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Smart indicator films provide an eco-friendly approach for real-time monitoring of food freshness through
easily interpretable visual color changes. In this work, a fully biodegradable pH-responsive film was
fabricated from sodium alginate and silk sericin (SS), with anthocyanins extracted from discarded
mangosteen peel (ASA) serving as the natural chromatic indicator. Structural analyses verified the
formation of a stable Alg—SS network that enhanced swelling resistance, lowered solubility, and
improved moisture-barrier properties. Among all formulations, the film containing 7% anthocyanin (ASA7)
exhibited the most favorable balance of functional attributes, including a strong and stable colorimetric
response, adequate mechanical strength, and moderate hydrophilicity. The ASA7 film also demonstrated
pronounced antioxidant activity, with scavenging efficiencies of 37.10 4+ 1.71% (DPPH) and 90.37 + 1.30%
(H,0O,). Distinct, reversible color transitions from pink-red to blue occurred as pH increased, enabling

reliable visual sensing. When applied to pork and shrimp packaging, the film's color evolution showed
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Accepted 7th January 2026 strong correlation with total volatile basic nitrogen (TVB-N), accurately signaling the spoilage threshold

(25 mg N/100 g). Overall, the ASA film presents a promising waste-derived indicator system for
DOI: 10.1035/d5fb00753d intelligent food packaging, offering real-time freshness assessment while supporting sustainability and

rsc.li/susfoodtech circular-economy goals.

Sustainability spotlight

This work stems from our ongoing research on sustainable polysaccharide-based biomaterials and their applications in intelligent food packaging and
freshness biosensing. We developed a novel biodegradable, pH-responsive smart film composed of sodium alginate, silk sericin and anthocyanins extracted
from waste mangosteen peel, a valorized agro-industrial by-product. The integration of these waste-derived materials generated a compact and functional
biopolymer matrix with enhanced barrier performance, antioxidant capacity, and colorimetric response. The optimized ASA film exhibited distinct and
reversible color transitions correlated with total volatile basic nitrogen (TVB-N) accumulation during shrimp and pork spoilage, enabling real-time, non-
destructive freshness monitoring.

1 Introduction

Driven by increasing environmental awareness and stringent

food safety regulations, smart biodegradable films have emerged
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Among natural functional colorants, anthocyanins are
particularly attractive for intelligent packaging applications due
to their water solubility, antioxidant and antimicrobial activi-
ties, and pronounced pH-dependent color transitions, which
allow them to act as reliable freshness indicators.>* Recent
research trends have moved toward nano-encapsulation and
multi-component integration to optimize pigment stability and
sensing performance. For instance, Shiryanpour et al. (2025)
reported nanoemulsion-based active films incorporating
anthocyanin-loaded systems for poultry preservation, demon-
strating extended shelf-life and enhanced pigment stability.
Similarly, Choubaki et al. (2025) developed a nanoencapsulated
anthocyanin composite film capable of detecting fish spoilage
through clear chromatic transitions,® while Xu Chen et al. (2025)
highlighted an improved stable and multifunctional intelligent
film based on grape skin anthocyanin, polyvinyl alcohol, chi-
tosan and selenopeptide.” These emerging approaches reflect
the shift towards hybrid active-intelligent systems, where
pigments simultaneously function as preservatives and
indicators.

Waste mangosteen (Garcinia mangostana) peel, an abundant
agro-industrial by-product accounting for approximately 60-
65% of the total fruit weight, represents an underexploited
source rich in anthocyanins (14-20%).® Valorizing this di-
scarded biomass not only contributes to circular economy goals
but also provides a low-cost and eco-friendly route for
producing pH-responsive colorimetric indicators.

Sericin (SS), a natural protein derived from Bombyx mori silk
cocoons, constitutes approximately 20-30% of the total cocoon
protein and acts as an adhesive coating that binds fibroin fibers
together.” During the degumming step of silk processing, SS is
commonly removed and discarded in the wastewater stream,
generating a large amount of protein-rich effluent that
contributes to environmental pollution in silk-producing
regions such as Vietnam. The valorization of this industrial
by-product therefore represents an eco-friendly strategy that
supports waste minimization and circular bioeconomy objec-
tives.'®" Chemically, SS is rich in polar amino acids such as
serine, aspartic acid, and glycine, which provide abundant
hydroxyl (-OH), carboxyl (-COOH), and amino (-NH,) groups
capable of forming hydrogen bonds and electrostatic interac-
tions with polysaccharides.'® These functional groups facilitate
the formation of stable interpolymeric networks when
combined with natural polysaccharides such as alginate, chi-
tosan, or pectin, resulting in enhanced mechanical strength,
flexibility, and moisture resistance.'>'* Moreover, SS is biode-
gradable and biocompatible, as it can be enzymatically
degraded by proteases, and inherently possesses antioxidant,
antibacterial, UV-protective, and moisture-retaining properties,
which make it an attractive functional component for active and
intelligent food-packaging systems.'®** Recent developments
have demonstrated that SS-based or SS-reinforced biopolymer
films can effectively improve film transparency, structural
integrity, and bioactivity while maintaining full biodegrad-
ability." Consequently, the incorporation of SS, a waste-derived
silk protein with natural biofunctionality, into polysaccharide
matrices provides a sustainable and high-value approach for
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designing eco-friendly smart films capable of freshness moni-
toring and active food preservation.

Sodium alginate (Alg) is a natural anionic polysaccharide
extracted primarily from brown seaweeds such as Laminaria and
Macrocystis, and is widely recognized for its excellent film-
forming ability, biodegradability, non-toxicity, and biocompat-
ibility.*>*¢ Structurally, alginate consists of linear copolymers of
B-p-mannuronic acid (M) and o--guluronic acid (G) residues,
which allow the formation of ionic crosslinks with divalent
cations (e.g., Ca®*"), generating three-dimensional “egg-box”
networks with enhanced flexibility, mechanical strength, and
stability in biopolymer matrices.”” When combined with
proteins such as SS, alginate promotes strong interpolymeric
hydrogen bonding and electrostatic interactions, improving
matrix integrity and elasticity, which makes it a highly
compatible support for pH-responsive indicators like anthocy-
anins. Such hybrid systems are particularly advantageous in
smart films designed for monitoring the freshness of protein-
based foods such as seafood and meat, where the total vola-
tile basic nitrogen (TVB-N) compounds, mainly ammonia, di-
methylamine, and trimethylamine, accumulate during spoilage
and induce measurable pH shifts."®" These pH variations lead
to distinct color changes in anthocyanin-incorporated smart
films, enabling consumers and retailers to visually assess
product freshness without the need for destructive testing. Due
to these combined functional, optical, and sensing properties,
alginate-based smart films have attracted increasing attention
in recent years. Current research trends emphasize bio-based
intelligent films integrating alginate with other natural poly-
saccharides, such as chitosan, gelatin, and pectin, and plant-
derived colorants (anthocyanins) for freshness monitoring of
highly perishable foods including shrimp, meat, and fish.?**

