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sed bionanocomposite films:
a sustainable and active packaging material for
paneer preservation

Bhavya E P ab and Maya Raman *a

The present study investigates the development of bionanocomposite films formulated using carrageenan

(1.9% w/v), soy protein (0.3% w/v) and nanocellulose (2% w/v), with rosemary essential oil (REO, 1–2% v/v)

incorporated as a bioactive agent. The incorporation of 2% REO significantly reduced the tensile strength

(23.7 MPa) but increased elongation at break (19.8%), enhancing flexibility. The hydration properties

decreased (moisture content 15.5%, swelling capacity 14.5%, water vapour transmission rate 644.4 g m−2

24 h−1), confirming superior moisture barrier performance. Fourier-transform infrared spectroscopy

indicated strong polymer–polymer interactions, while SEM revealed oil droplet dispersion within the

matrix. The films with 2% REO showed the highest antimicrobial activity, notably against Bacillus cereus

(25 mm inhibition zone), attributable to phenolic constituents (a-pinene, 1,8-cineole, camphor). The

films achieved 90% soil biodegradability after 28 days, underscoring their environmental sustainability.

The application studies demonstrated that paneer packaged in 2% REO films maintained superior quality

during 28 days of refrigeration (4 °C), with lower moisture (42.8%), titratable acidity (0.7%), tyrosine

content (23 mg/100 g), improved colour (L*-75.2, a*-3.5, b*-19.2) with textural parameters, hardness (69

N) and chewiness (9.8 N) respectively. Overall, carrageenan/soy protein/nanocellulose films with REO

represent a multifunctional, biodegradable, and sustainable system for active food packaging.
Sustainability spotlight

Sustainability has become a central focus in the development of next generation packaging materials, prompting increased research into biodegradable and
ecofriendly alternatives. This study presents the formulation of a sustainable high performance bionanocomposite lm composed of carrageenan, soy protein,
nanocellulose and rosemary oil, each selected for their natural origin and environmental compatibility. The resulting lm not only supports sustainability
through their biodegradability but also exhibit enhanced physicochemical, antioxidant, and antimicrobial properties The ndings suggest that these
carrageenan/soy protein/nanocellulose/rosemary oil-based bionanocomposite lms hold strong potential as active food packaging materials. The developed
packaging material represents a promising step toward greener food packaging, aligning with Sustainable Development Goals (SDGs) 3 (Good Health and Well-
being) and 12 (Responsible Consumption and Production). Its multifunctionality contributes not only to environmental protection but also to food preservation
and safety, aligning with global efforts to minimize waste and promote a more sustainable food system.
1 Introduction

Conventional food packaging materials are generally derived
from petroleum-based polymers. These provide essential func-
tions such as ensuring food safety, preserving quality, being
lightweight, offering effective barrier properties, and providing
good heat-sealability, which make them suitable for packaging
applications. However, these plastics are non-degradable, non-
recyclable, and have raised signicant environmental
concerns. The continued reliance on fossil-derived resources for
their production further exacerbates environmental sustain-
ability challenges associated with conventional polymers. In
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the Royal Society of Chemistry
response, extensive research is being carried out to develop
alternative, sustainable packaging solutions, with a particular
focus on biopolymers.1

Biopolymers, derived from renewable resources such as
plants, animals and microorganisms are extensively studied as
sustainable and eco-friendly alternatives to conventional
petroleum-based plastics. Their inherent non-toxicity, biocom-
patibility and biodegradability make them particularly suitable
for food packaging applications. In comparison with petroleum-
based polymers, biopolymers are sourced from renewable feed-
stocks, thereby reducing reliance on fossil fuels and mitigating
the environmental challenges.2 Biopolymers such as poly-
saccharides (starch, chitosan, cellulose), proteins (gelatin, soy
protein, casein) and lipids, as well as their blends, have been
extensively explored for designing food packaging materials with
improved functional and barrier properties. However, the
Sustainable Food Technol., 2026, 4, 333–349 | 333
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widespread adoption of biopolymers in packaging is limited due
to the challenges in thermal, barrier and mechanical properties.
Marine-based polysaccharides such as alginates, carrageenan
and agar are gaining attention due to their gel-forming ability,
versatility and biodegradability.3 Among these, carrageenan,
from red seaweed (Kappaphycus alvarezii), comprising sulphated
galactans, has been extensively studied for its high strength,
gelling characteristics and superior lm-forming ability, thus
making it a promising option for sustainable packaging solu-
tions.4 Soy protein, another notable biopolymer, exhibits high
gas and oil barrier properties at lower relative humidity and
excellent lm-forming capacity. However, the commercial
applications of soy protein-based lms remain restricted due to
their low mechanical strength and high water sensitivity. These
drawbacks can be mitigated by enhancing the physicochemical
and mechanical properties of the lms through blending with
suitable biopolymers, plasticizers, and nanollers.5 Moreover,
recent progress in nanotechnology has demonstrated signicant
potential for further improving the physicochemical and func-
tional properties of the biopolymer lms.

Nanocomposites represent a promising approach to
enhance the performance of biopolymer-based lms for food
packaging applications by improving the thermal, barrier and
mechanical properties. The incorporation of nanoparticles
(nanocellulose and nanollers) strengthens the lms by
promoting strong interfacial interaction with the biopolymer
matrix mainly through hydrogen bonding.6 Nanocellulose
derived from cotton linters exhibits a higher aspect ratio,
increased surface area, superior physical and chemical prop-
erties, along with excellent colloidal stability, structural
strength and lm-forming ability, thus making it suitable for
reinforcing the biopolymer lms.

Furthermore, the incorporation of antimicrobial agents,
including bacteriocins, enzymes, and essential oils, enhances
the functional performance of biopolymer lms by inhibiting
pathogenic microorganisms, thereby contributing to active food
preservation and shelf-life extension.7 Plant-derived essential
oils, recognized as GRAS (Generally Recognized as Safe) have
garnered signicant attention for their antimicrobial and anti-
oxidant properties. Rosemary essential oil (Rosmarinus
officinalis L.) is relatively less explored and studied compared to
clove, thyme or oregano oil. The phenolic-rich rosemary oil is
characterized by its unique diterpenes (carnosic acid, carnosol
and rosmarinic acid), which exhibit both antioxidant and
antimicrobial properties, making it effective in prolonging the
shelf life of perishable products (paneer).8

Earlier studies have extensively investigated bi-
onanocomposite lms based on starch, chitosan and gelatin
incorporating essential oils such as thyme and clove, primarily
focusing on their antimicrobial and barrier functions. The
present study introduces a novel hybrid system that combines
carrageenan, a sulfated polysaccharide with strong gelling
ability; soy protein, a protein-rich biopolymer with favorable
permeability characteristics; and nanocellulose, a nanoller
known to reinforce mechanical strength.

