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ose active packaging films with
clay nano particles and fennel seed essential oil for
enhanced thermal, barrier, antimicrobial,
antioxidant and biodegradation properties to
improve the shelf life of tofu †

Ramesh Shruthy and Radhakrishnan Preetha *

In this study, Box Badam Pod Nano Cellulose Particles (BBNCPs) were prepared using a combination of

physiochemical treatments. After each treatment, the removal of organic constituents from the raw

material, other than cellulose, was confirmed by FTIR analysis. XRD analysis of BBNCPs showed

a crystallinity of 88%. The morphological study of BBNCPs was conducted using SEM, TEM, and AFM.

Their size was confirmed to be in the range of 4–8 nm. Then, a BBNCP-reinforced novel active

packaging film was fabricated for the packaging of tofu. The casting solution of the optimized film

contained 8% polyvinyl alcohol (PVA), 2.25 ml fennel seed essential oil, 1.75% BBNCP, and 6%

montmorillonite nano clay. The active packaging material exhibited superior tensile strength (7 ± 0.01 N

mm−2), thermal properties (complete degradation at 800 °C), oxygen transfer rate (2.6 cm3 per m2 per

day), antioxidant activity (58.12 ± 0.08%), antimicrobial properties (against E. coli and Shigella flexneri)

and biodegradation (complete degradation within 50 days) compared to neat PVA. After packing, the

analysis of physiochemical properties, as well as microbial and sensory analysis of tofu was performed at

regular intervals during storage (4 °C). A statistically significant difference (P < 0.05) was found for the

quality parameters of tofu when packed in a nanocomposite film compared to when packed in a neat

PVA film. Hence, BBNCP-reinforced active packaging is suggested to extend the shelf life of tofu.
Sustainability spotlight

Preparation and characterization of Box Badam pod nano cellulose (4–8 nm) particles (BBNCPs) were carried out, followed by the fabrication of a lm using PVA,
BBNCPs, MCNP, and FSEO with improved antimicrobial/antioxidant properties. The lm had enhanced mechanical, optical, barrier, thermal, and biodegra-
dation properties. The sustainable active food packaging lm developed will reduce the piling up of synthetic plastic, hence reducing its environmental impact.
The active packaging improved the biochemical and microbial properties of tofu during storage. The active packaging extends the shelf life of tofu up to 20 days
at 4 °C.
1 Introduction

The prevalent use of non-biodegradable plastics in conventional
packaging, although convenient for food handling, poses
a considerable risk to the environment.1 Consequently, there is
a growing interest in utilizing natural and renewable resource-
based nanoparticles for food packaging development.2

Commonly used rawmaterials for fabricating biodegradable food
packaging include hemp, bark, leaves, agro-waste, and bacterial
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25, 3, 492–506
cellulose. The utilization of agro-waste and food industry by-
products as raw materials for biodegradable packaging can
effectively mitigate environmental pollution.3 Notably, the study
by Sodeinde et al.4 emphasized the limitations of using sowood
due to deforestation concerns, leading to the exploration of
alternative sources for Nano Cellulose Particle (NCP) preparation.
Additionally, it was observed that pods and seeds have a higher
cellulose content compared to straw and sowood.5 This led us to
the selection of BoxBadam pods as the raw material for synthe-
sizing cellulose nanoparticles. The BoxBadam tree is commonly
found in East Africa, North Australia, Myanmar, Sri Lanka, and
India.6 Furthermore, Das et al.7 outlined variations in the cross-
linking properties of cellulose nanoparticles depending on
their sources. Consequently, in the present study, a novel raw
material was employed for the preparation of nano cellulose.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Numerous ongoing research endeavours are currently
directed towards enhancing the safety and quality of food
packaging.8 Active packaging technologies have shown promise
in prolonging the shelf life of food products while meeting
heightened safety and quality standards.9 Lot et al.8 high-
lighted the antimicrobial properties of metallic nanoparticles,
suggesting their potential application in the development of
packaging lms to extend the freshness of perishable food
items such as chicken and sh. Additionally, Venezia et al.10

demonstrated the efficacy of an active lm layer composed of
electrospun hybrid TiO2 and PHBV in enhancing antimicrobial,
thermal, optical, barrier, and mechanical properties. Further-
more, a study incorporating gelatin and humic substances from
bio-waste resulted in the development of a hybrid hydrogel with
favourable functional, rheological, and physiochemical prop-
erties.11 Jancy et al.12 reported that the reinforcement of nano-
cellulose derived from jackfruit waste with PVA in active
packaging enhances the mechanical, thermal, and optical
properties of the packaging lm.

In this study, a polyvinyl alcohol (PVA)-active packaging lm
was fabricated with Box Badam Pod Nano Cellulose Particles
(BBNCPs), fennel seed essential oil, and montmorillonite clay
nanoparticles (MCNPs). The antimicrobial properties of mont-
morillonite clay nanoparticles (MCNPs) and fennel seed
essential oil against food-borne pathogens were reported
earlier,13,14 and this information prompted us to include
montmorillonite clay nanoparticles and fennel seed essential
oil in biocomposites.15,16 PVA is a biodegradable polymer, and
the combination of PVA with other active additives makes the
packaging material more efficient.17 In a previous report,
prawns were packed in potato peel nanoparticles with PVA-
based active packaging, achieving a shelf life of up to sixty-
three days under frozen (−20 °C) conditions.18 Along with clay
nanoparticles and nanocellulose particles, polyvinyl alcohol
(PVA) was used as a key ingredient and binding agent due to its
biodegradability and cost-effectiveness. However, the hydro-
philic nature of PVA presents a major drawback, making it
unsuitable for packaging food that contains moisture. MCNPs
and fennel seed essential oil (FSEO) can mitigate the hydro-
philic nature of PVA. Many studies have documented the anti-
oxidant and antimicrobial properties of fennel essential oil,
making its use in active packaging lm an added advantage.12,19

Furthermore, numerous studies have reported the efficient
mechanical properties of PVA–cellulose nanoparticle bio-
composites.20 Van and Lee's study conducted in 2022 reveals
that while the neat PVA lm lacks mechanical properties
compared to synthetic-conventional polymers,21 the incorpora-
tion of cellulose nanocrystals into PVA-based packaging not
only enhances its mechanical properties but also imparts
biodegradability. The study of a coconut shell cellulose nano-
ber–linseed–lemon oil-based lm showed a tensile strength of
6.72± 0.72 Nmm−2, which is superior to that of a neat PVA lm
(2.56 ± 1.18 N mm−2).21 According to previous reports, the
addition of cellulose nanoparticles can enhance the mechan-
ical, thermal, barrier, and biodegradation properties of PVA.22,23

However, there remains signicant potential for further
enhancement of these properties, as they depend on the source
© 2025 The Author(s). Published by the Royal Society of Chemistry
of nanocellulose.23 This information prompts us to use a novel
natural source for cellulose nanoparticle preparation.

The current study involves the preparation and character-
ization of BBNCPs in detail, followed by the fabrication and
characterization of a PVA-based active packaging lm incorpo-
rating BBNCPs, FSEO, and MCNPs. It is a unique packaging
material for food. Tofu was selected to study the role of the
above active packaging lm in enhancing shelf life during
storage. Tofu is a by-product of coagulated soy milk and is rich
in calcium, protein, iron, and magnesium. Tofu is a vegetarian
substitute for sh and meat; people allergic to lactose can
consume it. It serves as the primary source of protein,
accounting for 65–85%, and provides an abundance of nutri-
ents.24 Hence, it was selected for the packaging study. During
the packaging study, tofu was packed in the BBNCP-based
nanocomposite lm and stored at 4 °C. At regular intervals,
the physiochemical and microbial quality of tofu was evaluated
and compared with Tofu packed in a neat PVA lm.
2 Materials and methods

