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pectin/pullulan-based freshness
indicator films incorporated with hibiscus
anthocyanin and cassava peel cellulose nanofiber-
stabilized Pickering nanoemulsion

Nurin Afzia and Tabli Ghosh *

With evolving market demands, there is a critical need to transcend beyond conventional petroleum-based

packaging strategies, as their extensive use has led to serious environment-related issues. In response,

a new generation of intelligent packaging systems has been developed to enable continuous monitoring

of packaged foods and to provide real-time information on their quality and safety status. Within this

context, in the present study, multifunctional freshness indicator films of pectin and pullulan were

fabricated, wherein anthocyanin rich hibiscus extract (AHE) and tea tree oil loaded Pickering emulsions

(PEs) were intricately incorporated into the biopolymeric pectin/pullulan matrix. Furthermore, the

developed films were analyzed for their structural, physicochemical, barrier, optical, color stability,

ammonia vapor sensitivity and antioxidant activities. X-ray diffraction of the films showed a wide peak at

21.47° (2q), suggesting specific structural characteristics. Physicochemical analysis showed an increase in

thickness (0.17 ± 0.015–0.49 ± 0.015 mm), followed by decrease in moisture content (22.78 ± 0.42% to

15.40 ± 0.28%) and water absorption (60.71 ± 0.50% to 24.62 ± 0.34%). The pectin/pullulan/PE/AHE film

exhibited a tensile strength of 8.43 ± 0.48 MPa and an elongation at break of 69.50 ± 3.14%, along with

the highest antioxidant activity (43.52 ± 0.23%). When tested for ammonia vapor sensitivity, the films

showed significant color change (DE > 53), indicating their potential for real time freshness monitoring

quality. Furthermore, the indicator films were also evaluated for the real time freshness of chicken meat.

In general, this study provides valuable insights in formulating composite films with anthocyanin and PE,

contributing to multifunctional packaging systems with enhanced functionality and greater utility in the

food business.
Sustainability spotlight

This study represents a sustainable approach for developing multifunctional freshness indicator lms using pectin/pullulan biopolymer matrix integrated with
anthocyanin-rich hibiscus extract and tea tree oil-loaded Pickering emulsions stabilized by cassava peel-derived cellulose nanobers. The conversion of cassava
peel-based agro-waste into functional materials is aligned with the circular bioeconomy. The developed lms exhibited enhanced structural, barrier and
antioxidant properties, along with a distinct colorimetric response to ammonia vapor and chicken meat spoilage, enabling real-time freshness monitoring. By
combining plant-derived bioactives and Pickering emulsions, the research demonstrates how biopolymer composites can provide both environmental and
functional benets. This innovation not only supports waste utilization and reduces dependence on synthetic packaging but also advances the design of
intelligent, biodegradable systems that ensure food quality and safety, contributing to a more sustainable and technologically progressive packaging industry.
Introduction

“Packaging” represents a combination of art, science, and
technology, fundamentally designed to uphold the quality,
safety, and structural integrity of a product. It constitutes
a systematic and strategic approach to prepare commodities for
transportation, protection from environmental hazards,
hnology, School of Engineering, Tezpur

tabli@tezu.ernet.in; tablighosh1@gmail.

26, 4, 3168–3187
distribution, storage, retail presentation, and reduction of
nancial waste.1,2 Since the onset of globalization and urbani-
zation, there has been a growing consumer inclination toward
food products that meet high safety and quality standards. In
recent times, food deterioration has been considered as
a serious concern due to its adverse consequences. These
consequences range from reduction of nutritional value to the
offensive emission of toxic volatiles, which nally lead to
signicant economic losses. Hence, the economic implications
related to food spoilage have now assumed utmost signicance
in ensuring public health and economic losses.3 However, in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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previous years, the assessment of food quality has relied on
high-cost techniques such as RFID-tags, integrity sensors, time-
temperature indicators and other electrochemical sensors,
including e-noses, e-tongues, etc. Furthermore, these methods
are quite complex and not readily available for use by the
general public and thus unsuitable for direct incorporation
within the packaging system.4,5 Hence, there is a critical need
for simple and affordable approaches applicable from super-
market stores to household settings, enabling direct consumer
level quality assessment.6

In recent years, the development of intelligent packaging has
drawn signicant interest as a promising approach for moni-
toring food freshness.7 According to a report by the Freedonia
group, the market for active and intelligent packaging in the
United States was growing rapidly, with the intelligent pack-
aging segment projected to reach approximately $1.5 billion,
highlighting its increasing adoption and signicance within the
packaging industry.4 Based on this market demand, various
studies have explored the use of synthetic pH-sensitive dyes in
plastic lms to check freshness of perishable foods such as
fresh-cut green bell peppers, lean pork, and tilapia.8–10 While
these pH sensitive plastic lms are effective, their widespread
use has raised signicant environmental concerns. This is
primarily due to their non-biodegradable nature, which causes
environmental accumulations and serious ecological damage.11

Furthermore, the dyes used for freshness detection could be
toxic and contaminate food upon direct contact with it.12 So, it's
important to look into eco-friendly substitutes that lessen the
environmental degradation and align with green practices. In
this context, natural pigments are considered as an excellent
alternative of synthetic dyes as they can give quick and clear
visual cues about the freshness of food.13,14 Notably, many plant
extracts, such as curcumin, anthocyanin, tannins, quercetin
and carotenoid, can act as natural pigments and replace
synthetic dyes such as methyl red and bromocresol.5,15–17 Among
these, anthocyanin, a water-loving phenolic compound, is
a good indicator because of its p-conjugated structure, which
allows it to absorb visible and ultraviolet light well.13,15 The
hydroxyl and methoxy groups on the aromatic ring of anthocy-
anin can inuence the color modulation through electronic
interactions and stabilization of its charged states. As a result,
the anthocyanin molecule undergoes structural transitions,
shiing from a red avylium cation to a blue quinoidal base,
a colorless carbinol pseudo base, or a yellow chalcone,
depending on the surrounding pH conditions.15

Among the various anthocyanin sources, hibiscus (Hibiscus
rosa-sinensis) is recognized as a signicant natural source of
anthocyanin, which serves as a natural coloring agent in food,
cosmetics, pharmaceuticals and dyes. Among the various
anthocyanins found in red hibiscus, cyanidin-3-sophoroside is
the most prominent pigment.18 However, the choice of solvent
and extraction method for these types of natural pigments has
a signicant impact for maximizing the yield. In recent years,
the use of green solvents has gained signicant attention as an
eco-friendly substitute for conventional solvents. They offer
enhanced efficiency and stability in the extraction of bioactive
compounds including anthocyanins.19 Among the different
© 2026 The Author(s). Published by the Royal Society of Chemistry
green solvents, glycerol is one of the green solvents derived from
natural sources with great extraction efficiency, biodegrad-
ability, and non-toxicity. On the other hand, the ultrasound-
assisted extraction (UAE) technique is considered as a prom-
ising green extraction technique. This technique has efficient
recovery of desired bioactive compounds such as anthocyanin,
phenolic acids and avonoids, by utilizing its unique cavitation
mechanism.20–22 This technique remarkably shortens the
extraction time, whereas, at the same time, enhancing both the
quality and yield of the resulting extract. Additionally, the
process can reduce the dependence on organic solvents, thus
lessening the environmental impact of extraction procedures.21

The optimization of UAE parameters is important to increase
the efficiency of extraction while reducing economic and envi-
ronmental effects. Thus, developing a sustainable and efficient
extraction strategy for anthocyanins is very much essential.20

Besides, the use of anthocyanin in biopolymer-based lms
exhibits responsiveness to nitrogenous compounds such as
amines and ammonia, owing to nitrogen-induced discolor-
ation.23,24 Moreover, in order to integrate such sensors within
sustainable packaging systems, biopolymeric matrices such as
pectin and pullulan are especially suitable. These matrices have
remarkable lm forming capability, functionality and intrinsic
biodegradability. The synergistic use of such biopolymeric
systems is of great potential in the creation of high-performance
packaging solutions.25

Furthermore, incorporation of essential oils has the poten-
tial to strengthen the color stability of anthocyanin. This
improvement is linked to their rich composition of bioactive
compounds, including alcohols, esters and phenols. These
compounds not only contribute to color stabilization but also
impart notable antioxidant and antimicrobial properties.26,27

Among various essential oils, tea tree oil (TTO), derived from the
leaves of Melaleuca alternifolia, exhibits broad-spectrum anti-
oxidant and antibacterial properties, rendering it a potent
bioactive agent. Notably, it has signicant efficacy against
a wide range of microbial pathogens, including Pseudomonas
aeruginosa, Escherichia coli, and various fungal species, making
it a valuable bioactive compound for various applications.28,29

However, the direct use of these free essential oils in composite
lms tend to reduce the activity resulting from continuous
diffusion and loss of volatile materials. Moreover, phase sepa-
ration and immiscible behavior caused due to essential oil
adversely inuence the transparency of lms.30,31 Hence, in
order to overcome all these difficulties, Pickering emulsions
(PEs), which can be stabilized by solid particles, have been used
as a viable method for encapsulating essential oils.32 Unlike
conventional emulsions, which oen experience instability, PEs
offer enhanced structural integrity due to their unique stabili-
zation mechanism. This enhanced stability is intricately linked
to the absorption of nanoparticles at the oil–water interface,
which effectively forms a protective barrier around the oil
droplets, preventing coalescence and Ostwald ripening.
Furthermore, the solid particles used for stabilization can be
sourced from natural and biodegradable materials, making
them a sustainable alternative to synthetic stabilizers.33 Among
these, cellulose nanobers (CNFs) have been extensively
Sustainable Food Technol., 2026, 4, 3168–3187 | 3169
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investigated as eco-friendly solid particles with potential
applications as emulsion stabilizers.34 This is due to their
elongated brous structure, which forms an interconnected
network that enhances the emulsion stability. This network acts
as a protective barrier around oil droplets, effectively preventing
their coalescence and maintaining the integrity of emulsion
stability.35 As a result, CNFs offer a promising and sustainable
solution for stabilizing emulsions in various applications.

