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In this research, cellulose nanocrystals were derived from jackfruit peel (JCNCs) through the acid hydrolysis

method and analysed using TEM, SEM-EDS, DLS and XRD techniques. The mean size of prepared spherical

cellulose nanocrystals was 97.56 nm. These characterised JCNCs were then integrated into a gelatin/

kappa-carrageenan (GK) matrix at increasing concentrations to fabricate biopolymer films labelled as

GKC-1, GKC-2, GKC-3 and GKC-4. The prepared films were extensively characterized, including

assessments of UV-blocking capability, transparency, mechanical strength, FTIR, XRD analyses, water

vapor permeability (WVP), oxygen permeability (OP), water solubility (WS), moisture retention capacity

(MRC), SEM-EDS imaging, soil burial biodegradability testing and antioxidant activity. The addition of

JCNCs notably modified the structural and functional attributes of the GK films. The optimized GKC-4

film exhibited enhanced performance in several critical areas compared to the control film (GK), such as

a 30.5% reduction in WVP, an 87% increase in tensile strength, a 182.264% and 151.447% rise in DPPH

and ABTS antioxidant activities and a 39.19% decrease in the degradation rate during the soil burial test.

Furthermore, packaging experiments were conducted with button mushrooms stored at 4 °C for 12

days. The findings indicated that the GKC-4 film significantly minimized weight loss to 9.21 ± 0.02% and

retained pH stability at a 6.61 ± 0.15 pH value compared to unpackaged samples and commercial

polyethene films. These results highlight the potential of JCNC-reinforced biopolymer films as

sustainable and functional alternatives for active food packaging.
Sustainability spotlight

This study presents a sustainable approach to valorize jackfruit peel waste into high-value cellulose nanocrystals (JCNCs) for developing eco-friendly food
packaging lms. By reinforcing gelatin/kappa-carrageenan biopolymers with JCNCs, the resulting lms exhibit superior mechanical strength, barrier perfor-
mance, and antioxidant activity, while retaining biodegradability. The optimized GKC-4 lm effectively prolonged the shelf life of button mushrooms, reducing
weight loss and retaining pH stability during cold storage. This work exemplies a circular bioeconomy model by converting agricultural waste into functional
materials, offering a green alternative to petroleum-based plastics for active packaging applications and promoting sustainability in the food industry.
1 Introduction

Food is universally regarded as one of the most fundamental
necessities for human survival, alongside air and water.
Unfortunately, a signicant amount of food is wasted due to
various factors, including short shelf life, oxidative degradation,
exposure to harmful UV rays, moisture and microbial contam-
ination.1 The widespread use of petroleum-based packaging
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materials exacerbates this issue, posing serious risks to human
health, animal welfare and environmental sustainability.2 The
COVID-19 pandemic signicantly escalated plastic pollution
through increased use of single-use plastics and disruptions in
recycling efforts. This highlights the urgent need for innovative
solutions like biodegradable plastics to address the growing
plastic waste crisis.3,4 In contrast, bio-based packaging mate-
rials have emerged as a highly effective and eco-friendly alter-
native, addressing many of these challenges.5 These innovative
materials not only enhance food preservation but also exhibit
a superior degradation rate, thereby minimizing environmental
impact and signicantly reducing the carbon footprint.6 We can
take a meaningful step towards creating a greener, healthier
Sustainable Food Technol.
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planet by replacing conventional packaging with bio-based
solutions.7,8 Bioplastics encompass a diverse group of bi-
obased materials, biodegradable materials or a combination of
both. Biobased plastics are made partially or entirely from
renewable biological sources, while biodegradable plastics
break down naturally into carbon dioxide and water through the
activity of microorganisms in the environment.3,9,10 Bioplastics
offer numerous benets, including reduced environmental
impact due to their renewable origins and lower greenhouse gas
emissions. They provide excellent protection against food
spoilage, are recyclable and/or biodegradable and exhibit
comparable or superior mechanical properties to conventional
plastics. Additionally, they align with consumer preferences for
sustainable packaging, boosting market appeal for eco-
conscious products.3,11

Natural and biodegradable polymers are promising and
sustainable alternatives to conventional plastics for food pack-
aging, offering eco-friendly solutions with added benets.12 The
incorporation of functional ingredients, such as potent antiox-
idants and antimicrobial agents, enhances food quality,
appearance and shelf life, making these materials highly
versatile.13 Polysaccharides exhibit exceptional oxygen and
aroma barrier properties due to their hydrophilic nature and
ability to form strong hydrogen bonds, while protein-based
lms shine in providing superior gas barrier properties but
fall short as effective water barriers.13–16 Interestingly, blending
proteins with polysaccharides creates a synergistic effect,
signicantly improving the gas barrier performance of these
innovative lms, which hold great potential for revolutionizing
the food packaging industry.13 Among polysaccharides, kappa-
carrageenan (KC) has emerged as a versatile hydrocolloid
sourced from red algae, renowned for its excellent water solu-
bility, antioxidant potential and robust gel-forming capability in
the presence of specic cations.17,18 Despite these attributes, its
limited mechanical durability and inadequate barrier proper-
ties restrict its independent use in packaging applications.13,19,20

Proteins like gelatin (GL), a denatured biopolymer obtained
from collagen hydrolysis, act as complementary partners to
polysaccharides by offering exceptional lm-forming, gelling
and antioxidant properties, alongside enhanced gas and aroma
barrier functionalities.13,20,21 The strategic blending of poly-
saccharides such as KC with proteins like GL creates a syner-
gistic composite, effectively combining the strengths of both
materials. Notably, a 50 : 50 KC/GL composite has demon-
strated outstanding physical and functional properties, posi-
tioning it as an innovative and sustainable choice for advanced
active food packaging.20,22

Cellulose nanocrystals (CNCs) are gaining recognition as
valuable components for active food packaging, owing to their
biodegradable nature, compatibility with biological systems
and superior mechanical characteristics.23,24 These nanocrystals
can be extracted from agricultural byproducts and incorporated
into biocomposite lms to enhance the barrier, mechanical,
and thermal properties of packaging materials.24 CNCs also
function as vehicles for bioactive substances, including anti-
oxidants and antimicrobials, thereby prolonging food shelf life
and enhancing quality.25 Modifying the surface chemistry of
Sustainable Food Technol.
CNCs allows for the addition of new functionalities, broadening
their potential uses in food packaging.26 Moreover, CNCs can be
utilized as low-calorie substitutes for carbohydrate additives in
food items, serving as thickeners, avor carriers and suspension
stabilizers.23 Prior research has demonstrated that incorpo-
rating nanocellulose materials can substantially enhance the
mechanical, barrier and functional characteristics of lms
produced from natural polymers such as chitosan, alginate and
zein.27–29 Introducing CNCs or CNFs (carbon nanobers) into
biopolymer lms boosts tensile strength, decreases water vapor
and oxygen permeability and improves light barrier proper-
ties.27,28 Additionally, lms reinforced with nanocellulose show
enhanced antimicrobial activity and antioxidant properties,
making them ideal for active food packaging applications.28,29

