyl groups. The higher hydroxyl group concentration in CP
lms integrated with NLCDs was identied as the cause of the
slight decrease in WCA, which indicates increased hydrophi-
licity. Furthermore, the increased hydrophilicity of NLCD-
integrated CP lms resulted from the hydrophilicity of the
synthesized CDs. The surface hydrophilicity of composite lms
is primarily determined by the kind of nanoller and polymer
matrix that are employed; studies have shown that the incor-
poration of hydrophilic additives lowers the WCA of packaging
lms made of biopolymers.59,84

3.5.6 Antioxidant activity of nanocomposite lms. The
antioxidant activity of CP lms infused with NLCDs was evalu-
ated using DPPH and H2O2 scavenging assays (Fig. 9A). The
results demonstrated a signicant improvement in scavenging
capacity with increasing NLCD concentrations. The DPPH
scavenging activities of CP, CPCD-1, CPCD-2 and CPCD-3 were
35%, 58%, 68%, and 82%, respectively. Similarly, the H2O2

scavenging activity increased from 29% for CP to 47%, 62%, and
77% for CPCD-1, CPCD-2, and CPCD-3, respectively. The
marked enhancement in antioxidant performance is attributed
to the profound antioxidant properties of NLCDs. Incorporating
NLCDs, rather than using the extract alone, signicantly
enhanced the antioxidant capabilities. This improvement is
evident when compared to the study by Hameed et al., where
a chitosan-based polymeric matrix with 6% neem extract
exhibited approximately 60% DPPH scavenging activity.85 In
contrast, the incorporation of just 5% NLCDs in the present
study achieved a much higher scavenging activity of 82%. The
Fig. 9 (A) Antioxidant activities and (B) inhibition zones against E. coli an

© 2025 The Author(s). Published by the Royal Society of Chemistry
observed trend aligns with previous studies, where carbon
quantum dots derived from natural sources exhibited enhanced
antioxidant properties due to their ability to stabilize reactive
oxygen species (ROS).86–88 The incorporation of nanocarbon
materials in chitosan-based matrices has similarly been re-
ported to improve antioxidant performance by leveraging
synergistic interactions between the polymer and nano-
particles.89 In this study, the progressive increase in scavenging
activity with higher NLCD concentrations underscores their role
as effective radical quenchers, consistent with the ndings in
related biopolymeric systems.

3.5.7 Antibacterial studies of nanocomposite lms. The
antibacterial activity of various compositions of NLCDs was
evaluated against E. coli and S. aureus using the agar well
diffusion method (Fig. 9B). The results revealed that all active
lms exhibited clear zones of inhibition around the wells,
indicating antibacterial activity. Among the samples tested,
CPCD-3 showed the largest inhibition zones against both E. coli
and S. aureus, with a zone of 15 mm against E. coli and 12 mm
against S. aureus. This suggests that the 5% NLCDs concentra-
tion provided the most potent antibacterial effect, likely due to
the higher availability of active antimicrobial species at this
concentration. In contrast, CP showed minimal antibacterial
activity, with inhibition zones of 5 mm for E. coli and 4 mm for
S. aureus, attributed to the inherent antibacterial property of CS.
CPCD-1 and CPCD-2 also displayed moderate antibacterial
effects, with inhibition zones of 10 mm and 13 mm against E.
coli, and 9 mm and 11 mm against S. aureus, respectively. These
results indicate a dose-dependent increase in antibacterial
activity with increasing concentrations of NLCDs. The observed
antibacterial efficacy can be attributed to the unique properties
of NLCDs, which are known to interact with bacterial cell
membranes, leading to membrane disruption and subsequent
bacterial cell death.

The antibacterial activity of CPCD lms arises from the
combined effects of CS cationic groups disrupting bacterial
membranes and NLCDs modulating oxidative stress, with good
polymer compatibility ensuring a uniform dispersion of active
sites. Notably, antibacterial activity differs from broader
d S. aureus.

Sustainable Food Technol., 2025, 3, 2088–2107 | 2097
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antimicrobial effects that include other microorganisms, as
highlighted in recent studies,90,91 and our results against E. coli
and S. aureus align with these reported mechanisms (Table 3).