BoxBadam (Sterculia foetida) pods were obtained from different
localities in Kattankulathur, Chennai, and Tamil Nadu, India.
Aer that, retting processes such as beating and soaking of the
raw BoxBadam pods were conducted to get rid of organic
compounds, including pectin, hemicellulose, and other volatile
fatty acids bound with the ber constituent.13 Following the
retting process, the pods were washed with water, sun-dried,
and blended using a milling machine (Rajalakshmi our-
making electric machine, India) and stored in an airtight box
for the study. The chemicals used for synthesizing BBNCPs
include sodium hydroxide, 30% hydrogen peroxide, montmo-
rillonite nano clay particles (MNCP) and polyvinyl alcohol (PVA).
These were purchased from Lobha Chemie Pvt Ltd, Mumbai,
India. Additionally, sulphuric acid and hydrochloric acid were
provided by Rankem TM, Avantor Performance Material India
Limited, Haryana, India. Fennel Seed Essential Oil (FSEO) was
supplied by Devine's, India.
3 Preparation of BoxBadam nano
cellulose particles

BoxBadam pod bers were used for the preparation of nano
cellulose particles. The preparation was carried out using
a combination of physiochemical treatment processes, which
have already been reported in the literature.12 The chemical
treatment started with an alkaline treatment to remove the non-
cellulosic constituents present in the BoxBadam pod, followed
by bleaching to remove the color.15,25 Then, the ber obtained
was washed using water, followed by acid hydrolysis treatment
for three hours at 40 °C using 68% sulphuric acid. Finally, the
acid hydrolysis process with ice-cold water effectively termi-
nated the treatment. The obtained nano cellulose particle
sample was again washed using H2O to achieve pH 7. Then, the
physical treatment was performed for BBNCPs by ultra-
homogenization (1000 rpm) and ultra-sonication (60 kHz) for
Sustainable Food Technol., 2025, 3, 492–506 | 493
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30 minutes each, as described in our earlier study with slight
modications.15,26

3.1 Characterization studies of BBNCPs

3.1.1 FTIR and X-RD analysis of BBNCPs. The Fourier
transform infrared spectroscopic technique was performed on
raw BoxBadam pod ber, chemically treated ber, and physi-
ochemically treated BBNCPs. At 60 °C, all the samples were
dried for three hours to remove moisture, and then the KBr
Pellet method was used for FTIR analysis (Agilent Cary 660/670
FTIR spectrometers, Santa Clara, USA).

This technique was carried out to conrm the reduction of
hemicellulose and pectin in BBNCPs. The Fourier Transform
Infrared (FTIR) analysis was conducted within the frequency
range of 4000–1000 cm−1, utilizing a spectral resolution of
4 cm−1.22

XRD (Aeris-High Resolution Bench Top XRD, Malvern
analytics, United Kingdom) analysis of raw BoxBadam pod ber,
chemically treated ber, and physiochemically treated BBNCPs
was performed to determine the crystallinity index; the analysis
utilized copper K-a radiation with 154 nm wavelength operating
at 30 mA and 40 kV and the crystallinity index was determined
using the Scherrer formula and the Segal method.13

3.1.2 Microscopic techniques for BBNCPs. The scanning
electron microscopy (SEM) technique (FEI, Quanta 200, Berlin,
Germany) was used for the surface morphology study of
BBNCPs. Plasma sputtering equipment was used for gold
sputtering on the BBNCP sample before the imaging technique;
this was performed to achieve better conductivity during the
analysis.

The TEM (transmission electron microscope) technique was
used to obtain the size distribution and perform a morpholog-
ical study of BBNCPs. TEM analysis was performed by trans-
ferring BBNCP suspension on carbon-coated copper grids to
enhance contrast and image resolution.27 HR-TEM analyzed
BBNCPs over a carbon-coated copper grid at 400 kV, and a CCD
camera captured the images.22

Atomic force microscopy (AFM), equipped with a high-
resolution camera (5Mp), was used for the quick determina-
tion of the BBNCP sample (AFM, D13100, NY). The, raw data
were processed using Nanoscope Analysis Soware to obtain
real images of BBNCPs with high resolution.20

3.2 Invention of the BBNCP-based nanocomposite and
optimization of ingredients

The nanocomposite lms were prepared with different
concentrations of ingredients such as PVA (1, 2, 3, 4, 5, 6, 7, 8, 9
and 10%) along with BBNCPs (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5,
and 5%), FSEO (1.75, 2.25, 2.75, 3.25, 3.75, 4.25, 4.75, 5.25, 5.75
and 6.25 ml) and MCNPs (1, 2, 3, 4, 5, 6, 7, 8, 9 and 10%). The
ranges for ingredient concentration were xed based on the
literature.22,28 The nanocomposite was fabricated (using the
solvent castingmethod) by dissolving PVA in 0.1 L of H2O at 60 °
C for 45 minutes using a magnetic stirrer and a hot plate.
Aerward, BBNCPs, FSEO, and MCNPs were combined with
warm PVA. The resulting lm-forming solution mixture was
494 | Sustainable Food Technol., 2025, 3, 492–506
then poured over the glass plate and dried at room temperature,
and the nanocomposite lm was peeled off. The lm with
maximum mechanical, antimicrobial, and antioxidant proper-
ties was selected for further studies.

3.2.1 Mechanical, thermal, barrier, solubility and biodeg-
radation property studies of the nanocomposite lm.
Mechanical property studies, such as elongation at break (EB)
and tensile strength (TS) of the nanocomposite lm, were per-
formed using a digital tensile tester with a capacity of 2500 N
(ASTM D882-91, lab think Instrument Co. Ltd, Shandong,
China).22 The nanocomposite samples for the mechanical
property study were cut into uniform strips of dimensions
0.5 mm × 7 mm. The UV spectrophotometric (V-730 JASCO UV-
Visible spectrophotometer, Japan) method was used for the
opacity measurement of the nanocomposite lm, as described
by Ramesh and Radhakrishnan.13

Thermal property characterization of the nanocomposite
was performed using a ASTM E-1131-20 using SDT Q 600
(simulated DTA-TGA, TA Instruments, USA). The reference
material used for the study was calcined alumina, and platinum
cups were used as the sample and reference containers. The test
was conducted in nitrogen with 99.99% purity, moisture at
one ppm, and oxygen at one ppm with a purge rate of 100 ± 5
ml min−1. The temperature range used for the study was from
22 °C to 800 °C, with a heating rate of 10 °C min−1. The tran-
sition temperatures, enthalpies of fusion, and crystallization of
the nanocomposite were determined using Differential Scan-
ning Calorimetry (DSC-Q600, TA Instrument Inc., USA), and the
test method used for the study was ASTMD 3418-15. The barrier
property study of the BBNCP-MCNP- FSEO-PVA-based nano-
composite was conducted by determining the OTR (oxygen
transfer rate) (ISO. 15105). A lm with a thickness of 84 mm was
used for analysis at 32 °C and a relative humidity of 35%. The
sample cells were analyzed at a pressure of 0.1 MPa for 24 hours.
The slope of pressure versus time was determined using linear
tting to calculate the oxygen transmission rate.

The Desiccant Gravimetric WVTR (Water Vapor Trans-
mission Rate) equipment from Labthink Instruments Co LTD,
China, was utilized for this study. The WVTR of the BBNCP–
MCNP–FSEO–PVA-based nanocomposite was evaluated in
accordance with the ASTM E 96/E96M14 standard method. The
samples were hermetically sealed in a test dish containing
discolored silica gel (12 g) and placed in a desiccator with
a saturated sodium chloride solution under controlled condi-
tions of 38 °C and 90% relative humidity for 24 hours. Subse-
quently, the WVTR was determined by periodically weighing the
samples. The water vapor transmission rate was calculated
using eqn (1) as reported by Morris et al.,28 where, ‘G’ is the
change in weight, ‘T’ is the time, and ‘A’ is the exposed area of
the lm

WVTR ¼ G � 24

T � A
(1)

A solubility study of the BBNCP-based nanocomposite and
control tofu packed in neat PVA was performed by measuring
their weight before and aer immersion in water at ambient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature. Both the BBNCP-based nanocomposite lm and
the control neat PVA lm (5 g each) were immersed in 100 ml of
distilled water in glass beakers. Aer that, the samples were
kept on a magnetic stirrer at 600 rpm. The degree of solubility
was determined using formula (2):

% Solubility ¼ w1 � w0

w1

� 100 (2)

W0-weight of the lm before immersion, W1-weight of the lm
aer immersion.

