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er films reinforced with rice straw
cellulose nanofibers and functionalized with
organosolv–lignin nanoparticles and grapefruit
bioactives for shelf life extension of green grapes

Makdud Islam, *a Akhouri Sanjay Kumar Sinha b and Kamlesh Prasad *a

The transition toward sustainable food packaging demands biodegradable composites with multifunctional

performance. In this study, polylactic acid (PLA)/starch bi-layer composites were developed by reinforcing

the PLA layer with succinic anhydride-modified cellulose nanofibers (SACNFs) from rice straw and

functionalizing the starch layer with modified lignin nanoparticles (MLNPs) and/or grapefruit flavedo

extract (GFE). The addition of 2 wt% MLNPs enhanced tensile strength by 25.3%, while GFE increased

flexibility without significant loss in strength. Hybrid MLNPs + GFE films exhibited notable barrier

improvements, reducing water vapor permeability and oxygen permeability by 16.5% and 39.3%,

respectively. Structural (FE-SEM, XRD) and spectroscopic (FTIR, UV-Vis) analyses confirmed compact

morphology, good interfacial compatibility, and strong UV-blocking ability (<9.7% transmittance at 250–

300 nm). The active films demonstrated high antioxidant potential and antimicrobial activity against

Staphylococcus aureus and Pseudomonas aeruginosa, attributed to synergistic effects of MLNPs and

phenolic compounds from GFE. Enhanced thermal stability was also observed in MLNP-containing

composites. Importantly, packaging trials with fresh green grapes revealed that the developed film

(MLNPs + GFE) effectively reduced weight loss (17.1 ± 1.2%), delayed browning (0.84 ± 0.09), and

extended the shelf life up to 18 days under refrigerated storage, significantly outperforming unpackaged

and LDPE-packed grapes. Overall, these results highlight that PLA/starch bi-layer films functionalized

with biomass-derived nanofillers and natural bioactives are a promising route for sustainable active

packaging and shelf life extension of perishable fruits such as green grapes.
Sustainability spotlight

This work advances sustainable food packaging by transforming rice straw and citrus peel two abundant agro-industrial residues into value-added components
for multifunctional PLA/starch bi-layer lms. Incorporation of cellulose nanobers, organosolv–lignin nanoparticles, and grapefruit bioactives enhanced
mechanical, water vapor barrier, UV barrier, antibacterial, antioxidant properties while reducing dependence on petroleum-based plastics. Importantly,
packaging trials with green grapes demonstrated reduced weight loss, delayed browning, and extended shelf life up to 18 days under refrigeration, out-
performing conventional LDPE lms. By integrating waste valorization with improved preservation of perishable fruits, this study contributes to circular
economy principles, reduction of plastic waste, and mitigation of food loss, aligning with sustainable food technology goals.
1 Introduction

Although petroleum-based plastics remain prevalent in food
packaging and allied sectors, their use poses signicant environ-
mental challenges, including resource depletion and persistent
non-biodegradable waste. In response, there has been a growing
demand, particularly in the food and pharmaceutical industries,
echnology, Sant Longowal Institute of

ndia. E-mail: makubkv96@gmail.com;

t Longowal Institute of Engineering and

26, 4, 752–771
for sustainable, eco-friendly materials that full modern pack-
aging requirements.1 In this regard, bioplastics synthesized from
bio-based polymers are a potential alternative to petroleum-based
polymers. Despite biopolymers having some limitations in terms
of mechanical performance, thermal stability, and barrier prop-
erties, extensive research has focused on improving these attri-
butes to match the performance of conventional petrochemical
plastics.2,3 Consequently, among the different bio-based polymers,
poly(lactic) acid (PLA) stands out as one of the most promising
biopolymers that are made from sustainable resources like
sugarcane and maize starch due to its numerous advantages.4 It is
biodegradable, renewable, and biocompatible, with FDA approval
for direct contact with biological uids. Additionally, PLA offers
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of PLA/starch bi-layer films with SACNFs,
MLNPs, and GFE for active food packaging.
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high mechanical strength and an excellent water vapor barrier
comparable to petroleum-based plastics like polyethylene tere-
phthalate (PET) and polystyrene (PS). However, despite these
benets, PLA-based lms have drawbacks such as being extremely
brittle, with less elongation at break (<10%), poor barrier qualities
(such as oxygen), and insufficient UV protection, all of which are
critical for prolonging the shelf life of perishable goods.5 One
potential solution to address these limitations is to combine it
with other biopolymers that provide complementary characteris-
tics. In this regard, starch is a suitable choice due to its high
oxygen barrier properties, low cost, wide availability, and as well as
easy ability to produce extensible lms.6 Nevertheless, starch lms
are extremely water-sensitive, have a low tensile strength, and
a weak water vapor barrier capability.7 In this regard, a bilayer
design for PLA and starch was employed to overcome phase
incompatibility oen observed in composites, improve interlayer
adhesion, maximize the efficiency of incorporated additives, and
more closely mimic the structure of practical multilayer packaging
systems.8 However, there have been few studies into the obtaining
of PLA-starch bilayer lms.9,10 Wang et al. (2024) characterized
PLA/starch bi-layer produced by casting with varying polymer
ratios and observed that at the ratio of PLA50/starch50, these
bilayers demonstrated lower water vapor permeability and
improved mechanical performance compared to starch lms.11

Since starch and PLA possess complementary properties regarding
barrier capacity andmechanical performance, combining them in
a bilayer structure could provide suitable materials for food
packaging. PLA offers an effective barrier against water vapor,
while starch is efficient in blocking oxygen. Moreover, an
increasing amount of food in stores is packaged in advanced
multilayer plastic lms, which provide better long-term preserva-
tion compared to monolayer structures. Similarly, integrating
nanoparticles and bioactive compounds into PLA and starch layers
could result in an active, biodegradable food packaging material
with enhanced functional properties.12,13 Since natural antimicro-
bial compounds are rather expensive, bi-layer lms are suggested
as a way to help lower the amount of these compounds needed in
lms. The active compounds are only required for the second thin
layer, which forms the surface that will come into contact with the
food. The incorporation of nanocellulose from agro-biomass at
a lower percentage (1 wt%) into the polymer matrix can enhance
mechanical strength, reduce gas permeability, and improve poly-
mer functionality due to its high aspect ratio.14 Meanwhile, lignin
nanoparticles extracted from lignocellulosic biomass provide
a high barrier, mechanical and UV-blocking, and antioxidant and
anti-microbial properties, making it valuable for advanced
biopolymer lms.3,15 On the other hand, grapefruit avedo extract
(GFE), abundant in phenolics and avonoids, possesses potential
antioxidant and antimicrobial properties, making it a valuable
addition to act as a protective function of packaging lms. In
parallel, the incorporation of GFE with bioactive properties into
polymer matrices has been explored as an effective means to
impart antioxidant and antimicrobial functionalities to the
material.2,16,17 Consequently, developing biodegradable and eco-
friendly polymer composites from renewable agricultural resi-
dues, such as rice straw and grapefruit byproducts, supports both
sustainable material design and the goals of a circular
© 2026 The Author(s). Published by the Royal Society of Chemistry
bioeconomy. This strategy is in line with recent advances in
sustainable bio-based nanocomposites, where the incorporation
of natural extracts and eco-friendly llers has been shown to
enhance material performance while minimizing environmental
impact.18–20 It is hypothesized that functionalizing the starch layer
with organosolv lignin nanoparticles (MLNPs) and/or grapefruit
peel extract (GFE) would synergistically enhance the performance
of PLA/starch bi-layer lms. Specically, (i) MLNPs are expected to
improve mechanical strength, UV-shielding, thermal stability, and
barrier properties; (ii) GFE is anticipated to provide antioxidant,
antimicrobial, and plasticizing effects; and (iii) their combined
incorporation (F3) is expected to yield balanced improvements,
extending the shelf life of green grapes. These hypotheses were
experimentally tested and statistically validated against the control
sample (C) (p < 0.05). A schematic representation of the designed
PLA/starch bi-layer lms reinforced with SACNFs and functional-
ized with MLNPs and GFE, along with their expected functional
properties, is shown in Fig. 1.

To the best of our knowledge, no study focuses on the devel-
opment of rice straw (RS) SA_CNFs reinforced PLA/starch bi-layer
lms added with MLNPs from RS rice straw and GFE from
grapefruit avedo waste added to the starch layer. The current
study deals with the development and detailed characterization of
bi-layer lms based on PLA/potato starch, in which SA_CNFs from
RS were reinforced in the PLA layer, and MLNPs and/or GFE are
added to the second starch layer. The details characterization,
such as microstructure (FE-SEM), and physical properties of the
different bi-layer lms were analyzed, as well as thermal properties
(TGA, DSC), crystallinity (XRD), barrier properties (OP, WVTR),
anti-microbial and antioxidant properties, and molecular inter-
action through FT-IR analysis. Additionally, the fabricated active
lms were practically evaluated in grape packaging, where weight
loss and browning degree of the packaged grapes were measured
to assess their effectiveness for green packaging applications.
2 Materials and methods
2.1 Materials

The succinic anhydride-modied cellulose nanober (SACNFs)
and lignin (organosolv-treated) solution from rice straw used for
this study were acquired from our previous work.21 Grapefruit
Sustainable Food Technol., 2026, 4, 752–771 | 753
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was purchased from the local market of Chandigarh, and potato
starch (Cat. No. 06120) was obtained from Lova Chemie Pvt. Ltd,
Mumbai, India with a high purity (>99%), amylose (∼20–25%),
and moisture (<15%) was used for this research. Chemicals
such as succinic anhydride (SA), DPPH, ABTS, acetate buffer,
TPTZ solution, and ferric chloride hexahydrate, potassium
persulfate, sodium nitrite, aluminum chloride, sodium hypo-
phosphite, sodium hydroxide, Folin–Ciocaltue solution,
sodium carbonate, dichloromethane are analytical grade and
supplied by Himedia Pvt (Mumbai). Poly(lactic acid) (PLA),
marketed as Luminy® LX175 and manufactured by Total Cor-
bion, is a highly viscous, amorphous, and transparent white
pellets. It contains approximately 4% D-lactic acid and has
a molecular weight of 163 000 g mol−1 and it has a density of
1.24 g cm−3 and a melt ow index (MFI) of 6 g/10 min
(measured at 210 °C under a 2.16 kg load).

