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Abstract

The aim of this study was to develop and characterize carboxymethylated agar (CMA) based films crosslinked
with citric acid, polyethylene glycol (PEG), and B-cyclodextrin for sustainable food packaging applications. The
inherent brittleness, high hydrophilicity, and limited thermal stability of native agar films, which restrict their
practical use in food packaging systems were considered as the aim of performing this study. Five distinct film
formulations were prepared using different combinations of crosslinking agents, and their physicochemical,
morphological, and thermal properties were systematically evaluated. The degree of substitution (DS) of
carboxymethyl agar was determined to be 0.69, indicating successful chemical modification. Water contact angle
analysis revealed that the CMA-P-B-A film exhibited the highest hydrophobicity, with a contact angle in the range
of 80-89°, compared to approximately 67° for the control CMA film, demonstrating enhanced moisture resistance.
Differential scanning calorimetry showed a significant increase in glass transition temperature (Tg), reaching 82.08
°C for the CMA-P-B-A formulation, compared to 52.54 °C for CMA, confirming the formation of a highly
crosslinked polymer network. FTIR and XRD analyses confirmed successful carboxymethylation and
crosslinking, accompanied by reduced crystallinity and improved structural flexibility. SEM micrographs revealed
smooth and homogeneous surfaces with interconnected polymer networks. Overall, the integrative
carboxymethylation crosslinking strategy effectively enhanced the hydrophobicity, thermal stability, and structural
integrity of agar-based films, highlighting the CMA-P-B-A formulation as the most promising candidate for
environmentally friendly food packaging applications. These findings provide valuable insights into the design of
advanced biopolymer-based packaging materials.
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Introduction

Agar is one of the earliest known natural
polysaccharides extracted from red marine
algae of the order Gracilariales. It is primarily
composed of agarose and agaropectin, with
agarose being the dominant fraction responsible
for its gelling behavior. Agarose is a linear,
electrically neutral polysaccharide consisting of
repeating agarobiose units formed by
alternating 3-O-linked [B-D-galactopyranose
and 4-0-linked 3,6-anhydro-a-L-
galactopyranose residues (Villanueva, Sousa,
Gongcalves, Nisson, & Hilliou, 2010). Owing to
its biocompatibility, renewability, and film-
forming ability, agar has been extensively used
in food systems, pharmaceuticals,
microbiological media, and biomedical
applications (Surendran & Sherje, 2023).
However, despite these advantages, native agar
films suffer from several intrinsic limitations,
including high brittleness, poor mechanical
strength, excessive hydrophilicity, and limited
thermal stability, which significantly restrict
their application in practical food packaging
systems (Zhang et al., 2020). To overcome
these drawbacks, chemical modifications of
agar, such as carboxymethylation, have been
explored.  Carboxymethylation introduces
carboxymethyl functional groups into the
polymer backbone, improving the solubility,
transparency, flexibility, and stability of
polysaccharides, making them more suitable
for film-forming applications. Additionally,
carboxymethyl cellulose (CMC) is another
derivative widely used in the food packaging
industry. CMC improves water solubility and
film-forming ability, providing excellent
moisture resistance and mechanical properties,
which are crucial for packaging materials. This
study  investigates  the  effects  of
carboxymethylation of agar and the
incorporation of crosslinking agents, including
citric acid, polyethylene glycol (PEG), and f3-
cyclodextrin, on the  physicochemical,
morphological, and thermal properties of
polymer films for sustainable food packaging.
The novelty of this work lies in the synergistic

derivatization crosslinking strategy, which aims
to mitigate the inherent limitations of agar and
identify an optimized formulation suitable for
environmentally friendly food packaging
applications (Chakka & Zhou., 2020; Qi et al.,
2022).

Materials and Methods

After carboxymethylation of agar, agar-
based films were prepared using different
crosslinking agents, and their physicochemical,
structural, and thermal properties were
evaluated to assess their potential application as
food  packaging  materials,  following
approaches commonly reported for modified
polysaccharide-based films (Roy, Kim, &
Rhim, 2021; Abdollahi, Damirchi, Shafafi,
Rezaei, & Ariaii, 2019).

Agar Extraction

Algae seedlings were collected from their
natural habitat in Suru (Bandar Abbas, Iran) and
transported to the laboratory for further
processing. Agar was extracted from
Gracilaria algae using an alkaline extraction
method. Initially, the collected algae samples
were thoroughly washed with distilled water to
remove surface impurities, sand particles, and
salts, and subsequently dried under ambient
laboratory conditions. The dried algae were
subjected to alkaline pretreatment using sodium
hydroxide solution to facilitate the conversion
of sulfate groups to 3,6-anhydrogalactose units
and to improve agar gel strength and extraction
yield. To remove residual alkali, the algae
samples were then repeatedly washed with
distilled water until neutral pH was achieved.
Subsequently, the pretreated algae were soaked
in distilled water and heated to initiate agar
extraction. The resulting hot extract was filtered
to remove insoluble residues and allowed to
cool and form a gel at room temperature. The
formed gels were dehydrated, washed with
distilled water, and mechanically compressed
to remove excess moisture. Finally, the
extracted agar was dried in a hot air oven at 60
°C, ground into powder form, and stored in
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airtight containers for subsequent analyses
(Abraham et al., 2018). The agar yield was
calculated using the following equation:

Yield (%) = (Weight of extracted dry agar)/
(Weight of dried algae) x 100

Carboxymethylation of Agar

The preparation of carboxymethylated agar
was performed following the method described
by Qi et al. (2022), with minor modifications.
Briefly, 2 g of agar powder extracted from
Gracilaria algae was dispersed in 100 mL of
80% (v/v) isopropanol and stirred at room
temperature (25 °C) for 30 min to ensure
uniform swelling. Subsequently, 25 mL of
sodium hydroxide solution (5 mol L™) was
added gradually, and the mixture was
continuously stirred for 1 h to achieve complete
alkalization (Chakka & Zhou, 2020).

After alkalization, 7.5 g of monochloroacetic
acid was gradually added, and the reaction
mixture was maintained under continuous
stirring for 5 h at 55 °C to promote the
carboxymethylation reaction. Upon
completion, the reaction was terminated by
adding 85% methanol, followed by
neutralization with 1 mol L™ * glacial acetic
acid. The resulting product was filtered, washed
thoroughly with 60% ethanol to remove
residual salts and by-products, dried at 60 °C
for 24 h, crushed, and sieved through an 80-
mesh sieve to obtain carboxymethyl agar (Im,
Lee, Rajabi Abhari, Youn, & Lee, 2018).

Preparation of Films

Agar-based films were prepared by
dissolving 2 g of carboxymethyl agar powder in
50 mL of distilled water at 80 °C under
continuous stirring until complete dissolution
was achieved, following previously reported
film-forming procedures for polysaccharide-
based materials (Tammina & Rhim, 2023;
Abdollahi et al., 2019). Five formulations were
prepared as follows: CMA, CMA-P, CMA-P-
A, CMA-B-A, and CMA-P-B-A. After the
addition of the respective crosslinking agents,
the film-forming solutions were homogenized
using a digital Ultra-Turrax homogenizer at 65

°C to ensure uniform dispersion and effective
interaction among the components. The
resulting homogeneous hydrogels were poured
onto Petri dishes and dried in a hot air oven at
50 °C for 24 h, as commonly reported for
crosslinked biopolymer films (Dharmalingam
& Anandalakshmi, 2019).

Determination of Degree of Substitution (DS)

The degree of substitution (DS) of
carboxymethyl agar was determined using a
neutralization titration method. Carboxymethyl
agar (0.1 g) was dissolved in 25 mL of distilled
water, followed by the addition of 25 mL of
standard NaOH solution (0.1 mol L™ 1). The
mixture was stirred for 10-15 min and
subsequently titrated with standard HCI
solution (0.1 mol L™ %) using phenolphthalein
as an indicator until the endpoint was reached.
The titration was performed in triplicate, and
the average volume of HCI consumed was used
for calculations.
The DS was calculated using Equations 1 and 2
(Chakka & Zhou, 2020).

DS = 0.306X (1)
e
X — 0 10 1 M1 (2)

w

Where, 0.306 is the molar mass of the
disaccharide unit (g.mol?), 0.058 is the molar
mass of the introduced carboxymethyl group
(g.molY), Vo is the volume of NaOH added
(mL), Mo is the concentration of NaOH added
(mol.L}), V1 is the consumed volume of HCI
(mL), My is the concentration of HCI (mol.L?),
and W is the sample weight (g).

Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of unmodified agar and
carboxymethylated agar were obtained using an
FTIR spectrometer (EDX-GP, Shimadzu,
Japan) equipped with KBr pellet accessories,
following previously reported procedures for
polysaccharide-based films (Siripatrawan &
Harte, 2010; Lakshmi, Trivedi, & Reddy,
2017). Spectra were obtained in the range of
4000400 cm™ at a resolution of 4 cm™ to
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identify  functional confirm

chemical modification.

groups and

Contact Angle Measurement

The wetting test was carried out using a
contact angle measuring (CAM) device. The
images were captured using a color industrial
camera (Model PG-X, Switzerland). Ultra-high
purity water was used as the probe liquid to
measure the contact angle at room temperature.
Prior to measurement, all film samples (3 cm x
7 cm) were fixed on a movable sample plate and
leveled horizontally. A small droplet of pure
water was gently deposited onto the surface of
each film. For each film, surface
hydrophobicity was determined from the initial
contact angle values, calculated as the average
of contact angles measured on both sides of the
droplet almost immediately after deposition, to
minimize spreading effects (Rbihi,
Aboulouard, Laallam, & Jouaiti, 2020).

X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) patterns of the
samples were analyzed to determine
crystallinity and investigate the internal atomic
arrangement using an X-ray diffractometer
(Philips, Netherlands) equipped with Ni-
filtered Cu—Ka radiation, following the method
describped by Liu et al. (2020). The
diffractometer was operated at 40 kV and 30
mA, and diffraction data were collected over a
20 range of 5° to 60° at a scanning speed of 1°
min~ 1,

Scanning Electron Microscopy (SEM)

A scanning electron microscope (Evo25,
Zeiss, Germany) was used to observe the
surface and cross-sectional microstructures of
the films. The microscope was operated at an
accelerating voltage of 12 kV. Prior to analysis,
film samples were coated with a thin layer of
gold to enhance electrical conductivity. SEM
images were recorded at magnifications of
300x and 500x to evaluate film homogeneity
and microstructural features (Michler & Lebek,
2016).

Differential Scanning Calorimetry (DSC)

The glass transition temperature (Tg) of the
films was determined using differential
scanning  calorimetry  (Diamond  DSC,
PerkinElmer, USA). Film samples weighing
approximately 10-15 mg were prepared using
an analytical balance (x 0.002 mg) and sealed
in aluminum hermetic pans, with an empty pan
used as the reference. The samples were heated
from 30 to 300 °C at a heating rate of 10 °C
min~  under an argon atmosphere. The Tg was
identified as the midpoint of the baseline shift
associated with changes in heat capacity during
the glass transition (Arancibia, Aleméan, Lépez-
Caballero, Gomez-Guillén, & Montero, 2015).

Statistical Analysis

Data were analyzed using analysis of
variance (ANOVA) with SPSS software
(version 23, IBM Corporation, Armonk, NY,
USA). Differences among treatments were
determined using Duncan’s multiple range test
at a significance level of 5% (p < 0.05). All
results were expressed as mean * standard
deviation (SD).

Results and Discussion
Degree of Substitution (DS)

The degree of substitution (DS) is a critical
parameter that directly influences the
physicochemical properties of
carboxymethylated polysaccharides, including
solubility, viscosity, thermal behavior, and
film-forming ability. In the present study, the
DS of carboxymethyl agar was determined to
be 0.69, confirming the successful introduction
of carboxymethyl groups into the agar
backbone. This DS value falls within the
optimal range reported for commercially
functional carboxymethylated polysaccharides
and is suitable for film-based applications
(Rahman et al., 2021; Zhao et al., 2025). The
introduction of carboxymethyl groups enhances
water solubility by increasing electrostatic
repulsion between polymer chains and reducing
intermolecular hydrogen bonding. Previous
studies have shown that carboxymethyl agar
exhibits improved solubility at room
temperature  when the DS  exceeds
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approximately 0.55 (Cao, Liu, Luan, & Zhang,
2014). The DS value obtained in this study is
therefore expected to facilitate homogeneous
film formation and improved compatibility
with crosslinking agents. Comparable findings
have been reported for carboxymethyl cellulose
systems, where DS values in the range of 0.5—
0.8 have been associated with favorable
mechanical strength and reduced crystallinity
(Casaburi, Rojo, Cerrutti, Vazquez, & Foresti,
2018). The DS value achieved in this work
indicates a balanced modification level,
sufficient to improve functional performance
without compromising structural integrity.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was employed to support
the successful chemical modification of agar
and the formation of intermolecular interactions
within the film matrix. Fig. 1 presents the FTIR
spectra of unmodified agar and carboxymethyl
agar (CMA). The spectrum of native agar
exhibited a broad absorption band in the range
of 3300-3700 cm™ %, corresponding to O-H

stretching vibrations of hydroxyl groups, which
is characteristic of polysaccharide structures
(Mostafa, Ali, EI-Wassefy, Saad, & Hussein,
2024). Following carboxymethylation, a
noticeable decrease in the intensity of the
hydroxyl stretching band was observed,
indicating partial substitution of hydroxyl
groups by carboxymethyl functionalities.
Additionally, new absorption bands appeared at
approximately 1439 cm~ ! and 1372 cm™ 1,
which are attributed to the asymmetric and
symmetric stretching vibrations of carboxylate
(-COO~ ) groups and methylene (—CH2-)
scissoring vibrations, respectively (Wang et al.,
2012). The presence of absorption bands in the
region of 1500-1700 cm™ * further confirms the
successful introduction of carboxymethyl
groups into the agar chains. These spectral
changes are consistent with previous reports on
carboxymethylated polysaccharides and verify
the effectiveness of the chemical modification
process (Rahman et al., 2021; Bandyopadhyay,
Séha, Sanétrnik, Saha, & Saha, 2021).

100 -
90 -+
80 -+
70 +
60 |
50
40

%T

CMA =
Agar ==

3500

2500 1500 500
Wave number (cm!)

Fig. 1. The FTIR spectra of raw agar and CMA

FTIR Analysis of CMA-based Composite Films

FTIR spectroscopy was employed to
investigate the intermolecular interactions and
crosslinking behavior within  CMA-based
composite films containing polyethylene glycol
(PEQ), citric acid (CA), and B-cyclodextrin (-
CD). Fig. 2 presents the FTIR spectra of CMA
film and its modified counterparts. The FTIR
spectrum of pristine CMA film exhibited a
broad absorption band in the range of 3200—

3500 cm™ 1, which is attributed to the stretching
vibrations of hydroxyl (—-OH) groups associated
with the polysaccharide backbone and absorbed
moisture.  Upon incorporation of PEG
(CMA+P), a noticeable reduction in the
intensity of this band was observed, indicating
enhanced hydrogen bonding interactions
between CMA and PEG chains. Similar
behavior has been reported for PEG-plasticized
polysaccharide systems and is commonly
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associated with improved chain mobility and
intermolecular compatibility (Zhang et al.,
2020). The addition of citric acid resulted in
more pronounced spectral changes. In the
CMA+P+A and CMA+B+A films, the
appearance and intensification of absorption
bands in the region of 1700-1730 cm™ * were
observed, corresponding to the C=0 stretching
vibrations of ester groups. This band is a key
indicator of esterification reactions between the
carboxyl groups of citric acid and the hydroxyl
groups of CMA, PEG, and B-CD, confirming
the formation of chemical crosslinks within the
polymer network. Similar ester-related bands
have been widely reported in citric-acid-
crosslinked polysaccharide films, including
carboxymethyl cellulose and starch-based
systems (Smith, 2022; Rahman et al., 2021).
Additionally, the bands located at
approximately 1400-1450 cm™ ! and 1320-
1380 cm™ 1, attributed to asymmetric and
symmetric stretching vibrations of carboxylate
(—COO™ ) groups and CH2 bending vibrations,
exhibited increased intensity and slight shifts in
the modified films. These changes further
support the involvement of carboxyl groups in
crosslinking ~ reactions and  enhanced

intermolecular interactions, consistent with
previous reports on carboxymethylated
polysaccharide matrices (Qi et al., 2022; Zhang
et al., 2019). In the fingerprint region (1000-
1150 cm™ 1), all composite films displayed
intensified and broadened absorption bands
corresponding to C—O and C-O-C stretching
vibrations. The most significant changes were
observed for the CMA+P-B+A film, indicating
the formation of a more complex and
interconnected  network  structure.  The
contribution of B-cyclodextrin to this region has
been attributed to its cyclic oligosaccharide
structure, which promotes additional hydrogen
bonding and network stabilization, as reported
in B-CD-based composite films (Velazquez-
Contreras et al., 2021). Overall, the progressive
spectral evolution from CMA to CMA+P-B+A
demonstrates a stepwise formation of hydrogen
bonding interactions followed by ester
crosslinking, resulting in a chemically
integrated and stabilized film matrix. The
observed FTIR features are in good agreement
with previously reported citric-acid-crosslinked
polysaccharide and cyclodextrin-containing
film systems, confirming the successful design
and optimization of the composite films.

120 4

100 H

%T (offset)

80

60

CMA+P
—— CMA+P+A
—— CMA+B+A
—— CMA+P-B+A

40

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm™?)

Fig. 2. The FTIR spectra of CMA-based composite films

Water Contact Angle (CA)

The surface wettability of the films was
evaluated by  water contact angle
measurements, which provide insight into

surface hydrophilicity and moisture resistance
as two key parameters for food packaging
materials. As shown in Fig. 3, the control CMA
film exhibited a contact angle of approximately



Falahatgar, et al., Development and Characterization of Carboxymethylated ... 7

67°, indicating a moderately hydrophilic
surface. Among all formulations, only the
CMA-P-B-A film exhibited a markedly higher
contact angle in the range of 80-89°,
demonstrating significantly enhanced surface
hydrophobicity. This improvement can be
attributed to the synergistic effect of
polyethylene glycol, B-cyclodextrin, and citric
acid, which promoted effective crosslinking
and reduced the availability of hydrophilic
functional groups on the film surface. Similar

increases in contact angle have been reported
for crosslinked polysaccharide films, where
ester bond formation and network densification
limit water—polymer interactions (Zhu et al.,
2022; Balgik Tamer, 2023). The enhanced
hydrophobicity observed for the CMA-P-B3-A
formulation suggests improved resistance to
moisture penetration, which is desirable for
potentially extending the shelf life of packaged
foods.

(S

Fig. 3. Water contact angle: 1- Control (CMA), 2- CMA-P, 3- CMA-P-A, 4- CMA-B-A, and 5- CMA-P--A

X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was
performed to investigate the crystalline
structure  and  structural ordering  of
carboxymethyl agar (CMA) films and their
crosslinked formulations. Fig. 4 shows the
XRD patterns of CMA, CMA-P, CMA-P-A,
CMA-B-A, and CMA-P-B-A films. The CMA
film exhibited a characteristic diffraction peak
at approximately 20 = 20°, along with a weaker
peak near 20 = 12°, which are typical of semi-
crystalline agar-based materials (Casaburi et
al., 2018). Upon incorporation of polyethylene
glycol, citric acid, and [-cyclodextrin, a
noticeable reduction in peak intensity and peak
broadening were observed, indicating a
decrease in crystallinity and an increase in the
amorphous phase of the polymer matrix. This

behavior can be attributed to the substitution of
hydroxyl groups by carboxymethyl groups and
the formation of crosslinked networks that
interfere with regular polymer chain packing
(Zhu et al., 2022). To ensure reliable
interpretation of the diffraction patterns,
background noise was minimized during data
processing, and the overall trend of peak
broadening rather than complete peak
disappearance was considered.  Similar
reductions in crystallinity have been reported
for crosslinked polysaccharide-based films,
where esterification and hydrogen bonding
interactions restrict molecular rearrangement
and long-range order (Gieroba, Kalisz, Krysa,
Khalavka, & Przekora, 2023; Wang, Xu, Qi, &
Chen, 2024).
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Intensity (a.u.)

Fig. 4. XRD patterns of 1- Control (CMA), 2- CMA-P, 3- CMA-P-A, 4- CMA-B-A, and 5- CMA-P-B-A

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was
used to examine the surface and cross-sectional
morphologies of carboxymethyl agar (CMA)
films with different formulations (Fig. 5). SEM
analysis provides valuable information about
film homogeneity, internal structure, and the
effectiveness of crosslinking, which directly
affect the mechanical, barrier, and thermal
properties of biopolymer films (Roy et al.,
2021; Mirpoor et al., 2025). The control CMA
film exhibited a relatively rough and
heterogeneous surface with visible micro-scale
irregularities, which are commonly observed in
unmodified or weakly modified
polysaccharide-based films (Cazon, Velazquez,
Ramirez, & Vazquez, 2017). These features can
be attributed to limited intermolecular
interactions and loosely packed polymer
chains. In contrast, films containing
polyethylene glycol, citric acid, and JB-
cyclodextrin (CMA-P, CMA-P-A, CMA-3-A,
and CMA-P-B-A) showed smoother and more
uniform  surfaces, indicating improved
compatibility among the film components and
stronger intermolecular interactions. The
incorporation of citric acid likely promoted
ester bond formation between polymer chains,
while B-cyclodextrin contributed to additional

hydrogen bonding, resulting in a more cohesive
polymer network (Zou et al., 2021; Balgik
Tamer, 2023). Cross-sectional SEM images
further revealed clear structural differences
among the formulations. The CMA film
exhibited a porous and less compact internal
structure, indicating a loosely packed polymer
network. By comparison, the CMA-P-B-A film
exhibited a dense, continuous, and
homogeneous cross-section with significantly
reduced porosity, confirming the formation of
an interconnected and crosslinked polymer
network. This compact structure restricts
polymer chain mobility and enhances the
overall structural integrity of the film
(Rajawasam et al., 2024; Keya, Li, Xu, & Xia,
2025). Similar morphological trends have been
reported for citric acid-crosslinked and
cyclodextrin-modified biopolymer films, where
increased crosslink density leads to improved
film uniformity and reduced void formation
(Uyanga, Okpozo, Onyekwere, & Daoud, 2020;
Escobar et al., 2023). The observed SEM
characteristics are consistent with the enhanced
hydrophobicity and thermal stability of the
CMA-P-B-A formulation, highlighting the
strong relationship between microstructural
organization and functional performance.
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Fig. 5. SEM images of the films

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC)
was used to evaluate the thermal behavior of
CMA and crosslinked films, with particular
emphasis on the glass transition temperature
(Tg), which is a key parameter reflecting
polymer chain mobility and thermal stability
(Arancibia et al., 2015; Jin & Torkelson, 2016).
The DSC thermograms of the films are
presented in Fig. 6. The control CMA film
exhibited a Tg of 5254 °C, which is
characteristic of hydrophilic polysaccharide-
based films containing a high density of
hydroxyl groups (Rahman et al., 2021). The
relatively low Tg indicates greater molecular
mobility and  weaker intermolecular
interactions within the polymer matrix, which
may contribute to higher water sensitivity and
lower thermal resistance. Upon incorporation
of polyethylene glycol, citric acid, and [-
cyclodextrin, a progressive increase in Tg was

observed. The Tg values increased to 58.19 °C
for CMA-P, 65.00 °C for CMA-P-A, 68.00 °C
for CMA-B-A, and reached a maximum of
82.08 °C for the CMA-P-B-A formulation. This
gradual increase in Tg reflects the increasing
degree of crosslinking and intermolecular
interactions within the polymer network
(Uyanga et al.,, 2020; Startsev, Vapirov,
Lebedev, & Kychkin, 2020). The significant
increase in Tg for crosslinked films can be
attributed to restricted polymer chain mobility
resulting from ester bond formation induced by
citric acid and enhanced hydrogen bonding
interactions associated with B-cyclodextrin.
These interactions reduce the free volume
within the polymer matrix and limit segmental
motion, thereby improving thermal stability
(Chen et al., 2025). The absence of other
thermal transitions, is related to no distinct
melting or degradation peaks within the applied
temperature range. This behavior is likely due
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to the predominantly amorphous nature of
carboxymethylated and crosslinked agar films,
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Heat flow(w/g)

Tg=58.19

where Tg is the dominant thermal transition
(Zhu et al., 2022).
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Fig. 6. DSC thermograms of the CMA and treated films

The highest Tg observed for the CMA-P-f-
A formulation confirms the synergistic effect of
polyethylene glycol, B-cyclodextrin, and citric
acid on enhancing thermal stability, which is
consistent with previous studies on citric acid-
crosslinked and cyclodextrin  modified
biopolymer films (Han, Sathiyaseelan, Lu,
Kim, & Wang, 2024; Torche et al., 2025).

Although the primary focus was on the glass
transition temperature (Tg), other thermal
transitions, such as melting and degradation
points, were also considered. However, as
mentioned earlier no distinct peaks for melting
or degradation were clearly observed within the
applied temperature range, likely due to the
predominantly amorphous nature of the
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carboxymethylated and crosslinked agar films.
This behavior highlights the predominant role
of Tg as the key thermal transition in the
modified films.

Conclusion
This study demonstrated that chemical
modification of agar through

carboxymethylation, combined with a multi-
agent crosslinking strategy, is an effective
approach to overcome the inherent limitations
of native agar films for food packaging
applications. Carboxymethyl agar with a degree
of substitution (DS) of 0.69 was successfully
synthesized, providing improved solubility and
compatibility with crosslinking agents. The
incorporation of polyethylene glycol, citric
acid, and B-cyclodextrin  significantly
influenced the structural, surface, and thermal
properties of the films. Among all formulations,
the CMA-P-B-A film exhibited the most
favorable performance. This formulation
showed a markedly higher water contact angle
in the range of 80-89°, compared to
approximately 67° for the control CMA film,
indicating enhanced surface hydrophobicity
and improved resistance to  moisture
penetration. SEM analysis confirmed the
formation of a dense, homogeneous, and
interconnected polymer network for this
formulation, while XRD results revealed a
pronounced  reduction in  crystallinity,
suggesting increased amorphous character and
improved flexibility. Thermal analysis further
supported these findings, as the glass transition
temperature (Tg) increased from 52.54 °C for
CMA to 82.08 °C for the CMA-P-B-A film,
reflecting restricted polymer chain mobility due
to effective crosslinking. These results are
consistent with previous reports on citric acid-
crosslinked and cyclodextrin-modified
biopolymer films, which have shown similar
improvements in thermal stability and
structural integrity (Balgik Tamer, 2023;
Venkatesan, Vetcher, Al-Asbahi, & Kim,
2024). Overall, the synergistic effect of
carboxymethylation and  multi-component

crosslinking resulted in films with enhanced
hydrophobicity, reduced crystallinity, and
superior thermal stability. Based on the
combined physicochemical, morphological,
and thermal evaluations, the CMA-P-B-A
formulation was identified as the most
promising candidate for environmentally
friendly food packaging applications.

Scope of the Study and Limitations

The mechanical properties of the prepared
films, including tensile strength and elongation
at break, as well as barrier properties such as
water vapor permeability and oxygen
permeability, have been reported and discussed
in our previously published studies. Therefore,
to avoid redundancy and overlap with earlier
publications, these properties were not included
in the present manuscript. Accordingly, the
scope of this study was intentionally limited to
the  structural, surface, and thermal
characterization of carboxymethyl agar-based
films. In addition, the thermal analysis
primarily focused on the glass transition
temperature (Tg), as other thermal transitions
were not clearly distinguishable due to the
predominantly amorphous nature of the
modified films. Further investigations on film
food interactions and biodegradation behavior
under different environmental conditions
remain important for comprehensive evaluation
of practical packaging applications.
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Abstract

Increasing concerns about human health have increased demand for functional bioactive compounds, such as
vitamins E and C. However, their inherent instability and susceptibility to environmental conditions have restricted
their direct application in food systems. Encapsulation strategies offer an effective approach to protect these
vitamins from degradation and enable controlled release. This study aimed to develop a stable encapsulation
system for vitamins E and C using a whey protein concentrate—chitosan (WPC—-CS) complex through spray drying,
enabling simultaneous delivery of hydrophilic and lipophilic vitamins. Response surface methodology (RSM) was
applied to optimize the formulation with the objective of maximizing encapsulation efficiency while minimizing
moisture content and hygroscopicity. The optimal microcapsule exhibited encapsulation efficiencies of 93.83%
and 93.6% for vitamins E and C, respectively, with a low moisture content (3.17%) and controlled hygroscopicity
(13.18%). Release studies demonstrated a phase-dependent behavior: vitamin C showed negligible release in
simulated mouth fluid (0.07% after 10 min) but a substantial cumulative release in simulated gastric fluid (85.74%
after 120 min). In contrast, vitamin E exhibited a slower and sustained release profile, with 31.45% released after
120 min in simulated gastric fluid and no detectable release under mouth conditions. Scanning electron microscopy
(SEM) analysis revealed that the microcapsules had a predominantly spherical morphology with a wrinkled
surface, characteristic of protein—polysaccharide matrices formed during rapid drying. Fourier transform infrared
spectroscopy (FTIR) confirmed successful encapsulation of both vitamins through interactions between WPC and
CS. These findings indicate that WPC-CS complexes produced via spray drying provide an effective co-
encapsulation and controlled-release system, enhancing vitamin stability and offering promising applications in
functional foods and pharmaceutical formulations.

Keywords: Controlled release, Microcapsules, Optimize, Spray drier

Introduction homeostasis and protecting biomolecules from

Vitamins are indispensable micronutrients oxidative stress. Among them, vitamin E (a-
with potent antioxidant properties that play a tocopherol) is a lipophilic antioxidant that
fundamental role in maintaining cellular prevents lipid peroxidation and contributes to
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the stabilization of biological membranes
(Budinci¢ et al., 2021; Chen, Zhu, Zhao, Zhang,
& Wang, 2022). In contrast, vitamin C
(ascorbic acid, AA) is a hydrophilic antioxidant
that exists in reduced (AA) and oxidized
(dehydroascorbic acid, DHA) forms and is
essential for scavenging free radicals in
aqueous systems (Comunian et al., 2013;
Guldiken et al., 2019). Together, these vitamins
provide complementary protection against
oxidative damage in both lipid and aqueous
phases of biological systems. However, despite
their recognized health-promoting effects, both
vitamins exhibit inherent physicochemical
limitations that restrict their practical
applications. Vitamin E is poorly soluble in
water and shows considerable instability when
exposed to oxygen, heat, or light, which
significantly limits its functionality in food and
pharmaceutical formulations (Rabkin, Tirosh,
& Kanner, 2022). Likewise, vitamin C
undergoes rapid degradation due to its high
sensitivity to oxidation, moisture, and
environmental stressors such as temperature
and light, leading to reduced stability and
bioavailability (Katouzian & Jafari, 2016).
These drawbacks highlight the urgent need for
innovative approaches to preserve their activity
and ensure efficient delivery.
Microencapsulation has emerged as a
promising solution to address these challenges.
By entrapping bioactive molecules within
protective wall materials, microencapsulation
enhances stability, improves dispersibility, and
provides controlled release at targeted sites.
Moreover, this technique can be tailored to
optimize the physicochemical and functional
properties of encapsulated vitamins, thereby
extending their shelf life and effectiveness.
Various methods have been developed for
microcapsule formation, including phase
separation, extrusion, complex coacervation,
polycondensation, and spray-drying. Among
these, spray-drying has gained particular
attention due to its scalability, cost-
effectiveness, and ability to convert liquid
formulations into stable powders with
improved storage and release profiles (Chang &

Nickerson, 2018; Lan, Ohm, Chen, & Rao,
2021; Li, Zhou, Huang, Li, & Xiao, 2022).

In this context, several studies have
successfully applied spray-drying for vitamin
encapsulation. For instance, vitamin C has been
encapsulated using carriers such as gum
Arabic/maltodextrin  (Delaporte, Duchemin,
Grisel, & Gore, 2024) and whey
protein/maltodextrin (Agudelo-Chaparro, Ciro-
Velasquez, Sepullveda-Valencia, & Pérez-
Monterroza, 2022) to reduce oxidative
degradation. Similarly, vitamin E has been
encapsulated with lipid-based or protein—
polysaccharide matrices to improve its
oxidative stability (Chen et al., 2018; Yousefi,
Rajaei, Nateghi, Nodeh, & Rashidi, 2023).
Furthermore, co-encapsulation of vitamins C
and E has been investigated to develop
synergistic dual-phase antioxidant systems
capable of functioning in both hydrophilic and
lipophilic environments (Chang & Nickerson,
2018). Importantly, recent advances have
focused on optimizing wall material
composition,  drying  conditions,  and
encapsulation efficiency to maximize the
stability and bioactivity of vitamins (Askari
Vaselabadi et al., 2025).

WPC-CS spray-dried microcapsules offer
distinct superiority over conventional carriers
like liposomes or emulsions for co-
encapsulating hydrophilic (e.g., vitamin C) and
hydrophobic (e.g., vitamin E) compounds.
Unlike liposomes, which suffer from inherent
instability, leakage during storage/drying, poor
scalability, and low entrapment efficiencies
requiring complex stabilization, the protein—
polysaccharide matrix yields robust, spherical
powders with high efficiency, low moisture,
and tailored pH-dependent release suitable for

functional ~ foods.  This  cost-effective,
industrially scalable spray-drying process
enhances  environmental  stability  and

controlled delivery, addressing key limitations
of lipid-based systems.