The effects of individual components (carrageenan, soy
protein, nanocellulose and rosemary essential oil) are well
334 | Sustainable Food Technol., 2026, 4, 333–349
documented in the literature; however, their integration into
a single bionanocomposite lm has not been previously reported.
The novelty of the study lies in strategic integration of these into
a single multifunctional hybrid system that offers synergistic
performance that goes beyond the performance of individual
components. The C/SP/NC matrix provides a robust structural
framework and lm forming ability, while the incorporation of
REO confers additional bioactivity and barrier enhancement.
Unlike other biopolymer-essential oil composites, this formula-
tion demonstrates a balance of mechanical integrity comparable
to certain conventional plastics, improved surface hydrophobicity
for better moisture resistance, and multifunctional bioactivity,
including antioxidant and antimicrobial properties.

The rosemary oil (REO) remains underexplored, despite its
unique phytochemical prole, antioxidant activity, milder
sensory attributes and regulatory acceptance. The systematic
impact of REO on lm functionality, microbial stability and
sensory property of dairy products are still lacking. Previous
reports demonstrate the individual benets of biopolymers and
the essential oil, but their synergistic integration to achieve
a balanced improvement in mechanical integrity, barrier
protection, and bioactivity has not been adequately addressed.

Therefore, this study was designed to ll this knowledge gap
by developing and characterizing optimized C/SP/NC lms
incorporated with REO at varying concentrations. We hypoth-
esize that the inclusion of REO will not only enhance the anti-
oxidant and antimicrobial functionalities of the lm but also
modulate their physical, morphological, and barrier properties,
thereby providing a novel, multifunctional active packaging
system capable of extending the shelf life of paneer. Paneer,
a dairy product produced through acid-heat coagulation, is
highly perishable, retains quality for only one day at ambient
temperature and about six days under refrigeration.9 This
research also focuses on evaluating the physical, structural,
morphological, mechanical and functional properties of the
bionanocomposite lms while determining their effectiveness
in maintaining the quality of paneer throughout storage. The
present study also provides a signicant advancement in the
development of a sustainable food packaging system.
2 Materials and methods
2.1 Materials

Carrageenan (Mw z 551.8 g mol−1) was procured from Marine
Hydrocolloids Ltd, Kochi. The nanocellulose (nanocrystalline
with 6% w/w cellulose, viscosity of 0.060 at 23 °C) was procured
from ICAR-Central Institute for Research on Cotton Technology
(CIRCOT, Mumbai), India. The defatted soya chunks with less
than 1% oil were purchased from a local market (Kochi, India).
Rosemary oil was procured from Green Leaf Extractions, Kochi,
India. The analytical-grade solvents and chemicals were
purchased from Sigma-Aldrich (Bangalore, India).
2.2 Preparation of bionanocomposite lm

The bionanocomposite lms (carrageenan/soy protein/
nanocellulose) were produced using the method of solvent
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental conditions used to formulate the bionanocomposite films through the casting methoda

Films C (g)/w/v% SP (g)/w/v% NC (g)/w/v% Glycerol (g)/w/v% REO (g)/w/v%

R0.0 1.9/1.9 0.3/0.3 1.5/1.5 0.8/0.8 0
R1.0 1.9/1.9 0.3/0.3 1.5/1.5 0.8/0.8 0.045/1
R1.5 1.9/1.9 0.3/0.3 1.5/1.5 0.8/0.8 0.0675/1.5
R2.0 1.9/1.9 0.3/0.3 1.5/1.5 0.8/0.8 0.09/2

a Carrageenan-C; soy protein-SP; nanocellulose-NC; rosemary essential oil-REO. The weight content (w%) of REO in the C/SP/NC solutions was
established and the concentration expressed in w/v% in 100 mL solution.
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casting10 with slight modications. The experimental condi-
tions for lm preparation are summarized in Table 1. Carra-
geenan (1.98 g), soy protein (0.3 g), nanocellulose (1.5 g) and
glycerol (0.8 g) were dissolved in distilled water (100 mL) under
mechanical stirring (Model Remi, 1 MLH, 150 W, Mumbai) at
400 rpm and heated (80 ± 5 °C) in a water bath for 30 min until
complete solubilization. The rosemary essential oil (REO, 1%,
1.5%, and 2%, v/v) was then added the solution and homoge-
nized using a stirrer (15 min, 30 °C)11 (Table 1). The selection of
REO concentrations was based on the literature reports and
preliminary trials with higher and lower concentrations. The
homogenate was poured into the Petri dishes (10 × 10 cm) and
tray dried (IG-125HAO-220V, Delhi, 40 ± 2 °C, 48 h). The dried
lms were packed in zip-locked polyethylene bags and stored at
ambient temperature (30 °C and 75% RH) until further analysis.
2.3 Characterization of lms

2.3.1 Moisture content, swelling capacity and water solu-
bility. The moisture content (MC) of the bionanocomposite
lms was estimated at with slight modications.12 Briey, the
lms (2 × 2 cm) were oven-dried (105 °C, 24 h) using a hot air
oven (Labline Instruments, Kochi), until a constant weight was
attained. The tests were carried out in triplicate, and theMC (%)
was calculated by eqn (1):

Moisture content ð%Þ ¼ W1 �W2

W1

� 100 (1)

where, W1 = initial weight of the lm, W2 = nal dry weight of
the lm.

The swelling capacity (SC) of the lms was calculated,13 with
slight modication. Briey, the dried lms (4 × 4 cm) were
immersed in distilled water (20 mL) and subjected to equili-
bration (15 min, 37 °C, 84% RH). The SC (%) was calculated by
eqn (2):

Swelling capacity ð%Þ ¼ W2 �W1

W1

� 100 (2)

where, W1 = initial weight of the lm, W2 = nal weight of the
lm.

The water solubility of the bionanocomposite lms was
determined gravimetrically14 with slight modication. Briey,
the lm of size 20 mm × 20 mm was oven-dried at 103 °C for
a day to achieve constant weight, and the initial dry weight was
noted as W1. The lm was then immersed in distilled water for
24 h and stored at ambient temperature (25 °C). The lms were
removed from water and dried in a hot air oven at 104 °C for
© 2026 The Author(s). Published by the Royal Society of Chemistry
24 h, and the nal weight of the lm was noted asW2. The tests
for each lm were carried out in triplicate. The weight loss or
solubility percentage of the lms was calculated from the
eqn (3) given below.

Water solubility ð%Þ ¼ W2 �W1

W1

� 100 (3)

2.3.2 Thickness and mechanical strength. The thickness of
the bionanocomposite lms (n = 5) was determined using
a digital micrometer (Mitutoyo, USA, precision: 0.001 mm). The
thickness measurements of the lm samples were carried out in
triplicate.12

The mechanical properties (tensile strength, TS, and elon-
gation at break, EB) of the lms were measured by a texture
analyzer (M/s Lloyd Instrument, Ltd, Fareham, UK) according to
ASTMD 882-02 (2002) method.15 The lms were cut into rect-
angular size (80 mm × 50 mm) and clamped with an initial
clamping distance at 50mm. The stretch rate wasmaintained at
25 mm min−1. According to eqn (4) and (5), TS and EB were
calculated for the triplicate samples.

