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ida extract incorporated chitosan/
pullulan intelligent biodegradable films: an eco-
friendly packaging to preserve the freshness of
chicken

Manjunath P. Eelager, ab Saraswati P. Masti, *a Suhasini Madihalli,a

Ravindra B. Chougale, c Nagarjuna Prakash Dalbanjand and S. K. Praveen Kumar d

Herein, biodegradable active films were developed using a polysaccharide based blend of chitosan (CS) and

pullulan (PU), incorporated with the ethanolic extract of Tradescantia pallida (TP), to function as intelligent

food packaging materials. FTIR confirmed intermolecular hydrogen bonding between the polyphenolic

constituents of TP extract and the CS/PU matrix. The resulting CPT intelligent biodegradable films

exhibited an impressive tensile strength of 45.84 MPa, surpassing that of conventional plastic films. SEM

micrographs revealed a uniform and compact surface morphology, demonstrating successful blending

and structural integrity. The incorporation of polyphenolic compounds not only enhanced the

antimicrobial efficacy of the films against foodborne pathogens but also imparted remarkable antioxidant

potential, as evidenced by DPPH (89.81%) and ABTS (85.14%) radical scavenging activities. A distinct color

shift from purple to yellow upon spoilage enabled real-time monitoring of freshness. Chicken samples

packaged in polyethylene (PE) and CPT-2 intelligent biodegradable films were stored under ambient

conditions. Analyses of microbial growth, ammonia release, free fatty acid degradation, and the effects of

UV exposure revealed that CPT-2 intelligent biodegradable films offered superior protection against

microbial contamination and oxidative deterioration, thereby extending the chicken's shelf life compared

to PE packaging. The CPT intelligent biodegradable films also showed biodegradation potential,

addressing the persistence, landfill accumulation, and greenhouse gas emissions associated with single-

use plastics. Thereby mitigating the adverse impacts of SUPs on human health and the ecosystem.

Overall, the physicochemically enhanced intelligent films offer a sustainable and effective alternative to

plastic packaging, improving food safety and environmental health.
Sustainability spotlight

Sustainability has become an imperative across all sectors due to the growing environmental burden caused by SUPs and their persistent pollution. In the food
sector, the challenges of resource scarcity and rapid spoilage demand innovative and eco-friendly packaging solutions. Herein, a chitosan/pullulan blend was
developed, both polymers being biodegradable and currently at a Technology Readiness Level (TRL) of 5–6, indicating strong potential for commercial
advancement. The incorporation of anthocyanin-rich Tradescantia pallida extract introduces both active and intelligent functionalities to the lm, making it
a sustainable alternative to conventional synthetic packaging materials. The prepared intelligent lm demonstrated the ability to extend the shelf life of chicken
by 48 hours at room temperature, effectively doubling that of polyethylene (PE) packaging under similar conditions. Beyond its superior preservation capacity,
the lm's complete biodegradability ensures that, aer disposal, it does not contribute to landll accumulation or microplastic pollution. Thus, the developed
lm not only addresses food preservation challenges but also aligns with circular economy principles by minimizing environmental impact as a promising step
toward a sustainable, pollution-free packaging ecosystem and a greener future.
e College, Dharwad-580 001, Karnataka,

m

dian Institute of Packaging, Mumbai-400

Karnatak University, Dharwad-580 003,

Karnatak University, Dharwad-580 003,

the Royal Society of Chemistry
1. Introduction

Excessive plastic consumption has become a signicant envi-
ronmental threat, with waste disposal and management pre-
senting substantial global challenges. Plastics in landlls
contribute to global warming and microplastic pollution.
Across its life cycle, from extraction to manufacturing, plastic
production emits large amounts of greenhouse gases,
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generating approximately 1.96 gigatons in 2015, according to
the Minderoo-Monaco Commission on Plastics and Human
Health (2023). The food sector signicantly contributes to this
problem through the use of single-use, non-biodegradable
packaging, driven by modern lifestyles. Valued at $338.34
billion in 2023, the global food packaging industry is projected
to reach $478.18 billion by 2028. Although recycled plastic is
considered a better packaging alternative, it oen contains
harmful substances such as BPA, phthalates, ame retardants,
and heavy metals, which limit its suitability for food-related
uses.1–3 The rise in demand for food packaging, combined
with the detrimental effects of single-use and recycled plastics,
has prompted the development of environmentally acceptable
and sustainable alternatives. Bioplastics degrade in the envi-
ronment with minimal hazardous environmental impact and
are receiving greater attention from researchers. There are three
primary categories in bioplastics: partially bio-based, such as
Bio-PET, which is non-biodegradable, and another group
generated from conventional fossil resources that are biode-
gradable, such as CPL and PBHT. Conversely, biopolymers are
naturally occurring polysaccharides, lipids, and proteins that
are biodegradable and eco-friendly.4–6

Polysaccharide based lms are gaining popularity due to
their natural origin. The deacetylation of b-(1–4)-poly-N-acetyl-D-
glucosamine (chitin) leads to the formation of the second most
abundant polysaccharide, i.e., chitosan (CS). Chitosan consists
of b-1,4-linked 2-amino-2-deoxy-b-D-glucose (deacetylated D-
glucosamine) and N-acetyl-D-glucosamine units, a copolymer
that has received FDA certication for food-related studies. The
biodegradable, biocompatible, non-toxic, and antimicrobial
properties, along with the lm-forming capacity of chitosan,
have received considerable attention from a commercial
perspective in food packaging and biomedical applications.7–9

Emulsion formation capability, good tensile strength, and
antimicrobial activity suggest that CS can be considered for
food packaging applications. However, the brittleness and high
water vapour permeability of pure CS lms restrict their appli-
cability as a food packaging material.10

The extracellular polysaccharide obtained from Aureobasi-
dium spp. Fungi are known to produce pullulan (PU). Pullulan is
a biopolymer that received GRAS status from the FDA in 2004
and was registered by the European Union (EU) as a food
additive (E1204) in the same year.11 The characteristic structural
exibility in pullulan is due to a-1,6-glucosidic linkages present
between the linearly polymerized maltotriose units.12,13 Pullulan
lms are transparent, possess thermal capacity, and exhibit
resistance to oil and grease, while also showing good oxygen
barrier properties.14 Despite all these excellent tensile strength
and physicochemical qualities, pullulan lm's lack of water
resistance properties limits its usage as a food packaging
material.

In the present study, a polymer blend of CS/PU is considered
to overcome the limitations of chitosan and pullulan neat lms.
Glycerol was added to the CS/PU blend as the plasticizing agent
to enhance the elastic nature of the polymer blend. The glyc-
erol's acceptor and donor hydrogen bonding ability suggests it
as a better plasticizing agent for chitosan.15 Adding glycerol as
796 | Sustainable Food Technol., 2026, 4, 795–812
a plasticizer increases the free volume in the polymer matrix,
thereby enhancing the exibility of the brittle CS/PU blend.
Food freshness is crucial, as every product has a dened shelf
life. To monitor this, intelligent packaging materials have been
developed that can sense spoilage through various detection
methods. Among these, pH-based sensing is effective in iden-
tifying food deterioration. Anthocyanins, naturally occurring
polyphenols in fruits and vegetables, are pH-sensitive pigments
responsible for their vivid colors. They appear red in acidic
conditions due to the avylium cation and yellow in basic
conditions due to the chalcone structure.16

Hence, the anthocyanin content in plant and fruit extracts
was utilized intelligently in packaging to identify pH variations
by changing the color of the lms. Yan Qin et al. reported that
betalains from red pitaya (Hylocereus polyrhizus) peel extract are
extracted into starch/PVA to fabricate biodegradable lms for
intelligent packaging applications.17 Tilak Gasti et al. fabricated
chitosan/methylcellulose lms to monitor sh llet freshness,
incorporating Phyllanthus reticulatus as an anthocyanin
source.18 Thus, Tradescantia pallida (also known as purple heart
or wandering jew) is an extremely popular, inexpensive, and
readily available ornamental groundcover worldwide. This
accessibility, stemming from its ease of growth, high nursery
availability, drought tolerance, and simple propagation via
cuttings, makes it a cost-effective alternative for medicinal
cultivation. Historically, its leaves have been used as an anti-
inammatory, antitoxic, and circulatory tonic. Modern phar-
macological interest, particularly in the leaf extract, is driven by
its rich phytochemical prole of phenolics, avonoids, and
anthocyanins, making it suitable for active and intelligent
packaging applications.19 Traditionally, TP treated venereal
diseases, mucosal infections, and gastrointestinal disorders.20

The polyphenolic constituents of the Tradescantia pallida (TP)
extract include phenolic acids such as p-coumaric acid, syringic
acid, and chlorogenic acid; avonoids such as naringenin,
morin, catechin, epicatechin, and quercetin; and anthocyanins
such as cyanidin-3,7,30-triglucoside and petunidin, which are
primarily responsible for the colouration of TP leaves. These
phenolic acids, avonoids, and anthocyanins collectively
contribute to the lm's antimicrobial and antioxidant proper-
ties, while also enabling real-time color variation in response to
pH changes, making them suitable for intelligent food pack-
aging applications.21 Due to all these considerations, TP extract
is considered the active agent in the present study because
polyphenolic extract consists of anthocyanin content capable of
identifying pH variation on spoilage.