To the best of our knowledge, this study is the first to
incorporate anthocyanins extracted from discarded mango-
steen peel into a dual-component Alg/SS matrix, creating
a multifunctional biodegradable film that simultaneously
exhibits active biofunctionality and intelligent colorimetric
sensing. The synergistic integration of SS with alginate
strengthens the polymer network, enhances structural stability,
and improves barrier performance, while the pigment-rich
mangosteen peel extract provides both antioxidant activity
and a highly sensitive pH-responsive chromatic shift. Unlike
most existing indicator systems that are restricted to a single
food type, the developed film demonstrates reliable freshness
sensing for both shrimp and red meat, two matrices charac-
terized by distinct spoilage mechanisms, highlighting its broad-
spectrum applicability and practical relevance. This work
therefore encompasses the valorization of mangosteen peel
waste through pigment extraction and characterization, the
fabrication and optimization of ASA composite films, compre-
hensive assessment of their physicochemical, mechanical,
barrier, and optical properties, and validation of their pH-
dependent color transitions for real-time monitoring of sea-
food and red-meat freshness.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods

2.1. Materials

Silk cocoons of B. mori were sourced from Bao Loc, Vietnam.
Mangosteen peels were obtained from Tan Phat Ho Chi Minh
Co., Vietnam, and dried to a moisture content of less than 10%.
Triton X-100 and DPPH (99.55%) were supplied by Sigma-
Aldrich. Sodium alginate was supplied by Himedia, India.
Hydrochloric acid (37.0%), sodium hydroxide (98.0%), sodium
chloride (99.0%), potassium chloride (98.0%), anhydrous
sodium carbonate (98.0%), potassium dihydrogen orthophos-
phate, anhydrous disodium hydrogen orthophosphate (98.0%),
glacial acetic acid (99.5%), and ethanol (99.0%) were obtained
from Fisher. Meat and shrimp samples were purchased from
a local supermarket in District 12, Ho Chi Minh City, Vietnam,
between January and May, 2025.

2.2. Sericin extraction

Silk sericin (SS) was extracted from B. mori cocoons according to
the method reported in ref. 25 with slight modifications. Briefly,
50 g of silk cocoons were cut into small fragments and
immersed in deionized water (1:10 w/v). The suspension was
autoclaved at 125 °C for 120 min to hydrothermally separate SS
from fibroin fibers. After cooling, the mixture was filtered to
remove the insoluble fibroin, and the obtained SS solution was
freeze-dried to yield a fine, light-yellow powder. The dried SS
powder was stored in amber bottles at 8 °C until further use.
The extraction process provided a yield of 19.17 £ 0.02%, with
a protein content of 79-82%, consistent with previous reports
for hydrothermally derived sericin.

2.3. Anthocyanin extraction

Anthocyanins (ACs) were extracted from waste mangosteen (G.
mangostana) peels following a previously reported procedure with
slight modifications.® Fresh peels were thoroughly washed, oven-
dried, and ground into a fine powder. The extraction was carried
out using a 2% (w/v) citric acid solution as the solvent, at a solid-
to-liquid ratio of 1:5 (w/v). The mixture was subjected to
ultrasound-assisted extraction in an ultrasonic bath for 45 min to
facilitate pigment release. After sonication, the suspension was
filtered through fine filter cloth to remove coarse residues, fol-
lowed by centrifugation to collect the supernatant. The obtained
extract was subsequently freeze-dried to yield powdered AC. The
dried AC powder was stored in sealed, light-resistant containers
at 5-10 °C to minimize degradation and moisture uptake. The
yield of crude anthocyanin extracted powder was determined by
the gravimetric method, using the following eqn (1)

Anthocyanin extraction yield (%)

weight of dried anthocyanin powder
= - - 100 (1
weight of dried sample % (1)

The total anthocyanin content was quantified following the
general principles reported by Hiranrangsee et al. (2016),® with
appropriate modifications to suit the current study. Briefly, 0.01 g
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of crude anthocyanin extracted powder was dispersed in a 10 mL
volumetric flask and made up to volume using 0.025 M potas-
sium chloride buffer (pH 1.0). A second aliquot was prepared
similarly using 0.4 M sodium acetate buffer (pH 4.5). Both solu-
tions were left to equilibrate for 30 minutes at ambient temper-
ature, after which absorbance was recorded at 510 and 700 nm.
Anthocyanin concentration was calculated using eqn (2)

A X My x Dg x 107
ex I xm

Total anthocyanin content(mg g™') =

(2)

where the absorbance difference (4) was calculated as:

A = (As1o — A700)pr1.0 — (Asi0 — A700)pH4.5

My represents the molecular weight of cyanidin-3-glucoside
(449.2 g mol ™), Dy is the dilution factor, ¢ is the molar extinc-
tion coefficient (26 900 L mol~ " em ™), [ is the path length of the
cuvette (1 cm), and m is the crude anthocyanin extracted powder
(0.01 g).

The peel extract exhibited an anthocyanin yield of 17.8 +
0.3% w/w (based on dried peel), with a quantified concentration
of 173.9 + 1.4 mg per g cyanidin-3-glucoside equivalents per
anthocyanin extract powder.

2.4. Fabrication of alginate/sericin/anthocyanin (ASA)
composite films

The alginate/sericin/anthocyanin (ASA) composite films were
prepared following the procedure described by Nguyen et al.,>
with minor modifications. In brief, a 2% (w/v) sodium alginate
solution was mixed with a 1% (w/v) SS solution and stirred
continuously at 70 °C for 2 h to ensure complete homogeniza-
tion of the biopolymer matrix. Glycerol was incorporated as
a plasticizer at a constant level of 30% (w/w) relative to the total
polymer content to improve the flexibility and reduce brittle-
ness of the films. Subsequently, anthocyanin extract obtained
from mangosteen peels was added to the film-forming solution
at concentrations of 0, 5, 7, 10, and 12% (v/v) to evaluate its
effect on the colorimetric sensitivity and antioxidant properties
of the resulting films. The homogeneous mixtures were cast
into Petri dishes and dried at 50 °C for 24 h in a hot-air oven.
The dried films were carefully peeled off and conditioned in
a desiccator for 24 h at room temperature prior to physico-
chemical characterization and functional analysis. The opti-
mized film was prepared using 2% (w/v) alginate, 1% (w/v)
sericin, and 7% (v/v) anthocyanin, based on preliminary
screening experiments aimed at achieving good film integrity,
mechanical strength, and a stable color change response.

2.5. Physicochemical characterization

2.5.1. Swelling ratio and water solubility. The swelling ratio
of the film was determined following a previously reported
method with minor modifications.?” Film samples were cut into
square pieces (20.0 mm x 20.0 mm) and their initial mass was
recorded. The samples were then exposed to ambient condi-
tions to allow natural swelling. After reaching equilibrium, the
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swollen films were weighed, and the swelling ratio was calcu-
lated using eqn (3):
m

T =0 100% (3)

Swelling ratio(%) = p
0

where m, (g) represents the initial mass of the film before
swelling and m, (g) is the mass after swelling.