The improved performance of these nanocomposite lms is
attributed to the establishment of hydrogen bonds between
nanocellulose and the polymer matrix and the lling effect of
nanocellulose particles.28,29 These developments in
nanocellulose-based food packaging materials correspond with
the increasing demand for sustainable and biodegradable
alternatives to traditional plastics.26

The present investigation focuses on the extraction of
cellulose nanocrystals (CNCs) from jackfruit biowaste through
an economically viable acid hydrolysis technique. These CNCs
are subsequently incorporated into biopolymer matrices
comprising gelatin and k-carrageenan at various concentrations
using a straightforward lm casting approach. CNCs are
postulated to possess remarkable attributes, including superior
gas barrier properties, enhanced mechanical robustness and
biodegradability, making them prime candidates for eco-
friendly food packaging solutions.30 Nevertheless, obstacles
such as production scalability and quality consistency have
impeded their widespread adoption.31 The primary aim is to
fabricate biodegradable packaging lms exhibiting improved
mechanical, barrier and functional characteristics.
2 Materials and methods
2.1 Materials

Gelatin (CAS No. 900-70-8) was sourced from Sisco Research
Laboratories Pvt. Ltd, while kappa-carrageenan (CAS RN: 11114-
20-8) was obtained from Tokyo Chemicals Industry Co. Ltd,
Bangalore. Glycerol, with a purity of 98% (CAS RN: 56-81-5), was
acquired from ACE Rasayan Company Pvt. Ltd, Dharwad. Fresh
jackfruit peels were collected from street vendors at the local
market. Throughout the experiment, double-distilled water and
ethanol were utilized to ensure the highest level of purity and
reliability.
2.2 Methods

2.2.1 Preparation of jackfruit-derived cellulose nano-
crystals. The synthesis of jackfruit-derived cellulose nano-
crystals (JCNCs) was carefully conducted following the protocol
outlined by C. Trilokesh et al.32 Initially, shade-dried jackfruit
waste was ground into a ne powder using a pestle and mortar
to increase its surface area for further processing. 30 g of this
© 2026 The Author(s). Published by the Royal Society of Chemistry
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powder was then subjected to solvent extraction by soaking it in
water, followed by ethanol for four hours each, effectively
removing soluble impurities and improving the overall purity of
the material. The extracted residue was treated with sodium
chlorite (NaClO2) for bleaching, with the pH adjusted between 3
and 4 and the temperature maintained at 70 °C. This step was
essential for removing lignin and hemicellulose, enriching the
cellulose content. The bleached material was subsequently
treated with a sodium hydroxide (1 M NaOH) solution at 60 °C
to eliminate residual impurities and enhance its chemical
reactivity. Aerwards, the material was thoroughly washed with
water at 60 °C to neutralize any remaining alkali and prepare it
for the subsequent process. Acid hydrolysis was then carried out
using sulfuric acid (65 wt%, 1 : 9 g mL−1 H2SO4), targeting the
amorphous regions of the cellulose to produce highly crystalline
nanocellulose. The hydrolyzed mixture was centrifuged at
3000 rpm to separate the nanocrystals effectively. Finally, rotary
evaporation was used to concentrate and purify the suspension,
resulting in high-quality JCNCs.

2.2.2 Optimization of GK biopolymeric lms. Initially,
gelatin and k-carrageenan were combined in three distinct
ratios (1 : 3, 1 : 1, and 3 : 1) and placed into separate beakers. A
homogeneous solution was prepared by blending the compo-
nents in 150 mL of double-distilled water in a 250 mL beaker
using a magnetic stirrer for 2 hours. The resulting solution was
then carefully cast onto Petri dishes and allowed to dry over-
night at 40 °C. Once dried, the lms were gently peeled off for
analysis. Among the tested ratios, the 1 : 1 blend exhibited
superior mechanical properties, making it the optimal choice
for fabricating gelatin/kappa-carrageenan/JCNC (GKC) nano-
composite lms.33,34

2.2.3 Fabrication of GKC nanocomposite lms. To the
optimized 1 : 1 gelatin/k-carrageenan (GK) blend, jackfruit-
derived cellulose nanocrystals (JCNCs) were incorporated at
varying concentrations based on the polymeric weight: 1%, 3%,
5% and 7%, labelled as GKC-1, GKC-2, GKC-3 and GKC-4,
respectively. The mixtures were stirred continuously for 4
hours using a magnetic stirrer to ensure the formation of
a homogeneous solution, employing the solution casting
method.35 The prepared solutions were carefully poured onto
Petri dishes and dried overnight at 40 °C. Once dried, the
nanocomposite lms were gently peeled off and stored in
a desiccator to preserve their properties for subsequent
characterization.36,37
2.3 Characterization techniques

2.3.1 Characterizations of jackfruit derived cellulose
nanocrystals (JCNCs). Characterizations of JCNCs were carried
out by TEM, SEM, XRD, and DLS. For TEM, diluted JCNCs were
drop-cast onto carbon-coated copper grids and imaged to
determine size and morphology. SEM analysis involved
mounting JCNC samples on stubs, sputter-coating with
a conductive layer, and imaging to assess surface morphology
and aggregation. Powder XRD was performed with Cu Ka radi-
ation over an appropriate 2q range to conrm crystalline
cellulose and identify characteristic reections (e.g., near the
© 2026 The Author(s). Published by the Royal Society of Chemistry
(200) plane). DLS measurements were conducted on JCNC
suspensions in water at 25 °C to obtain hydrodynamic size
distributions (Z-average) and the PDI, indicating nanoscale
dispersion and aggregation tendency.

2.3.2 Fourier transform infrared (FTIR) spectroscopic
analysis. The molecular interactions and functional groups
present in the active lms were investigated using an Attenu-
ated Total Reectance-Fourier Transform Infrared (ATR-FTIR)
spectrometer (Shimadzu, Japan). The spectra were recorded in
the range of 4000–400 cm−1 with a resolution of 4 cm−1 to
identify chemical bonds and structural changes.38

2.3.3 X-ray diffraction (XRD) analysis. The crystalline and
amorphous phases of the lms were analyzed using an X-ray
diffractometer (DMAX 2500, Rigaku, Japan). The instrument
was operated at 40 kV and 30 mA, scanning over a 2q range of 5–
80° at a speed of 5° min−1 to determine the crystallinity and
structural properties of the lms.39

2.3.4 Surface morphology examination. The surface
morphology of the active lms was examined using a Scanning
Electron Microscope (SEM, JEOL JSM-6360 SEM-EDS). This
analysis provided detailed insights into the surface structure,
homogeneity, and potential defects or irregularities in the
lms.40

2.3.5 Mechanical properties. The mechanical properties of
the lms, including tensile strength and elongation at break,
were evaluated using a universal testing machine following the
ASTM D 882-88 standard. Film strips measuring 25 × 100 mm2

were tested with 50 mm grip separation at a cross-head speed of
5 mm min−1. The average values from three replicates were
reported.41