This research therefore aims to develop a freshness indicator
lm by incorporating anthocyanin extracted from Hibiscus rosa-
sinensis and tea tree oil-loaded PEs into a pullulan/pectin
matrix. The physicochemical properties, functional properties,
structural properties, antioxidant activity, antimicrobial prop-
erties, and pH-stability of the fabricated lms were systemati-
cally assessed. To establish its practical applicability, the
developed lm was employed as a freshness indicator for
chicken meat, demonstrating its potential for real-time moni-
toring of food quality.
Materials and methods
Materials

For this study, hibiscus (Hibiscus rosa-sinensis) petals were
collected from the local area of Tezpur University, Tezpur, Assam,
India. Glycerol anhydrous (extrapure AR, 99.5%) was purchased
from Sisco Research Laboratories Pvt. Ltd, Maharashtra, India.
Furthermore, Loba Chemie Pvt. Ltd, Mumbai, India supplied the
ultrapure pectin and Tokyo Chemical Industry Co., Ltd, Tokyo,
Japan supplied the pullulan (PO978). Furthermore, for the
analytical purpose, potassium chloride and sodium acetate were
supplied by Sigma-Aldrich, Tokyo, Japan. Folin–Ciocalteu
reagent, gallic acid, and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
were provided by Sisco Research Laboratory Pvt. Ltd, Mahara-
shtra, India. Sodium carbonate was received from Avantor
Performance Materials India Pvt. Ltd, Mumbai, India. All the
chemicals used in the experiments were of analytical grade.
However, cut chicken meat was purchased from a local chicken
shop near Tezpur University, Tezpur, Assam.
Methods

Ultrasound-assisted extraction of anthocyanin from red
hibiscus petals. For the extraction, red hibiscus petals were
cleaned with distilled water and then dried at 35 °C for 24 h.
Subsequently, the dried petals were ground and sieved to collect
the ne powder. Furthermore, the glycerol–water mixture was
prepared following the methodology as described by Kowalska
et al.,36 with some minor modications. Specically, glycerol
was taken at varying concentrations and mixed with distilled
water. The resulting mixture was stirred at 40 °C for 1 h to
disperse glycerol effectively.

A precisely measured 1 wt% hibiscus powder was added into
50 mL of the glycerol–water mixture (S/L ratio 1 : 50). UAE was
carried out using an IG-96A ultrasonic cell disruption system
(iGene Labserve Pvt. Ltd), operating at a xed frequency of 21
kHz. Amplitude and sonication time were regulated under pre-
established conditions to maximize extraction efficiency. Aer
3170 | Sustainable Food Technol., 2026, 4, 3168–3187
the extraction step, the resulting mixture was centrifuged at
6000 rpm for 30 min in a high speed centrifuge (Make:
Eppendorf, Germany, Model:5430R). The centrifugation
process facilitated the separation of solid residues, allowing the
collection of the supernatant for further analysis.

Optimization of process parameters for anthocyanin
extraction. For the optimization of process parameters for
effective extraction of anthocyanin, a Central Composite
Rotatable Design (CCRD) was utilized in order to acquire the
experimental design with three independent variables viz.
extraction time (A), amplitude (B), and glycerol concentration
(C), with anthocyanin content (X) as the dependent variable.
The extraction time was systematically varied between 6 and
15 min, corresponding to coded levels of −1.68 (6 min), −1
(∼8.00 min), 0 (∼11.00 min), +1 (∼13.00 min) and +1.68 (15
min). The ultrasonic amplitude was adjusted within the range
of 30% to 70%, representing coded levels of −1.68 (30%), −1
(∼38%), 0 (∼50%), +1 (∼62%) and +1.68 (70%). Similarly, the
glycerol concentration was varied between 30 and 80%, with
coded levels of −1.68 (30%), −1 (∼40%), 0 (∼55%), +1 (∼70%)
and +1.68 (80%). A total of 20 experimental runs were con-
ducted to achieve optimization, as depicted in Table 1. The
experimental design was based on the CCRD methodology,
which necessitates 2k factorial points (k = 3, 2k = 23 = 8, core
design points) in this study. Additionally, the design included
2k axial or star points (k = 3, 2k = 2 × 3 = 6, outside the core
region). Furthermore, six replicate runs at the centre points
were included to estimate the pure error. To determine the
anthocyanin content at the optimum level, State-Ease 360 @
soware was used. Moreover, to t the experimental data,
a second order polynomial equation was used as represented in
eqn (1).

X = a0 + SaiPi + SaiiPi
2+ SaijPiPj (1)

where a0 indicates the coefficient constant; ai, aii and aij stand
for regression coefficients; Pi and Pj indicate the independent
variables; X represents the response or anthocyanin content.

Analysis of variance (ANOVA) was employed to test the
factors that signicantly inuenced the model. Furthermore,
the validity and predictive power of the model were assessed
based on some diagnostic measures, such as the lack of t test,
coefficient of determination (R2) and measure of adequacy in
precision. A statistically non-signicant lack of t (p > 0.05) and
an adequacy in precision value greater than a cut-off of 4
suggest the robustness and reliability for prediction.37 Response
surface plots were used to examine the impact of interaction
between the process variables on the content of anthocyanin.
Furthermore, optimization of the production process was per-
formed through a multi-response desirability function system
to identify the optimum conditions.

Analysis of the anthocyanin rich hibiscus extract (AHE)

Total anthocyanin content (TAC). Total anthocyanin content
of the red hibiscus extract was determined spectrophotometri-
cally using the pH differential method. This method is intended
tomeasure the structural shi in the anthocyanin chromophore
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various experimental conditions and their responses for anthocyanin extraction

Run A: Time (min) B: Amplitude (%) C: Glycerol (%)
Z: Anthocyanin
content (mg C3G per 100 g)

1 7.82 (∼8.00) 38.11 (∼38.00) 40.13 (∼40.00) 523.62
2 10.50 (∼11.00) 50.00 80.00 450.14
3 10.50 (∼11.00) 70.00 55.00 494.12
4 10.50 (∼11.00) 50.00 55.00 577.62
5 7.82 (∼8.00) 61.89 (∼62.00) 40.13 (∼40.00) 536.32
6 13.18 (∼13.00) 38.11 (∼38.00) 69.87 (∼70.00) 524.43
7 10.50 (∼11.00) 50.00 55.00 576.62
8 15.00 50.00 55.00 637.03
9 13.18 (∼13.00) 38.11 (∼38.00) 40.13 (∼40.00) 697.09
10 10.50 (∼11.00) 50.00 55.00 582.1
11 10.50 (∼11.00) 50.00 30.00 646.18
12 10.50 (∼11.00) 50.00 55.00 592.26
13 10.50 (∼11.00) 50.00 55.00 554.77
14 6.00 50.00 55.00 475.6
15 10.50 (∼11.00) 30.00 55.00 596.33
16 13.18 (∼13.00) 61.89 (∼62.00) 69.89 (∼70.00) 482.1
17 10.50 (∼11.00) 50.00 55.00 550.19
18 13.18 (∼13.00) 61.89 (∼62.00) 40.13 (∼40.00) 633.68
19 7.82 (∼8.00) 38.11 (∼38.00) 69.87 (∼70.00) 480.8
20 7.82 (∼8.00) 61.89 (∼62.00) 69.87 (∼70.00) 417.13
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in order to quantify the total monomeric anthocyanin that
occurs between pH 1.0 and pH 4.5.38 Here, two different dilu-
tions of the extracted test samples (1 mL) were prepared using
0.025 M potassium chloride (KCl) and 0.4 M sodium acetate
(CH3COONa$3H2O) buffer solution. Furthermore, hydrochloric
acid (HCl) was used to adjust the buffers to pH 1.0 and pH 4.5,
respectively. Finally, the absorbance at 530 and 700 nm was
measured using a Carry Series UV-Vis Spectrophotometer
(MAKE#AGILENT TECHNOLOGIES, USR; MODEL#CARRY 100),
with a blank solution containing glycerol. TAC was expressed in
terms of milligram per 100 grams (mg C3G per 100 g) of the
dried red hibiscus and was determined using eqn (2) and (3):

TACðmg C3G per LÞ ¼ A�M:W:�DF� 1000

3� L
(2)

TACðmg C3G per 100 gÞ ¼
TACðmg C3G per LÞ � sample volumeðmLÞ

sample weightðgÞ � 10
(3)

where A (absorbance) = (A530 − A700) pH 1.0 − (A530 − A700) pH
4.5, M.W. denotes the molecular weight of cyanidin-3-glucoside
(449.2 g mol−1); DF corresponds to the dilution factor; 3

signies the molar absorptivity coefficient of cyanidin-3-
glucoside (26 900 L cm−1 mol−1); and L represents the optical
path length of the cuvette in cm.

Total phenolic content (TPC). TPC of the optimized AHE was
quantied using the Folin–Ciocalteu (FC) method as described
by Rizkiyah et al.39 At rst, to dilute the FC reagent, distilled
water was used at a dilution ratio of 1 : 10. For the analysis,
0.5 mL of the extracted sample was aliquoted into a test tube
and mixed with 1 mL of diluted FC reagent. The solution
mixture was subsequently maintained for 10 min prior to the
addition of 4 mL of 7.5% (w/v) sodium carbonate. Following
this, the solution was kept for a period of 30 min, without being
© 2026 The Author(s). Published by the Royal Society of Chemistry
disturbed. Spectrophotometric analysis was then conducted to
record the absorbance at 765 nm. TPC was quantied and
expressed as milligrams of gallic acid equivalent (GAE) per 100 g
of dried red hibiscus (mg GAE per 100 g). To facilitate this
quantication, a gallic acid standard curve was established
using concentrations ranging from 0.01 mg mL−1 to 0.1 mg
mL−1.