2.2 Synthesis and surface modication of lignin
nanoparticles (MLNPs)

Lignin nanoparticles were synthesized through a pH-induced
precipitation method, followed by a previous method with
slight modications.22 Aer the extraction of cellulose, the
organosolv-treated black liquor solution (Lignin) was trans-
ferred to a 300 mL beaker under constant stirring for 1 h to
achieve a uniform suspension, and subsequently, 0.25 M
hydrochloric acid (HCL) was added dropwise (3 drops per min)
to have a pH value of 3.07. Aer 6 h, the mixture was transferred
into tubes and ltered with distilled water (DL) until a neutral
pH was achieved. Again, the mixture was subjected to centri-
fugation (900g, 15 min), ltered through Whatman lter paper,
and ultrasonicated in an ultrasonic probe sonicator (Q500,
Newtown, USA) at 40% amplitude for 30 min and freeze-dried to
obtain powdered LNPs for further functionalization. To modify
the LNPs, LNPs suspension was mixed with a 5 wt% citric acid
solution and a 1 wt% sodium hypophosphite (NaH2PO4) as
a catalyst. The mixture was then kept in a vacuum oven (0.6 bar)
for 2 h, and then it was le to stand at RT for 12 h. The chemical
modication started to operate aer excess water was removed
in an oven at 60 °C and cured for 4 h at 130 °C.23 To eliminate
residual citric acid, NaH2PO4, and unstable byproducts, the
solid phase was redissolved in water, centrifuged three times,
and dialyzed against DL until reaching neutral pH. Aerward,
the suspension underwent ultrasonic treatment before being
evenly distributed into water. Finally, the modied LNPs
(MLNPs) were obtained as a powder from a freeze-dryer (−50 °C,
0.12 mbar).

2.3 Extraction of grapefruit (Citrus paradisi) avedo extract
(GFE)

The ethanolic extracts from grapefruit avedo were obtained
using an optimized ultrasonic extraction method.24 Ultrasonic-
assisted extraction was carried out using grapefruit avedo
powder (2 g) in a 48 9% ethanolic solution with an ultrasonic
amplitude of 40% and a sonication time of 13 min in an
ultrasonic probe sonicator (Q500, Newtown, USA). Following
the completion of the sonication procedure, the sample was
754 | Sustainable Food Technol., 2026, 4, 752–771
centrifuged at 500g for 10 min and allowed to cool to room
temperature (RT) using a cold-water bath (0–4 °C). Ultimately,
supernatants were ltered through a 0.45 nm nylon membrane
into a 50 mL falcon tube and stored at 4 °C for further analysis.
The avedo extracts were placed in a Petri dish and kept in
a vacuum drier overnight to evaporate the solvent from the Petri
dish. Finally, a known ethanolic solution of GFE was then made
by weighing the avedo extract amount on a weighing balance.
The ethanolic GFE solution was stored for further use in
a refrigerator.

2.4 Fabrication of PLA_SACNFs/starch bi-layer lms added
with MLNPs and GFE

PLA and modied CNFs (SA_CNFs) bio-nanocomposite lms
were fabricated viamodied solvent-casting.25 In brief, PLA (5 g)
pellets were blended into the dichloromethane solution (100
mL) and mixed vigorously using a magnetic stirrer (z400 rpm)
at 45 °C for 6 h. On the other side, dichloromethane solution
was mixed with 1 wt% SA_CNFs and constantly swirled (z400
rpm) for 8 h. Aer that, a probe sonicator at 40% amplitude
(Q500, Newtown, USA) was used to sonicate this mixture for
30 min at RT. In addition, SA_CNFs (1 wt%) solutions were
added to the pre-prepared PLA solution, and aer 15 min of
stirring, it was again sonicated for 30 min. Lastly, the resulting
suspension (z20–25mL) was cast onto a 90mm glass Petri dish
and vacuum-dried at 50 °C to constant weight. Meanwhile, 4 g
of potato starch was dispersed in DL and heated to 80–90 °C
under continuous stirring until full gelatinization occurred.
Cool the gelatinized starch solution to RT and add 30% glycerol
to the starch solution. Aerward, disperse the pre-synthesized
and 2 wt% surface-modied lignin nanoparticles (MLNPs)
into the starch solution under vigorous stirring. Again, add
5 wt% grapefruit avedo extracts (GFE) and continue stirring to
ensure homogeneity. Once the PLA_SACNFs lm was
completely dried, the homogeneous starch mixture (z12–15
mL) containing pure starch, MLNPs, GFE, or MLNPs + GFE was
gently poured onto the pre-dried PLA_SACNFs layer according
to the formulation protocol described in Table 1. The bi-layer
lms were then dried at 45 °C (30–40% RH) until complete
solvent removal (approximately 12–18 h). Aer drying, the lms
were carefully peeled from the casting substrate and condi-
tioned in a desiccator for at least 24 h prior to characterization.
As this work extends our previous study, where the incorpora-
tion of 1 wt% SACNFs in the PLA matrix provided the highest
tensile (26.54 MPa) and barrier properties (4.85 g mm per day
per m2 per kPa). Based on these results, the PLA + 1 wt%
SACNFs layer was selected as the constant structural base, while
the starch layer was modied with MLNPs and GFE to examine
their effects on lm functionality. Monolayer PLA or starch
lms were not included, as the aim was to investigate starch-
layer functionalization over an optimized PLA substrate.

2.5 Film characterization

2.5.1 Structural and molecular interaction analysis
2.5.1.1 Fourier transform infrared spectroscopy (FT-IR) anal-

ysis. PLA_SACNFs/starch bi-layer lms were subjected to FT-IR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental design of bi-layer filmsa

Sample ID PLA layer composition Starch layer composition Description

C PLA + 1 wt% SACNFs Native starch Control (no additives)
F1 PLA + 1 wt% SACNFs Starch + 2 wt% MLNPs MLNPs added to starch layer
F2 PLA + 1 wt% SACNFs Starch + 5 wt% GFE GFE added to starch layer
F3 PLA + 1 wt% SACNFs Starch + 2 wt% MLNPs + 5 wt% GFE MLNPs and GFE added to starch layer

a C: PLA_SACNFs/starch, F1: PLA_SACNFs/starch_2MLNPs, F2: PLA_SACNFs/starch_5GFE, F3: PLA_SACNFs/starch_2MLNPs_5GFE.
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analysis using a previous methodology.26 In a nutshell, 40–
45 mg of lm was cut into rectangular pieces and placed within
the sample chamber. 64 scans of an interferogram were made
using FT-IR (PerkinElmer, L1600300 Spectrum TWO LiTa, UK)
with a scanning range of 4000–600 cm−1 and a resolution of
±4 cm−1.

2.5.1.2 X-ray diffraction (XRD) analysis. The X-ray diffraction
pattern of bi-layer lms was analyzed according to the method
described by ref. 27. The analysis was performed using an X-ray
diffractometer (Almelo, Netherlands) equipped with a Cu/Ka
radiation source (l = 1.548 Å). The lms were scanned over an
angular range of 5° to 40° (2q) at a scanning rate of 0.5° min−1.

2.5.1.3 FESEM analysis. The morphology of the bi-layer
lms was analyzed using a eld emission scanning electron
microscope (FE-SEM, JEOL, JSM 840, Japan). To avoid electro-
static charging, the samples were xed onto aluminum stubs
with conductive tape and sputter-coated with a thin gold layer.
Observations were conducted at an accelerating voltage of 5 kV.

2.5.2 Thickness and mechanical properties. Film thickness
was determined using a micrometer (Alton M820-25, China)
with a precision of 0.01 mm at nine different points. The
mechanical properties of the lm samples, including tensile
strength (TS), elongation at break (EAB,%), and Young's
modulus (YM), were assessed using a texture analyzer (Stable
Micro Systems, Surrey, UK) following ASTM D882-10 stan-
dards.28 Tomeasure each sample, a sample dimension of 60mm
× 20 mm was cut from it and added to the texture analyzer at
a distance of 40 mm. During the measurement process, a speed
limit of 1 mm s−1 was applied. For every sample, an average of
ve samples was measured. TS, EAB (%), and YM of the samples
were measured using the following eqn (1)–(3)

TSðMPaÞ ¼ F

X
(1)

EABð%Þ ¼ DL

Lo

� 100 (2)

YMðMPaÞ ¼ TS

EAB
(3)

where F: maximum stretching strength (N), X: area of the lm
(mm2), DL: elongated lengths (mm), and Lo: original length
(mm).