2.3.6 UV-light barrier properties. The UV-light barrier
properties of the active lms were analyzed to determine their
ability to block ultraviolet (UV) radiation and transmit visible
light. A UV-visible spectrophotometer (PerkinElmer LAMDA
365) was used tomeasure the transmittance spectra of the lms.
The UV-blocking efficiency and visible light transmission were
calculated using the following equations:

Transparency ðT600Þ: T600 ¼ �log ð%TÞ
b

UV-A blocking ð%Þ ¼ 100�

ð400
320

TðlÞdl
ð400
320

dl

UV-B blocking ð%Þ ¼ 100�

ð320
280

TðlÞdl
ð320
280

dl

Here, b represents the lm's thickness, T(l) denotes the average
wavelength transmittance, and dl signies the bandwidth.42

2.3.7 Water vapor permeability (WVP) and oxygen perme-
ability (OP). Water vapor permeability (WVP) was measured
using a modied gravimetric method. Film samples (4 × 4 cm2)
Sustainable Food Technol.
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were sealed onto glass tubes containing anhydrous calcium
chloride at 0% relative humidity (RH) and placed in a desiccator
with distilled water (100% RH) at room temperature. The weight
change was recorded every 24 hours for three days. WVP was
calculated using

WVP ¼ WVTR

P
� ðRH1 �RH2Þ � X

where WVTR is the water vapor transmission rate, X is the lm
thickness, P is the saturation vapor pressure at 25 °C, and RH1

and RH2 are the relative humidities.43

Oxygen permeability (OP) was determined by sealing lm
samples onto glass tubes, weighing them, and placing them in
a desiccator with silica gel. The weight change was recorded
every 24 hours for three days. OP was calculated using

OTR ¼ Slope

A

where OTR is the oxygen transmission rate, A represents the
effective exposed area of the lm (m2), and Slope corresponds to
the rate of weight change per unit time obtained from the linear
regression of mass gain versus time.

OP ¼ OTR

DP
� X

where X is the lm thickness and DP is the oxygen partial
pressure difference across the lm.44

2.3.8 Moisture absorption (MA) and water solubility (WS).
Moisture absorption (MA) was determined following ASTM
D570-98. Film samples (3 × 3 cm2) were weighed before (Mi)
and aer (Mf) drying at 105 °C for 24 hours. MA was calculated
as45

Moisture absorption ð%Þ ¼ Mi �Mf

Mi

� 100

Water solubility (WS) was assessed by drying lm samples at
105 °C for 24 hours to obtain the initial weightWi. The samples
were then immersed in distilled water for 24 hours, dried again,
and weighed (Wf). WS was calculated as

Water solubility ð%Þ ¼ Wi �Wf

wi

� 100

2.3.9 Water contact angle (WCA) measurements. The lm's
surface wettability was evaluated using a water contact angle
analyzer (DMs-401). A 1 mL droplet of distilled water was placed
on the lm surface, and the static contact angle was measured.
The average value from ve measurements was reported.

2.3.10 Soil burial degradation test. The biodegradability of
the lms was assessed through a soil burial test. Film samples
(2× 2 cm2) were dried at 100 °C, weighed (Wi), and buried 10 cm
deep in soil. Aer a specied period, the samples were retrieved,
cleaned, dried, and weighed (Wf) to determine the percentage
weight loss:

Soil burial degradation rate ð%Þ ¼ Wi �Wf

Wi

� 100
Sustainable Food Technol.
2.3.11 Button mushroom packaging studies. Fresh button
mushrooms (Agaricus bisporus) of marketable quality, uniform
size and maturity and free from visible defects were selected
from the local market. Adhering soil was carefully removed by
dry brushing without washing. The samples were randomly
allocated to one of four packaging treatments: unpackaged, GK
control lm, GKC-4 lm and commercial polyethene lm.
Storage was conducted at 4 °C in a refrigerated chamber, and
sampling was performed on days 0, 3, 6, 9, and 12.

2.3.12 Weight loss (%) determination. The initial weight of
each package (W0) was recorded using a calibrated analytical
balance (±0.01 g) immediately aer packaging. At each
sampling interval, the weight of the package (Wt) was measured
aer removal from storage and equilibration to room temper-
ature for approximately 15 minutes. The percentage of weight
loss was calculated using the equation:

Weight loss ð%Þ ¼ Wt �W0

W0

� 100

2.3.13 pH measurement. For pH determination, approxi-
mately 2 g of button mushroom sample was homogenized with
distilled water at a 1 : 10 (w/v) ratio in a sterile homogenizer.
Aer allowing the homogenate to settle, the pH of the super-
natant was measured at room temperature using a bench-top
pH meter that was calibrated. The electrode was rinsed and
blotted between successive measurements. Three readings were
taken for each homogenate, and themean value was reported as
the pH for each replicate. All procedures were carried out under
aseptic conditions.

2.3.14 Sensory evaluation of packaged button mushrooms.
All the packaged button mushrooms were evaluated on a 10-
point scale, 10 being most desirable. Sensory evaluations were
conducted on days 0, 3, 6, 9, and 12 for appearance, texture,
odour, and overall acceptability. At each interval, samples were
presented to panellists in randomised order under neutral
lighting and in a neutral environment to minimize bias. For
each attribute and time point, scores were recorded as mean ±

standard deviation, and trends over time among packaging
types were interpreted based on these summary statistics.

2.3.15 Statistical analysis. The replicated experimental
units used for measuring the attributes of the lms were
measured for individually prepared lms in triplicate. Using the
SPSS statistical analysis soware for Windows, a one-way anal-
ysis of variance (ANOVA) was carried out, and each mean
property value's signicance (p < 0.05) was ascertained using
Tukey's test.
3 Results and discussion
3.1 Characterization of jackfruit-derived cellulose
nanocrystals (JCNCs)

The morphological and structural characteristics of cellulose
nanocrystals derived from jackfruit (JCNCs) were thoroughly
examined using TEM, SEM, XRD, and DLS techniques (Fig. 1).
The TEM image (Fig. 1a) showed that the CNCs have a spherical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TEM image, (b) SEM micrograph, (c) XRD pattern, and (d) DLS profile of jackfruit-derived cellulose nanocrystals (JCNCs).
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shape with particle sizes between 31.1 and 91.3 nm, which are
ideal active agents for polymer matrices in food packaging. The
nanoscale uniformity in the TEM image suggests effective acid
hydrolysis, essential for achieving consistent barrier and
mechanical properties. SEM analysis (Fig. 1b) revealed aggre-
gated surface morphologies due to strong hydrogen bonding
among hydroxyl-rich nanocrystals, a functional property that
can enhance interfacial interactions when integrated into
biopolymers, thus improving lm integrity and reducing
permeability. XRD analysis (Fig. 1c) conrmed the crystalline
cellulose structure, with a sharp diffraction peak at 2q = 22.6°
corresponding to the (200) plane, along with additional peaks at
16.3°, 26.7°, and 34.9°. The Segal empirical method was used to
calculate the crystallinity index of the JCNCs, which was found
to be high (69.9%). The relatively high crystallinity indicates
efficient removal of amorphous components like hemicellulose
and lignin, ensuring superior stiffness and transparency in
packaging lms. DLS analysis (Fig. 1d) further supported the
nanoscale size distribution, with a dominant peak in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
nanometre range, while a minor peak suggested limited
aggregation in the aqueous suspension. These nanoscale
dimensions, combined with high crystallinity, make JCNCs
excellent candidates for active food packaging, where they can
enhance mechanical strength, reduce oxygen and moisture
permeability, and serve as carriers for bioactive compounds.
Overall, these ndings establish jackfruit waste-derived CNCs
as sustainable, high-performance nanomaterials with signi-
cant potential in developing active and intelligent food pack-
aging systems.
3.2 Fourier transform infrared (FTIR) spectroscopic analysis