According to the UN's Food and Agriculture Organization
(FAO), worldwide chicken meat production reached 137 million
tons in 2020.22 Chicken meat is susceptible to microbial assault,
perishable at room temperature, and challenging to preserve.
Plastic is the primary packaging material used in the meat
industry. In India, meat packaging is dependent on 10m PET/
45m HDPE – LDPE, LDPE – BA – Nylon – BA – LLDPE, HDPE –

LDPE – HDPE, HDPE – LLDPE, and HDPE + LDPE (blended)
plastics, according to the Indian Centre for Plastic in the Envi-
ronment.23 These plastics, derived from fossil fuels, are the
primary source of environmental contamination because they
© 2026 The Author(s). Published by the Royal Society of Chemistry
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persist in the environment for extended periods.24,25 Therefore,
the current study hypothesized that polysaccharides based CS/
PU lms incorporated with TP extract should be employed
instead of using single-use plastic for chicken meat packaging
because CPT intelligent biodegradable lms enhanced physi-
cochemical, superior antibacterial and antioxidant properties,
colour changing capabilities due to pH variation and biode-
gradable nature made CPT intelligent biodegradable lms an
appealing alternative to microplastic generating tradition
plastic packaging and serve as active and intelligent packaging
materials for eco-friendly and sustainable future.

2. Materials and methods
2.1. Materials

Chitosan (viscosity: 200–600 mPa s, 0.5% in 0.5% acetic acid,
deacetylation value: min. 80% aer drying, product no.: C0831,
CAS: 9012-76-4, MW = 19–31 kDa) and pullulan (product no.:
P0978, CAS: 9057-02-7, MW z 200 kDa) procured from TCI,
Tokyo. Mueller–Hinton agar (MHA), yeast extract, peptone,
sodium chloride L-ascorbic acid Hi-Media, methanol SD Fines,
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2-[(2,6-dichlorophenyl)
amino]benzene acetic acid sodium salt (diclofenac sodium
salt) from SRL.

2.2. Extraction of anthocyanin content from Tradescantia
pallida (TP)

The leaves of the Tradescantia pallida plant, also called purple
heart, were collected from the Karnatak Science College
botanical garden, Dharwad. The anthocyanin content was
extracted according to the procedure suggested by Valdir Ani-
ceto Pereira et al., with some modications.26 Distilled water
was used to wash the collected leaves. A 100 g sample of nely
chopped TP leaves was placed in a 150 ml ethanolic solution
(ethanol : water = 2 : 1), and 1 mol l−1 HCl was added dropwise
to adjust the pH of the solution to 2. The sample was protected
from the sunlight and stored at 4 °C for 48 h. Aer ltering the
solution, the extract was centrifuged for 10 min at 7000 rpm.
Aer ltering, the resultant supernatant pH was adjusted to 7
using 2.5 ml l−1 of NaOH and dried at 40 °C. The dried powder
extract was then stored at 4 °C. The total phenolic content of
ethanolic leaf extract was 134.44 ± 0.29 mg g−1 of leaf, and the
total avonoid content in ethanolic leaf extract was 117.78 ±

0.57 mg g−1 of leaf.

2.3. Fabrication of CPT intelligent lms

Chitosan (CS) and pullulan (PU) polysaccharides are the poly-
mers considered in the study. 1.5 g of CS and 0.5 g of PU were
dissolved in 1% acetic acid and distilled water, respectively.
Aer achieving a homogenous blend of CS and PU, 10 ml of 1%
glycerol was added as a plasticizer. The blend solution was
poured into a Petri dish and dried at room temperature for 6
days to obtain the control CP lm. To the control blend solu-
tion, 100 and 200 mg of TP extract dissolved in ethanol were
added and stirred on a magnetic stirrer for 4–5 h at 350 rpm.
The CPT-1 and CPT-2 intelligent biodegradable lms fabricated
© 2026 The Author(s). Published by the Royal Society of Chemistry
from the solvent casting method poured in Petri plates were
peeled aer 6 d and stored in a desiccator.

3. Characterizations
3.1. Fourier transform infrared (FTIR) spectroscopy

Fundamental alterations induced by the CS/PU blend and the
incorporation of TP extract were characterized using attenuated
total reection (ATR) mode with a Shimadzu IR spectrometer
(Japan). Samples measuring 4 × 1 cm2 were placed directly in
the spectrometer, and spectral analysis was performed across
the 400–4000 cm−1 range at a resolution of 4 cm−1.27

3.2. Mechanical properties

The mechanical properties were assessed using the Universal
Testing Machine (series 7200-1 kN) manufactured by Dak
System Inc., as per the ASTM-D882 standard test (ASTM, 1992).
The lms consider a grip separation of 50 mm, a crosshead
speed of 0.1 mmmin−1, and lm sample parameters of 10 cm in
length and 2.5 cm in width, carried out at RH of 50–55% at
RT.28,29

3.3. Morphological analysis

To examine the surface morphology, 2 cm × 2 cm control CP
and CPT intelligent lms were considered. The 10 kV acceler-
ation voltage JEOL JSM-6360 (Japan) was used for SEM imaging.
A thin layer of gold is sputtered onto lms to prevent charging.30

3.4. Water contact angle (WCA)

A contact angle analyzer (model DMs-401, Kyowa Interface
Science Co., Ltd, Tokyo) was used to study hydrophilic or
hydrophobic behavior. Each time, a liquid drop volume of 1 ml
was injected onto 1 × 5 cm2

lms to capture the nature of
contact in 5 different positions.31

3.5. Water solubility (WS)

The water solubility of CP and CPT intelligent lms is deter-
mined according to the ASTM standard D570-98. Aer pre-
drying 2 × 2 cm2

lm samples for 24 h at 60 °C in a hot air
oven, the initial weight (W1) was recorded. Aer immersing the
lms in 30 milliliters of double-distilled water for a day at room
temperature, the excess water from the immersed lms was
removed using lter paper. Following another day of drying at
100 °C, the lms were weighed, and the nal weight was
recorded (W2). The percentage of water solubility was deter-
mined using the equation below.32

Water solubility ð%Þ ¼ W1 �W2

W1

� 100

3.6. Moisture adsorption (MA)

The intelligent lm samples, measuring 2 × 2 cm2, were sub-
jected to a drying process in an oven at a temperature of 100 °C
for 24 h, and the initial weight (W1) was recorded. The lms
were reweighed aer exposure to atmospheres with relative
Sustainable Food Technol., 2026, 4, 795–812 | 797
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humidity levels of 19%, 50%, and 75% for 24 hours, yielding the
nal weight (W2). Each sample underwent three separate
measurements, and MA was calculated as follows,33

Moisture adsorption ð%Þ ¼ W2 �W1

W1

� 100

3.7. Water vapour transmission rate (WVTR)

The cylindrical vials, with an inner diameter of 1.7 cm, were
lled with 10 ml of distilled water. The objective was to assess
the lms' water vapor transmission rate (WVTR). The
measurement was done gravimetrically using the ASTM E00996-
00 method. A 3 × 3 cm2

lm was used to cover the opening of
the vail, and Teon tape was wrapped around it to ensure
airtightness. The vials were subjected to a temperature of 40 °C
in a hot air oven for 24 hours. The WVTR capacity of each lm
was determined by calculating the weight uctuations of vials at
24 h using the equations given below,34