Despite  extensive investigations into
individual encapsulating agents, the co-
encapsulation of vitamins C and E using whey
protein concentrate (WPC) and chitosan (CS) in



Mojtahedi, et al., Encapsulation of Vitamins E and C by Whey Protein Concentrate ... 19

a controlled spray-drying process has been
rarely addressed. Whey protein concentrate
(WPC) was selected for its superior
emulsifying and film-forming properties,
enabling effective entrapment of lipophilic
vitamin E. Chitosan (CS) complements WPC
via electrostatic complexation, enhancing
matrix strength and providing pH-responsive
release in gastric conditions for hydrophilic
vitamin C  protection. The combined
functionality of these wall materials in
simultaneously protecting hydrophilic and
lipophilic vitamins remains underexplored.
Therefore, the present study aimed to design
and optimize spray-dried microcapsules
containing vitamins C and E by employing
WPC and CS as wall materials. Specifically, the
study investigated the influence of protein-to-
polysaccharide ratios on encapsulation
efficiency, moisture content, and release
behavior under simulated oral and gastric
conditions.

Materials and Method
Material

Vitamin E (a-tocopherol, 96% purity, w/w),
vitamin C (L-ascorbic acid, 99% purity, w/w),
pepsin (from porcine gastric mucosa), and
medium molecular weight chitosan (CS,
deacetylation degree =~ 85%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Whey protein concentrate (WPC, 80% protein,
w/w) was obtained from Fonterra (Auckland,
New Zealand). Alpha-amylase and other
analytical-grade reagents were purchased from
Merck (Darmstadt, Germany)

Preparation of CS-WPC Complex Loaded with
Vitamins C and E

Vitamin E/WPC Solution

Aqueous solutions of whey protein
concentrate (WPC; 2, 3, and 4% w/w) were
prepared by magnetic stirring at 1000 rpm for 2
h, followed by homogenization at 14,000 rpm
for 3 min using a high-shear homogenizer (T25
digital ULTRA-TURRAX, IKA, Germany). An
oil phase containing vitamin E (0.16% wi/w),
sunflower oil (4% wi/w), and Tween 80 (1%
w/w) was homogenized under identical

conditions and subsequently incorporated into
the WPC solution to obtain the vitamin E/WPC
mixture (Luo, Zhang, Whent, Yu, & Wang,

2011; Wang et al., 2016).
Vitamin C/CS Solution

Chitosan (CS) solutions (0.25, 0.375, and
0.5% wi/w) were prepared in 1% acetic acid,
stirred at 1000 rpm for 10 min, and
homogenized at 14,000 rpm for 3 min using the
same homogenizer. Vitamin C (0.9 ¢g/100 g)
was then incorporated into the CS solution and
homogenized under the same conditions (Desali
& Park, 2006; Wang et al., 2016). The CS-
vitamin C solution was gradually added to the
WPC-vitamin E solution while adjusting the
pH to 4.3, followed by homogenization at
14,000 rpm for 2 min to ensure uniform
dispersion.

Final Emulsion Characterization

Physicochemical properties (particle size, C-
potential, viscosity, encapsulation efficiency)
were measured according to established
protocols and reported in our previous study
(Mojtahedi, Mortazavian, & Varidi, 2023). The
total solid content of the feed solution prior to
spray drying was 3.5-5.5% (w/w), a critical
parameter influencing drying efficiency,
particle morphology, and microcapsule stability
(Bazaria & Kumar, 2016; Fernandes, Borges,
Botrel, & de Oliveira, 2014).

Spray Drying

Emulsions were spray-dried using a B-290
LabPlant spray dryer (Switzerland) under
controlled conditions: feed rate 3 mL/min,
compressed air flow 50 L/min, pump capacity
20%, aspirator speed 90%, inlet air temperature
165 °C, outlet temperature 99-100 °C. These
operating conditions were optimized to balance
encapsulation efficiency, particle morphology,
and vitamin stability, ensuring reproducible
production of stable microcapsules. These
operating conditions were optimized to achieve
a balance between encapsulation efficiency,
particle morphology, and vitamin stability,
thereby ensuring the production of stable

microcapsules.
Encapsulation Efficiency
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Encapsulation efficiency (EE) of vitamin C
was determined using a modified method by
(Desai & Park, 2006). A theoretical 90 mg of
encapsulated vitamin C was dissolved in 10 mL
of water, then was centrifuged at 4000xg for 30
min (Hettic, Universal 320, USA). The
transparent part was passed through a 0.2 pm
filter (Millipore, USA) and extracted by HCI
(0.1 N) Its absorbance was then measured at
244 nm (Amax of vitamin C in HCL 0.1 N) after
appropriate  dilution using a UV
spectrophotometer (Perkin Elmer Lambda-2
UV-Visible Spectrophotometer, Germany).

The EE was calculated as:
Total Vitamin C —free Vitamin C
EE(%) = A

x 100
1)
Where Total Vitamin C indicate Theoretical

vitamin C concentration in the emulsion and

free vitamin C was obtained using a membrane

separation method (Desai & Park, 2006).

For vitamin E, encapsulation efficiency was
determined according to (Luo et al., 2011). A
theoretical 16 mg of vitamin E was dissolved in
10 mL of water, followed by centrifugation at
4000xg for 30 minutes (Hettic, Universal 320,
USA). The transparent part was passed through
a 0.2 um filter and extracted by hexane. Then it
was analyzed by measuring the absorbance at
290 nm with a UV/Vis spectrophotometer
described in previous studies. Measurements
were performed in triplicate for accuracy. EE

was calculated using:
Total Vitamin E —free Vitamin E
EE (%) = !

Total Vitamin C

x 100

2)
Moisture Content
The moisture content (MC) of the powdered
sample was determined gravimetrically by
drying in a forced-circulation oven (UFB 400,
Memmert, Germany) at 105 °C until a constant
weight was achieved, following the AOAC

method (AOAC, 2005).
Moisture Absorption (Hygroscopicity)

The hygroscopicity of the produced powders
was determined according to (Comunian et al.,
2013). Specifically, 0.2 g of sample was placed
in a desiccator containing a saturated solution
of Na,SO, at 81% relative humidity. After a

Total Vitamin E

storage period of one week, hygroscopicity was
expressed as the mass of water absorbed per
100 g of sample.

Cumulative Release

The release profile was examined under two
simulated conditions: simulated mouth fluid

(SMF) and simulated gastric fluid (SGF).
Release in Simulated Mouth Fluid (SMF)
Condition

The in vitro release study was conducted in
simulated mouth fluid (SMF), prepared with
sodium  bicarbonate, calcium  chloride,
potassium phosphates, and a-amylase, and
adjusted to pH 6.8. The complex emulsion
powder was dispersed in SMF and incubated at
37 °C with continuous stirring (100 rpm) for 10
min. Non-encapsulated vitamins were removed
by centrifugation at 30,000xg, after which
digestion was terminated by adjusting the pH to
7.5. Vitamin C and vitamin E were
subsequently extracted using 0.1 M HCI and
hexane, respectively. Their concentrations were
quantified by UV-Vis spectrophotometry at
244 nm (vitamin C) and 290 nm (vitamin E)
using calibration curves of free standards.
Release  profiles were obtained from
measurements taken at 0, 5, and 10 min
(Asprea, Leto, Bergonzi, & Bilia, 2017; Desali
& Park, 2006; Luo et al., 2011).

Vitamin Release in Simulated Gastric Fluid (SGF)
Condition

Vitamin release was assessed in simulated
gastric fluid (SGF; pH 2.0, containing 0.1 M
HCI and 0.1% w/v pepsin) at 37 °C under
continuous stirring for 2 h. The initial release
Kinetics were evaluated at 0, 60, and 120 min.
Non-encapsulated vitamins were separated by
centrifugation at 30,000xg, and digestion was
terminated by adjusting the pH to 7.5. Vitamin
C and vitamin E were subsequently extracted
using 0.1 M HCI and hexane, respectively.
Quantification was performed by UV-Vis
spectrophotometry at 244 nm (vitamin C) and
290 nm (vitamin E), based on calibration curves
of free standards (Desai & Park, 2006;
Somchue, Sermsri, Shiowatana, &
Siripinyanond, 2009).

Spectroscopic Characterization
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The spectroscopic  characterization of
optimum sample, carriers, and vitamins was
conducted using Fourier transform infrared
(FTIR) spectroscopy, following the
methodology described by (Desai & Park,
2005). Briefly, the powdered samples were
compressed into KBr disks and analyzed with
an FTIR spectrophotometer (Bruker Vector22,
USA) within a wave number range of 4000-400
cm’,

Scanning Electron Microscopy

The microstructural characterization of the
optimized powdered complex emulsion was
performed using scanning electron microscopy
(SEM, EVO 18 Special Edition, Zeiss,
Germany), following a slightly modified
method based on (Desai & Park, 2006). To
examine the morphological properties, the
powdered sample was fixed onto metallic
adhesive tapes attached to metallic stubs, which
were subsequently coated with a thin layer of
gold wusing an evaporator. Imaging was
conducted in secondary electron mode under an

acceleration voltage of 15 kV.
Statistical Analysis

Response Surface Methodology (RSM) was
applied using Design-Expert software (version
13.0, Stat-Ease Inc., Minneapolis, MN, USA)
with a central composite design (CCD) to
evaluate the effects of whey protein concentrate
(2-4% w/w) and chitosan (0.25-0.5% w/w) on
encapsulation efficiency (EE), moisture content
(MC), and hygroscopicity. The optimization
goals, specifying that the study aimed to
maximize encapsulation efficiency while
minimizing hygroscopicity and moisture

content. Model adequacy was verified through
analysis of variance (ANOVA), and coefficient
of determination (R?). Statistical comparisons
were performed using Duncan’s multiple range
test in SPSS software (version 22.0), with
significance defined at p < 0.05. Confirmatory
experiments under the predicted optimal
conditions showed close agreement between
experimental and predicted values, confirming
the reliability of the optimization model

Results and Discussion

Encapsulation Efficiency

The encapsulation efficiency (EE) of
vitamins C and E was significantly influenced
by the concentrations of whey protein
concentrate (WPC) and chitosan (CS) via spray
drying (P < 0.05). whereas the encapsulation
efficiency of vitamin E was not significantly
affected by these factors (P > 0.05). As shown
in Table 1, the ANOVA results demonstrated
that all examined factors had a significant effect
on vitamin C encapsulation efficiency after
drying (p < 0.05).

The model is statistically significant (p <
0.05), indicating that the fitted model for
vitamin C encapsulation efficiency adequately
describes the response within the experimental
range. Among them, chitosan concentration had
the greatest impact, based on the F-value.
Increasing WPC or CS concentration reduced
vitamin C encapsulation efficiency, ranging
from 93.6% to 77.33% (Fig. 1-a), while vitamin
E maintained consistently high efficiency
(93.36%-93.83%) (Fig. 1-b) with minimal
variation.

Table 1- ANOVA of the effect of chitosan and WPC concentration on the efficiency of vitamin C encapsulation

Source Sum of Squares df Mean Square F Value p-value
Model 180.70 3 60.23 7.95 0.0238
WPC (g/1009) 55.05 1 55.05 7.27 0.0430
Chitosan (g/100g) 112.09 1 112.09 1479  0.0120
WPC* Chitosan 13.57 1 13.57 1.79 0.2385
Residual 37.88 5 7.58

This difference highlights the structural and
physicochemical sensitivities of vitamin C
compared to the superior stability of vitamin E
under diverse formulation environments (Desai

& Park, 2005; Hu et al., 2020; Oliveira et al.,
2023). Equation 3 presents the regression
model used to predict vitamin C encapsulation
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efficiency (EE) based on the actual levels of the
parameters (R = 0.7904).

Vit C — EE(%) = 96.2705 + 2.4961 *

WPC (;’;Og) +9.6222 * Chitosan (1(;’;%) -

14.7333 + WPC (-2 g) * Chitosan (oo

)

Increasing WPC concentration reduced EE
due to protein aggregation, which created voids
within the microcapsules and promoted surface
deposition of the core compounds. This
aggregation altered emulsion  viscosity,
diminished encapsulation uniformity, and
reduced compound retention. The decline in EE

may be related to larger particle sizes, which
could lead to increased heterogeneity and
reduced emulsion  stability, ultimately
compromising capsule integrity (De Queiroz et
al., 2018; Hinnenkamp, Reineccius, & Ismail,
2021; Mojtahedi et al., 2023).

Similarly, higher CS concentrations also
reduced EE. As a polycation, CS interacts with
WPC through electrostatic associations, steric
crowding, and hydrogen bonding. When the
WPC-to-CS ratio is imbalanced, excessive
polymer entanglement decreases system
stability and promotes leakage of hydrophilic
compounds such as vitamin C.

| fje3e
wst 773333

Vit C EE% after spray
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300
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Fig. 1. a-Surface diagram of the effect of WPC and chitosan concentration on EE vitamin C
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Fig. 1. b- Surface plot of the effect of WPC and chitosan concentration on EE vitamin E
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This  electrostatic-driven mechanism
explains ~ why  balanced  formulations
maintained higher EE, whereas excessive wall
material concentrations reduced efficiency
(Liu, Jing, Han, Zhang, & Tian, 2019). In
contrast, encapsulation efficiency for vitamin E
remained relatively stable, owing to its
lipophilic nature and lower sensitivity to
variations in wall material concentration
(Barbosa, Borsarelli, & Mercadante, 2005).
This highlights the distinct physicochemical
behavior of hydrophilic versus lipophilic
compounds in encapsulation systems, where
electrostatic interactions play a dominant role
for hydrophilic molecules but less so for
lipophilic ones. An increase in particle size
combined with a decrease in zeta potential
directly compromised colloidal stability and
thereby reduced EE. Larger particles exhibited
lower surface area-to-volume ratios and a
higher tendency to aggregate, which led to void
formation and heterogeneity in the capsule
wall. At the same time, reduced zeta potential
indicated weaker electrostatic  repulsion
between particles, facilitating aggregation and
leakage of encapsulated compounds. This
phenomenon was often accompanied by higher
PDI values, confirming reduced uniformity and
stability of the emulsion system.

These findings are consistent with previous
studies, supporting and corroborating the
results obtained in the present work. Mojtahedi
et al. (2023) demonstrated that increased

particle size and reduced zeta potential in
protein-based complexes resulted in lower
emulsion stability and decreased EE. Likewise,
Hinnenkamp et al. (2021) and De Queiroz et al.
(2018) showed that protein aggregation and
diminished surface charge promoted particle
heterogeneity and reduced encapsulation
efficiency of hydrophilic compounds. Xu, Lv,
Mu, Zhou, & Yang, (2021) reported an EE of

86.3% for a-tocopherol in WPC-CS
complexes, while Agustinisari, Mulia, &
Nasikin, (2020) demonstrated enhanced

emulsion stability and
eugenol. Wang et al. (2021) highlighted
superior  efficiency (60.70%) in WPI
nanocomplexes compared to ACNs, CS, and
CMC formulations. De Queiroz et al. (2018)
achieved remarkably high efficiencies (98.5%)
for CS-WPC microcapsules, and Lekshmi et al.
(2019) documented an EE of 75.40% for
squalene encapsulated with WPC and CS.
These studies reinforce the conclusion that
balanced wall material systems are critical for
achieving high encapsulation efficiency.

improved EE for

Moisture Content

The moisture content of microcapsules
prepared with varying concentrations of WPC
and CS was systematically analyzed. Results
indicated a significant inverse relationship
between wall material concentration and
moisture content (P < 0.05), as illustrated in
Table 2 and Fig. 2.

Table 2- ANOVA of the effect of chitosan and WPC concentration on the efficiency of moisture content

Source Sum of Squares df Mean Square F Value p-value
Model 0.16 3 0.053 52.05  0.0003
WPC (g/100g) 0.15 1 0.15 148.9  0.0001
Chitosan (g/100g) 0.00735 1 0.00735 7.18 0.0439
WPC* Chitosan 0.00007 1 0.00007 0.068  0.8050
Residual 0.00512 5 0.00104
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Moisture (%)
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Fig. 2. Surface plot of the effect of WPC and chitosan concentration on moisture content

The model was found to be statistically
significant (p < 0.05), suggesting that it
provides an adequate representation of the
response across the experimental range. Higher
concentrations of WPC and CS reduced
moisture content (2.82% at 4% WPC, 0.5%
CS), whereas lower concentrations resulted in
greater retention (3.21%). This reduction
highlights the role of wall materials in
regulating water evaporation and underscores
final moisture content as a key quality control
parameter affecting stability and product
quality (Diaz-Montes, 2023). Equation 4
presents the regression model used to predict
the moisture content of microcapsules based on
the actual levels of the parameters (R2 =
0.9690).

Moisture(%) = 3.5795 — 0.1469 =

g . g
WPC (@) — 0.18 * Chitosan (M) _
0.0333 + WPC (-2 g) « Chitosan(;5) (4

The functional groups in WPC (—NH:, —
COOH, —OH) and CS (-OH, —NH>) facilitate
stronger interactions with water molecules,
promoting faster evaporation and thereby
reducing residual moisture in the final powder.
At higher concentrations, these groups facilitate
more  efficient water binding during
atomization and promote faster evaporation

during spray-drying, thereby reducing residual
moisture.  This  functional  group-driven
mechanism explains the observed decrease in
moisture content with increasing wall material
concentration, consistent with previous studies
(Chen et al., 2018; Pinto et al., 2021).

Similar findings have been reported for other
wall materials such as gum Arabic (Frascareli,
Silva, Tonon, & Hubinger, 2012) and UDP-
coated WPC (Choi & Chang, 2018), where
functional groups enhanced water interactions
and reduced moisture retention. Maintaining
moisture levels within the range of 3-10% has
been shown to improve oxidative stability of
microencapsulated oils (Klaypradit & Huang,
2008), while a final moisture content of ~5% is
considered optimal for structural stability and
retention of bioactive compounds
(Stabrauskiene, Pudziuvelyte, & Bernatoniene,
2024).

Moisture Absorption (Hygroscopicity)

The encapsulation system’s hygroscopicity
was significantly influenced by WPC
concentration (P < 0.05), while its interaction
with CS was not significant (P > 0.05). As
shown in Table 3, the ANOVA results
demonstrated that all factors had a significant
effect on hygroscopicity (p < 0.05).
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Table 3- ANOVA of the effect of chitosan and WPC concentration on the efficiency of moisture absorption

Source Sum of Squares df Mean Square F Value p-value

Model 8.97 3 2.99 82.01  0.0001

WPC (g/100g) 8.09 1 8.09 221.84  0.0001

Chitosan (g/100g) 0.88 1 0.88 24.18 0.0044

WPC* Chitosan 0.00027 1 0.00027 0.0076  0.9338

Residual 0.18 5 0.036

The model is statistically significant (p < However, excessive moisture absorption
0.05), indicating that the fitted model may compromise wall integrity, accelerate
adequately describes the response within the compound release, and promote microbial
experimental range. Equation 5 presents the growth, underscoring the need for optimized
regression model used to predict the moisture wall composition and humidity control.
absorption of microcapsules based on the actual Comparisons with previous studies confirm the
levels of the parameters (R2 =0.9801). hygroscopic nature of WPC-based
Moisture(%) = 9.775 + 1.1361 * formulations. Beetroot spray-dried

WPC (ﬁ) +2.8666 * Chitosan (u;’;og) +
0.0666 WPC( g

100g

) * C hitosan(u‘)’;og)

()

Increasing WPC and CS levels raised
hygroscopicity up to 15.8%, indicating their
role in water retention and microcapsule
stability (Fig. 3). The hydrophilic functional
groups of chitosan (-OH, —NH.) and WPC
promote moisture uptake (Carvalho-Silva,
2013), which contributes to controlled swelling
and the formation of a gel-like matrix. This
matrix acts as a physical barrier, limiting
oxygen and light penetration and thereby
enhancing the stability of encapsulated
bioactive compounds (Chen, Mao, Hou, Yuan,
& Gao, 2020). Moisture absorption also
improves the physical integrity of spray-dried
microcapsules by softening the wall structure
and reducing cracking or rupture (Li et al.,
2022). When the dried powders are exposed to
ambient humidity, the hydrophilic functional
groups act as active sites for water sorption.
Their abundance in CS and WPC increases the
powder’s affinity for atmospheric moisture,
leading to higher hygroscopicity. From a

biological perspective, enhanced hydration
increases  biocompatibility and supports
controlled  release  in  gastrointestinal

environments (Pateiro et al., 2021).

microparticles retained 11.13-15.59% moisture
(Bazaria & Kumar, 2016), while WPC—inulin
blends encapsulating rosemary essential oil
absorbed 15.7-17.1% moisture (Fernandes et
al., 2014). These findings highlight the
importance of balancing WPC and CS
concentrations to achieve structural stability
while minimizing adverse effects of excessive
hydration.

Release of Encapsulated Vitamins C and E under
Simulated Mouth Fluids

The release behaviors of vitamins C and E
under SMF conditions at 0, 5, and 10 minutes
are shown in Table 4, Statistical analysis
confirmed that neither chitosan nor WPC
concentration had a significant effect on the
release of vitamins E and C under simulated
mouth conditions (p > 0.05). Vitamin E showed
no measurable release throughout the 10-
minute testing period, indicating strong
retention within the encapsulation matrix under
neutral pH conditions. In contrast, vitamin C
exhibited only a minimal release (~0.1%),
likely due to electrostatic interactions between
WPC and CS at neutral pH, which restrict
diffusion and solubility. Such interactions play
a key role in controlling release behavior.
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Fig. 3. Surface plot of the effect of WPC and chitosan concentration on moisture absorption

Table 4- Comparison of average results of vitamin E and C release studies in simulated mouth fluid
Row WPC (%) Chitosan (%) Time (Min) Vitamin C release (%) Vitamin E release (%)

1 2 0.25 0
2 2 0.25 5
3 2 0.25 10

0.06¢ 0
0.07¢ 0
0.07¢ 0

Different letters in each column indicate significant differences (P<0.05). |

The remarkably low release observed under
SMF conditions has important practical
implications. By preventing  premature
diffusion of bioactive compounds in the oral
cavity, the encapsulation system effectively
avoids undesirable taste perception and
enhances consumer  acceptability.  This
functional control ensures that sensitive
compounds remain protected until reaching the
stomach, where targeted release and absorption
can occur.

Encapsulation plays a pivotal role in
controlling the release of bioactive compounds
within target environments. The strong
retention of vitamins in neutral conditions (e.qg.,
SMF) ensures that premature release is
minimized. This functional control must be
maintained across different stages of digestion
to guarantee that bioactive compounds are only
released in the intended site, such as the
stomach, where absorption can occur
effectively. The controlled release of vitamins
provides an advantage by reducing nitrite
accessibility through enhanced interaction with

encapsulated antioxidants. This targeted release
not only improves product stability but also
strengthens food safety by limiting nitrosamine
formation (Rot, Kovacevi¢, Habschied, &
Mastanjevic, 2025).

Previous studies have highlighted similar
applications of encapsulation systems. For
instance, Mohammadi, Ehsani, & Bakhoda,
(2018) demonstrated that alginate-based
microcapsules modulated caffeine release,
while De Queiroz et al. (2018), reported high
retention efficiencies in CS-WPC complexes.
Similar findings have been reported in probiotic
encapsulation studies, where controlled release
ensured survival through the oral phase and
targeted delivery in the intestine (Anal & Singh,
2007).

Release of Encapsulated Vitamins C and E under
Simulated Gastric Fluid

Table 5 provides a comparative overview of
the release patterns of vitamins C and E under
simulated gastric fluid (SGF) conditions at 0,
60, and 120 minutes, using optimized samples
obtained through response surface
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methodology (RSM). Both vitamins C and E
exhibited a clear time-dependent increase in
release under simulated gastric conditions.

Statistical analysis confirmed significant
differences among the three sampling times (p
< 0.05).

Table 5- Comparison of average results of vitamin E and C release studies in simulated gastric floid
Row WHPC (%) Chitosan (%) Time (Min) Vitamin C Release (%) Vitamin E Release (%0)

1 2 0.25 0
2 2 0.25 60
3 2 0.25 120

56.85¢ 0.93¢
69.44° 9.58v
85.74¢ 31.45¢

Different letters in each column indicate significant differences (P<0.05). |

Vitamin E exhibited minimal release at the
beginning (0.93%), which gradually increased
to 31.45% after 120 minutes. In contrast,
vitamin C showed a markedly higher release,
with 56.85% released initially and a cumulative
release of 85.74% after 120 minutes. This
behavior can be explained by several
mechanistic ~ factors. First, under SGF
conditions, the release mechanism is strongly
influenced by gastric acidity and enzymatic
activity. The acidic pH (pH = 1.2) leads to
protonation of CS, which reduces its
electrostatic binding capacity and accelerates
vitamin C diffusion. Simultaneously, pepsin-
induced denaturation of whey protein disrupts
the protein matrix, further enhancing release. In
contrast, vitamin E release remains limited
because of its hydrophobic nature and stronger
entrapment within the polymeric wall, which
resists enzymatic degradation and proton-
mediated diffusion (Tan et al., 2020; Xu, Tang,
Yang, Wang, & Zhou, 2020). Consistent with
these observations, Hu et al. (2020) reported
curcumin release values between 20.3% and
24.8% from whey protein—-CS microcapsules
after two hours in SGF, reinforcing the
influence of wall material composition,
electrostatic interactions, and gastric acidity on
controlled release. Similarly, Pudjiastuti et al.
(2020) emphasized that release is governed not
only by solubility but also by polymer structure
and capsule integrity. Xu et al. (2021) reported
accelerated release of hydrophilic bioactive in
acidic environments due to protonation-
induced matrix loosening, while Barbosa et al.
(2005), emphasized the stability of lipophilic
compounds in protein—polysaccharide
complexes. These findings emphasize that

nutrient release is not solely dependent on
solubility but is governed by a complex
interplay of polymer structure, electrostatic
binding, enzymatic degradation, and matrix
hydrophobicity, all of which must be
considered in designing targeted encapsulation
strategies for enhanced bioavailability.

Scanning Electron Microscopy

Scanning electron microscopy (SEM)
images revealed notable variations in particle
size and surface morphology among the
encapsulated vitamins C and E, indicating a
polydisperse nature of the microcapsules (Fig.
4). This observation is consistent with the
inherent  characteristics of  spray-drying
processes, Wwhere atomization typically
generates particles with non-uniform sizes due
to rapid droplet formation and drying kinetics
(Lekshmi et al., 2019). Such polydispersity is a
well-documented phenomenon in spray-dried
systems and is often influenced by nozzle type,
feed composition, and drying temperature
(Schmitt, Baumann, & Morgen, 2022).

The wrinkled surface morphology observed
in the SEM micrographs is likely a result of
premature solidification of the wall material
prior to complete internal vapor expansion.
This leads to surface collapse and structural
deformation, as previously reported in systems
encapsulating linoleic acid with maltodextrin
and WPC (Choi, Ryu, Kwak, & Ko, 2010).
Similar morphological features have been
described in recent studies, where wall material
composition and drying conditions were shown
to significantly affect particle shape and
integrity  (Diaz-Montes, 2023; Wang &
Mutukumira, 2022).
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Moreover, the sample containing 2% WPC
and 0.25% chitosan exhibited smaller particle
size and higher dispersion, suggesting
improved emulsification and stabilization
during atomization. This aligns with findings
by (Suwannasang et al., 2022), who
demonstrated  that  optimized  protein—
polysaccharide combinations enhance colloidal

20um

Electron Image 1

stability and reduce particle aggregation in
spray-dried formulations. Overall, the observed
polydispersity and morphological variations
underscore the importance of wall material
selection and process optimization in achieving
consistent particle characteristics.

Fig. 4. Scanning electron microscope images of sample9

FT-IR Analysis

The FT-IR analysis can be applied to the
intermolecular and structural characterization
of complex materials. The FTIR spectrums of
encapsulated vitamin C and vitamin E in
samples (9) are shown in Fig. 5. Vitamin C
shows property bands in the number of waves
that vary from 2924-3989 cm* owing to CH3
stretching. Vitamin E exhibits symmetric
bending and methyl asymmetric peaks emerge
at 1403 cm* and 1442 cm™?, respectively. The
ether group emerges at 1075 cm™. The phenol
C-O stretching emerges at 1245 cm™* while the
C—H stretching absorption peak appears at 2924
cmt and 2966 cm™L,

FTIR analysis revealed characteristic peaks
for vitamin C (2911-3024 cm™) and vitamin E
(1378 and 1466 cm™), along with functional
groups such as ether (1093 cm™), phenol (1260
cmY), and C-H stretching (2847 and 2918
cm™1), that are consistent with Pang et al.
(2017). WPC showed distinctive bands
between 1651 and 1547 cm™ corresponding to
amide I and II, in line with Dickinson, Radford,

& Golding, (2003), who reported peaks in this
range. An amide Ill band at 1245 cm™?,
attributed to N-H deformation and C=N
stretching, was also observed. Chitosan
exhibited peaks at 1075 cm™ (C-O-C), 3289
cm ! (-OH and NH2 stretching), 1651 cm™
(amide 1), and 2966 cm™ (CH stretching), as
reported by Lekshmi et al. (2019). All
characteristic peaks of the wall materials and
vitamins appeared similarly in the spectra of
encapsulated samples, indicating no structural
interaction between core and wall materials.
Muley & Singhal (2020) confirmed conjugation
between chitosan and WPI through bands at
1546.09 and 1639.58 cm™. Finally, in our
study, the conjugation confirmation between
CS and WPC was seen from bands at 1547 and
1651 cm™! that showed the Schiff base
formation. It was formed between the groups of
amino (CS and WPC) and the groups of
carboxylic and/or hydroxyl of acetic acid. The
observed alterations in the structural fractions
might result from the conjugation of WPC with
CS.
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Fig. 5. FTIR spectra of sample 9

Conclusion
A new set of wall materials was used to
prepare  microcapsules. CS-WPC  was

confirmed as an effective delivery system for
vitamins C and E, showing high encapsulation
efficiency and optimal moisture content and
water absorption capacity. The optimal
formulation, with WPC at 2.0%, CS at 0.25%,
was selected. The microcapsules were mostly
spherical with rugged surfaces. SEM images
revealed that the particle size was fine and well-
scattered. Schiff base formation between CS
and WPC was confirmed by bands at 1547 and
1651 cm?, indicating a reaction between acetic
acid’s carboxyl groups and amino groups in
both polymers. These structural changes are
likely due to the conjugation process. The
results showed that the encapsulated vitamins
remained stable in SMF but were released in
SGF. Overall, encapsulating vitamins C and E
in CS-WPC via spray drying appears to be a

References

promising approach for developing stable
encapsulates for functional foods.

Author Contribution

Pooneh Mojtahedi: Conceptualization, Data
curation, Formal analysis, Investigation,
Methodology, Software, Validation,
Visualization, Writing — original draft. Mehdi
Varidi: Supervision, Project administration,
Resources, Funding acquisition, Validation,

Writing— review and editing. Amir M.
Mortazavian: Supervision, Project
administration, Resources, Funding

acquisition, Validation, Writing — review and
editing.

Founding Source
The authors declare that they have no
competing interests and no funding source.

1. Agudelo-Chaparro, J., Ciro-Velasquez, H.J., Sepulveda-Valencia, J.U., & Pérez-Monterroza,
E.J. (2022). Microencapsulation of Lactobacillus rhamnosus ATCC 7469 by spray drying using
maltodextrin, whey protein concentrate and trehalose. Food Science and Technology
International, 28(6), 476-488. https://doi.org/10.1177/10820132211020621

2. Agustinisari, I., Mulia, K., & Nasikin, M. (2020). Physical and chemical properties of
encapsulated eugenol using whey protein-maltodextrin mixed solution and chitosan as


https://doi.org/10.1177/10820132211020621

30

Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026

10.

11.

12.

13.

14.

15.

16.

emulsifier and wall materials. AIP Conference Proceedings, 2255(1), 1-7.
https://doi.org/10.1063/5.0013758

Anal, AK., & Singh, H. (2007). Recent advances in microencapsulation of probiotics for
industrial applications and targeted delivery. Trends in Food Science & Technology, 18(5), 240-
251. https://doi.org/10.1016/j.tifs.2007.01.004

AOAC. (2005). Determination of moisture, ash ,protein and fat. Official method of analysis of

the association of analytical chemists. In: AOAC Washington DC.