To examine the chemical structure and possible intermolecular
interactions within the lms, the FTIR spectra of the control GK
lm and JCNC-reinforced lms were analyzed (Fig. 2a). The
FTIR spectrum of the control GK lm displayed characteristic
absorption bands of the gelatin/kappa-carrageenan matrix. The
broad band in the 3300–3400 cm−1 region corresponds to
overlapping –OH and –NH stretching vibrations arising from
Sustainable Food Technol.
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Fig. 2 (a) Fourier transformation infrared spectrograms. (b) X-ray diffractograms of prepared biopolymer films.
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hydroxyl groups in kappa-carrageenan and amine groups in
gelatin.22 The peak observed at 1240 cm−1 is assigned to the
S]O stretching vibration of sulfate groups present in kappa-
carrageenan, while the amide I (z1630 cm−1, C]O stretch-
ing) and amide II (z1530 cm−1, N–H bending) bands are
characteristic of the gelatin component.

Upon incorporation of JCNCs, no new absorption bands
were observed, and the overall spectral proles remained largely
similar, indicating that the fundamental chemical structure of
the polymer matrix was preserved. However, subtle changes in
peak intensity and band broadening were noted. In particular,
the broad –OH/–NH band in the 3300–3400 cm−1 region became
more intense and slightly broader with increasing JCNC
content, which can primarily be attributed to the introduction
of hydroxyl-rich JCNCs rather than serving as direct evidence of
newly formed hydrogen bonds. Similarly, the intensities of the
C–O (z1058 cm−1) and C–O–C (z1163 cm−1) stretching bands
increased gradually, reecting the higher cellulose content in
the composite lms.46 The amide I and II bands remained at
similar wavenumbers aer JCNC incorporation, suggesting that
the gelatin secondary structure was largely retained. Minor
intensity variations in these regions may indicate secondary
intermolecular interactions between the matrix components
and JCNCs, although FTIR alone cannot conclusively conrm
specic hydrogen-bonding mechanisms. A slight change in the
intensity of the sulfate group band at 1240 cm−1 was also
observed, which may be associated with altered local environ-
ments of kappa-carrageenan chains in the presence of JCNCs.19

Additionally, enhanced absorption in the 2800–3000 cm−1

region (-CH stretching vibrations) was observed with increasing
JCNC loading, consistent with the higher organic content of the
lms. Overall, the FTIR results suggest physical incorporation
Sustainable Food Technol.
and molecular-level compatibility of JCNCs within the gelatin/
kappa-carrageenan matrix, while structural and dispersion-
related effects are more reliably supported by complementary
SEM, XRD, and property analyses rather than FTIR alone.
3.3 X-ray diffraction (XRD) analysis

The XRD pattern of the control GK lm exhibited a broad peak
at 20° (101), signifying the semi-crystalline nature of GL, along
with a smaller diffraction peak at 10° (002), which corresponds
to the crystalline regions of KC47 (Fig. 2b). The calculated crys-
tallinity index of the control lm (35%) aligns with the inherent
semi-crystalline characteristics of GL and KC. However, upon
incorporation of JCNCs, the XRD patterns of the composite
lms exhibited notable structural modications. As the JCNC
concentration increased, the diffraction peaks shied to higher
angles, reecting enhanced molecular ordering within the
polymeric matrix.47 Specically, the broad 20° (101) peak
merged with the 23.0° (200) peak of JCNCs, resulting in a shi to
22.75°, while the 10° (002) peak of the control lm migrated to
12.05° in GKC-4. These peak shis suggest increased lattice
spacing and improved structural organization due to the pres-
ence of JCNCs. The crystallinity index of the composite lms
progressively increased with JCNC incorporation, reaching 38%
for GKC-1 (1% JCNC), 42% for GKC-2 (3% JCNC), 46% for GKC-3
(5% JCNC), and 49% for GKC-4 (7% JCNC). This trend conrms
that JCNCs signicantly enhance the crystalline nature of the
lms, owing to their rigid and highly ordered structural
framework. Additionally, the sharpness and intensied inten-
sity of the 15.6° (101), 23.0° (200), and 34.6° (400) peaks in the
JCNC reinforced lms further substantiate the strong inter-
molecular interactions between JCNCs and the biopolymeric
matrix. These interactions primarily arise from hydrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
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bonding between the hydroxyl groups of JCNCs and the func-
tional groups present in GK, leading to a denser and more
structured lm architecture. The increase in the crystallinity
index of the composite lms is mainly attributed to the incor-
poration of inherently highly crystalline JCNCs into the polymer
matrix, rather than signicant recrystallization of the gelatin/
kappa-carrageenan network. Any contribution from improved
chain packing is therefore considered secondary and limited.
These ndings are consistent with previous studies demon-
strating that nanocellulose incorporation into biopolymeric
matrices enhances crystallinity and overall lm
performance.48,49
3.4 Morphological analysis of biopolymeric lms

The surface morphology and structural characteristics of GK
lms incorporated with varying concentrations of JCNCs were
investigated using scanning electron microscopy (SEM). The
SEM micrographs (Fig. 3) provided qualitative insights into the
microstructural changes induced by JCNC incorporation,
particularly at the local (microscale) level. The control lm (GK)
exhibited a relatively smooth and homogeneous surface with
minor imperfections, which is typical of hydrophilic
biopolymer-based lms.50 However, due to the inherent hydro-
philic nature of gelatin (GL) and kappa-carrageenan (KC),
partial solvent retention and uneven evaporation during lm
drying led to the formation of microvoids, resulting in a certain
degree of surface porosity that may inuence barrier proper-
ties.51,52 In hydrophilic biopolymer systems such as gelatin and
k-carrageenan, the high density of polar functional groups (–
OH, –NH2, and –SO3

−) promotes strong interactions with water
during lm casting, leading to uneven solvent evaporation and
Fig. 3 The morphological results of JCNC, GK, GKC-1, GKC-2, GKC-3 a

© 2026 The Author(s). Published by the Royal Society of Chemistry
the formation of localized water-rich domains. Upon drying,
these domains can generate microvoids or pores within the
matrix, contributing to surface porosity, as commonly reported
for hydrophilic biopolymer lms.51 The incorporation of JCNCs
reduces this effect by lling interstitial spaces and reinforcing
the polymer network, resulting in a denser and more compact
lm structure.52

