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Abstract

Surimi processing generates large volumes of wash water containing soluble proteins and minor nutrients, which
contribute significantly to the organic load of industrial wastewater. The recovery of these biomacromolecules
for edible film production offers an alternative valorization pathway aligned with circular bioeconomy principles.
Edible films were developed from wash water from Chanos chanos (milkfish), Channa striata (snakehead), and Auxis
thazard (skipjack tuna) using a standardized agar-glycerol formulation. Wash water was analyzed for protein and fat
content, pH, Total Dissolved Solids (TDS), heavy metals, and microbiological quality. Film characterization included
mechanical properties (tensile strength, elongation at break, Young's modulus), moisture content, solubility, water
vapor transmission rate (WVTR), and color parameters. All analyses were conducted in triplicate (n = 3), and results
were statistically evaluated. Antimicrobial activity against Escherichia coli was assessed using the agar diffusion
method. Protein levels in wash water ranged from 0.11-0.18%, with heavy metals remaining below FAO/WHO
limits. Snakehead edible film (SHEF) demonstrated the best mechanical performance (tensile strength 10.69 N/mm?
elongation 33.98%), while milkfish edible film (MFEF) exhibited the weakest (4.42 N/mm?; 22.46%). Moisture content
(10-12%) and solubility (30-45%) were highest in MFEF, indicating a more hydrophilic and less stable matrix. WVTR
values were consistently high 25.01 g/m?h (SHEF), 25.97 g/m?h (MFEF), and 26.18 g/m>h (skipjack tuna edible
film - SJEF). Color variations were species-dependent, and none of the films exhibited antimicrobial activity against
E. coli. Surimi wash water is a feasible, low-cost biomaterial for edible film production.
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Highlights
e Surimi wash water (milkfish, snakehead, skipjack) is safe (heavy metals below limits) and suitable
as a circular-economy source for biodegradable edible films

. Snakehead-based film shows the best mechanics (highest tensile strength, elongation, and Young’s
modulus). In contrast, milkfish film is the weakest, with the highest moisture, solubility, and
WVTR, resulting in a poor water-vapour barrier

«  Allfilms lack antibacterial activity against £. coli, so they currently function only as passive
packaging and need bioactive additives to become active films
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1 Introduction

The Surimi industry is one of the essential subsectors in the processing of fishery products, producing high value-added
products. However, the Surimi production process produces large amounts of liquid waste from the washing stage, which
contains biomacromolecules such as proteins, peptides, and a small fraction of lipids (Fogaca et al., 2013; Long et al.,
2022). This waste is known to have high biological oxygen demand (BOD) and total dissolved solids (TDS) values, so
it has the potential to pollute the environment if not treated properly (Munawarah et al., 2024). Within the framework of
the circular bioeconomy, the reuse of biomacromolecules from Surimi liquid waste can be a strategy to reduce environmental
burden while producing value-added products. During Surimi processing, the repeated washing steps are known to remove
a substantial portion of water-soluble (sarcoplasmic) proteins into the wash water stream, which contributes to elevated
Biochemical Oxygen Demand/Chemical Oxygen Demand (BOD/COD) and nutrient loss. Instead of treating this fraction
solely as wastewater, it could be noted that recovering it through direct conversion into biodegradable materials offers an
alternative pathway with higher functional value.

One potential product is a protein-based edible film. Edible film is a thin, biodegradable layer that can be edible and
serves as an alternative packaging to replace conventional plastic (Prakash & Mishra, 2023). Fish proteins can form film
networks through hydrogen bonding, hydrophobic interactions, and cross-linking potential, making them an attractive
candidate for active packaging development (Shiku et al., 2005). Compared to plant-based polymers, fish protein-based
edible films tend to have better transparency, high barrier properties to oxygen gases, and the potential to be functional with
the addition of bioactive agents (Li et al., 2023). Compared with conventional recovery routes such as producing protein
concentrates, edible film production can provide a simpler and more directly applicable valorization approach because
it does not necessarily require extensive purification, drying, or fractionation steps, while simultaneously generating a
functional packaging material that supports waste minimization and circular bioeconomy objectives.

Some previous studies have explored the use of fish gelatin, myofibrillar protein isolates, and collagen in the manufacture
of edible films with fairly good mechanical properties (Kaewprachu et al., 2016a, 2016b; Neves et al., 2019; Rahma et al.,
2023). However, most studies still use pure protein ingredients or specific extraction results. The use of Surimi washing
water, which is naturally abundant in industry, is still relatively rarely researched. In fact, this material has excellent
potential as a source of functional protein for film formation and as a solution to reduce liquid waste. Several studies
have explored edible films derived from proteins recovered from Surimi wash water or wash-water biomass/concentrates,
but most works still rely on recovery/concentration steps rather than directly using wash water as the casting medium
(Bourtoom et al., 2009; Gomez-Estaca et al., 2018; Li et al., 2025; Stine et al., 2012; Trilaksani et al., 2007).