Askari Vaselabadi, S., Gharibzahedi, S.M.T., Greiner, R., Vale, J.M., Ovenseri, A.C.,
Rashidinejad, A., & Roohinejad, S. (2025). Advancements in spray-drying for the
microencapsulation of fat-soluble vitamins: Stability, bioavailability, and applications. Journal
of Food Biochemistry, 2025(1), 9974476. https://doi.org/10.1155/jfbc/9974476

Asprea, M., Leto, I., Bergonzi, M.C., & Bilia, A.R. (2017). Thyme essential oil loaded in
nanocochleates: Encapsulation efficiency, in vitro release study and antioxidant activity. LWT,
77, 497-502. https://doi.org/10.1016/j.lwt.2016.12.006

Barbosa, M., Borsarelli, C., & Mercadante, A. (2005). Light stability of spray-dried bixin
encapsulated with different edible polysaccharide preparations. Food Research International,
38(8-9), 989-994. https://doi.org/10.1016/j.foodres.2005.02.018

Bazaria, B., & Kumar, P. (2016). Effect of whey protein concentrate as drying aid and drying
parameters on physicochemical and functional properties of spray dried beetroot juice
concentrate. Food Bioscience, 14, 21-27. https://doi.org/10.1016/j.fbi0.2015.11.002

Budinci¢, J.M., Petrovi¢, L., Beki¢, L., Fraj, J., Buc¢ko, S., Katona, J., & Spasojevi¢, L. (2021).
Study of vitamin E microencapsulation and controlled release from chitosan/sodium lauryl ether
sulfate microcapsules. Carbohydrate polymers, 251, 116988.
https://doi.org/10.1016/J.CARBPOL.2020.116988

Carvalho-Silva, L.B.D. (2013). Physico-chemical properties of milk whey protein agglomerates
for use in oral nutritional therapy Food and Nutrition Sciences, 4(9), 69-78.
https://doi.org/10.4236/fns.2013.49a210

Chang, C., & Nickerson, M.T. (2018). Encapsulation of omega 3-6-9 fatty acids-rich oils using
protein-based emulsions with spray drying. Journal of Food Science and Technology, 55(8),
2850-2861. https://doi.org/10.1007/s13197-018-3257-0

Chen, H., Mao, L., Hou, Z., Yuan, F., & Gao, Y. (2020). Roles of additional emulsifiers in the
structures of emulsion gels and stability of vitamin E. Food Hydrocolloids, 99, 105372.
https://doi.org/10.1016/j.foodhyd.2019.105372

Chen, X., McClements, D.J., Wang, J., Zou, L., Deng, S., Liu, W., Yan, C., Zhu, Y., Cheng, C.,
& Liu, C. (2018). Coencapsulation of (—)-Epigallocatechin-3-gallate and quercetin in particle-
stabilized W/O/W emulsion gels: Controlled release and bioaccessibility. Journal of
Agricultural and Food Chemistry, 66(14), 3691-3699.
https://doi.org/10.1021/ACS.JAFC.7B05161

Chen, Y., Zhu, C., Zhao, Y., Zhang, S., & Wang, W. (2022). Transcriptomics integrated with
changes in cell wall material of chestnut (Castanea mollissima Blume) during storage provides
a new insight into the “calcification” process. Foods, 11(8), 1136.
https://doi.org/10.3390/foods11081136

Choi, K.-O., Ryu, J., Kwak, H.-S., & Ko, S. (2010). Spray-dried conjugated linoleic acid
encapsulated with Maillard reaction products of whey proteins and maltodextrin. Food Science
and Biotechnology, 19(4), 957-965. https://doi.org/10.1007/S10068-010-0134-7

Choi, Y.-R., & Chang, Y.H. (2018). Microencapsulation of gallic acid through the complex of
whey protein concentrate-pectic polysaccharide extracted from Ulmus davidiana. Food
Hydrocolloids, 85, 222-228. https://doi.org/10.1016/j.foodhyd.2018.07.022.


https://doi.org/10.1063/5.0013758
https://doi.org/10.1016/j.tifs.2007.01.004
https://doi.org/10.1155/jfbc/9974476
https://doi.org/10.1016/j.lwt.2016.12.006
https://doi.org/10.1016/j.foodres.2005.02.018
https://doi.org/10.1016/j.fbio.2015.11.002
https://doi.org/10.4236/fns.2013.49a210
https://doi.org/10.1007/s13197-018-3257-0
https://doi.org/10.1021/ACS.JAFC.7B05161
https://doi.org/10.3390/foods11081136
https://doi.org/10.1016/j.foodhyd.2018.07.022

Mojtahedi, et al., Encapsulation of Vitamins E and C by Whey Protein Concentrate ... 31

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Comunian, T.A., Thomazini, M., Alves, A.J.G., de Matos Junior, F.E., de Carvalho Balieiro,
J.C., & Favaro-Trindade, C.S. (2013). Microencapsulation of ascorbic acid by complex
coacervation: Protection and controlled release. Food Research International, 52(1), 373-379.
https://doi.org/10.1016/j.foodres.2013.03.028

De Queiroz, J.L.C., Costa, R.O.D.A., Matias, L.L.R., De Medeiros, A.F., Gomes, A.F.T., Pais,
T.D.S., Passos, T.S., Maciel, B.L.L., Dos Santos, E.A., & Morais, A.H.D.A. (2018). Chitosan-
whey protein nanoparticles improve encapsulation efficiency and stability of a trypsin inhibitor
isolated from  Tamarindus indica L. Food Hydrocolloids, 84, 247-256.
https://doi.org/10.1016/j.foodhyd.2018.06.010

Delaporte, A., Duchemin, B., Grisel, M., & Gore, E. (2024). Impact of wall material-to-active
ratio in the stability of spray-dried ascorbic acid using maltodextrin and gum arabic. Molecules,
29(15), 3587. https://doi.org/10.3390/molecules29153587

Desai, K., & Park, H. (2005). Encapsulation of vitamin C in tripolyphosphate cross-linked
chitosan microspheres by spray drying. Journal of Microencapsulation, 22(2), 179-192.
https://doi.org/10.1080/02652040400026533

Desai, K., & Park, H.J. (2006). Effect of manufacturing parameters on the characteristics of
vitamin C encapsulated tripolyphosphate-chitosan microspheres prepared by spray-drying.
Journal of Microencapsulation, 23(1), 91-103. https://doi.org/10.1080/02652040500435436
Diaz-Montes, E. (2023). Wall materials for encapsulating bioactive compounds via spray-
drying: A review. Polymers, 15(12), 2659. https://doi.org/10.3390/polym15122659

Dickinson, E., Radford, S.J., & Golding, M. (2003). Stability and rheology of emulsions
containing sodium caseinate: combined effects of ionic calcium and non-ionic surfactant. Food
Hydrocolloids, 17(2), 211-220. https://doi.org/10.1016/S0268-005X(02)00055-3

Fernandes, R.V.D.B., Borges, S.V., Botrel, D.A., & de Oliveira, C.R. (2014). Physical and
chemical properties of encapsulated rosemary essential oil by spray drying using whey protein—
inulin blends as carriers. International Journal of Food Science and Technology, 49(6), 1522-
1529. https://doi.org/10.1111/ijfs.12449

Frascareli, E., Silva, V., Tonon, R., & Hubinger, M. (2012). Effect of process conditions on the
microencapsulation of coffee oil by spray drying. Food and Bioproducts Processing, 90(3), 413-
424. https://doi.org/10.1016/j.fbp.2011.12.002

Guldiken, B., Linke, A., Capanoglu, E., Boyacioglu, D., Kohlus, R., Weiss, J., & Gibis, M.
(2019). Formation and characterization of spray dried coated and uncoated liposomes with
encapsulated black carrot extract. Journal of Food Engineering, 246, 42-50.
https://doi.org/10.1016/j.jfoodeng.2018.10.025

Hinnenkamp, C., Reineccius, G., & Ismail, B.P. (2021). Efficient encapsulation of fish oil:
Capitalizing on the unique inherent characteristics of whey cream and hydrolyzed whey protein.
Journal of Dairy Science, 104(6), 6472-6486. https://doi.org/10.3168/jds.2020-19880

Hu, Y., He, C., Jiang, C., Liao, Y., Xiong, H., & Zhao, Q. (2020). Complexation with whey
protein fibrils and chitosan: A potential vehicle for curcumin with improved aqueous dispersion
stability and enhanced antioxidant activity. Food Hydrocolloids, 104, 105729.
https://doi.org/10.1016/j.foodhyd.2020.105729

Katouzian, I., & Jafari, S.M. (2016). Nano-encapsulation as a promising approach for targeted
delivery and controlled release of vitamins. Trends in Food Science & Technology, 53, 34-48.
https://doi.org/10.1016/j.tifs.2016.05.002

Klaypradit, W., & Huang, Y.-W. (2008). Fish oil encapsulation with chitosan using ultrasonic
atomizer. LWT-Food Science and Technology, 41(6), 1133-1139.
https://doi.org/10.1016/j.lwt.2007.06.014

Lan, Y., Ohm, J.-B., Chen, B., & Rao, J. (2021). Microencapsulation of hemp seed oil by pea
protein isolate —sugar beet pectin complex coacervation: Influence of coacervation pH and


https://doi.org/10.1016/j.foodres.2013.03.028
https://doi.org/10.1016/j.foodhyd.2018.06.010
https://doi.org/10.3390/molecules29153587
https://doi.org/10.1080/02652040400026533
https://doi.org/10.1080/02652040500435436
https://doi.org/10.3390/polym15122659
https://doi.org/10.1016/S0268-005X(02)00055-3
https://doi.org/10.1111/ijfs.12449
https://doi.org/10.1016/j.fbp.2011.12.002
https://doi.org/10.3168/jds.2020-19880
https://doi.org/10.1016/j.foodhyd.2020.105729
https://doi.org/10.1016/j.lwt.2007.06.014

32

Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

wall/core ratio. Food Hydrocolloids, 113, 106423.
https://doi.org/10.1016/j.foodhyd.2020.106423

Lekshmi, R.K., Rahima, M., Chatterjee, N., Tejpal, C., Anas, K., Vishnu, K., Sarika, K., Asha,
K., Anandan, R., & Suseela, M. (2019). Chitosan—Whey protein as efficient delivery system for
squalene: Characterization and functional food application. International Journal of Biological
Macromolecules, 135, 855-863. https://doi.org/10.1016/j.ijbiomac.2019.05.153

Li, K.-Y., Zhou, Y., Huang, G.-Q., Li, X.-D., & Xiao, J.-X .(2022). Preparation of powdered oil

by spray drying the Pickering emulsion stabilized by ovalbumin—gum Arabic polyelectrolyte
complex. Food Chemistry, 391, 133223. https://doi.org/10.1016/J.FOODCHEM.2022.133223
Liu, Q., Jing, Y., Han, C., Zhang, H., & Tian, Y. (2019). Encapsulation of curcumin in
zein/caseinate/sodium alginate nanoparticles with improved physicochemical and controlled
release properties. Food Hydrocolloids, 93, 432-442.
https://doi.org/10.1016/j.foodhyd.2019.02.003

Luo, Y., Zhang, B., Whent, M., Yu, L.L., & Wang, Q. (2011). Preparation and characterization
of zein/chitosan complex for encapsulation of a-tocopherol, and its in vitro controlled release
study. Colloids and Surfaces B: Biointerfaces, 85(2), 145-152.
https://doi.org/10.1016/J.COLSURFB.2011.02.020

Mohammadi, N., Ehsani, M.R., & Bakhoda, H. (2018). Design and evaluation of the release
characteristics of caffeine-loaded microcapsules in a medicated chewing gum formulation. Food
Biophysics, 13(3), 240-249. https://doi.org/10.1007/s11483-018-9530-y

Mojtahedi, P., Mortazavian, S.A.M., & Varidi, M. (2023). Encapsulation of vitamins E and C in
whey protein concentrate-chitosan emulation: Physicochemical properties. Management
Strategies and Engineering Sciences, 5(4), 136-146.
https://msesj.com/index.php/mses/article/view/183

Muley, A.B., & Singhal, R.S. (2020). Extension of postharvest shelf life of strawberries
(Fragaria ananassa) using a coating of chitosan-whey protein isolate conjugate. Food
Chemistry, 329, 12-72. https://doi.org/10.1016/j.foodchem.2020.127213

Oliveira, N.L., Espinal-Ruiz, M., Neves, I.C.O., Silva, S.H., de Resende, J.V., & Rogers, M.A.
(2023). Evaluation of a-tocopherol microencapsulation stability with either coconut oil or canola
oil cores in Greek yogurt and butter. Food Chemistry Advances, 2, 100277.
https://doi.org/10.1016/j.focha.2023.100277

Pang, Y., Qin, A,, Lin, X,, Yang, L., Wang, Q., Wang, Z., Shan, Z., Li, S., Wang, J., & Fan, S.
(2017). Biodegradable and biocompatible high elastic chitosan scaffold is cell-friendly both in
vitro and in vivo. Oncotarget, 8(22), 35583. https://doi:10.18632/oncotarget.14709

Pateiro, M., Gomez, B., Munekata, P.E., Barba, F.J., Putnik, P., Kovacevi¢, D.B., & Lorenzo,
J.M. (2021). Nanoencapsulation of promising bioactive compounds to improve their absorption,
stability, functionality and the appearance of the final food products. Molecules, 26(6), 1547.
https://doi.org/10.3390/molecules26061547

Pinto, J.T., Faulhammer, E., Dieplinger, J., Dekner, M., Makert, C., Nieder, M., & Paudel, A.
(2021). Progress in spray-drying of protein pharmaceuticals: Literature analysis of trends in
formulation and process attributes. Drying Technology, 39(11), 1415-1446.
https://doi.org/10.1080/07373937.2021.1903032

Pudjiastuti, P., Wafiroh, S., Hendradi, E., Darmokoesoemo, H., Harsini, M., Fauzi, M.A.R.D.,
Nahar, L., & Sarker, S.D. (2020). Disintegration, in vitro dissolution, and drug release kinetics
profiles of k-carrageenan-based nutraceutical hard-shell capsules containing salicylamide. Open
Chemistry, 18(1), 226-231. https://doi.org/10.1515/chem-2020-0028

Rabkin, B., Tirosh, O., & Kanner, J. (2022). Reactivity of vitamin E as an antioxidant in red
meat and the stomach medium. Journal of Agricultural and Food Chemistry, 70(38), 12172-
12179. https://doi.org/10.1021/ACS.JAFC.2C03674


https://doi.org/10.1016/j.ijbiomac.2019.05.153
https://doi.org/10.1016/J.FOODCHEM.2022.133223
https://doi.org/10.1016/j.foodhyd.2019.02.003
https://doi.org/10.1016/J.COLSURFB.2011.02.020
https://msesj.com/index.php/mses/article/view/183
https://doi.org/10.1016/j.foodchem.2020.127213
https://doi.org/10.1016/j.focha.2023.100277
https://doi.org/10.18632/oncotarget.14709
https://doi.org/10.3390/molecules26061547
https://doi.org/10.1515/chem-2020-0028

Mojtahedi, et al., Encapsulation of Vitamins E and C by Whey Protein Concentrate ... 33

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

Rot, T., Kovacevi¢, D., Habschied, K., & Mastanjevi¢, K. (2025). N-nitrosamines in meat
products: formation, detection and regulatory challenges. Processes, 13(5), 1555.
https://doi.org/10.3390/pr13051555

Schmitt, J.M., Baumann, J.M., & Morgen, M.M. (2022). Predicting spray dried dispersion
particle size via machine learning regression methods: Schmitt, Baumann and Morgen.
Pharmaceutical Research, 39(12), 3223-3239. https://doi.org/10.1007/s11095-022-03370-3
Somchue, W., Sermsri, W., Shiowatana, J., & Siripinyanond, A. (2009). Encapsulation of a-
tocopherol in protein-based delivery particles. Food Research International, 42(8), 909-914.
https://doi.org/10.1016/J.FOODRES.2009.04.021

Stabrauskiene, J., Pudziuvelyte, L., & Bernatoniene, J. (2024). Optimizing encapsulation:
Comparative analysis of spray-drying and freeze-drying for sustainable recovery of bioactive

compounds from Citrus x paradisi L. peels. Pharmaceuticals, 17(5), 596.
https://doi.org/10.3390/ph17050596
Suwannasang, S., Zhong, Q., Thumthanaruk, B., Uttapap, D., Puttanlek, C., Vatanyoopaisarn,
S., & Rungsardthong, V. (2022). Optimization of wall material composition for production of
spray-dried Sacha inchi oil microcapsules with desirable physicochemical properties. Food and
Bioprocess Technology, 15(11), 2499-2514. https://doi.org/10.1007/s11947-022-02893-2
Tan, Y., Li, R., Liu, C., Mundo, J.M., Zhou, H., Liu, J., & McClements, D.J. (2020). Chitosan
reduces vitamin D bioaccessibility in food emulsions by binding to mixed micelles. Food &
Function, 11(1), 187-199. https://doi.org/10.1039/C9F002164G
Wang, F., & Mutukumira, A.N. (2022). Microencapsulation of Limosilactobacillus reuteri
DPC16 by spray drying using different encapsulation wall materials. Journal of Food
Processing and Preservation, 46(10), e16880. https://doi.org/10.1111/jfpp.16880
Wang, L., Gao, Y., Li, J., Subirade, M., Song, Y., & Liang, L. (2016). Effect of resveratrol or
ascorbic acid on the stability of a-tocopherol in O/W emulsions stabilized by whey protein
isolate: Simultaneous encapsulation of the vitamin and the protective antioxidant. Food
Chemistry, 196, 466-474. https://doi.org/10.1016/j.foodchem.2015.09.071
Wang, S., Ye, X,, Sun, Y., Liang, J., Yue, P., & Gao, X. (2021). Nanocomplexes derived from
chitosan and whey protein isolate enhance the thermal stability and slow the release of
anthocyanins in simulated digestion and prepared instant coffee. Food Chemistry, 336, 127707.
https://doi.org/10.1016/j.foodchem.2020.127707
Xu, W., Lv, K., Mu, W., Zhou, S., & Yang, Y. (2021). Encapsulation of a-tocopherol in whey
protein isolate/chitosan particles using oil-in-water emulsion with optimal stability and
bioaccessibility. LWT, 148, 111724, https://doi.org/10.1016/j.lwt.2021.111724
Xu, W., Tang, Y., Yang, Y., Wang, G., & Zhou, S. (2020). Establishment of a stable complex
formed from whey protein isolate and chitosan and its stability under environmental stresses.
International Journal of Biological Macromolecules, 165, 2823-2833.
https://doi.org/10.1016/j.ijbiomac.2020.10.130
Yousefi, S., Rajaei, P., Nateghi, L., Nodeh, H.R., & Rashidi, L. (2023). Encapsulation of sesamol
and retinol using alginate and chitosan-coated W/O/W multiple emulsions containing Tween 80
and Span 80. International Journal of Biological Macromolecules, 242, 124766.
https://doi.org/10.1016/j.ijbiomac.2023.124766


https://doi.org/10.3390/pr13051555
https://doi.org/10.1007/s11095-022-03370-3
https://doi.org/10.1016/J.FOODRES.2009.04.021
https://doi.org/10.3390/ph17050596
https://doi.org/10.1007/s11947-022-02893-2
https://doi.org/10.1039/C9FO02164G
https://doi.org/10.1111/jfpp.16880
https://doi.org/10.1016/j.foodchem.2015.09.071
https://doi.org/10.1016/j.foodchem.2020.127707
https://doi.org/10.1016/j.lwt.2021.111724
https://doi.org/10.1016/j.ijbiomac.2020.10.130
https://doi.org/10.1016/j.ijbiomac.2023.124766

Olnl @2Ia @loo g pole leliaghy & i
H 7 https://ifstrj.um.ac.ir
o %

&(/’tﬁl}:ﬁ ;,

\WW-¥E . e NEro %:,l—&JJ‘gﬁ A oyled (VY W

03 SSES b 51 0558 — el g 0 Bl Sl esliiel LC S E glapmlyy (5led g

Gl F 5 o 5 leend o050 Sl Sy csilutigs 125l

T Ok g5 0 dee el —F1T 659 g - e K
VER/ VP 15l 55 b

VRPN G

LEVCCS

Jb ol bl ooy (iolidl 1) C g E lapelig aile (60,Slas Jladiiuws; bS5 (gl Lols ¢ jlusl cuodls 5590 55 aails sla S5

62,599y « 8ot gunS (sl o] il .cawl 03,5 dgame 13 (Ui 1 |y Ll muitane 310,187 ¢ Jaumo Lasl s 4y sl Calus 5 15 (6 bl
it (g s S s hin | allan (ol e ) x5S (ST 5 a5 55 ooty o 3 e ol
Ol 5 05 ploil (234 3,8 S ko 5 (WPC-CS) (g8 =iy ol 855 058l uShiaS jl o0lizal L C 5 B (slagsaliyy el
Ao 4 B by (gsVg0,d (gilodinge Ty (RSM) gl e (ot g A5 oo ol 1y Jidsedd 9 Cangdl (slagyuoling lojem Jios
Sl Glosil) gy JuS'9 Sy a8 485 )5 4 e pdhush 9 Cagbo Gline by Bl 4 b o 3 9 (gilodlguns” ol (b,
5y s Sl ol 5 (1VA) sk 8 5 picashy 3 (AFV) o oy b s 5 E (oot sl FAY5 5 YAV
BB moo (3bwljl Lol el Ui (4Bd Vo 51 Ly v V) oo o (g5l mlo 3 (3ol s5boslil C cpmoling sinly ()Lis 1y 56 4y dtnly

ol gl 1y eyl g gazaal 5loslil Jlgp B cpeling ( blie 5 cusly (4835 VW jl us ZAOYYF) odes 0 (silodend wlo > 4295
SIUT s ot e bbb > s b5 (o3lodljl gusn g A5 Olj1 dns 0 (jlodend gole 5 4hE> VYo | e AYVD oS g sbes
Sl plo dauiia 45 At 01852 o b (69,5 Bdas (55l5b 50 (51> LnJguusS S0 o8 30> L5 (SEM) g (39S g S
9 srelcuiiye (35 dguss (FTIR) a8 Joas 508 gole (ot ool gy 09,5 S Jsb 53 0ad St 5yl g2
St b 5l ok 1Jg WPC-CS sl uSliaS 85 sm3 o 5 sty ol 5,5 10l CS g WPC iy sl iy pbs 51 ool
a5 5 ool GRS by (gl o WS e wald 1y 50 00 S ilodl]] 5 losan (98 g i Sy (oS (35

im3 o 1)) gl slopgmegn b 5 63,8 (Slic 31, (cloatiS ol

JgsS 9 )Sm 00 38 aly (odidly S Sid (g lodigy 1 IS (s W0]1g

Oyl g cdpuiin o938 oKy ¢ 6559lsS 0uSiily ¢ olie mluo g pole 0,5 —)

(Email: m.varidi@um.ac.ir : Jgtue sxiw gy —%)

ul).:‘ ‘ul).Q(: (RS W u&w}.} 991; oKy ‘)5M5 L;ﬁl..\.c éJL.AD 9 d]«:.hu Olaass w‘ ‘UJL\L é;L.w 9 AJJ:U 951; 0uSisly :@L\L éJL.AD 9 P9l; 09; -y
https://doi.org/10.22067/ifstrj.2026.96109.1497


https://orcid.org/0000-0003-0885-3975
mailto:m.varidi@um.ac.ir
https://doi.org/10.22067/ifstrj.2026.96109.1497
https://orcid.org/0000-0001-7208-8150
https://orcid.org/0000-0003-0885-3975
https://orcid.org/0000-0003-3935-8993
https://ifstrj.um.ac.ir/

Iranian Food Science and Technology Research Journal
Homepage: https://ifstrj.um.ac.ir

Research Article
Vol. 22, No. 1, March- April, 2026, p. 35-49

Effect of Extraction Conditions on Total Anthocyanin Content from Perilla
frutescens (L.) Britton and Its Application in Coloring Butter Biscuit

P.T.M. Tram"“**, N.N.T. Phuong?

1- Institute of Green and Sustainable Technology, Thu Dau Mot University, Ho Chi Minh City, Vietnam
(*- Corresponding Author Email: tramptm@tdmu.edu.vn)

i

Received: 10.11.2025
Revised: 21.12.2025
Accepted: 07.01.2026
Available Online:02.05.2026

How to cite this article:

Tram, P.T.M., & Phuong, N.N.T. (2026). Effect of extraction conditions on total
anthocyanin content from Perilla frutescens (L.) britton and its application in coloring
butter biscuit. Iranian Food Science and Technology Research Journal, 22(1), 35-49.
https://doi.org/10.22067/ifstrj.2026.96395.1506

Abstract

The consumer trend toward safe and healthy food has spurred research and application of natural colors in
traditional biscuit products to improve quality and sensory value. Perilla frutescens (L.) Britton is a member of
the Lamiaceae family and is widely found in East Asian regions, where it is used as both a spice in cooking and in
traditional medicine. It is rich in anthocyanins, a class of polyphenolic compounds that act as natural colorants and
possess strong antioxidant properties. This study aimed to evaluate the extraction process of perilla leaf for
enriching the total anthocyanin content, which is applied in coloring butter biscuits. The investigated factors
included the sample-to-water ratio for extraction (1:10, 1:15, 1:20, and 1:25 g:mL), extraction temperatures (60°C,
70°C, 80°C, and 90°C), and extraction times (20, 25, 30, and 35 minutes). The obtained extract was analyzed for
anthocyanin content using the pH differential method. The findings suggested that a sample-to-water ratio of 1:20
g:mL, an extraction temperature of 90°C, and an extraction duration of 30 minutes were the most suitable
extraction conditions to achieve a high total anthocyanin content (1.70 mg.g™* DW). The addition of perilla leaf
extract (PLE) significantly affected the physical properties of the biscuits (diameter, yield, brightness, and hardness
of the biscuits); the higher the amount of PLE added, the darker and crispier the biscuits became. Sensory analysis
showed that biscuits supplemented with PLE were rated higher than the control in terms of texture, color, and
flavor. The results showed that the biscuits that received the highest scores across all parameters were
supplemented with PLE at a rate of 7.5%. Overall, the analysis suggests that it is possible to produce butter biscuits
with a characteristic color and improved nutritional profile by adding PLE.

Keywords: Anthocyanin, Butter biscuit, Extraction, Lamiaceae, Perilla frutescens

Introduction Singh, 2023).

Finding natural and safe

Customers find food more attractive and
appealing when it is presented in a visually
appealing color. Due to their low cost, color
stability during storage, synthetic colorants are
commonly used in food. Aromatic rings and azo
functional groups are included in the majority
of synthetic colorants, which can lead to cancer,
allergic responses, hyperactivity, or asthma
episodes (Singh, Pandey, Dash, Zanwar, &

https://doi.org/10.22067/ifstrj.2026.96395.1506

colorants with biological activity is the current
focus of research (Vega, Ciudad-Mulero,
Fernandez-Ruiz, Barros, & Morales, 2023).
The environment contains the  most
representative substances with the ability to
produce color, including anthocyanins (red,
blue, and purple), carotenoids (orange and
yellow), or chlorophyll (green) (Singh et al.,
2023).

Authors retain the copyright. This is an open access article distributed under Creative Commons
Attribution 4.0 International License (CC BY 4.0).


mailto:tramptm@tdmu.edu.vn
https://doi.org/10.22067/ifstrj.2026.96395.1506
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/ifstrj.2026.96395.1506
https://orcid.org/0000-0002-6021-3601
https://ifstrj.um.ac.ir/

36 Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026

Anthocyanins are polyphenolic compounds
responsible for the shades of pink, red, purple,
and blue found in flowers, vegetables, and
fruits. Plant security systems, physiology, and
propagation largely rely on anthocyanins
(Alappat & Alappat, 2020). Anthocyanins are
essential for food coloring, drugs, functional
foods, flavoring, and preservation in human life
(Alappat & Alappat, 2020; Patra, Makhal,
Jaryal, More, & Kaki, 2022). The anthocyanin
content of perilla leaves is quite high.
According to Meng, Lozano, Bombarda,
Gaydou, & Li, (2009), the total anthocyanin
content of two Perilla varieties (frutescens var.
frutescens) from different regions of China was
recorded as 1.6 mg.g* (dry matter) and 1.8
mg.g* (dry matter), respectively, while the total
anthocyanin content of two varieties (frutescens
var. crispa) from China and Japan was 0.7
mg.g™* (dry matter) and 1.6 mg.g* (dry matter),
respectively.

A genus of the Lamiaceae family, Perilla
frutescens (L.) Britton, commonly known as
perilla, is found through East Asian regions
including China, Japan, South Korea, Vietnam,
and India. It is grown as a vegetable and has
been used in traditional medicine since
antiquity (Ahmed, 2019; Hou et al., 2022).
Currently, perilla has attracted more attention
from several scientists due to its therapeutic
properties and phytochemicals, including
essential oils, triterpenoids, polyphenols,
anthocyanins, omega-3 fatty acids, vitamins,
and minerals (Adam et al., 2023; Hoang,
Nguyen, Nguyen, Tran, & Le, 2024).
Numerous studies have demonstrated that
perilla leaves contain a range of polyphenolic
compounds with potent antioxidant properties.
Tea made from perilla leaves is very popular in

East Asian countries due to its high antioxidant
capacity, and has been used to treat crab and
fish poisoning in these nations (Hou et al.,
2022). Perilla is easy to grow and suitable for
Vietnam's climate; developing this application
will create additional income for farmers
(Cuong, Tung, Duc, & Quynh, 2021).

Although  anthocyanins  have  been
extensively studied, research on extracting
them from perilla leaves and utilizing them as a
natural coloring in baked products remains
limited. Therefore, ™ Study on optimal
conditions for extracting anthocyanins from
perilla leaves (P. frutescens (L.) Britton) and its
application in coloring butter biscuit" was
conducted to obtain anthocyanin-rich extracts
and evaluate their application in biscuits. This
study aims to introduce more types of naturally
colored biscuits with enhanced nutritional value
and antioxidant properties, contributing to the
trend of using natural and functional foods in
food science.

Materials and Methods

Materials, Chemicals, and Instruments

Perilla (P. frutescens (L.) Britton) leaves
(Fig. 1 A) bought in Binh Diem market, Phu Loi
town, Ho Chi Minh city, were transported to
Thu Dau Mot University laboratory, washed
thoroughly with water to remove dust. The
fresh leaves were separated and dried in the
sunlight until they reached a consistent weight.
After that, they were ground and sieved through
a 1 mm mesh and stored in sealed glass jars at
room temperature before being wused in
experiments (Fig. 1 B).
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Fig. 1. P. frutescens (L.) Britton. A. whole plant, B. perilla leaf powder

The ingredients for the butter biscuits
include flour, unsalted butter, sugar, eggs, salt,
baking soda, and vanilla, which were purchased
from Co-opmart Binh Duong supermarket in
Thu Dau Mot Ward, Ho Chi Minh City,
Vietnam.

Phytochemical Screening for Flavonoids and
Polyphenols in Perilla Leaf Extract

Flavonoids and polyphenols in perilla leaf
extract were qualitatively analyzed according to
the method described by Apoorva, Pooja, &
Vidyasagar, (2021).

Briefly, perilla leaf powder (1 g) was added
to 20 mL of water in a 100 mL Erlenmeyer
flask, then heated in a reciprocal shaker bath
(Firstek B601D, Taiwan) at 70°C for 30
minutes. The mixture was filtered through
NewsStar filter paper (@11 cm) and used for
qualitative analysis. The tests were conducted
as shown in Table 1. The flavonoid test
produced a yellow precipitate, whereas the
polyphenol test vyielded a bluish-green
coloration. These observations confirm the
presence of both flavonoids and polyphenols in
the extract.

Table 1- Phytochemical screening for flavonoids and polyphenols in perilla leaf extract (Apoorva ef al., 2021)

Bioactive compounds

Qualitative chemical reaction

Signs of recognition

Flavonoids
Polyphenols

0.5 mL extract + 0.5 mL Pb(CH3COOQ), 10%
0.5 mL extract + 3-4 drops FeCls; 5%

Yellow precipitate
Bluish-green appearance

Anthocyanin Extraction

Effect of sample-to-water ratio on total
anthocyanin content in perilla leaf

The perilla leaves powder (1g) was
extracted with water at 70 C for 30 minutes in
a reciprocal shaker bath. The varying sample-
to-water ratios were studied at the following
concentrations: 1:10, 1:15, 1:20, and 1:25
(9:mL), which were selected based on previous
reports demonstrating their effectiveness for
anthocyanin extraction (Dam & Lam, 2013,
Nhon, Tran, Phuc, Linh, & Anh, 2025). After
extracting, the mixtures were passed through
filter paper and used directly to analyze total
anthocyanin concent (TAC).

Effect of Extraction Temperature on Total
Anthocyanin Content in Perilla Leaf

In order to determine the optimum
temperature , the extract temperatures were
adjusted at 60°C, 70°C, 80°C, and 90°C. After
30 minutes, the extracts were filtered to analyze
TAC.

Effect of Extraction Time on Total Anthocyanin
Content in Perilla Leaf

The perilla leaf powder was extracted with
water at an appropriate ratio in a reciprocal
shaker bath at a proper extract temperature
(determined in the previous experiment). The
extraction times were set for 20, 25, 30, and 35
minutes. Then, the mixtures were filtered to
determine TAC.
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Anthocyanin Quantification Method

Total anthocyanin content (TAC) is
determined based on the principle that
monomeric anthocyanin pigments change color
reversibly when pH changes (Lee, 2005; Hoang
et al., 2024).

The perilla extract was diluted with buffer
solution (KCI 0.025M, pH 1.0) and
(CH3COONa 0.4M, pH 4.5), let stands for 30
minutesThe absorbance was then measured
using a spectrophotometer (Biochrom WPA
Biowave II, UK) at 520 and 700 nm. The
diluted test samples were compared to the
control tube containing distilled water. TAC in
the extract was calculated as follows:

TAC (mg.g) = 2T

In which:

A: absorption of anthocyanin with A = (Aszo
- A700) pH=1) - (As20 - A700) pH=4.5)

M: molecular weight of cyanidin 3-
glucoside (449.2 g.mol™?)

L: length of cuvette (1 cm)

K: dilution factor

e: molar absorption coefficient (26900
L.molt.cm™)

V: volume of diluted samples (L)

m: weight of the sample (g)

)

Application of Perilla Leaf Extract in
Coloring Butter Biscuits

Biscuits Preparation

The butter biscuits were prepared based on
the formulation described by Phuc, Ngoc, &
Thu, (2022) with minor adjustments (Fig. 2).
The initial step of making butter biscuits was to
mix wheat flour with other ingredients (sugar
(56%), butter (60%), eggs yolk (17%), baking
soda (1%), vanilla (1%), and salt (0.5%)), based
on the weight of the wheat flour. Perilla leaf
extract (PLE) was added to the butter biscuits
according to Moczkowska- Wyrwisz,
Jastrzgbska, & Wyrwisz, (2022) at different
quantities of 5%, 7%, and 9% with 0.1% citric
acid relative to the total mass of the dough after
the ingredients had been well blended. After

resting for twenty minutes, the dough was
divided into small parts (10 g), shaped into the
round shapes, and baked for 25 -30 minutes at
150°C in a preheated oven. The butter biscuits
were cooled for 5 minutes at room temperature
before being wrapped in a bag, sealed for
further analysis.