A biodegradation study of the BBNCP-based nanocomposite
and neat PVA was conducted using the soil burial method at
ambient temperature, and the % weight loss was analyzed as
described in ASTM.29

3.2.2 Antimicrobial and antioxidant properties of the
nanocomposite lm. The Kirby–Bauer test method was utilized
to assess the antimicrobial properties of the nanocomposite
lms. The control lm used for the study was Ciprooxacin, and
the food-borne pathogens used for the study included Shigella
exneri (ATCC 29903), Salmonella typhi (Strain LT2/SGSC1412),
Staphylococcus aureus (Strain NCTC 8325) and Escherichia coli
(Strain K12). The study was performed by punching the nano-
composite lms in the shape of discs, placing them over
Mueller Hinton agar (Hi Media Laboratories, Mumbai, India)
plates with spread-plated pathogen cultures and incubating
them for 24 hours at 37 °C. Each plate was evaluated by
measuring the zone of inhibition, as described in earlier liter-
ature.30,31 A neat PVA-based lm was used as the control. DPPH
(2,2, di-phenyl-1-picrylhydrazyl) scavenging activity of the lm
solution was studied to observe the antioxidant properties
described by Jancy et al.12

3.3 Food packaging application study using BBNCP based
nanocomposite active packaging

Tofu was used for the packaging application study. To prepare
tofu, soybeans were procured from a local grocery shop at Kat-
tankulathur, Chennai, and then washed and soaked. 500 g of
soybeans were soaked in 1 L of water for 24 hours. Aer that, the
soybeans were ground with 2000 ml of water using a grinder
(Sujatha Mixer grinder, Powermatic plus SUJATA, Mitta elec-
tronics, Delhi, India). Then, the obtained soy mixture was
cooked at 70 °C for 10 minutes indirectly to get rid of beany
avor and anti-nutritional factors. Then, it was strained, and
the soy milk and cake (okara) were separated using cheesecloth.
The coagulation of the soy milk was achieved by adding the
coagulant CaSO4$2H2O at a temperature of 20 °C. Aer that, the
coagulated tofu was broken, and the curd was pressed in
perforated molds for 30 minutes to obtain a perfectly shaped
tofu. Then, the prepared tofu was kept in chilled water to reduce
the inside-out temperature.24 For the shelf life study, tofu was
cut into small pieces (3 g each) and then packed using BBNCP-
based nanocomposite lms, and stored at 4 °C for further
analysis. Before the quality check, the thawing process of tofu
was done by placing it in 20 °C warm water, as described in the
study of Fuchigami et al.31

3.3.1 Physio-chemical analysis of tofu packed in the
BBNCP-based nanocomposite during the storage study. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
AOACmethod32 was used for the biochemical analysis including
the determination of fat, protein, water activity, and pH. All the
analyses were performed continuously for 20 days. Tofu packed
in a neat PVA lm was used as the control. Themoisture content
of the tofu packed in a PVA–BBNCP–MCNP–FSEO based lm
was determined by open oven drying at 105 °C (AOAC, 967. 08).
The protein content was determined by using the Kjeldahl
method.33 A Soxhlet apparatus was used to determine the fat
content in tofu packed in both PVA–BBNCP–MCNP–FSEO and
neat PVA lms, and hexane was used as the solvent for the
extraction as described in the literature.34

The textural properties of the Tofu were studied using
a digital texture analyzer (TA.XT Plus stable Microsystem, UK).
Parameters such as hardness, springiness, and chewiness were
recorded using a textural analyzer.35 For the textural analysis, 3 g
of thawed tofu were positioned beneath the probe on a 75 mm
diameter platen. A pre-test speed of 2 mm s−1 and a post-test
speed of 10 mm s−1 were employed, with 80% compression.
The two bite test was followed for the textural analysis based on
the already-reported study of Hansen et al.34 Textural analysis
was performed for the tofu packed in BBNCP-based nano-
composite and neat PVA lms. The study was performed
continuously for 20 days with triplicate measurements.

The pH of the tofu packed in control neat PVA and the
BBNCP-based nanocomposite lms was observed using a digital
pH meter, as described by Gopinath et al.35

Water activity (aw) of the tofu packed in control neat PVA and
the BBNCP-based nanocomposite lms was measured using
a water activity meter (Lab Touch, Novasina, Model: 2600775,
Switzerland). Water activity is the measurement of water avail-
ability for the growth andmetabolic activity of microbes. For the
analysis, 1 g of tofu sample was placed inside the sample holder
at the water activity meter, and the sensor inside the instrument
analyzes the water activity.36

The tofu packed in control neat PVA and the BBNCP-based
nanocomposite lms was precisely analyzed using a Color
Quest XE Hunter color meter (A60-1011-610, Hunter Association
Laboratory, Virginia, USA). These measurements were con-
ducted three times. The L*, a*, and b* values, represents
lightness, redness-greenness, and yellowness-blueness, respec-
tively. Furthermore, the whiteness index, a crucial parameter in
color analysis, was calculated from the obtained data using the
precise equation as reported by Anbarasu and Vijayalekshmi.36

3.3.2 Microbial analysis of tofu packed in BBNCP-based
nanocomposite lms during the storage study. Microbial
analysis including the yeast and mold count and total bacterial
count in the tofu packed in BBNCP-PVA-FSEO-MCNP based
nanocomposite lms and control tofu packed in neat PVA lms
was performed during the storage study. The total bacterial
count study was conducted based on the method outlined by
Downes et al.37 5 g of tofu was ground with 45 ml of 0.1%
peptone water, and the ltrate was serially diluted with 0.1%
peptone water up to 10−10 dilution. For the total bacterial count,
1 ml of each diluent was plated using PCA (Plate Count Agar,
Himedia) and incubated at 37 °C. The CFU g−1 was calculated as
described by Anbarasu and Vijayalekshmi.36
Sustainable Food Technol., 2025, 3, 492–506 | 495
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Fig. 1 BoxBadam Nano Cellulose Particles (BBNCPs) obtained after
physio-chemical treatment.
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Yeast and mold counts were determined by the spread plate
method; 0.1 ml samples of diluents (tofu samples) were plated
on Rose Bengal Chloramphenicol agar (Himedia) and incu-
bated at 30 °C for 120 hours.38 Triplicate readings were observed
and recorded for the study.

3.3.3 Sensory analysis of tofu packed in BBNCP-based
nanocomposite lms during the storage study. Sensory anal-
ysis of the BBNCP-based nanocomposite-packaged and neat
PVA (control)-packaged tofu was conducted with 20 untrained
volunteers (12 women aged 22–30 and 8 men aged 22–30). The
evaluation instructions were given to the volunteers based on
the previously reported study.38 Before the evaluation, consent
was obtained from the panelists. The evaluation was conducted
for 20 continuous days, and the volunteers recorded their scores
in the provided evaluation sheet. The sheet included a ques-
tionnaire regarding the odor, tenderness, appearance, and
overall acceptability of the tofu packaged in BBNCP-based
nanocomposite and neat PVA (control) lms. The hedonic
scale ranges from 1–9 were given, with the following descrip-
tions 9: liked extremely, 8: liked very much, 7: liked, 5–6: neither
liked nor disliked, 3–4: disliked and 1–2: disliked extremely;
these ratings were recorded by the volunteers.

3.4 Statistical analysis

In order to identify any signicant changes between treatments,
the shelf life research data were statistically evaluated using
one-way ANOVA in Microso Excel (MS Office 2010). The nd-
ings were presented as means with standard deviation, and the
statistical approach revealed signicant differences (P < 0.05).
In the textural property study, the experimental values were
analyzed by using ANOVA in the SPSS statistical package, (SPSS
statistics for Windows, Version 29) and the values in the table
are represented as mean ± standard deviation, and Tukey's
posthoc test (SPSS v.22) was used to determine signicant
differences (P < 0.05), which are indicated by distinct
superscripts.