Previous research has shown that fish protein-based edible films exhibit competitive mechanical properties, even in
some cases superior to those of polysaccharides (Saputra et al., 2018). In addition, edible fish protein films have low
oxygen permeability, making them practical lipid oxidation barriers in fatty food products (Enujiugha & Oyinloye, 2019).
This proves that fish protein-based films are not only a plastic substitute but can also extend product shelf life. Apart from
being passive packaging, edible film based on fish protein also has the potential as active packaging. With the addition of
bioactive compounds, the film can acquire antimicrobial and antioxidant properties, which are beneficial for food safety
and quality (Mufioz-Tebar et al., 2023). This opens up research opportunities for edible films based on Surimi washing
water, not only to reduce waste but also to produce functional packaging products with high commercial value.

Based on this, this study aims to evaluate the potential use of fish Surimi washing water as a basic material for edible
film. The research focuses on the analysis of mechanical properties (tensile strength, elongation, Young’s modulus), barrier
properties (water vapor transmission rate), film thickness, and microbiological quality. The results of the study are expected
to enrich the literature on fish protein-based edible films, contribute to the management of waste in the fisheries industry,
and support the development of environmentally friendly biodegradable food packaging.

2 Material and methods

2.1 Materials and tools

The main ingredient of this research is Surimi washing water from three fish species: Chanos chanos (milkfish), Channa
striata (snakehead), and Auxis thazard (skipjack tuna). Additional materials consist of pure powder agar (Merck, Germany) as
a film-forming matrix, glycerol (Merck, Germany) as a plasticizer, and sterile aquadest for dissolution. Chemicals for analysis
include protein reagents (Bradford reagent, Bio-Rad, USA or Kjeldahl method with H2SO4 p.a., Merck), organic solvents for
fat analysis (n-hexane, Merck), as well as microbiological media such as Lactose Broth (LB, Oxoid), Brilliant Green Lactose
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Bile Broth (BGLB, Oxoid), Plate Count Agar (PCA, Merck), and MacConkey agar (Oxoid) for the identification of Coliform
and E. coli.

The tools used include a hotplate with a magnetic stirrer (IKA, Germany), a 500 mL glass beaker (Pyrex), a digital
thermometer (Lutron), a stainless-steel mesh strainer, and a polystyrene Petri dish (Iwaki, Japan) as a film mold. The film
is dried in a temperature-controlled oven (Memmert, Germany) and stored in a desiccant (Kartell, Italy). Thickness
measurements were carried out using a digital micrometer (Mitutoyo, Japan), and mechanical properties were tested with
the Universal Testing Machine (Instron 3345, USA) in accordance with ASTM D882 (American Society for Testing and
Materials, 2018). Moisture content and solubility were analyzed using analytical scales (Sartorius, Germany). In contrast,
barrier properties were tested using the ASTM E96 cup test method (American Society for Testing and Materials, 2022).
Film color was analyzed using a Minolta CR-400 colorimeter (Konica Minolta, Japan). For microbiology, incubators
(Memmert, Germany), laminar flow cabinets (Esco, Singapore), autoclaves (All American, USA), and micro pipettes
(Eppendorf, Germany) are used. The inhibition test was carried out by the diffusion method using Mueller-Hinton agar
media (Oxoid) inoculated with E. coli ATCC 25922.

2.2 Research procedure

Procedure was based on Rusli et al. (2024) with some adjustments. Film-Forming Solution (FFS) is carried out with a
fixed formulation: agar 7.5 g, Surimi washing water 250 mL, and glycerol 2 mL per batch. Prior to film preparation, Surimi
wash water from each fish species was filtered through a stainless-steel mesh to remove coarse particles and impurities.
The filtered wash water was then homogenized by gentle stirring to ensure uniform distribution of dissolved solids before
use. No additional concentration or protein/solids standardization was applied, as the study aimed to evaluate wash water
in its original form as an industrial by-product stream. The Surimi washing water is placed in a 500 mL beaker and heated
while stirring; Gradually, the powder is added to prevent clumping. The mixture is heated to a boil at about 95 °C and
maintained at that temperature for 20-30 minutes to dissolve the agar and incorporate the protein components into the
matrix. At a temperature of about 90-95 °C, add 2 mL of glycerol and stir well for 5-10 minutes. If air bubbles are visible,
the FFS bulk is lightly depressed under vacuum or left to rest for a while before printing.