3.5.8 Degradation studies of nanocomposite lms. There
are several substantial explanations for the enhanced biode-
gradability observed in NLCD-incorporated lms used for food
packaging materials (Fig. 10A). Firstly, NLCDs are naturally
hydrophilic; they exhibit a susceptibility to hydrolysis in
conditions that encourage degradation, like soil or compost,
enabling the lm structure to break down over time.94

Furthermore, the addition of NLCDs boosts the breakdown
process by integrating more active sites into the lmmatrix that
are vulnerable to microbial attack.95

In addition, NLCDs may function as microbe colonization
nucleation sites, which makes it easier for the enzymatic
breakdown of organic materials in the lm.96 This phenomenon
is further augmented by the amplied permeability of the lm
to water and microbial enzymes attainable in the presence of
NLCDs. Also, the amalgamation of environmentally friendly
polymers, such as CS and PVA, with NLCDs has a synergistic
impact that enhances biodegradability, as these polymers are
more susceptible to microbial degradation than conventional
petroleum-based polymers.97,98 The varying properties of the
component materials can be the reason for the disparity in
degradation rates exhibited in the tested lms, which had
percentages of 60%, 79%, 89%, and 94% degradation for CP,
CPCD-1, CPCD-2, and CPCD-3, respectively. CS is resistant to
deterioration in aqueous environments; therefore, the control
lm made of PVA/CS showed a relatively lower degradation rate
than the lms containing NLCDs. In contrast, the lms con-
taining NLCDs showed increased degradation, as the hydro-
philic properties of NLCDs aid in their hydrolysis in soil
conditions.

The FTIR analysis of fabricated lms aer 30 days of soil
burial demonstrated clear evidence of biodegradation
(Fig. 10B). A notable decrease in intensity was observed for
peaks within the 2700–2900 cm−1 range, associated with the
C–H stretching of alkyl groups, indicating the breakdown of
hydrocarbon chains. Similarly, the broad O–H stretching band
at 3200–3400 cm−1 showed reduced intensity, which could be
attributed to diminished hydroxyl group interactions, likely due
to microbial activity. Peaks in the 1200–1400 cm−1 region,
linked to C–N stretching and CH2 bending vibrations, also
weakened, suggesting structural disruptions in amide linkages
and the polymer backbone. Additionally, bands in the 700–
900 cm−1 range, corresponding to aromatic C–H out-of-plane
bending, either disappeared or were signicantly reduced,
reecting the degradation of aromatic structures.99,100 This
intricate interplay of factors underscores the potential of NLCD-
containing lms as promising candidates for sustainable food
packaging materials, emphasizing their contribution to the
broader objective of fostering environmental sustainability in
packaging applications.

3.5.9 Release rate studies. Release kinetics in food pack-
aging applications hinge largely upon the capacity of additives
to permeate through packaging lms. Extensive research has
demonstrated that the swelling index, the water solubility of the
2098 | Sustainable Food Technol., 2025, 3, 2088–2107 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) % of weight loss of soil-buried films and (B) FTIR spectra of films after 30 days.
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polymer matrix, and the dispersion and solubility of nano-
particles in aqueous environments collectively inuence the
release of nanoparticles. Fig. 11A–C illustrates the release
behaviors of various concentrations of nanostructured lipid
carrier dispersions from CP matrices exposed to diverse food
simulants. Notably, each prole exhibits a gradual release
during the initial hour, likely attributable to the limited solu-
bility of chitosan in water. Subsequently, the NLCD release
reaches a plateau aer 2 hours, with a deceleration observed in
most instances. Interestingly, the release rate in alcohol solu-
tions diminishes with increasing alcohol concentration, owing
to the interaction of the solvent with NLCDs.54,101

