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Abstract

This study develops intelligent films from porang-derived glucomannan and gelatin enriched with RPAE (native
and gallic-acid-copigmented) for shrimp freshness monitoring. The films showed improved performance, TS up to 9.37
MPa, EAB up to 31.90%, and WVP of 3.10-4.72x107 g'm !"Pa’!h™! together with enhanced radical-scavenging
activity. FTIR indicated hydrogen-bonding interactions among gelatin, glucomannan, and anthocyanins, while SEM
revealed smoother, more homogeneous morphologies for copigmented systems. The films exhibited a clear pH-
dependent optical response with visually perceptible shifts (AE > 5). During shrimp storage, TVB-N increased from
28.11 to 71.03 mg N/100 g and TVC from 5.24 to 6.27 log CFU/g; the film color transitioned from green to yellow in
parallel with quality deterioration, enabling non-invasive, real-time indication of spoilage. Leveraging locally abundant

biopolymers and colorants, these films advance sustainable, intelligent packaging for seafood quality and safety.
Keywords: Anthocyanins, Rambutan, Intelligent films, Glucomannan, Gelatin

Abbreviation
RPAE: Rambutan Peel Anthocyanin Extract
UAE: Ultrasound Assisted Extraction
GA: Gallic Acid
TS: Tensile Strength
EAB: Elongation at Break
AE: Color Changes
L: Lightness
a: Redness
b: Yellowness
ABTS: 2,2'-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
DPPH: 2,2-diphenyl-1-picrylhydrazyl
FTIR: Fourier Transform Infra-Red
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RSA: Radical Scavenging Activity
TAC: Total Anthocyanin Content
TVB-N: Total Volatile Base Nitrogen
WVP: Water Vapor Permeability
SEM: Scanning Electron Microscope
CFU: Colony-Forming Units

PCA: Plate Count Agar

TVC: Total Viable Counts

Introduction

The growing global demand for safe and high-
quality seafood has underscored the importance of
effective preservation technologies. Shrimp, in
particular, is highly perishable due to its high protein
content and susceptibility to microbial and enzymatic
spoilage, which leads to pH elevation and the formation
of wvolatile nitrogen compounds during storage.
Conventional packaging materials can provide
temporary protection but often rely on synthetic
polymers that raise environmental concerns.
Consequently, increasing attention has been given to
biodegradable and intelligent films as sustainable
alternatives for food preservation and freshness
monitoring [1].

There have been numerous studies on the
development of intelligent films from various
biopolymer sources, including carbohydrate-based
polymers such as starch, chitosan, carrageenan, and
cellulose derivatives; protein-based polymers such as
gelatin, soy protein, and whey protein; and blended
matrices combining polysaccharides and proteins.
These studies demonstrated that incorporating natural
pigments, particularly anthocyanins, can provide
halochromic properties that enable films to act as
freshness indicators. For example, starch-agar films
with shikonin were used to monitor shrimp freshness
[2], gelatin-bacterial cellulose composites loaded with
anthocyanin/curcumin showed high pH sensitivity for
pork [3], elderberry anthocyanin films were applied to
shrimp [4], and dragon fruit peel anthocyanin films
were developed as intelligent pH indicators [5].
Similarly, various anthocyanin-based films from
hibiscus, butterfly pea, roselle, or black wolfberry have
been reported for monitoring meat and seafood spoilage
[6-10]. In addition, bioactive composite films
incorporating extracts and essential oils have also been

explored for multifunctional intelligent packaging

[11,12]. These findings highlight the versatility of
natural polymer matrices and anthocyanins in
developing intelligent films with practical applications
in food quality monitoring [13].

Among natural polymers, glucomannan derived
from porang tubers (Amorphophallus muelleri) has
attracted  attention due to its  distinctive
physicochemical properties. As a soluble dietary fiber,
glucomannan exhibits high viscosity, strong water-
holding capacity, and excellent gelling ability [14-16].
It significantly contributes to the mechanical properties
of biopolymer films, allowing for the development of
biodegradable packaging that maintains food quality
while reducing environmental impact [17]. In addition,
glucomannan has been reported to exhibit antibacterial
activity [18], an important functional property in
extending shrimp shelf life.

Gelatin, a protein-based polymer, is another
material widely applied in edible films due to its
excellent film-forming capacity, transparency, and
compatibility with polysaccharides [19,20]. Blending
gelatin with polysaccharides such as glucomannan
improves the structural and barrier properties of the
resulting films and enables the incorporation of natural
additives to enhance antimicrobial or antioxidant
activity [21]. Therefore, the synergy of glucomannan
and gelatin offers an effective biopolymer matrix for
the fabrication of intelligent films.

Anthocyanins, widely distributed in fruits and
flowers, are natural pigments known for their
antioxidant properties and halochromic behavior under
different pH conditions. Rambutan peel (Nephelium
lappaceum), an abundant agro-industrial by-product in
Indonesia, is particularly rich in anthocyanins,
primarily cyanidin-3-glucoside and delphinidin-3-
glucoside. When incorporated into film matrices, these
pigments can act as visual pH indicators, shifting color

during spoilage processes and thereby providing
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consumers with a simple tool to assess food safety
[8,22]. Optimizing extraction and stabilization
methods, such as co-pigmentation with gallic acid
(GA), has further enhanced anthocyanin yield and color
stability [23].

Despite extensive research on anthocyanin-based
intelligent films, most studies have focused on
pigments extracted from hibiscus, butterfly pea, dragon
fruit, or other botanical sources [5,9,24], while limited
studies have examined RPAE (Rambutan Peels
Anthocyanin  Extract) in  combination  with
glucomannan—gelatin matrices. This represents a
critical research gap, given the availability of rambutan
peel waste in tropical regions and its potential for value-
added applications. Furthermore, comprehensive
evaluations of the physicochemical, mechanical, and
functional properties of glucomannan-gelatin films
enriched with RPAE, particularly for shrimp freshness
monitoring, remain scarce.