Total avonoid content (TFC). The TFC was quantied
spectrophotometrically and expressed as milligrams of quer-
cetin equivalent (mg QE) per 100 g of the sample, utilizing the
technique employed by Anis and Ahmed40 with slight modi-
cations. For the analysis, an equal volume (200 mL each) of
distilled water and 5% (m/v) sodium nitrite solution was mixed
with 500 mL of hibiscus extract. The mixture was subsequently
treated with 300 mL of 10% (m/v) aluminium chloride aer
incubating in the dark for 5 min. Following this, 1000 mL (1 mL)
of 1 M sodium hydroxide and 1000 mL (1 mL) of distilled water
were successively added to themixture for achieving uniformity.
Aer a total reaction time of 15 min, the absorbance was taken
at 510 nm using a Carry Series UV-Vis Spectrophotometer
(MAKE#AGILENT TECHNOLOGIES, USR; MODEL#CARRY 100).
A solvent consisting of a glycerol–water mixture was used as the
blank.
DPPH radical scavenging activity

The free radical scavenging activity of the optimized AHE was
assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging method as outlined by Kaur and Qadri.41 Following
the method, DPPH solution (0.1 mM) was prepared freshly in
methanol in a controlled dark environment. For the assay,
0.1 mL of the extract was mixed with 3.9 mL of DPPH solution
and the mixture was again kept in the dark for 30 min. The
absorbance was recorded spectrophotometrically at 517 nm,
against a glycerol–water mixture as the blank. The scavenging
Sustainable Food Technol., 2026, 4, 3168–3187 | 3171
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activity was expressed in terms of % inhibition and was calcu-
lated using eqn (4)

DPPH radical scavenging activity ð % Þ ¼ Ablank� Asample

Ablank

�100 (4)

where Ablank is the absorbance of the blank; Asample is the
absorbance of the sample.
UV-vis spectroscopic analysis

UV-vis spectroscopy of the optimized AHE was performed using
a Carry Series UV-Vis Spectrophotometer (MAKE#AGILENT
TECHNOLOGIES, USR; MODEL#CARRY 100). The absorbance
was measured in the range of 200–800 nm and the pH value
varies from 2–13 to observe absorption spectra.
Fabrication of CNFs

CNFs were fabricated from cassava peel-based cellulose as
mentioned in the study conducted by Afzia, Bora, and Ghosh,
(2025).25 Cellulose was extracted from cassava peel by alkali
treatment (4% NaOH, 90 °C, 2 h,400 rpm), followed by bleach-
ing with 4% NaOCl (80 °C, 2 h) and purication using 2% H2O2.
The obtained cellulose aer drying was treated with 50 wt%
H2SO4 for 2 h. Aerwards, cold water was added to stop the
reaction, followed by centrifugation (6000 rpm, 20 min, 27 °C),
homogenization (10 000 rpm, 10 min), sonication and dialysis.
Finally, freeze drying (−50 °C, 24 h) was performed to obtain the
CNFs.
Formulation of the tea tree oil-based PE

In this study, the PE was formulated by mixing tea tree oil with
a CNF suspension at a predetermined ratio of 1 : 9. Prior to the
emulsication process, CNFs were dispersed in distilled water
and ultrasonicated for 5 min at 50% amplitude to prepare
a stable CNF suspension. Here, the concentration of CNFs was
adjusted to 1 wt%, 3 wt%, 5 wt%, 10 wt%, and 15 wt%.
Following this, tea tree oil was incorporated dropwise into the
aqueous phase and subjected to high-shear homogenization for
5 min at 10 000 rpm. Furthermore, to remove the air bubbles
trapped within the PE, the nal suspension was again ultra-
sonicated for 5 min, followed by homogenization for 1 min to
achieve a uniform emulsion structure.
Type of the formulated PE

The type of the Pickering emulsion was assessed through the
drop test method as described by Yue et al.42 For the analysis,
1 mL aliquot of the emulsion was introduced into 10 mL of
distilled water. Aerwards, the dispersion behaviour of the
emulsion droplets was observed. Uniform dispersion of emul-
sion droplets within the aqueous medium signied an oil-in-
water (O/W) emulsion, while a water-in-oil (W/O) emulsion
remained localized at the interface without any signicant
dispersion in the aqueous medium.
3172 | Sustainable Food Technol., 2026, 4, 3168–3187
Optical microscopic analysis

Optical analysis of the formulated PE was observed using
a Trinocular microscope (Make: KARL ZEISS, GERMANY;
MODEL: AXIOSTAR) attached with a digital camera. To capture
high resolution images, a single drop of the emulsion was
placed on a microscope slide and evenly spread using another
slide. The optical analysis of the emulsion droplet was observed
at a magnication of 10×.
Particle size analysis

The particle size analysis of the developed PE was measured
through dynamic laser scattering using a Zetasizer Pro (Malvern
Panalytical, United Kingdom). Initially, a small droplet of PE
was diluted with distilled water at a dilution ratio of 0.2 : 20 (mL
mL−1), followed by ultrasonication for 5 min. Particle size
measurement was conducted at a scattering angle of 172.9°,
within a measurement range of 0.3 nm −10 mm.
Storage stability

To evaluate the storage stability, the creaming index (CI) of the
PE was determined by measuring the ratio of the serum layer
height (Hs) to the total height of the PE (Ht) as shown in eqn
(5).42

CIð%Þ ¼ Hs

Ht

� 100% (5)
Development of freshness indicator lms

The development of the freshness indicator lm was accom-
plished through the solution casting method with some minor
modications.30 Initially, 2 wt% of pullulan solution was
formulated by subjecting it to continuous stirring on a Stuart
hotplate stirrer (UC152D) for 30 min, maintaining a controlled
temperature of 30 °C. Subsequently, the temperature was
increased to 60 °C prior to the addition of pectin into the
solution. Then, the PE of tea tree oil (5% v/v of the solution) and
AHE (10 wt%), which was already extracted using glycerol, were
added into the pullulan/pectin matrix and stirred at 60 °C for
another 30 min. The resulting lm-forming solution was
subsequently subjected to homogenization at 10 000 rpm for
5 min. Thereaer, the homogenized mixture was cast into
a Petri dish (90 × 15 mm) and dried at 40 °C to develop the
freshness indicator lm. Once dried, the lm was gently
removed and stored in a desiccator for conditioning prior to
subsequent characterization and analysis. A pullulan/pectin
(PP) control lm without the AHE and PE was prepared. In
addition, various other lm formulations were developed,
including a pullulan/pectin composite with the Pickering
emulsion (PP_PE) and pullulan/pectin along with AHE
(PP_AHE) for comparative analysis. All the lms were prepared
according to the previously described procedure. The formula-
tion and corresponding codes for each lm sample was
mentioned below in Table 2.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Compositions for the developed pullulan/pectin-based films

Sl
no.

Pullulan
(wt%)

Pectin
(wt%)

PE
(5% v/v)

AHE
(10 wt%) Nomenclature

1 2 2 No No PP
2 2 2 Yes No PP_PE
3 2 2 No Yes PP_AHE
4 2 2 Yes Yes PP_PE_AHE
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Characterization of the developed lms

X-ray diffraction (XRD). The crystal structure of the synthe-
sized PP, PP_PE, PP_AHE and PP_PE_AHE lms were studied
using X-ray diffraction (XRD) analysis. Characterization was
conducted using D8 FOCUS and MINIFLEX X-ray diffractometer
models to measure the diffraction patterns of the materials.
Measurements of diffraction were carried out in the angular
range of 5° to 80° (2q) with a step size of 0.5°. For processing and
analyzing the diffraction data obtained, advanced soware
programs such as XRD COMMANDER 2, DIFFRACEVA, and
Rigaku soware were employed. The analytical methods offered
extensive information about the crystalline features of the CNF-
based nanocomposite lms.

Fourier transform infrared spectroscopy (FTIR). The infrared
spectra of the synthesized PP, PP_PE, PP_AHE and PP_PE_AHE
lms were measured using a SPECTRUM100 and FORNTIER IR
spectrophotometer over a spectral range of 400–4000 cm−1 with
a scanning speed of 8 scans per second to establish the struc-
tural and compositional features of the lms.

Thickness. A digital vernier caliper (ABS Digimatic Caliper,
Mitutoyo, Japan; measuring range: 0–100 mm) was used to
measure the lm thickness, and the results were expressed as
mean ± standard deviation to increase measurement precision.

Color and transparency. The color attributes (L*, a*, b*) and
the total color difference (DE) of the developed lms were
analyzed using a Hunter color Lab (Ultra-Scan VIS, Hunter Lab,
USA), as described by Afzia, Bora, and Ghosh, 2025.25 The DE
values were measured by considering the PP lm as the refer-
ence standard and calculated using eqn (6). Furthermore, the
optical transparency of the lms was evaluated using a UV-vis
spectrophotometer (MAKE#AGILENT TECHNOLOGIES, USR;
MODEL#CARRY 100), operating across a spectral range of 200
to 800 nm. For the analysis, lm samples were precisely cut into
standardized dimensions of 10 mm × 40 mm to ensure
uniformity across all the measurements.

DE = O(DL*)2 + (Da*)2 + (Db*)2 (6)
Mechanical properties

The tensile strength, elongation at break, and Young's modulus
of the developed lms were evaluated using a texture analyser
(TA-HD Plus Serial no. # 5187; Stable Micro System, UK)
equipped with a 5 kg load cell.25 Prior to analysis, the lms were
precisely cut into strips measuring 10 mm × 40 mm to ensure
uniformity in testing. Mechanical testing was conducted under
© 2026 The Author(s). Published by the Royal Society of Chemistry
specied conditions, including a pre-test speed of 5 mm s−1,
a test speed of 0.5 mm s−1, a post assessment velocity of 5 mm
s−1, 15 mm of displacement and a 5 g of trigger force. Each
experimental group underwent ve repetitions to enhance the
reliability and reproducibility of the measured parameters.