2.5.3 Moisture content (MC), lm solubility (FS), and lm
swelling ratio (SR). The MC of the lms was estimated using the
AOAC method.29 FS was ascertained gravimetrically following
a previous method with minor modication.30 The lm SR was
© 2026 The Author(s). Published by the Royal Society of Chemistry
calculated using a previously established procedure with slight
changes.31 The detailed procedures are described in Text S1.

2.5.4 Contact angle measurements. The contact angle of
composite lms was measured using a contact angle measure-
ment system (Data Physics OCA 20, Germany) based on
a previous methodology by with slight modications.32 The
details methodology of the contact angle measurement is pre-
sented in the Text S1.

2.5.5 Water vapor permeability (WVP) and oxygen perme-
ability (OP). WVP was determined gravimetrically using the
desiccant method, followed by ASTM E96-00 with a minor
modication.33 In this method, the glass bottles containing
anhydrous calcium chloride were sealed with lms with a radius
of 2 cm using paraffin wax. A desiccator with saturated sodium
chloride solution was used to maintain a relative humidity (RH)
of 75%. The weight of the cups was recorded every 24 h, and
WVP was reported using the eqn (4)

WVP ¼ W � x

t� A� DP
(4)

where W: change in the weight of the glass bottles (g), x:
thickness of the lm (m), t: time (day), A: area of the lm (m2),
and DP: saturated vapor pressure (Pa) at RT.

The bi-layer lm's oxygen transmission rate (OTR) was
measured following the ASTM (2004) protocol.34 In this proce-
dure, lm samples with a diameter of 15 cm were securely
mounted over the aperture of a diffusion chamber. Nitrogen gas
(98% concentration) was introduced on one side, while oxygen
(21% concentration) was applied on the opposite side. The tests
were performed under 25 °C, 1 atm pressure, and 50% RH.
Finally, calculate the OP value from the obtained OTR values by
using the following eqn (5)

OP ¼ OTR� t

DP
(5)

where OTR: oxygen transmission rate, t: material thickness, and
DP: partial pressure difference of oxygen across the material.

2.5.6 Color parameters and opacity. The color parameters
of the lm, including L*, a*, and b* measured using a Hunter
colorimeter (model D25, Hunter Associates Laboratory Inc.,
USA) against a white plate background. The detailed methods
and formulas for the color change, whiteness index (WI), and
lm opacity are presented in Text S1.

2.5.7 Ultraviolet and visible light transmission. UV-visible
light barrier properties of the lms were assessed using a UV-
Vis spectrophotometer (PerkinElmer, Waltham, USA) accord-
ing to the procedure reported by a previous method.35 In this
Sustainable Food Technol., 2026, 4, 752–771 | 755
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process, lm strips with dimensions of 10.0 cm × 1.5 cm were
rmly positioned in the cuvette holder of the spectrophotom-
eter to ensure that the light beam reached their surfaces
directly. The initial layer of the lm was in direct contact with
the cuvette while the transmittance was measured in triplicate
over the 200–800 nm wavelength range.

2.5.8 Total phenolic content (TPC) and total avonoid
content (TFC). The TPC of the bi-layer lms was quantied
using a previous methodology with slight modications,36 while
the TFC was determined following a previous procedure.37

Detailed methodologies are provided in Text S1.
2.5.9 Antioxidant activity (AA). The radical scavenging

activity (RSA) of the lms was evaluated using the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) assay, following the method described
in a previously published method.38 Antioxidant activity was
further assessed using the 2,2-azinobis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) radical cation decolorization assay with
minor modications.24 The ferric-reducing antioxidant power
(FRAP) was measured following the method reported by
Eskandarabadi et al. (2019) with minor adjustments.39 The
detailed methodologies are provided in Text S1.

2.5.10 Anti-microbial activity. The anti-microbial activity of
the bi-layer lms was assessed using a previous method with
a few modications.40 In brief, 20 mL of plant count agar
(0.0175 g mL−1, pH 5.5) was prepared, sterilized, and poured
into Petri dishes. Around 50 mL of a 48 h incubated nutrient
broth culture (8 mg mL−1) containing active strains of Pseudo-
monas aeruginosa (MTCC 1366) and Staphylococcus aureus
(MTCC 96) was added to the solidied agar surface. The test
lms were then put into a circular well that was made in the
middle of each plate and had a diameter of 10 mm. The plates
were incubated for 24 h for S. aureus and 48 h for P. aeruginosa
at 37 °C. The zone of inhibition was identied aer incubation
by measuring the diameter of the clear zone surrounding the
lm in millimeters. Films without additives were used as
controls.

2.5.11 Differential scanning calorimetry (DSC) analysis.
The lms were analyzed using DSC (Perki-nElmer, DSC 4000,
UK). Approximately 2.5 mg of each lm sample was sealed in an
aluminum pan and subjected to a heating cycle from 25 °C to
100 °C at a rate of 10 °C min−1. The samples were then cooled
back to 25 °C and reheated to 200 °C at the same rate.
Throughout the analysis, a constant nitrogen ow of 60
mL min−1 was maintained. The glass transition temperature
(Tg), melting temperature (Tm), and enthalpy of fusion (Hf) were
determined from the second heating cycle.

2.5.12 Thermogravimetric analysis (TGA). The thermal
behavior of the PLA bi-layer lms was examined by TGA (Perkin
Elmer-TGA 4000) analysis. A 70 mL aluminum pan was used to
hold approximately 50 mg of the sample. Thermogravimetric
analysis (TGA) was performed over a temperature range of 30–
500 °C, with a heating rate of 10 °C min−1 and a nitrogen gas
ow rate of 20 mL min−1. The TGA and derivative thermogra-
vimetric (DTG) curves were used to evaluate the sample's weight
loss, residual mass, and thermal stability.
756 | Sustainable Food Technol., 2026, 4, 752–771
2.6 Functional efficiency of active lms

Fresh, healthy green grapes free from microbial contamination
and mechanical damage were carefully selected and sorted for
uniformity in size, color, and ripeness. The grapes were washed
with distilled water, weighed, and packaged using different
materials, including LDPE lms, bi-layer active lms. Unpacked
grapes served as a control. Packaging trials were conducted
under two conditions: storage at 3 °C for 0, 4, 8, 12, 16, and 18
days, assess the performance of AMC active lms. The freshness
and shelf life extension of grapes under different packaging
systems were monitored throughout the storage period.

2.6.1 Weight loss analysis. Weight loss was determined by
recording the grape weights on the 1st, 4th, 8th,12th, 16th, and
18th days of storage using a LEADZM electronic balance. The
reduction in weight over time was used as an indicator of weight
loss, which was calculated using eqn (6):

Weight lossð%Þ ¼ Wo �Wf

Wo

� 100 (6)

where, Wo is the initial weight, Wf is the nal weight.
2.6.2 Antibrowning analysis. The browning degree of

grapes was evaluated using the extinction value method aer 18
days of storage.41 A grape solution of 20% (w/v) was prepared by
homogenizing the sample with cold steamed water. The
absorbance of this solution was measured at 410 nm, and the
browning degree was expressed as A410 (absorbance at 410 nm).
2.7 Statistical analysis

All experiments used three independently prepared lm
batches per formulation (biological replicates) with multiple
technical replicates: thickness (nine points per sheet × three
sheets), mechanical tests (ve strips, ASTM D882), UV-Vis (three
strips), barrier properties (three samples), and antioxidant/
antimicrobial assays (triplicat). For grape packaging trials,
each treatment (unpackaged, LDPE, control, F1–F3) included
three trays under identical refrigerated conditions, with
randomized and rotated positions, and analyses performed
blind. Data are expressed as mean± SD and analyzed by ANOVA
with lm batch as a random effect, followed by Duncan's
Multiple Range Test (p < 0.05). Normality and homogeneity were
veried, and non-parametric tests applied when necessary.
3 Results and discussion
3.1 Structural and molecular interaction analysis

3.1.1 FT-IR analysis. FT-IR spectra were performed to
identify the possible interaction among the different polymers
(PLA, starch) and additives (SACNFs, MLNPs, GFE). FT-IR
spectra of C, F1, F2, and F3 bi-layer lms are shown in
Fig. 2a. The FT-IR spectra of PLA_SACNFs/starch bi-layer lms
show the O–H stretching peak at around 3373 ± 4 cm−1, due to
intermolecular and intramolecular hydrogen bonding of starch
and SA-modied CNFs reinforced into the PLA matrix. Upon
incorporation of bio-additives, a noticeable shi in the O–H
stretching peak toward lower wavenumbers was observed,
indicating compositional changes and stronger hydrogen-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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bonding interactions induced byMLNPs and GFE.42 Specically,
the O–H stretching bands appeared at 3311 ± 4 cm−1 for F1
(MLNPs), 3357 ± 4 cm−1 for F2 (GFE), and 3349 ± 4 cm−1 for F3
(MLNPs + GFE), suggesting enhanced hydrogen bonding and
intermolecular associations between hydroxyl groups of starch
and the phenolic or carboxylic groups of the additives. Quan-
titative integration of the FT-IR spectra was carried out for the
O–H (3200–3600 cm−1) and C]O (1700–1760 cm−1) regions
aer baseline correction. The resulting O–H/C]O area ratio
increased from 1.08 ± 0.05 (control) to 1.25 ± 0.04 (F1), 1.18 ±