Tensile strength ðMPaÞ ¼ Fmax

f
(4)

where, Fmax=maximum load (N),F= cross-sectional area (m2).
Elongation at break (EAB) was calculated using the following

equation:

Elongation at break ¼ DL

l0
� 100 (5)

where, DL = increase in length of the lm, l0 = initial length of
the lm.

2.3.3 Color and opacity of the lms. The, L* (lightness),
a* (redness), and b* (yellowness) values of the bi-
onanocomposite lms were measured in triplicate using
a colorimeter (Colour ex EZ, Hunterlab, USA). The difference
in color (DE) was calculated according to eqn (6):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL*Þ2 þ ðDa*Þ2 þ ðDb*Þ2

q
(6)

where, L*, a*, and b* indicate the color parameters of the lm,
DL* = L*− Lo, Da* = a* − ao and Db*= b*− bo in which Lo, ao,
and bo represent the color parameter values of the standard.

The absorbance values of the lm samples were carried out
in triplicate at 600 nm were measured using a UV-visible spec-
trophotometer (M/s Jasco V-730, India)16 and the opacity
(A mm−1) was calculated according to eqn (7):
Sustainable Food Technol., 2026, 4, 333–349 | 335
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Opacity (A mm−1) = A600/x (7)

where, A600 = absorbance of the sample at 600 nm, x = lm
thickness (mm).

2.3.4 Water vapour transmission rate (WVTR) and oxygen
transmission rate (OTR). The water vapour transmission rate
(WVTR) was estimated by an automatic water vapour testing
machine (SYSTESTER, China). The preconditioned lms for
24 h were placed in the chamber at ambient temperature (37 °C)
and 90% RH. The instrument measured the amount of water
vapor passing through the sample over a 24 h period. The
weight was continuously monitored and WVTR was calculated
for the triplicate samples and expressed in g m−2 day−1.

The oxygen transmission rate (OTR) was analyzed as per
ASTM D-3985-81 by using qn oxygen permeability analyzer (OX-
TRAN, 2/21, MOCON, USA). The 24 h preconditioned lm was
mounted in the gas diffusion cell to create a sealed barrier
between the two chambers. The test was conducted under
controlled conditions (23 °C and 60% relative humidity) with
100% oxygen on one side of the lm and hydrogen (2%) and
nitrogen (98%) on other side. The OTR was calculated for the
triplicate samples based on the amount of oxygen that perme-
ates through the lm in 24 h and is expressed in cm−2 24 h−1.

2.3.5 X-ray diffraction studies (XRD). The X-ray diffraction
analysis of the bionanocomposite lms was performed using
a tabletop diffractometer (Miniex 600, Rigaku, Wilmington,
MA, USA). Utilizing a copper target Cu Ka (l = 0.154 nm), the
following parameters were set: voltage of 40 kV, current of 20
mA, scanning range (2q) of 3–400.17

2.3.6 Fourier transform infrared spectroscopy (FTIR). The
FTIR spectral analysis of the bionanocomposite lms was per-
formed using an FTIR spectrophotometer (Thermo Nicolet iS 50
FTIR spectrophotometer, USA) at a resolution 0.2 cm−1 in the
range 400–4000 cm−1.15 The analysis was carried out in the
attenuated total reectance mode (ATR) by directly analyzing
the lms on a diamond crystal.

2.3.7 Scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The surface morphology of the bi-
onanocomposite lms was determined using a scanning elec-
tron microscope (SEM-JEOL, model JSM 6460LV, Tokyo, Japan),
and the lm surface topography was analysed using atomic
force microscopy (Bruker Dimension Edge SPM, USA).3 The
lms were gold sputtered (JEOL-JFC-1600, Japan), mounted on
the steel stubs with double-sided carbon-tape, and SEM images
were acquired at an accelerating voltage of 20.0 kV. Briey, the
lm (2 × 2 cm) morphology was measured using AFM contact
mode with high-frequency sensors (1.85 V). The images were
captured in Peak Force Tapping mode using 0.1 M KCl, a stan-
dard quartz liquid cell, and a silicon nitride cantilever with
a nominal spring constant of 0.7 N m−1, a tip radius of 2 nm,
and a resonance frequency of 150 kHz (SCANASYST-FLUID+,
Bruker, USA). The measurements were performed at room
temperature and RH (27 °C and 65% RH). Image analysis was
conducted, and root mean square surface roughness (Rq) was
calculated using NanoScope Analysis 1.5 Soware.

2.3.8 Water contact angle. The water contact angle of the
bionanocomposite lms (15 × 15 mm) was evaluated using
336 | Sustainable Food Technol., 2026, 4, 333–349
a goniometer.18 The lms were placed on a glass slide and
a drop of water (5 mL) was applied on the lm surface using an
automatic piston syringe and photographed (U1 series Super
speed digital camera in supramolecule mode). The contact
angle was determined using the DROP image Advanced v 2.8
soware. The contact angles were determined on both sides of
the drops and three to ve independent measurements were
averaged.

2.3.9 Thermal properties. The thermal properties (ther-
mogravimetric analysis, TGA and differential scanning calo-
rimetry, DSC) of bionanocomposite lms were determined
using STA7300RV (Hitachi, Japan) and Netzsch DSC 204 F1
(Wittelsbacherstrabe, Germany), respectively. Briey, the weight
loss (%) of the bionanocomposite lms (10 mg) was determined
by heating from 40 to 760 °C at the rate of 20 °C min−1 under an
inert environment. The lms (10 mg) were placed in sealed DSC
aluminium pans, with an empty sealed pan as reference. The
melting temperature was measured using DSC under a contin-
uous ow of inert nitrogen (150 mL min−1) at a temperature
range of (40 °C to 760 °C).19

2.3.10 Antimicrobial and antioxidant properties. The anti-
microbial activity of the lms against pathogenic organisms
were determined using the method of disc diffusion with slight
modications.20 Different strains of Gram-positive (Bacillus
cereus MTCC 430 and Staphylococcus aureus ATCC 25923) and
the Gram-negative (Escherichia coli ATCC 8739 and Salmonella
typhi ATCC 14028) bacteria were tested in this study. The
microbial cells were cultured in nutrient broth at 37 °C for 18 h;
and the cells were collected and spread on Mueller Hinton agar
plates (1.5 × 108 CFU mL−1). The lm discs (2 cm diameter)
were placed on plates inoculated with test microorganisms, and
then incubated (Labline Bacteriological Incubator, Model: LSC-
30A; 37 °C, 24 h). The antibiotic disc gentamicin (2 cm diam-
eter) was used as the positive control. Aer incubation, the
microbial growth inhibition zone diameters were measured.