Casting and drying are done by pouring the predetermined volume of FFS into a flat mold or Petri dish evenly.
The casting ratio used is ~0.20 mL/cm? (adjust the volume to the print area) to ensure controlled film thickness, where the
casting area (cm?) was calculated from the internal diameter of the Petri dish (A = nr?). This casting ratio was selected to
obtain a target film thickness in the range of approximately 0.10-0.20 mm, consistent with the measured thickness values
obtained in this study (0.11-0.17 mm). Once molded, the film is allowed to cool at room temperature for initial forming,
then, the film was dried in the oven at 60 °C for +10 hours until the dry film is easy to remove. The dried film is stored in
a desiccant and conditioned at 25 °C and 50% RH for 48 hours before measurement.

2.3 Analysis procedures

Initial characterization was carried out on Surimi washing water from milkfish (C. chanos), snakehead (C. striata), and
skipjack tuna (4. thazard). The parameters analyzed included pH with a digital pH meter, total dissolved solids (TDS) with
a TDS meter, and soluble proteins using the Kjeldahl methods. The crude fat content was determined using the Soxhlet
method with n-hexane as the solvent, and the moisture content was measured in a drying oven at 105 °C until constant
weight. In addition, microbiological tests are carried out to determine the quality of raw materials, including Coliform and
E. coli testing using the Most Probable Number (MPN) method in accordance with APHA procedures (American Public
Health Association, 2001).

After the characterization of the raw materials, the resulting milkfish edible film (MFEF), snakehead edible film (SHEF),
and skipjack tuna edible film (SJEF) were tested for their physical and mechanical properties. Film thickness was measured
using a digital micrometer at nine different points. At the same time, mechanical properties (tensile strength, elongation
at break, and Young’s modulus) were analyzed using a Universal Testing Machine in accordance with ASTM D882 at a
speed of 50 mm/min. The properties of the barrier are evaluated by measuring the water vapor transmission rate (WVTR)
using the gravimetric method per ASTM E96. The moisture content of the film is determined by the oven method at
105 °C, while the solubility is tested by soaking the film in an aqueous solution for 24 hours. Film color is measured using
a CIELab colorimeter (L*, a*, b*). Microbiological tests on the finished film were carried out by the extraction method
into sterile distilled water, then Total Plate Count (TPC), Coliform, and E. coli were calculated. Antimicrobial activity was
tested using the diffusion method with E. coli ATCC 25922 as the indicator bacterium.

2.4 Statistical analysis

All experiments were conducted in triplicate (n = 3), and the results were expressed as mean =+ standard deviation (SD).
Statistical analysis was performed to determine significant differences among treatments. The data were analyzed using
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one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test at a 95% confidence level (p < 0.05). Statistical
calculations were carried out using IBM SPSS Statistics version 25 (IBM Corp., Armonk, NY, USA).

3 Result and discussion

3.1 Characterization of Fish Surimi washing water

Fish Surimi washing water is a liquid waste rich in biomacromolecules, especially protein and a small amount of fat.
This composition provides an opportunity for utilization in the development of environmentally friendly edible films. Fish
protein can form films with good mechanical properties due to its amino acid content, which can form hydrogen bonds
and hydrophobic interactions (Delava et al., 2022; Shiku et al., 2005). This aligns with the concept of a circular economy,
in which waste from the fisheries industry can be upcycled into functional materials (Coppola et al., 2021; Liu et al.,
2021). Thus, Surimi washing water can act as an alternative source of biopolymers in the manufacture of biodegradable
food packaging.

Table 1. Characteristic Surimi washing water.

Parameter Skipjack Tuna’s Milkfish’s Surimi Snakehead’s Surimi
Surimi Wash Water Wash Water Wash Water
BOD (mg/L) 10880 15600 6844
pH (mg/L) 5.29 5.38 5.94
TDS (mg/L) 2286 3462 3056
Cadmium (mg/L) 0.001 0.0004 0.0015
Lead (mg/L) 0.0021 0.0008 0.0001
Protein (%) 0.18 0.14 0.11
Fat (%) 0.01 0.01 0

The test results showed that Surimi washing water from skipjack tuna, milkfish, and snakehead contained protein at
0.11-0.18% (Table 1). Although these concentrations are relatively low and vary among species, the wash water represents
a complex aqueous system containing proteins together with other dissolved solids, which collectively contribute to film
formation. In this study, the wash water was used as the whole-liquid fraction to reflect realistic industrial conditions
rather than as a purified protein source. This study evaluates feasibility “as-is” using a fixed agar-glycerol formulation as a
baseline platform; additional biopolymers/plasticizers are suggested only for future optimization. The fat content is very low
(0-0.01%), which is advantageous because excess fat can interfere with the homogeneity of the film matrix (Devi et al., 2024;
Falguera et al., 2011; Kumar et al., 2022). Under these conditions, soluble proteins act as functional macromolecules within a
polysaccharide-supported matrix, while the agar network provides structural integrity. Variations in film properties, therefore,
reflect not only protein concentration but also differences in the overall dissolved solids composition of the wash water among
fish species, which influences polymer interactions, water binding, and matrix organization.