Conversely, CP lms containing 5% NLCDs in water and
10% ethanol exhibit the highest release rates, while those with
1% NLCDs in 50% and 95% ethanol show the lowest release
rates. The cumulative release of NLCDs is notably higher in
water and 10% ethanol compared to 50% and 95% ethanol,
primarily due to the hydrophilicity and water solubility of
NLCDs. Moreover, the release rate is contingent upon the
solubility of the polymer matrix and the affinity of the solvent
for NLCDs. Additionally, aqueous solutions facilitate rapid
NLCDs release by promoting an open matrix structure.
Conversely, alcohols exhibit limited interactions with CP poly-
mers, resulting in a slower NLCDs release. This discrepancy
underscores the inuence of solvent type on release kinetics.
Echoing the ndings of Ezati et al. (2021), solvent affinity and
polymer matrix solubility signicantly impact the release rates,
with water solutions yielding the highest recorded NLCDs
release rates. Hence, the choice of simulant and NLCDs
concentration in the polymer matrix crucially affects the release
© 2025 The Author(s). Published by the Royal Society of Chemistry
behavior of NLCDs, suggesting potential enhancements in the
functional properties of food contact lms.54,101
3.6 Prawn packaging

3.6.1 pH. In a study comparing the efficacy of different
packaging materials on the pH stability of refrigerated prawns,
four groups were evaluated: unpacked prawns, prawns packed
with a CS/PVA lm, prawns packed with a CP lm incorporating
NLCDs, and prawns packed with commercial polythene
(Fig. 11D). Over a typical storage period of 15 days at 4 °C, the
unpacked prawns showed the most signicant pH increase,
indicating rapid spoilage and microbial activity. The initial pH
of prawns (around 6.5–6.8) rose to 7.5 and higher in unpacked
prawns due to bacterial production of basic compounds, such
as ammonia. Prawns wrapped in a CP lm exhibited better pH
stability, with only a moderate increase to about 7.0, attributed
to the antimicrobial properties of CS. The incorporation of
NLCDs into the CP lm further enhanced this effect, likely due
to the additional antimicrobial activity of NLCDs, maintaining
the pH closer to the initial value, around 6.8–7.0. The prawns
packed in commercial polythene also showed a pH increase, but
less pronounced than unpacked prawns, reaching around 7.2,
as polythene provides a basic barrier but lacks antimicrobial
properties. The results highlight the superior performance of
CPC lms, especially when enhanced with NLCDs, in preserving
the quality and extending the shelf life of refrigerated
prawns.102–104

3.6.2 Total volatile basic nitrogen (TVB-N). TVB-N refers to
nitrogenous compounds, such as ammonia, trimethylamine,
Sustainable Food Technol., 2025, 3, 2088–2107 | 2099
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Fig. 11 Release rate of (A) CPCD-1, (B) CPCD-2, and (C) CPCD-3. Prawn packaging studies: effect of (D) pH, (E) TVB-N, and (F) TVC for different
packaging materials.
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and dimethylamine, produced during the degradation of
proteins in meat and seafood. Its formation is inuenced by
microbial and enzymatic activity, with higher levels indicating
spoilage.105 In this study, the TVB-N levels of unpackaged prawn
samples dramatically rose throughout the 15 day testing period,
from 10 mg/100 g on day 1 to over 50 mg/100 g by the 15th day,
indicating rapid deterioration (Fig. 11E). TVB-N levels in the
prawn samples wrapped in CP lms increased more slowly than
normal, from 10 mg/100 g on the rst day to 35 mg/100 g on the
15th day. Even greater preservation was achieved by the CPCD-3
lm; by day 15, TVB-N levels had only increased to 28 mg/100 g.
This implies that the CPCD-3 lm successfully prevented the
growth of volatile amines, most likely due to the antibacterial
qualities of NLCDs. A comparison of the commercial polythene
packaging and the CPCD-3 lm revealed that the latter's TVB-N
levels increased more slowly, attaining 35 mg/100 g by day 12th.
These ndings show that CPCD-3 lms are more effective in
delaying spoilage, as indicated by the lower TVB-N levels during
the storage period compared to the control lm.106,107