WVTR
�
g per m2 per h

� ¼ W1 �W2

A� T
� 100

3.8. Soil burial test

The investigation measured the degradation ability of a 2 × 2
cm2 control CP and CPT intelligent lms, initially weighing as
W1. The lms were buried 5 cm deep in the soil on mesh and
watered daily. Aer 10, 20, and 30 days, the lms were removed,
cleaned with double-distilled water, dried at 45 °C, and weighed
to obtain a decreased nal weight ofW2. The rate of degradation
of active lms was calculated using the following equation.35

Rate of degradation ð%Þ ¼ W1 �W2

W1

� 100

3.9. Anti-microbial sensitivity

The antimicrobial property of CPT-intelligent lms was deter-
mined against Escherichia coli (ATCC 10799), Staphylococcus
aureus (ATCC 6538), Bacillus subtilis, and Candida albicans
(ATCC 24433). Pure bacterial cultures were subcultured on
Luria–Bertani (LB) medium until the optical density (OD) at
600 nm reached 0.5. A swab was used to smear the microor-
ganisms onto the MHA (4 mm thickness) plates. 100 ml of the
solution was gently dropped into the wells created using a gel
puncher (8 mm diameter). The plates were then incubated
overnight at 37 °C in the incubator. The inhibition zone around
the drop was measured using a vernier scale.
3.10. Anti-oxidant activity

3.10.1. DPPH free radical scavenging assay. The procedure
was performed in accordance with Blois (1958), with minor
CFU per g of CM ¼ number of colonies� 100

vo

798 | Sustainable Food Technol., 2026, 4, 795–812
modications.36 Briey, 100–500 ml of standard ascorbic acid
and lm solutions (1 mg ml−1) were made up to 1000 ml using
methanol and treated with 500 ml methanolic DPPH (0.5 mM)
and incubated for 30 min in the dark at room temperature. OD
was measured in a UV-visible spectrophotometer (Labman,
LMSP UV-1200) with 1.5 ml glass cuvettes of 1 cm pathlength at
517 nm. As a control, DPPH diluted in methanol was used, and
methanol alone served as the blank solution.37

3.10.2. ABTS free radical scavenging assay. The assay was
performed in accordance with Re et al. (1999), with slight
modications.38 Briey, an ABTS+ stock solution was prepared
by reacting equal quantities of aqueous ABTS (7 mM) and
aqueous ammonium persulfate (2.45 mM) in solution; the
mixture was allowed to stand in the dark at room temperature
for 12–16 hours. The working solution of ABTS+ was obtained
by diluting the stock solution in methanol to give an absor-
bance of 0.70 ± 0.05 at 734 nm. Then, 1000 ml of ABTS+ solu-
tion was mixed with 100–500 ml of lm solutions and standard
ascorbic acid (1 mg ml−1). The mixture was then incubated in
the dark at RT for 10 min. OD was measured using a UV-visible
spectrophotometer (Labman, LMSP UV-1200) with 1 ml glass
cuvettes of 1 cm pathlength at 734 nm. The ABTS+ solution
with water was used as the control, and water was used to set
the blank.

The free radical scavenging activity was expressed in terms of
percent inhibition, which was calculated using the formula
shown below,

% scavenging ¼ Abc �Abs

Abc

� 100:

where Abc denotes the absorbance of the control and Abs
denotes the absorption of the sample.
3.11. Microbiological analysis of chicken

3.11.1. Total bacterial count (TBC). The enumeration of
bacterial CFU determined TBC aer the incubation period.
Chicken meat (CM) slices (1 g) were packed in control CP and
CPT-2 intelligent biodegradable lms and PE plastic before
incubating at room temperature for 24, 48, and 72 h, respec-
tively. Aer incubation, the chicken meat was dissolved in 0.9%
saline (0.1 g ml−1) and vortexed for a minute, followed by 15
minutes in a shaker incubator at 37 °C and 180 rpm. The
solution was serially diluted, and 100 ml of each dilution was
distributed on Luria–Bertani (LB) agar plates and incubated for
36 h at 37 °C. Aer incubation, the plates were examined for
colonies, and the imaged plate colonies were counted using
Open-CFU colony counter soware. The CFU per g of CM values
of all the samples were calculated by using the following
equation:
ðinitial dilution factorÞ � serial dilution factor

lume plated in ml ð0:1Þ

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.11.2. Inoculation of CM with common foodborne path-
ogenic bacteria. The CM slices (1 g) were sprayed with 90%
ethanol and wiped thoroughly with tissue paper. The sterile CM
was dipped in LB broth containing ∼1.5 × 106 CFU per ml of S.
aureus and E. coli and allowed to stand in a shaker incubator for
30 min at 37 °C and 180 rpm. The infected CM slices were
packed with control CP, CPT-2 intelligent biodegradable lms,
and PE plastic before incubating at room temperature (RT) for
24, 48, and 72 h. Aer incubation, the slices were dissolved in
0.9% saline (0.1 g ml−1) and vortexed for 0.5 min, followed by
15 min in a shaker incubator at 37 °C at 180 rpm. The solution
was serially diluted, and 100 ml from each dilution was spread
on LB agar plates and incubated for 36 h at 37 °C. The CFU per g
of CM was then calculated.
3.12. Evaluation of chicken meat spoilage activities aer
incubation time

Soon aer the treatment, chicken meat was blended with 18 ml
of 0.9% saline using a tissue homogenizer (Labico, LT-451,
Labtech Instruments, India) for 0.5 min and then vortexed for
0.5 min. The blend was ltered through an individual four-
layered muslin cloth. The chicken meat broth solution
(CMBS) was further subjected to biochemical characterizations
to evaluate nutritional levels.

3.12.1. DPPH free radical scavenging assay. The procedure
was performed in accordance with Blois (1958), with minor
modications.36 Briey, 200 ml of CMBS was diluted to 1000 ml
with methanol, treated with 500 ml of methanolic DPPH (0.5
mM), and incubated for 30 min in the dark at room tempera-
ture. Absorbance was measured in a UV-visible spectropho-
tometer (Labman, LMSP UV-1200) with 1.5 ml glass cuvettes of
1 cm path length at 517 nm. DPPH diluted with methanol was
used as a control, and pure methanol was used as a blank
solution. The free radical scavenging activity was expressed in
terms of percent inhibition, calculated using the formula
below.39

% scavenging ¼ Abc �Abt

Abc

� 100:

Abc denotes the absorbance of the control, and Abt represents
the absorbance of CMBS.

3.12.2. Estimation of ammonia and ammonium salts. The
ammonia and ammonium salts were estimated using Nessler's
reagent with minor modications.40,41 Briey, 0.25 ml Rochelle
salt solution (25%) was mixed with 1.5 ml of CMBS and 0.25 ml
of Nessler's reagent (4% KI, 1.6% HgCl2, 10% KOH). The solu-
tion was allowed to stand in the dark for 15 min at RT. Aer
incubation, absorbance was measured in a UV-visible spectro-
photometer (Labman, LMSP UV-1200) with 1.5 ml glass cuvettes
of 1 cm path length at 420 nm. A solution of 1 ml 0.9% saline
was used as a blank. The concentration of ammonia was esti-
mated using the standard calibration curve of ammonium
chloride.

3.12.3. Estimation of total protein content. Initially, to
minimize ammonia interference in protein quantication,
CMBS was ve-fold diluted with 50 mM Tris–borate buffer at pH
© 2026 The Author(s). Published by the Royal Society of Chemistry
8.5 (50 mM) and incubated for 30 min at 37 °C to allow
precipitation of ammonium ions and evaporation of ammonia
gas.42,43 Aer incubation, the mixture was centrifuged at
4000 rpm for 5 min, and the supernatant was subjected to total
protein estimation.

The total protein content of the buffered CMBS was quanti-
ed using the FCR method with slight modications.44 Briey,
40 ml of buffered CMBS was diluted to 400 ml with water, fol-
lowed by the addition of 1 ml of alkaline–copper sulfate solu-
tion. The mixture was incubated for 10 min, 100 ml of 50% FCR
reagent was added, and incubated for 30 min in the dark at RT.
Aer incubation, absorbance was measured in a UV-visible
spectrophotometer (Labman, LMSP UV-1200) with 1.5 ml
glass cuvettes of 1 cm path length at 750 nm. A solution with
0.4 ml buffer was used as a set blank. The total protein content
was estimated using the standard calibration curve of bovine
serum albumin. The relative decrease in % of protein content
compared to the fresh chicken was expressed using the
following formula.