0.03 (F2), and 1.30 ± 0.05 (F3). The higher ratios conrm an
increased contribution of hydrogen-bonded hydroxyl groups in
the modied lms, consistent with stronger interfacial inter-
actions and improved molecular compatibility between the PLA
and starch layers. The absorption peaks near 1450 ± 4 cm−1,
and 2918 ± 4 cm−1, suggest the CH3 bending and stretching of
the PLA layer from the PLA_SACNFs/starch bi-layer lms.
However, the peak intensity at around 1181–1078 ± 4 cm−1,
suggests the C–O stretching of PLA and bands at around 1150-
900 ± 4 cm−1, corresponding to the starch polysaccharide
backbone. The peak intensity at around 2918 ± 4 cm−1, due to
the C–H (CH2–) stretching is slightly shied to 2928 ± 4 cm−1,
2964 ± 4 cm−1, and 2923 ± 4 cm−1, in the case of F1, F2, and F3
bi-layer lms, respectively, which may be due to the intermo-
lecular interactions and structural rearrangements induced by
the incorporation of bio-additives. Moreover, a strong absorp-
tion peak at around 1745 ± 4 cm−1, indicating ester carbonyl
groups due to the PLA lms.14 However, when MLNPs and GFE
were incorporated into the starch lms, new absorption peaks
appeared at 1649 ± 4 cm−1, and 1035 ± 4 cm−1, corresponding
to C–C and C–O stretching vibrations of phenolic and aromatic
compounds present in the additives. These spectral shis
suggest strong intermolecular interactions and structural inte-
gration without major chemical changes in the PLA or starch
backbone. A similar observation was reported in another study,
Fig. 2 FT-IR spectroscopy (a) and XRD pattern (b) of bi-layer films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
where lignin nano-encapsulated anthocyanins incorporated
into PVA–PEG-based packaging lms exhibited comparable
peaks.43 A subtle shoulder at 1750 cm−1 in F1–F3 lms was
attributed to carbonyl stretching of ester and carboxylic groups
from MLNPs and GFE. Interactions between GFE's carbonyls
and starch may also cause slight shis. The observed shis in
this region suggest possible interactions such as hydrogen
bonding or esterication between the hydroxyl groups of starch
and GFE_MLNPs. These hydrogen bonds, formed between
starch and MLNPs or GFE, likely inuence the microenviron-
ment of absorbed water, leading to changes in the C]O
stretching peak, either by shiing its position or decreasing its
intensity. Such modications imply enhanced water resistance
and reduced moisture sensitivity in the lm. Similarly, Kaya
et al. (2018) reported changes in FT-IR peak intensity and
position in chitosan-based lms containing Pistacia terebinthus
extracts, indicating strong intermolecular interactions between
the extract and the lm matrix.44 In the present study, FT-IR
analysis conrmed no signicant alterations in the functional
groups of the PLA_SACNFs/starch bi-layer lms, suggesting that
the chemical structure remained intact despite the incorpora-
tion of bio-additives. The minor shis in peak intensity and
position observed can be attributed to physical interactions,
such as hydrogen bonding and van der Waals forces, between
the bio-additives and the polymer matrix.45

3.1.2 XRD analysis. The X-ray diffraction (XRD) patterns of
the control sample (C) and modied lms (F1–F3) are shown in
Fig. 2b. In the control bi-layer lm (PLA_SACNFs/starch), char-
acteristic diffraction peaks of PLA are observed at approximately
16.8° ± 0.1°, 19.4° ± 0.1°, and 22.0° ± 0.1° (2q), which corre-
spond to its semi-crystalline nature. Similarly, potato starch
exhibits diffraction peaks within the 15–23° (2q) range, indica-
tive of its B-type crystalline structure associated with amylose
and amylopectin. These peaks in the control lm are primarily
attributed to the PLA layer.46 However, variations in peak
Sustainable Food Technol., 2026, 4, 752–771 | 757
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intensity and slight broadening suggest possible interactions or
structural modications due to the incorporation of bio-
additives such as MLNPs and GFE in the starch layer.
However, the crystallinity index (CrI, %) of the lms increased
from 35.5 ± 1.5% (C) to 39.5% (F1) due to the nucleating effect
of MLNPs, which facilitated the formation and growth of
ordered crystalline regions, particularly within starch's B-type
crystalline structure.47,48 This enhancement was reected by
the sharper and more intense diffraction peaks at 16.80°,
19.43°, and 22.01° (2q), indicating improved molecular
ordering. In contrast, the addition of GFE (F2) decreased CrI to
29.5%, accompanied by broader and less intense peaks that
shied slightly to lower angles. This reduction suggests amor-
phous caused by polyphenolic compounds such as avonoids
and phenolic acids, which interfere with starch chain packing
and act as mild as crosslinkers and plasticizers.49 Similar effects
have been reported by Jha (2020), where the incorporation of
grapefruit seed extract (GSE) into corn starch/chitosan/clay
lms caused peak shis and reduced crystallinity due to poly-
phenol–polymer interactions.50 The combined effect of MLNPs
and GFE in the lm (F3) exhibited an intermediate crystallinity
of 31.5%, with moderately broadened peaks and a diffuse hump
between 10–30° (2q), reecting a balanced interplay between
crystalline reinforcement by MLNPs and amorphous exibility
introduced by GFE. The diminished intensity of PLA peaks at
16.80° and 19.43° further indicates partial disruption of ordered
domains and increased interfacial compatibility between PLA
and starch layers. Overall, these results conrm that MLNPs and
GFE collectively modulate the crystalline–amorphous balance
through interfacial interactions, as further supported by FT-IR
evidence of enhanced hydrogen bonding within the bi-layer
lms. Although direct studies on the combined effects of
MLNPs and GFE on starch crystallinity are limited, however,
their individual effects support the synergistic effects of MLNPs
and GFE.

3.1.3 FESEM analysis. Fig. 3 shows the FE-SEM
morphology of the PLA_SACNFs/starch bi-layer lms added
withMLNPs and GFE bio-additives. The control lm (C) exhibits
a standard PLA/starch bi-layer structure. The control lm (C)
which shows the native starch, exhibited a smooth and some-
what visibly rough surface on the starch layer. The incorpora-
tion of modied lignin nanoparticles (MLNPs) enhances the
structural uniformity of the starch layer. Due to their good
compatibility, these nanoparticles function as reinforcing
agents, promoting the formation of a continuous matrix. This
morphological behavior aligns with previous ndings on starch-
based lms containing lignin nanoparticles.42 Additionally, the
inclusion of grapefruit avedo extract (GFE) may contribute to
a smoother and more homogeneous surface without visible
cracks, likely due to increased polymer chain mobility. In the F3
samples, FE-SEM images are expected to a more compact
microstructure and improved dispersion of lignin nano-
particles. The starch layer in these samples likely exhibits
enhanced cohesion, and stronger internal interactions. Similar
structural characteristics have been reported in other
studies.51,52
758 | Sustainable Food Technol., 2026, 4, 752–771
3.2 Film thickness and mechanical properties

Table 2 demonstrates that the thickness of the bi-layer lms
varied signicantly based on their layer compositions, particu-
larly the layer with the addition of starch, MLNPs, and GFE. The
control sample (C) exhibited the lowest thickness of about
∼0.09 mm, and F3 (PLA_SACNFs/starch_2MLNPS_5GFE)
showed the highest thickness of around ∼0.112 mm, while
the incorporation of additional functional components, such as
MLNPs and GFE, into the starch layer led to a noticeable
increase in lm thickness. This, combined with the observed
improvements in barrier properties, may suggest a more
compact or cohesive structure, likely resulting from synergistic
interactions between the matrix and the additives. Comparable
trends have been observed in prior studies, where biopolymer-
based lms with blended or layered formulations showed
increased thickness due to enhanced material deposition and
interaction among constituents.6,53

The mechanical properties of the bi-layer lms, including
tensile strength (TS), elongation at break (EAB, %), and elastic
modulus (YM), were also affected by the incorporation of bio-
additives such as MLNPs and GFE in the second (starch)
layer, as presented in Table 2. This study is a continuation of
our previous work, which revealed that incorporating 1 wt%
SACNFs into PLA lms achieved an optimal balance between
tensile strength and barrier properties. Therefore, this opti-
mized PLA composition was selected as the base layer (1st layer)
for the bi-layer lm formulation. A similar improvement in
strength properties at low nanocellulose (0.5–1 wt%) loadings
have also been reported for PLA-based lms.54 Moreover, the
addition of MLNPs enhanced the TS by 25.30% and increased
the YM from 0.810 to 0.850 GPa compared to the control lms
(C). Additionally, a slight increment in EAB (%) from 4.74% to
5.40% for the addition of MLNPs in the starch layer (F1). This
improvement in TS and YM is attributed to the uniform
distribution of MLNPs within the starch matrix, facilitating
hydrogen bonding and achieving strong compatibility and
physical reinforcement. Similar enhancement in TS and YM has
been documented for starch-based lms reinforced with lignin
nanoparticles, highlighting their effectiveness in improving the
mechanical properties of biopolymer composite lms.42