Physical Analysis

Dimensions of the Biscuits after Baking

The biscuit’s diameter and weight after
baking were measured using a caliper and an
analytical balance, respectively. The average
values were calculated from 10 samples. The
biscuit yield was determined according to
Moczkowska- Wyrwisz et al. (2022) and
calculated as follows:

BY = [%] x 100 )

In which:

BY': cooking yield (%)

Wh: weight of sample before baking (g)
Wa: weight of sample after baking and

cooling ()
Color Analysis

The color of PLE biscuit samples was
determined using a colorimeter (CR-410,
Konica Minolta, Japan) based on the L*, a*, b*
color system, where L* represents lightness (O
= black, 100= white), a* indicates the green—red
component, and b* represents the blue-yellow
component (Azuan, Mohd Zin, Hasmadi, Rusli,
& Zainol, 2020). The hue angle (h°) was
calculated according to formula: he = tan?
(b*/a*) (3) (Biswas et al., 2025). Three biscuits
were analyzed for each formulation.

Texture Analysis

The hardness of the biscuit samples was
determined using a texture analyzer
(BROOKFIELD CT3, USA). The pre-test and
test speeds were 2 and 1 mm.s™, respectively.
Hardness, defined as the maximum peak force,
was measured in triplicate and expressed in
kilograms  (Najjar,  Alkaabi,  Alketbi,
Stathopoulos, & Ranasinghe, 2022).
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______________

Perilla leaves

|

Dried powder

-

Filtrate (90 °C, 30 min),

N Control 5% PLE

7% PLE 9% PLE

N,

Shaping of biscuits

5% PLE

7% PLE 9% PLE J

Baked biscuits

Fig. 2. Processing steps of PLE biscuits

Sensory Evaluation

The evaluation of final product with added
PLE was conducted using QDA (Quantitative
Descriptive Analysis) based on a quality scale
of 1-5 for texture, color, and flavor (Quyen,
2024). The evaluation team (10 panelists) were
lecturers and students from the Biotechnology
and Food Technology Department of the

Institute of Green and Sustainable Technology,
Thu Dau Mot University, Vietnam.

Statistical Analyses

Statistical analyses were conducted by
Minitab 16 software. One-way ANOVA was
used to test for differences among treatments,
and Tukey’s post-hoc test was used to identify
significant pairwise differences at a 5%
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significance level (p < 0.05). The mean £ SD,
with three replications, is displayed in all
experimental data.

Results and Discussion
Phytochemical Screening for Flavonoids and
Polyphenols in Perilla Leaf Extract

Polyphenols are phytochemicals, the
primary source of antioxidants in the human
diet. They are classified into four most essential
subgroups:  flavonoids,  phenolic  acids,
stilbenes, and lignans (Ciupei, Colisar,
Leopold, Stanila, & Diaconeasa, 2024). In
particular, anthocyanins are polyphenolic
compounds with potent antioxidant and anti-

inflammatory properties, which can help
prevent various chronic diseases, including
cardiovascular disease, neurodegeneration, and
diabetes (Zhang & Zhu, 2023). To improve the
efficiency of anthocyanin extraction, a
preliminary investigation was conducted to
determine the presence and content of
flavonoids and polyphenols in perilla leaf
extract.

After extraction, the mixture was filtered
(tube 1). Then, reagents were added, yielding a
yellow precipitate (tube 2) and a bluish-green
appearance (tube 3) (Fig. 3), indicating the
presence of flavonoids and polyphenols in
perilla leaf extract (Table 2).

Fig. 3. Qualitative analysis of perilla leaf. (1) Sample before reaction, (2) qualitative analysis of flavonoids, and
(3) qualitative analysis of polyphenols

Many studies reported that ferilla contained
many polyphenols and flavonoids (Skowyra,
Falguera, Azman, Segovia, & Almajano, 2014;
Nguyen, Truong, & Nguyen, 2024; Lia &
Baron, 2025). Perilla leaves contain various

active constituents, including carotenoids,
polyphenols, a-tocopherol, phytosterols, and
anthocyanins. According to Zhang et al. (2022),
anthocyanin was present in perilla at a
concentration of 8.37 mg.g.

Table 2- The presence of flavonoids and polyphenols in perilla leaf extract

Bioactive compounds Test Perilla leaf extract
Flavonoids Lead acetate 10% +
Polyphenols Ferric (I11) chloride 5% +

(+) presence

Effect of Sample-to-water Ratio on Total
Anthocyanin Content in Perilla Leaf

The sample-to-solvent ratio is a crucial
factor influencing the efficiency of the
extraction process. The amount of water used
must be sufficient to ensure that the material is
completely submerged, allowing the water to

contact the sample and maximize extraction
efficiency. In this study, the sample-to-water
ratios treatments were 1:10, 1:15, 1:20, and
1:25 (g:mL). After extraction, the TAC was
measured for each treatment (ratio) with three
replications. The results of these experiments
are presented in Table 3.
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Table 3- Effect of sample-to-water ratio on TAC in perilla leaf

Sample/water (g:mL)

TAC (mg.g: DW)

1:10
1:15
1:20
1:25

0.15°+ 0.03
0.13°+0.01
0.472+0.03
0.28" +0.01

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test

The results in Table 3 show that the TAC
obtained increased gradually as the amount of
water increased from 10 to 20 mL, and the
highest TAC (0.47 mg.g™t DW) was obtained in
the treatment with a sample-to-water ratio of
1:20 (g:mL). However, the TAC decreased
(0.28 mg.g! DW) when the amount of water
increased to 25 mL. When the water volume
was only 10 - 15 mL, the solvent was
insufficient to fully extract anthocyanins from
the plant cells, resulting in lower TAC.
However, increasing , the amount of water (25
mL) did not increase the amount of anthocyanin
in the extract because the anthocyanin content
in the sample was fixed (Pham & Pham, 2025).

The findings of the statistical analysis
showed that the sample-to-water ratio
significantly affected the TAC content (p <
0.05) (Table 3). As a result, 1:20 (g:mL) was
the proper sample-to-water ratio for this
experiment.

Effect of Extraction Temperature on Total
Anthocyanin Content in Perilla Leaf
Anthocyanin is a standard water-soluble

pigment in plants, responsible for the

characteristic colors of red, orange, purple, and
blue. The stability of anthocyanins is influenced
by various factors, including pH, temperature,
light, atmospheric oxygen, ascorbic acid, and
enzymes (Enaru, Dretcanu, Pop, Stanild, &
Diaconeasa, 2021). During the extraction
process, temperature is an essential factor
because as the temperature increases, the
viscosity of the solution decreases, thereby
increasing the diffusion rate. This promotes the
transport of soluble substances, including
anthocyanin, from the raw material into the
solvent, allowing the process to proceed more
quickly (Nhon et al., 2025). However,
excessively high temperatures can cause
anthocyanins to degrade or decompose (Nhut et
al., 2019; Thuy, Han, Minh, & Tai, 2022).
Therefore, determining the optimal extraction
temperature is necessary to maximize
extraction efficiency and achieve the highest
anthocyanin content in the extract.

The results of the temperature effect on
anthocyanin content in perilla leaf are presented
in Table 4.

Table 4- Effect of extraction temperature on TAC in perilla leaf

Temperature (°C)

TAC (mg.g* DW)

60
70
80
90

0.159+0.03
0.34°+0.02
0.55 +0.00
0.63*+ 0.05

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test

TAC extracted from perilla leaf powder
showed a statistically significant difference (p
< 0.05) when different extraction temperatures
(60°C, 70°C, 80°C, and 90°C) were applied.
The results showed that the application of 90°C
yielded the highest TAC, reaching 0.63 mg.g*
DW. Yu, Shiau, Pan, & Yang, (2024) reported

that temperature is an essential factor affecting
the extraction efficiency of bioactive
compounds.  Increasing the  extraction
temperature not only reduces the viscosity of
the solvent but also promotes the diffusion,
mass transfer, and osmosis of the solvent into
plant tissue. At the same time, high temperature
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can break the structural bonds of the cell wall,
creating favorable conditions for the solvent to
contact and dissolve intracellular compounds,
including anthocyanin. According to Thuy et
al. (2022), TAC in Peristrophe bivalvis L. Merr
leaf extract increased with increasing extraction
temperature from 80°C to 90°C, but TAC
content decreased when extracted at 100°C.
Similiarly, Yu et al. (2024) also reported that
the highest TAC was obtained when butterfly
pea flower and grape skin powders were
extracted with water at a solid-to-solvent ratio
of 2% (w/v). The optimal extraction conditions
were 90°C for 30 - 90 minutes for butterfly pea
flower and 90°C for 30 minutes for grape skin.
Under these conditions, TACs were 1.75 and
2.79 mg.gt DW, respectively. Conversely,
Nhon et al. (2025) showed that perilla leaf
powder (1 g) extracted with 20 mL of 72%
ethanol at 63°C for 90 minutes yielded an
optimal anthocyanin content of 3.373 mg.g™
DW. Differences in results may be due to
variations in extraction conditions such as:
source of raw material, extraction temperature
and time, extraction method, sample particle
size, solids-to-solvent ratio, stirring conditions,

and analytical methods used to analyze TAC
(Yuetal., 2024).

Based on experimental results, the optimal
extraction temperature for anthocyanin
recovery from perilla leaf powder was
determined to be 90°C.

Effect of Extraction Time on Total Anthocyanin
Content in Perilla Leaf

A perilla powder-to-water ratio of 1:20
(g:mL) and a temperature of 90°C were selected
for the extraction process. The extraction of
anthocyanins also depends on the extraction
time. If the extraction time is too short, the
solvent may not have sufficient time to dissolve
all the anthocyanins present in the raw material.
Conversely, if the extraction time is too long,
the quality of the extract may be affected due to
the dissolution of undesirable compounds.
Additionally, prolonged exposure to high
temperatures may lead to the degradation of
anthocyanins (Thuy et al., 2022).
In this study, extraction times of 20, 25, 30, and
35 minutes were applied to determine the
optimal duration for obtaining the highest
anthocyanin content. The results corresponding
to each extraction time are presented in Table 5.

Table 5- Effect of extract time on TAC in perilla leaf

Time (minute) TAC (mg.g' DW)

20
25
30
35

0.55°+0.00
1.13°+0.09
1.702+0.29
1.16" + 0.03

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test

According to the results presented in Table
5, the TAC at 20 minutes of extraction was 0.55
mg.gt DW. TAC increased to 1.13 mg.g™* DW
at 25 minutes. The highest TAC was observed
at 30 minutes, reaching 1.70 mg.g* DW.
However, at 35 minutes, the anthocyanin
content decreased to 1.16 mg.g* DW. This
indicates that extraction time significantly
affects the anthocyanin yield. Extraction times
of 20 and 25 minutes seem insufficient for the
complete dissolution of anthocyanins into the
solvent. At 30 minutes, optimal extraction
conditions allow maximal solute diffusion into

the solution. Nevertheless, extending extraction
time beyond equilibrium does not enhance
extraction efficiency. Additionally,
anthocyanins are susceptible to oxidation by
heat and atmospheric oxygen during prolonged
extraction (Thuy et al., 2022), which likely
causes the decrease observed at 35 minutes.

Similarly, according to Nhut et al. (2019),
the highest anthocyanin recovery from Hibiscus
sabdariffa L. (Roselle) flowers was 180.821
mg.L? at an extraction temperature of 60°C
with a 50% ethanol and an extraction period of
30 minutes at a liquid-solid ratio of 8:1.
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Thus, in this experiment, 30 minutes was
chosen to extract anthocyanin from perilla leaf
powder.

Application of Perilla Leaf Extract (PLE) in
Coloring Butter Biscuit

The dimensions of the butter biscuit
produced by adding different amounts of PLE
are shown in Table 6. The diameter of the
sample increased progressively, and biscuit
yield reduced as the amount of PLE added to

the biscuits increased. This may be due to
increasing the water content originated from
PLE, which made the dough softer, allowing
the dough to spread and rise more quickly
during the initial stage of baking. The extra
water also helped to form more air bubbles,
resulting in a lighter texture that reduced the
biscuit's weight and led to a slightly larger
diameter (Miller, Hoseney, & Morris, 1997,
Mandala, loannou, & Kostaropoulos, 2006).

Table 6- Different dimensions of the PLE biscuits prepared by different formulations

Sample added PLE Diameter (cm)

Control

5%

7%

9%

Biscuit yield
3.99° +0.12 85.972+ 3.71
3.99° + 0,10 86.24% +1.21
455+0.33  85.00% +0.67
4.75% £ 0.23 82.62°+ 0.76

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test
The proportion of PLE added to the dough mixture significantly affected the color parameters L*, a*, b*, and he of the

product (p < 0.05) (Table 7).

Table 7- Color analysis of the PLE biscuits prepared by different formulations

Sample added PLE L* ar b* h°
Control 69.26°+1.47 535°+159 32.61°+1.13 80.74°+2.40
5% 55.30°+0.63 10.692+0.87 27.22°+2.13 68.57°+0.08
7% 49.90°+1.43 10.772+0.47 29.44®+1.32 69.88" +1.36
9% 47.31°+269 12.622+0.85 28.82%+2.13 66.28°+2.19

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test

The L* value of the butter biscuits gradually
decreased with increasing PLE content,
indicating a reduction in product brightness. At
PLE levels of 7% and 9%, the biscuits exhibited
the lowest L* values (49.90 and 47.31,
respectively) and a deeper red coloration. In
addition, the he value also decreased as the PLE
concentration increased, indicating a color shift
from light yellow to red-brown tones. This
trend is consistent with previous studies on
biscuits and functional food products
incorporating pigment-rich plant ingredients.
Choi, Oh, & Lee, (2009) reported that cookies
supplemented with 1% and 3% perilla powder
showed reduced L* values (54.38 and 43.22,
respectively) and improved functionality.
Similarly, Najjar et al. (2022) observed that
cookies containing Khalas date powder
exhibited darker coloration, with the 7%
formulation being the most preferred (L* =

40.06). More recently, Biswas et al. (2025)
found that increasing red dragon fruit peel
powder from 0 to 9% resulted in decreases in
both L* and he values, with the 6% sample being
the most preferred (L* = 42.57; he = 59.65).
The results of evaluating the hardness of
butter biscuits supplemented with PLE are
presented in Table 8. The hardness of the butter
biscuits tended to decrease as the PLE content
in the dough increased. This suggests that
adding high amounts of PLE may increase the
formation of air pockets during baking,
resulting in a more porous texture compared to
the control; therefore, the hardness of the butter
biscuits decreased with increasing PLE. The
hardness values from 3.31 to 3.94 kg showed no
significant difference (p > 0.05), which is
consistent with the study of Biswas et al.
(2025), who observed that replacing red dragon
fruit peel powder (0 - 9%) did not significantly
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affect the hardness of the biscuits (hardness
from 3.33 to 3.59 kg).

The results of sensory evaluation of finished
butter biscuits supplemented with PLE (0 - 9%)

(Fig. 4) on texture, color, and tatse are
presented in Table 9.

Table 8- Texture analysis of the PLE biscuits prepared by different formulations

Sample added PLE  Hardness (kg)

Control

3.94% + 0.65

5%

3.65%+ 0.30

7%

3.35%+ 0.55

9%

3.31%+ 0.52

*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test

i i

Fig. 4. Butter biscuit with added perilla leaf extract. A. 5% extract; B. 7% extract; C. 9% extract

In terms of texture, the sensory scores were
higher in samples with added PLE, particularly
in the sample with a 9% addition (4.70 points).
This may be due to the porous, crisp texture of
the biscuit samples, which have a high extract
ratio. According to hardness measurements,
biscuits containing PLE had lower hardness
compared to the control sample. Hardness is a
texture characteristic that plays a vital role in
evaluating baked goods. The lower this
parameter, the more desirable the product is for
biscuits (Najjar et al., 2022).

Color is considered a fundamental physical
characteristic of food. It significantly impacts
the evaluation of a product's visual quality.
When evaluating the perceived color of a
product, panelists are not only interested in
brightly colored products but also in the
product's  characteristic color. In this
experiment, butter biscuits with added PLE,
which had a deep red color, were scored higher
than the control sample, especially the sample
containing 9% PLE (4.4 points). Similarly,
Najjar et al. (2022) also reported that the cookie
sample with a high percentage of added date

powder (7.5%) was preferred over the sample
with a low percentage of added date powder or
the control.

Taste scores were also higher for biscuits
containing 9% PLE, with an average score of
4.30 compared to 2.30 for the control sample (p
< 0.05). The addition of PLE may incorporate
to formation a distinctive flavor.

Based on the analyzed sensory criteria, the
9% PLE sample was scored the highest in terms
of texture, color, and taste. Therefore, the 9%
PLE ratio was chosen as the optimal level to be
included in the butter biscuit formulation (Fig.
5). The addition of this natural ingredient not
only enhances the sensory value but also has the
potential to improve the nutritional and
functional value of the product.
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Table 9- Sensory evaluation of the PLE biscuits prepared by different formulations
Sensory score

Sample

Texture Color Flavor
Control 3.40°+0.70 2.00°+0.67 2.30°+0.95
5% 3.60°¢+0.70 2.90°+0.74 3.20°+0.92

7% 430 +0.95 3.70®+0.67 4.00®+0.47
9% 4,70+ 048 4.40°+0.84 4.30*°+0.67
*The means with different letters indicate a significant difference at the 5% level, according to the Tukey’s test
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Fig. 5. Butter biscuits with added 9% PLE and product packaging

Conclusion

The highest anthocyanin content was
obtained using a perilla powder-to-water ratio
of 1:20 g:mL, extraction at 90°C for 30 minutes
(1.70 mg.g™t DW). The study also demonstrated
the success of using PLE (9%) to create the
characteristic color of Biscuit butter , while
simultaneously enhancing their nutritional and
functional properties. These results showed that
using natural colorants in food improves both
the vision and nutritional quality of baked
goods, which aligns well with what consumers
want nowadays safer, healthier food options.
Further work should focus on optimizing
extraction, testing compound stability in foods,
and evaluating consumer response. This study
highlights the potential of PLE for both food
and medicinal purposes.
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Abstract

Growing concerns about conventional plastic packaging due to its non-degradability, risk of transferring toxic
compounds to food, and environmental pollution have necessitated the development of environmentally friendly
alternatives such as edible and biodegradable films. This study aimed to develop an active packaging system based
on a polycaprolactone/beta-glucan (PCL-BG) nanocomposite film modified with oak fruit pair extract (OFPE),
apricot kernel extract (AKE), and gold nanoparticles (AuNPs) and study its suitability for packaging fish paste
treated with cold plasma. The evaluation of the film's antibacterial properties showed that the active compounds
had a strong inhibitory effect, with the largest inhibition zones of 27.78 mm against Bacillus cereus and 21.38 mm
against Escherichia coli observed in the film prepared with the highest extract concentration. Thermal analysis
(DSC) showed a significant improvement in thermal stability, with the melting temperature of the final composite
film increasing to 81.6 °C. Microbiological and chemical evaluations over 30 days of storage showed that the
combined treatment significantly (p < 0.05) reduced microbial growth (Total Viable Count), reduced the
production of volatile nitrogen compounds (TVB-N), controlled lipid oxidation (TBA), and maintained pH
stability and sensory acceptance. Regression models for all quality parameters showed high accuracy and
predictive power (R2 > 99.27%). This study clearly demonstrates the effectiveness of the combined strategy of
cold plasma and active packaging in maintaining the quality and increasing the shelf life of fish paste.

Keywords: Active packaging, Antibacterial, Biodegradable film, Cold plasma

Introduction

Conventional plastic packaging has raised
significant concerns due to its non-
degradability, the transfer process of potentially
toxic compounds to food, and its role in
environmental pollution. These challenges have
driven the development of environmentally
friendly alternatives, including edible and
biodegradable films (Dadkhah, Pirsa, Javadi, &
Mohtarami, 2024; Eslami, Pirsa, Mohtarami, &
Bener, 2025; Forouzan, Pirsa, & Alirezalu,

2024; Pirsa, Bener, & Sen, 2024). In this
context, polycaprolactone (PCL), a
biodegradable aliphatic polyester, has gained
attention for its favorable mechanical properties
and processability. However, the standalone
application of PCL faces limitations,
particularly the need to enhance its functional
properties. To address these limitations,
combining PCL with natural polymers such as
beta-glucan (BG) presents a promising
solution. BG is a polysaccharide known for its
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Ev Attribution 4.0 International License (CC BY 4.0).
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film-forming ability and high biocompatibility.
Furthermore, incorporating natural active
ingredients like oak fruit pair extract (OFPE)
and apricot kernel extract (AKE) which are rich
in phenolic and antioxidant compounds,
respectively along with antimicrobial gold
nanoparticles (AuNPs), can facilitate the
development of advanced composite films with
both antioxidant and antimicrobial capabilities.
Such nanocomposites are highly valuable for
minimizing the growth of spoilage
microorganisms during food processing and
storage, thereby extending shelf life and
improving food safety. Gold, being the least
reactive metal, possesses very stable chemical
properties. It is non-toxic, exhibits good
biocompatibility, and is multivalent, allowing it
to bind different types of ligands (Gupta et al.,
2016).

The extremely large specific surface area of
AUNPs provides abundant sites for binding to
target bacteria. AuNPs have shown
antibacterial activity against both Gram-
positive and Gram-negative bacteria (Slavin,
Asnis, Héfeli, & Bach, 2017). Compared to
conventional antibiotics, AuNPs do not easily
induce drug resistance because they target a
variety of molecules (DNA and protein).
Therefore, it becomes difficult for bacteria to
develop a system that can defend against all
damages (Zhao et al., 2018). The preparation
and antibacterial properties of AuNPs have
been extensively studied, but no comprehensive
summary has been published to date. Recently,
non-thermal discharge plasma (Cold plasma)
has attracted much attention as a means to kill
microorganisms due to its high efficiency and
environmental compatibility (Barba, Koubaa,
do Prado-Silva, Orlien, & de Souza Sant’Ana,
2017). Furthermore, cold plasma treatment can
be conducted at room temperature and
atmospheric pressure, making it a safe and
energy-efficient method. Various plasma
sources are available, including dielectric
barrier discharge (DBD), corona discharge, and
microwave discharge (Misra et al., 2018;
Bahmanpour, Asefi, Alizadeh, & Pirsa, 2024).
The inactivation of bacteria during plasma

discharge is primarily attributed to two main
factors: the strong electric field generated
within a specific range and the diverse active
species produced by the plasma. While plasma
technology has been widely utilized in the
biomedical field for over a decade, its
application has recently expanded into the food
industry. For instance, it has been employed for
disinfecting food industry wastewater (Patange
et al., 2018). Specifically, DBD plasma has
proven effective in eliminating bacteria and
yeast in apple juice (Liao et al., 2018).

Fish paste products, commonly known as
fish cakes. According to the Korean Food
Standards Codex, is characterized as a
processed seafood product comprising salt-
soluble proteins extracted from fish flesh. Fish
muscle is mechanically separated from the
bone, thoroughly washed with water, and
blended with cryoprotectants to produce a
hydrated protein concentrate known as surimi.
This Japanese term, which translates to
"washed fish mince,"” refers to the refined fish
myofibrillar protein obtained through this
process. It is a refined fish myofibrillar protein
that is produced through multiple step-by-step
processes including heading, gutting, filleting,
deboning (mincing), washing, dewatering,
mixing with cryoprotectants, freezing, and
metal detection for HACCP. Myofibrillar
proteins make it an excellent ingredient for the
production of food products. It has excellent
gelling properties and forms strong, elastic gels
when heated. Textural properties such as gel
strength are the main determinants of the price
and quality of surimi. The quality of surimi and
its gelling properties are mainly influenced by
both intrinsic factors (effect of fish species,
seasonality, sexual maturity and freshness or
hardness) and extrinsic factors (harvest,
handling, water characteristics, processing time
and temperature, solubilization of myofibrillar
proteins during processing) (Nishinari &
Ooizumi, 2020; Panpipat,  Thongkam,
Boonmalee, Cavdar, & Chaijan, 2023).

The aim of this study was to develop an
antibacterial polycaprolactone/beta-glucan film
modified with hydroalcoholic oak fruit pair
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extract, apricot kernel extract, and gold
nanoparticles for active packaging of cold
plasma-treated fish paste.

Materials and Methods

Chemicals

All chemicals used in this study, including
polycaprolactone and beta-glucan, were
obtained from  international and domestic
suppliers. The polymer base of the film
(polycaprolactone and beta-glucan) was
purchased from the official representative of
Sigma-Aldrich in Iran. Plant materials,
including oak and apricot kernels, were
purchased directly from the local market in
Urmia and prepared for the extraction process.
Also, microbial culture media and other
laboratory chemicals were obtained from
Merck, Germany and Sigma-Aldrich, USA.
The bacterial strains tested (Bacillus cereus and
Escherichia coli) were also obtained from the
reputable collection of the Scientific and
Industrial Research Organization of Iran.

Preparation of Plant Extracts

Two distinctive extraction methods were
selected to optimally address the distinct
chemical profiles of each plant material. The
Soxhlet method was chosen for oak fruit pair
due to its high efficiency in extracting non-
polar to semi-polar compounds (e.g., fixed oils,
waxes) from its dense and oily tissue. In
contrast, the maceration method at room
temperature was selected for apricot kernels to
gently extract more polar and potentially heat-
sensitive target compounds, such as amygdalin,
while minimizing their degradation.

Extraction of Oak Fruit Pair Extract (OFPE)

The extraction of oak fruit pair extract was
performed using the Soxhlet method with 86%
ethanol as the solvent. In this process, 200 g of
oak fruit pair powder was mixed with 500 ml of
ethanol and kept in the dark for 48 hours with
intermittent stirring (20 minutes per day). The
resulting solution was then filtered using
Whatman filter paper and concentrated using a
rotary evaporator at 50 °C under vacuum

conditions. The concentrated extract was stored
in sterile Petri dishes in an incubator at 40 °C
for final evaporation of the residual solvent.
The final product was stored in the dark at
refrigerator until use (AOAC, 2005; Zhang et
al., 2020).

Extraction of Apricot Kernel Extract (AKE)

After separating and drying apricot kernels
in an oven, the obtained powder was subjected
to maceration extraction using 70% ethanol for
72 hours. Specifically, 10 g of the powder was
dissolved in 100 ml of ethanol and stirred
simultaneously on a magnetic stirrer at medium
speed and room temperature. Following the
extraction period, the mixture was centrifuged,
and the supernatant was filtered through
Whatman No. 1 filter paper. The filtered
supernatant was then concentrated under
vacuum using a rotary evaporator at 45 °C. The
final extract was stored in a freezer after
complete evaporation of the residual solvent at
45 °C until use (Zhang et al., 2020).

Preparation of Composite Film

The nanocomposite film was prepared by
first preparing a polymer base solution with
equal proportions of polycaprolactone (PCL)
and beta-glucan. Specifically, beta-glucan
powder (2 g) was dissolved in 50 ml of distilled
water and heated on a magnetic stirrer at 80 °C
for 2 hours. Simultaneously, a PCL solution
was prepared by dissolving 2 g of the polymer
in 10 ml of chloroform and stirring for 30
minutes. The PCL solution was then added
dropwise to the beta-glucan solution, followed
by the addition of Tween 80 as emulsifier (1%
w/w of solids). After 30 minutes of stirring, oak
fruit pair extract and apricot kernel extract
(0.5% wi/w each) were incorporated into the
formulation, and the mixture was homogenized
at high speed for 2 minutes using a
homogenizer  (model  D9112,  Heidolf,
Germany). Subsequently, gold nanoparticles
(0.03% wi/w) were added, and the mixture was
magnetically stirred for 10 minutes before
being subjected to ultrasonication for 10
minutes. Glycerol (30% w/w of dry matter) was
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then introduced as a plasticizer, and stirring
continued for 15 minutes at room temperature.
Finally, 25 ml of the prepared solution was cast
onto 8 cm plates and dried in an oven at 38 °C.
The resulting films were carefully peeled off
and stored in light-proof bags at room
temperature (Pirsa et al., 2024).

In addition to the final composite film
(PCL/BG/OFPE/AKE/AUNPs), several film
formulations with varying concentrations of
OFPE, AKE, and AuNPs were prepared based
on the experimental design (See Table 1-B and
Table 2-A) to investigate their individual and
combined effects. These included the base film
(PCL/BG) and films containing individual
additives (PCL/BG/OFPE, PCL/BG/AKE,
PCL/BG/AuUNPs) for comparative analysis in
DSC and antibacterial tests. The concentration
ranges for the additives were selected based on
preliminary experiments and literature review.
The extract concentrations (0.25-0.75% w/w)
were chosen to ensure significant antimicrobial
efficacy while maintaining the film's structural
integrity and avoiding negative effects on its
physical properties. The concentration of
AuNPs (0.015-0.045% w/w) was selected due
to the fact that low loadings are sufficient to
enhance antibacterial activity and thermal
stability without causing aggregation or
compromising the film matrix.

DSC Examination of Films

In order to determine the DSC (Differential
Scanning Calorimetry) of the samples, initially
about 0.03 g of each film was placed in an
aluminum pan in a package and was carried out
at a rate of 10 °C per minute and at the
temperature range of 0 to 500 °C for 45 minutes
in the presence of helium gas by a differential
scanning calorimetry device (10-PT Linsies,
Germany).

Antimicrobial Activity of Films and Extracts

The antimicrobial activity of nanocomposite
films containing oak fruit pair extract, apricot
kernel extract, and gold nanoparticles was
evaluated against two bacterial strains - E.
coli O157:H7  (ATCC  25922) andB.

cereus (PTCC 1154) - using the disk diffusion
method. Film samples were cut into 6-mm
diameter discs using a sterile punch and
aseptically placed on Mueller-Hinton agar
plates. The agar surface had been previously
inoculated with 0.1 mL of bacterial inoculum
containing  10° -106  CFU/mL.  After
incubation at 37 °C for 24 hours, the inhibition
zones appearing as clear halos around the film
discs were measured in millimeters using a
digital caliper.

The antibacterial properties of the extracts
were studied using the agar well diffusion
method on two strains of bacteria, E.
coliO157:H7  (ATCC  25922) andB.
cereus (PTCC 1154). Briefly, the surface of
Mueller Hinton agar plates was first inoculated
uniformly (by swabbing) with 0.1 ml of
inoculum containing 108 CFU/mI of the tested
bacteria. Then, wells (5 mm in diameter) were
created in the inoculated agar using a sterile
cork borer. Subsequently, 30 pl of the pure
extract was poured into each well. The plates
were incubated at 37 °C for 24 hours. Then, the
zone of inhibition was measured in millimeters
as a clear halo around the wells with a digital
caliper (Balouiri, Sadiki, & Ibnsouda, 2016).

Preparation of Cold Plasma Treated Fish Paste

Common carp was freshly obtained from the
fish market (Urmia, Iran). It was transferred to
the processing laboratory after being stored on
ice. The surimi preparation process was carried
out manually in the laboratory according to the
method of Jeon, Myung, & Min, (2022). After
beheading and abdominal emptying, common
carp was filleted and washed manually, then
deboned. The meat was ground using a meat
grinder equipped with a plate with 3 mm
diameter holes. After that, the minced meat was
washed with cold water at a temperature below
10 °C for three times with a ratio of 4:1 water
to fish meat, twice with distilled water and then
once with a 0.3% brine solution, each time for
15 minutes. After each washing, the fish meat
was poured into a clean cloth to remove excess
water. Then, 4% sugar, 4% sorbitol, and 0.3%
sodium tripolyphosphate were added to the
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prepared surimi and mixed in a meat mixer
(Mulinex, 1000w, Made in France). Finally, the
prepared fish paste was treated using
a Dielectric Barrier Discharge (DBD) plasma
device (Diener electronic, Jettingen, Germany).
Argon gas (99.997% purity) was used as the
feed gas to generate the cold plasma. This gas
was chosen due to its inert nature, food-grade
safety, efficiency in generating stable plasma,
and effectiveness in microbial inactivation
while minimizing potential adverse effects on
food quality. The prepared fish paste sample
was placed on the base inside the device, then
argon gas was injected into the device at a
constant rate of 6 liters per minute to produce
plasma, and the samples were treated under
vacuum conditions with a pressure of 600
mTorr and a power of 20-30 watts. The sample
was exposed to cold plasma treatment with
argon gas for 6 minutes and packaged for
subsequent tests (Jeon et al., 2022).

Packaging of Fish Paste with Nanocomposite Film

After preparing the cold plasma treated fish
paste, the packaging film prepared as
mentioned above was used for antimicrobial
packaging and preservation. For this purpose,
50 g of cold plasma treated fish paste and 50 g
of fish paste treated with conventional heating
method were packed in edible film and
conventional packaging in the same dimensions
and kept at refrigerator for one month (Fig. 2).
Sa mples were taken on day 1, 15, 30and the
following tests were performed.

Packaged Fish Paste Tests

pH Measurement

One g of fish paste samples was mixed with
9 ml of distilled water (in Falcon tubes) and
homogenized with a homogenizer (Ultra Turrax
T25, IKA, Germany) at 13,500 rpm for 30
seconds. Then, the pH of the fish paste samples
was measured at room temperature using a
digital pH meter (Hanna HI9025c, Portugal)
(Zhang et al., 2020).

Determination of Total Volatile Nitrogenous Bases
(TVB-N)

This test was performed according to the
AOAC method (2002) and its amount was
calculated in milligrams per hundred grams of
fish paste according to the following equation:

M x 14
TVB—N = x 100

where M and N are the amount of sulfuric
acid consumed and the weight of the sample,
respectively.

Measurement of Thiobarbituric Acid (TBA)

Measurement of Thiobarbituric Acid is
based on the spectrophotometric values
(HACH, DR/2000, USA) of the pink complex
resulting from the reaction of one
malonaldehyde molecule obtained from
distillation with two thiobarbituric acid
molecules added to the distilled solution, and its
amount is expressed in milligrams of
malonaldehyde per kilogram of sample

according to the following equation (Rahman,
Al-Amiri, & Al-Rizig, 2021).

As - Ab
TBA = x 200

50

Total Bacterial Count (TVC)

Tryptic soy agar (TSA) medium was used
for total bacterial count after preparing serial
dilutions, surface culture was performed on the
plates and the samples were incubated at 32 °C
for 48 hours and then the colonies were counted
(AOAC, 2005).