Moisture content (MC)

To determine the MC of the developed PP, PP_PE, PP_AHE and
PP_PE_AHE lms, lm samples were precisely cut into dimen-
sions of 0.04 × 0.04 m2. These samples were subsequently
subjected to a controlled drying process in a hot air oven
(Model: IG 95HAO, IGENELABSERVE) maintained at 105 °C for
a continuous period of 24 h to ensure complete moisture
removal. The moisture content was quantied using the equa-
tion described by Afzia, Bora, and Ghosh, 2025.25

Water vapor transmission rate (WVTR)

In compliance with ASTM standard E398-03, WVTR was assessed
using the cup method.43 In this process, the cups lled with
anhydrous calcium chloride (0% RH) were enclosed with the
developed lms. However, thickness of the lms and surface area
of the cups were carefully measured prior to the analysis.
Furthermore, the sealed permeation cells, containing the lms,
were subsequently placed inside a desiccator maintained at 75%
relative humidity (RH) using saturated sodium chloride solution.
The whole setup was remained undisturbed for 24 h at 23 °C.
Following the test period, the WVTR value was calculated by
recording the weight change of the permeation cell relative to the
surface area and time, and expressed in terms of percentage.25

Antioxidant activity

The antioxidant activity of the developed PP, PP_PE, PP_AHE and
PP_PE_AHE lms was assessed using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging method as outlined by
Zhao et al.,44 with minor modications. As per the specied
procedure, 0.1 g of the prepared lm was introduced into 10mL of
distilled water and subjected to continuous magnetic stirring to
facilitate extraction. Furthermore, DPPH solution (0.06 mol m−3)
was prepared freshly in ethanol in a controlled dark environment.
For the assay, 2mL aliquot of the lm extract wasmixed with 2mL
of DPPH solution and the resulting mixture was incubated in the
dark for 30 min. The absorbance was measured spectrophoto-
metrically at 517 nm against a blank of ethanol. The antioxidant
activity was expressed in terms of % DPPH free radical scavenging
activity and was calculated using eqn (7).

Free radical scavenging activityð%Þ

¼
�
1� Asample � Ablank

Asample

�
� 100 (7)

where Ablank is the absorbance of the control; Asample is the
absorbance of the sample.

Ammonia vapor sensitivity test or color response to ammonia

The colorimetric response of the developed lms to volatile
ammonia (NH3) was assessed based on the method described
Sustainable Food Technol., 2026, 4, 3168–3187 | 3173
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Table 3 ANOVA table for the statistical evaluation of experimental
responses for anthocyanin content based on the fitted model

Source Sum of square F value p-value

Model 95 846.34 31.49 < 0.0001
A-time 31 101.05 91.97 < 0.0001
B-amplitude 7957.36 23.53 0.0007
C-glycerol 48 754.82 0.0001 < 0.0001
AB 374.42 1.11 0.3175
AC 3288.20 9.72 0.0109
BC 381.57 1.13 0.3131
A2 964.85 2.85 0.1221
B2 2043.81 6.04 0.0338
C2 1736.55 5.14 0.0469
Residual 3381.74
Lack of t 2041.73 1.52 0.3276
Pure error 1340.00
Cor total 99 228.07
R2 0.9659
Adequacy in precision 20.24
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by45 Mohseni et al., with minor modications. Film samples
were cut into 0.02 m × 0.03 m pieces and positioned 0.02 m
above the 0.008 mol L−1 ammonia solution at room tempera-
ture (25 ± 2 °C) for 20 min. Aerwards, the total DE value was
calculated using the standard eqn (6) to quantify the extent of
colorimetric change.

pH stability of indicator lms

The pH sensitivity of the developed lms was investigated by
monitoring the color changes over a 5 days storage period. For
the test, the lms were immersed into the buffer solutions
whose pH values varied from pH 2 to 12 according to the
procedure provided by Qin et al.46 The DE generated in the lms
was determined quantitatively using a Hunter color Lab (Ultra-
Scan VIS, Hunter Lab, USA).

Storage study on chicken meat

The developed colorimetric lms (PP_AHE and PP_PE_AHE)
were cut into 0.02 m × 0.02 m pieces and adhered to the inner
surface of a transparent plastic container. Aer that, freshly
obtained chicken meat samples were subjected to boiling for
1 min to reduce the initial surface microbial load. The samples
were then aseptically placed inside the containers, which were
then stored under refrigerated condition at 4 °C for a period of
10 days. To evaluate the storage assessment, chicken meat
pieces were analyzed on the basis of weight loss, pH change,
color properties and microbial analysis. Apart from this, the
progression of color change in the embedded indicator lms
were monitored at predetermined intervals (0, 2, 4, 6, and 10
days) throughout the storage period. Weight loss of the chicken
meat samples was quantied over 2, 4, 6, and 10 days. For pH
assessment, chicken meat was homogenized for 10 s, followed
by centrifugation, and the resulting supernatant was subjected
to pH analysis using a digital pH meter (model: HANNA).
Colorimetric evaluation of both the chicken meat and indicator
lms was performed using a HunterLab UltraScan VIS spec-
trophotometer (HunterLab, USA), capturing key parameters
indicative of quality and spoilage. Further, total plate count was
quantied based on the pour plate method, capturing key
parameters indicative of quality and spoilage.

Statistical analysis

The data set was subjected to statistical analysis utilizing IBM
SPSS Statistics soware (version 20), employing one-way anal-
ysis of variance (ANOVA). Subsequent post hoc evaluations were
performed using Duncan's multiple range test to ascertain
statistically signicant differences at p < 0.05.

Results and discussion
Optimization of process parameters for anthocyanin
extraction

Model tting. Table 3 illustrates the experimental response
values corresponding to different combinations of input vari-
ables. Based on the data, second order polynomial equations
were developed and respective regression coefficients for the
3174 | Sustainable Food Technol., 2026, 4, 3168–3187
coded variables were estimated. The signicance of the process
parameters inuencing anthocyanin content was evaluated
through the ANOVA table, as summarized in Table 3. Further-
more, statistical validation of the developedmodel was assessed
through R2 value, lack of t and adequacy precision. A combi-
nation of non-signicant lack of t and adequate precision
greater than 4 suggests the effectiveness of the model in making
accurate predictions. The data presented in Table 3 illustrate
that, with respect to anthocyanin content, the overall model
exhibited statistical signicance at p < 0.05. The primary factors
A, B, and C along with the interactive factor AC and quadratic
terms B2 and C2 also exhibited signicant p-values, thereby
conrming their substantial inuence on the response vari-
ables. Furthermore, the model revealed a non-signicant lack of
t, as indicated by a p-value of 0.3276 (p > 0.05) for anthocyanin
content. This implies that, the model has accurately captured
the experimental data without much deviation from the
observed responses. Also, the R2 obtained from the model
developed was 0.9659, implying that nearly 96.59% of the total
variability in the observed response data can be explained by the
suggested predictive model. This high R2 value implied a very
good correlation between the experimental process variables
and the responses measured.

The mathematical expression formulated in terms of coded
variables is presented as follows:

Z = −293.55 + 80.61A + 10.79B + 8.75C − 0.21AB − 0.50AC

− 0.03BC − 1.14A2 − 0.08B2 − 0.04C2

Effect of interaction of various parameters on anthocyanin
content

Response surface plots were utilized to illustrate the inuence
and interactions of the independent variables—time, ampli-
tude, and glycerol concentration—on the total anthocyanin
content. The effects of these parameters on anthocyanin yield
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of the interaction on (a) time and amplitude, (b) time and
glycerol concentration, and (c) amplitude and glycerol concentration.
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were described using second-order polynomial equations, and
the relationships between the variables were represented by 3D
response surface graphs (Fig. 1).

Fig. 1(a) illustrates the interactive effects of time (A) and
amplitude (B) on the extraction yield of anthocyanin. From the
gure, the increase in anthocyanin content has been observed
with increase in the ultrasonication time. This phenomenon
could be due to the extended interaction between the solvent and
solute, thereby increasing the mass transfer efficiency during the
UAE process.47 Conversely, the effect of amplitude demonstrated
a more complex behaviour. Anthocyanin content was increased
gradually up to an amplitude of ∼50%. Under these conditions,
the solvent was able to penetrate more deeply and quickly within
pores of the cells, due to the acoustic cavitation, which forms
bubbles and then collapse in the liquid due to the vibration
caused by ultrasound. The collapse of these cavitation bubbles
generates intense mechanical forces (called shear stress) that
help push the uid into cells or materials.48 However, amplitude
exceeding this optimal threshold resulted in a decrease in the
anthocyanin content. At higher amplitude, the bubbles might
collapse more violently, generating higher shear forces, which
could degrade the chemical structure of anthocyanin by di-
srupting its ring structure.49 Moreover, a simultaneous increase
in both the time and amplitude led to a decrease in the antho-
cyanin content. This might be due to the degradation process
linked with the oxidative reaction generated by free radicals
during prolonged and intense sonication, ultimately leading to
the structural breakdown of anthocyanins.49

Fig. 1(b) depicts the graph of the interaction between the
ultrasonic time (A) and the glycerol concentration (C) on the
level of anthocyanins. From the gure, a signicant (p < 0.05)
increase in anthocyanin content was observed with increasing
the ultrasonication time. In contrast, an increase in glycerol
concentration, however, caused a slight decrease in anthocy-
anin content. This was due to an increase in solvent viscosity,
which hindered the mass transfer or decreased the diffusion
rate, thereby leading to a lower recovery of anthocyanin and
other phenolics from the plant matrix.41 Despite this, the
maximum anthocyanin content was found at a glycerol
concentration of about 54%, probably due to glycerol's low
polarity in reducing the dielectric constant of the solvent system
to extract anthocyanin efficiently.36 Furthermore, a simulta-
neous increase in glycerol concentration and ultrasonication
time caused a gradual decrease in anthocyanin content. This
effect was probably due to the higher viscosity of glycerol, which
restricts the mass transfer. However, the applied sonication
© 2026 The Author(s). Published by the Royal Society of Chemistry
time was maintained within an effective operational range,
without any negative effect on anthocyanin stability.