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
capacity was performed using the spectrophotometric method,
with slight modication.21 Briey, lm immersed in ethanol
solution (2 mL) was incubated with DPPH solution (2 mL, 0.1 w/
v) for 30 min in the dark at ambient temperature (37 °C) and the
absorbance (A517) was measured using a spectrophotometer (M/
s Jasco V-730, India). The DPPH antioxidant activity was calcu-
lated and expressed as percentage inhibition. The IC50

(concentration at 50% DPPH reduction) was also calculated.
2.3.11 Soil burial degradation study. The pre-weighed dried

lms (3 × 3 cm) were buried in the soil (obtained from KUFOS,
Kochi, 9°5403700 N and 76°190200 E) at a depth of 10 cm.22 These
were carefully removed at regular intervals (4, 8, 16, 20, 24 and 28
days), cleaned to remove the adhering soil, and dried in a tray
dryer (IG-125HAO-220 V, Delhi; 40 °C, 15 min) until constant
weight was achieved. The percentage of weight loss was calcu-
lated for the triplicate samples using the following eqn (8).

Weight loss ð%Þ ¼ W0 �WA

W0

� 100 (8)

where,W0-initial weight of the lm,WA-weight aer each testing
period.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3.12 Preservation performance of paneer. The study
included a comprehensive assessment of the effects of the lm
formulation on the preservation of the shelf life and quality of
paneer. Paneer (50 g) was wrapped in C/SP/N-based bi-
onanocomposite lms incorporated with REO (2%) and bi-
onanocomposite lm with REO (0%) served as the control. The
wrapped paneer cubes were stored at refrigeration condition (4
°C) for 30 days. Themoisture content, titratable acidity, tyrosine
content, color and textural properties were evaluated at regular
intervals (3 days).

2.3.12.1 Determination of moisture content and titratable
acidity. The moisture content of the paneer was determined
according to the AOAC method.23 Briey, paneer (5 g) was oven-
dried (Lab line Instruments, Kochi) at 105 °C for 4 h, and the
moisture content was determined in triplicate from the weight
difference.

The titratable acidity of paneer was estimated by the titration
method.24 Briey, the sample (10 g) was thoroughly homoge-
nized with 100 mL of distilled water and an aliquot was titrated
against NaOH (0.1 N), using phenolphthalein as an indicator.
The titratable acidity was determined in triplicate and the value
was expressed as the percentage of lactic acid.

2.3.12.2 Determination of tyrosine content. The paneer (20 g)
was blended with TCA solution (20%,100 mL) and the ltrate
was collected. An aliquot (2.5 mL) was further mixed with
distilled water, NaOH (0.5 N, 10 mL) and 3 mL of Folin–Cio-
calteu reagent diluted 1 : 2 with distilled water. The mixture was
incubated in the dark for 30 min, and the optical density (OD)
was determined at 730 nm, using tyrosine as the standard. The
experiment was performed in triplicate, and the tyrosine
content was expressed as mg tyrosine/100 g of paneer.25

2.3.12.3 Determination of color and textural properties. The
colour parameters, L*, a* and b* were estimated for paneer using
a colorimeter (Lovibond LC-100 Spectro colorimeter, UK). The
hardness and chewiness of paneer were determined using
a texture analyzer (EZ-Shimadzu).26 The cubes (50 g) were
compressed twice to 75% of their original height at a crosshead
speed of 0.05 cm s−1, with the second compression occurring at 5 s
aer the rst, with the sample at ambient temperature (25± 1 °C).

2.3.13 Statistical analysis. The experiment was carried out
in triplicate and the mean ± standard deviation was used to
describe the results. The statistical analysis was performed by
using the soware Wasp 2.0 (Web Agri Stat Package) for
Windows formulated by the ICAR-Central Coastal Agricultural
Research Institute in New Delhi, India. To assess the data,
a one-way ANOVA was conducted by using Tukey's signicant
difference test, based on a signicant difference of p < 0.05.

3 Results and discussion
3.1 Bionanocomposite lm characteristics

3.1.1 Moisture content, swelling capacity and water solu-
bility. Bionanocomposite lms containing carrageenan, soy
protein and nanocellulose, incorporated with rosemary essen-
tial oil, were used to develop an eco-friendly packaging system.
The incorporation of rosemary essential oil (REO) showed
a progressive reduction in moisture content (20.8 to 15.5%) and
© 2026 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2026, 4, 333–349 | 337
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swelling capacity (18.4 to 14.1%) with the increased concen-
tration of REO (Table 2).

The observed changes in hydration properties could be
attributed to the increased hydrophobicity imparted by REO,
along with the limited availability of hydroxyl groups in the
biopolymers.27 Comparable results were reported for sodium
alginate lms containing 2% laurel leaf extract, where the effect
was linked to the presence of phenolic compounds in the extract.28

Similarly, the water solubility reduced with increased concentra-
tion of REO with control having 41.2% and REO 2.0 with 26.5%
solubility respectively (Table 2). This reduction may be due to
polysaccharide–protein–phenolic interactions in the lm matrix,
that lowered the availability of hydroxyl and amino groups capable
of interacting with water.29 The presence of REO weakened the
interaction between the water molecules and the lm matrix.

3.1.2 Thickness and mechanical properties. The bi-
onanocomposite lm thickness ranged between 80.6 and 93.7
mm, with increasing REO concentrations resulting in thicker
lms (Table 2). The thickness of R2.0 lm increased by 14% (p <
0.05). This may be due to the ability of REO droplets to ll the
network of the lm and act as lm llers. The tensile strength
and elongation at break measurements of the lm samples are
presented in Table 2. The addition of REO (2%) led to a signif-
icant decrease in tensile strength (23.7 MPa) and a correspond-
ing increase in elongation at break (19.8%) relative to the
control lms. This reduction in strength, coupled with
enhanced extensibility, can be attributed to the structural
discontinuities introduced by REO, which disrupted the conti-
nuity of the polymeric network. These ndings are in agreement
with other oil-incorporated biopolymer systems. For instance,
polylactic acid/polybutylene adipate-co-terephthalate lms with
eucalyptus oil showed a 17% reduction in tensile strength
relative to control lms,30 while starch–olive oil lms exhibited
amarked decrease from 21.95 MPa to 10.57MPa.31 Compared to
these composite biopolymer lms, the developed C/SP/NC/
REO(2%) lms demonstrated comparatively higher mechanical
integrity, with tensile strength values surpassing those reported
for other biopolymer–oil combinations.32 Also C/NC/SP/REO
lms exhibited similar range of tensile strength when
compared to conventional thermoplastics such as linear low
density polyethylene, (17 MPa), polystyrene (22 MPa), high
density polyethylene (28 MPa) respectively. This similarity in
mechanical performance highlights their potential as viable
alternatives to traditional petroleum-derived plastics.33 Though
the elongation at break of C/SP/NC/REO lms was like that of
polystyrene (11–20%) and lower than that of low-density poly-
ethylene, their exibility was sufficient for applications such as
overwraps and laminate layers for paneer packaging.