Sensory Evaluation

Sensory evaluation of the samples was
carried out according to the 5-point hedonic test
by 10 panelists. This study was approved by the
Research Ethics Committee of Urmia
University. For this purpose, the samples were
coded and evaluated in terms of sensory
characteristics (overall acceptance). A score of
5 indicated the highest quality of the sensory
characteristic and a score of 1 indicated the
lowest quality for the sensory characteristic
(Lawless & Heymann, 2010).

Statistical Analysis
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In this study, response surface methodology
and a D-Optimal statistical design were
employed for two key objectives:

1. To formulate and screen antibacterial films
with different compositions of OFPE,
AKE, and AuNPs (as shown in Table 1-B)
and modelling their antibacterial responses
(Inhibition Zone).

2. To investigate the effect of cold plasma
treatment and active packaging on the

quality parameters of fish paste during
storage (as shown in Table 1-A).

This design was selected due to its high
efficiency in providing reliable regression
models with the minimum number of required
experimental runs, which was particularly
advantageous given the practical constraints of
the study. For the first objective (film
formulation), the  factors were the
concentrations of OFPE, AKE, and AuNPs.

Table 1-A. List of treatments performed on fish paste based on the D-Optimal design. (CP: Cold Plasma; Active
film: PCL-BG-OFPE-AKE-AuNPs)

Run Factor A: Time Factor B: CP* Factor C: Active
(Day) film**
1 30 Unused Used
2 15 Used Unused
3 1 Unused Used
4 1 Used Unused
5 15 Used Used
6 15 Unused Unused
7 30 Unused Unused
8 15 Unused Used
9 30 Used Unused
10 1 Unused Unused
11 30 Used Used
12 1 Used Used

*CP: Cld Plasma
**Active film: Polycaprolactone/Beta-Glucan nanocomposite film containing Oak Fruit Pair Extract, Apricot Kernel
Extract, and Gold Nanoparticles (PCL-BG-OFPE-AKE-AUNPS)

Table 1-B. List of selected films for testing antibacterial properties. (OFPE: Oak Fruit Pair Extract; AKE:
Apricot Kernel Extract; AuNPs: Gold Nanoparticles)

Film Code OFPE (%) AKE (%) AUNPs (%)
F1 0.75 0.25 0.045
F2 0.75 0.75 0.045
F3 0.25 0.25 0.045
F4 0.5 0.5 0.015

For the second objective (fish paste quality),
the type of cold plasma treatment (treated and
untreated) and the type of packaging
(conventional packaging and active packaging)
were considered as non-numeric factors, and
storage time was included as a covariate. The
final design for the application study consisted
of 12 experimental runs or treatments (Table 1-

A). All analyses were performed independently
on each experimental unit. A 95% probability
level was used to examine the significance of
the means and the models. Design Expert
software (version 10) was used for modeling,
generating response surface curves, and
comparing means.



Asdagh, et al., Development of Active PCL/B-Glucan Films ... 57

Results and Discussion

DSC

Fig. 1 presents the DSC curves of the
polycaprolactone-beta-glucan composite films.
The thermal properties and phase transitions
derived from these curves are as follows. The
PCL/BG base film exhibited a glass transition
(Tg) between 50-60 °C, associated with the
amorphous regions of polycaprolactone. A
distinct melting temperature (Tm) was
observed at  approximately  56-58°C,
corresponding to the crystalline PCL domains.
The measured enthalpy of fusion was 887.5 J/g,
indicating a relatively high degree of
crystallinity in the base film. Incorporation of
apricot kernel extract (PCL/BG/AKE) resulted
in a slight reduction in melting temperature to
53-55°C and decreased enthalpy of fusion
compared to the base film. This might be due to
the interactions between AKE components and
the polymer matrix that reduce crystallinity.
Similarly, the film containing oak fruit pair
extract (PCL/BG/OFPE) showed noticeable
alterations in the melting peak and a shift in
glass transition toward lower temperatures,
likely due to strong interactions between
phenolic compounds in the extract and polymer
chains. The addition of gold nanoparticles
(PCL/BG/Au) significantly enhanced thermal
properties, increasing the melting temperature
to approximately 64.6 °C and elevating the
enthalpy of fusion. These improvements
indicate that gold nanoparticles function as
nucleating agents, promoting crystallinity and
thermal stability. The final composite film
(PCL/BG/OFPE/AKE/Au) demonstrated the
highest melting temperature at 81.6°C among
all samples, forming a complex thermal
structure with multiple phase transitions and
enhanced thermal stability compared to the base
film.

These findings collectively demonstrate that
component interactions substantially influence
the thermal properties of composite films.
While gold nanoparticles enhance thermal
stability through nucleation, plant extracts
modify crystal structure via polymer chain
interactions,  ultimately  affecting  film
performance in  packaging applications.
According to Ma, Shi, Su, & Wang, (2020),
pure polycaprolactone of similar molecular
weight (Mw ~50,000) exhibits a melting
temperature of approximately 63.5°C and
fusion enthalpy of about 94.5 J/g. In contrast,
our PCL/BG base film showed reduced values
for both parameters (Tm: 56-58°C; AHm: 887.5
J/g). This reduction primarily stems from the
dilution effect and physical interactions with -
glucan, which disrupt PCL crystal ordering.
Although  molecular  weight  remained
unchanged in our study, the observed decrease
in Tm and AHm parallels the effects reported
by Ma et al. for molecular weight reduction.
This similarity suggests that the additives
inhibit complete polymer chain crystallization,
resulting in a crystal structure resembling that
of lower molecular weight PCL. Conversely,
gold nanoparticles increased both Tm and
AHm, contrasting with the general trend
described in the reference study. This opposing
effect clearly indicates that nanoparticles
reinforce PCL crystal structure through a
distinct mechanism, likely acting as nucleation
sites to enhance thermal stability. The
comparison demonstrates that while our
additives did not chemically degrade the
polymer,  they  significantly  influence
crystalline  microstructure and  thermal
properties through physical interactions (Ma et
al., 2020).
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Fig. 1. DSC curves for polycaprolactone-beta-glucan based composite films

Antimicrobial Activity of Composite Films and
Extracts

Fig. 2-B and Tables 2-A and 2-B show the
antibacterial properties of composite films,
incorporated  with  extracts and gold
nanoparticles. Based on the results presented in
Tables 2-A and 2-B, the antibacterial activity of
composite films and their components against
Gram-positive (Bacillus cereus) and Gram-
negative (Escherichia coli) bacteria was
investigated. As can be seen in Table 2-A, all
composite films containing
polycaprolactone/beta-glucan, oak fruit pair
extract, apricot kernel extract and gold
nanoparticles had inhibitory effects against
both bacteria. The film containing the highest
concentration of both extracts produced the
largest zone of inhibition (27.78 mm for
Bacillus cereus and 21.38 mm for Escherichia

coli). This result indicates a strong synergistic
effect between the active compounds in the
film.

In general, all films produced a larger
inhibition zone against Bacillus cereus (a
Gram-positive  bacterium) compared to
Escherichia coli (a Gram-negative bacterium).
This could be due to the complex structure of
the cell wall of Gram-negative bacteria, which
acts as a physical barrier to the penetration of
antibacterial compounds. Comparison of the
samples  shows that increasing the
concentration of gold nanoparticles from
0.015% to 0.045% (holding other factors
constant) leads to a significant increase in the
diameter of the inhibition zone, indicating the
important role of gold nanoparticles in
enhancing the antibacterial properties of the
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film. Based on the data in Table 2-B, each of
the compounds alone also has significant
antibacterial activity. Oak fruit pair extract at a
concentration of 0.75% produced a larger zone
of inhibition (20.41 mm) against Bacillus
cereus compared to Escherichia coli (15.65
mm). This effect is probably due to the presence
of phenolic and flavonoid compounds with
strong antibacterial properties in this extract.
Apricot kernel extract at the same concentration
also showed a greater inhibitory effect on
Bacillus cereus (18.08 mm) than Escherichia
coli (13.28 mm), which could be related to
compounds such as amygdalin and its
derivatives. Gold nanoparticles at a
concentration of 0.045% showed a more
balanced antibacterial effect against both
bacteria (19.24 mm for Bacillus cereus and
18.31 mm for Escherichia coli). The
mechanism of action of gold nanoparticles is
probably through the production of reactive
oxygen species, cell wall destruction, and
disruption of intracellular processes in bacteria.
The results of this section clearly show that the
prepared composite films have a favorable and
strong antibacterial effect against both Gram-
positive and Gram-negative bacteria. The
synergistic effect between the different
components present in the film (plant extracts
and gold nanoparticles) has led to a significant
enhancement of the antibacterial properties.
These films have a high potential for use in
active packaging of food products, especially
sensitive products such as fish paste. The
generally larger inhibition zones observed
against Bacillus cereus (Gram-positive)
compared to Escherichia coli (Gram-negative)
can be attributed to the fundamental structural
differences in their cell walls. Gram-positive
bacteria possess a thick, porous peptidoglycan
layer that is more accessible to the antibacterial
compounds (e.g., phenolics from extracts)
released from the film. In contrast, Gram-
negative bacteria have a complex outer
membrane rich in lipopolysaccharides, which
acts as a formidable hydrophobic barrier,
initially restricting the penetration of these
antimicrobial agents. The mechanism of cold

plasma, involving reactive species that cause
lipid peroxidation, is particularly effective at
disrupting this outer membrane in Gram-
negative bacteria. The more balanced effect of
AUNPs against both types suggest their mode of
action, potentially involving physical damage
and oxidative stress, is less hindered by the
structural differences in the cell envelope.
According to the results of the present study
and the study of Holesova et al. (2021), the
antibacterial performance of polycaprolactone
(PCL) films containing nanoparticles is
compared as follows. In the present study, the
PCL/BG nanocomposite film containing plant
extracts and gold nanoparticles produced a
growth inhibition zone of 27.78 mm against
Bacillus cereus and 21.38 mm against
Escherichia coli, while in the study of Holesova
et al.,, the PCL film containing nano-clays
functionalized with silver ions reported a
growth inhibition zone of 12.5 mm against
Staphylococcus aureus and 10.5 mm against
Escherichia coli. In the present study, the
antibacterial mechanism of action was a
combination of multiple factors including the
release of phenolic and flavonoid compounds
from plant extracts, the synergistic effect of
gold nanoparticles in the production of reactive
oxygen species and disruption of the bacterial
cell membrane, while in the reference study, the
mechanism of action was mainly based on the
release of silver ions from nano-clay and
disruption of bacterial cell function. In the
present study, the synergistic effect between
different compounds led to a significant
increase in antibacterial efficacy. The
nanocomposite film produced in the present
study had higher antibacterial efficacy than the
films in HoleSova's study. This superiority
could be due to the following factors: the
simultaneous use of multiple antibacterial
mechanisms, the synergistic effect between
different compounds and the higher potential of
plant compounds and gold nanoparticles in
inhibiting bacterial growth. Both studies
showed that the modification of PCL films with
nanoparticles and active compounds can lead to
the development of active packaging with
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effective antibacterial properties. However, the
use of natural compounds in the present study
could have additional advantages in terms of
safety and  environmental  friendliness
(Holesova et al., 2021).

Both the present study and the research
conducted by Cesur, Koroglu, & Yalgin, (2018)
independently validate that incorporating
natural compounds and nanomaterials to
enhance the antibacterial properties of
polycaprolactone films. In the study by Cesur
and colleagues, the inclusion of nano minerals
and chitosan into the PCL matrix demonstrated
significant antibacterial efficacy against both
Gram-positive and Gram-negative bacteria.
This result is consistent with our findings,

where the combination of plant extracts and
gold nanoparticles in the PCL/BG film resulted
in strong bacterial inhibition. Both studies
demonstrate that modifying the structure of
PCL with active natural materials is an effective
strategy for the development of antimicrobial
packaging. Although the additives used are
different, the results of both studies clearly
emphasize the scientific principle that the
formation of a nanocomposite network in a
polymer matrix can significantly enhance the
antibacterial efficacy of packaging films,
confirming the potential of this strategy for
application in the food industry (Cesur et al.,
2018).

Table 2-A- Inhibition zone of composite films against Bacillus cereus and Escherichia coli

Film Type OFPE AKE AuNPs B. cereus E. coli
Concentration Concentration Concentration (G+) (mm) (G-) (mm)
(%) (%) (%)
PCL-BG-OFPE-AKE-Au 0.75 0.25 0.045 23.92+0.48* 20.25+0.51
PCL-BG-OFPE-AKE-Au 0.75 0.75 0.045 27.78x0.54  21.38+.37
PCL-BG-OFPE-AKE-Au 0.25 0.25 0.045 13.61+0.35 11.18+0.47
PCL-BG-OFPE-AKE-Au 0.5 0.5 0.015 16.40+0.44 12.58+.027

*The data were the average of three replicates.

Table 2-B- Inhibition zone of extracts and nanoparticles against Bacillus cereus and Escherichia colibacteria

Compound  Concentration (%) B. cereus (G+) E. coli (G-)
(mm) (mm)

OFPE 0.75 20.41+0.28* 15.65+.044

AKE 0.75 18.08+.029 13.28+0.55

AUNPs 0.045 19.24+.037 18.31+0.42

*The data were the average of three replicates.
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Fig. 2. Packaging of fish paste treated with head plasma with active composite films (A) and antibacterial
properties of composite films (B)

pH of Fish Paste

Fig. 3 shows the three-dimensional diagram
and interaction curve of the effect of storage
time, cold plasma treatment and active film
packaging on the pH of fish paste. Changes in
the pH of fish paste during the storage period
were observed based on the results obtained
from the analysis of variance (ANOVA) of the
quadratic response surface model. The
presented model was statistically significant (p-
value <0.0001) and was able to explain 99.75%
of the response changes. The values of R2

(0.9975), adjusted R? (0.9932) and predicted R?
(0.9692) indicate the favorable fit and high
predictive power of the model. Among the
studied factors, the storage time (A) was
identified as the most effective factor on pH
changes (p-value > 0.0001). The effects of cold
plasma treatment (B) and active film packaging
(C) were also significant at 99.96% and 99.72%
confidence levels, respectively. Among the
interaction effects, the interaction between time
and cold plasma treatment (AB) and time and
packaging type (AC) significantly affected pH,
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while the interaction between cold plasma
treatment and active film (BC) was not
significant. The quadratic effect of time (A?)
was also significant, indicating a nonlinear
trend in pH changes over time. The final
regression equation was obtained as follows:

pH=6.57 + 0.33*A + 0.080*B + 0.048*C +
0.066*A*B + 0.059*A*C - 0.00917*B*C +
0.083*A2

The response surface and plots clearly
showed the relationship between the
independent variables and pH. With the
increase in storage time, the pH of fish paste
increased significantly. However, it was
observed that the combined application of cold
plasma treatment and active film packaging
effectively prevented the sharp increase in pH -
which is generally caused by bacterial spoilage
and the production of alkaline compounds - and
slowed down the spoilage process. Based on
these findings, it can be concluded that the
designed model has a high efficiency for
predicting pH changes and the use of
antibacterial active film in combination with
cold plasma treatment is an effective strategy to
maintain pH stability and shelf life of fish paste
during storage.

Both the current investigation and the earlier
work by Remya et al. (2016) provide
independent confirmation of the positive effect
of active packaging on maintaining pH stability
in fish products. In Remya's study, the use of
chitosan-containing film significantly
prevented the increase in pH of barracuda fillets
during refrigerated storage. This result is fully
consistent with the findings of the present
study, by which active packaging with
polycaprolactone/beta-glucan film containing
plant extracts and gold nanoparticles effectively
inhibited the increase in pH of fish paste. Both
studies indicate that active packaging plays a
key role in maintaining pH stability and,
consequently, extending the shelf life of fishery
products by delaying the accumulation of
alkaline compounds caused by microbial
spoilage. This consistency of results confirms
the effectiveness of active packaging strategy in

controlling chemical indicators of spoilage in
various fish products (Remya et al., 2016).

TBA and TVB-N

Fig. 4 shows the three-dimensional diagram
and interaction curve of the effect of storage
time, cold plasma treatment and active film
packaging on TBA and TVB-N of fish paste.

Changes in the thiobarbituric acid index of
fish paste during the storage period were
observed based on the results of the analysis of
variance of the quadratic response surface
model. The presented model was statistically
significant at the 99.99% confidence level (p-
value <0.0001) and was able to explain 99.90%
of the response changes. The R2 values (0.999)
and adjusted Rz (0.997) indicate the optimal fit
of the model. Storage time (A) was identified as
the most effective factor in increasing the TBA
index. This increase is mainly due to the
intensification of lipid oxidation over time,
which is accompanied by the formation of
secondary oxidation products such as
malondialdehyde (MDA). Cold plasma
treatment (B) significantly reduced the TBA
index, which is probably due to: inactivation of
oxidative enzymes, reduction of the population
of bacteria responsible for oxidation, and
structural changes in fish tissue. Packaging with
active film (C) showed the highest inhibitory
effect in controlling oxidation, which can be
attributed to the following: the presence of
antioxidant compounds in plant extracts, the
synergistic effect of gold nanoparticles, and the
creation of a physical barrier against oxygen.
The interaction effect of time and cold plasma
treatment (AB) showed that the application of
cold plasma can reduce the rate of oxidation
caused by storage time. The interaction effect
of time and active packaging (AC) showed the
synergistic effect of these two factors in
controlling oxidation in longer storage periods.
The quadratic effect of time (A?) indicates a
nonlinear and intensifying pattern of oxidation
in the final storage periods. The final regression
equation was obtained as follows:
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Fig. 3. Three-dimensional diagram and interaction curve of the effect of storage time, cold plasma treatment,
and packaging with active film on the pH of fish paste

TBA =0.95 + 0.91*A + 0.078*B + 0.18*C
+0.074*A*B + 0.19*A*C + 0.17*A2

The response surface plots clearly showed
that the simultaneous application of cold
plasma treatment and active packaging could
effectively prevent the increase of TBA index
during the storage period.

The changes of the total volatile basic
nitrogen index (TVB-N) of fish paste during the
storage period were observed based on the
results of the analysis of variance of the two-
factor interaction (2FI) response surface model.

The presented model was statistically
significant at the 99.99% confidence level (p-
value < 0.0001) and was able to explain 99.38%
of the response variations. The values of R2
(0.993) and adjusted R2? (0.986) indicate the
good fit of the model. Storage time (A) was
identified as the most effective factor in
increasing the TVB-N index. This increase is
mainly due to the activity of endogenous
proteolytic enzymes and the activity of spoilage
microorganisms, which leads to the production
of volatile nitrogen-containing compounds
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such as ammonia, amines and trimethylamine.
Cold plasma treatment (B) significantly
reduced the TVB-N index, which might due to
the inactivation of proteolytic enzymes and
spoilage microorganisms by plasma active
species and the reduction of the rate of protein
degradation reactions. Packaging with active
film (C) also showed a significant inhibitory
effect on the formation of volatile nitrogen-
containing compounds, which probably acts
through the  following mechanisms:
antimicrobial activity of plant extracts presents
in the film, reduction of oxygen permeability
and creation of an unfavorable environment for
the growth of TVB-N-producing bacteria, and
absorption or neutralization of volatile
nitrogen-containing compounds. The
interaction effect of time and cold plasma
treatment (AB) showed that the application of
cold plasma could effectively reduce the rate of
TVB-N accumulation during the storage time.
The interaction effect of time and active
packaging (AC) showed the synergistic effect
of these two factors in controlling the
production of volatile nitrogen compounds
during longer storage periods. The interaction
effect of cold plasma treatment and active film
(BC) was not statistically significant, which
probably related to the independent function of
these two technologies in controlling different
spoilage pathways. The final regression
equation was obtained as follows:

TVB-N = 21.75 + 11.22*A + 2.41*B +
2.03*C + 2.51*A*B + 2.01*A*C - 0.12*B*C

The response surface and counter plots
clearly showed that the simultaneous
application of cold plasma treatment and active
packaging can effectively prevent the increase
of TVB-N index during the storage period.

This study demonstrates that the
combination of cold plasma treatment and
active packaging utilizing a film incorporated
with antioxidant compounds represents an
effective strategy for controlling lipid oxidation
and extending the shelf life of fish paste. The
synergistic effect of these two methods can
simultaneously target different oxidation
mechanisms and maintain the quality of the

product during the storage period. Also, the
combination of cold plasma treatment and
active packaging with a film containing
antimicrobial compounds can be an effective
strategy to control the production of volatile
nitrogen compounds and prevent growth of
spoilage bacteriain fish paste. The synergistic
effect of these two methods in controlling the
TVB-N index indicates the high potential of
this combined strategy in maintaining the
quality and increasing the shelf life of fishery
products.

Both the current investigation and the
research conducted by Julyaningsih, Latief, &
Dirpan, (2020) independently validate the
efficacy of active packaging in regulating
chemical indicators of fish spoilage. In
Julyaningsih's study, the implementation of
smart packaging incorporating chitosan-gelatin
nanofibers substantially reduced thiobarbituric
acid (TBA) values and total volatile basic
nitrogen (TVB-N) levels in tuna fillets
throughout the storage period. This finding is
fully consistent with the results of the present
study, in which active packaging with a
polycaprolactone/beta-glucan nanocomposite
film containing plant extracts and gold
nanoparticles effectively prevented the increase
in TBA and TVB-N indices in fish paste. Both
studies indicate that active packaging plays a
key role in maintaining the quality and
increasing the shelf life of fishery products by
inhibiting lipid oxidation, reducing TBA, and
reducing TVB-N. This concordance of results
confirms the effectiveness of active packaging
strategy in simultaneously controlling oxidative
and microbial spoilage in different fish
products (Julyaningsih et al., 2020).

Both the present study and Erkan's (2017)
study independently confirm the role of active
packaging in controlling chemical spoilage
indices of fish. In Erkan's study, the use of
active packaging significantly reduced the
values of total volatile nitrogen (TVN) and
thiobarbituric acid in traditional Turkish salted
and dried fish (chiruz) during the storage
period. This finding is fully consistent with the
results of the present study, in which active
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packaging with polycaprolactone/beta-glucan
nanocomposite film containing plant extracts
and gold nanoparticles effectively prevented
the increase of TVB-N and TBA indices in fish
paste. Both studies show that active packaging
plays a key role in maintaining the quality and
increasing the shelf life of fishery products,
both dried fish and processed products such as
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fish paste, by inhibiting lipid oxidation,
reducing TBA, and delaying the production of
volatile nitrogen compounds. This concordance
of results confirms the effectiveness of active
packaging strategies in  simultaneously
controlling oxidative and microbial spoilage in
different types of fish products (Erkan, 2017).
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Fig. 4. 3D diagram and interaction curve of the effect of storage time, cold plasma treatment, and packaging with
active film on TBA and TVB-N of fish paste

TVC

Fig. 5 shows the three-dimensional diagram
and interaction curve of the effect of storage
time, cold plasma treatment and active film
packaging on the total microbial count of fish
paste. The changes in the total microbial count
of fish paste during the storage period were
observed based on the results of the analysis of
variance of the two-factor interactive response
surface model (2F1). The presented model was

statistically ~ significant at the 99.99%
confidence level (p-value < 0.0001) and was
able to explain 99.27% of the response
variations. The R2 values (0.992) and adjusted
R2 (0.984) indicate the optimal fit of the model.
Storage time (A) was identified as the most
effective factor in increasing the microbial
count. This natural increase is due to the
proliferation and growth of microorganisms
inherent to the food under storage conditions.
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Cold plasma treatment (B) significantly
reduced TVC, which can be attributed to the
following mechanisms: direct destruction of the
bacterial cell walls by plasma active species,
destruction of bacterial DNA and cellular
proteins, and oxidative damage to the cell
membrane of microorganisms. Active film
packaging (C) also showed a significant
inhibitory effect on microbial growth, which
works through the following: gradual release of
antimicrobial compounds from plant extracts,
synergistic effect of gold nanoparticles in
inhibiting microbial activity, and creation of a
physical barrier against secondary
contamination. The interaction effect of time
and cold plasma treatment (AB) showed that
the application of cold plasma can effectively
reduce the rate of microbial growth during
storage time. The interaction effect of time and
active packaging (AC) showed the synergistic
effect of these two factors in controlling
microbial growth during longer storage periods.
The interaction effect of cold plasma treatment
and active film (BC) was not statistically
significant, which probably indicates different
mechanisms of action of the two technologies.
The final regression equation was obtained as
follows:

TVC =6.26 + 1.17*A + 0.29*B + 0.24*C +
0.29*A*B + 0.21*A*C + 0.051*B*C

The response surface and contour plots
clearly showed that the simultaneous
application of cold plasma treatment and active
packaging could effectively prevent the
increase of microbial counts during the storage
period. This study suggests that the
combination of cold plasma treatment and
active packaging with a film containing
antimicrobial compounds could be an effective
strategy for controlling microbial growth and
enhancing the shelf life of fish paste.

Both the current investigation and the
research performed by Chen et al. (2020)
independently validate the efficacy of active
packaging in controlling microbial growth in
fishery products. In Chen's study, the use of
active film containing chitosan and plant
extract significantly reduced the total viable

count (TVC) in fried fish fillets during storage.
This finding is fully consistent with the results
of the present study, by which active packaging
with polycaprolactone/beta-glucan
nanocomposite film containing plant extracts
and gold nanoparticles effectively inhibited
microbial growth (TVC) in fish paste. Both
studies show that natural active compounds
incorporated in packaging films including plant
extracts in the present study and Herba
lophatheri extract in Chen's study can inhibit
bacterial growth and extend the shelf life of
various fishery products by gradually releasing
antimicrobial compounds. This consistency of
results confirms the effectiveness of the
strategy of using natural compounds in active
packaging to control microbial spoilage in
different fish products (Chen et al., 2020).

Overall Acceptance

Fig. 6 shows the three-dimensional diagram
and interaction curve of the effect of storage
time, cold plasma treatment and active film
packaging on the overall acceptance of fish
paste. The changes in the overall sensory
acceptance of fish paste during the storage
period were observed based on the results of the
analysis of variance of the quadratic response
surface model. The presented model was
statistically significant at 99.99% confidence
level (p-value < 0.0001) and was able to explain
98.7% of the response changes. The R? values
(0.987) and adjusted R2? (0.954) indicate the
optimal fit of the model. Storage time (A) was
identified as the most effective factor in
reducing overall acceptance. This reduction
was mainly due to undesirable sensory changes
caused by lipid oxidation, formation of off-odor
compounds resulting from microbial spoilage,
leading to textural changes and loss of product
freshness characteristics. Both cold plasma
treatment (B) and active film packaging (C)
significantly maintained sensory quality, which
can be attributed to the following: reducing the
rate of spoilage by inhibiting microbial activity,
reducing the rate of lipid oxidation, and
maintaining the desired sensory properties of
the product for a longer period of time.
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Fig. 5. 3D diagram and interaction curve of the effect of storage time, cold plasma treatment, and active film
packaging on the total microbial count of fish paste

The interaction effects of time and cold
plasma treatment (AB) and time and active
packaging (AC) were all significant, indicating
that these treatments can reduce the negative
effects of time on sensory quality. The
interaction effect of cold plasma treatment and

active film (BC) was not statistically
significant, possibly indicating that these two
technologies affect sensory quality
independently. The quadratic effect of time (A2)
was significant, indicating a nonlinear pattern
of overall acceptance decline over time. The
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final regression equation was obtained as
follows:

Total acceptance=+4.47-1.00*A-0.25*B-
0.25*C-0.25*A*B-0.25*A*C+0.00*B*C-
0.47*A2
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Fig. 6. 3D diagram and interaction curve of the effect of storage time, cold plasma treatment, and active film
packaging on the overall acceptance of fish paste

The negative coefficients in the equation the overall acceptance. This study shows that
indicate the reducing effect of the variables on the combination of cold plasma treatment and
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active packaging can be an effective strategy to
maintain the overall sensory acceptance of fish
paste during the storage period. Although both
treatments individually are able to reduce the
sensory quality, their synergistic effect together
can significantly increase the overall
acceptance during the storage of the product.

Conclusion

The findings of this study clearly show that
the prepared nanocomposite film containing
plant extracts and gold nanoparticles, along
with cold plasma treatment, is a comprehensive
and effective solution in maintaining the
quality, safety and shelf life of fish paste. This
active packaging system, with its strong
antibacterial and antioxidant properties, has the
ability to simultaneously inhibit the main
factors of spoilage, including the growth of
microorganisms, lipid oxidation and the
production of volatile compounds. The
synergistic interaction between the active
compounds in the film and the effects of cold
plasma has led to the creation of a multiple
protective barrier against spoilage. Cold plasma
treatment effectively delays the spoilage
process through the inactivation of surface
enzymes and microorganisms, while the active
film  concurrently  mitigates  spoilage
progression during storage by gradually
releasing  antibacterial compounds and
establishing a physical barrier against oxygen
ingress. The results of thermal analyses also
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Abstract

In this research, gelatin was extracted from various by-products of silver carp (Hypophthalmichthys molitrix)
(SC) and rainbow trout (Oncorhynchus mykiss) (RT), including skin, soft tissue, head, and vertebrae. The extracted
gelatins were evaluated for proximate composition, molecular weight, functional properties, and structural
characteristics. The findings revealed that the protein content of the gelatin samples ranged from 69.25% to
85.75%, with fat levels below 1.5%. The highest moisture content was observed in RT-skin gelatin (16.8%), while
the lowest was found in RT-vertebral bone gelatin (2.97%). SDS-PAGE analysis showed clear 1a (~114-121 kDa)
and 2a (~100-112 kDa) chains in skin and cranial soft tissue gelatins, whereas bone-derived samples lacked
distinct bands, indicating extensive collagen degradation due to harsh acid treatment. In terms of viscosity, the
highest value (11 cP) was recorded for SC-cranial soft tissue gelatin, and the lowest (2.6 cP) for RT-head gelatin.
Gel strength ranged from 573.5 g (SC-skin) to 19.6 g (RT-head). The melting point of SC-gelatins was significantly
higher than that of RT, with some samples approaching values similar to bovine skin gelatin. SC-vertebral bone
gelatin exhibited the greatest foaming capacity (120 £ 2%), while SC-head gelatin demonstrated the highest foam
stability (48.03 + 2.12%). These results suggest that non-commercial by-products from these two fish species,
especially SC-skin and cranial soft tissue, represent valuable potential sources for producing high-quality gelatin
for food applications.

Keywords: Fish gelatin, Functional properties, Hypophthalmichthys molitrix, Oncorhynchus mykiss, SDS-

PAGE analysis

Introduction

In the past decade, the aquaculture and
fishing industries have experienced significant
growth, with aquatic production increasing
from 128 million tons in 2012 to 223 million
tons in 2024 (FAO, 2024). This substantial
increase in aquatic animal production aims to
meet the growing demand for animal protein
and serves various industries including food,
healthcare, pharmaceuticals, and more (Naghdi

et al., 2024). Additionally, rising awareness of
the high nutritional value of aquatic products
has shifted consumer preference toward
seafood. Consequently, the fish processing
industry has developed significantly to meet
this demand, enabling the efficient processing
of whole fish and separation of their various
parts.

During fish processing, approximately 20 to
60 percent of the initial weight is considered
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non-edible waste, resulting in the generation of
large volumes of fish byproducts (Guan et al.,
2022; Naghdi et al., 2024). This not only raises
environmental concerns but also reduces the
economic profitability of the aquaculture
sector. However, these byproducts are rich in
fats, proteins, and other valuable compounds
(Yuan, Ye, Hou, & Chen, 2024). The protein-
rich waste includes meat scraps, spinal bones,
heads, skin, ovaries, viscera, and blood. These
protein fractions are easily digestible and can be
utilized to produce hydrolyzed products,
surimi, heat-resistant protein  dispersions,
various peptides and amino acids, gelatin,
collagen, and protamine (Olaniran et al., 2024).
Among these, gelatin has attracted considerable
attention from both industry and researchers
due to its diverse applications in food,
pharmaceuticals, healthcare, and more (Ruan et
al., 2023; Wang et al., 2024).

Gelatin is a fibrous protein obtained through
the partial thermal hydrolysis of collagen. It is
a biopolymer with important functional
properties and has wide-ranging applications in
the food, pharmaceutical, photographic, and
other industries (Ruan et al., 2023; Wang et al.,
2024). Currently, most commercial gelatin is
derived from mammalian sources, particularly
pig and bovine skins  (Nurilmala,
Suryamarevita, Hizbullah, Jacoeb, & Ochiai,
2022; Usman et al., 2022). However, for
cultural reasons, such as its non-halal status in
Islamic countries, and concerns over zoonotic
disease transmission, alternative sources are
increasingly in demand (Nurilmala et al., 2022;
Usman et al., 2022). As a result, researchers are
continuously exploring alternative gelatin
sources. Over the past two decades, interest in
gelatin derived from fish and poultry has grown
(Duasa, Husin, Asmy Mohd Thas Thaker, &
Rahman, 2022). Nonetheless, commercial
gelatin production from poultry skin and bones
has been limited due to low yields. Fish gelatin,
in particular, is considered a superior
alternative to mammalian gelatin from ethical
and religious perspectives (Duasa et al., 2022;
Nurilmala et al., 2022).

Rainbow trout (Oncorhynchus mykiss) and
silver carp (Hypophthalmichthys molitrix), a
phytophagous species, are two of the most
widely farmed species globally and in Iran
(Iranian Fisheries Organization Statistical
Yearbook, 2024). According to the Food and
Agriculture  Organization (FAO), global
production of rainbow trout and silver carp in
2022 was approximately 848,000 tons and 5.1
million tons, respectively (FAO, 2024).
Rainbow trout is among the most important
farmed migratory species, while silver carp
holds the highest production volume among
farmed freshwater species worldwide (FAO,
2024).