During shrimp storage, microbial spoilage leads
to the degradation of nitrogenous compounds and the
accumulation of total volatile base nitrogen (TVB-N),
which elevates pH and deteriorates sensory quality.
These biochemical changes can be effectively detected
through colorimetric shifts in anthocyanin-based
intelligent films, as the pigment structure transforms
with increasing pH. The relationship between microbial
activity, TVB-N formation, and pH variation, therefore,
provides a reliable scientific basis for freshness
assessment in shrimp and other seafood products.
Despite extensive research on anthocyanin-based
intelligent films, most studies have focused on
pigments extracted from hibiscus, butterfly pea, dragon
fruit, and other botanical sources [6,9,25]. However,
limited studies have examined the potential of RPAE
incorporated into glucomannan—gelatin matrices. This
represents a critical research gap, considering the
abundant availability of rambutan peel waste in tropical
regions and its potential for value-added applications.
Furthermore, comprehensive evaluations of the
physicochemical, mechanical, and functional properties
of glucomannan-gelatin films enriched with RPAE,
particularly their ability to monitor shrimp freshness
through pH-driven color responses, remain scarce.

Therefore, this study aims to develop and
characterize intelligent films based on porang

(Amorphophallus  oncophyllus) glucomannan and

gelatin incorporated with copigmented RPAE for
monitoring shrimp freshness. The integration of these
natural components is expected to enhance film
functionality, mechanical integrity, and color stability,
enabling real-time freshness monitoring of shrimp
through pH-dependent color transitions. This approach
highlights the novelty of utilizing locally abundant
rambutan peel waste and porang-derived biopolymers
to produce sustainable, biodegradable, and intelligent

food packaging materials.

Materials and methods

Material

Ripe red rambutan peel of the Binjai variety
obtained in Bantul, Yogyakarta, porang glucomannan
(85% glucomannan, Ikarie Organic, Bantul, Indonesia),
fish  gelatin  (Redman, Singapore), glycerol,
demineralized water, ethanol, methanol, distilled water,
and Whatman No. 1 paper. All chemicals are analytical

grade (Merck, Germany).

Extraction of anthocyanin from rambutan
peels

The anthocyanin extraction process for rambutan
peels follows the modified method [23]. The rambutan
peels were washed with running water, then blanched in
hot water at 50 °C for 2.5 min to inactivate enzymes that
can degrade the color. Next, the rambutan peels were
dried at 50 °C for 24 h using a cabinet dryer (LocknLock
EJO316, LocknLock Co., Ltd., Seoul, South Korea) to a
moisture content of 6%, ground into powder, and sieved
using a 40-mesh sieve. The resulting rambutan peel
powder was stored in aluminum foil pouches with silica
gel and stored in a freezer at —20 °C.

The rambutan peel powder was then extracted
using 96% ethanol containing 0.2% citric acid at a 1:20
ratio using the Ultrasound-Assisted Extraction (UAE)
method (UP200St, Hielscher Ultrasonics GmbH,
Teltow, Germany). Extraction was performed using a 7
mm diameter probe at 200 W power and 20 kHz
frequency, with the temperature maintained at 50 °C for
20 min using a Frigiterm-TFT-10 water bath thermostat
(J.P. Selecta S.A., Barcelona, Spain). After extraction,
the extracted solution was centrifuged at 2,600xg for 15
min using a centrifuge (DLAB DMO0636, DLAB
Scientific Co., Ltd., Beijing, China) to obtain a

supernatant containing anthocyanin extract. It was then
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filtered using Whatman No. 1 filter paper. The resulting
extract was then concentrated using a rotary evaporator
(IKA RV, IKA®-Werke GmbH & Co. KG, Staufen,

Rambutan peel powder

Extraction with 96% ethanol + 0.2% citric acid

(1:20, 50 °C, 20 min, ultrasonic 200 W, 20 kHz)

Y

Centrifugation (2600 x g, 15 min)

¥

Filtration (Whatman Ne. 1)

Y

Concentration (rotary evaporator, 50 °C)

Rambutan peel anthocyanin extract (RPAE)

750 rpm, 20 min

Mix RPAE . GA = 1:300 (molar); 1.1 v/v; Stirring

Copigmented anthocyanin extract (RPAE + GA)

Dissolve at 50 °C, 1500 rpm, 3 h

Prepare Solution A: 1% {(w/v) glucomannan, 100 mL

h 4

Dissolve at 50 °C, 1500 rpm, 3 h

Prepare Solution B: 2% (w/v) fish gelatin, 100 mL

Y

Add glycerol 0.7 mL,; stir (1500 rpm, 5 min)

h

Add anthocyanin extract non-copigmented or

Copigmented; Homogenization (10,000 rpm, 2 min)

Y

Casting on leveled plate 10 x 10 x 1.5 ¢m

¥

Drying (50 °C, 20 h)

Intelligent film (glucomannan-gelatin,
anthocyanin-loaded)

Figure 1 Flowchart of Research.

Copigmentation of anthocyanin

The copigmentation steps for RPAE were carried
out based on a modified method [23]. The molarity of
the RPAE was first calculated to determine the
concentration required for the copigmentation process.
Copigmentation was carried out using a molarity ratio
of 1:300 (RPAE: GA) and a volume ratio of 1:1. The GA
solution was prepared with a molarity 300 times the

Germany) and stored at —18 °C for analysis and
copigmentation process (Figure 1).

_______ Analysis:
1 Total anthocyanin content (TAC)

Analysis:
thickness; TS; EAB; WVP; color
(L*, a* b*, AE); pH sensitivity;
SEM; FTIR; antioxidant (DPPH,
ABTS); shrimp application {pH,
TVB-N, TVC, AE

molarity of the anthocyanin extract. The copigmentation
process was carried out by mixing 10 mL of the
anthocyanin extract and 10 mL of the GA solution, then
stirring using a magnetic stirrer (Thermo Scientific
Cimarec™ SP88857107, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at 750 rpm for 20 min. After

stirring, the mixture was allowed to stand for 1 hour to
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allow the copigmentation process to occur. The resulting
20 mL of RPAE copigmented with GA was obtained.

Production of intelligent film

Intelligent packaging film was made by preparing
2 separate solutions. The 1 %(w/v) glucomannan
solution was prepared by dissolving porang
glucomannan in distilled water using a magnetic stirrer
at 50 °C and 1,500 rpm for 3 h (A solution). The 2
%(w/v) gelatin solution was prepared by dissolving fish

Table 1 Formulation of intelligent film.

gelatin in distilled water using a magnetic stirrer at 50
°C and 1,500 rpm for 3 h (B solution).