Decrease in % of total protein content ¼ 100�
�
1�

�
Abt

Abf

��

where Abf denotes the absorbance of fresh buffered CMBS and
Abt denotes the absorption of treatment.

3.12.4. Estimation of acidity index of total free soluble fat.
Initially, CMBS was added with an equal volume of ethanol
(95%) and vertex to dissolve the fat content for 1min. The NaOH
titration method was used to estimate the total acid value of the
soluble fat content, employing a phenolphthalein indicator
with slight modications.45,46 Briey, 10 ml of ethanol CMBS
mixture was added to 0.1 ml of phenolphthalein indicator (1%
in ethanol) and titrated against a 10 mM NaOH solution. The
results are expressed in grams of oleic acid equivalents per 100 g
of meat.
3.13. Applications of UV treatment for packaged meat

A meat packaging experiment was conducted to assess the
feasibility of implementing UV-blocking properties in prepared
active lm in comparison to traditional PE plastic and
unpacked chicken, with a focus on its performance in the
context of preserving meat. 2 g of sliced fresh chicken meat was
kept in a sterile Petri plate (unpacked meat and meat packed
with CPT-2, PEP). The experiment was conducted in a laminar
airow chamber with UV light. A broad-spectrum UV lamp was
used as the UV source, with a distance of 30 cm between the
source and the meat treatment. The samples were exposed to
UV light for 20, 40, and 60 min at RT. CMBS, aer UV treatment,
was prepared as described above and was subjected to micro-
biological and biochemical analysis. The biochemical analysis
involved the assay of antioxidants by DPPH free radical scav-
enging activity (as described above) and the estimation of free
thiol groups using Ellman's test.

3.13.1. Estimation of free thiol group by Ellman's test. This
method is based on spectrophotometric quantication of the
free sulydryl (–SH) group. Ellman's reagent (DTNB) reacts
with the free-SH group by forming a stable yellow colored
Sustainable Food Technol., 2026, 4, 795–812 | 799
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complex, which can be measured spectrometrically at 412 nm.47

Briey, 1 ml of UV-treated CMBS was mixed with 0.5 ml DTNB
(0.5 mM in 0.1 mM PBS of pH 7) reagent and allowed to stand
for 10 min at RT, and absorbance was measured spectropho-
tometrically at 412 nm. The relative % decrease in the concen-
tration of free thiol groups was expressed using the formula
below,

% decrease free thiol group ¼ 100�
�
1�

�
Abt

Abf

��

where Abf denotes the absorbance of fresh CMBS and Abt
denotes the absorbance of UV-treated samples.
3.14. Statistical analysis

Using the Origin 9.0 program, statistical analysis was performed
using ANOVA (One-Way Analysis of Variance). The results of
each experiment were obtained in triplicate and are presented
as the mean ± SD. The Tukey test (p # 0.05) was used to assess
the difference between the mean values.
Fig. 1 (a) FTIR analysis, mechanical properties (b) stress vs. strain curve a
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4. Results and discussions
4.1. FTIR analysis

FTIR spectroscopy, using the Attenuated Total Reectance
(ATR) method, is a primary tool for analyzing the interactions
between the functional groups of chitosan, pullulan, and TP
extract in control CP and CPT intelligent biodegradable lms.
The control PC lm exhibits the characteristic –OH stretching
band at 3284 cm−1, as well as C–H symmetric and asymmetric
stretching at 2932 and 2889 cm−1, respectively.48 Due to chito-
san and pullulan polysaccharides, peaks observed at 1642 and
1533 cm−1 are due to C–O (amide-I) stretching and N–H (amide-
II) bending. 1376 and 1152 cm−1 because of –OH bending and
C–O–C bridge by asymmetric stretching, respectively.49,50 The
characteristic peak observed at 850 cm−1 is due to the a-glu-
copyranose units of pullulan,51 as represented in Fig. 1(a).

Incorporating TD extract into the CS/PL matrix results in the
CPT intelligent biodegradable lms. The change in –OH
stretching frequency to a higher wavelength of 3289–3294 cm−1

and the variation in the wavelength of polysaccharide peaks
nd (c) TS and EB of control CP and CPT intelligent biodegradable films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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suggested intermolecular hydrogen bond formation, attributed
to the interaction between the polymer and the active agent.52

The disappearance of characteristic a-glucopyranose units at
850 cm−1 in the case of CPT-2 intelligent biodegradable lms
indicated homogeneity between the polymer blend and the
active agent.53 Further, the homogenous nature was conrmed
by the SEM analysis of CPT intelligent biodegradable lms. By
forming intermolecular hydrogen bonds, this interaction
between the CS/PL and TD conrms the compatibility between
the active agent and the polymer matrix.
4.2. Mechanical properties

The CPT intelligent lms are fabricated by incorporating Trad-
escantia pallida (TP) anthocyanin extract as an active and
intelligent agent in the CS/PU polymer blend. The tensile
strength (TS) and elongation at break (EB) of CP and CPT
intelligent lms were evaluated. The mechanical properties of
lms used for food packaging become particularly signicant as
they must withstand the stress of various environmental factors
during transportation while preserving the food from mechan-
ical damage. The TS and EB of the control CP lm are 28.19 ±

0.23 MPa and 28.51 ± 0.19%, respectively. Adding TP anthocy-
anin extract as an active agent increases the tensile strength of
CPT-1 and CPT-2 intelligent biodegradable lms by 36.45± 0.13
and 45.84 ± 0.56 MPa, respectively. However, the elongation at
break decreased to 19.22 ± 0.13% and 13.35 ± 0.17%, respec-
tively, as demonstrated in Fig. 1(c).

The incorporation of anthocyanin-rich polyphenols resulted
in a 79% increase in tensile strength (TS) of the CPT-2 intelli-
gent biodegradable lm compared to the control CP lm. This
improvement can be attributed to the interactions between the
phenolic groups of the TP extract and the –NH2 and –OH
Fig. 2 (a) SEM micrographs and (b) water contact images of control CP

© 2026 The Author(s). Published by the Royal Society of Chemistry
functional groups of chitosan (CS), as well as the –OH groups of
pullulan (PU).18 However, a 47% reduction in elongation at
break was observed, likely due to the reduced exibility of the
CPT biodegradable lms resulting from these intermolecular
interactions.54 The CPT intelligent biodegradable lms exhibit
the TS in the range of 36–45 MPa, superior to the microplastic
generating conventional polyethylene (22–31 MPa) and poly-
propylene (31–38 MPa) plastics, which are widely used
commercially in everyday life.39

The mechanical robustness and exibility of CPT-2 biode-
gradable lms, with a tensile strength (TS) of 45.84 ± 0.56 MPa
and an elongation at break (EB) of 13.35 ± 0.17%, indicate
a balanced performance suitable for food packaging applica-
tions. The TS value suggests the lm can withstand consider-
able stress without breaking, ensuring durability during storage
and handling. Meanwhile, the EB reects moderate exibility.
Together, these properties enable the lm to maintain struc-
tural integrity and adapt to the mechanical stresses encoun-
tered during packaging, transportation, and consumer use,
making it a promising alternative to conventional plastics in
sustainable packaging solutions.
4.3. Scanning electron microscopy (SEM) and water contact
angle (WCA)

Scanning electron microscopy is the most adaptable and
prominent method for determining a biopolymer's homoge-
neous nature, surface morphology, and phase separation,
which is essential for fabricating polymer lms.55 The micro-
graphs from the SEM analysis were correlated with the
mechanical characteristics of the produced lms and used to
evaluate how active additives cause agglomeration, which
further affects the physicochemical characteristics of the
and CPT intelligent biodegradable films.