The water solubility of the film was evaluated based on
a previously established method with slight modifications.””
Briefly, Alg/SS-based films with varying anthocyanin concen-
trations were dried in an oven at 105 °C for 24 hours. The dried
films were then cut into pieces (3-5 cm) and weighed to deter-
mine their initial dry mass. Each sample was immersed in
30 mL of distilled water and incubated at room temperature for
24 hours. After incubation, the films were removed, re-dried at
105 °C for another 24 hours, and weighed again. The water
solubility was then calculated using eqn (4):

Mo = 2 o 100% (4)

Water solubility (%) = Mo p-
0

where m, (g) is the initial dry mass of the film and m, (g)
represents the final mass of the film after the drying process.
2.5.2. Water vapor permeability. The water vapor perme-
ability (WVP) of the film was determined following a previously
reported method with modifications,*® with reference to ASTM
E96. This experiment aimed to evaluate the ability of the ASA
film to inhibit water vapor transmission. In brief, a test tube
containing 10 g of dry silica gel was sealed with the film and
placed in a desiccator filled with distilled water. The tube was
maintained at a constant temperature of 32 °C. The weight of
the test tube was recorded every 24 hours until a constant value
was reached. The WVP of each film was calculated using eqn (5):

o - WX X

WVP(gmls'Pa):m (5)
where w is the weight loss of the test tube (g) over time ¢ (s), x is
the thickness of the tested film (m), A is the exposed surface
area of the film (m?), and (P, — P;) represents the water vapor
pressure difference across the film (Pa).

2.5.3. The light-blocking properties. The light-blocking
properties of the film were assessed using a UV-vis spectro-
photometer, following the previous method.>**° The rectangular
film samples (2 x 3 cm) were analyzed with an infrared
absorption spectrophotometer (UV-vis/NIR), model V-770 (Jas-
cos, Japan). Spectral scans were performed over the wavelength
range of 200 to 800 nm. Film opacity was subsequently deter-
mined using the following formula (6):

. Abs 600
Opacity = ST (6)

where Abs 600 is the absorbance of the film at a wavelength of
600 nm, and x: corresponds to the film thickness. The UV-
barrier efficiency of the films was determined based on light
transmittance (%).

2.5.4. Mechanical properties. The mechanical properties of
the films were determined following a previously reported
method?" with reference to ASTM D882-18 for thin plastic films.
Tensile strength (TS) and elongation at break (EB) of the ASA
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film were measured at 25 °C using a Multitest 5-xt apparatus
(Mecmesin, UK). Film strips (30 mm x 80 mm) were prepared
for testing. A crosshead speed of 100 mm min~" was main-
tained during the measurements. TS (MPa) and EB (%) were
calculated using eqn (7) and (8), respectively.

Fmax

TS(MPa) = 7)

EB(%) = L x 100 (8)
30
where F,.x is the maximum applied load (N) at film rupture, 4 is
the cross-sectional area of the film (mm?), and L is the elonga-
tion at rupture (mm).

2.5.5. Color measurement of films. Color analysis of the
films with varying anthocyanin concentrations (ASAO, ASA5,
ASA7,ASA10, and ASA12) was carried out to evaluate the effect of
anthocyanin incorporation on the visual properties of the films.
Each film sample was cut into 2 x 2 cm squares, and color
parameters were determined using a colorimeter (CS-10 Colour
Reader, CHN SPEC, China) based on the CIELAB color system.
In this system, the lightness parameter (L*) ranges from
0 (black) to 100 (white), representing brightness; the
a* coordinate indicates the green (—a*) to red (+a*) color axis,
while the b* coordinate represents the blue (—b*) to yellow (+b*)
color axis. Variations in L*, a*, and b* values reflect differences
in anthocyanin concentration and distribution within the film
matrix.*?

2.5.6. Physicochemical measurements. The surface hydro-
phobicity of each film was determined using a MicroView USB
Digital Microscope, equipped with Analysis Software (220 x 2.0
MP) for image processing. A drop of distilled water was carefully
placed on the film surface, and the contact angle (6) at the
liquid-solid interface was measured. The measurements were
carried out in triplicate.

To determine the presented functional groups, the films and
their components were analyzed using a Bruker FTIR spectro-
photometer (Japan) over a scanning range of 400-4000 cm ™'
The solid samples were measured in the presence of KBr.

Thermogravimetric analysis (TGA) was conducted using
a Thermo plus TG 8120 and Differential Scanning Calorimetry
(DSC) analysis of the film samples was conducted using a TA
Instruments Discovery DSC 25 system (Waters L.L.C., USA).
Thermal measurements were carried out over a temperature
range of 40 to 400 °C. The heating rate was maintained at 10 °C
per minute, while the nitrogen purge gas was supplied at
a constant flow rate of 25 mL per minute.

2.6. Antioxidant activity

Antioxidant activity was expressed as percentage radical inhi-
bition, as the objective of this analysis was to compare internal
differences among film formulations.

2.6.1. DPPH method. The antioxidant activity of the films
was assessed using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radical assay, which measured the reduction of the stable
DPPH radical exhibiting a characteristic absorption at 517 nm.*
In brief, rectangular film specimens (1.0 cm?) were immersed in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5.0 mL of an ethanolic 0.05 mM DPPH solution. The mixtures
were gently stirred at room temperature for 30 min in the dark
to avoid photodegradation of the radicals. After incubation, the
absorbance at 517 nm was recorded using a UV-vis spectro-
photometer, and the radical-scavenging activity was calculated
relative to a negative control (ethanol solution without a film)
processed under identical conditions. The radical scavenging
activity (RSA) was calculated using eqn (9):

Ay — A
— X

RSA(%) = 2
0

100 9)
where A, is the absorbance of the control and A, is the absor-
bance of the sample.

2.6.2. Hydrogen peroxide scavenging assay. The hydrogen
peroxide scavenging (HPS) activity of the films was determined
according to the procedure described by Mukhopadhyay et al.
(2016),** with slight modifications. Briefly, 0.25 mL of ferrous
ammonium sulfate (1.0 mM) was mixed with 1.5 mL of the film
extract solution, followed by the addition of 62.5 pL of hydrogen
peroxide (5.0 mM). The reaction mixture was incubated at room
temperature for 5 min in the dark to prevent photodecompo-
sition of hydrogen peroxide. Subsequently, 1.5 mL of 1,10-
phenanthroline (1.0 mM) was added, and the mixture was
thoroughly vortexed and allowed to stand for 10 min at room
temperature. The formation of the orange-colored Fe**-phe-
nanthroline complex was quantified by measuring the absor-
bance at 510 nm using a UV-vis spectrophotometer, and the
HPS activity was expressed relative to the blank sample.

A blank solution containing 1.5 mL of 1,10-phenanthroline
(1.0 mM), 1.56 mL of distilled water, and 0.25 mL of ferrous
ammonium sulfate (1.0 mM) was prepared, and its highest
absorbance value was used as a reference. The HPS value of the
films was calculated using eqn (10).