The 2 solutions (A and B) were then mixed in a
4:1 ratio (80 mL of glucomannan solution and 20 mL of
gelatin solution) to obtain a film solution volume of 100
mL using a magnetic stirrer at 1,500 rpm and 50 °C for
5 min. Next, 0.7 mL of glycerol was added and stirred
for 5 min. Non-copigmented anthocyanin extract (A)
and copigmented anthocyanin extract (K) were then

added in different concentrations based on Table 1.

Material
Sampel
0 Glucomanan  Gelatin Non Copigmented Copigmented
Code Glycerol ) .
1 %wl/v 2 %wlv Anthocyanin 74.31 mg/LL.  Anthocyanin 74.31 mg/L
1 C 80 mL 20 mL 0.7 mL - -
2 Al 80 mL 20 mL 0.7 mL 1 mL -
3 A2 80 mL 20 mL 0.7 mL 2 mL -
4 A3 80 mL 20 mL 0.7 mL 3mL -
5 K1 80 mL 20 mL 0.7 mL - I mL
6 K2 80 mL 20 mL 0.7 mL - 2mL
7 K3 80 mL 20 mL 0.7 mL - 3mL

C = control film, A = film added with non copigmented anthocyanin, K = film added with copigmented anthocyanin.

Evaluation of TAC in rambutan peels

Total anthocyanin Content (TAC) analysis was
performed using the pH differential method [23,26].
RPAE was diluted 25-fold with methanol PA. A 1 mL
solution was taken and added to 4 mL of pH 1 buffer to
obtain a total volume of 5 mL. The same procedure was
repeated using a pH 4.5 buffer and homogenized using
a vortex (Thermo Scientific MaxiMix™ II, Thermo
Fisher Scientific Inc., Waltham, MA, USA).
Measurements were made using a spectrophotometer
(Thermo Scientific Genesys 10S UV-Vis, Germany).
Absorbance readings were recorded at 520 and 700 nm,
using distilled water as a calibration blank. The
difference in absorbance between the pH values and
wavelengths was calculated using the formula:

A=(A .~ A700)le — (A — A700) (D

pH4,5

(AXMWxDFx1,000x100)
(exLxm)

TAC (mg/100 g) = 2)

Characteristic evaluation of intelligent films
Thickness

Film thickness was measured using a digital
(Mitutoyo ~ 293-340-30,
Corporation, Kawasaki, Japan), which has an accuracy

micrometer Mitutoyo
of 0.001 mm. Measurements were taken at 5 points, and

the average value was taken [13].

Initial color of film

Initial color of film analysis was conducted using
a chromameter (CR-400, Konica Minolta, Japan)
equipped with a 0.8 cm aperture, and calibrated with a
white plate (Y = 86.5, x = 0.3168, y = 0.3245).
Intelligent  packaging color parameters were
L* (lightness), a* (red-green), and b* (yellow-blue)
[23].

Tensile strength (TS) and elongation at break
(EAB)

TS and EAB were tested using a Universal Testing
Machine (UTM ZWICK/ZO, Germany). Film samples
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were prepared by cutting them into 10 X 10 cm sections
with a 0.5 cm width in the center. The samples were
secured in the UTM clamp and stretched by the
machine. The maximum force (Fmax) recorded during
the test was used to calculate the TS (MPa) and EAB
(%) [27].

Water vapor permeability (WVP)

WVP of the films was determined using the
desiccant cup method as described in ASTM E96-95,
with modifications [27]. Briefly, silica gel was placed
inside a glass cup to maintain 0% relative humidity
(RH), and the film sample was sealed tightly over the
mouth of the cup to avoid edge leakage. The assembly
was then placed in a sealed desiccator containing
saturated NaCl solution, which generates a constant
atmosphere of approximately 75% RH at 25 °C. The
cups were weighed at regular intervals using an
analytical balance (OHAUS PR224, OHAUS
Corporation, Parsippany, NJ, USA), and the increase in
mass over time was plotted to obtain the water vapor
transmission rate (WVTR, H,0 g'm2-h™!). WVP (H,0
g'Pa*h'!'m") was calculated according to the

equation.

_ WVTRxL
AP

WVP 3)
where L is the average film thickness (m) and AP is the
water vapor pressure difference across the film (Pa). All
measurements were carried out in triplicate, and results

were expressed as mean + standard deviation.

RSA

DPPH assay

The DPPH assay was used to determine the radical
scavenging activity (RSA) of the films, which represents
their antioxidant capacity. Briefly, 1 mL of the film
extract was mixed with 3 mL of 0.1 mM DPPH (2,2-
diphenyl-1-picrylhydrazyl) solution prepared in
methanol. The mixture was incubated in the dark at 25
°C for 30 min to allow the reaction to proceed, after
which the absorbance was recorded at 517 nm using a
spectrophotometer [23].

RSA (%) = L4590 o 100% (4)

(A control)

ABTS (2,2'-Azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) assay
A 7 mM ABTS solution was prepared by mixing
it with 2.45 mM potassium persulfate (K2S20s) in a 1:1
ratio and allowing the reaction to proceed for 16 h at 25
°C in the dark [28]. The resulting solution was diluted
with ethanol until an absorbance of approximately 0.70
at 734 nm was obtained, which was designated as Ao.
Film samples (about 50 mg) were then immersed in 10
mL of the ABTS solution and incubated at 25 °C in the
absence of light for 30 min. After incubation, the
absorbance of the solution was measured at 734 nm (A,),
and the antioxidant activity of the films was determined
using the following equation:
(Ao

Free RSA (%) = ﬁ x 100 )

where Ao and At represent the absorbance values of the

control and the film sample, respectively.

Color response to pH

The color response of the intelligent films to pH
was evaluated by immersing film samples (2x2 cm?) in
buffer solutions with pH values ranging from 1 to 14.
After equilibration, the color of the films was measured
using a chromameter (CR-400, Konica Minolta, Japan)
equipped with a 0.8 cm aperture and calibrated against
a standard white plate (Y = 86.5, x = 0.3168, y =
0.3245). The color parameters L* (lightness), a* (red-
green), and b* (yellow-blue) were recorded, and the
total color difference (AE) was calculated using the

following equation [23].