4 Results and discussion
4.1 Preparation of nano cellulose particles from BoxBadam

The successful extraction of BBNCPs was done, as shown in
Fig. 1, and the yield of BBNCPs obtained aer extraction was 48
± 0.8%. The yield of BBNCPs was higher compared with the
already reported nanoparticle extraction yields from sources
such as areca nut (35%), banana rachis (28.6%), coir (23.5%),
kapok (33.7%), sisal ber (9%) and so on.13,39,40

4.2 Characterization studies of BBNCPs

4.2.1 FTIR and XRD analysis of BBNCPs. Aer each
chemical treatment, Fourier transform infrared spectroscopic
analysis was performed on the raw BoxBadam ber and treated
ber. The analytical method was used to determine the
presence/reduction level of organic functional groups in the
non-treated and treated samples. The interferogram from the
FTIR measurement for the samples before and aer the treat-
ments is shown in Fig. 2(a).
496 | Sustainable Food Technol., 2025, 3, 492–506
Fig. 2(a) shows the strong spectral absorption peak at
1145 cm−1, which results from stretching vibrations of the
C–O–C bond which is an important bond between the glucose
units in the cellulose.40 The stretching vibration peak at
1255 cm−1 conrms the presence of C]O in the raw sample,
which corresponds to the aromatic ring of lignin. The acid-
hydrolyzed sample shows the absence of C]O, conrming
the elimination of the lignin in the BBNCPs; a similar result was
reported in the study of Arun et al.21 The alkaline treated and
bleached samples showed signicant reduction in lignin
content. The acid hydrolyzed sample conrmed the elimination
of lignin, which indicates the proper chemical treatment during
BBNCP synthesis.41 Overall, the FTIR analysis study conrms
the purity of the BBNCPs synthesized by substantial reduction/
elimination of lignin and hemicellulose. The percentage crys-
tallinity index of the BBNCPs was determined using an X-ray
diffractometer. The analysis was done before the treatment
(raw BoxBadam ber) and aer the treatments (alkaline,
bleaching, and acid hydrolysis). The diffractogram obtained
aer the analysis is shown in Fig. 2(b).

The major diffraction peaks observed at 16.6° and 22.45°
correspond to the structure of typical cellulose; similar patterns
were observed in the study of coconut waste nanober and areca
nut husk ber.22 The crystallinity index of the raw BoxBadam
pod ber was determined to be 68.66%. Following alkaline
treatment, the ber exhibited a crystallinity index of 74%, while
the bleached ber demonstrated 80% crystallinity. Subse-
quently, the acid-hydrolyzed and physically treated BBNCPs
revealed a notably higher crystallinity index of 88%. The particle
size for BBNCPs was determined to be 5.9 nm, obtained using
the Scherrer formula. Studies have already reported that the
crystallinity index is 80.9% for banana ber, coir (84.5%), and
kapok (86.5%). However, the BBNCP exhibits an improved
crystallinity index of 88%, which is superior to the values re-
ported in similar studies on nanobers in the literature. An
increased crystallinity index indicates increased hardness and
density of the nanoparticles.13 Nanocellulose has a high crys-
tallinity index, indicating reduction of the amorphous region of
cellulose due to hydrolysis.22 However, at high concentrations,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR analysis of treated and untreated BoxBadam: (a) acid
hydrolyzed particles; (b) alkaline treated fiber; (c) bleached fiber; (d)
raw fiber. (b) XRD diffraction analysis of raw, alkaline treated fiber,
bleached fiber and acid hydrolyzed BoxBadam pod nano cellulose
particles (BBNCPs).
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strong acids not only eliminate the amorphous region but also
degrade the crystalline region of cellulose. The degree of crys-
tallinity signicantly inuences thermal degradation.13 Nano-
celluloses with a more amorphous structure exhibit lower
resistance to temperature compared to those with a crystalline
structure.13

4.2.2 Microscopic techniques for BBNCPs. Scanning elec-
tron microscopy (SEM) was used for the morphological study of
raw BoxBadam ber, chemically treated ber (bleached and
alkaline treated), and acid hydrolyzed-physically treated
BBNCPs. The surface images of the BBNCPs are shown in Fig. 3.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Raw BoxBadam bers are clumsy rod-like structures, as
shown in Fig. 3(a). However, alkaline treated (b) and bleached
(c) bers were observed to have chopped needle-like structures.
At the same time, acid-hydrolyzed physically treated BoxBadam
ber shows the debrillated clumsy aggregates of chopped
BBNCPs. The agglomeration results from the hydrogen bonding
interaction between various cellulose ber molecules.22 The
absence of skepticism was resolved through the TEM and AFM
analysis of BBNCPs. The morphology and size distribution were
analyzed by Transmission Electron Microscopy, as shown in
Fig. 3(e). The BBNCPs were observed on a scale of 50 nm and
analyzed in the size range of 10 nm–25 nm, consisting of
aggregated and chopped nano cellulose particles. Furthermore,
the dimensional study of BBNCPs was performed using AFM.

The AFM study provides insights into the morphology and
surface topography of the BBNCPs, as shown in Fig. 3(f). The
size of the nano cellulose particles was studied in the scale
range of 3 mm × 3 mm. The 3D topographical analysis conrms
the needle-like morphology of BBNCPs, with a size range of 4–
8 nm. In the research conducted by Ramesh and Radhak-
rishnan,13 it was documented that areca nut ber nanocrystals
typically fall within the range of 130–230 nm, while potato
cellulose nanoparticles exhibit a size range of 50–100 nm.41 In
the present study, further size reduction was observed for
BBNCPs. Hence, the current study shows an efficient size range.
Arun et al.21 made similar observations for coconut shell cellu-
lose nanocrystals, which were in the size range of 12–16 nm.
Hence, the physiochemical treatments used to produce BBNCPs
were found to enhance the nano cellulose particle size.
4.3 Invention of the BBNCP-based nanocomposite with
optimum composition

The nanocomposite lm was prepared using a lm casting
solution with a composition of 1.75% BBNCP, 2.25 ml FSEO, 6%
MCNP and 8% PVA. The nanocomposite lm with the above
composition was selected for further studies since it exhibited
maximum mechanical, microbial, and antioxidant properties.
The picture of the active packaging lm is shown in Fig. 4. The
cost analysis study of the BBNCP-based nanocomposite is given
in the ESI data† Table 1.

4.3.1 Mechanical, thermal, barrier, solubility and biodeg-
radation property study of the nanocomposite lm. Tensile
strength (TS) and elongation at break (EB) were measured as
mechanical properties for neat PVA, PVA–BBNCP, PVA–FSEO,
PVA–MCNP, and BBNCP–FSEO–MCNP–PVA nanocomposite
lms, as shown in Table 1. It is clear that the BBNCP–FSEO–
MCNP–PVA nanocomposite lm has better TS than neat PVA (P
< 0.05). In the case of neat PVA, the TS is 3.2± 0.05 Nmm−2 and
that of BBNCP-FSEO-MCNP-PVA is 7.025 ± 0.01 N mm−2 which
is attributed to the presence of BBNCPs at a specic concen-
tration (1.75%). Ramesh and Radhakrishnan13 also reported
improved mechanical properties due to the presence of areca
nut ber nanocrystals in PVA-based lms. However, the current
study has achieved enhanced mechanical properties in
comparison to the previous report. The cross-linking property of
BBNCPs plays a major role in improving the tensile strength,
Sustainable Food Technol., 2025, 3, 492–506 | 497
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Fig. 3 SEM analysis of (a) raw BoxBadam fiber, (b) alkaline treated fiber, (c) bleached fiber, (d) acid hydrolyzed BoxBadamnano cellulose particles,
(e) TEM analysis of BoxBadam nano cellulose particles, and (f) AFM analysis of BoxBadam nano cellulose particles.
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and the reason behind this is the combination of two or more
hydroxyl groups in a cellulose molecule or nearby cellulose
molecules.20,22,42,43 The cellulose source type also matters in
improving the packaging material's properties.44 Similarly, EB
for neat PVA was 178± 0.02% and that of BBNCP–FSEO–MCNP–
PVA was 74 ± 0.02%, with a signicant difference of P < 0.05.