Asam e
% HPS = Z54mPle o 100

blank

(10)

2.7. Application and observation of films on shrimp and meat
samples

The film application test was conducted by placing the films on
fresh shrimp and meat samples to observe color changes and
evaluate their potential as spoilage indicators during storage.
The film was cut into 1.0 x 1.0 cm squares and used as colori-
metric indicators. Each experimental setup consisted of
shrimp/meat samples placed in an 11 cm diameter Petri dish,
with the indicator film affixed to the inner surface of the lid.
Fourteen experimental samples were prepared for each food
type, namely shrimp and meat. All Petri dishes were stored at
room temperature for observation. The evaluation included
sensory indicators such as color, texture, smell, and taste (after
boiling).

TVB-N values were determined via the Kjeldahl method*
with slight modifications. Approximately 10 g of the sample are
accurately weighed to within £0.01 g and transferred directly
into a distillation flask. Subsequently, around 3 g of magnesium
oxide (MgO) and 100 mL of deionized water are added. The
distillation flask is then set up within a distillation apparatus. A
receiving flask containing 50 mL of boric acid solution is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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positioned to collect the distillate, ensuring that the outlet tube
from the condenser is submerged in boric acid to effectively
trap volatile bases. The distillation process is initiated and
maintained for 15 minutes. Following distillation, the contents
of the receiving flask are titrated with HCl solution (0.1 N) until
the color shifts from green to grey. The total volatile basic
nitrogen (TVB-N) content, expressed in mg of nitrogen per 100
grams of sample, is calculated using the following formula (11).

V x C x14.01 x 100
m

TVB-N(mg N per 100 g) = (11)
where V is volume of HCI used in the titration (mL); C is
concentration of HCI (N); m is mass of the sample (g); the value
14.01 is the molecular weight of nitrogen.

For colorimetric analysis, images of the biofilm samples
were captured at 4 h intervals using a smartphone under
consistent lighting conditions. The red-green-blue (RGB) color
components were extracted using the online tool https://
imagecolorpicker.com, and the obtained RGB values were
subsequently processed to calculate the R/G, R/B, and G/B
ratios. These ratios were plotted and statistically analyzed
using OriginPro 2018 (OriginLab Corp., USA) to evaluate the
temporal color variation of the films. To validate the observed
colorimetric response, TVB-N was simultaneously determined
and statistically correlated with the color change of the devel-
oped film.

3 Results and discussion

3.1. Fabrication of ASA biofilms

The present study was designed to address the dual objectives
of valorizing agricultural byproducts and developing an envi-
ronmentally friendly smart biofilm capable of visually moni-
toring food freshness in real time. The research strategy is
illustrated in Fig. 1A. Protein SS contains high content of
hydrophilic amino acids and reactive functional groups, which
promote film formation and strong intermolecular interactions
with alginate chains. This method may enhance mechanical
strength and flexibility of alginate-based biofilms through the
formation of ionic crosslinking. Anthocyanins extracted from
waste mangosteen peel were utilized as natural colorimetric and
antioxidant agents because of their pH-dependent color tran-
sitions and bioactive properties, which enable the film to
respond sensitively to volatile nitrogen compounds released
during the spoilage of protein-based foods.

By combining these three components, biodegradable ASA
films were investigated to achieve optimal color stability,
mechanical integrity, and antioxidant performance. The films
were characterized in terms of their swelling behavior, water
solubility, vapor permeability, light-blocking ability, and
mechanical strength to understand the physicochemical factors
governing their functionality. FTIR and DSC were applied to
elucidate the intermolecular interactions and thermal stability
within the polymer network, while antioxidant assays based on
DPPH and HPS activity provided insights into their radical-
neutralizing capability. The developed ASA films were subse-
quently applied to shrimp and meat samples to detect freshness
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Fig.1 The research strategy (A), color variations (B), and UV-vis spectra (C) of mangosteen anthocyanin solutions at different pH levels (1-13).

through visible color changes associated with TVB-N accumu-
lation during storage. This systematic approach demonstrates
an effective route to transform low-cost, natural residues into
multifunctional smart films that combine biodegradability,
sensory responsiveness, and potential for practical deployment
in intelligent food-packaging systems.

Fig. 1B presents the visible color response of mangosteen-
peel anthocyanin solutions across a wide pH range (1-13).
The solutions displayed a distinct and gradual color transition
from bright red under strongly acidic conditions (pH 1-3) to
orange-red and violet tones in near-neutral environments (pH
5-9), eventually shifting to greenish-yellow at highly alkaline
(pH 12-13). This chromatic progression reflects the pH-
dependent structural equilibrium of anthocyanin molecules.
At low pH, the dominant species is the flavylium cation,
responsible for the intense red coloration. As the pH increases,
the flavylium form undergoes hydration and tautomerization,
yielding quinoidal bases and chalcone structures, which
successively alter the absorption spectrum and produce bluish
to greenish hues at higher pH values.*® The pronounced green
coloration observed at pH 12-13 corresponds primarily to the
formation of deprotonated chalcone anions, consistent with
previously reported anthocyanin transformations under alka-
line conditions.*” Similar pH-responsive color changes have
also been documented in anthocyanin-based indicator films,
confirming the suitability of these natural pigments for visual
freshness sensing applications.*

The images and color parameters (L*, a*, b*) of the alginate—
sericin films containing various concentrations of mangosteen-
peel anthocyanins are presented in Table 1. The incorporation
of anthocyanins markedly influenced the optical appearance
and chromatic attributes of the films. The L* values, repre-
senting lightness, decreased progressively from 31.03 & 1.23 in
the anthocyanin-free film (ASA0) to 27.03 £ 1.05 for ASA5, 23.36
+ 1.74 for ASA7, 17.98 £ 0.39 for ASA10, and 13.67 + 1.23 for
ASA12. This steady reduction in brightness reflects the gradual

Sustainable Food Technol.

darkening of the films as pigment concentration increased. The
effect can be attributed to the strong absorption of visible light
by anthocyanins, which intensify coloration and reduce trans-
parency by scattering and absorbing incident light within the
polymer matrix.

The a* parameter, corresponding to the green-red color axis,
exhibited a clear and consistent shift from negative to positive
values with increasing anthocyanin content. The pure Alg/SS
film (ASAO0) displayed a greenish tone (a* = —6.85 + 2.46), while
the addition of anthocyanins transformed the color gradually to
red: a* = 2.95 + 0.47 (ASA5), 3.44 + 0.24 (ASA7), 4.37 + 0.38
(ASA10), reaching 15.87 + 2.48 for ASA12. This continuous
increase in a* values confirms the successful incorporation,
retention, and stability of anthocyanin molecules within the
alginate-sericin matrix, where higher pigment concentrations
amplify the red hue due to a greater proportion of flavylium ions
dominating the visible absorption spectrum.

Meanwhile, the b* coordinate, representing the blue-yellow
axis, initially increased from 8.37 + 0.09 (ASAO0) to 17.03 + 2.62
(ASA5), indicating a yellowish-red appearance at low pigment
levels. Beyond this point, b* values decreased gradually to 16.05
+ 0.92 (ASA7), 14.04 + 0.37 (ASA10), and 8.84 + 0.91 (ASA12),
suggesting a visual shift from bright reddish-orange to deep
purplish-red as the anthocyanin loading increased. This trend
arises from overlapping absorption bands of the flavylium and
quinoidal base forms of anthocyanins, which dominate under
near-neutral to weakly acidic conditions.