Upon incorporation of JCNCs, notable changes in the lm's
surface morphology were observed. At 1% JCNC (GKC-1), the
lm exhibited a at surface with dispersed JCNC particles.
While minor agglomerations were evident, which is typical at
lower nanoller concentrations, the particles were well
distributed within the matrix. As the JCNC concentration
increased to 3% (GKC-2), the lm surface became denser and
more uniform, with a marked reduction in porosity.53 This
suggested that JCNCs effectively lled the interstitial spaces
within the polymer network, thereby enhancing lm integrity
and compactness. At 5% JCNC (GKC-3), the lm displayed
a highly dense and homogeneous structure, with well-dispersed
JCNC particles and further reduction in porosity. This micro-
structural improvement indicated strong interfacial interac-
tions between JCNCs and the GK polymeric network, leading to
the formation of a more cohesive and rigid structure. At the
highest loading of 7% (GKC-4), the lm exhibited locally
compact regions; however, at larger length scales, the surface
showed non-uniform, ber-like or bundled domains. These
features are attributed to partial self-association of JCNCs
during solvent evaporation, driven by strong hydrogen bonding,
rather than changes in the intrinsic nanoscale morphology of
individual nanocrystals.

This evidence reveals localized aggregation and occasional
larger JCNC domains, particularly at higher loadings, which can
nd GKC-4 biopolymeric films.
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be attributed to strong hydrogen-bonding interactions during
lm formation. These microstructural features correlate with
the reduced visible light transmittance and enhanced UV-A and
UV-B blocking, as increased light scattering and absorption
contribute positively to the UV-barrier performance of the lms.
3.5 Mechanical properties of biopolymeric lms

The analysis reveals a steady rise in tensile strength as the
concentration of JCNCs increases from GK to GKC-4 (Fig. 4a).
The control sample (GK) exhibited the lowest tensile strength at
25.4 MPa, while the highest was recorded for GKC-4 at 72.1 MPa
(Table 1). Conversely, elongation at break showed a marked
decrease with the addition of JCNCs, particularly in GKC-4
(6.5%), indicating diminished exibility. Young's modulus di-
splayed a signicant upward trend, indicating a notable
increase in stiffness, especially for GKC-4 (3031.0 MPa), sug-
gesting greater rigidity. This highlights the potential of JCNCs
to enhance the mechanical properties of gelatin/k-carrageenan
lms, albeit with a reduction in ductility. This trend aligns with
previous reports on cellulose nanocrystal-incorporating lms.
Yadav et al. reported an increased tensile strength of 40% when
cellulose nanocrystals were incorporated in alginate.54 Simi-
larly, Roy et al. reported that adding 5 wt% of CNC derived from
onion peel extract to CMC/agar-based lms increased strength
by 25% and reduced exibility by 60%.55,56 The notable
enhancement in the mechanical strength of the lms can be
primarily attributed to the reinforcing effect of JCNCs, which
likely stems from strong hydrogen bonding interactions
between the JCNCs and the control matrix (GK).56 This
improvement in mechanical performance is mainly due to the
robust interfacial adhesion between the polymer matrix and
JCNCs, along with the inherent rigidity and stiffness of the
JCNCs (Table 4).56
Fig. 4 (a) Stress vs. strain curves. (b) UV-vis spectrograms of prepared b

Sustainable Food Technol.
3.6 Transparency and UV-blocking abilities of biopolymeric
lms

It is well known that UV irradiation accelerates the deterioration
of packaged food; therefore, evaluating the UV-visible light
response of the developed lms is essential. Fig. 4b presents the
UV-vis spectra of the prepared biopolymeric lms. The trans-
mittance at 280 nm (T280) decreasedmarkedly from 7.37% for the
GK lm to 0.57% for GKC-4, indicating a progressive reduction in
UV transmittance with increasing JCNC content (Table 2). Simi-
larly, the transmittance at 600 nm (T600), which reects overall
visible transparency, decreased from 45.40% (GK) to 22.32%
(GKC-4). Although increased matrix density typically improves
transparency in homogeneous polymer systems, the reduction in
visible light transmittance observed here cannot be attributed
solely to decreased porosity. SEM analysis reveals the formation
of larger, bre-like or bundled JCNC-rich domains at higher
loadings, which introduce refractive index heterogeneity and
enhance light scattering, thereby reducing visible transparency.
Consequently, the enhanced UV-blocking performance arises
mainly from increased light absorption and scattering associated
with these mesoscale structural features rather than porosity
effects alone.57–61

Despite the reduction in transparency, the lms retain
sufficient visibility, making them suitable for food packaging
applications where partial transparency is acceptable. Notably,
the UV-A blocking efficiency increased from 73.66% (GK) to
92.01% (GKC-4), demonstrating the effectiveness of JCNCs in
limiting longer-wavelength UV penetration. Likewise, the UV-B
blocking capacity improved from 87.1% to 97.76%, providing
critical protection against more harmful short-wavelength UV
radiation. While high transparency is preferred for certain
packaging applications, controlled opacity combined with
strong UV shielding is advantageous for light-sensitive foods to
iopolymeric films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thickness, tensile strength, elongation at break and Young's modulus of biopolymeric films

Films Thickness (mm) Tensile strength (MPa) Elongation at break (%) Young's modulus (MPa)

GK 0.05 � 0.2a 25.4 � 1.08b 74.8 � 0.60a 150.5 � 0.87a

GKC-1 0.06 � 0.15b 36.2 � 1.09a 33.9 � 0.48b 255.4 � 0.80b

GKC-2 0.06 � 0.12b 48.3 � 1.01c 52.3 � 0.37c 1131.8 � 0.63d

GKC-3 0.07 � 0.08c 59.3 � 0.88d 42.9 � 0.25d 472.3 � 0.68c

GKC-4 0.07 � 0.04d 72.1 � 0.68e 6.5 � 0.24d 3031.0 � 0.57e

Table 2 % Transmittance at 280 & 600 nm and UV blocking % of prepared films

Films T280 (%) T600 (%) UV-A blocking (%) UV-B blocking (%)

GK 7.3 � 0.2a 45.4 � 1.8a 73.6 � 0.2a 87.1 � 0.9a

GKC-1 1.6 � 0.1b 30.4 � 1.2b 88.9 � 0.1b 96.05 � 0.0b

GKC-2 1.6 � 0.1b 27.4 � 1.1c 89.9 � 0.06c 96.5 � 0.4b

GKC-3 1.1 � 0.08c 25.1 � 0.9d 91.5 � 0.07c 97.1 � 0.4c

GKC-4 0.5 � 0.05d 22.3 � 0.8e 92.0 � 0.1d 97.7 � 0.2d
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mitigate photo-oxidation and quality degradation. Moreover,
JCNCs are incorporated not merely as UV-blocking agents but as
multifunctional reinforcements that simultaneously enhance
mechanical strength, barrier performance, antioxidant activity,
and overall sustainability of the packaging lms.