Thermal properties of the BBNCP–FSEO–MCNP–PVA nano-
composite lm, including TGA-DSC, were analyzed using a SDT
Q600. The thermal stability of the lm depends on the inter-
action between the molecules present in it.22 As shown in
Fig. 5(a), the nanocomposite lm underwent three signicant
thermal degradation steps spanning a temperature range of
100–800 °C. The nanocomposite lm displayed initial
498 | Sustainable Food Technol., 2025, 3, 492–506
degradation at 121.74 °C, signifying the loss of water. The
second degradation step ranges from 236.33–425.85 °C, which
is attributed the degradation of PVA and cellulose components
to carbon.13 The nal degradation step was observed at 800 °C
with a 1.05% weight loss, which indicates that incorporating
BBNCPs leads to thermal stability efficiency. In a similar study
by Ramesh and Radhakrishnan,15 it was reported that the
potato peel CNP-PVA lm showed ultimate degradation at
794.51 °C with a weight loss of 2.68%, and the reason for
improved thermal stability was the presence of potato peel
CNPs. Hence, the current study demonstrated superior thermal
stability by comparing it with the potato peel CNP-PVA lm. The
DSC thermograph of the BBNCP–FSEO–MCNP–PVA lm
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tofu packed in BBNCP–PVA–FSEO–nano clay based nano-
composite films for the shelf life study: (a) nanocomposite film, (b)
Tofu packed on day 1 and (c) aged Tofu on the 20th day.
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exhibits a glass transition temperature at 100 °C (infers absor-
bed moisture), a melting temperature at 200 °C (degradation of
the cellulose), and oxidative degradation at 650 °C.45 In a similar
study, the initial endothermic peak at 100 °C was identied and
linked to the evaporation of water molecules.15 By comparing
with the already reported studies, the current study shows an
Table 1 Mechanical, antioxidant, and antimicrobial properties of neat PV
PVA nanocomposite filmsa

Characteristics Neat PVA PVA-BBNCP

Mechanical property
Tensile strength (TS) (N mm−2) 3.2 � 0.05d 5.01 � 0.03b

Elongation at break (%) 178 � 0.02b 86 � 0.01c

Antioxidant property (%)
7.06 � 0.02d 13 � 0.03c

Antimicrobial property: zone of inhibition (cm)
Escherichia coli 0.15 � 0.001e 0.18 � 0.003d

Staphylococcus aureus 0.12 � 0.002d 0.09 � 0.001e

Salmonella typhi 0.011 � 0.001e 1.015 � 0.006d

Shigella exneri 0.09 � 0.005e 0.28 � 0.002d

a PVA-polyvinyl alcohol, BBNCP-BoxBadamnano cellulose particles, FSEO-f
Data are expressed as mean± standard deviation (n= 3). In each row, each
determined by Tukey's posthoc test (SPSS v.22).

© 2025 The Author(s). Published by the Royal Society of Chemistry
increased enthalpy, which is the main reason for the increased
melting temperature of the BBNCP–FSEO–MNCP–PVA-based
lm.12,46 An increase in enthalpy serves as evidence of the
effectiveness of cellulose nanobers as a nucleating agent,
concurrently bolstering the rate of crystallization.12 Moreover,
most of the studies achieved amaximum thermal property of up
to 600 °C, but the current study obtained a maximum thermal
stability of 800 °C. Overall, the TGA-DSC results conrmed that
the newly fabricated nanocomposite lm has superior thermal
properties compared to similar nanocomposites reported to
date and can be used as a high-quality active packagingmaterial
for food products.

A spectrophotometer was utilized to assess the light trans-
mittance of the nanocomposite lm and the control PVA. Light
transmittance denotes the degree of light penetration through
the material's surface. In the present study, the control PVA
exhibited a light transmittance of 0.083 ± 0.02 A mm−1,
whereas the BBNCP–FSEO–MCNP–PVA nanocomposite lm
demonstrated a light transmittance of 1.369 ± 0.33 A mm−1.
The diminished transparency of the nanocomposite lm is
attributed to its heightened opacity.13

The barrier property study provides an oxygen transmission
rate (OTR) of 2.6 cm3 per m2 per day, which is less than the OTR
value reported for potato cellulose nano particle–polyvinyl
alcohol–fennel seed essential oil-based lm (3 cm3 per m2 per
day) reported in the literature. Similarly, the PVA–piperic acid-
based composite lm studied for its potential in food pack-
aging exhibited an OTR of 4.97 cm3 per m2 per day.46 The OTR is
an essential factor in maintaining the storage stability and
quality of pasteurized food products, thereby improving the
keeping quality of the food product.47 In the current study,
BBNCPs increased molecular interactions and thereby
decreased the OTR of the bio nanocomposite. According to the
study by Mousavi et al.,48 the decreased oxygen permeability
coefficient of the polymer reduces the oxidation rate of food
products, hence extending the shelf life of food commodities.
The current study achieved a lower OTR compared to previous
A, PVA–BBNCP, PVA–FSEO, PVA–MCNP, and BBNCP–FSEO–MCNP–

PVA-FSEO PVA-MCNP
BBNCP-FSEO-MCNP-PVA
nanocomposite

3.04 � 0.03e 4 � 0.09c 7.03 � 0.01a

215 � 0.04a 52 � 0.03e 74 � 0.02d

23.2 � 0.02b 2.08 � 0.06e 58.12 � 0.08a

1.46 � 0.006c 1.73 � 0.004b 2.54 � 0.007a

1.21 � 0.001c 1.50 � 0.003b 2.00 � 0.001a

1.062 � 0.002c 2.00 � 0.001b 2.42 � 0.003a

2.26 � 0.003b 2.08 � 0.006c 2.90 � 0.006a

ennel seed essential oil, andMNCP-montmorillonite nano clay particles.
value followed by a different letter is signicantly different (P# 0.05) as
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Fig. 5 (a) TGA-DSC analysis thermograph of the BBNCP–FSEO–
MNCP–PVA nanocomposite film, (b) biodegradation study of the
BBNCP–FSEO–MNCP–PVA-nanocomposite film (a) on day 1, (b) on
day 14, (c) on day 28 and (d) on day 48.
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studies on similar packaging materials. This suggests its suit-
ability for maintaining quality and extending the shelf life of
perishable processed food products.

The water vapor transmission rate (WVTR) is a critical
consideration for evaluating food packaging materials, partic-
ularly for packaging high-moisture food products. In the
current study, the BBNCP-based nanocomposite displayed
500 | Sustainable Food Technol., 2025, 3, 492–506
a WVTR of 4.42 ± 0.07 g per m2 per day, while neat PVA
demonstrated an increased WVTR of 10.02 ± 0.01 g per m2 per
day. Water vapor permeability is a material property that
measures how quickly water vapor passes through it. A lower
WVTR indicates the packaging material's effectiveness in
reducing the transfer of water vapor molecules.40 Morris et al.28

reported that the decreased WVTR can be attributed to the
incorporation of cellulose nanobers with PVA. The cellulose
nanobers create a tortuous path, altering the direct diffusion
lanes of water molecules within the composite, thereby
impeding the passage of water vapor through the lm. Conse-
quently, this study establishes the efficacy of the newly devel-
oped packaging material for preserving perishable food
products.

The water solubility of packaging materials is a critical
parameter. Percentage solubility of the neat PVA (control) and
BBNCP based nanocomposite lms are given in the ESI data,†
Table 2. The PVA control lm exhibited complete solubility,
reaching 100% dissolution within 60 minutes. The study of the
PVA–pomegranate peel nanoparticle-based lm reported 29%
solubility rate within 60 minutes.49 At the same time, BBNCP-
based nanocomposite lm had a solubility of 25 ± 0.02%
within 60 minutes. This disparity indicates a reduced solubility
rate in the newly developed packaging lm, attributed to the
presence of BBNCPs and their cross-linking properties with
PVA. In this scenario, the newly developed packaging lm is
suggested for food packaging.

The biodegradation of the BBNCP-based nanocomposite and
neat PVA was observed for 50 days at ambient temperature, as
shown in Fig. 5(b). On day 1, the BBNCP-based nanocomposite
and neat PVA weighed 10 ± 0.08%. Later, aer 28 days, the neat
PVA showed a weight loss % of 8.03 ± 0.01, and the BBNCP-
based nanocomposite showed a weight loss % of 45.88 ±

0.03. Aer that, on day 42, the neat PVA showed a weight loss %
of 23.51 ± 0.022, and the BBNCP-based nanocomposite showed
a weight loss % of 59.04 ± 0.04. Finally, at day 50, the BBNCP-
based nanocomposite was degraded completely in the soil,
while 55.33 ± 0.01% weight loss was observed for neat PVA. A
similar study of coconut shell nano crystal–PVA–linseed and
lemon essential oil-based packaging material also showed
a degradation period of 45 days.22

Overall, the newly fabricated BBNCP-based nanocomposite
showed improved mechanical, barrier, and biodegradation
properties and is recommended for food packaging, especially
for perishable food items.