3.1.3 Optical properties of the lms. The color and opacity
parameters of the bionanocomposite lm are presented in
Table 2. The transparency of the control lm decreased, and
yellowness of the lm increased with the increase in REO
concentration. The control lms (R0.0) had an opacity of 8.7 A
mm−1, and it increased with the incorporation of essential oil,
with R2.0 having highest opacity (9.5 A mm−1). The oil droplets
in the matrix enhanced the opacity by scattering light action.34

The L*, a*, b* and DE of the lms were determined. The
338 | Sustainable Food Technol., 2026, 4, 333–349
incorporation of REO signicantly (p < 0.05) increased the
b* values from −2.6 to −3.5, while decreased the L* and
a* values from 82.9 to 82.1 and 1.4 to 1.6, respectively, indi-
cating a trend towards darkness and yellowness. The DE values
showed an increase with the increase in REO content, impli-
cating that REO had a high effect on the intrinsic yellow color of
the lm. The REO has good light barrier capability possibly due
to the UV absorption ability of phenolic compounds in essential
oils.34,35 Similar phenomena were observed in previous study
with coffee oil.36 Since REO droplets reduced the light trans-
mittance specically in the UV region, these may have potential
application in extending the shelf-life of the UV sensitive foods.

3.1.4 WVTR and OTR. Table 2 shows the effects of REO and
lm matrix components on the water vapor transmission rate
(WVTR) and oxygen transmission rate (OTR). The WVTR of the
control lm (R0.0) was highest (1204 g m−2 24 h−1), while the
inclusion of REO progressively reduced the WVTR, with the lowest
value observed in R2.0 lms (644.4 g m−2 24 h−1). The addition of
hydrophobic essential oil increased the tortuosity of the diffusion
pathway, forcingwatermolecules tomove through amore complex
zigzag pattern, thereby lowering WVTR.37 The microporous nature
of the lm, contributed by the hydrophobic oil agglomerates,
further restricted the movement of water molecules in the lms.

The OTR of R0.0 lm (26.1 cm−2 24 h−1) reduced to 19.5 cm−2

24 h−1 with the addition of 2% REO. The hydrophobic compo-
nents may promote the polymer chain relaxation and cause
interfacial debonding within the matrix, thereby increasing the
pathways available for gas penetration through the lm.38 Similar
studies of the incorporation of titanium oxide nanoparticles into
the carboxymethylcellulose/arabic gum/gelatin matrix reduced
the WVTR from 1236 to 1116 g m−2 24 h−1 and the OTR from
40.34 to 27.97 cm−2 24 h−1. The obstructive paths might form
longer route for the transfer of water vapor molecules and oxygen
gas, and lower the WVTR and OTR.39

3.1.5 Structural characterization of the lms. The crystal-
line features of bionanocomposite lms were examined by XRD
(Fig. 1). The XRD patterns of R0.0 lms exhibited two main
diffraction peaks at 2q = 23° and 31.4° indicating crystalline
nature. The diffractograms of carrageenan exhibited a broad
hump in the range of 10–25°, indicating semi crystalline
nature,40while soy protein showed a broad peak at 2q (21.8°),
indicating that amorphous globulin (7S and 11S).41

The diffractograms of nanocellulose had peaks with an
intensity of 19.1° and 26.5° as reported in the International
Centre for Diffraction Data (ICDD PDF no. 00-056-1718),
contributing to the overall crystallinity of the lms.42

The addition of REO (1%, 1.5% and 2%) to the biopolymer
lms showed variation in the intensities of themajor diffraction
peaks (23°, 23.3° and 23.9°, respectively) emphasizing the
alteration in the crystallinity of the lm.27 The presence of REO
exhibited an amorphous lm and the REO content possibly
interferes with the hydrogen bond formation, resulting in
compactness and reduction in lm crystallinity. Similar varia-
tion in peak intensity has been reported for sodium alginate/
casein lms incorporated with different concentrations of
orange oil.43 Moreover, the observed changes in the mechanical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction studies of carrageenan-soy protein-nanocellulose-based bionanocomposite film incorporated with rosemary essential
oil (REO). R0.0-control, R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.
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properties of the lms may be attributed to these alterations in
crystallinity resulting from compositional variations.

Fourier Transform Infrared Spectroscopy (FTIR) was used to
monitor the association among the matrix constituents,
Fig. 2 FTIR images of carrageenan-soy protein-nanocellulose-based c
R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.

© 2026 The Author(s). Published by the Royal Society of Chemistry
carrageenan, soy protein, nanocellulose and REO, that directly
inuence the physicochemical properties of the lms. The
broad-strong bands were observed between 3300–3600 cm−1

indicating –OH stretching possibly from carrageenan,
omposite film incorporated with rosemary essential oil. R0.0-control,
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nanocellulose and soy protein. The peaks in the range of 2940–
2952 cm−1 were associated with C–H stretching vibrations,
characteristic of carrageenan polymer chains. The absorption
bond observed at 2956 cm−1 is due to the C]C–C ring vibration
of the volatile compounds in the REO.44 The typical amide peak
at 1639–1646 cm−1 represents the carbonyl group (amide I) and
N–H stretching vibrations. Additionally, distinctive peaks at
920–929 cm−1 and 842–846 cm−1 were attributed to 3,6-anhy-
dro-D-galactose and the C–O–SO3 group of D-galactose-4-sulfate,
respectively (Fig. 2). The variations in the absorption peaks
intensity were likely due to overlapping chemical bond
absorptions, suggesting strong and consistent interactions
among the components.45 Furthermore, the intermolecular
hydrogen bonding strengthens the matrix and benecially
enhances the physical performance of the lm. The control
lms displayed a prominent alkyne peak at 2210 cm−1 (–C^C–),
which diminished upon the incorporation of REO indicating
high interactions between the REO and the other components
of the lm matrix. The shis in the position and intensity of
certain peaks aer REO addition also emphasized the interac-
tions between the functional groups of the essential oil and the
–NH2/–OH groups of the biopolymer matrix, indicating good
miscibility (Table 3).

3.1.6 SEM and AFM. The SEM analysis was performed to
gain deeper insight into the surface morphology of the bi-
onanocomposite lms, revealing key details about their surface
characteristics and overall composition (Fig. 3a). The control
biopolymer lms exhibited a smooth, continuous, dense, and
uniform morphology; however, the incorporation of REO (1–
2%) increased the surface roughness of the lms. Similar
morphological changes have been reported earlier, where the
behavior of the lms was attributed to bubble-like oil droplet
formation in the polysaccharide matrix, caused by the traction
forces exerted during the evaporation process.46 The presence of
pores may also enhance the gas permeability of the lms.