In Iran, rainbow trout production exceeded
200,000 tons in 2022, while warm-water fish
production reached approximately 240,000
tons, the majority of which was silver carp
(FAO, 2024). The production of various
products, including gutted fish, headed and
gutted fish, fillets of these two species, and
value-added products based on fish paste, is
continuously expanding (Iranian Fisheries
Organization Statistical Yearbook, 2024).
These diverse processing methods generate a
significant volume of waste from both species.
For rainbow trout, the head, spinal column, and
skin account for approximately 15.52%,
10.78%, and 8.10% of the body weight,
respectively, highlighting the substantial
amount of waste produced (Abdollahi, Rezaei,
& Jafari, 2014). Therefore, the large volume of
waste generated from these species, combined
with the growing global demand for halal
gelatin, underscores the importance of research
into gelatin extraction from fish byproducts
(Naghdi, Rezaei, Tabarsa, & Abdollahi, 2025).
Moreover, differences exist in the quantity and
type of collagen cross-links between various
byproducts (soft tissues versus bones), which
affect collagen solubility and its conversion to
gelatin (Silviwanda & Najib Tuisina Naenum,
2024). These differences may lead to variations
in the properties of gelatin extracted from
different tissues (Silviwanda & Najib Tuisina
Naenum, 2024; Yu et al., 2023).
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Accordingly, the present study aims to
investigate and compare the vyield and
functional properties, and molecular weight
analysis of gelatin extracted from various
byproducts (skin, spinal column, and head) of
rainbow trout and silver carp.

Materials and Methods

Preparation of Fish and Waste Separation

A total of 10 silver carp weighing between
15 to 2 kilograms and 20 rainbow trout
weighing between 250 to 350 grams were
procured from local fish vendors in Noor
County. The fish were frozen and transported in
polystyrene containers to the central laboratory
of the Faculty of Natural Resources and Marine
Sciences at Tarbiat Modares University. The
skin, bones, and heads of the fish were
manually removed gradually until sufficient
amounts of skin and other waste were collected.
The flesh and additional waste from the skins
and bones were separated using a sharp knife
before being placed in polyethylene bags,
which were then sealed tightly. The bags were
stored in a freezer at -20 °C for further
experiments (for a maximum of 2 months)
(Goger, 2022).

Proximate Analysis

The proximate analysis of fish byproducts
regarding fat, moisture, ash, and protein content
was conducted using standard methods
numbered 46/950, 08/928, 39/960, and 153/920
(AOAC, 2000). For the proximate analysis of
the extracted gelatin samples, the same
standards were applied for measuring fat,
moisture, and ash content; however, protein
content was determined using the Biuret
method (Zhou & Regenstein, 2006). In this
procedure, 0.1 gram of each gelatin sample
extracted from various tissues was dissolved in
10 milliliters of 0.9% NacCl solution at 50 °C.
One milliliter of this solution was mixed with 4
milliliters of Biuret reagent and allowed to react
for 30 minutes at room temperature. The
absorbance of the samples was then measured
using a spectrophotometer at 540 nm, and the
protein concentration was calculated from a

standard curve (y = 0.0419 x + 0.0008, Rz =
0.9999). The standard curve was created by
diluting a stock solution of bovine serum
albumin (BSA) with a concentration of 10
mg/ml.

Extraction of Gelatin

This section presents the methods used for
gelatin extraction from various fish processing
wastes, categorized by the type of raw material
from each fish species.

Gelatin Extraction from Silver Carp (H.
molitrix) Byproducts

From Silver Carp (SC) Skin

The optimized method of Boran &
Regenstein (2009) was applied. Frozen skins
were thawed overnight at 4 °C, cut into 0.5 x
0.5 cm pieces, and washed with cold distilled
water. The skins were treated sequentially at
room temperature with 0.55 N NaOH for 67.5
minutes and 0.1 N HCI for 45 minutes (1:5
v/w). After each treatment, the skins were
rinsed with cold water, and excess water was
removed by pressing them with cheesecloth.
Final extraction was performed at 50 £ 2 °C in
a water bath with a 4:1 (w/v) water-to-skin ratio
for 3 hours. The gelatin solution was then
filtered through cheesecloth, freeze-dried, and
stored for analysis.

From SC-Vertebral Bones

Frozen bones were thawed for 30 minutes,
cut into 0.5-1 cm piece, and defatted by
immersion in warm water (35-40 °C) for 20-30
minutes. Non-collagenous proteins  were
removed by treatment with 0.1 N NaOH (1:4
w/v) for 24 hours at 4 °C, with solution
replacement after 12 hours. The bones were
washed until a neutral pH was reached, then
demineralized with 3% HCI (3:1 w/v) at room
temperature. The acid was replaced every 3
days over approximately 9 days until no hard
nuclei remained. The resulting ossein was
washed, and gelatin was extracted at 50 + 2 °C
for 16 hours (3:1 w/v). Filtration utilized a
Buchner funnel and filter paper due to higher
impurities. The gelatin was freeze-dried and
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stored (Koli, Basu, Venkteshwarlu, Choukasy,
& Nayak, 2013).

From SC-Head

Heads were separated into soft tissue and
bones after treatment with 0.1 N NaOH (3:1
wi/v) for 3 hours, with hourly solution changes
to remove non-collagenous proteins. Soft
tissues were acid-treated with 0.15 N HCI (4:1
wi/v) for 3 hours, washed, and then extracted at
50 £ 2 °C for 16 hours (3:1 w/v). The bones
were dried, crushed, defatted in warm water,
demineralized with 3% HCI (3:1 w/v) over
approximately 9 days, washed, and extracted
similarly. Filtration and freeze-drying followed
as described (Elavarasan et al., 2017).

Gelatin Extraction from Rainbow Trout (O.
mykiss) Byproducts

From Rainbow Trout (RT) Skin

Frozen skins were thawed overnight at 4 °C,
cut into small pieces, and washed. The skins
were treated with 0.19 N NaOH (3:1 w/v) for 3
hours at 7 °C, washed until a neutral/slightly
alkaline pH was achieved, and excess water was
removed. They were then treated with 0.121 N
acetic acid (3:1 w/v) for 3 hours at 7 °C, washed
again, and finally extracted at 50 + 2 °C for 16
hours (3:1 wi/v). Subsequent steps matched
those for SC-skin (Tabarestani, Maghsoudlou,
Motamedzadegan, Sadeghi Mahoonak, &
Mahoonak, 2010).

From RT-Vertebral Bones

The extraction procedure was the same as for
SC-bones, except the acid treatment lasted
about 6 days instead of 9.

From RT-Head

Due to incomplete ossification of the heads
(250-350 g), the collected head were ground (3
mm mesh) without separating soft and hard
tissues. The ground heads were treated with 0.1
N NaOH (5:1 w/v) for 1.5 hours, washed to a
neutral/slightly alkaline pH, pressed to remove
excess water, and then treated with 0.018 N HCI
(2:1 wiv) for 30 minutes. After washing, final
extraction was performed at 55 + 2 °C for 16

hours (2:1 w/v). The gelatin solution was
filtered and freeze-dried as previously
described (Tabarestani et al., 2010).

Extraction Yield Determination

The extraction yield was calculated based on
the dry weight and wet weight of the raw
material using the following formulas:

Equation 1: Yield Based on Dry Weight =
Weight of dry gelatin /
Weight of dry raw material x100

Equation 2: Yield Based on Wet Weight =
Weight of dry gelatin /
Weight of wet raw material x100

Equation 3: Yield Based on Protein Content
= Weight of dry gelatin /
Protein content of raw material x100

Measurement of Gel Strength

The gel was prepared according to the
method of Kittiphattanabawon, Benjakul,
Visessanguan, & Shahidi, (2010). For this
purpose, gelatin was dissolved in distilled water
at 60 °C to achieve a concentration of 6.67%
(w/v). The solution was stirred until the gelatin
was completely dissolved and then transferred
to a plastic container with a height of 3 cm and
a diameter of 2.5 cm. The gelatin solution was
allowed to set for 18 hours at 4 £ 2°C to
undergo gel maturation before testing its gel
strength. After the specified time, the gel
strength was measured immediately upon
removal from the refrigerator (within 30
seconds), while still in the plastic container.
This measurement was conducted using a
texture analyzer under the following
conditions: a cylindrical piston made of cast
iron with a diameter of 12.7 mm, a penetration
speed of 1 mm/s, and a penetration depth of 4
mm. The maximum force (in grams) required
for the piston to penetrate 4 mm into the gel was
recorded and reported as the gel strength.

Measurement of Viscosity

The viscosity of gelatin samples was
measured according to the method of Yazid et
al. (2024). For this purpose, 20 mL of gelatin
solutions at a concentration of 6.67% (w/v)
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were prepared and maintained at 60 °C for 30
minutes to ensure complete dissolution of
gelatin  before  measurement.  Viscosity
measurements were conducted at 60 °C using a
Brookfield viscometer equipped with spindle
S31, operating at a rotational speed of 100 rpm.
The viscosity values obtained under these
conditions were recorded for analysis.

Determination of Foaming Properties

The foaming ability (FA) and foaming
stability (FS) of gelatin were determined
according to the method described by Du,
Khiari, Pietrasik, & Betti, (2013). A 1% (w/v)
gelatin solution was prepared and held at 60 °C
for 30 minutes. The solution was then
transferred to a beaker. To generate foam, the
gelatin solution was homogenized at 10,000
rom for 5 minutes using a homogenizer.
Immediately after homogenization, the solution
was quickly transferred to a 250 mL graduated
cylinder.

Foaming Ability (FA) was calculated as the
ratio of the foam volume to the initial volume
of the liquid:

FA=Foam volume / Initial liquid volume
%100

Foaming Stability (FS) was determined by
measuring the volume of foam remaining after
30 minutes relative to the initial foam volume:

FS=Foam volume after 30 min /
Initial foam volume %100

Determination of Molecular Weight Distribution

The protein profiles of various gelatin
samples were analyzed using the method of
Laemmli (1970) with minor modifications. In
this procedure, samples were dissolved at a
concentration of 2 mg/mL in 5% SDS solution.
The resulting mixtures were heated at 85 °C for
1 hour to denature the proteins, followed by
centrifugation at 8500 x g for 5 minutes at room
temperature to ensure complete dissolution.
The dissolved samples were then mixed with
sample buffer ina 1:1 (v/v) ratio. After mixing,
the samples were heated again at 100 °C for 5
minutes. Finally, 15 pL of the prepared samples
and 5 pL of molecular weight marker (standard)

were loaded onto a polyacrylamide gel
consisting of a 7.5% separating gel and a 4.5%
stacking gel. After loading, the gel apparatus
cables were connected to the electrodes and
electrophoresis was initiated. The initial
voltage was set at 50 mV, and once the samples
entered the resolving gel, the voltage was
increased to 120 mV and maintained at this
level until the dye front reached the bottom of
the gel. Upon completion of electrophoresis,
the gel was carefully removed from the glass
plates and stained for 30 minutes in a staining
solution. Destaining was performed by
immersing the gel in a destaining solution for
15 minutes to remove excess dye and enhance
band visibility.

Measurement of Melting Point

The melting point of gelatin was determined
according to the BS755 method (BSI, 1975).
Gelatin solutions at a concentration of 6.67%
(w/v) were prepared using distilled water and
poured into test tubes. To remove oxygen
bubbles trapped in the samples, the test tubes
were placed in a vacuum desiccator for 5
minutes. Subsequently, the test tubes were
sealed and heated in a water bath at 60 °C for
15 minutes. Next, the samples were refrigerated
at4 + 1 °C for 18 hours to allow gel maturation.
After the maturation period, 2 to 3 drops of
0.5% (w/v) methyl red-chloroform solution
were added to each sample, which were then
placed back into the water bath. Starting at an
initial water temperature of approximately 4 °C,
the temperature was gradually increased. The
temperature at which the chloroform droplet
began to fall through the gelatin gel was
recorded as the melting point of the gelatin.

Statistical Analysis

Data analysis was conducted using SPSS
software version 22.0. To assess significant
differences among the variables, one-way
analysis of variance (ANOVA) was applied,
followed by Duncan’s multiple range test for
pairwise comparisons. Statistical significance
was defined at a threshold of p < 0.05. All
results are presented as the mean + standard
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deviation (SD) based on three independent
replicates (n = 3).

Results and Discussion
Extraction Yield of Gelatin

To provide a comprehensive evaluation of
extraction efficiency, gelatin yield was
calculated based on wet weight, dry weight, and
protein recovery percentage, with results
presented in Table 1. The extraction yield
varied considerably depending on fish species
and by-product type (Table 1). In SC, the
highest wet weight yield was obtained from
skin  (15.78%), followed by head bone
(11.24%), head soft tissue (3.08%), and
vertebral bones (2.85%). Notably, the wet-
weight extraction yield of gelatin from SC-skin
in the present study (15.78%) was higher than
values reported for some other tropical fish
species. For example, Barman et al. (2021)
reported a yield of 10.85% for gelatin extracted
from pangas catfish (Pangasius pangasius)
skin, approximately 5 percentage points lower
than the value obtained here. This higher yield
may be attributed to the optimized acid-alkali
pretreatment, which, compared to conventional
extraction methods applied to catfish by-
products, more effectively enhances collagen
accessibility and consequently improves gelatin
recovery. On a dry weight basis, skin again
showed the highest yield (43.38%), followed by
head bone (18.13%), head soft tissue (13.18%),
and vertebral bones (6.34%). Protein recovery
was highest in head bone-derived gelatin
(38.25%), followed by head soft tissue
(13.26%), skin (10.58%), and vertebral bones
(6.57%). In RT, skin exhibited the highest wet
weight yield (9.58%), followed by head
(6.37%) and vertebral bones (1.52%).
However, on a dry weight basis, head showed
the highest value (31.99%), followed by skin
(26.94%) and vertebral bones (3.36%). Protein
recovery ranged from 2.15% in vertebral bones
to 18.7% in head-derived gelatin, with skin at
3.38%. Overall, skin and head tissues generally
produced higher wet weight yields than bony
tissues, attributable to greater collagen
accessibility and lower mineral content. Bone-

derived samples showed lower efficiency,
particularly SC vertebral bones, likely due to
extended demineralization. The elevated dry
weight and protein recovery in SC head bone
and RT head may reflect species-specific
collagen distribution and extraction
optimization. These findings underscore the
influence of species and tissue type on gelatin
yield, guiding  sustainable  by-product
utilization. The yields obtained in this study
align well with literature values reported for
fish gelatin extraction. Notably, the silver carp
skin yield (15.78% wet weight) substantially
exceeds values from the same species reported
by Tavakolipour (2011) [7.5% wet weight],
likely attributable to optimized alkaline
pretreatment conditions. Similarly, the results
for rainbow trout in the present study closely
match those reported by Duman (2025), with
observed differences in reported values
probably stemming from variations in initial
tissue protein content, extraction solvent
composition, or analytical quantification
methods (total protein versus gelatin-specific
recovery) (Anandito, Purwanto, Praseptiangga,
& Zaman, 2024). In a comprehensive study
investigating gelatin and oil extraction from
mixed by-products of striped catfish
(Pangasius hypophthalmus), catfish (Clarias
gariepinus), and tilapia  (Oreochromis
mossambicus) using a hydrothermal process,
gelatin yields of 6.4-11.8% were reported. In
comparison, our results for SC-skin (15.78%)
and SC-head bone (11.24%) demonstrate
considerably higher recovery efficiency. This
difference suggests that targeting gelatin
extraction from specific fish by-product
fractions can play a key role in both yield and
the quality of the extracted collagen (Adnan,
Kresnowati, Marlina, & Bindar, 2024). The
significant variations in yield across different
tissues and species provide a strategic roadmap
for industrial application. The superior yield of
SC-skin positions it as the primary raw material
for large-scale production, ensuring higher
process efficiency and economic viability.
Conversely, the lower yields from bone tissues,
while less productive, are essential for a
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comprehensive biorefinery approach, where
every by-product is valorized to minimize

environmental impact and maximize total
biomass utilization.

Table 1- Extraction yield of gelatin from silver carp (SC) and rainbow trout (RT) by-products

. Yield Yield .
Species By-product (Wet weight, %) (Dry weight, %) Protein recovery (%)
SC Skin 15.78 43.38 10.58
SC Vertebral bones 2.85 6.34 6.57
SC Head bone 11.24 18.13 38.25
SC Head soft tissue 3.08 13.18 13.26
RT Skin 9.58 26.94 3.38
RT Vertebral bones 1.52 3.36 2.15
RT Head 6.37 31.99 18.7

Values are expressed as percentages. Wet weight yield was calculated based on the initial fresh weight of raw
material. Dry weight yield was calculated based on the dry matter of raw material. Protein recovery (%) represents
the ratio of extracted gelatin protein to the initial protein content of the raw material.

Proximate Analysis of Extracted Gelatins from
SC-and RT-Byproducts

The proximate analysis of raw materials and
extracted gelatins in this study revealed
significant insights into the biochemical
composition of gelatin derived from SC-and
RT-byproducts (Table 2 and Table 3). All
extracted gelatins exhibited high protein
content. In SC, no significant difference was
observed in protein content between gelatin
extracted from skin and soft head tissue (P >
0.05). Similarly, gelatins obtained from
vertebral bones and head bones showed
comparable protein levels (P > 0.05). However,
in rainbow trout, significant difference (P <
0.05) was found in protein content among
gelatins extracted from different byproducts.
Overall, in both species, soft tissue-derived
gelatins contained significantly higher protein
content than those from bony tissues (P < 0.05).
These findings align with previous reports by
Koli et al. (2012), who documented protein
contents of 72.63% and 69.49% for skin and
bone gelatins of Nile perch, respectively. These
results are consistent with the general range of
70-90% protein content in fish gelatins, as
reviewed by Karim & Bhat (2009), confirming
the suitability of these fish byproducts as
valuable gelatin sources. The moisture content
analysis revealed significant variation among
the extracted gelatins. RT-skin gelatin showed
the highest moisture level (16.8%), while the
lowest was recorded in bone-derived gelatin
(2.97%) from the same species. Similarly, SC-

head soft tissue gelatin exhibited elevated
moisture content. Notably, all samples except
RT-skin gelatin and SC-head soft tissue gelatin
complied with the established moisture
standard (<15%) for edible gelatin (GME,
2011). The slightly higher moisture content in
RT-skin gelatin (exceeding the 15% threshold)
may be attributed to variations in drying
efficiency or extraction parameters. These
findings are consistent with previous studies:
Gomez-Guillen, Gimenez, Lopez-Caballero, &
Montero, (2011) reported moisture levels of 5-
12% in gelatins from various fish species, while
He, Zhang, Xu, Ma, & Guo, (2022) documented
a moisture content of 8.82% for food-grade
pigskin gelatin compared to a range of 4-5% for
collagens derived from fish scales. Although all
gelatin samples were subjected to identical
freeze-drying conditions, noticeable
differences in residual moisture content were
observed among treatments. These variations
are likely attributable to intrinsic differences in
tissue origin, molecular weight distribution, and
structural characteristics of the extracted
gelatins. SDS-PAGE results indicated varying
degrees of collagen degradation, particularly in
bone-derived samples, which may influence
network density, porosity, and water-binding
capacity during freeze drying. Additionally,
residual mineral components in bone-derived
gelatins and differences in initial solid content
could affect sublimation efficiency and
moisture retention. Therefore, the observed
moisture variability is more plausibly related to
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structural and compositional differences among
tissue-derived gelatins rather than incomplete
drying under standardized  processing
conditions. All gelatin samples demonstrated
low lipid content, consistently measuring below
2%, which is characteristic of the
predominantly proteinaceous nature of gelatin.
These results are in agreement with prior
research findings reporting typical fat contents
below 1.5% in fish-derived gelatins (He et al.,
2022; Siburian, Rochima, Andriani, &
Praseptiangga, 2020). The extracted gelatins
exhibited ash contents ranging from 0.51% to
3.32%, with the highest value observed in SC-
head bone gelatin and the lowest in RT-skin
gelatin. The elevated ash content in bone-

derived samples reflects the inherent mineral
richness of the source tissues, particularly the
calcium phosphate composition of skeletal
structures. It should be noted that the
demineralization process for silver carp and
rainbow trout bones differed in duration
(approximately 9 and 6 days, respectively).
This variation was not arbitrarily imposed but
was determined by the completion of full
demineralization, continuing until no hard bone
cores remained, confirming complete mineral
removal. Nevertheless, this difference in acid

exposure duration may have influenced
collagen degradation extent, potentially
affecting  certain  physicochemical and

functional properties of the extracted gelatins.

Table 2- Proximate analysis of raw materials used for gelatin extraction

Source Material Moisture (%) Protein (%) Fat (%) Ash (%)

SC Skin 66.63 + 0.76¢ 29.8 £ 0.69¢ 1.73+0.15¢ 2.42 £0.79¢
Bone 54.98 + 0.044 19.93 £ 0.34¢ 5.3+0.28° 21.77 £ 0.16°

Head Bone 40.42 + 1.26¢ 22.3 +£0.58¢ 2.8+0.12¢ 39.24 + 0.56*

Soft Tissue (Head) 76.61+0.942 18.67 £ 0.43h 5.9 +0.452 1.7 £ 0.08f

RT Skin 7143 +1.2° 24.53 + 0.96¢ 1.3+£0.11f 1.69 £ 0.06f
Bone 65.58 + 1.56¢ 20.83 £ 0.92f 1.85 £ 0.35¢ 14.42 + 0.68¢

Head 69.65 + 1.33> 23.96 + 0.16° 3.36 + 0.09¢ 3.65+0.37¢

Mean + SD of three replicates. Different letters within each column indicate statistically significant differences (P <
0.05). Identical letters indicate no significant difference.

Table 3- Proximate analysis of extracted gelatins from SC-and RT-byproducts

Source Byproduct Moisture (%) Protein (%) Fat (%) Ash (%)
SC Skin 6.04 + 0.03f 84.64 + 0.59° 0.63 + 0.02° 1.11 £ 0.08f
Bone 9.6 + 0.08¢ 68.68 + 0.46¢ 0.46 +0.12¢ 3.02+0.14¢
Head Bone 13.54 £ 0.15¢ 69.25 £ 0.214 0.27 £ 0.04¢ 3.20 £ 0.09»
Soft tissue (head) 15.92 + 0.12b 84.81 + 0.35° 1.20 £ 0.28 2.15+0.314
RT Skin 16.8 £+ 0.23¢ 83.66 £ 0.08¢ 0.15 £ 0.05¢ 0.51£0.11¢
Bone 2.97 £ 0.05¢ 79.23 £0.18¢ 0.31+£0.344 1.89 £ 0.14~
Head 10.56 + 0.09¢ 85.75 + 0.43» 0.36 £ 0.06¢ 1.32+0.21¢

Mean + SD of three replicates. Different letters within each column indicate statistically significant differences (P <
0.05). Identical letters indicate no significant difference.

Molecular Weight Distribution and
Electrophoretic Patterns of the Gelatin Samples

Fig. 1 illustrates the molecular weight
distribution of proteins in various gelatin
samples. As shown, no bands appeared in the
electrophoretic patterns of gelatin extracted
from the bones of SC-heads and vertebrae.
According to Feng et al. (2024), acid
pretreatment parameters, particularly acid
concentration and exposure time, are critical
factors influencing the extent of collagen

degradation. This effect is evident in SDS-
PAGE profiles through reduced intensity or
complete absence of high-molecular-weight
bands, as observed in gelatin extracted from SC
bone samples. This is likely attributable to
extensive collagen hydrolysis into low-
molecular-weight peptides (<5 kDa) during
prolonged acid exposure, though method
sensitivity limitations or poor Coomassie
staining of small fragments cannot be ruled out.
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In contrast, since the acid treatment of RT-
vertebral bones was shorter, less hydrolysis
occurred, resulting in a faint 20 band at
approximately 104 kDa in its pattern. The
molecular weights of the 1a (114 kDa) and 2a
(105 kDa) components in SC-skin gelatin were
slightly higher than those of the corresponding
la (107 kDa) and 2a (100 kDa) components in
RT-skin gelatin. The B components, observed
only in the skin gelatin samples of SC-and RT-
(approximately 200 kDa and 204 kDa,
respectively), indicate less collagen hydrolysis
during the pretreatment steps in these samples.
In the electrophoretic profiles of gelatin derived
from the soft tissues of SC-and RT-heads, two
bands corresponding to 1a and 2o chains with
nearly similar molecular weights (la at ~121
kDa and 20 at ~112 kDa) were detected.
However, the bands in the SC-soft head tissue
gelatin appeared with greater clarity. Valcarcel,
Hermida-Merino, Pifieiro, Hermida-Merino, &
Vazquez, (2021) reported that gelatin derived
from fish skin typically retains higher
molecular weight o and 3 chains, indicating less
collagen degradation. This observation aligns
with the present findings, where clearer o and 3
bands were detected in the skin gelatin samples
of SC and RT. The presence of B chains,
representing collagen dimers, further supports
the notion of milder hydrolysis and better
preservation of collagen structure in skin-
derived gelatin. Furthermore, Alves et al
(2022) noted that interspecies and inter-tissue

variations in molecular weight profiles can be
attributed to differences in collagen cross-
linking and extraction conditions. This explains
the slight molecular weight differences
observed in the a chains between the two
species, as well as the greater band clarity in
gelatin extracted from the soft head tissue of SC
compared to that of RT. Owverall, the
electrophoretic patterns provide valuable
insights into the structural integrity and
functional quality of gelatin extracted from
different fish byproducts. These results
underscore the importance of optimizing
pretreatment conditions to achieve a balance
between maximizing extraction vyield and
preserving molecular structure, which directly
influences functional properties such as gel
strength and viscosity.

Gel Strength

In terms of gel strength (Fig. 2), all extracted
gelatins showed significant differences from
each other (P < 0.05), except for the gelatins
derived from RT-skin and the soft tissue of SC-
head, which did not differ significantly. In this
study, the highest gel strength was recorded for
SC-skin gelatin (573.5 g), while the lowest was
observed for RT-head gelatin (19.6 g). The gel
strength of SC- skin extracted gelatin (573.5 g)
was markedly higher than the value reported by
Adnan, Kresnowati, Marlina, & Bindar, (2025)
for gelatin obtained from striped catfish
(Pangasianodon hypophthalmus) skin.
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Fig. 1. SDS-PAGE electrophoretic profiles of gelatin extracted from by-products of silver carp (SC) and
rainbow trout (RT). Lane A: molecular weight marker (protein ladder); Lane B: SC head soft tissue
gelatin; Lane C: RT head gelatin; Lane D: SC head bone gelatin; Lane E: RT skin gelatin; Lane F: SC
skin gelatin; Lane G: RT vertebral bone gelatin; Lane H: SC vertebral bone gelatin. Major a- and p-chain
bands are indicated where visible

This substantial difference may indicate that
SC skin is a superior raw material for producing
high-strength gelatin, potentially due to a more
stable collagen cross-linking architecture and a
higher density of intermolecular hydrogen
bonding within the resulting gelatin network.
Moreover, the gel strength of gelatin extracted
from the soft tissue of SC-head (453 g) was
substantially higher than that reported for
gelatin from cod fish head soft tissue (123.2 g)
(Arnesen & Gildberg, 2006) and even exceeded
the gel strength of three types of tilapia scale
gelatins (hot water-pretreated gelatin, acetic
acid-pretreated gelatin, and pepsin enzyme-
pretreated gelatin) reported by Peng er al
(2022). Another notable finding was that the gel
strength of gelatin extracted from the bones of
both species was significantly lower than that
of gelatin from their skin and the soft tissue of
SC-head (P < 0.05). This difference can be

attributed to the more intensive hydrolysis of
bone collagen due to the use of a stronger acid
treatment compared to skin and soft tissue,
aimed at further reducing mineral content and
extracting more collagen from the mineralized
bone matrix to improve extraction yield (Koli et
al., 2013). As shown in the protein
electrophoretic patterns (Fig. 1), except for the
RT-bone gelatin, which exhibited a very faint
2a band, none of the bone samples showed
distinct protein bands. This likely results from
severe collagen hydrolysis during pretreatment,
explaining the lower gel strength of bone
gelatin compared to skin gelatin of both species
and gelatin from SC-head soft tissue. The lack
of distinct protein bands in SC-bone gelatins
(Fig. 1) confirms that the harsh
demineralization process led to significant
cleavage of peptide bonds. This structural
disintegration is the primary reason for the
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lower gel strength in these samples compared to
skin and soft tissue gelatins, where a and 3
chains were well-preserved. Despite this
relatively severe hydrolysis, the gel strength of
SC-head bone gelatin (329.3 g) was higher than
values reported for channel catfish head bone
gelatin (209 g) by Liu, Han, & Guo, (2009), and
even exceeded gel strength values reported for
skin gelatin of some species such as skipjack
tuna (206 Q) (Shyni et al., 2014), Amur
sturgeon (141 g) (Nikoo et al., 2014). As
mentioned, the Ilowest gel strength was
observed in gelatin extracted from RT-head.
Sinthusamran, Benjakul, & Kishimura, (2015)
compared the properties of gelatin extracted
from sea bass skin of different sizes, reporting
that fish size affects gelatin yield and gel
characteristics. Larger fish produced gelatin
with higher yield and better gel properties. They
also noted that gelatin cross-linking plays a
fundamental role in gel formation and gel
strength. Also, in a study published by Adnan
et al. (2024), gelatin extracted from the skin of
striped catfish exhibited a gel strength of 66.01
+ 0.83 g, which is significantly lower than the
values obtained for gelatin in the present study.
Furthermore, the study by Wang et al. (2024)
reported that gelatin extracted from cold-water
fish skin had a gel strength of 340 g, which was
lower than some samples in the current study,
such as gelatin derived from the skin of RT-and
SC, as well as the soft tissue of SC-head, but
higher than other extracted gelatins. Based on
previous studies, it has been established that the
gel properties of fish gelatin are influenced by
various factors. For instance, processing
methods, fish species, and additives affect the
protein structure and chemical interactions,
thereby impacting gelation (Xie, Tang, & Dong,
2024). Additionally, preparation conditions
such as solid-to-liquid ratio, pH, temperature,
and time significantly affect gelatin yield and

gel strength (Sha et al., 2013). Moreover, the
unique amino acid composition of fish gelatin
results in a lower melting point compared to
mammalian gelatin, while its higher molecular
weight fractions contribute to increased
dynamic viscosity (Bekesheva & Yakubova,
2018). Although gel strength was measured
following the general principles of the Bloom
test (6.67% gelatin, 18 h maturation at 4 °C,
12.7 mm probe, 4 mm penetration depth), the
gel was prepared in a smaller cylindrical
container (3 c¢cm height x 2.5 cm diameter)
rather than a standard Bloom jar (>100 mL).
Therefore, the absolute gel strength values
obtained in this study may not be directly
comparable to standardized Bloom values
reported in the literature. However, since all
samples were prepared and analyzed under
identical experimental conditions, the results
remain valid for relative comparison among
treatments within this study. Future studies
should consider using standard Bloom jars or
appropriately scaled probe-sample dimensions
to ensure full methodological standardization.
To fully understanding the functional variations
between gelatin types, characterizing their total
amino acid composition and rheological gelling
points is crucial. While not addressed in this
paper, evaluating these factors in subsequent
studies will provide deeper insights into how
the tissue source influences the structure—
performance dynamics of the resulting gelatin.
If we consider the use of extracted gelatins for
applications in the food industry, it can be noted
that the high gel strength of SC-skin gelatin
(573.5 g) demonstrates its potential for use in
the  confectionery and  pharmaceutical
industries. This is because high gel strength is
particularly important in products such as
pastille candies, where structural integrity and
chewability are of great importance (Yin et al.,
2025).
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Fig. 2. Gel strength (g) of gelatins extracted from different by-products of silver carp (SC) and rainbow trout
(RT). Values are expressed as mean £+ SD (n = 3)
Different letters above bars indicate statistically significant differences (P < 0.05).

Viscosity of Gelatin Samples

Viscosity is considered the second most
important commercial property of gelatin
(Bekesheva & Yakubova, 2018). Fig. 3
illustrates the viscosity values of the extracted
gelatins. The viscosity of the samples ranged
from 2.6 to 11 cP. The highest viscosity was
observed in gelatin extracted from the soft
tissue of the SC-head (11 cP), whereas the
lowest was recorded for head-derived gelatin
from RT (2.6 cP). There was no statistically
significant difference (P > 0.05) among the
gelatins extracted from the head bone of SC,
vertebral bone, and head bone of RT. However,
these samples showed significantly lower
viscosities compared to gelatin extracted from
the skin and bone of SC, the skin of RT, and the
soft tissue and head bone of SC (P < 0.05).
Interestingly, the relatively high viscosity of
SC-head bone gelatin, despite its degraded
protein profile, suggests that residual mineral-
protein  complexes or non-collagenous
impurities might contribute to flow resistance,
a phenomenon that warrants further purification
studies. Also, the viscosity of SC-skin gelatin

(over 5 cP) was higher than the 4.62 cP reported
for pangas catfish skin gelatin by Barman ez al.
(2021). This difference is notable, as skin-
derived gelatins generally retain higher
viscosity due to their broader molecular weight
distribution. The elevated viscosity observed in
SC-skin indicates better preservation of the
triple-helix structure and greater retention of 8
and y chains during our extraction process
compared to the catfish skin gelatin studied by
Barman et al. (2021). The primary factor
influencing gelatin viscosity is the molecular
weight distribution and size of its components
(Bekesheva & Yakubova, 2018; Kwak et al.,
2017). According to Karim & Bhat (2009), the
B and y chains of gelatin play a critical role in
enhancing viscosity. As shown in the
electrophoretic protein patterns (Fig. 1),
gelatins extracted from the skin of both species
contained a greater proportion of high-
molecular-weight compounds than other
samples. The higher viscosity of SC-skin
gelatin compared to that of RT may be
attributed to its higher content of high-
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molecular-weight components (He et al.,
2022). However, despite this, the gelatin
extracted from the soft tissue of the SC-head
exhibited even higher viscosity than skin-
derived gelatins, possibly due to the
inefficiency of the alkaline treatment in
removing non-collagenous proteins, which
could have remained in the gelatin solution
during thermal extraction. Interestingly, the
gelatin obtained from the head bones of SC,
despite showing no visible protein bands in its
electrophoretic  pattern, exhibited higher
viscosity than gelatins derived from the
vertebral bones of both fish species, and even
higher than that of RT-skin. This could be due
to the presence of impurities in the gelatin
solution, which might be reduced through
successive filtration (He et al., 2022; Yu et al.,
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2023). In addition to the aforementioned points,
it has been established that pH is a key
parameter influencing gelatin viscosity and its
functional properties, typically ranging from
45-6.5 for commercial type A/B gelatins
(Goudie, McCreath, Parkinson, Davidson, &
Liggat, 2023). Furthermore, at the isoelectric
point, the net electrical charge of proteins is
minimized, leading to chain entanglement (coil
entanglement) along with  hydrophobic
interactions, which in turn increases solution
viscosity (Hu et al., 2024). It is worth noting
that the high viscosity of the gelatin samples
from SC-soft tissue (11 cP) and SC-skin makes
them a good candidate for use as a thickening
and stabilizing agent in products such as sauces,
gravies, and low-fat spreads (Karim & Bhat,
2009).
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Fig. 3. Viscosity (cP) of gelatins extracted from various by-products of silver carp (SC) and rainbow trout
(RT). Values are expressed as mean £+ SD (n = 3)
Different letters above bars indicate statistically significant differences (P < 0.05).