4.3.2 Antioxidant and antimicrobial properties of the
nanocomposite lms. The antioxidant properties of neat PVA,
PVA–BBNCP, PVA–FSEO, PVA–MCNP, and BBNCP–FSEO–
MCNP–PVA nanocomposites were evaluated using a DPPH
scavenging assay, with the results detailed in Table 1. The
analysis revealed a notable distinction (P < 0.05) between tofu
packed in BBNCP-based biocomposites and neat PVA. Prior
research by Jancy et al.,12 and Ramesh and Radhakrishnan,13

showcased the enhanced antioxidant properties of fennel
essential oil. Similarly, a study on the keeping quality of prawns
packed in a lm comprising potato peel cellulose nano particle–
PVA–fennel essential oil demonstrated an increased shelf life,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Textural analysis of tofu packed in BBNCP-based nanocomposites and control tofu packed in neat PVAa

Parameters

Number of days

1 4 7 10 13 16 20

Chewiness (N mm)
a 13.27 � 0.002a 12.4 � 0.001b 11.54 � 0.003c 10.01 � 0.002d 9.36 � 0.003e 5.43 � 0.002f 0.11 � 0.003g

b 13.27 � 0.002a 12.9 � 0.002b 12.47 � 0.003c 11.84 � 0.045d 10.8 � 0.003e 9.33 � 0.002f 4.32 � 0.0025g

Springiness (mm)
a 3.25 � 0.002a 3 � 0.001b 2.99 � 0.002c 2.39 � 0.0015d 2.07 � 0.003e 1.70 � 0.002f 1.20 � 0.003g

b 3.25 � 0.002a 3.10 � 0.002b 2.96 � 0.001c 2.81 � 0.0020d 2.66 � 0.001e 2.10 � 0.0021f 1.72 � 0.002g

Hardness (N)
a 12.40 � 0.005a 11.8 � 0.002b 11.15 � 0.001c 10.22 � 0.001d 8.14 � 0.002e 5.40 � 0.015f 2.55 � 0.015g

b 12.40 � 0.005a 12.02 � 0.02b 11.24 � 0.026c 10.72 � 0.015d 10.1 � 0.057e 9.30 � 0.002f 7.22 � 0.025g

a Data are expressed asmean± standard deviation (n= 3). In each row, each value followed by a different letter is signicantly different (P# 0.05) as
determined by Tukey's posthoc test (SPSS v.22).
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which was attributed to the inclusion of fennel essential oil.18

Another study indicated that the incorporation of potato peel
extract and fennel essential oil in active packaging enhances
antioxidant properties.50,51 In the current study, FSEO notably
contributed to the enhancement of DPPH scavenging activity.
Consequently, the newly developed active packaging exhibits
improved antioxidant activity compared to previous studies and
is recommended for food packaging applications.

Antimicrobial properties of neat PVA and BBNCP–FSEO–
MCNP–PVA active packaging were evaluated using the zone of
inhibition method, and the corresponding results are provided
in Table 1. The analysis demonstrates that the nanocomposite
exhibits an enhanced zone of inhibition compared to the neat
PVA lm. Importantly, a statistically signicant difference of P <
0.05 is observed between tofu packed in BBNCP-based bio-
composites and that packed in neat PVA.

Ciprooxacin antibiotic disks showed a zone of inhibition of
3 ± 0.001 cm, which emphasizes that the prepared nano-
composite possesses antimicrobial properties similar to those
of the antibiotic disk. In a study conducted by Hong et al.,50 it
was observed that natural clay exhibits inhibitory effects against
the food-borne pathogen Staphylococcus aureus. Several studies
have corroborated the antimicrobial properties of fennel
essential oil against foodborne pathogens.12,20 Furthermore,
research by Ramesh and Radhakrishan13 indicates that mont-
morillonite clay contains antimicrobial agents, including Al2O3,
CaCO3, SiO2, Fe, and Ti, contributing to its ability to inhibit
microbes. The mechanism behind the inhibition of microbes is
that the antimicrobial agents affect the cell membrane and
produce reactive oxygen species in large amounts that can
inactivate the inner cellular constituents and lead to the
disruption of the microbes.49 In the case of FESO, the mecha-
nism behind its inhibitory effect is that FSEO is composed of
antimicrobial agents such as aldehyde, terpenes, ketones, and
phenols, which can disrupt the microbial cell membrane
(cytoplasmic membrane), leading to impairment of the micro-
bial respiratory function. In addition, FSEO has a hydrophobic
nature; it promotes antibacterial properties by depositing over
cell membranes and blocking the passage of microbes.20
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.4 Application study using BBNCP based nanocomposite
lms for tofu packaging

Tofu was packed in BBNCP-based nanocomposite lms and
stored at 4 °C for the application study, as shown in Fig. 4 (tofu
packed on day 1; aged tofu on the 20th day). Tofu packed in neat
PVA was used as the control. The shelf life of the tofu packed in
the BBNCP-based nanocomposite and control tofu packed in
neat PVA was studied for three weeks. The quality analyses,
including physiochemical, microbial, and sensory analyses,
were performed in triplicates at regular intervals for three
weeks.

4.4.1 Physio-chemical analysis of tofu packed in BBNCP
based nanocomposite lms during the storage study. In the
case of food products, pH is an important parameter, especially
for perishable food products; Tofu comes under the category of
perishable food items, and the maximum shelf life is 16 days
when stored at 4 °C, according to the referred research studies.
pH is a primary parameter used for spoilage indication.35,52 The
study by Li et al.41 reported that the change in the value of pH
during the storage study of food items is due to microbial
degradation, which leads to deterioration (protein degradation)
of the food. According to the current study, on day 1, the tofu
packed in BBNCP-based nanocomposites and control tofu
packed in neat PVA showed a pH of 5.38 ± 0.07. Later, on the
15th day, the pH of the tofu packed in the control lm decreased
to pH 2.05 ± 0.08, and that of tofu packed in the BBNCP-based
nanocomposite was only pH 5.05 ± 0.05. It indicates that the
microbial spoilage or the development of peptides or amines
(development of peptides and amines by microbes) in control
tofu packed in neat PVA leads to the stale avor. The pH vari-
ation in tofu depends on the type of bacteria present over time.36

During storage, the spoilage of tofu will occur due to microbes
such as lactic acid bacteria, enteric bacteria (mainly), and
Pseudomonas sp. On the 20th day, the pH of control tofu was
0.02 ± 0.06, indicating complete spoilage52 and that of BBNCP-
based nanocomposite packaged tofu was within an acceptable
limit of pH 3.40 ± 0.01 (ref. 52) with a statistically signicant
difference (P < 0.05), demonstrating the preservation stability of
the nanocomposite.
Sustainable Food Technol., 2025, 3, 492–506 | 501
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Fig. 6 Protein % and fat % in tofu packed in BBNCP-based nano-
composites and control tofu packed in neat PVA during the storage
study.
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Tofu packaged in BBNCP-based nanocomposites and control
tofu packaged in neat PVA were studied for water activity (aw)
during the storage period. On day 1, neat PVA and BBNCP-based
nanocomposite showed a water activity of 0.956 ± 0.005. Aer
that, on day 7 there was a slight increase to 0.968 ± 0.002 for
neat PVA; later, on day 20, the water activity of neat PVA showed
a drastic change to 0.098 ± 0.003. In the case of the
nanocomposite-based lm, the water activity was 0.960 ± 0.001
on day 7 and 0.965 ± 0.002 on day 20. The results indicate
a drastic difference in aw between tofu packed in neat PVA and
nanocomposite lms. In brief, a statistically signicant differ-
ence P < 0.05 is evident between tofu packaged in neat PVA and
the BBNCP-based nanocomposite. According to ref. 20, the
inhibition of microbial growth can be reduced by decreasing the
moisture content. In the current study, the BBNCP-based
nanocomposite packaging material is superior in terms of
antimicrobial and antioxidant properties.