AE *= \[(ap — a5)? + (b — bp)? + (L — Lp)?

where ajp, by, and Lj corresponded to the initial color
parameters of the anthocyanin extract without co-
pigmentation and ap, by, and L} represented the color
parameters of the anthocyanin extract after co-

pigmentation.

Intelligent film morphology

The film surface was observed using a JSM-
6510LA Scanning Electron Microscope (SEM) with
magnifications ranging from 10 to 300,000x and a

resolution of 1 - 10 nm. Surface micrographs were
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recorded at magnifications of 100x, 500%, 1,000x, and
3,000% to ensure clear images.

Intelligent film functional groups

Functional groups were analyzed using a Fourier
Transform Infra-Red (FTIR) (Perkin Elmer Spectrum
Two System L160000A) equipped with an attenuated
total reflectance (ATR) accessory. FTIR spectra were
recorded in the range of 400 to 4,000 cm™! with a

resolution of 2 cm™.

Intelligent packaging application on shrimp

The films were cut into 1.5x1.5 cm?

strips and
affixed to the inner surface of the container lid to
function as indicator sensors for black tiger shrimp
(Penaeus monodon) packaging. Approximately 85 g of
shrimp was placed into a 200 mL container. Color
changes (AE) of the films, along with the pH, TVB-N,
and TVC of the shrimp, were monitored visually over a

storage period of 3 days.

Color response of intelligent packaging during
shrimp storage

The color of the films was measured using a
chromameter (CR-400, Konica Minolta, Japan)
equipped with a 0.8 cm aperture and calibrated against
a standard white plate (Y =86.5,x=0.3168, y =0.3245)
[23].

pH

Samples (10.0 g) were weighed, ground, and
suspended in 90 mL of distilled water in a beaker. The
mixtures were homogenized and centrifuged at 500 rpm
for 1 min at 25 °C. The resulting supernatants were
collected and used for pH determination with an
electronic pH meter (Mettler Toledo FiveEasy™ F20,
Mettler Toledo GmbH, Greifensee, Switzerland) [2].

TVB-N

TVB-N content of shrimp samples was determined
according to [29] for fishery products, which includes
extraction, distillation, and titration  steps.
Approximately 10 g of homogenized shrimp flesh was
extracted with 90 mL of 6% perchloric acid and filtered

through Whatman filter paper. A 50 mL aliquot of the

filtrate was placed into a distillation flask, mixed with
10 mL of 20% NaOH and a few drops of silicone
antifoaming agent, and distilled for 5 - 10 min. The
released volatile bases were collected in 100 mL of 3%
boric acid solution containing Tashiro indicator,
producing a greenish coloration, and the distillate was
titrated with 0.01 N HCI to a reddish-purple endpoint.
TVB-N values were expressed as mg N per 100 g of
shrimp flesh.

aqe

The microbial quality of shrimp samples was
analyzed according to the method of Ran ez al. [30] with
slight modifications. Approximately 10 g of shrimp
flesh was homogenized and mixed with 90 mL of sterile
physiological saline (0.85 g NaCl/L), followed by
thorough shaking. Serial dilutions were prepared, and 1
mL aliquots from appropriate dilutions were inoculated
onto Plate Count Agar (PCA) using the pour-plate
method. The plates were incubated at 37 °C for 48 h,
after which colony-forming units (CFU) were counted,
and the total viable counts (TVC) were expressed as log
CFU/g of shrimp.

Data analysis

All experimental measurements were conducted in
triplicate to ensure reproducibility and reliability of the
data. The obtained results were organized and tabulated
using Microsoft Excel 2016 (Microsoft Corp.,
Redmond, WA, USA). Statistical analyses were carried
out with IBM SPSS Statistics, Version 27.0 (IBM Corp.,
Armonk, NY, USA). A one-way analysis of variance
(ANOVA) was employed to evaluate the significance of
treatment effects, and when significant differences were
detected (p < 0.05), Duncan’s Multiple Range Test
(DMRT) was applied as a post-hoc comparison. The

results are expressed as mean + standard deviation (SD).

Results and discussion

Thickness of edible film

The thickness of intelligent films made from
gelatin and glucomannan that are enriched with
anthocyanins varies depending on the specific
formulation and the method of preparation used. The
results showed that intelligent films based on
glucomannan and gelatin enriched with RPAE exhibited
an increase in film thickness (Table 2). The increase in

thickness was attributed to the higher amount of
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dissolved solids during the film-forming process.
Intelligent films developed from gelatin incorporated
with anthocyanins exhibited significant thickness
variations based on the ratios of the components used
[3]. Their study showed that the microstructure and

properties of the films were influenced by the

incorporation of curcumin and anthocyanins, which
suggests variations in thickness as a function of
formulation [3]. Additionally, variations in biopolymer
or anthocyanin content, including those from
polysaccharides like glucomannan, can affect physical

dimensions and integrity of the films [4].

Table 2 Physical and mechanical characteristics of intelligent film.

80 Sample Thickness Cotor TS (MPa) EAB (%) }VVIi B
(mm) L a b (g'm-Pa-h})
1 C 0.12+0.01° 83.42+0.60°  1.59+0.01"7 -1.89+0.01" 570+0.65" 21.80+2.60°  3.10x107+6.34x107%¢
2 Al 0.15 +0.02: 64.85+0.18°  1.95+0.09°  20.18£021° 724+1.40° 21.76+3.65  3.82x107+1.32x107%%
3 A2 0.15 +0.02: 63.10+0.35¢  240+0.14°  18.63+£0.48"  7.07+1.75 24.34+138  4.09x107+4.03x107°°
4 A3 0.17 +0.01° 5456+£0.56°  4.52+0.17°  17.12£040° 821+£1.59° 31.90+£1.08°  4.72x107+3.70x107°2
5 K1 0.14+0.01%® 60.35+0.42¢  1.98+0.06° 17.57+£040°  8.68+1.72° 2561+6.72°  3.94x107+£2.54x107°%
6 K2 0.14£0.01%® 58.10+0.45°  3.12+0.14°  23.56+028 926+120° 26.99+2.56°  3.56x107+1.77x107°¢
7 K3 0.14 +0.01* 49.41+0.74¢  6.09+0.14 2450031 9374254 28.67+7.71°  3.10x107+9.47x107¢

4 the same letter in the same column is not significantly different (p > 0.05). C = control film, A = film added with non

copigmented anthocyanin, K = film added with copigmented anthocyanin.