3.6.3 Total viable count (TVC). TVC is yet another impor-
tant metric to evaluate the proliferation of microorganisms in
food products. Signicant microbial proliferation was shown
(Fig. 11F) by the TVC in unpackaged prawn samples, which
increased from 3 log CFU g−1 on day 3 to 8 log CFU g−1 by day
15. The TVC increased more slowly in the prawn samples
packed with CP lms, going from 3 log CFU g−1 on day 3 to 6 log
CFU g−1 by day 15. Further, a slower microbial growth was
achieved by adding NLCDs to the CP lms (CPCD-3) within the
2100 | Sustainable Food Technol., 2025, 3, 2088–2107
same time period, and the TVC levels increased from 3 log CFU
g−1 to just 5 log CFU g−1. The antibacterial qualities of NLCD,
which successfully prevented bacterial development, are
responsible for the decreased microbial growth. Comparable to
the CP lms, the commercial polythene packaging displayed
a similar trend, although with somewhat higher TVC values,
reaching 5.5 log CFU g−1 by day 12. According to these results,
CPCD-3 lms offer better preservation than commercial poly-
thene, which makes them a better choice for prolonging the
shelf life of shrimp products. However, polythene does give
some protection against microbiological growth.102,103

Overall, the data unequivocally show that the CPCD-3 lm
performs better than unpackaged and commercial polythene-
packed samples in terms of maintaining prawn quality, as
demonstrated by reduced TVB-N levels and TVC values. The
inclusion of NLCDs into a CP polymer matrix shows promise for
improving food safety and increasing shelf life since it greatly
reduces microbial growth and spoiling when added to pack-
aging materials (Fig. 12).102,103,107

3.6.4 Firmness and odour. The rmness and odour were
evaluated and listed in Table 4. It was found that CPCD-3
packaged prawns were fresh for 15 days when stored at 4 °C.
The control lm was better than the commercial polythene,
preserving the prawn meat. This is attributed to the antibacte-
rial properties of the CPCD-3 lm, which ensures the growth of
bacteria that eventually leads to meat spoilage.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Firmness and odour of packaged and unpackaged prawns kept at 4 °C

Test

Day

0 3 6 9 12 15

Samples Unpacked Firmness 5 pt (rmness)/
fresh (odor)

4 3 2 1 1
Odour Moderately off Spoiled Spoiled Spoiled Spoiled

CP Firmness 5 5 4 3 3
Odour Fresh Fresh Fresh Moderately off Spoiled

Polythene Firmness 4 4 3 2 1
Odour Moderately off Moderately off Spoiled Spoiled Spoiled

CPCD-3 Firmness 5 5 5 4 4
Odour Fresh Fresh Fresh Fresh Moderately off

Fig. 12 Visual representation of unpacked and packed prawns for 15 days.

© 2025 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2025, 3, 2088–2107 | 2101
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4 Conclusion

The study successfully achieved its objectives, demonstrating
that the integration of NLCDs into the CS/PVA composite matrix
substantially enhanced the functional properties of the lms.
This study differs from earlier reports by combining multiple
functions, such as enhanced mechanics, UV-shielding, antiox-
idant and antibacterial activities, biocompatibility and rapid
degradability within the NLCD-reinforced chitosan/PVA lms,
further validated in real food preservation trials. The resulting
lms exhibited remarkable improvements in antimicrobial and
antioxidant activities, mechanical strength, UV barrier effi-
ciency, and water permeability, validating the hypothesized
benets of NLCDs. Structural analysis conrmed the uniform
incorporation of NLCDs without compromising the structural
integrity of lms, while release kinetics revealed a sustained
and controlled release prole. Furthermore, CPCD-3 lms
demonstrated excellent biodegradability, addressing a critical
limitation of conventional packaging materials. Packaging
studies revealed that CPCD-3 lms effectively extended the shelf
life of prawns to 15 days under refrigeration at 4 °C. The CPCD
lms present a sustainable route by valorizing neem leaves
through a low-energy, hydrothermal process, thereby reducing
potential CO2/CH4 emissions compared to conventional
treatments.108–110 Integration of biogenic chitosan with degrad-
able PVA further minimizes reliance on fossil-based plastics.
Overall, the approach suggests a markedly lower carbon foot-
print and potential carbon-negative prole under renewable
energy and proper disposal pathways.111,112 Despite these
promising results, challenges remain in biodegradable pack-
aging, including scaling up production, ensuring cost-
effectiveness, and achieving optimal performance under
diverse storage conditions. Nonetheless, these ndings estab-
lish CPCD composite lms as a sustainable and innovative
solution for modern food packaging applications.
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