Moreover, the crosslinking bond between the BBNCP and
PVA in the nanocomposite and the presence of FSEO blocks the
passage of the moisture content inside and out of the package.
The increase in water activity denotes the hydrolysis of lipids to
fatty acids/oxidation of fatty acids.39 Overall, the current study
proves that the tofu packed in BBNCP-based nanocomposites
enhanced the water activity compared with tofu packed in neat
PVA, hence proving and guaranteeing the extension of the shelf
life of tofu.

Protein degradation refers to microbial spoilage in food
products. The change in protein content of tofu packed in
BBNCP-based nanocomposites and control tofu packed in neat
PVA during the storage study is shown in Fig. 6. Initially, the
protein content of tofu packed in BBNCP-based nano-
composites and control tofu packed in neat PVA was 47.678 ±

0.03%. Later, on day 10, the protein % of tofu packed in BBNCP
lms was 41.683 ± 0.02%, whereas the control tofu packed in
neat PVA showed a decreased protein % of 40.541 ± 0.06%,
indicating the initiation of spoilage of tofu packed in neat PVA.
On day 20, it was observed that the protein % of the tofu packed
in neat PVA lms was the lowest at 8.326 ± 1.11%, indicating
the microbial deterioration of Tofu. Tofu packed in BBNCP-
based nanocomposites showed an acceptable protein
percentage (28.207 ± 0.06%) and it was signicantly higher
than that of tofu packed in neat PVA (P < 0.05). Based on FSSAI
standard regulation, 2011,53 the acceptable minimum range of
protein % is 8.0. A similar study of soy protein storage at 4 °C
reported the degradation of soy protein due to microbial
growth.38 The reason for protein degradation in tofu is the
excessive growth of microbes, which leads to rehydration and
the production of proteolytic enzymes. Then the produced
enzymes will break down the bonds between the cross-linked
protein present in tofu, leading to the development of free
amino acids by hydroxylation.38 Hence, the current study proved
that the newly developed nanocomposite exhibited superior
barrier properties towards spoilage by microbes.

Tofu is rich in polyunsaturated fatty acids (PUFA); the fat %
during the storage study of tofu packed in BBNCP-based
nanocomposites and control tofu packed in neat PVA is
shown in Fig. 6. Day 1 shows a fat % of 8.6 ± 0.02 for both the
502 | Sustainable Food Technol., 2025, 3, 492–506
tofu packed in BBNCP-based nanocomposite and control tofu
packed in neat PVA. Later, at day 10, the fat % decreased due to
lipid peroxidation in tofu, but compared with the control tofu
package, the BBNCP-based nanocomposite package showed an
improved fat % of 7.33 ± 0.07; which in turn indicated reduced
rancidity due to the decreased peroxidation of fat content of
tofu packed in BBNCP nanocomposites. Fat with a high poly-
unsaturated fatty acid content is prone to chemical reactions
with oxygen, resulting in oxidative rancidity leading to the
development of undesirable off-avors and odors. The main
reason for the improved fat % in the BBNCP-based nano-
composite Tofu package is the efficient antioxidant properties
of the active packaging lm. FSEO is the main ingredient in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite preparation, and FSEO has been reported for its
efficiency in improving antioxidant and antimicrobial proper-
ties.12 Aerwards, on day 20, tofu packed in BBNCP-based
nanocomposite lms showed a fat % of 4.00 ± 0.01, which is
an improved fat % compared with the control Tofu packed in
neat PVA (0.529 ± 0.02%). Overall, there is a signicant differ-
ence (P < 0.05) in quality parameters of tofu packed in BBNCP-
based biocomposites and neat PVA. It means that the tofu
packed in neat PVA is much more susceptible to fat perox-
idation. The FSSAI regulation,53 reports that the acceptable limit
of fat content in tofu is in the range of 2.0–5.0%. In the current
study, the results show that the tofu packed in neat PVA exceeds
its acceptable limit whereas the tofu packed in nanocomposite
falls within the acceptable limit. Hence, the study proved and
guaranteed that the prepared nanocomposite efficiently extends
the shelf life of tofu.

According to the study of Anbarasu and Vijyalekshmi,36 the
tulsi extract-treated tofu showed a decrease in fat peroxidation,
and the reason behind the decreased lipid peroxidation is the
metal chelating properties of tulsi, which also improves the
antimicrobial properties of tofu. Accordingly, the BBNCP-based
nanocomposite incorporated with FSEO has efficient antioxi-
dant and antimicrobial properties in the present study. Hence,
it can be inferred that the tofu packed in BBNCP–PVA–FSEO–
MCNP can synergistically reduce the peroxidation of fat, thereby
improving the shelf life of tofu.

In the plot, the different letter is signicantly different (P #

0.05) as determined by Tukey's posthoc test (SPSS v.22).
Table 3 shows the results of the textural property study of

tofu packed in BBNCP-based nanocomposites and control tofu
packed in neat PVA during the storage study. According to the
hardness study, on day 1, both the samples had a hardness of
12.403 ± 0.005 N, and aer 10 days, the control tofu packed in
neat PVA showed a decreased hardness of 10.220± 0.001 N. The
BBNCP-based tofu package showed a hardness of 10.72 ±

0.015 N, which is ve times less compared to the control. The
reason behind the improved hardness of the BBNCP-based tofu
package is the effective amount of BBNCPs, FSEO, and MCNPs.
The BBNCPs have crosslinking properties and hence they
Table 3 Color analysis of tofu packed in BBNCP-based nanocomposite

CIELAB color space Day 1

L* Control tofu packed in neat PVA 64.80 �
BBNCP-based nanocomposite packaged
tofu

64.80 �

a* Control tofu packed in neat PVA 0.11 �
BBNCP-based nanocomposite packaged
tofu

0.11 �

b* Control tofu packed in neat PVA 11.73 �
BBNCP-based nanocomposite packaged
tofu

11.73 �

Whiteness index Control tofu packed in neat PVA 63.01 �
BBNCP-based nanocomposite packaged
tofu

63.01 �

a Data are expressed asmean± standard deviation (n= 3). In each row, eac
determined by Tukey's posthoc test (SPSS v.22).

© 2025 The Author(s). Published by the Royal Society of Chemistry
reduce the gas exchange through the packaging material; also,
their antioxidant and antimicrobial properties can reduce the
spoilage of tofu by inhibiting bacterial growth. So, it is evident
from the current study that the control tofu package shows
a drastic decrease (2.556 ± 0.0152 N) in hardness, indicating
complete spoilage, while the tofu packed in the BBNCP-based
package shows an improved hardness of 7.226 ± 0.025 N.

In the case of the springiness of tofu, both the tofu packed in
the BBNCP-based nanocomposite and control tofu packed in
neat PVA show a value of 3.251 ± 0.0015 mm on day 1. Whereas
on day 10, the control tofu packed in a neat PVA lm shows
a decreased springiness of 2.386 ± 0.0015 mm.

Compared with the control, the tofu packed in the BBNCP-
based nanocomposite shows a more elastic nature, indicating
improved freshness at day 10. Later, on the 20th day, there is
a steep decrease in the elastic nature of the Tofu packed in neat
PVA, which implies spoilage. Tofu packed in a BBNCP-based
package shows an effective/efficient keeping quality.