These results demonstrate that anthocyanins derived from
mangosteen peel not only impart strong coloration but also
modulate the hue and saturation of the biopolymer films
through concentration-dependent optical effects. Comparable
findings were reported by Hamzah et al. (2022),*> where starch
films containing red-cabbage anthocyanins exhibited reduced
L* and enhanced a* values, and by Yun et al. (2019),*® who
observed intensified red coloration in cassava starch films with
Chinese bayberry extract. Consistent with these studies, the ASA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The images and color parameters (L*, a*, b*) of alginate—sericin—anthocyanin (ASA) composite films prepared with different mango-

steen-peel anthocyanin concentrations®

ASA0 ASAS ASA7 ASA10 ASA12
Color parameters
Films L* a* b*
ASAO 31.03 + 1.23° —6.85 + 2.46° 8.37 4 0.09%
ASA5 27.03 + 1.059 2.95 + 0.47° 17.03 + 2.62°
ASA7 23.36 & 1.74° 3.44 + 0.24° 16.05 + 0.92°
ASA10 17.98 + 0.39° 4.37 +0.38° 14.04 + 0.37°
ASA12 13.67 + 1.23° 15.87 =+ 2.48° 8.84 + 0.91%

“ Data are presented as means =+ standard deviation (n = 3). Values with different letters within the same row show significant differences (p < 0.05).

films became progressively darker and more reddish with
increasing anthocyanin concentration, confirming the
pigment's strong chromatic influence. The observed gradation
in color parameters not only enhances the visual appeal of the
films but also supports their potential as natural colorimetric
indicators for detecting freshness-related pH shifts and volatile
amine accumulation in perishable food products.

3.2. Effect of anthocyanin concentration on the physical and
structural properties of ASA films

The effect of mangosteen-peel anthocyanin concentration on
the physicochemical and mechanical properties of ASA films is
summarized in Fig. 2. The swelling ratio, water solubility, and
tensile behavior were found to be strongly dependent on the
pigment content incorporated into the polymeric network. As
shown in Fig. 24, the swelling ratio decreased systematically
with increasing anthocyanin concentration. The control film
without pigment (ASA0) exhibited the highest water uptake of
16.8 + 0.1%, indicating the high hydrophilicity and loose
structure of the native Alg/SS matrix. Upon addition of 5%
anthocyanin (ASA5), the swelling ratio declined sharply to 11.2
+ 0.2%, suggesting the onset of hydrogen-bond formation
between anthocyanin hydroxyl groups and Alg/SS functional
groups. Further increases in pigment content to 7%, 10%, and
12% led to successive reductions in swelling to 8.4 £+ 0.1%, 6.1
+ 0.1%, and 5.3 £ 0.1%, respectively. This continuous
suppression of water absorption indicates the progressive
formation of a compact polymeric network, in which anthocy-
anins serve as multifunctional cross-linking agents bridging
Alg/SS chains through non-covalent interactions. The resulting
denser structure hindered water diffusion and retention within
the matrix. Similar declining trends in swelling with polyphenol
incorporation were observed by Luan Gustavo dos Santos et al.*®
in alginate-gellan gum films containing anthocyanins,

© 2026 The Author(s). Published by the Royal Society of Chemistry

corroborating the pivotal role of phenolic-polysaccharide
hydrogen bonding in reducing hydrophilicity. In contrast, water
solubility exhibited a gradual increase as anthocyanin loading
increased, with the ASA12 film showing the highest solubility
among all samples. This enhancement can be attributed to
partial disruption of Alg/SS associations at high pigment levels,
which reduced cohesive energy density and increased free
volume within the network, allowing greater solvent penetra-
tion and dissolution of amorphous domains.

Leaching of anthocyanins is a key factor affecting the long-
term stability of colorimetric films. In the ASA system, antho-
cyanins form hydrogen-bond and electrostatic interactions with
Alg/SS functional groups, helping retain pigments despite their
intrinsic water solubility. Swelling and solubility results show
that higher pigment loading increases water solubility and thus
the likelihood of leaching, consistent with earlier reports on
alginate-based indicator films.** For the optimized ASA7 film,
moderate hydrophilicity and low swelling (8.4 £ 0.1%) suggest
sufficient pigment retention to maintain stable coloration
during shrimp and pork storage tests. Only minimal leaching
was observed under practical conditions, though slight pigment
migration may occur during prolonged exposure in high-
humidity environments.

The WVP value of ASA films (Fig. 2B) exhibited a consistent
increase with higher anthocyanin concentrations, indicating
that pigment incorporation affected both matrix density and
hydrophilicity. At the initial stage, the WVP of the control film
(ASA0) was 12.42 4 0.46 x 10 ° gm > s ' Pa ', and gradually
increased to 15.40 £0.13 x 10 ' gm s~ ' Pa ' for ASA5, 15.72
+0.13 x 107" %gm >s ' Pa' for ASA7,14.94 +0.11 x 10" ° g
m? s~' Pa~' for ASA10, and 14.69 + 0.34 x 107 g
m >s ' Pa ' for ASA12. A similar pattern persisted throughout
the 8 h measurement period. After 8 h, the WVP values stabi-
lized at 9.17 £ 0.07 x 10™'°, 10.30 + 0.05 x 10~ *°, 10.37 £ 0.08

Sustainable Food Technol.
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x 107%°,10.32 + 0.09 x 10" "%, and 10.17 £ 0.11 x 10 "* g m >
s~ ' Pa ', respectively. The overall WVP increase of approxi-
mately 15-20% from ASAO to ASA7 reflects the influence of
anthocyanin hydroxyl groups, which enhance water-vapor
diffusion by increasing the number of polar sites within the
network. At higher pigment levels (10-12%), the partial phase
separation between hydrophilic anthocyanins and the Alg/SS
backbone likely introduced micro-voids and discontinuities,
providing additional pathways for vapor transmission.*
Furthermore, the less compact polymer packing caused by
pigment aggregation facilitated capillary-like vapor flow across
the matrix. Nevertheless, the moderate decline in WVP at the
highest pigment loading (ASA12) compared with ASA7 indicates
that excessive anthocyanin may induce limited molecular rear-
rangement and partial collapse of the pore structure, resulting
in slightly lower diffusivity. These results confirm that antho-
cyanins not only increase hydrophilicity but also alter the
microstructure of the Alg-SS network, producing a more
permeable yet structurally heterogeneous film.