The addition of anthocyanins impacted the
physical properties of gelatin-based films, such as
density and thickness, confirming that formulations
could lead to considerable variations depending on the
interactions with gelatin [22]. Furthermore, the
incorporation of anthocyanins from specific plant
sources enhanced the structural integrity of the films
and suggested that these interactions could lead to
thicker and more robust films [6]. In a broader context,
various natural extracts, including anthocyanins, can
influence the thickness and functional properties of
gelatin films [7]. Although the exact thickness can
differ, it is generally observed that the inclusion of
anthocyanins contributes to the formation of thicker,
more functional films. In conclusion, intelligent films
made from gelatin and enriched with anthocyanins,
along with glucomannan, can exhibit significant
thickness variations, with specific studies suggesting
values ranging from approximately 0.12 mm to over
0.17 pm depending on the specific formulation and
additives used.

Color of edible film
The initial color of the intelligent film is a key

parameter for evaluating its ability to indicate food

freshness. This study, Table 2, showed a significant
decrease in L (lightness) values (p < 0.005) with
increasing concentrations of both native RPAE and GA-
copigmented RPAE, ranging from 49.41 to 83.42. In
contrast, the a (redness) and b* (yellowness) values of
the intelligent films significantly increased (p < 0.005)
with anthocyanin addition, with the highest a* and b*
values observed in K3 films, 6.09 and 24.50 + 0.31,
respectively. These findings indicate that higher
anthocyanin concentrations result in films that are
darker, redder, and more yellowish.

Different anthocyanin sources yield distinct initial
film colors depending on their molecular structures. The
carrier matrix and the pH of the film-forming solution
also play crucial roles in determining color appearance.
At acidic pH, anthocyanins predominantly exist in the
red flavylium cation form. Upon deprotonation, the
flavylium cation converts into the purple quinoidal base,
which can further deprotonate to form the anionic
quinoidal base, exhibiting blue to green hues. In
aqueous environments, the quinoidal base may hydrate
to form the colorless carbinol pseudobase [23]. In the
present study, the anthocyanin-based films exhibited a
noticeable greenish-yellow coloration at pH 5 - 6,
suggesting that quinoidal forms were dominant under
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these slightly acidic conditions. This color behavior
reflects the intrinsic pH sensitivity of anthocyanins
extracted from rambutan peel, which undergo structural
transformations in response to environmental pH. The
transformation of anthocyanins under varying pH
conditions is a critical aspect of their functionality as
colorimetric indicators. Particularly within the pH range
of 5 to 6, quinoidal forms dominate, leading to notable
spectral and AE. At lower pH levels, anthocyanins exist
predominantly as flavylium cations, exhibiting vibrant
red hues. As the pH increases, these compounds undergo
structural transformations into quinoidal bases, then
carbinol pseudobases, and finally chalcones, which
display less color saturation and varied color profiles,
ranging from purple to blue [31]. The quinoidal form is
especially significant because it represents a stable
intermediate that contributes to the characteristic color
response of anthocyanins. This pH-dependent behavior
highlights the molecular basis of anthocyanin
sensitivity, enabling their application in intelligent
packaging systems designed for freshness monitoring
[32,33]. Such materials leverage the colorimetric
potential of anthocyanins to visually indicate shifts in
pH that correlate with food spoilage processes, thus
offering a non-invasive means of assessing food quality
[33]. Studies have demonstrated that the structural
integrity and environmental conditions can significantly
influence the stability and colorimetric properties of
anthocyanins, solidifying their role as effective
bioindicators in smart food packaging technologies
[34,35].

Initial film colors depend on anthocyanin sources
and matrix interactions. RPAE incorporated into pectin-
chitosan films produced red films [23]. Fish gelatin
films with butterfly pea flower anthocyanins showed a
blue color, which shifted to green-yellow upon the
incorporation of chitosan carbon dots [24]. Meanwhile,
chitin-based intelligent films containing black wolfberry
anthocyanins displayed a purple hue with sodium
alginate, but appeared yellowish-brown when combined
with gelatin [8]. In summary, the initial color of
intelligent films is strongly influenced by the type of
anthocyanin, film matrix, and pH conditions, which
together determine their suitability and effectiveness as
freshness  indicators in intelligent packaging

applications.

TS and EAB

The mechanical properties of intelligent films
made from gelatin and glucomannan, particularly when
enriched with anthocyanins, are critical for their
performance in food packaging applications. Studies
indicate that the TS and EAB of these films can be
significantly influenced by the incorporation of
anthocyanins. The results, Table 2, showed that the
incorporation of both native and copigmented
anthocyanins into the intelligent films significantly (p
< 0.005) increased their TS, ranging from 5.70 to 9.37
MPa, while the EAB showed no significant differences,
with values ranging from 21.80% to 28.67%.

For instance, the incorporation of anthocyanins
into gelatin-based films can affect their TS, which may
fluctuate based on the anthocyanin concentration used.
Specifically, higher concentrations of anthocyanins
were noted to reduce TS while enhancing EAB due to
improved interfacial interactions within the film, which
can increase flexibility [10]. In another study, it was
found that films incorporated with anthocyanin extracts
had a TS of approximately 12.91 MPa after adding
specific proportions of plant extracts, showcasing
varied mechanical strength depending on the
formulation [4]. Moreover, the incorporation of
anthocyanins into gelatin films led to an increase in the
EAB from 91.19% to 107.86%, suggesting that this
modification significantly enhances the practicality of
the films by improving flexibility and resilience under
tension [22]. The increase in EAB indicates that the
films can withstand stretching without breaking, which
is advantageous for handling during packaging
processes. Additionally, adding anthocyanin extracts
may reduce TS in gelatin films formulated with other
agents like glucomannan. This may indicate that the
interactions between the natural polymer network and
the anthocyanins could enhance flexibility while
compromising ultimate TS [9]. The observed values for
TS and EAB are strongly dependent on the type and
amount of additional components used in the film
formulation.