Fig. 1(c) shows the interaction of amplitude (B) and glycerol
concentration (C) on anthocyanin content. A progressive
increase in amplitude resulted in a relatively stable anthocyanin
yield, indicating minimal uctuation. In contrast, anthocyanin
content was found to be reduced with increase in the glycerol
concentration. Additionally, the simultaneous increase in both
amplitude and glycerol concentration results in a reduction in
anthocyanin content. Such reduction could be attributed to the
thermal degradation of anthocyanins, possibly caused by
increased shear force, which degrades the chemical structure of
anthocyanin.49 At the same time, increased glycerol concentra-
tion greatly enhanced the viscosity of the extraction medium,
which lowered the solubility of the plant matrix and thus slowed
the anthocyanin extraction.41

Optimization and validation of process parameters for
maximum anthocyanin content

To enhance the anthocyanin yield, the optimization of process
variables was conducted using CCRD. This statistical method
provided a systematic study and optimized the key process
parameters to determine their optimal levels for maximizing
the target response.

Among the different combinations produced during the
optimization procedure, the sample with the highest desir-
ability score of 1.000 was chosen as the optimal solution. Under
the optimized conditions, namely an extraction time of 11.30
(∼11.00) min, an ultrasonic amplitude of 41.66 (̃42.00%) and
a glycerol concentration of 54.13 ( ̃54.00%), the model predicted
an anthocyanin yield of 594.69 mg C3G per 100 g. The results
conrmed the accuracy of the model and the efficiency of the
optimization parameters in the maximum recovery of antho-
cyanin. In addition, to verify the reliability and predictive
capability of the designed model, validation was carried out by
conducting experimental trials using optimal conditions. The
experimentally recorded anthocyanin content was observed to
be 575.49 ± 1.65 C3G per 100 g. The values were then compared
with the respective values predicted by the model. Furthermore,
the deviation between the predicted and actual anthocyanin
content was determined to be 3.33%. This comparative analysis
conrmed the model's effectiveness in accurately estimating
the optimal outcomes associated with the three independent
variables.

TPC, TFC and DPPH radical scavenging activity of the
optimized AHE

TPC, TFC and DPPH scavenging activity associated with the
optimized AHE were analysed. Hibiscus extracts using glycerol-
water based extraction exhibited a TPC value of 912.87 ±

6.15 mg GAE per 100 g. This result was in close correlation with
the ndings reported by Wong et al. (2010), where H. rosa-
sinensis was extracted using methanol as solvent and recorded
a TPC value of 735 mg GAE per 100 g.50 Additionally, another
study indicated TPC values of 61.45 ± 3.23 mg GAE per 100 g
and 59.31 ± 4.31 mg GAE per 100 g when extracted using
Sustainable Food Technol., 2026, 4, 3168–3187 | 3175
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Fig. 2 (a) Effect of pH on the color of anthocyanin-rich hibiscus
extract and (b) absorption spectral profiles under varying pH
conditions.
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methanol and ethanol, respectively.51 The above results point
towards a more efficient extraction process with the glycerol–
water system. The higher TPC value obtained through glycerol–
water-based extraction was mostly due to the physicochemical
properties of glycerol, which enhanced the polarity of solvent,
thus improving solubility as well as stability of phenolic
compounds. Furthermore, high viscosity and hydrogen
bonding of glycerol may also have improved the penetration of
the plant matrix, resulting in more efficient mass transfer of
bioactive components.40,52 Additionally, the use of the UAE
method further improved the phenolic recovery because of the
effect of acoustic cavitation. In this method, the ultrasonic
waves propagate within the liquid phase, which leads to the
disruption of the cellular matrix, thereby enhancing the pene-
tration of solvent and release of phenolic compounds that are
within the cells.53 The TFC content was found to be 783.37 ±

8.76 mg QE/100 g, reecting the high content of avonoid
compounds in the glycerol extract. This reects the efficacy of
glycerol as a green solvent for the extraction of polyphenolic
compounds, which are renowned for their antioxidant activity.
Furthermore, the DPPH radical scavenging activity assesses the
capacity of bioactive compounds to neutralize free radicals. The
optimized AHE showed a high DPPH scavenging activity value
of 87.68 ± 3.21%, indicating the presence of antioxidative
phytochemicals in the petals of Hibiscus rosa-sinensis. Addi-
tionally, this result was in close correlation with the previous
ndings conducted on Hibiscus sabdariffa L. petal extracts54 and
ethanol extracted Hibiscus rosa-sinensis L.55

UV-vis spectral analysis of optimized AHE

The colour and UV-vis absorption characteristics of AHE across
different pH levels (2–13) demonstrate its strong potential as
a natural pH indicator, as shown in Fig. 2(a and b).

At extremely acidic pH (pH 2), the extract exhibited a red
colour, with a maximum absorption peak at about 517 nm due
to the presence of avylium cations. As the pH increased to 4,
the colour of the solution turned orange and the absorption
moved to 527 nm. With further increase to near neutral pH (pH
7), the absorption shied to 581 nm due to the formation of
carbinol pseudo-bases and quinonoidal forms through hydra-
tion and deprotonation processes. At pH 10, the extract
exhibited a khaki color with a peak near 593 nm, although
a decline in absorbance intensity was observed. Under strongly
alkaline conditions (pH 13), no distinct peak was detected in the
visible region, indicating the breakdown of the anthocyanin
chromophore and a loss of conjugation, likely due to the
formation of chalcone structures. These pH-responsive spectral
and colourimetric variations are consistent with the behaviour
previously reported in anthocyanin-rich extracts from different
varieties of roselle.56,57

Type of PEs

The emulsion droplets exhibited uniform and spontaneous
dispersion in distilled water, as demonstrated by the drop test.
This behaviour conrmed the formation of an oil-in-water (O/
W) emulsion. The observed miscibility within the aqueous
3176 | Sustainable Food Technol., 2026, 4, 3168–3187
phase indicates the thermodynamic favourability and stability
of the emulsion system, implying that the oil phase was
successfully encapsulated within the continuous aqueous
phase.
Effect of CNF concentrations on PE droplet morphology using
optical microscopy and particle size analysis

The microscopic view of the formulated PE is illustrated in
Fig. 3(A), which predominantly exhibits well-dened, spherical
oil droplets across most of the emulsion variants. A noticeable
increase in the overall emulsion volume was observed with the
increased concentration of CNFs. This was due to the greater
interfacial coverage offered by the CNFs, which enhanced the
emulsion stability and reduced the coalescence of droplets. The
droplet aggregation was mostly caused by weak intermolecular
forces, including van der Waals interactions and hydrophobic
attraction between CNF particles, which were responsible for
emulsion destabilization. Interestingly, the CNFs in this context
appear to function mainly as anti-coalescence agents instead of
occulation inhibitors. Their stabilizing functionality lies in the
prevention of droplet merging, although not necessarily pre-
venting droplet proximity or clustering. However, with
increasing CNF concentrations, a morphological trans-
formation was observed, wherein small interconnected emul-
sion droplets aggregated into a more complex network-like
structure. This brillar matrix, formed by the entanglement of
nanobers at higher loadings, imparted enhanced mechanical
rigidity and interfacial integrity, thereby contributing long-term
emulsion stability. Among the various formulations, the emul-
sion stabilized with 15 wt% CNF demonstrated superior
colloidal properties, characterized by the smallest average
droplet diameter, monodispersity, and the absence of phase
separation. This formulation also exhibited a highly uniform
and optically homogeneous appearance, as evidenced in
Fig. 3A.

Fig. 3B represents the particle size of PEs stabilized with
10 wt% and 15 wt% CNF. The PE containing 10 wt% CNF
exhibited the average particle size of 225.7 nm, whereas the PE
with 15 wt% CNF displayed an almost similar average particle
size of 226.4 nm, which conrmed the formation of nanosized
PEs. According to Rigano and Lionetti, 2016, particle sizes
between 30 and 1000 nm are indicative of excellent emulsion
stability.58 Since the particle size of the developed PEs also falls
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Effect of CNF concentrations on PE droplet morphology
representing PE (1 wt% CNF) (i), PE (3 wt% CNF) (ii), PE (5 wt% CNF) (iii),
PE (10 wt% CNF) (iv) and PE (15 wt% CNF) (v). (B) Particle size distri-
bution of PEs prepared with 10 wt% CNF (vi) and 15 wt% CNF (vii).
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within this range, they can also be considered as highly stable.
Furthermore, the measured particle sizes can also be correlated
with the optical appearance of the PEs (Fig. 3(A)), supporting
the consistency of the ndings.

Evaluation of stabilization behaviour of PEs

To observe the stabilization behaviour of PEs formulated with
varying concentrations of CNFs, the CI of all samples was
monitored over a 20-day storage period, as summarized in Table
4. A higher CI value is indicative of lower physical stability,
whereas a lower CI suggests enhanced resistance to destabili-
zation phenomena such as coalescence, sedimentation, and
creaming.