The mechanical properties exhibited a clear concentration-
dependent trend (Fig. 2C). The tensile strength (TS) progres-
sively declined from 1.85 & 0.04 MPa (ASAO) to 1.47 + 0.07 MPa
(ASA5), 1.14 + 0.03 MPa (ASA7), 0.98 + 0.02 MPa (ASA10), and
finally 0.62 + 0.02 MPa (ASA12). This systematic decrease
indicates that high anthocyanin loading disrupts the native Alg/
SS intermolecular network, leading to reduced cohesion within
the matrix. Similarly, the elongation at break (EAB) decreased
from 31.89 + 1.26% (ASAO0) to 15.56 + 0.19% (ASA7) and 13.56 +
0.69% (ASA12), reflecting diminished flexibility. At low antho-
cyanin concentrations, polyphenolic groups can participate in
hydrogen-bond-mediated secondary cross-linking, temporarily

Sustainable Food Technol.

reinforcing the Alg/SS network. However, as the anthocyanin
content increases, these molecules increasingly behave as rigid
micro-fillers inserted within the polymer matrix. Their bulky
aromatic structures restrict polymer-chain mobility and
generate microphase heterogeneity, which interrupts contin-
uous polymer—polymer bonding. This transition from coopera-
tive cross-linking (low anthocyanin) to matrix over-filling and
structural discontinuity (high anthocyanin) explains the
observed decline in TS and EAB. Therefore, optimizing antho-
cyanin content is essential to balance mechanical integrity and
water resistance for packaging and colorimetric-sensor appli-
cations. The full stress-strain curves from the tensile tests are
provided in SI S1.

The wettability of the films was evaluated through water
contact angle measurements, as shown in Fig. 2D1-D5. The
measured contact angles (6) for ASA0, ASA5, ASA7, ASA10, and
ASA12 were 99°, 55.6°, 47°, 38.5°, and 37.2°, respectively. These
results indicate that the ASAO film exhibited the highest
hydrophobicity, while the incorporation of anthocyanin extract
progressively increased the films' hydrophilicity. This observa-
tion is consistent with the previously discussed water solubility
results, confirming that anthocyanin addition enhances the
affinity of film for water. Moreover, this trend agrees well with
previous studies,**** which also reported that anthocyanin or
polyphenol incorporation increases the hydrophilic nature of
polysaccharide-based films due to the introduction of polar
hydroxyl and carboxyl groups capable of forming hydrogen
bonds with water molecules.

The surface morphology of the films was examined by SEM
images (Fig. 2E1-E5), revealing notable differences between
ASA0 and ASA films. ASAO displayed a uniform surface, likely

© 2026 The Author(s). Published by the Royal Society of Chemistry
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due to the sericin incorporated into the alginate matrix and
formed uniform structures.*” In ASA films, the surface was
rough and uneven, reflecting incomplete dispersion and occa-
sional aggregation of anthocyanins within the matrix. Similar
effects of anthocyanin or plant extract incorporation on film
roughness have been reported in previous studies.*>***

These results demonstrate that increasing anthocyanin
concentration modifies the internal structure of ASA films by
enhancing hydrogen bonding and hydrophilicity while
reducing network uniformity and mechanical cohesion.
Considering both the colorimetric responsiveness and the
physical characteristics of the films at different anthocyanin
levels, the ASA7 film exhibited the most balanced performance.
It provided sufficient color intensity and stability while main-
taining desirable mechanical integrity, barrier efficiency, and
moderate hydrophilicity, which are essential for practical
handling and sensing performance. Therefore, the ASA7
formulation is identified as the optimal candidate for subse-
quent physicochemical characterization and application
studies, particularly in the development of pH-responsive smart
sensors for real-time freshness monitoring of food products.

3.3. Structural, thermal, and optical properties of ASA films

FTIR spectroscopy was employed to elucidate the molecular
interactions within the ASA composite films in comparison with
their individual components (Fig. 5A). The ASAO film displayed
spectral features more closely resembling those of sericin rather
than alginate*®* and confirming the successful formation of
a polysaccharide-protein composite network. Both ASA0 and
ASA7 films exhibited characteristic absorption bands corre-
sponding to their major functional groups, indicating that the

View Article Online
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incorporation of anthocyanins did not introduce new chemical
functionalities but instead altered the intermolecular interac-
tions within the matrix. A broad and intensified band in the
3500-3200 cm ™' region, assigned to O-H stretching, was
markedly stronger in anthocyanin-containing films, suggesting
an increased extent of hydrogen bonding among hydroxyl-
bearing groups of alginate, sericin, glycerol, and anthocya-
nins. The amide I (1641-1646 cm ') and amide II (1530-
1535 cm™ ') bands associated with the B-sheet structure of SS
showed slight intensity variations upon anthocyanin incorpo-
ration, which may arise from interactions between anthocyanin
aromatic rings and peptide backbones, as well as the C=C
stretching of the flavonoid skeleton.*>** Additional peaks at
2934-2936 cm~ ' (C-H stretching) and 1240-1022 cm ™" (C-O-C
vibrations) were present in all films, although minor shifts were
observed in the ASA7 sample, reflecting subtle modifications in
the polymer environment. Collectively, these spectral changes
indicate the formation of enhanced hydrogen bonding and
possible - or dipole-dipole interactions between anthocya-
nins and the Alg/SS matrix. Thus, FTIR analysis confirms that
anthocyanin incorporation reinforces intermolecular interac-
tions and improves interfacial compatibility within the polymer
network without altering its fundamental chemical structure.
The thermal behavior of the composites and their individual
constituents was evaluated using TGA and DSC under an air
atmosphere at a heating rate of 10 °C min~" (Fig. 3B and C). As
shown in Fig. 3B, the TGA profile of the ASAO film differs
markedly from those of pure Alg and SS, confirming the
formation of new composite structures. For the ASAO film, an
initial mass loss observed between 50 and 110 °C corresponds
to the evaporation of physically adsorbed water. A major
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IR spectra (A), TGA curves (B), DSC curves (C) and UV barrier (D and E) of components, and ASAO and ASA7 films.
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decomposition event occurs up to 800 °C, resulting in an overall
mass loss of approximately 61%. The divergence in thermal
behavior between ASAO0 and its components reflects the
molecular interactions between polysaccharide and protein
chains within the composite matrix.

In contrast, the ASA7 film undergoes a three-stage thermal
degradation process from 50 to 800 °C. The first stage (50-200 °©
C) accounts for about 10% mass loss, primarily associated with
moisture release and degradation of low-molecular-weight
species. The second stage (200-300 °C) contributes approxi-
mately 40% mass loss, corresponding to the breakdown of the
polymer backbone. The final stage (300-800 °C) leads to an
additional 35% mass reduction, attributable to further degra-
dation and carbonization. The higher overall mass loss of ASA7
compared with ASAO is linked to the presence of anthocyanins,
which alter the composite network and influence its thermal
decomposition pathways. Despite its multistep degradation
profile, the ASA7 film exhibits improved thermal stability,
indicating that anthocyanin incorporation enhances structural
integrity at elevated temperatures.