3.7 Water vapour permeability of prepared biopolymeric
lms

As the concentration of JCNCs in the lms increased, the WVP
values showed a consistent decline (Table 3). The control lm
(GK) demonstrated the highest WVP value at 5.18 × 10−7 g h−1

m−1 Pa−1, suggesting a greater transmission of water vapour.
With the rise in JCNC content from 1% to 7%, the WVP values
notably decreased, with GKC-4 exhibiting the lowest WVP value
of 3.60 × 10−7 g h−1 m−1 Pa−1. This observed decrease in WVP
can be explained by the addition of JCNCs, which establishes
a more complex pathway for water vapour diffusion.49 This
occurs due to the formation of a compact and interlinked
network within the polymer matrix. Y. He et al.'s earlier
research, which showed that incorporating JCNC-based nano-
composites into polymer matrices successfully decreased water
vapour permeability, is consistent with the study's WVP
decrease.62 This decrease is mostly explained by the formation
of a more intricate water molecule diffusion pathway, which
lengthens the effective path and greatly improves the barrier
qualities of the lm. Cellulose nanocrystals are amphiphilic in
nature but remain predominantly hydrophilic rather than
Table 3 Results of water vapour permeability, oxygen transmission rat
prepared biopolymeric films

Sample code WVP (×10−7 g h−1 m−1 Pa−1) OTR (×10−6 g h−1

GK 5.1 � 0.1a 1.5 � 0.03a

GKC-1 5.01 � 0.1ab 1.2 � 0.04b

GKC-2 4.7 � 0.09bc 0.9 � 0.02c

GKC-3 4.2 � 0.08cd 0.7 � 0.01d

GKC-4 3.6 � 0.07d 0.6 � 0.02d

© 2026 The Author(s). Published by the Royal Society of Chemistry
inherently hydrophobic, as widely reported in the literature.
Accordingly, the observed increase in the water contact angle is
attributed not solely to the surface chemistry of JCNCs, but to
the combined effect of JCNC incorporation and the resulting
changes in surface morphology and roughness of the lms, as
evidenced by SEM analysis.

3.8 Oxygen transmission rate of biopolymeric lms

A steady decrease in OTR values was observed as the JCNC
content in the lms increased (Table 3). The GK control lm
showed the highest OTR value of 1.508 g h−1 m−1 atm−1, sug-
gesting greater oxygen permeability. As the JCNC concentration
rose from 1% to 7%, OTR values signicantly dropped, with
GKC-4 recording the lowest at 0.612 h−1 m−1 atm−1. This OTR
reduction can be linked to CNC incorporation, which creates
a strong interface between JCNCs and the GK matrix, further
limiting oxygen movement and enhancing lm barrier proper-
ties. The continuous OTR decline with increasing JCNC content
highlights JCNC's role as a reinforcing agent in improving the
oxygen barrier properties of biopolymer lms. This trend is
consistent with that in previous research reporting similar
barrier performance improvements when nanocellulose is
added to polymer matrices. Y. He et al. reported that adding
JCNC-based nanocomposites to a coating matrix successfully
reduced air permeability, which is consistent with the improved
oxygen barrier performance in this investigation.62 The capacity
of JCNCs to ll in spaces between polymer chains and create
e, water solubility, moisture retention capacity and soil burial test of

m−1 atm−1) WS (%) MRC (%) Soil burial test (%)

9.5 � 0.2a 9.8 � 0.1a 42.1 � 0.8a

9.1 � 0.1a 9.6 � 0.1ab 38.5 � 1.1ab

8.5 � 0.2b 9.1 � 0.1b 34.2 � 0.7b

8.1 � 0.2bc 8.8 � 0.1bc 29.1 � 0.9c

7.9 � 0.2c 8.7 � 0.1d 25.6 � 0.1d
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a highly ordered “nano-brick” structure was linked to this
improvement. Consequently, the oxygen diffusion pathway's
increased tortuosity helped improve the barrier's overall
qualities.
3.9 Water solubility of biopolymeric lms

Incorporating JCNCs into the GKmatrix signicantly inuenced
the composite lms' water solubility (WS). The GK control lm
exhibited the highest WS value of 9.512%, highlighting the
inherently hydrophilic nature of GL and KC.63 However, as the
JCNC concentration increased from 1% to 7%, WS values
steadily declined, with the GKC-4 lm displaying the lowest WS
value of 7.924% (Table 3). This reduction in WS can be attrib-
uted to the formation of strong intermolecular hydrogen bonds
between JCNCs and the GK polymer network, which restricts the
penetration of water molecules into the lm matrix.64 Addi-
tionally, JCNCs enhance lm structural integrity through cross-
linking interactions, reinforcing the polymeric network and
making it more resistant to dissolution. The hydrophobic
nature of JCNCs further decreases water affinity, thereby
improving the overall water resistance of the lms.
3.10 Moisture retention capacity of biopolymeric lms

MRC values showed a gradual decrease with increasing CNC
content in the lms (Table 3). The GK control lm demon-
strated the highest MRC value of 9.899%, indicating greater
moisture retention. As the JCNC concentration rose from 1% to
7%, MRC values decreased, with GKC-4 recording the lowest
MRC value of 8.781%. This MRC reduction can be attributed to
JCNC incorporation, which decreases overall lm hydrophilicity
by forming a more compact and cross-linked network. The
JCNCs' presence restricts moisture absorption and retention
within the polymer matrix, thus lowering the MRC.65
3.11 Soil burial test of the prepared biopolymeric lms

The biopolymeric lms exhibit inherent biodegradability due to
their natural polymer backbone and hydrolysable functional
Fig. 5 (a) The water contact angles and (b) DPPH and ABTS scavenging

Sustainable Food Technol.
groups, enabling degradation through hydrolytic, enzymatic,
and microbial pathways in soil or compost environments.
Moisture-assisted chain scission and subsequent microbial
mineralization govern the degradation process, which is inu-
enced by the polymer structure and composition. Consistent
with recent studies, the developed lms are expected to balance
functional performance with environmentally favorable degra-
dation behavior, supporting their application in sustainable
packaging.66,67 The biodegradability of the fabricated nano-
composite lms was evaluated through a soil burial test,
wherein the lms were buried in soil for 30 days, with periodic
monitoring of their weight loss and physical degradation. The
control GK lm exhibited a 42.1% weight reduction by the end
of the study, indicating a moderate degree of biodegradability
(Table 3). In contrast, lms containing jackfruit cellulose
nanocrystals (JCNCs) demonstrated varied degradation rates,
with weight loss values ranging from 38.5% to 25.6% over the
same period. Specically, the weight reduction for GKC-1, GKC-
2, GKC-3 and GKC-4 was recorded as 38.5%, 34.2%, 29.1% and
25.6%, respectively. Visual assessments further substantiated
these ndings. By 20 days, the control GK lm exhibited visible
cracks and substantial disintegration, signifying extensive
microbial degradation. Conversely, JCNC incorporating lms
displayed a more intact structure, with GKC-4 showing the least
fragmentation and cracking even aer 30 days. These observa-
tions suggest that CNC incorporation reduces the rate of
biodegradation in GK lms.