Melting Temperature of Gelatin Samples

Melting points of gelatins extracted from
various by-products of SC and RT are presented
in Fig. 4. Gelatins derived from the skin and
bones of RT did not exhibit a statistically
significant difference in melting temperature (P

> 0.05). However, the melting point of gelatin
extracted from the RT-head was significantly
different from that of the skin- and bone-
derived gelatins (P < 0.05). A slight,
statistically insignificant difference (P > 0.05)
was observed between the melting points of
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gelatin from the skin and soft head tissue of SC.
Overall, however, the gelatins extracted from
SC by-products exhibited significantly higher
melting points compared to those extracted
from RT by-products (P < 0.05). Among the
samples in this study, the melting points of
gelatins extracted from SC-skin and soft head
tissue were found to be closer to that of bovine
skin gelatin. In contrast, the melting points of
gelatin extracted from SC-vertebral bones and
head bones were lower than the values reported
for red snapper (26 °C) and grouper (25 °C), but
higher than that reported for mammalian bone
gelatin (21 °C) (Shakila, Jeevithan,
Varatharajakumar, Jeyasekaran, & Sukumar,
2012). Although fish gelatin has gained
attention as a potential substitute for
mammalian gelatin, its practical applications
remain limited due to its lower melting point
and low gel strength. Commercial fish gelatin
typically melts at around 7 °C, whereas

35 H

30 A

20 A

15 A

Melting temperature (°C)

mammalian gelatin melts at significantly higher
temperatures, ranging from 22 °C to 34 °C
(Bekesheva & Yakubova, 2018; Derkach,
Voron’ko, Kuchina, & Kolotova, 2020;
Silviwanda & Naenum, 2024). The relatively
lower melting point of fish gelatin compared to
mammalian gelatin facilitates better flavor and
aroma release during oral processing, making it
highly advantageous for applications in texture
and aroma-controlled food products (Choi &
Regenstein, 2000; Koli et al., 2012; Uddin,
Hossain, Sagadevan, Al Amin, & Johan, 2021).
According to Karim & Bhat (2009), the melting
point of gelatin is closely related to gel
maturation time and the concentration of
specific amino acids such as proline and
hydroxyproline. Also, they reported that the o/3
chain ratio also plays a role in determining the
melting behavior of gelatin (Huang er al.,
2019).

Bone

SC-Skin SC-Bone SC-Head SC-Soft RT-Skin RT-Bone RT-Head
Tissue
(Head)

Gelatin samples

Fig. 4. Melting temperature (°C) of gelatins extracted from different by-products of silver carp (SC) and
rainbow trout (RT). Values are expressed as mean = SD (n =3)
Different letters above bars indicate statistically significant differences (P < 0.05).

Foaming Capacity and Stability
Foaming capacity and foam stability are
considered as critical functional properties of

gelatin in food applications, particularly in
products like marshmallows (Uddin et al.,
2021). The foaming capacity and stability of the
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extracted gelatins are presented in Table 4.
Among all samples, the highest foaming
capacity was observed in gelatin extracted from
SC-vertebral bones (120 = 2%), while the
greatest foam stability was recorded for gelatin
derived from the fish’s head bones (48.03 +
2.12%). The inverse relationship between
molecular weight and foaming capacity was
evident; SC-vertebral bone gelatin, which
underwent the most extensive hydrolysis,
exhibited the highest foaming capacity (120%).
This confirms that smaller peptide fragments,
resulting from prolonged acid treatment,
possess higher interfacial mobility than intact
collagen chains. Gelatin obtained from the soft
tissue of the SC-head also showed relatively
good foaming properties (foaming capacity:
99.66 + 2.08%, foam stability: 44.98 + 0.10%).
In RT samples, the gelatin extracted from the
skin and vertebral bones showed no significant
difference in foaming capacity (P > 0.05);
however, both differed significantly from the
head-derived gelatin in this regard (P < 0.05).
Furthermore, foam stability of the gelatin from
RT-vertebral bones was significantly higher
than that of the skin-derived gelatin (P < 0.05).
Interestingly, RT-skin gelatin demonstrated
significantly higher foaming capacity and
stability than that from SC-skin (P < 0.05),
whereas in the case of other tissues (head,
bones), SC gelatins outperformed those from
RT. The lowest foam stability was observed in
gelatin extracted from the head of RT.
According to Nagarajan, Benjakul, Prodpran,
Songtipya, & Kishimura, (2012), proteins with

shorter chains can migrate more quickly to the
interface, resulting in superior foaming
behavior. In the present study, gelatin samples
derived from the head and vertebral bones of
SC, which showed no visible protein bands on
SDS-PAGE (Fig. 1), indicating the presence of
very low molecular weight compounds,
exhibited the best foaming capacity and
stability. Conversely, gelatin from RT-vertebral
bones, which contained larger protein
fragments including a prominent 2a-chain
band,  demonstrated  weaker  foaming
performance than those from SC. Foam
stability depends on multiple factors, including
the rate at which surface tension equilibrates,
overall solution viscosity, surface viscosity,
structural stability of the foam layer, and
electrostatic repulsion across the foam interface
(Barman et al., 2020; He et al., 2022). It has
been reported that the foaming properties of
gelatin are significantly influenced by the pH of
the environment, primarily through its effect on
the net electrostatic charge of the protein
molecules. Near the isoelectric point (pl),
where the net charge approaches zero, gelatin
molecules exhibit a higher propensity to
migrate toward the air-water interface (Goudie
et al., 2023; Nurul & Sarbon, 2015). This
migration reduces surface tension and
potentially enhances initial foam formation.
Conversely, at pH values distant from the pl,
the increased electrostatic repulsion between
protein chains prevents molecular aggregation,
which can lead to enhanced foam stability
(Nurul & Sarbon, 2015).

Table 4- Foam properties of extracted fish gelatins

Source Byproduct Foam capacity (%) Foam stability (%)

SC Skin 48.33+0.57 ¢ 20.68 £ 0.24 ¢
Bone 120.00 £ 2.00 ¢ 44,57 £0.32®
Head Bone 68.00+1.00 ¢ 48.03+2.12>
Soft tissue (head) 99.66 + 2.08 ® 44,98 £0.10°
RT Skin 59.00 £2.00 ¢ 23.52+0.184
Bone 57.33+1.15¢4 37.68+0.22¢

Head 9433+ 152f non

Mean + SD of three replicates. Different letters within each column indicate statistically significant differences (P <

0.05). Identical letters indicate no significant difference.
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Bone-derived gelatins exhibited remarkable
performance despite their lower molecular
weight distribution. Their high foaming
capacity (up to 120%) makes them particularly
suitable for aerated food systems. In products
such as marshmallows, mousses, and whipped
toppings, rapid migration of peptides to the air—
water interface is more critical than the
development of a strong gel network.
Therefore, these bone-derived by-products may
have strong potential for targeted application in
the confectionery industry as efficient foaming
agents.

Conclusion

In conclusion, this study demonstrates that
the functional properties of fish gelatin are
highly  tissue-specific, determining their
eventual industrial suitability. Specifically, the
gelatin derived from silver carp (SC) head soft
tissue, characterized by its remarkably high
viscosity, is ideally suited for use as a
thickening and stabilizing agent in liquid or
semi-solid food systems like sauces and
gravies. In contrast, bone-derived gelatins,
despite their lower gel strength, exhibit superior
foaming properties, making them excellent
candidates for aerated confectionery products
such as marshmallows and mousses.
Furthermore, it should be noted that the
moisture content of RT-skin gelatin (16.8%)
exceeded the standard limit (15%), which
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microbial stability and compliance with
commercial quality standards.

Author Contribution

A. Amirafzali: Data curation, Formal
analysis, Investigation, Methodology, Writing—
original draft. M. Rezaei: Conceptualization,
Data curation, Formal analysis, Investigation,
Methodology, Project administration,
Supervision, Resources, Software, Validation,
Visualization, Writing — review and editing. Sh.
Naghdi: Data curation, Formal analysis,
Validation, Visualization, Writing— original
draft, Writing — review and editing.

Funding Source

This research conducted by Tarbiat Modares
University and the Iran National Science
Foundation (INSF, Grant No. 4033185)
financial support.

Conflict of Interest
The authors certify that they have no conflict
of interest.

Acknowledgments
The authors would like to thank Tarbiat
Modares University for their support.

1. Abdollahi, M., Rezaei, M., & Jafari, E. (2014). Evaluation of production efficiency, by-products,
and their nutritional value during the processing of rainbow trout. JFST, 2(4), 23-34.

2. Adnan, S., Kresnowati, M.T.A.P., Marlina, & Bindar, Y. (2024). Sustainable valorisation of
freshwater fish by-products to gelatin and fish oil by hydrothermal extraction. International
Journal of Food Science and Technology, 8224-8235. https://doi.org/10.1111/ijfs. 17512

3. Adnan, S., Kresnowati, M.T.A.P., Marlina, & Bindar, Y. (2025). Effect of operational variables
on gel strength of fish gelatin striped catfish (Pangasianodon hypophthalmus). AIP Conference
Proceedings, 3295(1), 70007. https://doi.org/10.1063/5.0269817

4. Alves, A.L., Fraguas, F.J., Carvalho, A.C., Valcércel, J., Pérez-Martin, R.1., Reis, R.L., Vazquez,
J.A., & Silva, T.H. (2022). Characterization of codfish gelatin: A comparative study of fresh and
salted skins and different extraction methods. Food Hydrocolloids, 124(December 2020).

https://doi.org/10.1016/j.foodhyd.2021.107238


https://doi.org/10.1111/ijfs.17512
https://doi.org/10.1063/5.0269817
https://doi.org/10.1016/j.foodhyd.2021.107238

Amirafzali, et al., Physicochemical and Functional Comparison of Gelatin Extracted ... 89

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Anandito, R.B.K., Purwanto, E., Praseptiangga, D., & Zaman, M.Z. (2024). Optimization of
cobia fish (Rachycentron canadum) gelatin extraction with response surface methodology. Food
Research, 8, 139-147. https://doi.org/10.26656/1r.2017.8(S2).98

Arnesen, J.A., & Gildberg, A. (2006). Extraction of muscle proteins and gelatine from cod head.
Process Biochemistry, 41(3), 697—700. https://doi.org/10.1016/j.procbio.2005.09.001
Association of Official Analytical Chemists. Official Methods of Analysis of AOAC
International; AOAC International: Gaithersburg, MD, USA, 2000.
https://doi.org/10.1093/9780197610145.003.1380

Barman, L.C., Sikder, M.B.H., Ahmad, I., Shourove, J.H., Rashid, S.S., & Ramli, A.N.M. (2020).
Gelatin extraction from the Bangladeshi Pangas catfish (Pangasius pangasius) waste and
comparative study of their physicochemical properties with a commercial gelatin. International
Journal of Engineering Technology and Sciences, 7(2), 13-23.
https://doi.org/10.15282/10.15282/ijets.7.2.2020.1002

Barman, L.C., Sikder, M.B.H., Ahmad, I., Shourove, J.H., Samiur Rashid, S., & Ramli, A.N.M.
(2021). Gelatin extraction from the Bangladeshi Pangas Catfish (Pangasius pangasius) waste
and comparative study of their physicochemical properties with a commercial gelatin.
International Journal of Engineering Technology and Sciences, 7(2), 13-23.
https://doi.org/10.15282/10.15282/ijets.7.2.2020.1002

Bekesheva, A.A., & Yakubova, O.S. (2018). Scientific substantiation of physical properties of
fish gelatin. Vestnik of Astrakhan State Technical University. Series: Fishing Industry, 132—-140.
https://doi.org/10.24143/2073-5529-2017-3-132-140

Boran, G., & Regenstein, J.M. (2009). Optimization of gelatin extraction from silver carp skin.
Journal of Food Science, 74(8), E432-E441. https://doi.org/10.1111/j.1750-3841.2009.01328.x
British Standards Institution — BSI. (1975). Methods for sampling and testing gelatin (Physical
and Chemical Methods). London: BSI.

Choi, S.S., & Regenstein, J.M. (2000). Physicochemical and sensory characteristics of fish
gelatin. Journal of Food Science, 65(2), 194-199. https://doi.org/10.1111/j.1365-
2621.2000.tb15978.x

Derkach, S.R., Voron’ko, N.G., Kuchina, Y.A., & Kolotova, D.S. (2020). Modified fish gelatin
as an alternative to mammalian gelatin in modern food technologies. Polymers, 12(12), 1-10.
https://doi.org/10.3390/polym12123051

Du, L., Khiari, Z., Pietrasik, Z., & Betti, M. (2013). Physicochemical and functional properties
of gelatins extracted from turkey and chicken heads. Poultry Science, 92(9), 2463-2474.
https://doi.org/10.3382/ps.2013-03161

Duasa, J., Husin, A.M., Asmy Mohd Thas Thaker, M., & Rahman, M.P. (2022). An alternative
source of collagen for Muslim consumers: halal and environmental concerns. Journal of Islamic
Marketing, 13(11), 2232-2253. https://doi.org/10.1108/jima-09-2020-0268

Duman, M. (2025). Collagen extraction from rainbow (Oncorhynchus mykiss) trout heads and
skins.  Revista Cientifica de La Facultad de Veterinaria, 35(2), 1-7.
https://doi.org/10.52973/rcfcv-e35646

Elavarasan, K., Kumar, A., Uchoi, D., Tejpal, C.S., Ninan, G., & Zynudheen, A.A. (2017).
Extraction and characterization of gelatin from the head waste of tiger tooth croaker (Otolithes
ruber). Waste and Biomass Valorization, 8(3), 851-858. https://doi.org/10.1007/s12649-016-
9639-5

FAO. (2024). World Fisheries and Aguaculture, FAO:Rome,2022 (pp. 1-11).

Feng, Y., Shi, Q., Xie, H., Ouyang, K., Xiong, H., & Zhao, Q. (2024). Combined effects of gelatin
extraction methods and hydrolysis protease types on the functional properties of tilapia scale


https://doi.org/10.26656/fr.2017.8(S2).98
https://doi.org/10.1016/j.procbio.2005.09.001
https://doi.org/10.1093/9780197610145.003.1380
https://doi.org/10.15282/10.15282/ijets.7.2.2020.1002
https://doi.org/10.15282/10.15282/ijets.7.2.2020.1002
https://doi.org/10.24143/2073-5529-2017-3-132-140
https://doi.org/10.1111/j.1750-3841.2009.01328.x
https://doi.org/10.1111/j.1365-2621.2000.tb15978.x
https://doi.org/10.1111/j.1365-2621.2000.tb15978.x
https://doi.org/10.3390/polym12123051
https://doi.org/10.3382/ps.2013-03161
https://doi.org/10.1108/jima-09-2020-0268
https://doi.org/10.52973/rcfcv-e35646
https://doi.org/10.1007/s12649-016-9639-5
https://doi.org/10.1007/s12649-016-9639-5

90

Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

gelatin hydrolysates. International Journal of Food Science and Technology, 59(9), 6194-6206.
https://doi.org/10.1111/ijfs.17354

Goger, M. (2022). Extraction and characterization of collagen from the skin and bone of shabout
(Arabibarbus grypus Heckel, 1843). Iranian Journal of Fisheries Sciences, 21(3), 671-687.
https://doi.org/10.22092/1jfs.2022.126898

Gomez-Guillen, M.C., Gimenez, B., Lopez-Caballero, M.E., & Montero, M.P. (2011).
Functional and bioactive properties of collagen and gelatin from alternative sources: A review.
In Food Hydrocolloids, 25(8), 1813-1827. Elsevier.
https://doi.org/10.1016/j.foodhyd.2011.02.007

Goudie, K.J., McCreath, S.J., Parkinson, J.A., Davidson, C.M., & Liggat, JJ. (2023).
Investigation of the influence of pH on the properties and morphology of gelatin hydrogels.
Journal of Polymer Science, 61(19), 2316-2332. https://doi.org/10.1002/p0l.20230141

GME. (2011). Gelatin Manufacturers of Europe: Raw materials. Retrieved from
http://www.gelatine.org/en/about-gelatine/ manufacturing/raw-materials.html

Guan, Y., He, J,, Chen, J., Li, Y., Zhang, X., Zheng, Y., & Jia, L. (2022). Valorization of fish
processing by-products: Microstructural, rheological, functional, and properties of silver carp
skin type | collagen. Foods, 11(19). https://doi.org/10.3390/foods11192985

He, J., Zhang, J., Xu, Y., Ma, Y., & Guo, X. (2022). The structural and functional differences
between three species of fish scale gelatin and pigskin gelatin. Foods, 11(24).
https://doi.org/10.3390/foods 11243960

Hu, B., Cen, S., Sun, W., Zhan, S., Jia, R., Ou, C., & Huang, T. (2024). Effects of different
phosphorylation times and pH on fish gelatin: Functional properties, structural and mechanism
analysis. Food Hydrocolloids, 152, 109876. https://doi.org/10.1016/j.foodhyd.2024.109876
Huang, T., Tu, Z., cai, Shangguan, X., Sha, X., Wang, H., Zhang, L., & Bansal, N. (2019). Fish
gelatin modifications: A comprehensive review. Trends in Food Science and Technology,
86(August 2018), 260-269. https://doi.org/10.1016/].tifs.2019.02.048

Iranian Fisheries Organization Statistical Yearbook. (2024). Iranian Fisheries Organization
Statistical Yearbook, 1st ed.; Iranian Fisheries Organization: Tehran, Iran, 2024; p. 30. 1-30.
https://doi.org/10.52547/injvr.1.1.1

Karim, A.A., & Bhat, R. (2009). Fish gelatin: properties, challenges, and prospects as an
alternative  to  mammalian  gelatins. Food  Hydrocolloids, 23(3), 563-576.
https://doi.org/10.1016/j.foodhyd.2008.07.002

Kittiphattanabawon, P., Benjakul, S., Visessanguan, W., & Shahidi, F. (2010). Comparative
study on characteristics of gelatin from the skins of brownbanded bamboo shark and blacktip
shark as affected by extraction conditions. Food Hydrocolloids, 24(2-3), 164-171.
https://doi.org/10.1016/j.foodhyd.2009.09.001

Koli, J.M., Basu, S., Nayak, B.B., Patange, S.B., Pagarkar, A.U., & Gudipati, V. (2012).
Functional characteristics of gelatin extracted from skin and bone of Tiger-toothed croaker
(Otolithes ruber) and Pink perch (Nemipterus japonicus). Food and Bioproducts Processing,
90(3), 555-562. https://doi.org/10.1016/j.fbp.2011.08.001

Koli, J.M., Basu, S., Venkteshwarlu, G., Choukasy, M.K., & Nayak, B.B. (2013). Optimization
of fish gelatin extraction from skins and bones: A comparative study. Ecology, Environment and
Conservation, 19(1), 47-56.

Kwak, H.W., Shin, M., Lee, J.Y., Yun, H., Song, D.W., Yang, Y., Shin, B.S., Park, Y.H., & Lee,
K.H. (2017). Fabrication of an ultrafine fish gelatin nanofibrous web from an aqueous solution
by electrospinning. International Journal of Biological Macromolecules, 102, 1092-1103.
https://doi.org/10.1016/j.ijbiomac.2017.04.087


https://doi.org/10.1111/ijfs.17354
https://doi.org/10.22092/ijfs.2022.126898
https://doi.org/10.1016/j.foodhyd.2011.02.007
https://doi.org/10.1002/pol.20230141
http://www.gelatine.org/en/about-gelatine/%20manufacturing/raw-materials.html
https://doi.org/10.3390/foods11192985
https://doi.org/10.3390/foods11243960
https://doi.org/10.1016/j.foodhyd.2024.109876
https://doi.org/10.1016/j.tifs.2019.02.048
https://doi.org/10.52547/injvr.1.1.1
https://doi.org/10.1016/j.foodhyd.2008.07.002
https://doi.org/10.1016/j.foodhyd.2009.09.001
https://doi.org/10.1016/j.fbp.2011.08.001
https://doi.org/10.1016/j.ijbiomac.2017.04.087

Amirafzali, et al., Physicochemical and Functional Comparison of Gelatin Extracted ... 91

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature, 227, 680-685. https://doi.org/10.1038/227680a0

Liu, H.Y., Han, J., & Guo, S.D. (2009). Characteristics of the gelatin extracted from Channel
Catfish (Ictalurus punctatus) head bones. LWT-Food Science and Technology, 42(2), 540-544.
https://doi.org/10.1016/5.1wt.2008.07.013

Nagarajan, M., Benjakul, S., Prodpran, T., Songtipya, P., & Kishimura, H. (2012). Characteristics
and functional properties of gelatin from splendid squid (Loligo formosana) skin as affected by
extraction temperatures. Food Hydrocolloids, 29(2), 389-397.
https://doi.org/10.1016/j.foodhyd.2012.04.001

Naghdi, S., Rezaei, M., Heidari, M.G., Tahergorabi, R., Lorenzo, J.M., & Mirzaei, F. (2024).
Insights into fishery by-product application in aquatic feed and food: a review. In Aquaculture
International (Issue 0123456789). Springer International Publishing.
https://doi.org/10.1007/s10499-024-01447-x

Naghdi, S., Rezaei, M., Tabarsa, M., & Abdollahi, M. (2025). Structure , functionality and
bioactivity of sulfated polysaccharide extracted from rainbow trout byproducts : pH-shift method
VS enzymatic hydrolysis. Food Chemistry, 479(March), 143665.
https://doi.org/10.1016/j.foodchem.2025.143665

Nikoo, M., Benjakul, S., Bashari, M., Alekhorshied, M., Cissouma, A.l., Yang, N., & Xu, X.
(2014). Physicochemical properties of skin gelatin from farmed Amur sturgeon (Acipenser
schrenckii) as influenced by acid pretreatment. Food Bioscience, 5, 19-26.
https://doi.org/10.1016/j.tbi0.2013.10.004

Nurilmala, M., Suryamarevita, H., Hizbullah, H.H., Jacoeb, A.M., & Ochiai, Y. (2022). Fish skin
as a biomaterial for halal collagen and gelatin. Saudi Journal of Biological Sciences, 29(2), 1100—
1110. https://doi.org/10.1016/].sjbs.2021.09.056

Nurul, A.G., & Sarbon, N.M. (2015). Effects of pH on functional, rheological and structural
properties of eel (Monopterus sp.) skin gelatin compared to bovine gelatin. International Food
Research Journal, 22(2).

Olaniran, A.F., Adeoye, O.E., Oyadeyi, O.M., Okonkwo, C.E., Erinle, O.C., Malomo, A.A.,
Iranloye, Y.M., Olaniran, O.D., & Faloye, O.R. (2024). Utilization and application of bioactive
compounds generated from Fish waste and by product as Functional Food Ingredient: A review.
IOP  Conference  Series: Earth and Environmental Science, 1342(1).
https://doi.org/10.1088/1755-1315/1342/1/012014

Peng, J., Zi, Y., Xu, J., Zheng, Y., Huang, S., Hu, Y., & Liu, B. (2022). Effect of extraction
methods on the properties of tilapia scale gelatins. International Journal of Biological
Macromolecules, 221(July), 1150-1160. https://doi.org/10.1016/j.ijbiomac.2022.09.094

Ruan, Q., Chen, W., Lv, M., Zhang, R., Luo, X., Yu, E., Pan, C., & Ma, H. (2023). Influences of
trypsin pretreatment on the structures, composition, andfunctional characteristics of skin gelatin
of Tilapia, grass carp, and sea perch. Marine Drugs, 21(8). https://doi.org/10.3390/md21080423
Sha, X.M., Tu, Z.C., Wang, H., Shi, Y., Liu, G.X,, Man, Z.Z., Huang, T., & Lan, Z. (2013).
Preparation and properties on gelatin from fish scale. Advanced Materials Research, 647, 352—
356. https://doi.org/10.4028/www.scientific.net/ AMR.647.352

Shakila, R.J., Jeevithan, E., Varatharajakumar, A., Jeyasekaran, G., & Sukumar, D. (2012).
Functional characterization of gelatin extracted from bones of red snapper and grouper in
comparison with mammalian gelatin. LWT-Food Science and Technology, 48(1), 30-36.
https://doi.org/10.1016/j.1wt.2012.03.007

Shyni, K., Hema, G.S., Ninan, G., Mathew, S., Joshy, C.G., & Lakshmanan, P.T. (2014).
Isolation and characterization of gelatin from the skins of skipjack tuna (Katsuwonus pelamis),


https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.lwt.2008.07.013
https://doi.org/10.1016/j.foodhyd.2012.04.001
https://doi.org/10.1007/s10499-024-01447-x
https://doi.org/10.1016/j.foodchem.2025.143665
https://doi.org/10.1016/j.fbio.2013.10.004
https://doi.org/10.1016/j.sjbs.2021.09.056
https://doi.org/10.1088/1755-1315/1342/1/012014
https://doi.org/10.1016/j.ijbiomac.2022.09.094
https://doi.org/10.3390/md21080423
https://doi.org/10.4028/www.scientific.net/AMR.647.352
https://doi.org/10.1016/j.lwt.2012.03.007

92

Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026

49,

50.

51,

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

dog shark (Scoliodon sorrakowah), and rohu (Labeo rohita). Food Hydrocolloids, 39, 68—76.
https://doi.org/10.1016/j.foodhyd.2013.12.008

Siburian, W.Z., Rochima, E., Andriani, Y., & Praseptiangga, D. (2020). Fish gelatin (definition,
manufacture, analysis of quality characteristics, and application): A review. International
Journal of Fisheries and Aquatic Studies, 8(4), 90-95.

Silviwanda, S., & Najib Tuisina, N. (2024). Physical characteristics of fishbone gelatin (gel
strength, viscosity, and pH): Review. Journal of Tropical Food and Agroindustrial Technology,
5(01), 9-18. https://doi.org/10.21070/jtfat.v5i01.1619

Sinthusamran, S., Benjakul, S., & Kishimura, H. (2015). Molecular characteristics and properties
of gelatin from skin of seabass with different sizes. International Journal of Biological
Macromolecules, 73, 146-153. https://doi.org/10.1016/.ijbiomac.2014.11.024

Tabarestani, H.S., Maghsoudlou, Y., Motamedzadegan, A., Sadeghi Mahoonak, A.R., &
Mahoonak, A.R.S. (2010). Optimization of physico-chemical properties of gelatin extracted from
fish skin of rainbow trout (Onchorhynchus mykiss). Bioresource Technology, 101(15), 6207—
6214. https://doi.org/10.1016/j.biortech.2010.02.071

Tavakolipour, H. (2011). Extraction and evaluation of gelatin from silver carp waste. World
Journal of Fish and Marine Sciences, 3(1), 10-15.

uddin, S.M.K., Hossain, M.A.M., Sagadevan, S., Al Amin, M., & Johan, M.R. (2021). Halal and
Kosher gelatin: Applications as well as detection approaches with challenges and prospects. Food
Bioscience, 44(PA), 101422. https://doi.org/10.1016/j.fbi0.2021.101422

Usman, M., Sahar, A., Inam-Ur-Raheem, M., Rahman, U., Sameen, A., & Aadil, R.M. (2022).
Gelatin extraction from fish waste and potential applications in food sector. International Journal
of Food Science and Technology, 57(1), 154-163. https://doi.org/10.1111/ijfs.15286

Valcarcel, J., Hermida-Merino, C., Pifieiro, M.M., Hermida-Merino, D., & Véazquez, J.A. (2021).
Extraction and characterization of gelatin from skin by-products of seabream, seabass and
rainbow trout reared in aquaculture. International Journal of Molecular Sciences, 22(22).
https://doi.org/10.3390/1jms222212104

Wang, Y., Cui, Q., Wang, X., Wu, C., Xu, X., Dong, X., & Pan, J. (2024). The gelling properties
of fish gelatin as improved by ultrasound-assisted phosphorylation. Food Chemistry,
449(December 2023), 139214, https://doi.org/10.1016/j.foodchem.2024.139214

Xie, D., Tang, Y., & Dong, G. (2024). Various factors affecting the gel properties of surimi: A
review. Journal of Texture Studies, 55(3), €12847. https://doi.org/10.1111/jtxs.12847

Yazid, M., Hartina, U., Razali, M., Shaarani, S., Roslan, J., Amirah, R., Noor, M., & Qhairul, N.
(2024). Physicochemical and functional properties of buffalo (Bubalus bubalis) bone gelatin
extracted using acid  pre-treatment.  Future  Foods,  10(August),  100428.
https://doi.org/10.1016/j.fufo.2024.100428

Yin, Q., Shi, H., Zhao, Y., Yu, G., Wu, H., Xia, G., & Yang, T. (2025). Physiochemical and
functional properties of gelatin obtained from frigate mackerel (Auxis thazard), skipjack tuna
(Katsuwonus pelamis), Longtail tuna (Thunnus tonggol) and yellowfin tuna (Thunnus albacares)
skin. Food Chemistry: X, 27, 102360. https://doi.org/10.1016/j.fochx.2025.102360

Yu, E., Pan, C,, Luo, X., Ruan, Q., Chen, W., Fang, Y., Wang, K., Qin, Y., Lv, M., & Ma, H.
(2023). Structural characteristics, component interactions and functional properties of gelatins
from three fish skins extracted by five methods. International Journal of Biological
Macromolecules, 248(May), 125813. https://doi.org/10.1016/j.ijbiomac.2023.125813

Yuan, Z., Ye, X., Hou, Z., & Chen, S. (2024). Sustainable utilization of proteins from fish
processing by-products: Extraction, biological activities and applications. Trends in Food
Science & Technology, 143, 104276. https://doi.org/10.1016/].tifs.2023.104276


https://doi.org/10.1016/j.foodhyd.2013.12.008
https://doi.org/10.21070/jtfat.v5i01.1619
https://doi.org/10.1016/j.ijbiomac.2014.11.024
https://doi.org/10.1016/j.biortech.2010.02.071
https://doi.org/10.1016/j.fbio.2021.101422
https://doi.org/10.1111/ijfs.15286
https://doi.org/10.3390/ijms222212104
https://doi.org/10.1016/j.foodchem.2024.139214
https://doi.org/10.1111/jtxs.12847
https://doi.org/10.1016/j.fufo.2024.100428
https://doi.org/10.1016/j.fochx.2025.102360
https://doi.org/10.1016/j.ijbiomac.2023.125813
https://doi.org/10.1016/j.tifs.2023.104276

Amirafzali, et al., Physicochemical and Functional Comparison of Gelatin Extracted ... 93

63. Zhou, P., & Regenstein, J.M. (2006). Determination of total protein content in gelatin solutions
with the Lowry or Biuret assay. Journal of Food Science, 71(8), C474-CA479.
https://doi.org/10.1111/j.1750-3841.2006.00151.x


https://doi.org/10.1111/j.1750-3841.2006.00151.x

olnl @1aE luo g pole Gledurgly 4 i
i ] https://ifstrj.um.ac.ir
N

A

VY¥-4¢ 8 Nero C%JJ|—&:J‘9J5 A OJLO.':' YY ..0.7.