Conversely, the inclusion of GFE in the second layer resulted in
a slight reduction in TS and YM (from 29.72 MPa to∼27.80 MPa
and 0.810 GPa to 0.799 GPa, respectively). Additionally, the EAB
increased from 4.74% to 6.40%, indicating a plasticizing effect
induced by this antimicrobial agent. The incorporation of GFE
acted as a plasticizer in potato starch-based lms, leading to
a noticeable reduction in tensile strength due to weakened
starch–starch interaction forces.55 However, the combined
effect of MLNPs and GFE on the starch layer minor reduction in
TS by ∼4%, and EAB (%) from 4.74% to 5.70%, and EM from
0.810 to 0.795 GPa, which values are slightly higher than the F2
sample but lower than F1 and the control sample. These results
suggested a balancing effect between physical reinforcement
with MLNPs and GFE-induced plasticization, where the GFE
plasticization effect dominates over MLNP's reinforcement. A
similar observation was detected for the bi-layer gelatin-based
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM morphology of bi-layer films.
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lms added with “Pitanga” leaf extract and nisin on the second
layer.13
3.3 MC, FS, and SR

Water resistance is a key factor in packagingmaterials, ensuring
durability and preserving food freshness for a longer shelf life.
Therefore, understanding the MC, SR, and FS of these materials
is important when designing packaging lms.56 The data from
Tables 2 and 3 indicate that the incorporation of MLNPs and
GFE in the starch layer of bi-layer lms contributed to enhanced
water resistance by reducing the MC, FS, and SR of the lms.
The control lm (C) exhibited high MC, FS, and SR of 10.30%,
45.12%, and 72.15%, respectively, which is the characteristic of
native starch lms due to their strong hydrophilic nature.
However, the addition of MLNPs (F1) led to signicant reduc-
tions (p < 0.05) in MC, FS, and SR by 28%, 55.05%, and 55.44%,
respectively. The hydrophobic interactions and cross-linking
between lignin nanoparticles and starch molecules probably
cause the decrease in solubility seen with MLNPs inclusion (F1).
Previous studies also demonstrated that lignin-based llers
enhance hydrophobicity by forming a compact polymer
Table 2 Thickness, moisture, tensile strength (TS), Young modulus (YM)

Sample ID Thickness (mm) Moisture (%)

C 0.090 � 0.003b 10.30 � 0.85a

F1 0.105 � 0.005a 7.13 � 0.74c

F2 0.095 � 0.004b 9.26 � 0.95b

F3 0.112 � 0.006a 6.84 � 0.65c

a Values with different letters in the same column are signicantly differe

© 2026 The Author(s). Published by the Royal Society of Chemistry
network, limiting water penetration.42 Similarly, the incorpora-
tion of GFE (F2) also contributed to lowering the MC, FS, and SR
by 18.05%, 43.59%, and 43.53%, respectively, due to the pres-
ence of polyphenolic compounds and pectin, which interact
with starch chains to enhance structural integrity and moisture
resistance. A similar kind of result was observed for starch-
based bio-plastic lm added with citrus lemon peel ethanol
extracts.6 However, with regards to the MC, FS, and SR of the
lms, the synergistic effect of MLNPs and GFE (F3) further
enhanced water resistance by reducing the MC, FS, and SR by
1.65, 2.43, and 2.41 times, respectively, by reinforcing the llers
through hydrogen bonding and hydrophobic interactions.
However, there is no signicant difference (p < 0.05) compared
to the F1 bi-layer lms. This is consistent with other research
that reported that the combined effect of melanin nanoparticles
and grapefruit seed extract on the pectin/agar blended lms
improves water resistance by reducing the water solubility.45
3.4 Contact angle measurements

Fig. 4 presents the water contact angle (WCA) measurements of
the PLA_SACNFs/starch bilayer lms, surface (starch-layer)
, and elongation at break (EAB, %) values of bi-layer filmsa

TS (MPa) EAB (%) YM (GPa)

29.72 � 1.54b 4.74 � 0.35b 0.810 � 0.07a

37.24 � 1.75a 5.40 � 0.45b 0.85 � 0.06a

27.80 � 1.45c 6.74 � 0.55a 0.799 � 0.05a

28.50 � 1.54d 5.70 � 0.58b 0.795 � 0.04a

nt (p < 0.05).
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Table 3 Film solubility, swelling, oxygen permeability (OP), water vapor permeability (WVP), and water vapor transmission rate (WVTR) of bi-layer
filmsa

Sample ID Film swelling (%) Film solubility (%) OP (×10−11 cm2 s−1 Pa−1)
WVP (g mm per
day per m2 per kPa) WVTR (g per day per m2)

C 72.15 � 4.45a 45.12 � 2.25a 2.14 � 0.17a 0.91 � 0.45a 22.61 � 1.45a

F1 32.15 � 1.35c 20.28 � 0.95c 1.50 � 0.18b 0.82 � 0.49c 18.70 � 1.30bc

F2 40.74 � 2.45b 25.45 � 1.95b 2.05 � 0.17a 0.86 � 0.43b 20.20 � 1.10b

F3 29.89 � 1.25c 18.50 � 0.85c 1.40 � 0.25b 0.79 � 0.48c 17.47 � 1.09c

a Values with different letters in the same column are signicantly different (p < 0.05).
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functionalized with MLNPs, GFE, and their combination. The
control lm (C), consisting of PLA_SACNFs/starch without
additional llers, exhibited the lowest contact angle of 69.6° ±
1.9, indicative of a relatively hydrophilic surface due to the
abundant of polar hydroxyl groups in the starch matrix.
However, the incorporation of MLNPs (F1) on the starch layer
led to a notable increase in WCA to 89.5° ± 1.5, indicating
enhanced surface hydrophobicity. This improvement is likely
due to the presence of hydrophobic aromatic structures in
lignin, which may enhance the hydrophobicity of starch lms
by reducing surface energy through their aromatic structure
and masking hydrophilic groups. Their addition also increases
surface roughness, raising the water contact angle. A similar
result was observed for the enhancement of WAC for the bi-
oplastic added with lignin nanoparticles.57 Similarly, the
inclusion of GFE, which showed a contact angle of 79.5° ± 1.5,
indicates improved water resistance compared to the control
but slightly lower than F1. The enhanced hydrophobicity can be
attributed to strong intermolecular hydrogen bonding between
the hydroxyl groups of starch and the polyphenolic compounds
in GFE, which reduces the availability of free hydrophilic sites
on the surface. This nding is supported by another study by
Fig. 4 Water contact angle (WCA) images of bi-layer films.

760 | Sustainable Food Technol., 2026, 4, 752–771
ref. 58. However, the intermediate contact angle of 86.5° ± 1.5,
was observed for F3 (MLNPs_GFE), which combines both
MLNPs and GFE. This result suggests a synergistic effect of the
two additives, where MLNPs contribute by increasing surface
roughness and introducing main aromatic hydrophobic
domains. A similar observation was detected for the synergic
effect of Alizarin and grapefruit seed extracts in carboxymethyl
cellulose/agar-based functional lms.58
3.5 Water vapor and oxygen barrier properties

The WVTR, WVP, and OP results from Table 2 highlight the
moisture and gas barrier characteristics of PLA_SACNFs/starch
bilayer lms incorporated with MLNPs and GFE. The control
lm (C) demonstrated a relatively higher WVTR (22.61 g per day
per m2) and WVP (0.91 g mm per day per m2 per kPa) compared
to the other bilayer lms. However, the additional bio-additives
such as MLNPs and GFE on the starch layer create a torturous
path. The incorporation of MLNPs (F1) on the starch layer
signicantly improved barrier properties, reducing WVTR to
18.70 g per day per m2 andWVP to 0.82 gmm per day per m2 per
kPa. The MLNPs increased the density of the lm matrix by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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forming hydrogen bonds with starch molecules, resulting from
the good compatibility between MLNPs and the starch matrix
and restricting water vapor pathways. A similar result was
documented where lignin nanoparticles were reinforced in the
starch-based lm.59 Furthermore, the incorporation of GFE (F2)
further reduced the WVTR and WVP to 20.70 g per day per m2

and 0.86 ± 0.49 g mm per day per m2 per kPa, respectively. The
polyphenolic compounds in GFE act as cross-linking agents,
enhancing the compactness of the lm matrix and creating
a more efficient barrier against water vapor. Similarly,58 re-
ported that grapefruit seed extract rich in polyphenols improves
barrier properties by reinforcing the carboxymethyl cellulose/
agar-based lms. Moreover, the combination of MLNPs and
GFE in F3 resulted in the lowest WVTR and WVP values of
17.47 g per day per m2 and 0.79 g mm per day per m2 per kPa,
respectively. The results indicate a synergistic effect between
MLNPs and GFE, balancing hydrophilicity and matrix rein-
forcement, creating more compact, and reducing the free
volume. A similar result was documented for the addition of
sowood kra lignin nanoparticles and thymol to PBS lms.15

Morphological analysis from our research also suggests that
a combination of MLNPs and GFE improves lm homogeneity
by reducing microvoids and minimizing molecular mobility.