To summarize, films synthesized from gelatin and
glucomannan enriched with anthocyanins can exhibit
variable TS, often measured around 9.37 MPa, with
EAB values that can surpass 28.67%. Such mechanical
properties can be markedly improved through careful

formulation and selection of synergistic components,
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which can play a pivotal role in their application as
intelligent packaging materials.

WVP

WVP is a critical parameter in intelligent films, as
it determines their ability to regulate vapor transfer,
including TVB-N, which directly affects the film’s
sensitivity in monitoring food freshness. In this study,
the WVP values ranged from 3.10x1077 to 4.72x1077
H,0O g-Pa!-h’! (Table 2). The incorporation of both
native and copigmented RPAE led to an increase in
WVP, which can be ascribed to the hydrophilic nature
of anthocyanins and GA. The presence of GA within the
anthocyanin structure is known to enhance the affinity
of the polymer matrix toward water molecules, thereby
facilitating their diffusion through the film network.

These findings are consistent with previous
research where the addition of grape seed extract into
poly(butylene adipate-co-butylene terephthalate)/poly
(lactic acid) films increased WVP, likely due to the
hydrophilic nature of glycerol in the extract [11]. In
contrast, other studies demonstrated opposite trends. For
example, gelatin-based films incorporated with chitosan
carbon dots and butterfly pea flower anthocyanins
exhibited a significant reduction in WVP, with the
decrease becoming more pronounced at higher
anthocyanin concentrations [24]. This reduction was
attributed to the uniform dispersion of carbon dots and
enhanced interfacial interactions between the polymer
matrices, resulting in a denser network structure that
restricted water permeation. Similarly, carrageenan-
PVA films enriched with anthocyanins and thyme oil
showed a decrease in WVP, suggesting that the
combined effect of phenolic compounds and essential
oils contributed to a more compact microstructure and
reduced water transport [12].

Taken together, these results highlight that the
influence of anthocyanins on WVP is strongly
dependent on the type of polymer matrix and the
presence of other functional additives, which can either
enhance hydrophilicity and water diffusion or reinforce
structural compactness, thereby lowering permeability.

pH sensitivity of intelligent film

Protein-based foods, such as shrimp, typically
undergo pH elevation during spoilage (Figure 2).
Therefore, the color response of intelligent films to

varying pH conditions is a critical parameter for
freshness monitoring. In this study, the L* (lightness)
values of intelligent films incorporated with both native
and copigmented anthocyanins decreased progressively
with increasing pH. The a* (redness) value decreased
sharply at pH 2, followed by a gradual increase up to pH
14. Conversely, the b* (yellowness) value consistently
increased with rising pH. These changes can be
attributed to the structural transformation of RPAE. The
total color difference (AE) was highest at pH 1,
decreased until pH 4, and then increased again. This
behavior suggests that the films are most stable around
pH 5 - 6, as the observed color closely resembled the
initial state, while more pronounced AE were evident
under highly acidic and highly alkaline conditions. At
acidic pH, anthocyanins predominantly exist in the red
flavylium cation form. Upon deprotonation, the
flavylium cation converts to the purple quinoidal base,
which can further deprotonate into an anionic quinoidal
base, yielding blue to green hues. In aqueous
environments, hydration of the quinoidal base leads to
the colorless carbinol pseudobase [23]. As the pH
increases, these compounds undergo structural
transformations into quinoidal bases, then carbinol
pseudobases, and finally chalcones, which display less
color saturation and varied color profiles, ranging from
purple to blue [31]. The quinoidal form is especially
significant because it represents a stable intermediate
that contributes to the characteristic color response of
anthocyanins. For instance, bilayer intelligent films
based on konjac glucomannan, alginate, and alizarin
displayed a color transition from yellowish to purple as
pH increased [36]. Similarly, chitosan/gelatin films
enriched with butterfly pea anthocyanins exhibited
distinct transitions from pink to purple, blue, and green
across the pH range of 2 - 12 [24]. Gelatin films
incorporated with purple cabbage anthocyanins also
demonstrated pH-dependent changes from pink to
purple, blue, and green [33]. Moreover, starch—
polyvinyl alcohol-chitosan films enriched with roselle
anthocyanins displayed progressive color shifts under
increasing alkaline nitrogen conditions, ranging from
red to purple, green, and eventually yellow [37]. These
variations highlight that the color transition profiles are
strongly influenced by both the biopolymer matrix and
the anthocyanin source. RPAE are predominantly
composed of cyanidin-3-glucoside and delphinidin-3-
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glucoside [23], which likely explains the characteristic

greenish-yellow hues observed in this study. In

indicator for intelligent food packaging, particularly for
monitoring the freshness and spoilage of protein-rich

conclusion, the distinctive pH-dependent color response products.
of RPAE underscores its potential as a reliable natural
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Figure 2 pH sensitivity of intelligent film. C = control film, A = film added with non copigmented anthocyanin, K = film

added with copigmented anthocyanin.

RSA

The intelligent films developed in this study also
exhibited potential antioxidant activity due to the
incorporation of RPAE. Antioxidant activity was
evaluated through RSA using DPPH and ABTS assays,
as presented in Table 3. The results showed that films
containing copigmented RPAE exhibited higher RSA
values in both DPPH and ABTS assays compared to

Table 3 Antioxidant Activity of intelligent film.

those containing native anthocyanins. The DPPH assay
is based on the reduction of the stable purple DPPH
radical to a yellow-colored product by hydrogen-
donating antioxidants, while the ABTS assay measures
the ability of antioxidants to quench the blue-green
ABTS" radical cation [23]. These results confirm that
copigmentation enhances the antioxidant activity of

anthocyanins in intelligent films.