Sustainable Food Technol., 2026, 4, 795–812 | 801
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polymer lms.56,57 In the present study (Fig. 2(a)), the control CP
lms had uniform surfaces with a few white spots resulting
from the plasticizing effect of glycerol. As the TP extract's
anthocyanin content increased in CPT intelligent biodegrad-
able lms, the white spots on the lm surface became less
noticeable. This may be due to the formation of intermolecular
hydrogen bonds between the polyphenols in the TP extract and
the CS, PU, and glycerol components of the polymer blend.
Similar results were obtained in the vanillic acid-incorporated
CS/PVA blend.39 These ndings indicate that homogenous
dense surface morphology was relevant in enhancing the tensile
strength of CPT intelligent biodegradable lms.

The hydrophobic properties of the CPT intelligent biode-
gradable lm were assessed using water contact angle analysis.
The lms must exhibit a hydrophobic nature to be suitable for
use in the food packaging industry. Food deterioration is
frequently caused by increased water activity in packaging
because it promotes the growth of microorganisms. The control
CP lms exhibited a contact angle of 89.1° ± 0.12°. It may be
due to the availability of excess hydroxyl groups through
unbonded glycerol molecules. Generally, hydrophilic lms
exhibit a water contact angle of less than 90°, while hydro-
phobic lms display a water contact angle of more than 90°.48

The WCA values of CPT-1 and CPT-2 intelligent biodegradable
lms rise by 95.8° ± 0.16a and 99.0° ± 0.13c, respectively, as the
concentration of TP extract increases, as represented in
Fig. 2(b). The lesser availability of –OH groups to form the
hydrogen bond with water molecules caused a decrease in the
adhesive nature of intelligent biodegradable lms. A similar
enhancement in the contact angle was reported by Li-Ting Wu
et al. by incorporating Clitoria ternatea (CT) anthocyanin
extracts into gellan gum (G) lm.58

4.4. Water solubility (WS) and moisture adsorption (MA)

The prepared lms were water-resistant, which inuenced the
physico-mechanical characteristics in food packaging
Table 1 Thickness, water solubility, moisture adsorption, water vapou
biodegradable films

CP

Thickness (mm) 80 � 4a

Water solubility (%) 22.29 � 0.16a

Moisture adsorption (%)
RH 19% 3.16 � 0.12b

RH 50% 4.53 � 0.11c

RH 75% 5.51 � 0.14c

WVTR (g per m2 per 24 h) 34.61 � 0.25c

Degradation in soil (%)
Day-10 5.32 � 0.13a

Day-20 16.34 � 0.21a

Day-30 25.34 � 0.24a

Antioxidant activity (%)
DPPH 58.26 � 1.59c

ABTS 54.97 � 1.52a

802 | Sustainable Food Technol., 2026, 4, 795–812
applications. The fabricated intelligent biodegradable lm's
water solubility values are presented in Table 1; the control CP
lms demonstrated a solubility of 22.29 ± 0.15% during 24 h.
With the addition of the TP anthocyanin extract, the solubility
of CPT-1 and CPT-2 intelligent biodegradable lms decreased
by 17.61 ± 0.13% and 15.31 ± 0.12%, respectively. The reduced
solubility of lms involving CS and PU may be due to the
enhanced surface area of the CS upon contact with PU, which
results in intermolecular hydrogen bonding.59 However, free
unbonded glycerol may lead to greater solubility in the CP lm.
In contrast, a 7% decrement in the CPT-2 intelligent biode-
gradable lms' solubility compared to the control CP lm
interaction of polyphenolic groups of TP extract with –NH2 and
–OH groups of chitosan, pullulan, and unbonded glycerol.

Packaged food must resist deterioration from moisture
adsorption. Therefore, the packing material is crucial for pro-
tecting food from microbial harm caused by excessive moisture
absorption, which is conducive to microbial development.60

Relative humidity is essential for moisture absorption. The
fabricated lms were evaluated at three relative humidity levels:
19%, 50%, and 75%. According to the data in Table 1, compared
to CPT intelligent biodegradable lms, the control CP has
a signicant moisture uptake under all relative humidity levels.
The reduction in moisture absorption may be attributed to the
addition of TP extract, which is due to the dense surface
morphology and reduced availability of –OH groups in CPT
intelligent biodegradable lms. The ndings on water solubility
and moisture adsorption suggest that CPT intelligent biode-
gradable lms could serve as a suitable food packaging material.

4.5. Water vapour transmission rate (WVTR) and soil burial
test

Water vapour transmission signicantly depends on the inter-
action between polymers and active agents. The homogeneous
and dense surface of the fabricated lm ensures the entrapment
of moisture in packed food and prevents water vapor from the
r permeability, and biodegradability control CP and CPT intelligent

CPT-1 CPT-2

80 � 3.5b 90 � 2c

17.602 � 0.13b 15.313 � 0.12c

2.76 � 0.13a 2.24 � 0.11c

3.86 � 0.14a 3.13 � 0.13b

5.09 � 0.17a 4.61 � 0.15b

30.02 � 0.31a 26.55 � 0.28b

4.79 � 0.11b 3.23 � 0.12c

10.02 � 0.18b 8.91 � 0.15c

19.64 � 0.20c 16.82 � 0.21b

75.16 � 1.55b 89.81 � 1.47a

69.73 � 1.48c 85.14 � 1.46b

© 2026 The Author(s). Published by the Royal Society of Chemistry
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environment from entering the package. In the present study,
the control CP lm showed the highest transmission rate of
water, 34.61 ± 0.25 g per m2 per 24 h, due to the presence of
polar groups in CS (–NH2 and –OH), PU (–OH), and glycerol (–
OH). As the anthocyanin content of TP extract increased in CPT-
1 and CPT-2 intelligent biodegradable lms, intermolecular
hydrogen bonding reduced the availability of free polar groups,
thereby restricting water molecules from passing through the
lm layer. Hence, CPT-1 and CPT-2 intelligent biodegradable
lms exhibit lower WVTR values of 30.05 ± 0.31a and 26.55 ±

0.28b g per m2 per 24 h is due to lling the structural void
between polymers with the TP anthocyanin extract as the active
agent. A similar decline in the WVTR value resulted in chitosan
lms with the addition of starchy powder from white turmeric
rhizomes.61

The packaging materials in the market are primarily made of
plastic, and aer their usefulness, they end up in landlls,
generating microplastics that have profound health implica-
tions. Hence, the fabricated intelligent biodegradable lm
should be degradable and eco-friendly. Soil burial tests were
conducted for 10, 20, and 30 d to evaluate the biodegradability
of the CP and CPT intelligent biodegradable lms. The soil
microbes initially colonize the lm aer burial, generating lm
fragments. The enzymatic function of extracellular hydrolases
depolymerized the polymer content, resulting in the creation of
CO2 and water. These benets of microbial activity in soil
promote degradation and improve the nutrient cycle.62 Aer 30
d, control CP lms exhibited a 25.34 ± 0.24% degradation. It is
higher than the degradation rates of CPT-1 (19.64 ± 0.2%) and
CPT-2 (16.82 ± 0.21%) in intelligent biodegradable lms, as
mentioned in Table 1. CPT intelligent biodegradable lms
express enhanced antibacterial activity due to the incorporated
anthocyanin content of TP extract, restrict the colonization of
microorganisms, and slow down the degradation rate compared
to control CP lms. The rate of degradation of fabricated CP and
CPT intelligent lms is indicative of the environmental
sustainability, considering CPT intelligent biodegradable lms
as an alternative to conventional PE packaging.
4.6. Antimicrobial activity against foodborne pathogens

The antimicrobial ability of packaging materials is essential
from a consumer's health perspective. According to the World
Health Organisation (WHO) report, over 200 diseases are
caused by unsafe food, i.e., contaminated by harmful foodborne
bacteria and fungi.63 In the present study, S. aureus (ATCC
6538), B. subtilis (MTCC 13343) (Gram +ve), E. coli (ATCC 10799)
(Gram −ve), and C. albicans (ATCC 24433) (fungi) are consid-
ered for analysis of the antimicrobial activity of the CP and CPT
intelligent biodegradable lms. Literature studies show
evidence that S. aureus causes foodborne illness mainly due to
consuming ready-to-eat foods contaminated from the naso-
pharynx, which produces enterotoxins leading to vomiting and
diarrhea. Bacillus pathogens oen cause food poisoning by
contaminating food.64,65

Similarly, toxins produced by spoilage due to E. coli can
affect the human central nervous system and kidneys upon
© 2026 The Author(s). Published by the Royal Society of Chemistry
consumption.65 For all these reasons, food contaminated by
foodborne microorganisms is dangerous for consumption.
Intelligent biodegradable packaging lms that exhibit activity
against foodborne pathogens are necessary to prevent spoilage
and ensure consumer health. The control CP lms demon-
strated antimicrobial activity against all tested pathogens,
attributed to the inherent antimicrobial nature of chitosan. The
inhibition zones measured 18 ± 0.17 mm and 14± 0.11 mm for
Gram-positive Bacillus subtilis and Staphylococcus aureus, 14 ±

0.17 mm for Gram-negative Escherichia coli, and 13 ± 0.11 mm
for the fungal strain Candida albicans.39,48 As shown in Fig. 3, the
CPT-2 intelligent biodegradable lms exhibited enhanced
antimicrobial efficacy, with inhibition zones of 26 ± 0.24 mm
and 17.5± 0.18 mm for B. subtilis and S. aureus, 18.5± 0.15 mm
for E. coli, and 15 ± 0.12 mm for C. albicans, respectively.