Likewise, the WVTR, WVP results, and OP of the
PLA_SACNFs/starch bi-layer lms showed signicant variations
with the treatment of MLNPs and GFE. The control lm (C)
demonstrated the highest oxygen permeability OP at 2.14 ×

10−1 cm2 s−1 Pa−1, which may be due to the relatively higher
porous structure of the starch layer. The incorporation of
MLNPs in the starch layer (F1) signicantly reduced the OP to
1.50 × 10−11 cm2 s−1 Pa−1. This reduction is attributed to the
MLNPs enhancing the tortuosity of the diffusion path within
the lm matrix, thereby hindering oxygen transmission. The
interaction of lignin nanoparticles with the starch phase may
have further improved the integrity and density of the lm
structure, resulting in enhanced oxygen barrier properties.15

Similarly, the addition of GFE in the starch layer (F2) did not
signicantly reduce OP, as the measured value (2.05 × 10−11

cm2 s−1 Pa−1) remained close to that of the control. This
suggests that the presence of GFE alone does not contribute
signicantly to oxygen barrier properties, possibly due to its
hydrophilic nature and its potential to increase lm porosity. A
comparable trend was observed in lms incorporating grape-
fruit seed extract into a corn starch–chitosan blend.55 However,
a slight reduction in OP values was observed in the sample
containing both MLNPs and GFE (F3), which exhibited the
lowest OP value of 1.40 × 10−11 cm2 s−1 Pa−1.
3.6 Color parameter and opacity

Table 4 demonstrates that the addition of MLNPs and GFE
changed the color parameters and opacity of the PLA_SACNFs/
starch bi-layer lms. Fig. 5 shows the images of the MLNPs and
GFE-treated bi-layer lms. The neat PLA_SACNFs/starch bi-layer
lms were colorless and transparent. However, the bi-layer lm
added with MLNPs was blackish, the lm added with GFE was
yellowish, and the combined effect of MLNPs and GFE in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
lms shows pale yellow or blackish-yellow in color. The control
sample (C), which had low b* values (3.64) and slightly negative
a* (−0.50), showed the maximum brightness L* (90.20), sug-
gesting a light and slightly greenish-yellow color. Its opacity was
the lowest of all samples (1.102 UA mm−1), and its whiteness
index (WI) was 90.05, indicating a clearer lm, and it shows the
least color difference (DE). However, with the addition of
MLNPs (F1), the L* value dropped to 68.60, suggesting
a noticeably darker appearance compared to the control
sample. As the b* value rose to 19.17, indicating a more
noticeable yellow tint, the a* value turned positive (0.94), indi-
cating a move towards red. As a result, the transparency was
signicantly diminished, as seen by the opacity rising to 1.928
UA mm−1 and the WI falling to 65.90. The DE* value (32.03) was
signicantly higher than that of the control, suggesting
a marked and perceptible color deviation. Similar observations
have been reported in previous studies, where lignin and its
derivatives impart darker shades and increased opacity to
polymer lms due to their natural pigmentation and light-
absorbing properties.42 On the other hand, the incorporation
of GFE (F2) exhibited a moderate lightness level, with an L*
value of 76.30, indicating it was lighter than F1 and F3, yet still
notably darker than the control lm. The a* value of 0.60
indicated a slight reddish tone, whereas the b* value of 24.90
was the highest among all samples, signifying a strong yellow
coloration. This pronounced yellow hue is attributable to
a higher concentration of avonoids, pigments, and phenolic
compounds present in GFE. Despite the vivid yellow appear-
ance, the lm exhibited a high DE* value of 29.43, indicating
a notable color deviation from the reference white. The white-
ness index (WI = 69.10) was marginally higher than that of F1,
suggesting that although yellowness increased, overall visual
whiteness was better maintained. With an opacity of 1.705 UA
mm−1, F2 was less transparent than the control lm. These
results align with earlier ndings that plant-derived additives
such as GFE can markedly inuence lm coloration and
enhance light absorption, thereby improving UV-blocking
properties.55 The combination of MLNPs and GFE in F3 led to
an L* value of 69.36, accompanied by the highest a* value (1.50),
reecting a more pronounced reddish tint. A high b* value
(22.20) also indicated signicant yellowness. F3 demonstrated
the greatest color difference from the control, with a DE* value
of 34.92, and exhibited the lowest whiteness index (WI = 63.22)
along with the highest opacity (2.816 UA mm−1), identifying it
as the most visually dense and pigmented lm among all
samples. These ndings align with previous studies demon-
strating that melanin nanoparticles and grapefruit seed extract
can signicantly alter visual properties while also enhancing
UV-blocking capabilities in biopolymer lms.45
3.7 Ultraviolet and visible light transmission

The UV-Vis light transmission of the bi-layer lms was studied
to evaluate their potential as effective UV-shielding capacity.
Fig. 6 reveals distinct trends across the four formulations: C, F1,
F2, and F3. The incorporation of active compounds like MLNPs
and GFE into the second layer notably altered the UV-Vis light
Sustainable Food Technol., 2026, 4, 752–771 | 761
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Table 4 Different color parameters and opacity values of bi-layer filmsa

Sample ID

Color and optical properties

L* a* b* DE* WI
Opacity (UA
mm−1)

C 90.20 � 1.55a −0.50 � 0.17c 3.64 � 0.29c 7.73 � 0.51c 90.05 1.102
F1 68.60 � 2.15c 0.94 � 0.20 ab 15.17 � 1.25b 32.03 � 1.75a 65.90 1.928
F2 76.30 � 0.78b 0.60 � 1.05b 24.90 � 2.86a 29.43 � 1.50a 69.10 1.705
F3 69.36 � 0.75c 1.50 � 0.80a 22.20 � 1.40a 34.92 � 1.45b 63.22 2.516

a Values with different letters in the same column are signicantly different (p < 0.05).
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transmission of the lms. All samples exhibited total UV light
blockage up to 230 nm. However, the control sample without
any additives in the second layer exhibited the highest UV-Vis
light transmission, indicating minimal UV-shielding capa-
bility. In the range between 250 and 300 nm, incorporating
MLNPs (F1) and GFE (F2) into the starch layer signicantly
reduced UV light transmission to a minimum (T300) of 4.5% and
2.8%, respectively, as compared to the control (55.1%), whereas,
the visible light transmission (T660) reduces to 49.7% and 38.8%
respectively as compared to control (68.9%). The enhanced UV-
blocking ability of lignin-based lms arises from lignin's
phenolic content and conjugated aromatic structures that effi-
ciently absorb UV radiation60 Likewise, grapefruit avedo
extract contributes to UV protection through avonoids such as
naringin and hesperidin, which possess strong UV-absorbing
conjugated systems.2 This result aligns with previous studies
that demonstrated the effectiveness of lignin derivatives and
grapefruit seed extracts in improving the UV-shielding proper-
ties of polymer composites.61,62 Interestingly, the combined
effect of both llers resulted in a substantial reduction in UV-Vis
Fig. 5 Images of bi-layer films.

762 | Sustainable Food Technol., 2026, 4, 752–771
light transmission. The synergistic interaction between MLNPs
and GFE enhances the shielding effect to a minimum trans-
mission (T300) of 1.3% and visible light transmission (T660) of
47.4% by providing complementary absorption mechanisms.
The dual functionality of these additives, MLNPs particle-based
scattering and GFE's molecular UV absorption, contributes to
the superior performance of F3. Similar synergistic effects have
been observed in gelatin-based bi-layer lms added with Pit-
anga leaf extracts and nisin in the second layer.13

3.8 TPC and TFC analysis

Table 5 shows the TPC and TFC content of PLA_SACNFs/starch
bi-layer lms added with MLNPs and GFE on the starch layers.
Each bi-layer lm displayed unique characteristics, inuenced
by the nature and concentration of the bio-additives used. The
incorporation of bio-additives signicantly enhanced the TPC
and TFC of the bi-layer lms. The maximum TPC (28.36 mg GAE
per g) was observed in the bi-lms where MLNPs and GFE were
added in the starch layer (F3), as both lignin and GFE were good
sources of phenolic compounds.24,63 In contrast, the control
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis light transmission of bi-layer films.
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exhibited the lowest TPC (1.68 GAE per g) and TFC (0.045 mg QE
per g), indicating minimal phenolic and avonoid content
inherent in the control sample. The addition of MLNPs (F1)
resulted in a moderate increase in TPC (14.89 mg GAE per g)
and TFC (2.045 mg QE per g), likely due to the presence of
phenolic compounds in the lignin. However, the incorporation
of GFE (F2) markedly increased the TPC (17.21 mg GAE per g)
and TFC (4.409 QE/g), highlighting the high phenolic and
avonoid content of grapefruit avedo. These ndings are
consistent with prior research, indicating that natural extracts
from grapefruits and lignin effectively enhance bioactive
compound levels in biopolymer matrices.64,65
3.9 Antioxidant activity (AA)

The antioxidant activity (AA) of the active bi-layer lms incor-
porating modied lignin nanoparticles (MLNPs) and grapefruit
avedo extract (GFE) was evaluated using various free radical
scavenging assays, including DPPH, ABTS, and FRAP. The
addition of these bioactive components signicantly enhanced
the AA of the bi-layer lms, as summarized in Table 5. The
control sample (C) exhibited negligible antioxidant activity. The
lm containing only MLNPs (F1) demonstrated moderate
scavenging activity, with values of 24.51% for DPPH, 4.07 mg
GAE per g for ABTS, and 5.10 mg FeE per g for FRAP. In contrast,
the GFE-incorporated lm showed higher AA, recording 39.36%
(DPPH), 6.81 mg GAE per g (ABTS), and 7.58 mg FeE per g
Table 5 TPC, TFC, antioxidant activity, and anti-microbial activity of bi-

Sample ID TPC (mg GAE per g) TFC (mg QE per g) DPPH (%)

C 1.68 � 0.45c 0.045 � 0.01c 4.05 � 0.30c
F1 14.89 � 0.55b 2.045 � 0.15b 24.51 � 0.65b