DSC curves were obtained to elucidate the thermal transi-
tions of the prepared films. The alginate film exhibited a single
low-temperature endothermic event at 99.9 °C, attributable to
bound-water evaporation or the glass transition, confirming its
predominantly amorphous structure and lack of crystalline
domains. In contrast, sericin films displayed a clear Ty at 117.5 °
C and a broader peak at 208.5 °C, followed by decomposition
near 316.7 °C, attributed to protein carbonization and degra-
dation of SS.>* Notably, the ASA0 composite film presented an
intermediate thermal profile, with T, values of 125.1 °C and
145.7 °C, higher than that of its components. This shift suggests
the formation of intermolecular interactions, particularly
hydrogen bonding, between sericin and alginate chains, leading
to a more integrated polymer network with enhanced structural
stability. Upon incorporation of anthocyanins, the ASA film
exhibited 7, values of 139.3 °C and 165.8 °C, indicating
improved thermal stability likely arising from strong interac-
tions between the pigment molecules and the Alg/SS matrix.>
The introduction of anthocyanins and the resulting reinforce-
ment of polymer-polyphenol interactions contributed to
increased T, values, consistent with the improved mechanical
strength and heat resistance observed in the composite films.
These DSC results collectively demonstrate that the developed
films possess sufficient thermal robustness for practical use in
smart food-packaging applications.

Light exposure is one of the primary drivers of oxidative
degradation in food systems; consequently, packaging mate-
rials with strong UV-blocking capacity are crucial for main-
taining color stability. In addition, visible-light transmittance
data provide insights into the homogeneity of polymer blends,
thereby enabling assessment of sample uniformity.* As illus-
trated in Fig. 3C and D, the incorporation of anthocyanins
markedly decreased visible-light transmittance compared to
that of the ASAO film. The ASA7 film, in particular, exhibited
substantially improved UV-shielding behavior, highlighting its
potential to protect food products from photodegradation. This
enhancement in light-barrier performance is largely attributed
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to the intrinsic UV-absorbing properties of phenolic chromo-
phores, which strongly absorb in both the UV-A and portions of
the visible region.>® Consistently, the ASA7 film displayed
a significantly higher opacity value (5.16 + 0.15 A mm ') rela-
tive to the ASA0 film (0.39 4+ 0.02 A mm '), confirming its
reduced transparency. The lower transmittance and higher
opacity result from anthocyanin pigments absorbing light
predominantly in the yellow-green region, thereby limiting light
penetration through the film.*

Together, the FTIR, TGA, DSC, and UV-vis results demon-
strate that anthocyanin incorporation reinforces intermolecular
interactions, thereby improving the homogeneity of the poly-
mer blend while simultaneously enhancing thermal stability
and UV-shielding performance of the Alg/SS matrix. These
synergistic effects ultimately produce a more robust and func-
tional smart packaging material suitable for real-time freshness
monitoring.

3.4. Antioxidant activity of ASA biofilms

Antioxidant activity plays a dual role in food systems, as it can
both delay oxidation and contribute to spoilage, potentially
posing dietary health risks. Environmental factors such as light,
humidity, and temperature significantly influence food quality.
The incorporation of antioxidants into packaging films has
been shown to enhance their ability to preserve the nutritional
value, quality, and safety of food products.*® The antioxidant
capacity of the anthocyanin-enriched film ASA7 was evaluated
using two methods. The DPPH RSA of the ASA7 sample (37.10 +
1.71%) was higher than that of the Alg/SS sample (33.56 +
0.97%). Similarly, the ASA7 sample exhibited stronger HPS
(90.37 + 1.30%) compared to the Alg/SS sample (76.12 +
2.01%), reflecting the enhanced capacity of the film to
neutralize hydrogen peroxide and inhibit oxidative stress. This
assay is based on the formation of the orange Fe®*-1,10-phe-
nanthroline complex, which is inhibited by H,0,. The ASA7
biofilm restores complex formation, indicating effective H,O,
neutralization. Both anthocyanins and sericin can provide
additional hydrogen-donating groups, and contribute syner-
gistically to the antioxidant activity. The polyphenolic antho-
cyanins extracted from mangosteen peel are well-known for
their strong radical-scavenging ability, while SS present in the
film contributes to the antioxidant effect through its amino acid
residues, such as serine and threonine, which can interact with
reactive species.”***** These results highlight the enhanced
oxidative stability of the ASA film, supporting their potential
application as active materials for food packaging aimed at
protecting against oxidative spoilage.

3.5. Sustainability & carbon footprint

Although a full life cycle assessment was not performed, the
production of the films is anticipated to have a relatively low
environmental impact. The films are fabricated using renew-
able, biobased materials, including SS, alginate, and anthocy-
anin, which are naturally abundant or derived from food waste.
The fabrication process involves mild processing conditions
with minimal use of hazardous chemicals, reducing energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consumption and greenhouse gas emissions compared to
conventional petroleum-based polymers. Given the growing
concerns over plastic pollution and greenhouse gas emissions,
developing films from renewable and waste-derived biopoly-
mers represents a promising strategy to mitigate environmental
impact while maintaining functional performance. This
approach aligns with current strategies for sustainable, low-
carbon biopolymer materials reported in the literature.>>°
Moreover, utilizing biobased precursors and energy-efficient
processes enhances the eco-friendliness of the films and
supports principles of circular economy, highlighting their
potential as environmentally responsible alternatives for pack-
aging applications. Therefore, the developed fabrication
pathway offers not only functional film performance but also
contributes to lowering the carbon-related burden of packaging
materials, making it more compatible with current
sustainability-driven expectations in food-contact applications.

3.6. Monitoring freshness of ASA biofilms

3.6.1. Shrimp freshness. In protein-rich foods such as
seafood and meat, microbial decomposition and enzymatic
hydrolysis of proteins generate volatile nitrogenous
compounds, primarily ammonia (NH;), trimethylamine (TMA),
and dimethylamine (DMA), which gradually accumulate during
storage. These basic compounds elevate the pH of the
surrounding environment, producing an alkaline microclimate
at the film-food interface. The consequent pH shifts trigger
visible color transitions in pH-sensitive films, providing a non-
destructive means to monitor freshness in real time. Such
colorimetric polysaccharide-based indicator films have been
widely investigated for freshness evaluation in shrimp and
other perishable seafoods.®® The TVB-N content serves as

View Article Online

Sustainable Food Technology

a recognized quantitative index of seafood spoilage. According
to standard classification criteria, shrimp are considered fresh
when TVB-N is below 12 mg N/100 g, partially decomposed
between 12 and 25 mg N/100 g, and spoiled when exceeding
25 mg N/100 g.*!

To evaluate the colorimetric performance of the ASA films,
shrimp samples were stored at room temperature for 14 hours,
with both films ASA7 and ASA12. TVB-N contents were moni-
tored at defined intervals (Fig. 4A and B). During the first 4
hours, the ASA films retained their initial pink hue, while the
TVB-N value increased slightly to 13.41 + 0.55 mg N/100 g,
indicating early-stage freshness deterioration yet remaining
within acceptable limits. As storage continued for 8 and 10
hours, the TVB-N levels increased to 20.55 + 0.18 mg N/100 g
and 25.08 £+ 0.15 mg N/100 g, respectively, corresponding to the
transition toward the critical spoilage threshold. At these time
points, both films exhibited a distinct color transition from
pink to violet, indicating the onset of protein degradation and
the release of volatile amines. However, the ASA7 film showed
a more pronounced and easily distinguishable color change to
the naked eye compared with the ASA12 film, suggesting
superior visual sensitivity for detecting the initial stages of
spoilage. After 14 hours of storage, the TVB-N content reached
38.12 mg N/100 g, surpassing the spoilage threshold and con-
firming advanced shrimp decomposition. The results indicated
that ASA films possess the potential for real-time colorimetric
detection of TVB-N content in food samples.