The reduced biodegradability of JCNC reinforced lms can
be attributed to increased hydrophobicity, which hinders
microbial colonization and enzymatic breakdown. As CNC
content increases, the lms develop a more compact and water-
resistant structure, thereby limiting microbial access to
degradable sites. This trend aligns with previous studies, which
report that CNCs enhance the mechanical strength and thermal
stability of biopolymeric lms, consequently reducing their
susceptibility to microbial degradation.68 Additionally, CNCs
may act as a physical barrier, restricting the exposure of the
lm's surface to enzymes andmicrobial activity, further slowing
activities of the fabricated biopolymeric films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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down the degradation process. These ndings hold signicant
implications for the development of biodegradable packaging
materials. While the incorporation of JCNCs enhances the
structural and thermal properties of GK lms, it simultaneously
reduces their biodegradation rate. Therefore, balancing
mechanical durability and environmental sustainability
remains a critical factor in optimizing CNC-based biodegrad-
able lms for eco-friendly packaging applications.

The soil burial test employed in this study provides a quali-
tative and comparative indication of environmental disinte-
gration rather than a denitive measure of intrinsic
biodegradation, particularly for hydrophilic and partially water-
soluble polymers such as gelatin and kappa-carrageenan. Under
soil conditions, the observed mass loss may arise from
a combination of microbial degradation and moisture-induced
dissolution; however, the test remains useful for comparing
relative stability and degradation trends among lms with
different JCNC loadings under identical conditions.

3.12 Wettability of the prepared biopolymeric lms

The addition of JCNCs to GK lms resulted in notable changes
to the composite lms' water contact angle (WCA). The baseline
lm exhibited a WCA of 67.9° (Fig. 5a), suggesting a somewhat
hydrophilic surface, as noted by Paula et al.69 As JCNC concen-
trations increased, a gradual rise in the WCA was noted. The
highest WCA of 82.1° was observed in the lm with 7% JCNCs.70

Films GKC-1, GKC-2 and GKC-3 showed WCAs of 81.0°, 81.4°
and 81.5°, respectively.71 As explained by Kono et al., the rise in
the WCA following JCNC incorporation can be linked to the
naturally hydrophobic nature of cellulose nanocrystals.72 The
introduction of JCNCs into the GK matrix likely interrupts the
continuity of the hydrophilic polymer network, creating a more
heterogeneous surface with decreased wettability.73 This
observation is consistent with previous research by Achaby
et al., which has documented comparable increases in the WCA
for polymer composites strengthened with hydrophobic
nanollers.74

3.13 Antioxidant properties of the fabricated biopolymeric
lms

The antioxidant potential of GK composite lms incorporating
varying concentrations of JCNCs was systematically evaluated
using DPPH and ABTS radical scavenging assays (Fig. 5b). The
control lm exhibited inherent but limited radical-scavenging
activity, with baseline values of 26.5 ± 1.2% for DPPH and
31.1 ± 1.5% for ABTS, highlighting the intrinsic antioxidant
capacity of the GKmatrix.75 The incorporation of 1% JCNCs into
the GK matrix resulted in a signicant enhancement, with
antioxidant activity increasing to 37.6 ± 1.5% (DPPH) and 41.3
± 1.8% (ABTS). A clear concentration-dependent trend was
observed, with GKC-2 exhibiting 51.7± 1.8% (DPPH) and 57.9±
2.1% (ABTS) and GKC-3 further improving to 66.2 ± 2.0%
(DPPH) and 71.5 ± 2.4% (ABTS). Notably, GKC-4 demonstrated
the highest antioxidant efficacy, reaching 74.8 ± 2.3% (DPPH)
and 78.2 ± 2.6% (ABTS), nearly threefold that of the control.
This progressive enhancement in antioxidant activity can be
© 2026 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol.
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attributed to multiple factors, including the high density of
hydroxyl functional groups in JCNCs,76 which serve as effective
hydrogen donors, improved structural integrity that mitigates
oxidative degradation, and potential synergistic interactions
between JCNCs and the biopolymer matrix.77 The antioxidant
activity observed in JCNC-containing lms cannot be attributed
solely to the aliphatic hydroxyl groups of cellulose, which are
inherently weak radical scavengers. Instead, this activity is more
plausibly associated with trace residual phenolic compounds or
other bioactive constituents originating from jackfruit peel
biomass that may persist aer purication, along with their
synergistic interactions within the biopolymer matrix.
3.14 Packaging studies

Button mushrooms (Agaricus bisporus) were chosen for pack-
aging studies because they are one of the most widely cultivated
and consumed mushroom varieties globally, with high
commercial importance. Their delicate texture, high moisture
content, and rapid post-harvest respiration rate make them
Fig. 6 Visual appearance of button mushrooms unpacked and packed w

Sustainable Food Technol.
particularly prone to quality deterioration and spoilage, neces-
sitating effective packaging to retain freshness, extend shelf life
and reduce losses during storage and transportation.
3.15 pH variation and weight loss studies

The quality of button mushrooms stored at 4 °C was evaluated
over 12 days by analyzing two primary factors: weight loss (%)
and pH changes, under four distinct packaging conditions:
unpacked, GK (control lm), GKC-4 and commercial polyethene
lm (Fig. 6).

Across all packaging systems, button mushrooms showed
progressive quality changes during storage, with packaging
markedly moderating both acidication and moisture loss. The
initial pH was identical (6.86) for all treatments, conrming
comparable starting conditions (Fig. 7a). Thereaer, unpacked
mushrooms acidied rapidly to 5.90 ± 0.23 (day 3), 5.42 ± 0.25
(day 6), 5.25 ± 0.27 (day 9), and 4.04 ± 0.24 (day 12; DpH =

−2.82), indicative of intensied respiration and microbial
activity. Packaging mitigated this shi, with the control lm
ith control, GKC-4 and polythene films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Observed variations in the pH and (b) weight % of the packed button mushrooms on the 0th, 3rd, 6th, 9th and 12th days, respectively.
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declining to 6.01 ± 0.23 (DpH = −0.85), commercial polythene
declining to 6.21± 0.13 (DpH=−0.65), and GKC-4 showing the
greatest pH stability at 6.61± 0.15 by day 12 (DpH=−0.25). The
treatment gaps at each time point (at day 12: 6.61 vs. 6.21 vs.
6.01 vs. 4.04) are much larger than their associated errors
(±0.06–0.30), supporting the robustness of these differences.