The extensive zone of inhibition resulting from the CPT-2
intelligent biodegradable lms compared to the control CP
lm is due to the polyphenolic proportion present in the CPT-2,
specically the anthocyanin content of the TP extract. Gram-
positive and Gram-negative bacteria have well-protected cell
walls composed of peptidoglycan, which protects against
osmotic pressure. The anthocyanin (polyphenol) content of TP
extract in CPT-2 intelligent biodegradable active lms inhibits
bacterial growth by disrupting phospholipid or lipid bilayers in
the cell wall, thereby enhancing membrane permeability and
altering ion transport.66,67 Hence, the growth suppression of
pathogenic cells was ensured by an excellent zone of inhibition
exhibited by the CPT-2.

These ndings demonstrate that the fabricated CPT-2 intel-
ligent biodegradable lms may be employed in food packaging
to extend shelf life without the risk of food deterioration and
foodborne pathogen-related illnesses.
4.7. Antioxidant activity

The imbalance between the antioxidant defense and free radical
generation is the cause of oxidative stress. Oxidative stress
initiates damage to molecular species, such as lipids and
proteins.68 Free radicals are highly reactive species capable of
causing cell damage in biologically relevant carbohydrates,
lipids, and proteins, and are also a contributing factor to
homeostatic disruption.69,70 During fresh meat processing,
antioxidants are added to counteract oxidation, which can
cause spoilage.71 Hence, antioxidant activity is necessary for
food packaging materials to avoid directly incorporating anti-
oxidants into food. DPPH and ABTS scavenging assays were
used to evaluate the antioxidant activity of CP and CPT intelli-
gent biodegradable active lms.

In Table 1, control CP lms exhibit 58.26± 1.59% and 54.9±
1.55% of antioxidant activity in DPPH and ABTS assays,
respectively. Due to the anthocyanin content present in the TP
extract, CPT-2 intelligent biodegradable lms exhibit activity of
89.81 ± 1.47% and 85.14 ± 1.52%. The polyphenolic content in
CPT-2 intelligent lm may initiate the chain-breaking mecha-
nism, fullling the additional requirement of electrons for free
radicals as they act as a primary antioxidant donor.72 Through
this phenomenon, polyphenols help maintain a balanced
Sustainable Food Technol., 2026, 4, 795–812 | 803
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Fig. 3 Zone of inhibition and CFU against S. aureus, B. subtilis, E. coli, and C. albicans for control CP and CPT intelligent biodegradable films.
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oxidative stress, and DPPH and ABTS assay analysis conrmed
that the fabricated CPT intelligent biodegradable lms effec-
tively preserve packed food from oxidative deterioration. Similar
enhancements in antioxidant activity have been reported by
804 | Sustainable Food Technol., 2026, 4, 795–812
Amina Sadi et al.73 for incorporating anthocyanin content from
red cabbage into a CMC/gelatin polymer blend51 and by Gabriel
da Silva Filipini et al. for methylcellulose lms with Syzygium
cumini skin extract.74
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.8. Preservation of chicken meat and biochemical
assessment of its nutrients

Around the world, most people regularly include eggs and
chicken in their diet due to their rich source of protein.
According to a United Nations report by the Food and Agricul-
ture Organization, 73 million tons of eggs and 100 million tons
of chicken were produced worldwide in 2016.75 Due to human
lifestyle changes, urbanization, and growing populations,
demand increases rapidly each year.76,77 Poultry is the industry's
second-largest source of meat, meaning that poultry products
are a signicant contributor to foodborne illnesses. Meeting the
market's demand for well-preserved chicken meat in the face of
microbial attacks that cause spoilage is a primary concern
nowadays. Therefore, the current study focuses on using
sustainable CPT-2 intelligent biodegradable lm packaging as
an alternative to plastic packaging to protect chicken meat from
foodborne microbe spoilage.

The chicken was packed in plastic (PE), control-CP lm, and
CPT intelligent biodegradable lm to evaluate the effectiveness
of packaging. The chicken had been packaged and stored at
room temperature, including with S. aureus and E. coli food-
borne pathogens for 24, 48, and 72 h. Following the incubation
period, 2 g of chicken esh was blended for 0.5 min using
a tissue homogenizer (Labico, LT-451, Labtech Instruments,
India) with 18 ml of 0.9% saline, and then for an additional
0.5 min using a vortex. The mixture was passed through
a single, four-layered muslin fabric lter. The CMBS was further
subjected to biochemical characterizations to evaluate nutri-
tional levels.
Fig. 4 Total bacterial count (TBC) of chicken meat preservation carried

© 2026 The Author(s). Published by the Royal Society of Chemistry
4.8.1. Microbiological analysis
4.8.1.1. Total bacterial count (TBC). Since chicken meat is

very perishable and readily contaminated by microorganisms, it
undergoes decontamination by modifying its nutritional value.
Plastics are mainly used for packaging meat products, and
packaging waste accounts for a signicant portion of municipal
waste. Single-use plastic packaging degrades meat products
since it lacks antibacterial and antioxidant properties. This
investigation employed plastic, control CP, and CPT-2 intelli-
gent biodegradable packaging lm to package chicken meat.
Instead of refrigeration to prolong its shelf life, the packaged
chicken esh was kept at room temperature for 24, 48, and 72 h
to evaluate the CPT intelligent biodegradable lm's preserva-
tion capacity. The overall bacterial growth was expressed as log
CFU per g of chicken, with a fresh chicken bacterial count of
4.956 log CFU per g. According to the International Commission
on Microbiological Specications for Foods (ICMSF), the
permissible microbiological limit for edible meat is 7 log CFU
per g.78

Microbial growth data for three packaging types are pre-
sented in Fig. 4 and Table S3. Aer 24 hours of incubation at
room temperature, chicken packed in conventional plastic
showed a bacterial count of 6.55 log CFU per g. This elevated
count, attributed to plastic's inability to inhibit microbial
activity, led to spoilage within a day. In contrast, CP lms,
leveraging the natural antibacterial properties of chitosan,
preserved chicken freshness for a longer duration. Notably,
chicken packed with CPT-2 intelligent biodegradable lms,
which incorporate polyphenolic TP extract and anthocyanins,
out in PE, control CP, and CPT-2 intelligent biodegradable films.
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achieved an extended shelf life of up to two days, with microbial
growth reaching 6.99 log CFU per g. The enhanced preservation
effect is likely due to altered ion transport and lipid bilayer
disruption in microbial cells. Comparable results have been
reported by S. R. Kanatt et al., demonstrating that the inclusion
of amaranthus leaf extract (ALE) anthocyanins in PVA pack-
aging lms extends the shelf life of chicken meat.79

4.8.1.2. Total bacterial count by inclusion of foodborne path-
ogens. To analyze packaging effectiveness against contamina-
tion involving aerobic mesophilic bacteria, such as S. aureus
and E. coli, in the present study. Chicken packaging was
preserved at room temperature, and the aerobic mesophilic
bacteria grew and thrived in the moderate temperature range of
20–45 °C.80 When contaminated food is consumed, these
microorganisms can cause severe health issues.81 When
chicken, seafood, and red meat are contaminated with S.
aureus, it frequently leads to food poisoning.82 The plastic
packaging has a log CFU per g of chicken count ranging from
7.36 to 10.89. However, the CPT-2 intelligent biodegradable
lms packaging has a log CFU per g of chicken ranging from
5.67 to 8.84 for 24 to 72 h. Similarly, E. coli also negatively affects
human health and is used as a hygiene indicator in poultry-
related food manufacturers.83 Aer 72 hours of incubation,
CPT-2 intelligent biodegradable packaging showed 8.97 log CFU
per g compared to plastic packaging, which had 10.87 log CFU
per g.