At day 0, the CI values for PE samples containing 1, 3, 5, 10
and 15 wt% CNF were recorded as 59.55 ± 0.05%, 40.00 ±

0.07%, 11.17± 0.03%, 0%, and 0%, respectively. These ndings
demonstrate that increasing the CNF concentration signi-
cantly reduced the initial CI, indicating improved emulsion
stability. The reduction in CI with increasing CNF concentra-
tion was attributed to the ability of CNFs to alter the emulsion
phase behaviour by inhibiting droplet aggregation during static
Table 4 Creaming index of Pickering emulsions stabilized at different C

Sl no. CNF concentration wt% CI (%)

1 1 59.55 �
2 3 40.00 �
3 5 11.17 �
4 10 0.00
5 15 0.00

a Note: data are expressed as mean ± SD (n = 3), with different superscri

© 2026 The Author(s). Published by the Royal Society of Chemistry
storage, thus exerting a synergistic stabilizing effect.59

Throughout the 20-day storage period, a gradual increase in CI
was observed for the lower CNF concentration samples (1, 3 and
5 wt%), suggesting ongoing phase separation and reduced
stability over time. In contrast, samples containing 10 wt% and
15 wt% CNF maintained a consistent CI, highlighting their
superior long-term stability. These results suggest that CNFs
play an important role in both the formation and stabilization
of PEs due to their high aspect ratio. However, this was achieved
not only through their preferential adsorption at the oil–water
interface but also due to their ability to form an interconnected
three-dimensional network within the continuous phase,
thereby effectively inhibiting the droplet coalescence and
creaming.60

Visual observations, as shown in Fig. 4, further validate the
quantitative data. Emulsions with lower CNF content exhibited
the formation of a clear aqueous layer due to creaming, whereas
those with higher CNF concentrations showed minimal phase
separation. Importantly, the increased CNF content did not lead
to undesirable outcomes such as phase separation or precipi-
tation, underscoring the efficacy of CNFs as clean-label,
biocompatible stabilizers. These observations are consistent
with previous ndings by Han et al. (2022), who reported
a similar stabilization pattern in olive oil-based PEs stabilized
with both CNFs and CNCs. Collectively, this study demonstrates
that incorporating an optimal CNF concentration is a feasible
and effective strategy for enhancing the physical stability of
PEs.59

Analysis of the developed lms

The visual appearance of the developed lms is represented in
Fig. 5(A), providing a clear representation of their surface
features and overall appearance.

FTIR and XRD analysis of the developed lms

The FTIR spectra of the pectin/pullulan based lms are illus-
trated in Fig. 5(B-a). In the case of the pure PP and PP_PE lms,
the broad absorption peak within the range of 3640–3100 cm−1

corresponds to the O–H stretching vibrations of hydroxyl groups
in the pectin polymer chain. This peak was in close correlation
with the peak observed by Priyadarshi et al. in 2021.61 However
for the PP_AHE lm, the peak became wider due to the incor-
poration of AHE. This forms new hydrogen bonding with the
pectin and pullulan biopolymer matrix.30 The absorption band
observed at 2109 cm−1 did not correspond to any characteristic
NF concentrationsa

day 0 CI (%) day 2 CI (%) day 20

0.05a 64.44 � 0.01a 73.33 � 0.48a

0.07b 55.55 � 0.005b 66.66 � 0.25b

0.03c 24.66 � 0.03c 44.44 � 0.21c

0.00 0.00
0.00 0.00

pt letters indicating signicant differences (p < 0.05).
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Fig. 4 Visual appearance of CNF-stabilized PEs over storage time.

Fig. 5 (A): Visual appearance of the developed (a) PP, (b) PP_PE,
(c) PP_AHE (d) PP_PE_AHE films; and (B) FTIR (a) and XRD (b) analysis
of the developed films.
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functional groups of pectin, pullulan, or anthocyanin
compounds. This was likely attributed to an instrumental arti-
fact or noise rather than a chemically meaningful vibration. On
the other hand, the strong peak at 1643 cm−1 was attributed to
the C]O stretching bands corresponding to carboxylic and
ester functionalities, characteristic of the asymmetric stretching
of carboxylate anions. This validates the occurrence of glucur-
onic and galacturonic acid residues, which are structural
elements of the pectin backbone.62 This peak also points to
probable intermolecular interactions with phenolic compounds
in the hibiscus extract.63 The absorption band at 1015 cm−1 was
also typical for C–O–C stretching vibrations, commonly
Table 5 Analysis of physicochemical and barrier performance of the de

Films Thickness (mm) Moisture content (MC) (%

PP (control) 0.17 � 0.015a 22.78 � 0.42a

PP_PE 0.21 � 0.010a 20.55 � 0.37b

PP_AHE 0.37 � 0.010b 16.03 � 0.50c

PP_ PE_AHE 0.49 � 0.015c 15.40 � 0.28d

a Note: data are expressed as mean ± SD (n = 3), with different superscri

3178 | Sustainable Food Technol., 2026, 4, 3168–3187
originating from glycosidic linkages in polysaccharides. This
particular peak aligns with the structural composition of both
pullulan and pectin, in accordance with their ether-linked sugar
units.61 However, XRD pattern analysis has not only provided
crucial information about the interactions of PP composite
lms with the PE and AHE but also provided the microstruc-
tural order within them, as depicted in Fig. 5(B-b). All types of
lms exhibited a broad diffraction peak, which was located at
approximately 21.46° (2q), illustrating their nature as mainly
amorphous with some crystalline features. The neat PP lm
exhibited the lowest peak intensity, reecting amore disordered
molecular structure. Furthermore, it has been observed that the
AHE incorporation into the PP lm increased the amorphous
peak compared to the control XRD pattern, implying more
amorphous nature due to the presence of anthocyanins. This
was likely due to the interference of the native PP interactions,
ascribed to hydrogen bonding of anthocyanins with the
biopolymer chains.64 On the other hand, inclusion of the PE and
AHE into the matrix resulted in a progressive increase in peak
intensity, and the PP_PE_AHE lm sample comparatively
showed maximum reinforcement. This nding indicates
a synergistic interaction allowing partial alignment of the
polymer chains or structural reorganization, induced by
hydrogen bonding or improved phase compatibility between
the biopolymer matrix and added components.65 Interestingly,
no new peak has been observed upon incorporation of the PE
and AHE into the lms. However, this result corresponds well
with the previous study by Shen et al., 2021 on clove essential
oil-based PEs and anthocyanin-loaded biocomposites.65
Physicochemical, barrier, mechanical and optical properties
of the developed lms

Thickness. Thickness is considered as one of the key
parameters, as it has a signicant impact on the properties of
the lm.66 Table 5 represents the thickness of the developed PP,
PP_PE, PP_AHE and PP_ PE_AHE lms, which varied from 0.17
± 0.015 mm to 0.49 ± 0.015 mm. An increase in lm thickness
was observed with the incorporation of PE and AHE, which
might be due to the well dispersion of the additives in the free
space of the PP matrix. Moreover, the presence of functional
groups in AHE (e.g., hydroxyl and carbonyl group), in conjuga-
tion with the amphiphilic nature of PE and plasticizing nature
of glycerol, could form strong intermolecular interactions,
which further inuenced the lm thickness.57 However, in some
veloped filmsa

)
WVTR (×10−3 g
per m2 per day) WA (%) OA (%)

2.39 � 0.16c 60.71 � 0.50a 3.65 � 0.03a

2.24 � 0.12c 55.28 � 0.88b 1.39 � 0.01b

4.0 � 0.10a 30.87 � 0.56c 0.25 � 0.01c

3.61 � 0.06b 24.62 � 0.34d 0.03 � 0.005d

pt letters indicating signicant differences (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cases, a high content of anthocyanin could interfere with the
orderly arrangement of the polymer chains and disrupt the
inner structure of the lm matrix, resulting in a subsequent
increase in lm thickness. Additionally, anthocyanin could also
increase the viscosity of the lm forming solution, which results
in a thicker layer and increased the thickness of the lm. In
addition to these compositional considerations, the source of
anthocyanins, the physicochemical behaviour of the
biopolymer utilized, and post-processing storage conditions,
specically relative humidity and light exposure, all have an
impact on the thickness of anthocyanin-rich lms.66

MC, WVTR and WA capacity play a crucial role in evaluating
the physical integrity of a lm, as all these parameters are
directly related to the lm's hydrophilicity, barrier performance
and overall stability under humid conditions. As evident from
Table 5, the incorporation of the PE into the PP lm matrix
reduced the MC, WVTR and WA of the lms as compared to the
control PP lm. Specically, MC decreased from 22.78 ± 0.42%
in the control PP lm to 20.55 ± 0.37% in PP_PE; similarly, WA
dropped from 60.71 ± 0.50% to 55.28 ± 0.88%, and WVTR
reduced slightly from (2.39 ± 0.16) × 10−3 to (2.24 ± 0.12) ×
10−3 g per m2 per day. This observed decline could be due to the
hydrophobic nature of the tea tree oil and the reinforcing effect
of CNFs, which synergistically contribute to the formation of
a densely packed and rigid network within the biopolymer
matrix. The combined effect of these components likely
impedes the diffusion and penetration of water molecules by
minimizing the free volume and enhancing the tortuosity of the
diffusion path, thereby improving the lm's overall water
resistance and barrier performance.