For tofu, chewiness is an essential factor, especially in Indian
cooking. The usage/consumption of tofu is expected to be
economically favorable. According to the study by Anbarasu and
Vijyalekshmi,36 tofu should be more rigid and stiffer during
consumption. In this context, the present study of tofu packed
in BBNCP-based nanocomposites and control Tofu packed in
neat PVA shows a chewiness of 13.265 ± 0.0020 N mm.
However, later, day by day, the chewiness of the tofu packed in
neat PVA (control) decreased, as shown in Table 2, hence
proving the spoilage of Tofu on the 20th day. However, the tofu
packed in a BBNCP-based nanocomposite package showed
a chewiness of 4.322 ± 0.0025 N mm, which is an acceptable
quality range according to the study of Anbarasu and Vijaya-
lekshmi.36 Overall, the BBNCP-based nanocomposite tofu
package showed an acceptable texture quality until the 20th day.
Hence, the newly prepared packaging material can be used to
improve the shelf life of tofu. The reason behind the improved
textural properties of tofu is the efficient composition of the
packaging material, with BBNCP, FSEO, and MCNP having the
ability to improve the antioxidant and antimicrobial
properties.35
s and control tofu packed in neat PVAa

Day 5 Day 10 Day 15 Day 20

0.57a 57.33 � 0.09b 49.42 � 0.66c 43 � 0.25d 37.31 � 0.17e

0.57a 59.15 � 0.16b 54.13 � 0.86c 50.95 � 0.06d 45.03 � 0.23e

0.04e 0.26 � 0.05d 0.40 � 0.04c 0.55 � 0.06b 0.67 � 0.02a

0.04e 0.13 � 0.01d 0.26 � 0.02c 0.38 � 0.01b 0.41 � 0.03a

0.56e 21.22 � 0.44d 28.33 � 0.42c 34.20 � 0.35b 43.49 � 0.46a

0.56e 13.26 � 0.30d 15.00 � 0.39c 22.99 � 0.11b 25.05 � 0.24a

0.13a 50.23 � 0.23b 43.45 � 0.41c 40 � 0.31d 35.11 � 0.25e

0.13a 58.50 � 0.06b 51.04 � 0.58c 46.12 � 0.68d 44.37 � 0.03e

h value followed by a different letter is signicantly different (P# 0.05) as
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Fig. 7 Sensory analysis on a hedonic scale for tofu packed in BBNCP-
based nanocomposites and control tofu packed in neat PVA during the
storage study.
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The color of a food product plays a signicant role in inu-
encing consumer acceptability. The changes in color values
during storage (at 4 °C) for tofu packed in BBNCP-based
nanocomposite lms and neat PVA lms (control) are out-
lined in Table 3. Throughout the twenty-day storage period,
color monitoring was conducted for tofu packed in BBNCP-
based nanocomposite lms and neat PVA lms. However, tofu
packed in a BBNCP-based nanocomposite packaging exhibited
no discernible color variation over the 20-day storage, as indi-
cated in Table 3. In contrast, a color change was evident within
ten days for the control tofu packed in neat PVA, possibly
attributed to a comparably higher spoilage rate, as documented
in the literature for paneer.54

4.4.2 Microbial study of tofu packed in BBNCP based
nanocomposites during the storage study. A microbial study of
tofu packed in BBNCP-based nanocomposites and control tofu
packed in neat PVA was conducted for 20 days at 4 °C. The study
by Shruthy et al.18 reported that the PVA– fennel seed oil–potato
cellulose nanoparticle-based lms used for packaging prawns
showed improved antioxidant and antimicrobial properties;
accordingly, the packaging lm increased/enhanced the
keeping quality of the prawns for a duration of up to 63 days. In
the current study, the microbial analysis, such as total bacterial
count and yeast and mold count, shows an improved quality for
tofu packed in BBNCP-based nanocomposites. Similarly, the
study by Ramesh and Radhakrishnan13 reported the antimi-
crobial properties of the packaging lm made from nano clay
incorporated with areca nut ber nano crystals, PVA, mont-
morillonite clay nanoparticles and fennel essential oil for food.
At the same time, the current study shows 10% more efficient
antimicrobial properties than those reported in previous
studies.13,51 The study shows (Table 4) that the total bacterial
count for tofu packed in BBNCP-based nanocomposites and
control tofu package was 2.15 ± 0.009 log CFU g−1 on day 1; it
increased to 3.82 ± 0.003 log CFU g−1 on day 20 for tofu packed
in BBNCP based nanocomposites. However, the tofu packed in
control lms showed a drastic increase in the total bacterial
count than that packed in BBNCP based nanocomposite lms (P
< 0.05). The total bacterial count in the control was not within
the acceptable limit as per the literature.38 Many studies have
reported that the standard quality level for microbial analysis of
tofu is not available. However, a comparison between the
control tofu package and the BBNCP-based tofu package from
the present study shows an improved quality for the tofu
packaged in BBNCP-based nanocomposite lms . The yeast and
mold count for the BBNCP-based nanocomposite tofu package
Table 4 : Microbial study of tofu packed in BBNCP-based nanocompos

Parameters (CFU g−1) Day 1 Day 5

Control 2.14 � 0.007e 2.18 � 0.003d

Total bacterial count 2.14 � 0.009e 2.50 � 0.001d

Control 0 0.69 � 0.004d

Yeast and mold count 0 0.3 � 0.002d

a Data are expressed asmean± standard deviation (n= 3). In each row, eac
determined by Tukey's posthoc test (SPSS v.22).

504 | Sustainable Food Technol., 2025, 3, 492–506
showed an effective/increased keeping quality compared with
the control tofu package. On day 1, the yeast andmold count for
both BBNCP and control packages was 0 CFU g−1; on the 5th
day, it increased to 0.69 ± 0.004 CFU g−1 for the control tofu
package. However, for the BBNCP-based package, it was only 0.3
± 0.002 CFU g−1 on the 5th day, indicating a decreased growth
level compared with the control tofu package. The BBNCP based
tofu package, on day 20, showed a yeast and mold count of 2.22
± 0.004 CFU g−1 which is lower compared with that observed in
the control tofu package (4.65± 0.001 CFU g−1), which indicates
the efficiency of the newly developed BBNCP package. In the
study by Anbarasu and Vijayalekshmi, 2017,36 the shelf life
ites and control Tofu packed in neat PVAa

Day 10 Day 15 Day 20

3.� 0.005c 3.85 � 0.002b 5.96 � 0.003a

3.03 � 0.004c 3.20 � 0.007b 3.84 � 0.001a

2 � 0.002c 3.56 � 0.003b 4.65 � 0.001a

0.82 � 0.007c 1.67 � 0.005b 2.22 � 0.004a

h value followed by a different letter is signicantly different (P# 0.05) as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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study of tofu treated with Ocimum sanctum exhibited a yeast and
mold count of 2.33 × 105 CFU g−1 on the 7th day itself; in
comparison the current study shows the efficiency of the BBNCP
packaging in maintaining the quality of tofu.

4.4.3 Sensory analysis of the tofu packed in BBNCP-based
nanocomposites during the storage study. The sensory anal-
ysis of tofu packed in BBNCP-based nanocomposites and
control tofu packed in neat PVA was performed for 20 days, and
the results are shown in Fig. 7. The assessment was done by 20
volunteers, and the ratings were recorded based on the hedonic
scale.38,55 According to the study, the BBNCP-based nano-
composite tofu package showed more acceptability from the
volunteers. The tofu packed in neat PVA was completely rejected
from day 14 onwards, mainly due to the off-avor and changes
in appearance while the BBNCP-based Tofu package was
acceptable till the 20th day of the storage study. The above-
described experimental studies including pH, aw, fat %,
protein %, microbial, and textural analyses showed that tofu
remained within the maximum acceptable limits only until 14
days; Hence, the newly developed BBNCP-based packaging
material shows overall acceptance for tofu, extending its shelf
life up to 20 days at 4 °C.
5 Conclusion

In the present study, nanocellulose particles were prepared
from BoxBadam pods to produce a novel nanocomposite for
active packaging applications. The characterization studies of
the active packaging material showed excellent antioxidant,
antimicrobial, mechanical, optical, thermal, barrier, and
degradation properties compared to the those reported in
previous studies. The storage studies showed that the tofu
packed in PVA–BBNCP–FSEO–MCNP-based packaging lms
had a shelf life of up to 20 days at 4 °C. At the same time, the
tofu packaged in neat PVA lms exceeded the microbial and
biochemical parameter limits on the eighth day itself. Hence,
the study suggests the BBNCP–PVA–FSEO–MCNP nano-
composite as an effective packaging material to enhance shelf
life of tofu and perishable processed food products for
improved quality during storage. Furthermore, the research
proposes that the synthesized nanocomposite could be explored
for uses in the pharmaceutical and medicinal sectors in addi-
tion to the food sector.
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