LS K5 V1T Al Sl 5l eid gl sl Y5 (63,5K0as 5 (golrond 550 b oy i
(Hypophthalmichthys molitrix) s\s & ,sS 3 (Oncorhynchus myKkiss)

\6"“& ‘:)Lé‘j _ ) &Ls’) s ) l . ~‘#‘ L,GJA.P
VR Q/VA B 5 g b

05y

oSS, YU 5 (Hypophthalmichthys molitrix) (loys 5 o ale e clols 51 8Y5 ik ol o

059 tesm® S )5 a3l addgl el Y5 sladigel A gl Sl 1yE8 et 5 desmes py Bl wasgy Jols (Oncorhynchus mykiss)
B 7 SUYD () YU (g slgome (syls adiges coled 45 oy )lis ol a8 )5 )18 Lbj,l 3y90 (s liblo 9 (63,Slos clo S5y ( JoSge
Y5 5 Oliee iS5 (1 VFIA) YIS gy 555 53 gy i iy K092 (V10 51 708) ol Sl (o 9 (7 ADIVA ) i
=Vee™)ay 5 (oedls oS A= NWEV) Vo glee o) sly jeas SDS-PAGE oo i sanlice (/ YIAY) 465 lod (gloype ylgscil
o3 ylis &S W (asube (slayly B Slgsuil sladises a5 by ol Hlis deomes py Bl g Cungy bV 4o 1y (sdls oS IVY
o oy yieS g y5iS detxan pp Bl (1Y A basge (CP YY) jlade (o i di joSuns ya 5l .l o (gl Jlass 31 50 (38" s o 50
295 Sloye plyisl (Y5 0ad S35 9l Cungy VS wldie plie 4 badiged (S g 392 VIS sVl SVL (w2 g B Hsba
oS ol o Solo ol ol sls Gl 1y (4 FA Lo £ V/NY) QS (o)l cp i jouS slosmen (Y5 g (4 YEIY ) LGS cud )l oyt
S>> \A.: ;«.D.S L» u,uy) A.Jy dl).: dw))l o9.ﬂ.]l.a CJL.A ‘dlb)su )945 does Py uﬁb 9 Cuwgy b)Jad; cu_bl.n 4.:; 92 O’I (_s)l?u).& ul:ul..o

Hypophthalmichthys molitrix « s> Sles sla Sig (plo Clul s alo (5Y5 SDS-PAGE |l 1 gaalS sl2sjlg
Oncorhynchus mykiss

Al G coyte a5 oKl (ol pole 5 (anb wlio 03l ¢ IMS Y guae (5 )gl,5 09,5 —)
(Email: rezai_ma@modares.ac.ir :Jgtus oi g —%)
https://doi.org/10.22067/ifstrj.2026.96879.1528


mailto:rezai_ma@modares.ac.ir
https://doi.org/10.22067/ifstrj.2026.96879.1528
https://orcid.org/0000-0001-5783-8566
https://ifstrj.um.ac.ir/

Iranian Food Science and Technology Research Journal
Homepage: https://ifstrj.um.ac.ir

&(/’tﬁu.ig ;,

Short Research Article
Vol. 22, No. 1, March- April, 2026, p. 95-109

Quality Characteristics of Tahitian Chestnut (Inocarpus fagifer) and Cowpea
(Vigna unguiculata) Flour Combinations as Ingredients in Snack Bar

N.A. Mardiana"="*, N.A. Mahmudah"='!

1- Department of Processing of Poultry Product, State Community College of Putra Sang Fajar Blitar, Dr. Sutomo Street

No. 29, Blitar, East Java 66133, Indonesia
(*- Corresponding Author Email: nuragustin@akb.ac.id)

Received: 22.09.2025
Revised: 30.12.2025
Accepted: 28.01.2026
Available Online: 02.05.2026

How to cite this article:

Mardiana, N.A., & Mahmudah, N.A. (2026). Quality characteristics of Tahitian
chestnut (Inocarpus fagifer) and cowpea (Vigna unguiculata) flour combinations as
ingredients in Snack bar. Iranian Food Science and Technology Research Journal,

22(1), 95-109. https://doi.org/10.22067/ifstrj.2026.95576.1477

Abstract

The growing demand for convenient, nutritionally balanced snack products has created opportunities for
utilizing underutilized local ingredients in food product development. This study aimed to develop snack bar using
Tahitian chestnut (Inocarpus fagifer) and cowpea (Vigna unguiculata) flours as locally available raw materials
and to evaluate their physicochemical, sensory, antioxidant, and microbiological characteristics. Five formulations
with varying Tahitian chestnut to cowpea flour ratio [A= 1:1; B= 1:5; C= 2:1; D= 1:2; E=5:1] were prepared using
a completely randomized design. The results showed that the incorporation of Tahitian chestnut and cowpea
significantly affected (p< 0.05) several physicochemical parameters, including color, texture, moisture, dietary
fiber, macronutrient composition, and antioxidant properties, while ash content was not significantly influenced.
Sensory attributes and microbiological quality were not significantly affected, with all formulations meeting
acceptable hedonic and safety criteria. Based on the Zeleny multi-criteria decision method, formulation E (Tahitian
chestnut:cowpea ratio of 5:1) was identified as the most balanced formulation among those evaluated. These
findings demonstrate the potential of Tahitian chestnut and cowpea flours for snack bar development and provide
baseline information for further utilization of local ingredients in value-added food products.

Keywords: Cowpea, Quality, Snack bar, Tahitian chestnut

Introduction

Indonesia faces significant challenges in
addressing nutritional needs while promoting
the utilization of local food resources. The shift
toward modern lifestyles has increased demand
for convenient, ready-to-eat foods that can
provide sustained energy and essential nutrients
(Ghatge, 2023). This trend has created
opportunities for developing snack products
that combine convenience with nutritional
adequacy, particularly using underutilized local
ingredients.

Snack bar have emerged as a popular food
category due to their portability, extended shelf
life, and ability to deliver concentrated nutrition
in a single serving. Globally, snack bar
consumption continues to grow, with
approximately 37% of the world's population
consuming these products in 2024, while the
Indonesian market is projected to reach USD
32.94 million (Innova Marketing Sights, 2024;
Mordor Intelligence, 2024). This growth
reflects consumer demand for convenient
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nutrition solutions that fit active lifestyles and
varied dietary needs.

Traditional snack bar formulations often rely
on imported ingredients or conventional cereals
and nuts, creating opportunities for innovation
using Indonesia's diverse agricultural resources
(Maharani, Pamela, & Kusumasari, 2021). Two
particularly promising local ingredients are
Tahitian chestnut (Inocarpus fagifer) and
cowpea (Vigna unguiculata), both of which
remain underutilized despite their nutritional
potential and cultural significance in
Indonesian agriculture.

Tahitian chestnut, locally known as gayam,
was selected in this study due to its potential as
an indigenous carbohydrate source with
favorable  nutritional and  functional
characteristics. The plant is not cultivated under
large-scale plantation systems but grows semi-
wild and is traditionally harvested in several
regions of Indonesia, including Java and the
Maluku Islands (Tetelay & Siahaya, 2018;
Veda et al., 2022). Owing to this growth
pattern, comprehensive data on cultivated area
remain limited. Nevertheless, its consistent
availability at the community level and long-
standing traditional use indicate its potential as
a locally accessible raw material rather than a
commodity crop. Previous studies have
reported the application of Tahitian chestnut in
various food products, such as cookies and
crackers (Akhdifa, 2024; Wijanarka et al.,
2024). Notably, Tahitian chestnut contains a
high dietary fiber content (13.79%) and exhibits
a low glycemic index (Gl 43), making it
suitable for products intended to provide
sustained energy (Mdller, 2024; Wijanarka,
Tifauzah, Khasanah, Nirmala Dewi, &
Setyaningsih, 2024). In addition, its flour
contributes favorable starch characteristics and
textural properties in baked products.

Cowpea (Vigna unguiculata) was selected as
a complementary ingredient because it is
widely cultivated and consumed across
Indonesia, including Java, Bali, West Nusa
Tenggara, East Nusa Tenggara, Sulawesi,
Sumatra, and Kalimantan, with an annual
production of approximately 826,351 tons

(Fadillah, Purnamawati, & Supijatno, 2020;
Tukidi & Erwandi, 2023). Cowpea contributes
high-quality plant protein (22.9%) with a
relatively low fat content (1.4%) and a rich
mineral profile (Anam et al., 2024,
Okechukwu-Ezike, Munonye, & Esiegwu,
2020; Olopade et al., 2020). The presence of
essential amino acids enhances its value for
protein fortification in carbohydrate-based food
products. Furthermore, cowpea contributes
additional dietary fiber and natural antioxidants
derived from its phenolic compounds.

The complementary nutritional
characteristics of Tahitian chestnut and cowpea
suggest their potential for developing balanced
snack bar, in which Tahitian chestnut provides
energy-dense carbohydrates and dietary fiber,
while cowpea contributes protein and
micronutrients. Despite this potential, studies
on snack bar formulations based on this specific
combination remain limited, particularly
regarding the effects of different flour ratios on
physicochemical properties, nutritional
composition, and sensory acceptance.

Therefore, this study aimed to evaluate the
effects of varying proportions of Tahitian
chestnut and cowpea flours on the
physicochemical characteristics, nutritional
composition, sensory attributes, and overall
quality of snack bar products, and to identify an
optimal formulation that balances nutritional
adequacy and product acceptability.

Materials and Methods

Experimental Design

This study used a completely randomized
design with one variable, namely the ratio of
Tahitian chestnut flour and cowpea flour (1:1;
1:5; 2:1; 1:2; 5:1) in the production of snack bar
as presented in Table 1. This study was
conducted in triplicate.

Biomaterials and Chemicals

Tahitian chestnut was brought from
Yogyakarta, Indonesia, while cowpea was
brought from Pasuruan, Indonesia. Other
ingredients such as egg whites, skim milk,
honey, stevia sugar, salt, and butter were
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purchased from Blitar, Indonesia. High-purity
analytical grade reagents included distilled
water, Kjeldahl tablets, hydrogen sulfide,
sodium hydroxide, boric acid, BGC-MR,
hydrogen chloride, petroleum benzene, ethanol,
DPPH, and colony count agar were procured
from commercial suppliers.

Preparation of Sample

Process of Production Tahitian Chestnut Flour

The process of making Tahitian chestnut
flour was carried out by modifying the method
developed by (Rahayu, Safitri, Sulaeman, &
Setiawan, 2024). Tahitian chestnut was sorted
to select the quality of Tahitian chestnut, such
as those that are not rotten. The Tahitian
chestnut washed thoroughly, boiled for 45
minutes at 100 °C, peeled, sliced thinly, and
sun-dried for 7 days. The dried Tahitian

chestnut ground into flour and sifted with a 60-
mesh sieve.

Process of Production Cowpea Flour

The process of making cowpea flour was
carried out by modifying the method developed
by (Iswahyudi, Khoirunissa, & Putri, 2022;
Prestia, Oktavia, Razak, & Pudjirahaju, 2022).
Soaking the beans in clean water for 12 hours
with a water to bean ratio of 2:1, changing the
water every 6 hours. After soaking, the beans
boiled for 5 minutes at 100°C, then drained.
Once the beans have cooled, the skins peeling
off and dried in the sun for 7 days. The dried
cowpea was then ground into flour and sifted
using a 60-mesh sieve.

Table 1- Formulation of snack bar

Ingredients A

Tahitian Chestnut Flour (g) 37.5

Cowpea Flour (g) 375
Egg White (g) 37.5
Skim milk 125
Honey (g) 15
Water () 125
Stevia sugar (g) 3
Salt (g) 3
Butter () 25

B C D E
125 50 25 625
625 25 50 125
375 375 375 375
125 125 125 125

15 15 15 25
125 125 125 125

3 3 3 3
3 3 3 3
25 25 25 25

A: The ratio of Tahitian chestnut flour and cowpea flour (1:1)
B: The ratio of Tahitian chestnut flour and cowpea flour (1:5)
C: The ratio of Tahitian chestnut flour and cowpea flour (2:1)
D: The ratio of Tahitian chestnut flour and cowpea flour (1:2)
E: The ratio of Tahitian chestnut flour and cowpea flour (5:1)

Process of Making Snack Bar

The process of making snack bar was carried
out by modifying the method developed by
(Day, Cakebread, & Loveday, 2022). First,
weigh the ingredients according to the
formulation in Table 1. Next, mix the
ingredients, shape them, and bake them at
130°C for 20 minutes. The baked products are
then cooled and packaged.

Quality assessment
Determination of Physical Properties

The physical parameters evaluated for the
snack bar were color and texture. Color
measurements were performed using a Konica
Minolta CR-410 colorimeter (Minolta Camera
Co., Osaka, Japan), calibrated with a standard
white plate prior to analysis (Anggraeni,
Nurwantoro, Budi, & Abduh, 2017).
Measurements were recorded in the CIE L*, a*,
and b* color space, representing lightness,
redness—greenness, and yellowness—blueness,
respectively. Each sample was measured at
three different surface points, and the mean
value was reported. Texture profile analysis
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was conducted using a Lloyd Texture Analyzer
type TAI (Ametek Lloyd Instruments, UK).
Samples were compressed using a cylindrical
probe (diameter 35 mm) at a crosshead speed of
1 mm/s with a compression distance of 50% of
sample height (Puspaningtyas et al., 2024).
Hardness, cohesiveness, and adhesiveness were
obtained from the force—time curve.

Determination of Chemical Properties

The chemical composition of the snack bar
was evaluated by determining moisture, ash,
protein, lipid, carbohydrate, and total dietary
fiber contents. Moisture content was
determined using the gravimetric method
(AOAC 925.10), ash content by dry
incineration (AOAC 945.46), protein content
by the Kjeldahl method based on total nitrogen
determination (AOAC 991.22), total dietary
fiber by enzymatic—gravimetric analysis
(AOAC 985.29), and lipid content by Soxhlet
extraction (AOAC 945.39). Carbohydrate
content was calculated by difference from the
proximate analysis.

Determination of Sensory Properties

Sensory analysis was conducted by
modifying the method developed by (Prayitno,
Mardiana, & Rochma, 2021). A total of 31
semi-trained panelists evaluated the snack bar
samples on five-point hedonic scale. A rating of
1 reflects a strong dislike, while a rating of 5
reflects a strong liking. Ethical clearance for
sensory testing has been granted by the ethics
commission of State University of Malang with
an approval
N0.19.06.16/UN32.14.2.8/LT/2026.

Determination of Antioxidant Activity

Antioxidant activity was determined using a
modified DPPH radical scavenging method
according to (Savira, Wahyuni, & Faradilla,
2020). One gram of each sample was extracted
with 25 mL of analytical-grade ethanol by
maceration for 6 h. The extract was filtered and
diluted to concentrations of 50, 100, 200, 300,
400, and 500 mg/L. A blank solution was
prepared by mixing 1 mL of DPPH solution

with 4 mL of ethanol, and incubation in the dark
for 30 min. Absorbance was measured using a
UV-Vis spectrophotometer at 513 nm.
Antioxidant activity was expressed as ICs ¢ ,
defined as the concentration of sample required
to inhibit 50% of DPPH radicals. Lower ICs o

values indicate stronger antioxidant activity.

Determination of Microbial Properties

The total count of microorganisms in the
product was carried out using the method
described by  (Mardiana,  Kurniawan,
Wirawantoro, Purnomo, & Prasetiyo, 2023).
Five grams of the snack bar sample were
weighed, homogenized, and suspended in 45
mL of sterile distilled water to obtain an initial
dilution. Subsequently, 1 mL of the suspension
was transferred into 9 mL of sterile distilled
water to achieve a 102 dilution. Serial dilutions
were then prepared up to 10*. One milliliter of
the appropriate dilution was pour-plated onto
Plate Count Agar (PCA) and incubated at 37 °C
for 48 hours. Microbial counts were expressed
as colony-forming units per gram (CFU/qg).

Determination of the Best Treatment

The best treatment was determined using the
Zeleny method (Zeleny, 1998) by considering
multiple quality attributes, including physical,
chemical, microbiological, sensory, and
antioxidant characteristics the procedure
involved defining an ideal value for each
parameter by specifying the desired maximum
or minimum performance, depending on the
nature of the attribute. All parameters were
normalized to a scale of 0-1 to allow direct
comparison among variables with different
units. Subsequently, the degree of closeness
(dk) and the distance to the ideal solution were
calculated wusing L; (Manhattan), L,
(Euclidean), and Loo (Chebyshev) distance
measures. Equal weighting was applied to all
parameters to avoid subjective bias and to
ensure that each quality attribute contributed
equally to the decision-making process. The
best treatment was selected based on the
minimum distance values (L, , L, , and L),
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indicating the formulation closest to the ideal
solution.

Statistical Analysis

All  experiments were conducted in
triplicate. Data were expressed as mean *
standard deviation. One-way analysis of
variance (ANOVA) was performed using
Minitab 18 (Minitab LLC, Pennsylvania) to
analyze variations among samples. Tukey’s
multiple-range test was used for pairwise
comparisons, with statistical significance set at
p<0.05.

Results and Discussion

Physical Quality of Snack Bar

The physical quality of snack bar is strongly
influenced by formulation composition, as
ingredient  proportions can affect color
development and textural characteristics that
shape consumer perception. In this study,
variations in the ratio of Tahitian chestnut and
cowpea flours resulted in significant
differences (p < 0.05) in color attributes and
hardness, while cohesiveness and adhesiveness
were not significantly affected (Table 2).

Table 2- Physical quality of snack bar

Parameters A B C D E
L* 4920+ 0535 51.97+055% 47.00%044°  4830+015° 4543 0.15°
a* 300+0.10° 187+006°  250+010°  200+010°  2.800.10°
b* 19.63+021° 1850+010° 16.57+0.25¢  17.23+015°  16.17 + 0.15
Hardness (N)  84.44+247% 8613+100° 7580+166°  76.20+ 104>  60.46 + 2.54°
Cohesiveness ~ 0.11+0.01° 026+017°  017+005°  037+013% 054+ 026°
Adnesiveness (3)  0005%F .0.0039£000° -0.0023+0.01* -0.0038+0.0012° -0.0014 +0.00°

Expressed values were meanzSD (n = 3); a same row containing means with the same superscript letters are not
significantly different (p < 0.05).
A: The ratio of Tahitian chestnut flour and cowpea flour (1:1)
B: The ratio of Tahitian chestnut flour and cowpea flour (1:5)
C: The ratio of Tahitian chestnut flour and cowpea flour (2:1)
D: The ratio of Tahitian chestnut flour and cowpea flour (1:2)
E: The ratio of Tahitian chestnut flour and cowpea flour (5:1)

Increasing the proportion of Tahitian
chestnut flour was associated with lower
lightness (L*) and yellowness (b*) values,
accompanied by higher redness (a*) values,
resulting in a darker and slightly more reddish
appearance. This trend may be attributed to the
darker native color of Tahitian chestnut flour
and its susceptibility to enzymatic browning
during processing, as previously reported by
(Wijanarka, Sudargo, Harmayani, & Marsono,
2017). The increase in a* values is consistent
with observations by (Ly, Dyer, Feig, Chien, &
Del Bino, 2020), who reported that positive a*
values indicate a shift toward red hues in cereal-
based products.

Textural analysis showed that snack bar
hardness decreased as the proportion of
Tahitian chestnut flour increased, indicating a
more brittle structure. This behavior is likely

related to starch composition, particularly the
amylose—amylopectin ratio. Tahitian chestnut
starch contains moderate amylose levels
(24.09%), which may contribute to reduced
structural rigidity compared to starches with
higher amylose content (Jariyah, Mulyani, &
Setya, 2013). Previous studies have shown that
higher amylose levels tend to increase hardness,
whereas higher amylopectin proportions result
in softer textures (Wulandari, Imam, &
Syarifah, 2016). In contrast, cohesiveness and
adhesiveness were not significantly influenced
by formulation differences. These properties
are generally associated with overall starch
content rather than starch type alone, as
reported by (Iswara, Julianti, & Nurminah,
2019). The low adhesiveness values observed
across all formulations indicate that the snack
bar was not sticky, which is desirable for
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consumer handling and oral processing (Lee,
Chung, Lim, Kim, & Ha, 2025).

Chemical Composition of Snack Bar

The protein, fat, water, ash, carbohydrates,
and crude fiber of the snack bar were
determined, as presented in Table 3.

Table 3- Chemical composition of snack bar

Parameters A B C D E
Protein (%wb)  7.35+011°  1062+012°  810+008°  9.77+017° 6930079
Fat (%wb) 2018 +021®  1828+029°  20.54+025  2054+024°  19.88 + 0.20°
MO'SE%SVB‘)’”tem 2675+009°  2525+036° 2543+ 029  2522+028° 2526+ 0.34
Ash (%wb) 22440048  194+014>  207+002% 214+ 003  2.10+0.02%
Cargzwgate 4314+ 054  4423+044b 4438+ 044>  4273+0.45°  46.20 + 0.49?
Dietary fiber 776, 008 7104008  837+014°  7.58+010%  9.750.36°

(Y%owb)

Expressed values were mean+SD (n = 3); a same row containing means with the same superscript letters are not
significantly different (p < 0.05).
A: The ratio of Tahitian chestnut flour and cowpea flour (1:1)
B: The ratio of Tahitian chestnut flour and cowpea flour (1:5)
C: The ratio of Tahitian chestnut flour and cowpea flour (2:1)
D: The ratio of Tahitian chestnut flour and cowpea flour (1:2)
E: The ratio of Tahitian chestnut flour and cowpea flour (5:1)

The proportion of cowpea flour influenced
the protein content of the snack bar, higher
levels of cowpea associated with increased
protein content. This indicates that cowpea
primarily contributes to protein enhancement in
the formulation, while Tahitian chestnut
functions mainly as a carbohydrate source. The
observed effect was statistically significant (p <
0.05), confirming that formulation composition
affected protein levels. This trend is consistent
with previous studies reporting that greater
incorporation of cowpea results in higher
protein content in processed food products
(Wibowo, Swasti, & Pranata, 2023), which can
be attributed to the relatively high intrinsic
protein content of cowpea, reported to range
from 22% to 24% (Shevkani, 2025). When
compared with snack bar formulated using
other local ingredients, such as Indian almond
seeds (9.28%) (Febrianza, Widawati, &
Nur’aini, 2024), the protein content obtained in
this study (6.93-10.62%) was within a
comparable range. These variations are
primarily related to differences in the intrinsic
protein composition of the raw materials rather
than processing conditions.

Differences in fat content among the snack
bar formulations can be explained by variations
in the proportion of Tahitian chestnut and
cowpea flours, although the relationship
appears complex and not strictly linear.
Formulation B, which contained the highest
proportion of cowpea flour (62.5 g) and the
lowest proportion of Tahitian chestnut flour
(12.5 g), exhibited the lowest fat content
(18.28%), consistent with the low intrinsic fat
content of cowpea (0.58-2.03%) (Karuwal,
Suharsono, Tjahjoleksono, & Hanif, 2021). In
contrast, formulations with moderate to high
proportions of Tahitian chestnut flour (C: 50 g;
D: 25 g) showed the highest fat content
(20.54%), whereas formulation E, with the
highest Tahitian chestnut proportion (62.5 g),
had an intermediate fat level (19.88%) that was
statistically lower than C and D. This non-linear
pattern suggests that, although Tahitian
chestnut contains higher intrinsic fat (2.95-
5.38%) compared to cowpea (Rahayu et al.,
2024), increases in its proportion do not
necessarily correlate positively with final
product fat content. Such behavior may be
explained by complex interactions within the
food matrix, where mixing efficiency, fat
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distribution, and thermal processing conditions
affect fat retention (Aguilera, 2019). While the
fixed addition of butter (25 g, 80% fat) remains
the primary contributor to overall lipid content
(Paduret, 2021).

The moisture content of the snack bar varied
among formulations and was significantly
affected by the proportion of Tahitian chestnut
flour and cowpea (p < 0.05). An increase in
Tahitian chestnut flour generally resulted in
higher moisture levels. This trend can be
explained by the starch characteristics of
Tahitian chestnut, which exhibits a high
capacity for water absorption and retention.
Starch molecules contain numerous hydroxyl (—
OH) groups that readily form hydrogen bonds
with water, thereby enhancing water binding
within the product matrix (Donmez, Pinho,
Patel, Desam, & Campanella, 2021). As a
consequence, snack bar with higher moisture
content tended to exhibit a softer texture.
Tahitian chestnut starch contains a medium
amylose content (approximately 24%), which
falls within the typical range of 20-25%
(Bhardwaj, Salgotra, & Sharma, 2019; Jariyah
et al., 2013). This amylose level contributes to
improved water retention and influences the
compactness and softness of the final product.

Ash content did not differ significantly
among snack bar formulations (p > 0.05),
indicating that variations in the ratio of Tahitian
chestnut flour and cowpea had little influence
on the overall mineral content of the final
products. This result is consistent with previous
studies reporting comparable ash levels in
Tahitian chestnut flour and cowpea, which may
explain the similar mineral contribution across
formulations (Karuwal et al., 2021; Rahayu et
al., 2024). The use of fixed amounts of other
ingredients, such as egg white, skim milk, and
butter, may also have contributed to the limited
variation in ash content. The ash values
obtained in this study are comparable to those
reported for snack bar formulated with other
local ingredients, including purple sweet potato
(Aurelia, Ma’rifah, & Mubhlishoh, 2023).

The carbohydrate content of the snack bar
differed significantly among formulations (p <

0.05) and showed an increasing trend with
higher proportions of Tahitian chestnut flour.
Formulations dominated by Tahitian chestnut
flour exhibited higher carbohydrate levels
compared to those with greater amounts of
cowpea flour. This pattern reflects the inherent
characteristics of the raw materials, as Tahitian
chestnut serves as a primary source of complex
carbohydrates, whereas cowpea contributes
mainly protein (Miller, 2024). Consequently,
formulations dominated by Tahitian chestnut
flour exhibited higher carbohydrate levels,
which may enhance the role of the snack bar as
an energy-providing product.

Dietary fiber content also differed
significantly among treatments (p < 0.05) and
demonstrated a clear tendency to increase with
increasing proportions of Tahitian chestnut
flour. Formulations containing higher levels of
Tahitian chestnut flour resulted in greater fiber
content, consistent with previous reports
indicating that Tahitian chestnut flour contains
relatively high levels of dietary fiber,
influenced by processing conditions and
particle size (Rahayu et al., 2024). In contrast,
although cowpea seeds are known to be rich in
dietary fiber, the fiber content of cowpea flour
is generally lower due to dehulling and milling
processes (Abebe & Alemayehu, 2022;
Swaroopa, Agarkar, & Kshirsagar, 2025). This
trend suggests that increasing the proportion of
Tahitian chestnut flour plays a key role in
enhancing the dietary fiber content of the snack
bar, supporting the potential of these local
ingredients to produce snack products with
competitive  fiber levels compared to
commercial snack bar (Asriasih, Purbowati, &
Anugrah, 2020).

Sensory Evaluation of Snack Bar

Sensory evaluation is an analytical approach
that relies on human senses to determine
consumer preferences toward food products.
This method engages sight, smell, taste, and
touch to assess attributes such as texture,
appearance, aroma, and flavor (Hussain, 2020).
Sensory evaluation of snack bar samples can be
seen in Table 4.



102 Iranian Food Science and Technology Research Journal Vol. 22, No. 1, 2026
Table 4- Sensory of snack bar
Parameters A B C D E
Taste 3.55+ 0.9 3.77+£0.842 3.55+0.728 3.74 + 0.86° 3.55+0.68°
Texture 3.71+£0.64° 3.81+£0.60° 3.71+£0.392 3.90 £ 0.60° 3.77+£0.672
Color 3.52 £ 0.85% 3.81+1.148 3.52+0.778 3.61+0.84° 3.68+£0.832
Aroma 3.32+£0.79° 3.45+0.892 3.77+£0.728 3.29+0.78° 3.48 £ 0.852
Overall a a a a a
appearance 3.65+0.75 3.65+0.80 3.87+£0.56 3.81+0.75 3.87£0.76

Expressed values were mean+SD (n = 31); a same row containing means with the same superscript letters are not
significantly different (p < 0.05).
A: The ratio of Tahitian chestnut flour and cowpea flour (1:1)
B: The ratio of Tahitian chestnut flour and cowpea flour (1:5)
C: The ratio of Tahitian chestnut flour and cowpea flour (2:1)
D: The ratio of Tahitian chestnut flour and cowpea flour (1:2)
E: The ratio of Tahitian chestnut flour and cowpea flour (5:1)

The results of the ANOVA test indicated that
variations in the proportion of Tahitian chestnut
flour and cowpea flour did not produce
significant differences (p>0.05) in any of the
sensory parameters evaluated, which included
taste, texture, color, aroma, and overall
appearance. The mean hedonic scores given by
panelists for taste ranged from 3.55 to 3.77
(liked), texture from 3.71 to 3.90 (liked), color
from 3.52 to 3.81 (liked), aroma from 3.32 to
3.77 (liked), and overall appearance from 3.65
to 3.87 (liked). In general, the snack bar
samples were well accepted by panelists,
despite the absence of significant differences
among treatments. Nevertheless, a tendency
was observed in which increasing the
proportion of cowpea flour led to a decline in
panelist preference levels. This phenomenon
may be associated with the presence of the
characteristic beany flavor of cowpea, which is
generally less favored by consumers. Several
volatile compounds contributing to the
development of this aroma include 3-methyl-1-
butanol, 1-pentanol, 1-octen-3-ol, (E,E)-2,4-
heptadienal, acetophenone, 1-octen-3-one, and
3-isopropyl-2-methoxypyrazine (Trindler,
Annika Kopf-Bolanz, & Denkel, 2022). These
findings are consistent with the study of
(Ariviani, Sholihin, & Nastiti, 2021), who
reported that increasing cowpea proportions in
cereal products led to a decrease in sensory
characteristics. However, in the present study,
the incorporation of butter in the snack bar

formulation played a role in masking the
distinct aroma of cowpea, thereby enabling the
product to be accepted with relatively good
hedonic scores by the panelists.

Antioxidant and Microbiology Properties of
Snack Bar

The antioxidant activity of the snack bar
formulations, expressed as ICs , values,
ranged from 8,410 to 11,733 pg/ml, with
ANOVA results indicating significant
differences (p < 0.05) among formulations
containing different proportions of Tahitian
chestnut and cowpea flours. Lower ICs o
values indicate stronger antioxidant activity,
and formulation E exhibited the highest
antioxidant activity among the tested samples.
This trend may be associated with the higher
proportion of Tahitian chestnut flour, as
Tahitian chestnut seeds have been reported to
contain antioxidant-related compounds such as
linoleic acid, ethyl linoleate, ethyl oleate, and
homopterocarpine (Sukadana & Santi, 2015).
However, despite these differences, the overall
antioxidant activity of all snack bar
formulations was categorized as very weak, as
all 1ICs o values exceeded 200 pg/ml. These
results suggest that while Tahitian chestnut
proportion influenced antioxidant activity, the
formulated snack bar should not be considered
a strong source of antioxidants. It should be
noted that the antioxidant activity observed in
this study was relatively low, which is expected
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for a processed snack product rather than a
concentrated  plant  extract.  Therefore,
antioxidant activity was not considered a
primary functional attribute of the developed
snack bar.

The total count (TC) of the snack bar
samples did not differ significantly among
formulations (p > 0.05), indicating that
variations in the proportion of Tahitian chestnut
flour and cowpea flour had no measurable
effect on microbial load. This absence of a clear
trend suggests that the microbial quality of the
snack bar was primarily influenced by
processing conditions rather than by differences
in raw material composition. The baking

process, conducted at 130 °C for 20 min, likely
played a major role in reducing microbial
populations across all treatments, resulting in
comparable TC values (Maghfiroh et al., 2021).
Total count is commonly used as an indicator of
overall product hygiene and potential shelf
stability. The consistently low TC values
observed in this study suggest that the
developed snack bar possess satisfactory
microbiological quality and are suitable for
further product development and storage
studies. However, additional evaluations, such
as shelf-life testing under different storage
conditions, would be necessary to fully assess
long-term microbiological stability.

Table 5- Antioxidant and TPC of Snack Bar

Parameters A

C D E

Antioxidant activity (ug/ml) 11,733 +115* 11,253 +105° 9,470+ 100° 11,640+ 87 8410+ 170¢

TPC (CFU/g) 4 x 1032

2.7 x 10%

3.3x10% 3.3x10% 3x10%

Expressed values were mean+SD (n = 3); a same row containing means with the same superscript letters are not
significantly different (p < 0.05).
A: The ratio of Tahitian chestnut flour and cowpea flour (1:1)
B: The ratio of Tahitian chestnut flour and cowpea flour (1:5)
C: The ratio of Tahitian chestnut flour and cowpea flour (2:1)
D: The ratio of Tahitian chestnut flour and cowpea flour (1:2)
E: The ratio of Tahitian chestnut flour and cowpea flour (5:1)

The Best Treatments by Zeleny’s Method

Using the Zeleny multi-criteria decision-
making method, the optimal snack bar
formulation was identified by integrating
physicochemical properties, nutritional
composition, sensory acceptance, antioxidant
activity, and  microbiological  quality
(Supplementary File 1). Formulation E, with a
Tahitian chestnut to cowpea flour ratio of 5:1,
was selected as the best treatment because it
demonstrated the most balanced overall
performance across the evaluated attributes
rather than excelling in a single parameter. This
formulation achieved a favorable balance
between carbohydrate and protein
contributions,  with  moderate  textural
characteristics appropriate for snack bar
consumption. Sensory evaluation further
confirmed that formulation E maintained good
overall consumer acceptance. Although its
antioxidant activity, expressed as ICs o values,
was relatively weak in absolute terms,

formulation E exhibited stronger antioxidant
activity compared to the other treatments and
also showed the highest dietary fiber content,
which may contribute to its functional potential.

Limitation

Economic evaluation was beyond the scope
of the present study, which primarily focused
on formulation development and product
quality assessment. Future studies should
incorporate techno-economic and cost—benefit
analyses to evaluate the feasibility of large-
scale production and commercialization of
snack bars formulated with Tahitian chestnut
and cowpea flours. Although Tahitian chestnut
flour is not yet widely produced at an industrial
scale, the processing steps employed in this
study (boiling, drying, milling, and sieving) are
technically comparable to those used for other
tuber and legume-based flours and can be
adapted to small and medium-scale production
systems. However, further development of raw
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material supply chains will be necessary to
support sustainable industrial-scale application.

Conclusion

This study demonstrated that Tahitian
chestnut and cowpea flours can be incorporated
into snack bar formulation as alternative
carbohydrate and protein sources, respectively,
without  compromising  product quality.
Variations in their proportions influenced
nutritional and physicochemical characteristics,
particularly protein and dietary fiber contents,
while sensory acceptance and microbiological
quality remained within acceptable ranges
across all formulations. Using a multi-criteria
decision approach, formulation E (Tahitian
chestnut:cowpea ratio of 5:1) exhibited the
most balanced quality profile, characterized by
suitable texture for snack bar consumption,
good consumer acceptance, relatively higher
antioxidant activity among treatments, and the
highest dietary fiber content, while maintaining
microbiological safety. These findings suggest
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