F2 17.21 � 0.65b 4.409 � 0.10b 39.36 � 0.45b

F3 28.36 � 0.95a 3.918 � 0.09a 66.86 � 2.50a

a Values with different letters in the same column are signicantly differe

© 2026 The Author(s). Published by the Royal Society of Chemistry
(FRAP). Notably, the combined inclusion of both GFE and
MLNPs (F3) resulted in a synergistic effect, achieving markedly
enhanced antioxidant activity with values of 66.86% (DPPH),
9.64 mg GAE per g (ABTS), and 10.12 mg FeE per g (FRAP). It is
a very well-known fact that lignin nanoparticles and grapefruit
avedo extract have intensied antioxidant activity.66 This
notable enhancement can be ascribed to avonoids, such as
naringin and hesperidin, along with other polyphenolic
compounds in GPE.24 On the other hand, LNPs show high
antioxidant activity, which is ascribed to their phenolic hydroxyl
groups, which facilitate hydrogen donation and radical scav-
enging.67 Since better antioxidant activity is correlated with
higher phenolic and avonoid content, the trend is consistent
with the TPC and TFC results. Antioxidant lms based on
different bio-polymers, including poly(vinyl alcohol), and chi-
tosan, have recently been prepared using LNP's antioxidant
potential.3,60,66 A starch–chitosan-based antioxidant lm has
recently been created using GSE's potent antioxidant activity.50

The combination of melanin nanoparticles and grapefruit seed
extract in pectin/agar-based lms shows maximum AA
compared to individual bio-additives in the lms.45
3.10 Anti-microbial activity

The prolongation of the food product's self-life within a pack-
aging system is signicantly inuenced by its anti-microbial
activity. MLNPs and GFE-incorporated PLA_SACNFs/starch bi-
layer filmsa

ABTS (mg GAE per g) FRAP (mg FeE per g)

Inhibition zone
diameter (mm)

P. aeruginosa S. aureus

0.59 � 0.15c 1.16 � 0.10c NA NA
4.07 � 0.12b 5.10 � 0.16b 12.50 13.40
6.81 � 0.10b 7.58 � 0.18b 13.50 15.50
9.64 � 0.30a 10.12 � 0.90a 16.50 22.50

nt (p < 0.05).
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layer lms were tested for their anti-microbial effectiveness
against Gram-positive (S. aureus) and Gram-negative (P. aeru-
ginosa) bacteria by measuring the zone of inhibition in diameter
(Table 5 and Fig. S1). The fact that there was no discernible anti-
microbial activity in the control sample (C) suggests that the
base polymer matrix by itself lacks inherent anti-microbial
qualities. However, the addition of GFE and MLNPs greatly
improved the lm's antibacterial activity. Among the modied
lms, F1 (MLNPs) displayed moderate antimicrobial activity,
with inhibition zone diameters of 12.50 mm for P. aeruginosa
and 13.40 mm for S. aureus. This enhancement is likely attrib-
uted to the inclusion of lignin nanoparticles (LNPs), which are
known to possess antimicrobial properties by disrupting
microbial cell membranes and inducing the generation of
reactive oxygen species (ROS).60 The F2 (GFE) sample exhibited
even greater antimicrobial efficacy, displaying inhibition zones
of 13.50 mm and 15.50 mm against P. aeruginosa and S. aureus,
respectively. This increased activity can be credited to the
polyphenolic compounds present in grapefruit avedo extract
(GFE), such as naringin and hesperidin, which are recognized
for their antimicrobial potential primarily through interactions
with bacterial cell walls that compromise membrane integrity
and ultimately lead to cell death.68 The most pronounced anti-
microbial performance was observed in F3 (MLNPs_GFE),
which showed inhibition zones of 16.50 mm and 22.50 mm for
P. aeruginosa and S. aureus, respectively. This superior effect is
likely due to the synergistic combination of modied lignin
nanoparticles (MLNPs) and GFE, offering a multifaceted anti-
microbial mechanism involving metal ion release, ROS gener-
ation, and polyphenol-mediated disruption of microbial cells.
These ndings align with previous studies that have demon-
strated the synergistic effect of grapefruit seed extract and cur-
cumin on the poly(vinyl alcohol)-based lms, enhanced anti-
microbial efficacy.69 The synergistic effects observed in F3
highlight the potential of these bi-layer lms for applications in
active food packaging and biomedical elds where antimicro-
bial properties are essential.
3.11 DSC analysis

DSC was conducted to assess the thermal behavior of
PLA_SACNFs/starch bi-layer lms added with MLNPs and GFE,
as depicted in Fig. 7a. Table 6 presents DSC parameters (Tg, Tm,
andDHm) of the bi-layer lms. The obtained thermal transitions
(Tg, Tc, and Tm) are critical for determining the processing
window and service temperature range of the packaging mate-
rials. The glass transition temperature (Tg) denes the lower
operational limit where polymer chains gain mobility. The Tg
increased from 55.32 °C (control) to 56.81 °C (F1) and 60.47 °C
(F2), indicating stronger interfacial interactions and restricted
chain mobility. The rise in Tg value for F2 indicates that GFE,
maybe via hydrogen bonding, improves molecular interactions
inside the polymer matrix.70 The combined action of MLNPs
and GFE, which may disrupt the polymer network, is suggested
by the reduced Tg value for F3. This enhancement reects
improved dimensional stability and rigidity, which are desir-
able for packaging exposed to moderate heat. The melting
764 | Sustainable Food Technol., 2026, 4, 752–771
transitions (Tm1
and Tm2

) determine the upper processing and
sealing range. In the control lm, Tm1

(123.57 °C) and Tm2

(148.16 °C) represent less ordered and more ordered crystalline
regions, respectively. WithMLNP addition (F1), Tm2

increased to
150.15 °C andDHm2

rose markedly to 18.94 J g−1, demonstrating
improved crystalline structure organization and enhanced heat
resistance.3 Conversely, GFE incorporation (F2) lowered Tm1

to
108.97 °C and reduced DHm2

, indicating that polyphenols
partially disrupted crystallinity, resulting in greater exibility
but lower thermal endurance.71 The hybrid lm (F3) showed
intermediate Tm values (Tm1

= 121.78 °C; Tm2
= 151.80 °C) and

moderate DHm (10.48 and 3.16 J g−1), reecting a balanced
effect of reinforcement and plasticization. A distinct crystalli-
zation temperature (Tc = 118.47 °C) was observed only in F1,
conrming that MLNPs act as nucleating agents, facilitating
chain alignment and faster solidication during processing.
The elevated Tc further supports improved thermal formability.
Overall, MLNP addition (F1) enhanced chain ordering, crystal-
linity, and heat resistance, broadening the usable temperature
range and making it more suitable for heat-sealable, thermally
stable active packaging. Different researchers have found
similar results where lignin nanoparticles enhance the thermal
stability of composite lms.3,15 In contrast, GFE (F2) imparted
exibility and lower processing temperature suitability, while
the combined lm (F3) achieved an optimal balance between
rigidity and ductility.
3.12 TGA analysis

The thermal behavior of the PLA_SACNFs/starch bi-layer lms
added with MLNPs and GFE (C, F1, F2, and F3) were evaluated
through TGA analysis. Fig. 7b and c shows the TGA and DTG
diagram of the bi-layer lms. The different thermal parameters
that include Tonset, Tmax, and Wresidue at 500 °C are summarized
in Table 6. Mainly, the reduction of weight loss occurs in four
distinct phases. In the initial phase, temperature between 35 °C
and 175 °C was likely due to the dehydration of water vapor
from the bi-layer lms. Moreover, in the second phase, from
175 °C to 250 °C, weight loss was minimal, indicating the
maximum thermal stability. The third phase, between 250 °C
and 374 °C, found an accelerated thermal breakdown of the bi-
layer lms at elevated temperatures. Finally, the fourth phase,
above 400 °C, degradation involves the oxidation and break-
down of short carbon chains, producing volatile low-molecular-
weight products and residual carbon.46

The Tonset values show that the inclusion of MLNPs and GFE
enhanced the lm's degradation temperature. As shown in
Table 6, the control sample (C) showed the lowest Tonset at
267.30 °C, indicating a lower level of thermal resistance. The
incorporation of MLNPs in the F1 lm signicantly enhanced
its thermal stability, as indicated by a notable increase in Tonset
to 284.50 °C. Similarly, the Tmax value followed the same trend,
with F1 exhibiting the highest Tmax at 327.30 °C, compared to
the control lm's maximum degradation at 319.50 °C. These
results suggest that MLNPs act as effective reinforcing llers,
improving the lm's heat resistance. Comparable improve-
ments in thermal properties have been reported with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DSC (a) and TGA (b and c) thermograms of bi-layer films.
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addition of lignin nanoparticles to starch- and chitosan-based
lms.42,66 The lm containing GFE (F2) showed a moderate
enhancement in thermal stability, achieving a Tonset of 273.30 °
C and a Tmax of 321.40 °C. Although GFE contributed to thermal
improvement, its impact was less pronounced than that of
MLNPs. This aligns with earlier studies demonstrating that
citrus avedo extracts, such as orange peel, provide antioxidant-
based thermal protection in PP and PLA lms, though their
effect is oen secondary to that of inorganic llers.71 Interest-
ingly, the F3 lm recorded a Tmax of 322.50 °C and a Tonset of
268.50 °C. While its Tonset was lower than those of F1 and F2, its
Tmax was comparable to that of F1, indicating a complex inter-
action between the additives used. This shows that while
MLNPs and GFE have stabilizing effects on their own, their
interaction may complicate degradation kinetics, maybe
because of different interfacial adhesion or differences in their
Table 6 DSC parameters and TGA parameters of bi-layer filmsa