The topography of the bionanocomposite lms were
analyzed by atomic force microscopy (AFM). The bright peaks
represent elevated position, while dark depressions correspond
to lower positions on the lms. The presence of both bright and
dark areas on the bionanocomposite lms indicate successful
loading of REO. The roughness index of R0.0 lms increased
progressively with the increase in the concentration of REO. The
surface roughness value, Ra and Rq of the R0.0 lms was found
Table 3 FTIR data of carrageenan-soy protein-nanocellulose-based co
R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO

Functional groups
frequency range (cm−1)

Peak intensity (cm−1)

R0.0 R1.0

3200–3600 3335 3340
2850–2960 2940 2944
1640–1550 1639 1643
1224–1235 1224 1235
1029–1036 1035 1036
920–947 920 926
817–846 842 844

340 | Sustainable Food Technol., 2026, 4, 333–349
to be 3.29 and 2.66 nm. The REO (1%, 1.5% and 2%) incorpo-
rated lms had Ra value 4.5 nm, 5.2 nm and 12.1 nm while Rq as
3.6, 3.9 and 8.1 nm, respectively; thus, revealing the rough
topography with increase in Ra from 4.5 nm to 12.1 nm (Fig. 3b).
Similar results of greater roughness were obtained in cassava
starch-based lms with the addition of geranium essential oil.
The roughness and the surface irregularity are attributed by the
presence of oil droplets accumulation during drying.47

3.1.7 Water contact angle. The water resistance of bi-
onanocomposite lms is a critical factor for their practical
applications. TheWCA indicates the water sensitivity of the lm
surface. In general, lms with a water contact angle greater than
65° are considered hydrophobic, whereas those with a water
contact angle below 65° are classied as hydrophilic.42 The
control lms showed lowest WCA (98°), consistent with its
hydrophilic properties. The addition of REO, signicantly (p <
0.05) increased the WCA (106°, 107° and 109° for 1%, 1.5% and
2% REO) indicating surface hydrophobicity, weakening of the
interactions between water molecules and hydrophilic groups
of the lms.47 Similar trend was observed for the clove oil
(10 wt%) and thyme oil (5 wt%) incorporated lms, where the
hydrophobicity increased from 72° to 80° and 62° to 74°,
respectively.30 The results emphasize the synergistic action of
REO and matrix components in improving the hydrophobicity
of the lms. However, the high overall solubility of the lms
reects the bulk composition of the matrix, which is dominated
by hydrophilic biopolymers such as carrageenan and soy
protein. Thus, while the lm surface becomes less wettable, the
internal polymer network remains susceptible to water pene-
tration and dissolution. Practically, the short-term surface
resistance to wetting is achieved due to the hydrophobic REO-
rich surface, whereas the long-term water stability remains
limited because of the hydrophilic nature of the bulk
biopolymer matrix. This highlights the suitability of these lms
for packaging semi-moist or refrigerated foods, including pan-
eer, where short-to medium-termmoisture resistance is critical,
rather than for high-humidity or liquid food applications
(Fig. 4).

3.1.8 Thermal properties. The thermal stability of the bi-
onanocomposite lm containing REO was assessed using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) which are important techniques for charac-
terizing thermal behavior and degradation patterns (Fig. 5a).
mposite film incorporated with rosemary essential oil. R0.0-control,

Reference groupR1.5 R2.0

3338 3331 O–H (hydroxyl)
2950 2952 C–H (alkane)
1644 1646 N–H (amide I)
1234 1232 C–H (alkane)
1036 1036 C–O and C–C
929 929 S]O (ester)
844 846 C–O–C (glycosidic linkage)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM and (b) AFM images of carrageenan-soy protein-nanocellulose-based bionanocomposite film incorporated with rosemary
essential oil REO based films. R0.0-control, R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.
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The lms exhibited three main stages of weight loss. At the rst
stage (40–150 °C), all lms lost approximately 12–14% of the
original weight, primarily due to the evaporation of free and
bound water as well as other volatile components. The oil
incorporated lms showed lesser weight loss, indicating
reduced water absorption in the matrix due to their higher
© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrophobicity. The second stage of weight loss (139–300 °C),
corresponding to 36–47% of the weight, was associated with the
breakdown of polymer chains and the residual aromatic
compounds from the essential oil.48 The third weight loss stage
(300–600 °C) involved disintegration of remaining lm matrix.
Similar studies on the incorporation of cellulose nanocrystals
Sustainable Food Technol., 2026, 4, 333–349 | 341
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Fig. 4 Contact angle images of carrageenan-soy protein-nanocellulose-based bionanocomposite film incorporated with rosemary essential oil.
R0.0-control, R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.

Fig. 5 (a) TGA and (b) DSC graphs of carrageenan-soy protein-nanocellulose based bionanocomposite film incorporated with rosemary
essential oil R0.0-control, R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.
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into alginate-based lms enhanced their thermal stability.49 The
lms with higher concentrations of REO showed increased
thermal degradation, due to the volatile properties of the oil and
its plasticizing effect. The DSC graphs for the bi-
onanocomposite lms are represented in Fig. 5b. The melting
temperature showed a shi with the addition of REO and R2.0
composite lm had the high melting temperature (253 °C)
compared to the control lms, which may be attributed due to
342 | Sustainable Food Technol., 2026, 4, 333–349
the crosslinking of the polyphenolic constituents in oil with
matrix components.27

3.1.9 Antimicrobial and antioxidant properties. The agar
disc diffusion method was employed to evaluate the antimi-
crobial activity against the Gram positive and Gram-negative
bacteria. The incorporation of REO (2%) showed signicantly
(p < 0.05) higher antibacterial activity against Bacillus cereus (25
mm), followed by Staphylococcus aureus (19 mm), E. coli (18mm)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Salmonella typhi (17 mm) (Table 3). The inhibitory effect
against Bacillus cereus may be attributed to the gradual release
of hydrophobic molecules from REO incorporated in the lms,
as the teichoic and lipoteichoic acids present in the bacterial
cell wall can facilitate the attachment and penetration of lipid
components into the microbial cell membrane, thereby
increasing its permeability and result in cell death.50 The
reduced inhibition observed in Salmonella typhi could be linked
to the presence of lipopolysaccharides in the outer membrane
that act as a barrier, limiting the movement of hydrophobic
compounds through the polysaccharide layer. The more
complex lipopolysaccharide structure with elaborate O-antigen
chains of the Gram-negative bacteria, Salmonella typhi func-
tions as an effective barrier that limits the diffusion of anti-
bacterial agents. The effect of essential oil in Salmonella typhi is
largely restricted to its outer membrane (lipopolysaccharide
layer) where the hydrophobic essential oil components embed
themselves by disrupting the structural arrangement of the
membrane but restrict them from diffusing into the cytoplasm.
Thus, the Gram-negative bacteria exhibit greater resistance to
essential oils compared to Gram-positive bacteria, mainly due
to differences in their membrane structure which act as
a barrier and restrict diffusion of antibacterial agents.51 Similar
studies in agar cellulose bionanocomposite lm with savory
essential oil exhibited reduced antimicrobial activity in Gram
negative bacteria which was attributed due to the presence of
lipopolysaccharides in the cell wall of Gram-negative bacteria,
which act as a barrier and restrict the penetration of essential
oil components into the cytoplasmic membrane.52 When
compared with other essential oils, including tea tree, thyme,
wild orange, peppermint, lemon, clove, and cinnamon,
Table 4 Antimicrobial and antioxidant activity of carrageenan-soy pro
rosemary essential oila

Sample

Zone of inhibition

B. cereus S. aureus

Gentamycin 32 � 0.2* 28 � 0.2*
R0.0 ND ND
R1.0 ND ND
R1.5 ND ND
R2.0 25 � 0.1 19 � 0.2

Inhibition zone (R2.0)

Antioxidant activity of C/SP/NC incorporated REO nanocomposite lms
DPPH IC50 (mg mL−1) R0.0 R1.0

3.80 � 0.0* 0.61 � 0.0

a PC-positive control (Gentamycin), ND-not detected. R0.0-control, R1.0-1%
deviation and signicant differences (p < 0.05) between different lms.