Upon incorporation of AHE, a further decrease in MC and
WA was observed, with MC reaching 16.03 ± 0.50% and WA
decreasing signicantly to 30.87 ± 0.56%. This might be
ascribed to the presence of abundant hydroxy groups in the
anthocyanin molecules, which facilitate extensive intermolec-
ular hydrogen bonding with the hydrophilic domains of the
polysaccharide matrix. Additionally, electrostatic interactions
between the charged moieties of anthocyanin and the oppo-
sitely charged regions of the biopolymeric network further
contribute to this behaviour.66,67 Similar ndings have been
reported using various anthocyanin-rich sources, including
black plum peel,68 purple corn,46 and Lycium ruthenicumMurr.69

Interestingly, while the addition of AHE improved water
resistance in terms of MC and WA, a slight increase in WVTR
was recorded, ranging from (2.39 ± 0.16) × 10−3 g per m2 per
day in the control to (4.00 ± 0.10) × 10−3 g per m2 per day in the
PP_AHE lm. Although anthocyanins are oen reported to
reduce WVTR by forming tight molecular interactions that limit
water vapor diffusion.67,70 This anomalous increase may be
explained by microstructural imperfections such as pores,
cracks, or discontinuities introduced during lm casting. These
morphological defects can facilitate water vapor transmission,
thereby diminishing the barrier properties. Additionally, factors
such as the inherent structural complexity of the polysaccharide
substrate, the degree of plasticizer–matrix crosslinking, and
dispersion of anthocyanins and emulsion droplets play a crit-
ical role in determining nal WVTR values.67 In the composite
© 2026 The Author(s). Published by the Royal Society of Chemistry
lm (PP_PE_AHE), MC and WA were further reduced to 15.40 ±

0.28% and 24.62 ± 0.34%, respectively, conrming the syner-
gistic effect of both PE and AHE in enhancing water resistance.
Nonetheless, the WVTR remained moderately high at (3.61 ±

0.06) × 10−3 g per m2 per day, which may again be linked to
structural heterogeneity and phase separation within the lm
matrix.

As shown in Table 5, it was observed that the addition of the
PE and AHE reduced the lms' ability to absorb oil. Notably, the
control lm formulated with the PP lm exhibited the highest
oil absorption. However, with the addition of the PE, the oil
absorption value was reduced to 1.39 ± 0.01%, which was
further decreased to 0.25 ± 0.01% with the incorporation of
AHE. Interestingly, the synergistic integration of both the PE
and AHE yielded the most effective barrier, with an oil absorp-
tion value minimized to 0.03 ± 0.005%. This substantial
decrease could be attributed to the hydrophobic nature of the
tea tree oil and the presence of CNFs, which collectively
contribute to a dense and less porous lm structure that limits
oil permeation.

Mechanical behaviour of the developed lms

The mechanical properties of lms intended for food applica-
tions were primarily evaluated through some key parameters
such as tensile strength (TS), elongation at break (EAB), and
young's modulus (YM). TS reects the material's ability to resist
deformation under stress, while EAB and YM represent the
exibility and stiffness of a lm, respectively. Here, the control
lm (PP) exhibited a tensile strength of 9.79± 0.50 MPa, an EAB
of 65.80 ± 2.1% and a YM of 14.02 ± 0.59 MPa, as presented in
Table 6. Incorporation of the PE signicantly enhanced the TS
and YM to 11.54± 0.45 MPa and 23.42± 0.50 MPa, respectively,
while EAB was reduced to 49.27 ± 1.8%. This could be due to
the rigid and dense network of CNFs, which forms strong
intermolecular hydrogen bonding with the hydroxy group of the
PP matrix. In contrast to that, lms reinforced with AHE
(PP_AHE) showed a substantial increase in EAB (74.40 ± 1.9%),
but a remarkable decrease in TS (4.48± 0.41 MPa) and YM (8.06
± 0.29 MPa), suggesting enhanced exibility but reduced
structural integrity. The increased exibility was likely attrib-
uted to the presence of phenolic compounds within the AHE,
which might act as natural plasticizers and thereby facilitating
greater EAB.57 Furthermore, the combined reinforcement
(PP_PE_AHE) resulted in a balanced mechanical prole, with
a TS of 8.43 ± 0.48 MPa, an EAB of 69.50 ± 3.14% and a YM of
19.86 ± 0.59 MPa, indicating a synergistic interaction between
the PE and AHE that improved the elasticity and stiffness while
maintaining moderate tensile strength.

Color properties and transparency of lms

The visual appearance of packaging lms, particularly their
color, plays a critical role in impacting the acceptability of
products by consumers, as it not only reects the aesthetic
quality of the lm but also signals the detection of freshness
and safety of the packaged food. Notably, in anthocyanin rich
lms, the resulting coloration is highly dependent on the
Sustainable Food Technol., 2026, 4, 3168–3187 | 3179
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Table 6 Mechanical behaviour of the developed filmsa

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

PP (control) 9.79 � 0.50b 65.80 � 2.1b 14.02 � 0.59c

PP_PE 11.54 � 0.45a 49.27 � 1.8c 23.42 � 0.50a

PP_AHE 4.48 � 0.41d 74.40 � 1.9a 8.06 � 0.29d

PP_PE_AHE 8.43 � 0.48b 69.50 � 3.14c 19.86 � 0.59b

a Note: data are expressed as mean ± SD (n = 3), with different superscript letters indicating signicant differences (p < 0.05).
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botanical sources of the anthocyanins, giving their diverse
molecular structures and pigment proles. Concurrently, the
ability of such lms to act as effective barriers against UV-visible
light is of importance, as exposure to these wavelengths can
accelerate oxidative degradation and compromise the physico-
chemical stability of food products.66 Table 7 represents the
colorimetric parameters (L*, a*, and b*), total DE, and trans-
mittance at 280 nm (T280) and 660 nm (T660), of the developed
PP, PP_PE, PP_AHE and PP_ PE_AHE lms. The control PP lm
exhibited the highest lightness (87.55 ± 0.10), minimal redness
(0.04 ± 0.005) and a moderate yellowness value (4.57 ± 0.02),
with DE set as the reference line, reecting a transparent and
colorless appearance. Incorporation of the PE to the lm
marginally increased the L* (87.89 ± 0.22) and b* (5.30 ± 0.02),
while maintaining a low a* value, resulting in a negligible DE
(0.80 ± 0.02) and suggesting a minimal visual deviation from
the control. In contrast, lms containing AHE (PP_AHE and PP_
PE_AHE) demonstrated a drastic decline in lightness (L*∼29),
a signicant increase in redness (a* > 6.0) and a shi towards
the greenish blue spectrum (b* < 0), with DE values exceeding
58, indicative of a pronounced color change likely due to the
pigments of AHE.46

Furthermore, the UV transmittance at 280 nm was sharply
declined in AHE containing lms (14.17 ± 1.01% for PP_AHE
and 15.87 ± 0.39% for PP_PE_AHE), compared to the control
(75.4 ± 0.35%), suggesting the enhanced UV-blocking capabil-
ities. This might be due to the presence of multiple aromatic
rings in the anthocyanin structure, which possess a conjugated
p-electron system.46

Comparable trends have been consistently reported in the
literature, wherein the incorporation of anthocyanin-rich
extracts enhanced the UV-visible light barrier properties of the
biopolymer-based lms. Notably, anthocyanin-rich extracts,
such as those obtained from purple corn,46 black plum extract68

and Lycium ruthenicum Murr,69 have also been reported to
exhibit signicant UV-blocking properties. Furthermore,
Table 7 Colorimetric and transparency attributes of the developed film

Films L* a* b*

PP (control) 87.55 � 0.10a 0.04 � 0.005b 4.57 �
PP_PE 87.89 � 0.22a 0.06 � 0.01b 5.30 �
PP_AHE 29.24 � 0.41b 6.01 � 0.38a −0.26 �
PP_ PE_AHE 28.99 � 0.68b 6.71 � 0.11a −0.21 �
a Note: data are expressed as mean ± SD (n = 3), with different superscri

3180 | Sustainable Food Technol., 2026, 4, 3168–3187
a slight decrease in the visible transmittance at 660 nm was also
observed with the incorporation of AHE, from 91.8 ± 0.81% in
the control to 82.73 ± 1.03% in PP_PE_AHE, indicating poten-
tial applications in light-sensitive food packaging.

Antioxidant activity of the developed lms

The antioxidant activity of the developed PP, PP_PE, PP_AHE
and PP_ PE_AHE lms was quantitatively assessed using DPPH
radical scavenging assay. Among the formulations, the PP_PE
lm exhibited a moderate increase in DPPH scavenging activity
of 24.26 ± 0.33% as compared to the control PP lm (20.51 ±

0.34%). This enhancement was due to the presence of key
antioxidant terpenes in tea tree oil, including terpinene-4-ol, a-
terpinene, a-terpinolene, and g-terpinene.71 Furthermore,
a pronounced enhancement in DPPH radical scavenging
activity was observed upon the incorporation of AHE in the PP
lm matrix, which was substantially enhanced to 40.64 ±

0.32%. This pronounced improvement in antioxidant activity
may be attributed to the presence of a diverse range of phyto-
chemicals, including avonoids such as quercetin, kaempferol,
and myricetin;72 anthocyanins such as cyanidin-3-glucoside and
delphinidin derivatives;73 as well as phenolic acids including
chlorogenic acid, gallic acid, caffeic acid, and protocatechuic.74

Notably, the PP_PE_AHE lm exhibited the optimum radical
scavenging activity at 43.52 ± 0.23%, underscoring a synergistic
interaction between the bioactive constituents of both the PE
and AHE, thereby imparting superior antioxidative functionality
to the lm matrix.

Colorimetric response of indicator lms to volatile NH3

Table 8 represents the colorimetric parameters (L*, a*, and b*)
and total DE of different lm formulations exposed to ammonia
vapor, aiming to assess their potential for intelligent packaging
applications through visual color change. Among the four lm
types tested, only the PP_AHE and PP_PE_AHE formulations
showed a distinct color difference when exposed to ammonia
sa

DE T280 (%) T660 (%)

0.02c 0 75.4 � 0.35a 91.8 � 0.81a

0.02a 0.80 � 0.02b 71.51 � 0.26b 90.76 � 0.31a

0.06d 58.82 � 0.23b 14.17 � 1.01d 87.70 � 1.27b

0.05b 59.14 � 0.32b 15.87 � 0.39c 82.73 � 1.03c

pt letters indicating signicant differences (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Colorimetric response of films to ammonia vapora

Films L* a* b* DE

PP 87.55 � 0.35a 0.06 � 0.005b 4.57 � 0.02c 0.00
PP_PE 87.89 � 0.29b 0.05 � 0.04b 5.30 � 0.02a 0.81 � 0.01c

PP_AHE 29.08 � 0.39c 0.99 � 0.74a 1.92 � 0.06d 58.49 � 0.07a

PP_ PE_AHE 33.78 � 0.33b 0.59 � 0.54a 4.83 � 0.05b 53.79 � 0.24b

a Note: data are expressed as mean ± SD (n = 3).