Sample ID Tg (°C) Tc Tm1
Tm2

DHm1
(J

C 56.65 — 123.57 148.16 —
F1 56.81 118.47 — 150.15 —
F2 60.41 — 108.97 149.98 13.314
F3 55.57 — 121.78 151.80 10.48

a Tg: glass transition temperature, Tm: melting temperature, Tc: cryst
degradation temperature, Tmax: maximum degradation temperature, Wres

© 2026 The Author(s). Published by the Royal Society of Chemistry
mechanisms of thermal protection. However, the addition of
MLNPs and GFE increases the nal char residue (6.90%) of the
lms. The development of thermally stable char structures is
probably the cause of the higher residue content in lms con-
taining MLNPs and GFE, which indicates better carbonization
and thermal stability. Similar to the ndings of the present
study, a slight increase in char residue and thermal stability was
observed upon the incorporation of lignin nanoparticles and
grapefruit seed extract into biopolymers.3,45 Additionally, all
lms containing MLNPs and/or GFE exhibited higher residual
char (up to 6.90%), reecting enhanced carbonization and
improved thermal stability. These results suggest that F1 lms,
in particular, possess a broader thermal processing window and
can maintain structural integrity at higher temperatures,
making them suitable for packaging applications requiring
moderate heat resistance. The TGA ndings provide practical
g−1) DHm2
(J g−1) Tonset (°C) Tmax (°C)

Wresidue (%)
at 500 °C

2.475 267.30 320.50 2.43
18.94 284.50 327.30 5.27
6.49 273.30 321.22 3.15
3.164 268.50 321.50 6.90

allization temperature, DHm1
: melting enthalpy values, Tonset: onset

idue (%) residual weight at 500 °C.
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Fig. 8 (a) Visual assessment of freshness and shelf life, (b) weight loss (%), and (c) browning inhibition of unpackaged grapes and packed with
LDPE, C, F1, F2 and F3 active films.
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insights into the lm's performance, materials with higher
Tonset and Tmax are less likely to deform or degrade during
processing, storage, or thermal exposure, thereby extending
their functional applicability in packaging.
766 | Sustainable Food Technol., 2026, 4, 752–771
3.13 Functional efficiency of active lms

3.13.1 Visual attributes. Fig. 8a illustrates the visual
appearance of unpackaged grapes and those packed in LDPE
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and active bi-layer lms (C, F1, F2, F3) over the period of 18
days. At day 1, all samples showed a fresh and uniform bright
green color, reecting initial quality consistency. By day 4,
unpackaged grapes and those stored in LDPE lms began to
exhibit slight browning and shriveling, which progressed
rapidly and became severe by day 8, and 12, leading to signi-
cant discoloration and loss of quality by day 16 and 18. These
changes can be attributed to moisture loss, dehydration, and
oxidative reactions of polyphenols.72

In contrast, grapes stored in active bi-layer lms demon-
strated improved visual preservation, with the extent of effec-
tiveness depending on the lm composition. Grapes stored in
active bi-layer lms retained their quality for longer times.
Grapes stored in the control bi-layer lm (C) showed shrinkage
and browning aer day 12, while those in F1 lm showed
delayed deterioration but still show some shrinkages by day 16
and prominent at day 18. However, grapes packed in F2 (GFE)
and F3 (MLNPs + GFE) lms both showed only slight discolor-
ation by day 18, indicating almost similar effectiveness in
preserving visual quality. This can be attributed to the strong
antioxidant activity of GFE and the high UV-blocking capacity of
both lms, which together suppressed oxidative browning and
minimized light-induced degradation. These outcomes are
consistent with earlier studies, which demonstrated that fruit
discoloration is primarily governed by oxidative processes, and
that incorporating strong natural antioxidants into active lms
is highly effective in slowing visible quality loss. Similar pres-
ervation effects have also been reported for grapes, where chi-
tosan–lignosulfonate coatings reduced decay and helped retain
color and rmness during storage,73 and alginate lms enriched
with grapefruit seed extract minimized browning and main-
tained the natural visual appearance of table grapes.74 Overall,
F2 and F3 packaging performed equally well in preserving the
visual quality of grapes during storage.

3.13.2 Weight loss. Weight loss increased progressively
across all treatments during the 18-day storage period due to
moisture evaporation and respiration, which, when excessive,
can cause shriveling and reduce consumer acceptability75. As
illustrated in Fig. 8b, weight loss rose steadily over time for all
packaging conditions. Unpacked grapes exhibited the highest
loss, exceeding 30% by day 18, indicating rapid dehydration in
the absence of a protective barrier. Grapes packaged in LDPE
lms showed comparatively lower weight loss than unpacked
samples; however, the reduction was modest, reecting the
limited moisture retention capability of LDPE lms. Grapes
packed with active lms (C, F1, F2, F3) exhibited signicantly
lower weight loss compared to unpacked samples throughout
storage. Among these, F3 consistently demonstrated the least
weight loss, followed by F1 and F2, while sample C showed
slightly higher values than the formulated active lms. The
superior performance of F3 can be attributed to its enhanced
barrier properties, resulting from the synergistic effect of
bioactive components (MLNPs and GFE) and a higher concen-
tration of active compounds. These properties improve water
vapor transmission rate (WVTR), oxygen permeability (OP), UV
barrier capacity, and antioxidant activity, which collectively help
create a modied internal atmosphere and slow down
© 2026 The Author(s). Published by the Royal Society of Chemistry
respiration. Additionally, the antioxidant functionality of F3
may have contributed to reduced metabolic activity. Conse-
quently, F3 packaging effectively limited moisture loss and
maintained grape quality during storage, highlighting its
potential as an advanced active packaging solution for extend-
ing shelf life. Similar synergistic effects have been reported in
active packaging studies, where combining two bioactive
compounds (e.g., essential oils with nanoparticles or poly-
phenols) signicantly reduced weight loss and extended shelf
life compared to single-active lms76–78.

3.13.3 Antibrowning analysis. Colour is an essential sensory
attribute that determines the visual appeal and overall quality of
grapes. However, browning naturally occurs during storage due to
enzymatic oxidation and microbial activity, which leads to
nutrient degradation, reduced shelf life, and decreased market
value. Therefore, browning is strongly associated with the antiox-
idant and antimicrobial potential of the packaging material.79

Fig. 8c presents the browning degree of unpacked grapes and
those packed with different active lms. The results showed that
unpacked grapes exhibited the highest browning, likely due to the
oxidation of polyphenols and lipids in the absence of protective
packaging. Among the active lms, F3 demonstrated the lowest
browning degree, followed by F2 and F1, whereas LDPE and the
control lm (C) were less effective. The superior performance of
the F3 lm can be attributed to multiple factors. Firstly, the anti-
bacterial effect of GFE reduces microbial growth on the grape
surface. Secondly, the antioxidant properties of MLNPs protect
polyphenolic compounds from oxidation. Furthermore, the UV-
blocking capability of the lm minimizes light-induced oxidative
reactions, which collectively delay enzymatic browning and help
maintain the visual quality of grapes during storage. These nd-
ings align with previous studies reporting that dual-functional
lms with antioxidant and antimicrobial activity effectively delay
enzymatic browning in fruits.79,80.

4 Conclusion

This study successfully developed and characterized
PLA_SACNFs/starch bi-layer lm reinforced with rice straw
CNFs and functionalised with organosolv MLNPs and/or GFE.
The ndings pointed out that incorporating MLNPs and GFE
signicantly enhanced the lm's physicochemical, barrier,
thermal, and bio-functional properties. The solubility, swelling
index, and moisture content of the lms signicantly reduce
with the addition of MLNPs and GFE. The incorporation of
individual llers (MLNPs, GFE) also enhances the WCA of lms.
Furthermore, UV-Vis analysis revealed the lm's enhanced UV-
protection properties. The combined effect of MLNPs and GFE
on the bi-layer lms shows the maximum barrier properties
(WVTR, WVP, and OTR). Mechanical analysis reveals that
MLNPs improved tensile strength by 25.30%, while GFE
contributed to exibility. However, the combined effect does
not show any signicant change in the strength properties.
Structural analysis through XRD and FT-IR veried the inter-
action of MLNPs and GFE within the polymer matrix, contrib-
uting to improved lm integrity. TGA and DSC analysis also
reveal that individual llers (MLNPs, GFE) enhance the thermal
Sustainable Food Technol., 2026, 4, 752–771 | 767
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properties. However, FE-SEM analysis also conrmed the
uniform distribution of MLNPs, and no crack was observed in
GFE dispersed in the starch matrix. The synergic effect of
MLNPs and GFE signicantly enhanced the lm's bio-
functional properties. Antioxidant tests conrmed a notable
increase in radical scavenging activity, and antibacterial anal-
ysis demonstrated strong inhibition against P. aeruginosa and S.
aureus, highlighting the potential of these lms for active
packaging applications. Importantly, active packaging trials
conrmed that the lm added with MLNPs and GFE shows least
weight loss and browning of green grapes, extending their shelf
life up to 18 days under refrigeration condition. These ndings
demonstrate that the developed bi-layer lms represent
a sustainable alternative to conventional plastics, aligning with
circular economy principles while simultaneously reducing
plastic waste and postharvest food losses, thereby contributing
to food security and sustainable packaging systems.
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55 M. J. Bof, A. Jiménez, D. E. Locaso, M. A. Garćıa and
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