© 2026 The Author(s). Published by the Royal Society of Chemistry
rosemary oil demonstrated the highest antimicrobial efficacy
and was identied as the most effective broad-spectrum anti-
bacterial agent.53

The assessment of antioxidant activity is crucial for evalu-
ating the performance of active packaging. The DPPH antioxi-
dant capacity of the lms are displayed in Table 4. The
antioxidant property of the bionanocomposite lms was
enhanced with the increased concentration of REO (IC50-0.61,
0.35 and 0.24 mg mL−1 for 1, 1.5 and 2% REO, respectively).
This could be due to the hydroxyl groups of the polyphenols and
avonoids attached to the aromatic rings that facilitate
hydrogen/electron donation to free radicals.54 Similar ndings
of higher DPPH activity of 50% was observed in chitosan lms
with thymus essential oil, compared to control lms without
essential oil (2%).55

3.1.10 Biodegradability study. The soil burial test was
conducted on a laboratory scale under controlled environment.
During the test, soil moisture readily penetrated the polymer
network, disrupting the polymer chains and making themmore
susceptible to biodegradation by soil microorganisms, thereby
accelerating the degradation rate.56 The biodegradation rate of
the lms over time was indicated by weight loss (Fig. 6). Aer 28
days, bionanocomposite lms with 2% REO showed slight
reduction in the degradation (90%) than control lms (96%),
which may be due to the hydrophilic nature of latter.57 Similar
ndings were recorded for the thermoplastic starch lms
incorporated with pectin and lemon grass oil that degraded
within 20 days during soil burial test.

3.1.11 Preservation performance of paneer. The applica-
tion of bionanocomposite lms as active packaging solutions
for the extension of shelf life of paneer under refrigeration was
tein-nanocellulose-based bionanocomposite film incorporated with

E. coli S. typhi

25 � 0.3* 27 � 0.2*
ND ND
ND ND
ND ND
18 � 0.1 17 � 0.2

R1.5 R2.0
0.35 � 0.0 0.24 � 0.0

REO, R1.5-1.5%REO, R2.0-2% REO. Data reported aremean± standard

Sustainable Food Technol., 2026, 4, 333–349 | 343

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00147a


Fig. 6 Biodegradation rate of carrageenan-soy protein-nanocellulose based bionanocomposite film incorporated with rosemary essential oil.
R0.0-control, R1.0-1% REO, R1.5-1.5% REO, R2.0-2% REO.
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carried out and the results of physicochemical and textural
changes are represented in Table 5. The amount of moisture
content in paneer showed a gradual decrease with increased
storage period (from 55.0 to 42.8%, aer 28 days) for R2.0 lms
(from 55.0 to 45.1% in 10 days). Similar results were recorded
where the maximum weight loss up to 55% was observed in
paneer samples which was untreated compared to copper
nanoparticles coated paneer, aer 14 days of refrigerated
storage.58 The titratable acidity showed an increased from 0.35
(control) to 0.8 (R0.0 aer 10 days) and 0.76% (R2.0 lms aer
28 days). These variations in the titratable acidity may be
attributed to the microbial fermentation and accumulation of
the metabolic products. The tyrosine content indicating the
protein breakdown due to autolysis and bacterial activity,
increased with storage time. The tyrosine value varied from 5.2
to 23.3 mg/100 g of tyrosine for R2.0 lms aer 28 days. The
proteolysis was estimated to be minimum in oil incorporated
344 | Sustainable Food Technol., 2026, 4, 333–349
lms than R0.0 lms (6.9 to 19.5 mg/100 g aer 10 days). Similar
outcomes were obtained for paneer wrapped in chitosan and
clove essential oil-based lms.59 The color parameters (L*,
a* and b* value) that signicantly inuence consumer accep-
tance showed a considerable deviation (p < 0.05). The lightness
value (L*) of paneer was found to reduce with the increase in
storage time with L* value 85.2 to 79.8 (10 days) and 88.1 to 75.2
(28 days) for R0.0 and R2.0 lms. Similar patterns were observed
for a* and b* values.

The hardness was estimated to be 54.7 and 69 N aer 10 and
28 days for R0.0 and R2.0, respectively, which may be attributed
to the structural disintegration of proteins, and the amount of
dry matter content, both of which affected the chewiness and
gumminess of paneer. The chewiness value was observed to
increase with the extension of storage period. The chewiness of
paneer (R2.0) was found to be 9.8 N aer 28 days of storage.
Similar results were reported for paneer under refrigerated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Shelf-life studies of carrageenan-soy protein-nanocellulose bionanocomposite film in refrigerated storage (4 °C)

Films
Storage
days

Moisture
content (%)

Titratable
acidity (%)

Tyrosine
(mg/100 g)

Colour
Hardness
(N)

Chewiness
(N)L* a* b*

(a) R0.0-control ims
R0.0 0 55.0 � 0.0 0.3 � 0.0 6.9 � 0.1* 85.2 � 0.0 1.4 � 0.0* 15.4 � 0.1* 37.2 � 0.1a 1.8 � 0.0a

1 53.3 � 0.1 0.5 � 0.0 8.5 � 0.0* 84.7 � 0.0 1.9 � 0.0* 15.7 � 0.1* 39.3 � 0.1a 2.5 � 0.0a

3 48.2 � 0.1 0.6 � 0.0 10.3 � 0.0 83.4 � 0.0 2.1 � 0.0 16.4 � 0.0* 45.0 � 0.0 4.9 � 0.1
7 47.2 � 0.0 0.7 � 0.0 16.1 � 0.0* 80.1 � 0.0 2.8 � 0.0* 16.9 � 0.0 49.0 � 0.0* 7.4 � 0.1*

10 45.1 � 0.1 0.8 � 0.1 19.5 � 0.1* 79.8 � 0.0 3.3 � 0.0* 17.7 � 0.0* 54.7 � 0.0* 8.1 � 0.0*

(b) R2.0-2% REO lms
R2.0 0 55.2 � 0.1* 0.36 � 0.0 5.2 � 0.0 88.1 � 0.0* 0.8 � 0.0 15.0 � 0.0 33.3 � 0.0 1.4 � 0.1

1 54.7 � 0.0a 0.41 � 0.0 5.5 � 0.0 89.7 � 0.0 0.9 � 0.1 15.2 � 0.0 35.7 � 0.2 3.3 � 0.1
4 54.1 � 0.1 0.53 � 0.0 6.5 � 0.0 86.5 � 0.0* 1.1 � 0.1 15.4 � 0.0 43.2 � 0.2 3.6 � 0.0
7 52.4 � 0.1* 0.55 � 0.1 7.1 � 0.0 85.0 � 0.1* 1.2 � 0.0 16.2 � 0.0 48.3 � 0.1 4.3 � 0.0