Antioxidant Activity
No Sample
DPPH ABTS
1 C 4.35+0.82¢ 4.88 +£0.94"
2 Al 21.89 +1.82¢ 13.41 £1.52¢
3 A2 59.89 +1.21°¢ 27.47+0.77¢
4 A3 92.46 £ 0.70% 73.65+1.13°
5 K1 90.94 £ 0.41° 64.42 +1.62°
6 K2 93.41 £0.27® 77.64 £ 1.06°
7 K3 94.71 £ 0.16 93.01 £ 2.35°¢

*f the same letter in the same column is not significantly different (p > 0.05)

C = control film, A = film added with non copigmented anthocyanin, K = film added with copigmented anthocyanin.
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Several studies have demonstrated that the
incorporation of anthocyanins into biopolymer films
enhances their antioxidant potential. For instance,
loading Clitoria ternatea anthocyanin-rich extract into
sodium alginate films increased TPC and TAC, resulting
in higher ABTS and DPPH activities [38]. Similarly, red
cabbage anthocyanin extract significantly improved the
DPPH scavenging activity of modified starch-based
films [39], while black rice anthocyanins in pectin-
chitosan films exhibited stronger antioxidant capacity
than ascorbic acid. In line with these findings, RPAE
incorporated into pectin-chitosan films markedly
enhanced DPPH RSA (95.54%)), attributed to their high
phenolic content (3,439.63 mg/100 g) [23].

Free radicals are atoms or molecules containing
unpaired electrons, typically generated through the
homolytic cleavage of covalent bonds under external
factors such as light or heat. In food systems, their
concentration increases over time, leading to weakened
cellular defense mechanisms and the formation of
reactive compounds that accelerate microbial
contamination and oxidative degradation [35].
Copigmented anthocyanins exhibit strong antioxidant
activity, enabling them to scavenge free radicals and
thereby inhibit spoilage. Consequently, intelligent films
incorporating copigmented RPAE offer an effective

strategy for extending food preservation.

Intelligent film morphology

The morphology of intelligent films formed from
gelatin and glucomannan, particularly those enriched
with anthocyanins, can be effectively characterized
using Scanning SEM. The SEM analysis provides
insights into the structural attributes and surface
characteristics of these films, which are critical for their
application in food packaging. As shown in Figure 3,
the incorporation of copigmented RPAE into
glucomannan-gelatin films (K3) improved the surface
morphology by producing a smoother and more
homogeneous structure, while also reducing cracks
observed in the cross-section. This indicates improved
polymer compatibility and structural integrity, likely
resulting from hydrogen bonding and electrostatic
interactions among glucomannan, gelatin, and
anthocyanins. The hydroxyl and phenolic groups of

glucomannan and anthocyanins can form intermolecular

hydrogen bonds with the amine and carbonyl groups of
gelatin, leading to a more compact and homogeneous
microstructure with fewer voids. Such a dense and
uniform structure is generally correlated with higher TS
and lower Water Vapor Permeability (WVP), as
reported in recent studies on hydrogen-bonded
biopolymer blends [3]. These molecular interactions
collectively contribute to the development of high-
performance intelligent films with enhanced mechanical
and barrier properties. These findings are consistent
with previous studies, where anthocyanin incorporation
similarly influenced the morphology and performance
of biopolymer-based films.

For intelligent films that incorporate
anthocyanins, the morphology of gelatin-based films
becomes more heterogeneous, displaying variations in
surface roughness and texture due to the interactions
between anthocyanins and the gelatin matrix [10]. The
SEM images presented in their research revealed an
increase in surface irregularities and a less uniform
distribution compared to control films, indicating that
anthocyanin inclusion alters interface characteristics,
potentially enhancing the functional properties of the
films. Moreover, pH-responsive gelatin films indicated
a noticeable variation in microstructure when
anthocyanin and diatomite were added. The SEM
analysis revealed that the addition of these compounds
resulted in a roughened surface and influenced the
mechanical properties of the films, highlighting the
composite nature and its impact on functionality, such
as gas barrier and mechanical strength [40]. Films from
fish gelatin and Coleus scutellarioides Anthocyanins
also supported these findings, noting that their SEM
analyses showed a more compact and dense
morphology in films containing anthocyanins
compared to those without. This suggests enhanced
compatibility between film components, which can
improve the performance of the film as a barrier against
moisture and gases, vital for food preservation [7]. The
compatibility and morphological features of
anthocyanin-containing films were favorable, as
indicated by the smooth and bubble-free cross-sections
visible through SEM analysis. This uniformity is
indicative of successful interactions between gelatin,
glucomannan, and anthocyanins, leading to better

mechanical integrity and barrier performance in food
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packaging applications [41]. Overall, SEM analysis of
gelatin and glucomannan films enriched with

anthocyanins reveals significant influences on their

Surface

morphology, enhancing their structural integrity and
functionality, which are crucial for their applications in

intelligent food packaging.

Cross-section

Figure 3 Morphology of intelligent packaging to pH. C = control film, A = film added with non copigmented anthocyanin,

K = film added with copigmented anthocyanin.

Intelligent film functional group

FTIR spectroscopy provides essential insights
into the functional groups present in intelligent films
made from gelatin and glucomannan, especially when
these films are enriched with anthocyanins. Through
FTIR analysis, various characteristic peaks are
identified, which correlate with specific functional
groups responsible for the physical and chemical
properties of these films.

As shown in Figure 4, the FTIR spectra of the
films with native and copigmented anthocyanins
exhibited peak shifts toward lower wavenumbers. The
broad band associated with O—H and N-H stretching
vibrations shifted from 3,287.21 to 3,285.48 cm’!,
indicating the formation of hydrogen bonding
interactions  between  anthocyanins and  the
glucomannan-gelatin matrix. Similarly, the peak at
1,645.18 cm™, corresponding to C=0O stretching (amide
I region), shifted to 1,642.51 cm™!, suggesting possible

interactions between the carbonyl groups of the protein
backbone and anthocyanins. In addition, the shift from
1,032.54 to 1,031.66 cm™! in the C-O stretching region
further confirmed the involvement of hydroxyl groups
of anthocyanins in hydrogen bonding. These peak shifts
collectively demonstrate that the incorporation of
anthocyanins enhances molecular interactions within
the polymer network, thereby improving film stability
and compatibility. FTIR analysis of intelligent films
embedded with anthocyanins revealed significant peaks
corresponding to amide functional groups. They found
that the spectra exhibited peaks for Amide A, observed
in the range of 3,377.07 - 3,281.73 cm™' (related to N-
H stretching vibrations) and Amide I at 1,625.25 -
1,632.40 cm™! (C=0O stretching vibrations) [23].
Furthermore, Amide II was noted at 1,539.17 - 1,552.67
cm™!, while Amide Il appeared in the range of 1,235.17
- 1,239.65 c¢m™!, illustrating the presence of these

integral structures within the gelatin matrix.
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Figure 4 FTIR of intelligent packaging to pH. C = control film, A = film added with non copigmented anthocyanin, K =

film added with copigmented anthocyanin.