For detection of RGB ratios using a smartphone (Fig. 4C and
D), both ASA7 and ASA12 films exhibited a comparable colori-
metric response pattern during shrimp storage, showing
a gradual transition from pinkish-red to bluish-violet as protein
degradation progressed. As the TVB-N values increased from
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4.69 + 0.21 to 38.12 £ 0.41 mg N/100 g, both films displayed
measurable shifts in chromatic parameters, reflecting their
responsiveness to spoilage-induced pH variation. For ASA12,
the green/red ratio increased modestly from 0.69 + 0.01 to 0.80
=+ 0.01, while green/blue increased from 0.90 + 0.00 to 1.04 +
0.01, indicating a consistent though moderate color evolution.
In comparison, ASA7 exhibited a slightly more pronounced
progression, with red/green increasing from 0.86 + 0.01 to 0.93
£ 0.01 and green/blue from 0.97 + 0.00 to 1.08 * 0.01,
producing a clearer visual contrast observable by the naked eye.
At 8 h of storage, when TVB-N reached 20.55 4 0.18 mg N/100 g,
a level just below the seafood spoilage limit of 25 mg N/100 g,
both films already exhibited noticeable color deviation, signi-
fying the onset of spoilage detection prior to the critical
threshold. This early visual response is attributed to the
generation of volatile amines, which increase the local pH at the
film-food interface, triggering anthocyanin structural trans-
formation from the red flavylium form to quinoidal and chalc-
one species that yield bluish-violet hues. Generally, both ASA7
and ASA12 demonstrated reliable colorimetric responses to
spoilage; however, ASA7 achieved higher visual clarity and
earlier detection, confirming its suitability as the optimized
formulation for practical freshness monitoring.

The strong correlation between RGB values and TVB-N
confirms that the anthocyanin-based film functions not
merely as a qualitative color tag but as a predictive freshness
indicator. Notably, the film exhibited a visible inflection point
(pale pink — whitish) before TVB-N approached the regulatory
rejection limit, demonstrating an effective early-warning and
real-time response. This behavior is consistent with spoilage-
responsive films reported in the literature, though the
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magnitude of color change observed here is more pronounced.
For instance, Choubaki et al. (2025) documented only a modest
AE shift in pomegranate-flower anthocyanin films applied to
trout, with visible changes emerging after microbial counts
exceeded acceptable limits.® Similarly, Zeng et al. (2023) showed
that pectin-chitosan films containing black-rice anthocyanins
transitioned from red to blue during meat deterioration, con-
firming their sensitivity to spoilage.®* Kwak et al. (2024) also
reported a strong relationship between TVB-N and color evolu-
tion in GA/gelatin/anthocyanin/PVA films, where indicator color
shifted from purple (9.8 & 0.2 mg N/100 g) to purple-blue (21.0
+ 2.5 mg N/100 g) and finally to blue at 34 h (37.1 + 0.5 mg N/
100 2).** These comparisons highlight that the present film
provides a sharper and earlier visual response than many
existing anthocyanin-based indicators, enhancing its suitability
for real-time freshness monitoring.

3.6.2. Pork meat freshness. The colorimetric sensing
performance of the ASA7 biofilm toward pork freshness moni-
toring was evaluated by tracking time-dependent color varia-
tions during 24 hours of storage at room temperature (Fig. 5A
and B). Throughout the storage period, the pork samples
exhibited a gradual loss of freshness, as evidenced by the visible
fading of meat color from bright red to brownish-gray, a typical
indicator of myoglobin oxidation and protein decomposition.
This visual degradation correlated well with the progressive
increase in TVB-N, which increased from 5.05 4= 0.08 mg N/100 g
at the initial stage to 36.67 £ 0.14 mg N/100 g after 24 h, con-
firming the accumulation of volatile amines resulting from
enzymatic and microbial proteolysis under ambient conditions.
The ASA7 indicator film showed a relatively moderate but
consistent color response to these biochemical changes. During
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Fig. 5 The images of shrimp and indicator film ASA7 (A), plots of TVB-N versus storage time of 24 h at room temperature (B) and plots of RGB
ratios of ASA7 (C). Different letters showed significant differences (p < 0.05).
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the first 16 hours, the film largely retained its reddish-pink hue,
with only slight fading observable when the TVB-N value
reached 22.27 + 0.07 mg N/100 g, still below the general
spoilage threshold (25 mg N/100 g). By the end of storage (24 h),
a perceptible shift toward a pale violet tone emerged, reflecting
the onset of advanced degradation, although the overall color
transition remained weaker than that observed in shrimp
samples.

As shown in Fig. 5C, quantitative color analysis revealed
moderate variations in RGB ratios. The red/blue ratio increased
from 0.799 to 0.850 after 16 h (p < 0.05), indicating partial
oxidation and pigment transformation within the film matrix.
The green/blue ratio displayed a non-linear trend—peaking at
1.112 after 4 h and slightly decreasing to 1.062 after 24 h, sug-
gesting dynamic interactions between the released amines and
the embedded anthocyanin. However, the magnitude of these
colorimetric shifts was smaller than those recorded for shrimp,
which can be attributed to the slower decomposition kinetics of
pork.®® The reduced rate of amine release likely limits gas
diffusion and pH elevation near the film surface, thereby
delaying anthocyanin structural conversion from the flavylium
form to its quinoidal and chalcone derivatives. Therefore, the
ASA film exhibited lower visual contrast and slower response
toward meat spoilage compared with seafood, and it still
demonstrated clear qualitative sensing ability. These findings
highlight the film's potential applicability as a biodegradable
freshness indicator, particularly suitable for rapidly perishable
foods such as shrimp, where decomposition is faster and
colorimetric detection is more pronounced.

4 Conclusion

This study reports the development of a biodegradable, pH-
responsive ASA film composed of alginate, sericin, and
mangosteen-peel anthocyanins, capable of visually indicating
freshness deterioration in protein-rich foods. In addition to the
strong correlation established between chromatic transitions
and biochemical spoilage markers, the findings underscore the
broader potential of valorizing agro-industrial residues by
transforming sericin waste and fruit-peel byproducts into high-
value functional materials. The film's rapid and sensitive
response to foodborne metabolic changes demonstrates its
relevance for consumer safety, offering an accessible, non-
instrumental means of detecting early stages of product
degradation. Moving forward, future work should emphasize
validating the system under realistic commercial conditions,
including cold-chain storage, sealed packaging formats, and
extended shelf-life scenarios across diverse food matrices. Such
investigations will enhance the film's technological readiness
and accelerate its integration into large-scale intelligent pack-
aging solutions that advance both food safety management and
sustainable waste-reduction strategies.
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