Both pathogenic results suggested that the CPT-2 intelligent
biodegradable packaging is superior to single-use plastic
packaging. The anthocyanin content in the active agent
successfully inhibits microbial growth. The active agent in the
polymer network effectively acted against foodborne pathogens
by penetrating the cell wall, resulting in suppression of patho-
genic growth. Intelligent biodegradable packaging successfully
prolongs the shelf life by ensuring the quality of the meat.84
Fig. 5 Visual identification of spoilage of chicken meat using CPT-2 inte

806 | Sustainable Food Technol., 2026, 4, 795–812
4.8.2. Freshness monitoring of chicken and estimation of
ammonia and ammonium salts. The anthocyanin content of TP
extract serves as an active ingredient in the current investigation
of CPT-2 intelligent biodegradable packaging lm. According to
the anthocyanin concentration, the lms exhibit colour changes
in response to alterations in pH. The anthocyanin content in an
acidic pHmedium causes CPT-2 intelligent biodegradable lms
to turn pink, whereas it turns yellow in a basic pH medium.
Food should be maintained at a proper pH level for the health
benet of the consumer. In fact, due to transportation errors
and improper packaging, food comes into contact with micro-
bial attacks that are invisible to the naked eye. The growth of
microorganisms on food materials and changes in food quality,
consistency, and composition due to chemical reactions may all
inuence pH variations.85 Because of this, the fabricated
biodegradable lms serve as both a freshness indicator and
a means of food preservation. Freshly sliced chicken with a pH
of 6.17 was evaluated by a freshness monitor in Fig. 5. Following
48 h, a gradually turning yellow colouration was observed, and
the pH changed to a slightly basic 7.46. At the 72-hour assess-
ment of the freshness of the chicken meat, the CPT-2 intelligent
biodegradable packaging lm turns yellow, signifying that the
meat has spoiled and is no longer suitable to be consumed as
a source of protein. These visual indicators of food freshness
help consumers identify suitable food items that will not harm
their health upon consumption.

The primary sources impacted by the microbial attack that
causes spoilage during storage include the availability of lactic
acid, glucose, amino acids, and other nitrogenous substances
used as energy sources in meat.86,87 Ammonia (NH3) and
methylamines are the amine sources obtained by biomolecules
due to microbial and enzyme decomposition of meat prod-
ucts.88 As a result, as meat spoilage is initiated, its total volatile
basic nitrogen (TVB-N) value increases.89 In the current
lligent biodegradable film as an intelligent indicator of pH variation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Spoilage analysis (TVB-N, acidity index, and impact of UV light) of chicken by packaging in PE, control CP, and CPT-2 intelligent
biodegradable films.
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investigation, the TVB-N variation in chicken meat packed in
plastic, control CP, and CPT-2 intelligent biodegradable lms is
presented in Fig. 6. During a 24 h packing period, chicken
© 2026 The Author(s). Published by the Royal Society of Chemistry
packaged in plastic has a TVB-N value of 13.52 mg per 100 g.
However, chicken packaged in CPT-2 intelligent biodegradable
lm has a value of 8.49 mg per 100 g. It may be due to the
Sustainable Food Technol., 2026, 4, 795–812 | 807
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anthocyanin content in CPT-2 intelligent biodegradable lm's
signicant antibacterial and barrier qualities, which prevent
microbial spoiling and protein degradation, attributed to
a reduced TVB-N value.87 Senapati and Sahu (2020)90 state that
the acceptable TVB-N levels for dietary chicken meat fall
between 25 to 28 mg per 100 g. Aer 72 h of preservation, the
CPT-2 intelligent packaging chicken meat has a TVB-N value of
23.47 mg per 100 g. At the same time, plastic packaging
contains 38.86 mg per 100 g, while control CP lm contains
30.42 mg per 100 g. Considering these ndings, it can be
concluded that CPT-2 intelligent biodegradable packaging
effectively extends the shelf life of chicken meat by preventing
spoilage due to the production of ammonia and ammonium
salts over 72 h at room temperature.

The impact of foodborne microorganisms, specically
Staphylococcus aureus and Escherichia coli, on total volatile basic
nitrogen (TVB-N) levels, an indicator of spoilage, was investi-
gated in chicken meat packaged using plastic, control CP, and
CPT-2 intelligent biodegradable lms. E. coli is a Gram-negative
bacteria well known for food spoilage on contamination; these
pathogens utilize mixed acids and trimethylamine oxide
(TMAO) to produce slime production with an off odour by
producing formic acid, ethanol, and trimethylamine (TMA) as
spoilage products.86,91 Hence, the plastic packaging lacked
resistance against microbial growth, and chicken meat spoiled
within a day at room temperature (19.47 mg per 100 g). Due to
their inherent antimicrobial properties, CPT-2 intelligent
biodegradable lms restrict microbial growth and extend the
shelf life to 2 days at room temperature (19.57 mg per 100 g). In
the case of S. aureus contamination, these pathogens utilize
glucose, amino acids, and TMAO to produce souring and off-
odour in meat by producing acetate, pyruvate, succinate, and
TMA as spoilage products.87,92 Similar TBN-V values are
observed with plastic packaging, acceptable freshness up to
a day (20.94 mg per 100 g), and extension up to 48 h with CPT-2
intelligent biodegradable packaging (21.28 mg per 100 g). The
slight enhancement in the TVB-N values with S. aureus
compared to E. colimay be due to the thick outer peptidoglycan
layers of Gram +ve bacteria, which make it difficult to penetrate
the cell of bacteria by an active agent to neutralize the spoilage
action.39

The rapid increase in chicken meat's TVB-N value reduces
the meat's glucose content.93 The microbial deterioration of
meat products is associated with the conversion of TMAO,
which results in the formation of spoilage-initiating byproducts
such as TMA, DMA, and formaldehyde. Hence, packaging
material should have antimicrobial properties to avoid spoilage.
Foodborne pathogens (S. aureus and E. coli) adapt to facultative
anaerobic growth conditions. In the absence of oxygen, it
switches to fermentation and proliferates in the presence of
oxygen. Hence, the packaging material has good barrier prop-
erties. Incorporated anthocyanin content creates a compact
structure with a polymer blend and enhances the barrier
properties.94 Therefore, due to the improved antimicrobial
ability and barrier nature of CPT-2 intelligent biodegradable
lms with the incorporation of anthocyanin content, TP extract
is an active agent, extending the shelf life of packed chicken
808 | Sustainable Food Technol., 2026, 4, 795–812
meat compared to traditional plastic packaging at room
temperature.

4.8.3. Estimation of acidity index of total free soluble fat.
Meat spoilage is initiated by microbial attack on nutrient
substances, such as fatty acids, free amino acids, and sugars,
which release undesirable volatile compounds (VOCs).95 Meat
spoilage not only depends on microbial spoilage but also on
non-microbial spoilage, such as the generation of toxic metab-
olites from lipid peroxidation and a reduction in the availability
of essential fatty acids, caused by variations in avor and
coloration of meat.96 When lipid peroxidation begins, hydro-
peroxides are the primary product. Estimating hydroperoxides
during spoilage gives essential information on the packaging
capacity of the packaging material. The foul odour and avour
of spoilage are due to the breakdown of hydroperoxides into
several organic compounds.78 The present study estimated the
acidity index of total free soluble fat by considering the oleic
acid (hydroperoxide) over time at room temperature, as shown
in Fig. 6.