Moreover, the absorption bands around 3,500 -
3,200 cm™! indicated O-H stretching vibrations, which
are crucial in the context of anthocyanins [32]. The
addition of anthocyanins influenced the positioning and
intensity of these peaks, highlighting interactions
between the anthocyanins and the gelatin matrix, likely
through hydrogen bonding mechanisms. It observed
similar characterizations, noting that such interactions
are significant for the morphological stability and
barrier properties of the films [7].

Additionally, the incorporation of anthocyanins
into polymeric systems such as polyvinyl alcohol
(PVA) films showed characteristic peaks associated
with hydroxyl groups, with a broad peak around 3,365
cm!, confirming their presence within the film
matrices [42]. These findings indicate a strong
correlation between the molecular structure of
anthocyanins and the resultant physical properties of
the films. The spectral data around 2,930 - 2,934 cm™'
was observed. Reflected C—H stretching and —NHs*
stretches, showing that gelatin maintains its
characteristic bonding structures even when mixed with
anthocyanins. This retention is critical for preserving
the mechanical properties necessary for packaging
applications [43]. In summary, FTIR analysis of
intelligent films from gelatin and glucomannan
enriched with anthocyanins reveals the presence of
important functional groups such as amides (Amide A,
B, I, II, III) and hydroxyls, confirming that these

components interact significantly with the film’s
matrix. This interaction is essential for improving the
overall properties of these films, making them suitable

for intelligent packaging applications.

Intelligent film application on shrimp

During refrigerated storage, shrimp quality
deterioration was reflected by concordant changes in
chemical and microbiological indices (Table 4). TVB-
N rose from 28.11 £ 1.15 to 71.03 + 1.79 mg N/100 g
by 72 h, exceeding common freshness limits (30 - 35 mg
N/100 g), while total TVC increased from 5.24 to 6.27
log CFU/g, approaching the 6 log CFU/g spoilage
threshold. The pH showed a slight fluctuation (7.75 +
0.02 — 7.43 £ 0.02), consistent with proteolysis-driven
amine accumulation and buffering effects late in
spoilage [44,45]. This modest pH decrease corresponds
to an early post-mortem acidification phase, in which
glycolysis and lactic acid accumulation lower muscle
pH before a gradual rise occurs due to microbial
deamination and volatile base formation [46,47]. To
facilitate practical interpretation, film colors were
mapped to freshness categories based on concurrent
TVB-N/TVC values: Yellow = fresh (TVB-N <30 - 35
mg N/100 g; TVC < 6.0 log CFU/g), yellow-green =
borderline (TVB-N 35 - 60 mg N/100 g or TVC
approaching 6.0 log CFU/g), and green = spoiled (TVB-
N> 60 mg N/100 g and/or TVC > 6.0 log CFU/g).
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Table 4 TVB-N, TVC, and pH shrimp during storage.

No Time (h) TVB-N (mg/100g) TVC (log CFU/g) pH
1 0 28.11 £ 1.15 5.24 7.75+0.02
2 24 38.82+0.85 5.49 7.74 £0.03
3 48 46.79 £ 1.09 591 7.58 £0.03
4 72 71.03 +1.79 6.27 7.43 £0.02
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Figure S TVB-N, TVC, pH shrimp, and AE film.

Accordingly, the glucomannan-gelatin films
loaded with RPAE exhibited a yellow-to-green
transition over time with AE > 5, reflecting the pH-
dependent structural interconversion of anthocyanins
from flavylium to quinoidal and ultimately to chalcone
within the biopolymer matrix (Figure 5). This pH-
dependent behavior highlights the molecular basis of
anthocyanin sensitivity, enabling their application in
intelligent packaging systems designed for freshness
monitoring [32,33]. Such materials leverage the
colorimetric potential of anthocyanins to visually
indicate shifts in pH that correlate with food spoilage

processes, thus offering a non-invasive means of

assessing food quality [33]. Studies have demonstrated
that the structural
conditions can significantly influence the stability and

integrity and environmental
colorimetric properties of anthocyanins, solidifying
their role as effective bioindicators in smart food
packaging technologies [34,35]. Similar abediindicator
behavior color shifts that track increases in TVB-
N/TVC has been reported for chitosan and gelatin-based
anthocyanin films, where hydrogen-bonding
interactions help sharpen the sensing signal [33,48-50].
Collectively, these parallel changes in TVB-N, TVC,
and AE demonstrate that the developed films provide a
reliable, non-invasive indicator of shrimp freshness

suitable for intelligent packaging applications.
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added with copigmented anthocyanin.

Conclusions

This study demonstrates that intelligent films
fabricated from porang-derived glucomannan and
gelatin and enriched with RPAE, particularly in the
copigmented form, offer a robust, sustainable platform
for seafood freshness monitoring. The films showed
improved functional performance, including TS up to
~9.37 MPa, EAB up to ~31.90%, and WVP in the range
of ~3.10 - 4.72x107 g-m'-Pa'-h”!, along with
enhanced RSA (DPPH/ABTS). FTIR analysis indicated
hydrogen-bonding  interactions among  gelatin,
glucomannan, and anthocyanins, while SEM revealed
smoother, more homogeneous morphologies for
copigmented systems, supporting better structural
integrity. Critically, during shrimp storage, the films
provided clear visual readouts (AE > 5) that tracked
quality deterioration, aligning with increases in TVB-N
and microbial load, thus enabling a non-invasive, real-
time indication of spoilage (Figure 5). Leveraging
locally abundant biopolymers and colorants, these films
advance biodegradable, intelligent packaging with
practical relevance to seafood safety and quality. Future
work should validate performance across diverse cold-

chain conditions, develop quantitative models linking

Figure 6 Film color during application. C = control film, A = film added with non copigmented anthocyanin, K = film

AE with TVB-N/TVC for predictive decision
thresholds, strengthen long-term color stability (e.g.,
optimized co-pigmentation/encapsulation), and assess
scalability and regulatory aspects for industrial
translation.
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