Fig. 6 (a) pH-responsive color transitions and (b) color difference of
anthocyanin-based indicator films (pH 2–12).
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vapor. Consequently, these two lms were further analyzed for
their DE values to assess their sensitivity towards volatile alka-
line compounds. A higher DE value signies higher response to
ammonia vapor. In this study, PP showed no perceptible color
change (DE = 0.00), whereas the PP_PE lm exhibited
a minimal color difference of 0.81 ± 0.01. Remarkably, the
PP_AHE and PP_PE_AHE lms showed drastic color shis (DE
= 58.49 ± 0.07 and 53.79 ± 0.24, respectively), conrming their
robust sensitivity to ammonia vapor.

This pronounced DE values were attributed to the physico-
chemical alterations occurring within the indicator lm matrix
upon exposure to ammonia vapor. When ammonia molecules
interact with the water molecules, they undergo hydrolysis and
generate hydroxide ions, subsequently increasing the pH value
of the surrounding lm matrix. This shi towards alkaline
conditions caused structural rearrangements in anthocyanin
molecules and thereby altering their absorption characteristics
in the UV-visible region and resulting in distinct colorimetric
changes. Since volatile basic compounds are commonly emitted
during the microbial spoilage of proteinaceous food products,
these anthocyanin-functionalized lms hold considerable
promise as real time spoilage indicators for developing next
generation intelligent packaging systems.75
Color stability of indicator lms at different pH

Color stability is a critical parameter for the functional perfor-
mance of pH-responsive indicator lms, particularly for appli-
cations in real-time freshness monitoring. In this study, the
color stability of the developed anthocyanin-based lms
(PP_AHE and PP_PE_AHE) was assessed through both visual
inspection and instrumental colorimetric analysis (DE values)
over a 5-day storage period.

As depicted in Fig. 6(a), the lms displayed progressive
chromatic shis across the pH spectrum (2–12) on day 0,
transitioning from red under acidic conditions to greenish-
yellow in alkaline environments, while exhibiting minimal
perceptible change at neutral pH. This trend was quantitatively
supported by the data presented in Fig. 6(b). The anthocyanin-
containing lms demonstrated signicantly elevated DE values
under extreme pH conditions, in contrast to the PP_PE control
lm, which remained chromatically inert across all pH levels.
Notably, the DE values for both PP_AHE and PP_PE_AHE lms
remained within the range of 20–25 up to day 5, indicating
robust color retention and pH responsiveness. This sustained
chromatic stability was due to homogeneous embedding of the
anthocyanins within the polymeric network, reducing their
© 2026 The Author(s). Published by the Royal Society of Chemistry
exposure to outer degradative conditions and mitigate their
denaturation. The structural integrity and physicochemical
properties of the lm network further helped in maintaining an
internally stable microenvironment and consequently shielded
the anthocyanin against oxidative and environmental stresses.76
Application on chicken meat

The fabricated freshness indicator lms (PP_AHE and
PP_PE_AHE) were utilized to observe the freshness of slightly
boiled chicken meat during the storage period. In this regard,
the visual appearance of chicken pieces during refrigerated
storage is illustrated in Fig. 7.

Weight loss serves as a key indicator of the physicochemical
stability and quality of perishable foods during storage. In the
current research, chicken meat sample stored using
biopolymer-based indicator lms—PP_AHE and PP_PE_AHE—
exhibited varying weight loss patterns. As indicated in Fig. 8(a),
low weight loss (4.38 ± 0.08 to 5.44 ± 0.09%) was recorded on
day 2, showing maximum initial moisture protection. But there
was a progressive rise of weight loss from day 4 to day 10, in
accordance with the expected preservation dynamics. Speci-
cally, by day 10, the weight loss was found to have increased
(∼8.5 ± 0.09% to ∼10 ± 0.24%) due to the evaporation of
Sustainable Food Technol., 2026, 4, 3168–3187 | 3181
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Fig. 7 Visual appearance of the chicken meat over the storage period.
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moisture, drip loss associated with protein denaturation and
suppressed oxidative lipid decomposition associated with
protein.77 The pH of muscle-based food products, such as
chicken meat, serves as a critical biochemical marker during
storage, as it directly correlates with microbial spoilage and
protein degradation processes. For this study, the initial pH of
freshly cooked chicken esh varied from 5.63 ± 0.02 to 5.67 ±

0.02, indicating a normal postmortem condition. However, as
Fig. 8 (a) Weight loss and (b) pH of the chicken meat over the storage
period. Color response of chickenmeat stored with (c) PP_AHE and (d)
PP_PE_AHE-based indicator films and color response of (e) PP_AHE
and (f) PP_PE_AHE-based indicator films over the storage time.

3182 | Sustainable Food Technol., 2026, 4, 3168–3187
storage progressed, a gradual but consistent rise in pH values
was observed, indicating ongoing biochemical and microbial
alterations. By day 2, the pH was slightly increased (6.14 ± 0.02
to 6.16 ± 0.03), as a result of microbial growth and enzymatic
hydrolysis of proteins, which release basic nitrogen-containing
compounds such as ammonia and amines.78 This increasing
trend was persisted up to day 10, as illustrated in Fig. 8(b),
reaching a peak range of 6.79 ± 0.06 to 7.05 ± 0.03, reecting
massive protein breakdown and depletion of endogenous
glucose, which promoted the formation of volatile basic
nitrogen.

Fig. 8(c) and (d) represent the colorimetric parameters (L*,
a*, and b*) of chicken meat stored with PP_AHE and
PP_PE_AHE-based indicator lms, respectively, over 10 days.
Initially, both samples showed similar lightness (L*), redness
(a*), and yellowness (b*) values. Over time, L* values generally
declined, indicating darkening, with a more pronounced
decrease in the PP_PE_AHE group. The a* values (red-green)
dropped signicantly, especially in PP_AHE by day 6, suggest-
ing a loss of redness, while PP_PE_AHE showed slightly better
color retention. The b* values (yellow-blue) uctuated, with
PP_PE_AHE peaking on day 4 before a sharp drop by day 6.

However, Fig. 8(e) and (f) show the colorimetric (L*, a*, and b*)
changes in PP_AHE and PP_PE_AHE-based indicator lms during
chickenmeat storage over 10 days. Both lms exhibited noticeable
changes in all three-color parameters, indicating quality deterio-
ration over time. For PP_AHE, L* remained relatively stable
initially but dropped on day 6, then increased on day 10, while
a* and b* values steadily decreased, even turning negative, indi-
cating loss of redness and a yellow–blue shi. Conversely, the
PP_PE_AHE lm exhibited a greater decrease in a* value and an
increase in b* value between day 4 and 6. While an increase in L*
value was observed by day 10, indicating a more distinct color
change. These transitions guarantee that both lms respond to
freshness of meat, with PP_PE_AHE providingmore differentiated
color variation over time.
Microbial spoilage

Microbial spoilage is a major concern related to chicken meat
due to its high perishability under normal as well as refrigerated
conditions. In this study, Fig. 9(a and b) represents the changes
in total mesophilic and psychrophilic count of the chickenmeat
throughout the storage period.

On day 0, the mesophilic bacterial count of the chicken meat
ranged from 4.09 to 5.04 log 10 (CFUmL−1), while psychrophilic
count was in the range of 4.015 to 4.04 log 10 (CFU mL−1).
However, a gradual increase in both mesophilic and psychro-
philic counts were observed during storage from day 2 to day 10,
with the highest count recorded on day 10. By day 10, the
mesophilic bacterial count was increased to 9.97–10.47 log 10
(CFU per mL). Similarly, the psychrophilic bacterial count
reached 9.27–9.47 log 10 (CFU per mL). Overall, the increase in
microbial load correlated well with the visual response of the
freshness indicator lm, conrming its effectiveness in accu-
rately signalling spoilage of chicken meat during storage.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Mesophilic and (b) psychrophilic bacterial counts of the
chicken meat over the storage period with PP_AHE and PP_PE_AHE-
based indicator films.
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Conclusion

This study highlighted the successful development of a multi-
functional freshness indicator lm based on a pectin/pullulan
biopolymer matrix, anthocyanin-rich hibiscus extract, and tea
tree oil-stabilized PE for real-time visual monitoring of
chicken meat spoilage. A 15 wt% CNF formulation was
discovered to provide the best emulsion system stabilizing
performance, with the smallest uniform droplet size distri-
bution. Furthermore, synergistic application of anthocyanins
and tea tree oil considerably improved the antioxidant activity
of the indicator lms due to the intricate phytochemical
nature of bioactive compounds. At the same time, incorpo-
ration of PE and anthocyanin molecules provided tremendous
improvements to the lms' barrier properties with implica-
tions towards shelf-life enhancement and lesser oxidative
degradation of food items. Functionally, the resulting indi-
cator lms exhibited a signicant and time-dependent
colorimetric response in accordance with the consequent
deterioration of chicken meat quality. This enables end-users
to visually ascertain freshness, onset of decomposition, and
stage of spoilage without the need for advanced instrumental
analysis. In general, the ndings highlighted the importance
of a formulation specic strategy that considers the intrinsic
properties of the biopolymer matrix and physicochemical
interactions of bioactive substances. This approach makes it
possible to tailor lm performance to suit various applica-
tions. Additionally, the integration of advanced character-
ization techniques and smart material design approaches
plays a crucial role in the development of next-generation
packaging materials. In summary, the results of this
research offer a strong foundation to develop high-
performance indicator lms, with good potential for both
scientic studies and large-scale commercial adoption within
the food sector.
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