Oleic acid is a monounsaturated omega-9 fatty acid (C18:1)
commonly found in animal fats and vegetable oils.97 The plastic
packaging, which is similar to normal chicken packaging and
includes foodborne pathogens, exhibits a comparatively higher
acidity index of total free soluble fat than chicken packed in CP
and CPT-2 intelligent biodegradable lms, respectively. Lipid
oxidation primarily occurs due to photo- and enzyme-catalyzed
oxidation.97,98 Photooxidation mainly occurs in the presence of
light and oxygen. Enzymatically catalyzed oxidation is caused by
the action of lipases produced by microorganisms, such as
bacteria and molds, which arises due to spoilage. Lipolysis
forms glycerol and fatty acids by the hydrolysis of triglycerides.87

Hence, the lack of antimicrobial properties of plastic packaging
attributed to an increase in the acidity index of total free soluble
fat by 1.61 g of oleic acid equivalents per 100 g of meat in
normal chicken packaging, and by including foodborne path-
ogens, it increased by 1.71 and 1.69 g of oleic acid equivalents
per 100 g of meat, respectively. In the case of CP and CPT-2
intelligent biodegradable packaging, the inherent antimicro-
bial properties, due to the anthocyanin content in the pack-
aging environment, adversely impact pathogen growth. Hence,
the acidity index is restricted by 1.56 and 1.38 g of oleic acid
equivalents per 100 g of meat in normal packaging. On inclu-
sion of S. aureus 1.64 and 1.44 g of oleic acid equivalents per
100 g of meat, while with E. coli 1.63 and 1.49 g of oleic acid
equivalents per 100 g of meat, respectively. Therefore, reducing
lipid oxidation in CPT-2 intelligent packaging prolongs the shelf
life of packed chicken compared to control CP as well as plastic
packaging.
4.9. Impact of UV treatment on packaged chicken meat

The UV radiation present in food is detrimental to consumption
because it activates free radicals through the initiation of
photochemical reactions. These undesirable photochemical
reactions damage food products by digesting protein, oxidizing
lipids, causing color changes, reducing vitamin content, and
producing foul odors.99,100 The packaging lms should have
© 2026 The Author(s). Published by the Royal Society of Chemistry
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better UV shielding properties to protect the food from these
unwanted photochemical reactions caused by UV impact. The
impact of UV radiation on chicken meat was analyzed by
determining the free thiol (–SH) groups present aer 20, 40, and
60 min of irradiation.

Sulfur containing amino acids, cysteine, and glutathione are
the compounds that act as antioxidants in meat products,
consisting of the thiol groups (–SH). These protect meat prod-
ucts from oxidative stress and prevent lipid and protein oxida-
tion.101 Hence, by assessing the impact of UV radiation on thiol
groups present in the meat as uncovered, covered with plastic,
and CPT-2 intelligent packaging lm. According to Fig. 6, which
illustrates the percentage of UV radiation transmitted through
plastic and CPT-2 intelligent biodegradable lms, UV-C pene-
tration at 280 nm was 65% in plastic and 5% in CPT-2 intelli-
gent biodegradable lms. Similarly, the CPT-2 intelligent
biodegradable lm's UV-B (at 320 nm) and UV-A (at 400 nm)
area penetration of around 6% and 33%, respectively, was
noticeably lower than that of the plastic lm, which was 85%
and 88%, respectively. UV-B and UV-A radiation frequently
cause lipid oxidation, vitamin breakdown, and decolorization of
meat products.102 According to this nding, the CPT-2 intelli-
gent biodegradable lms prevented the meat items from
spoiling by effectively acting as a UV barrier.

UV irradiation affected the free thiol groups, and Ellman's
test was used to determine the thiol groups in the chicken meat
aer 20, 40, and 60 minutes of irradiation. As a result of
successive thiol groups oxidizing when exposed to UV radiation,
thiol groups oxidized in proteins led to the formation of –S–S–
(disulde) bonds and also caused the protein crosslinking.103

The protein network is disrupted by the polymerization of
proteins, which signicantly affects soness, and by the
uncontrolled oxidation of thiol caused by UV light, which cau-
ses food to spoil.104 The percentage of decrease in the thiol
groups aer UV irradiation was presented in Fig. 6. Aer 60
minutes of UV irradiation, the uncovered chicken meat
declined by 50% in free thiol groups; in contrast, the chicken
enclosed in PE packaging was almost as close to the uncovered
chicken, with 43.75% of the drop indicating impotent behav-
iour of PE packaging against UV radiation. Aer 60 minutes of
radiation, the CPT-2 intelligent biodegradable lm packaging
effectively blocks UV penetration, reducing the oxidation of
thiol groups by only 15.63%. These ndings conrm the optical
properties of CPT-2 intelligent biodegradable lms, demon-
strating their suitability as a packaging material with UV barrier
properties.

In the biological system, UV light produces reactive oxygen
species (ROS), which interact with free thiol groups to initiate
oxidative damage. The depletion of thiol groups correlates with
the antioxidant capacity of meat products. In the current
investigation, the DPPH scavenging assay revealed that fresh
chicken meat has an antioxidant activity of 20.42%. Aer 60
minutes of UV irradiation, the antioxidant capacity of uncov-
ered meat remained at only 3%, while PE-covered meat reached
5.25%. In the case of CPT-2 intelligent biodegradable lms
covering chicken meat, it retained its antioxidant capacity at
16.49%. Antioxidants, including phenol components, shield
© 2026 The Author(s). Published by the Royal Society of Chemistry
proteins and lipids from oxidation, which might disrupt the
disulde network.105,106 The polyphenolic content present in
CPT-2 intelligent biodegradable lm, as well as the anthocyanin
content of TP extract, is also capable of protecting proteins and
lipids from oxidation. Therefore, chicken meat covered with
CPT-2 intelligent biodegradable lms showed a slight decrease
in antioxidant capacity and a percentage decline in thiol
content compared to PE packaging. According to Sisse Jongberg
et al., a phenolic extract from green tea can prevent thiol
oxidation in chicken meat.104

The enhancement in physicochemical properties and the
superior capability of CPT-2 intelligent biodegradable lms
against microbial attacks to preserve the nutritional value of
packed meat at room temperature conrm that the fabricated
biodegradable lm of a chitosan and pullulan blend incorpo-
rating TP extract as an active agent is a suitable alternative to PE
packaging and holds promise for a sustainable future.

5. Conclusions

Poultry represents one of the signicant sources of meat
production, where effective preservation is essential to satisfy
consumer demand. However, the meat packaging industry
continues to rely predominantly on single-use plastic materials,
contributing substantially to environmental pollution. In this
context, the present study developed chitosan/pullulan-based
CPT-2 intelligent biodegradable lms incorporating 200 mg of
Tradescantia pallida (TP) extract as an active and intelligent
packaging alternative to conventional polyethylene (PE) lms.
The CPT-2 intelligent biodegradable lms demonstrated
enhanced preservation performance by suppressing bacterial
growth, the release of ammonia and ammonium salts, and lipid
oxidation regarding free fatty acid content at room temperature,
thereby extending the shelf life of chicken up to 2 days at room
temperature, which is an environment favourable for foodborne
pathogen activity compared to refrigeration temperature. In
contrast, PE packaging maintained quality for only 1 day under
similar conditions.

Despite their promising functionality and complete biode-
gradability, cost optimization remains a signicant challenge
for the commercialization of CPT-2 intelligent biodegradable
lms. The current development corresponds to a Technology
Readiness Level (TRL) of 4–5, indicating successful laboratory
validation but requiring further investigation to advance toward
TRL-9 for industrial-scale application as a cost-effective substi-
tute for single-use plastics (SUP). Considering that all polymers
used are food-grade and that Tradescantia pallida (TP) is
a readily available, drought-tolerant, widely cultivated, and
simple-to-propagate plant through cuttings, it offers a sustain-
able and economical source of active agents. Therefore, future
research should focus on optimizing fabrication techniques
and production costs to enhance scalability and economic
feasibility. Overall, this study conrms that T. pallida extract
serves as a viable and cost-effective intelligent component in
biodegradable packaging lms, highlighting the need for
continued innovation to replace SUPs and ensure a sustainable
future for the upcoming generation.
Sustainable Food Technol., 2026, 4, 795–812 | 809
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tionally, it also consists of the results and discussion related to
the total protein content, antioxidant capability of chickenmeat
aer the incubation period, and the tentative cost analysis and
life cycle assessment (LCA) of the CPT-2 intelligent packaging
lm. See DOI: https://doi.org/10.1039/d500349k.
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