10 50.9 � 0.0* 0.57 � 0.0 8.7 � 0.0 83.4 � 0.0* 1.4 � 0.0 16.8 � 0.0 52.1 � 0.1 5.0 � 0.1
13 49.7 � 0.0 0.59 � 0.0 9.9 � 0.0 83.2 � 0.0 2.0 � 0.0 17.6 � 0.0 55.8 � 0.1 6.3 � 0.1
16 48.8 � 0.0 0.61 � 0.0 11.6 � 0.0 82.6 � 0.0 2.3 � 0.0 17.7 � 0.0 59.1 � 0.0 6.7 � 0.0
19 46.0 � 0.0 0.66 � 0.0 13.7 � 0.0 81.6 � 0.0 2.6 � 0.0 17.9 � 0.0 61.8 � 0.1 7.7 � 0.0
22 45.8 � 0.0 0.70 � 0.0 15.4 � 0.1 80.2 � 0.0 2.8 � 0.0 18.3 � 0.0 63.8 � 0.1 8.3 � 0.0
25 43.6 � 0.0 0.72 � 0.0 18.1 � 0.1 78.7 � 0.1 3.2 � 0.0 18.5 � 0.0 68.3 � 0.1 8.7 � 0.0
28 42.8 � 0.1 0.76 � 0.0 23.3 � 0.1 75.2 � 0.1 3.5 � 0.0 19.2 � 0.0 69.2 � 0.2 9.8 � 0.0

a Data reported are mean ± standard deviation and signicant differences (P < 0.05) are estimated between different samples.
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storage.52 Thus, the shelf life of the paneer packed in bi-
onanocomposite lms extended its shelf life to 28 days.

The C/SP/NC bionanocomposite lms were effective in
maintaining the storage stability of paneer under refrigeration
for up to 28 days. However, the primary limitations observed
were related to the hardness and color parameters of the pan-
eer. Beyond this period, further extension of shelf life appears
feasible, provided strategies are developed to address these
quality attributes. Further research can be carried out to
enhance shelf life, improve quality of food stored in bi-
onanocomposite lms. Moreover, improving the industrial
scalability of such bionanocomposite lms will be critical,
which could be achieved through advanced fabrication tech-
niques such as extrusion and electrospinning, coupled with
cost-effective local manufacturing approaches. These include
the difficulty of achieving uniform nanoller dispersion at high
production volumes, variability in mechanical and barrier
properties between batches, and the limited compatibility of
novel lms with conventional food processing and packaging
machinery. Furthermore, the energy-intensive nature of certain
fabrication processes restricts large-scale adoption, particularly
in resource-limited settings. The development of cost-effective,
locally adaptable manufacturing strategies and optimizing
processing conditions to reduce energy inputs will therefore be
crucial for successful commercialization. Furthermore, scalable
and eco-friendly strategies for incorporating smart functional-
ities such as low-cost lm formulation technologies remain
insufficiently explored. In parallel, the integration of emerging
intelligent packaging systems, such as pH-sensitive indicators
and controlled release of antimicrobial agents, offers a prom-
ising pathway for enhancing product shelf life, ensuring
consistent quality and ultimately increasing the marketability
© 2026 The Author(s). Published by the Royal Society of Chemistry
of paneer and other perishable foods. Overcoming these gaps
will require interdisciplinary efforts that bridge material
science, food technology and regulatory frameworks, ensuring
that bionanocomposite lms are economically viable, environ-
mentally sustainable, and socially acceptable.
Conclusion

The current study revealed that the incorporation of rosemary
essential oil (REO) in the carrageenan/soy protein/nanocellulose
lms produced thicker lms (85.9–93.7 mm) with lesser water
solubility (33.1–26.5%). Additionally, the presence of 2% REO
resulted in the reduction in water vapour and oxygen trans-
mission rate to 644.4 g m−2.24 h and 19.5 cm−2 24 h−1 with the
increase in percent elongation (19.8%) of the lms. The FTIR
spectra of the composite lms showed no signicant changes.
Furthermore, the addition of REO improved the antioxidant
properties and the lm showed higher zone of inhibition of
19 mm and 25 mm against the Gram-positive bacteria (Staphy-
lococcus aureus and Bacillus cereus). The degradability of the lms
in soil was estimated to be 90% aer 28 days which offers
a promising pathway towards sustainability and foster a greener
future. The storage studies of paneer in the bionanocomposite
lms at refrigerated condition (4 °C) indicated shelf life of 28
days with minimum changes in its textural parameters along
with titratable acidity (0.76%) and tyrosine content (23.3 mg/100
g). The results suggested that the bionanocomposite lms
exhibited greater potential to be used as an active food packaging
material. The observed shelf life of 28 days for paneer packed in
bionanocomposite lms is notably higher compared to only 10
days when packed in commercial lms, highlighting the effec-
tiveness of the developed packaging system in preserving
Sustainable Food Technol., 2026, 4, 333–349 | 345
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product quality. However, beyond 28 days of storage, noticeable
changes were observed in the textural attribute of hardness and
in the color of paneer, despite other physicochemical and
microbiological parameters remaining within acceptable limits.
These alterations may be attributed to possible interactions
between rosemary oil and milk proteins, which could inuence
the structural integrity of the product. To overcome this limita-
tion, future investigations should explore the use of familiar,
consumer-accepted materials that can maintain shelf life
without adversely affecting texture and sensory characteristics.
Sensory studies in the later part of the study indicated hardened
texture and browning of the paneer cubes, which are possibly
attributed to the dehydration and migration of phenolics to
paneer from the lm. The future applied research may act on
these and develop lms to maintain the texture and structural
integrity of the food. In this context, bilayer membranes,
encapsulation could be chosen as future research areas.

The potential challenges in translating this work to
a commercial scale include the variability in the purity of raw
material batches, which may affect lm quality and reproduc-
ibility. In addition, large-scale production requires equipment
specically designed to accommodate the characteristics of the
raw materials and has several technical barriers. These include
difficulties in producing continuous lms, prolonged drying
times, limited control over lm thickness, high energy
consumption, and elevated production costs. The addressing of
these limitations is therefore essential for enabling industrial
scalability. In this regard, future research should focus on
developing specic optimized processing strategies, such as
employing large pilot-scale casting units, cost-effective fabrica-
tion techniques that reduce energy consumption, production
time, and material costs to address scalability and industrial
feasibility challenges. Despite these challenges, the present
study demonstrates a signicant novelty by highlighting that
a hybrid carrageenan soy protein matrix reinforced with nano-
cellulose and incorporated with rosemary essential oil can
simultaneously enhance the mechanical strength, barrier
properties, and antimicrobial activity of the lms. Collectively,
these ndings contribute to advancing the development of
multifunctional, biodegradable packaging materials with
strong potential for food preservation applications.
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