Parallel trends were observed for cumulative weight loss
(Fig. 7b). By day 3, unpacked samples lost 3.76 ± 0.05%
compared to 3.65 ± 0.04% for the control lm, 2.92 ± 0.03% for
commercial polythene and 2.52 ± 0.02% for GKC-4. By day 6,
the pattern widened to 7.13 ± 0.03% for unpacked, 5.85 ±

0.05% for the control lm, 5.11 ± 0.05% for commercial poly-
thene, and 4.74 ± 0.04% for GKC-4. Similarly, by day 12 the
values were 13.61 ± 0.05%, 11.11 ± 0.05%, 10.22 ± 0.03%, and
9.21 ± 0.02%, respectively. Relative to unpacked mushrooms,
Table 5 The sensory results of various packaging systems

Sample Attribute Day 0

Unpacked Appearance 9.6 � 0.3
Texture 9.4 � 0.4
Odor 9.3 � 0.4
Overall acceptability 9.5 � 0.3

Polyethene lm Appearance 9.6 � 0.3
Texture 9.5 � 0.3
Odor 9.6 � 0.3
Overall acceptability 9.5 � 0.2

GK lm (control) Appearance 9.6 � 0.3
Texture 9.5 � 0.3
Odor 9.4 � 0.3
Overall acceptability 9.5 � 0.2

GKC-4 lm Appearance 9.6 � 0.3
Texture 9.5 � 0.3
Odor 9.5 � 0.3
Overall acceptability 9.3 � 0.2

© 2026 The Author(s). Published by the Royal Society of Chemistry
GKC-4 reduced weight loss by about 33% on day 6 and 32% on
day 12, with commercial polythene achieving ∼28% and ∼25%
reductions and the control lm achieving ∼18% reductions at
these times; the small standard deviations (±0.02–0.06) indi-
cate highmeasurement precision. Mechanistically, GKC-4 likely
offers superior barrier and gas-modulating properties that limit
transpiration and oxidative metabolism while suppressing
microbial proliferation, thereby retaining near-neutral pH,
reducing shrivelling, and sustaining texture and overall
acceptability over the 12-day storage period.

3.16 Sensory results and interpretation

All samples started with very high quality on day 0 (approxi-
mately 9.3–9.6 out of 10 across attributes) and then declined
during storage, with the rate of decline strongly dependent on
Day 3 Day 6 Day 9 Day 12

8.1 � 0.6 6.3 � 0.5 5.7 � 0.7 4.2 � 0.8
8.2 � 0.6 6.2 � 0.7 5.5 � 0.7 4.0 � 0.4
8.9 � 0.6 5.7 � 0.7 5.2 � 0.9 3.7 � 0.8
8.0 � 0.5 6.1 � 0.6 5.6 � 0.5 4.1 � 0.7
8.9 � 0.4 7.5 � 0.5 7.0 � 0.3 6.7 � 0.8
8.7 � 0.4 7.1 � 0.5 6.8 � 0.2 6.5 � 0.9
8.5 � 0.5 7.2 � 0.5 6.7 � 0.4 4.4 � 0.9
8.6 � 0.4 7.1 � 0.4 6.8 � 0.1 5.6 � 0.8
8.1 � 0.4 7.5 � 0.5 7.2 � 0.4 6.9 � 0.9
7.9 � 0.4 7.4 � 0.4 7.1 � 0.4 6.7 � 0.8
8.7 � 0.5 7.2 � 0.5 6.9 � 0.3 5.6 � 0.8
8.8 � 0.3 7.2 � 0.4 7.0 � 0.2 6.7 � 0.9
8.3 � 0.3 8.2 � 0.4 7.9 � 0.3 7.7 � 0.9
8.2 � 0.3 8.1 � 0.4 7.8 � 0.4 7.6 � 0.8
8.2 � 0.3 8.2 � 0.4 7.8 � 0.3 7.6 � 0.7
8.3 � 0.3 8.2 � 0.3 7.9 � 0.2 7.7 � 0.9

Sustainable Food Technol.
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packaging type (Table 5). Unpacked samples deteriorated the
fastest, falling by day 12 to 4.2± 0.8 for appearance, 4.0± 0.4 for
texture, 3.7± 0.8 for odor, and 4.1± 0.7 for overall acceptability,
indicating pronounced losses in visual quality, rmness, and
aroma. The polyethene lm mitigated these losses to an extent,
retaining day-12 appearance and texture at 6.7 ± 0.8 and 6.5 ±

0.9, respectively, but odor dropped sharply to 4.4 ± 0.9, limiting
overall acceptability to 5.6 ± 0.8. The GK lm outperformed
polyethene, with day-12 scores of 6.9± 0.9 for appearance, 6.7±
0.8 for texture, 5.6 ± 0.8 for odor and 6.7 ± 0.9 for overall
acceptability, showing better preservation of aroma and
consumer appeal. The GKC-4 lm consistently provided better
retention of sensory quality, remaining near or above 7.6 out of
10 for all attributes on day 12 (appearance at 7.7± 0.9, texture at
7.6 ± 0.8, odor at 7.6 ± 0.7, and overall acceptability at 7.7 ±

0.9). Notably, by day 6, the GKC-4 lm still sustained scores
around 8.1–8.2 while the scores of polyethene and GK lms had
dropped to approximately 7.1–7.4 and the unpacked sample
dropped to 6.1 for overall acceptability. These results demon-
strate that packaging markedly slows sensory quality loss rela-
tive to no packaging, with GKC-4 offering the strongest
protection across appearance, texture, and odor, denitely due
to superior barrier properties that limit moisture loss, oxidative
changes, and aroma volatilization, thereby delivering better
overall acceptability throughout the 12-day storage.

5 Conclusion

This study demonstrates that cellulose nanocrystals derived
from jackfruit peel (JCNCs) are effective bio-based reinforce-
ments for gelatin/kappa-carrageenan (GK) biopolymeric lms,
producing concurrent improvements in the structure, barrier
performance, mechanics, and functionality. Among the
formulations, GKC-4 emerged as the optimal lm, exhibiting
a 30.5% reduction in water vapor permeability and an 87%
increase in tensile strength, alongside substantial gains in
antioxidant capacity i.e., DPPH (182.264%) and ABTS
(151.447%) relative to the GK control. Soil burial tests indicated
a 39.19% decrease in the degradation rate for GKC-4, suggesting
an extended functional lifetime while retaining biodegrad-
ability. Packaging experiments were conducted with button
mushrooms stored at 4 °C for 12 days. GKC-4 signicantly
outperformed the unpackaged control and commercial poly-
ethene lms, minimising weight loss to 9.21 ± 0.02% and
retaining pH stability at 6.61 ± 0.15. These results verify that
JCNC reinforcement can translate laboratory-scale property
enhancements into tangible preservation benets for perish-
able foods.

Overall, the valorization of jackfruit peel into JCNCs offers
a sustainable pathway to high-performance, active biopolymer
lms. GKC-4, in particular, shows strong potential as a func-
tional, biodegradable alternative to conventional plastics for
food packaging. Although the JCNC-reinforced gelatin/kappa-
carrageenan lms exhibited improved functional and pack-
aging performance, the study is limited to laboratory-scale
fabrication, short-term storage, and a single food model.
Future work should focus on scale-up feasibility, long-term
Sustainable Food Technol.
storage studies under diverse environmental conditions,
safety andmigration assessments, and evaluation with different
food systems to support practical and regulatory implementa-
tion of these lms in real-world packaging applications.
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