Environmental quality parameters are also essential to monitor. A high BOD value at 6844-15600 mg/L (Table 1)
indicates a large organic load that can pollute the environment if not used (Padma et al., 2024). On a quantitative basis,
this corresponds to approximately 6.8-15.6 g O, per liter of wash water. Therefore, the use of Surimi washing water in
edible films not only adds value but also reduces the risk of pollution. The pH ranges from 5.29 to 5.94 (Table 1), which
is relatively acidic, corresponding to the optimum conditions of protein denaturation to form a film. Meanwhile, the TDS
value is relatively high at 2286-3462 mg/L (Table 1), indicating the presence of dissolved solids that can contribute to
polymer matrix formation. Based on Montero Garcia & Borderias (2023), reports indicate that Surimi washing can divert
30-50% of soluble proteins into the effluent, while recovery methods may retain >60-80% at the reports, and they indicate
that Surimi washing can divert 30-50% of soluble proteins into the effluent, while recovery methods may retain >60-80%
at laboratory scale (Oliveira et al., 2021), confirming the quantitative relevance of this stream. This study focuses on
direct material feasibility rather than recovery yield or mass-balance optimization, which warrants dedicated scale-up and
techno-economic evaluation in future work.

Material safety is also asignificant concern. The heavy metals testresults (Table 1) showed cadmium (0.0004-0.0015mg/L)
and lead (0.0001-0.0021 mg/L), both below the maximum thresholds set by FAO/WHO (Food and Agriculture Organization,
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2011) for foodstuffs. This confirms that Surimi washing water is safe to use as a base material for edible film. However, a
purification process is still required to ensure the stability and safety of the final product. With proper processing, heavy
metal residues can be minimized, ensuring the resulting film complies with food safety standards.

In addition, biomacromolecules derived from fishery waste can be developed as active films, for example, by
incorporating antimicrobial agents (Gulzar et al., 2023; Novak et al., 2020). The use of Surimi washing water has the
potential to produce a multifunctional edible film that serves as both a biodegradable packaging material and an indicator
of food quality when combined with temperature-sensitive or pH pigments. This aligns with the latest research direction to
develop smart packaging from fishery resources.

Microbiological analysis showed the presence of different coliform contamination in each sample. Milkfish contains
460 APM/mL, while skipjack tuna and snakehead >1,100 APM/mL. This value indicates that, although all samples were
contaminated, milkfish had relatively lower levels of Coliform. The test results also showed that all samples (milkfish,
snakehead, and skipjack tuna) had E. coli levels <3.0 APM/mL, therefore indicating they remain within safe limits. The very
low presence of E. coli shows that Surimi washing water is relatively safe from fecal contamination. However, hygiene
measures are still required to ensure the microbiological stability of edible films. These findings are consistent with the
research of Novak et al. (2020), and this study reported that protein biomass from fishery waste needs to be appropriately
treated to ensure microbiological safety.

3.2 Mechanical characterization of edible film-based Surimi washing water

Edible films based on biomacromolecules from fish Surimi wastewater exhibited physical and mechanical characteristics
that vary by fish species. The data showed that the MFEF had the lowest tensile strength (4.42 N/mm?) among the three
groups, with SHEF (10.69 N/mm?) and SJEF (9.73 N/mm?) the highest. The low tensile strength value of milkfish indicates
a low bond density between protein molecules in the film matrix. According to Ferenczy & Kellermayer (2022) and
Lim et al. (2020), protein composition, particularly the content of hydrophobic and polar amino acids, significantly
influences cross-linking interactions that contribute to the film’s mechanical strength. One-way ANOVA indicated a
significant difference in tensile strength among treatments (p < 0.05).

Table 2. Mechanical Characterization of Edible Film-based Surimi Washing Water.

Tensile Water Young’s
Elongation at Vapour Thickness g Moisture Solubility
Treatments Strength o . modulus o N
(N/mm?) Break (%) Transmission (mm) (MPa) Content (%) (%)
Rate (g/m*h)

MFEF 442 +0.81° 2246+ 1.25* 2597 +0.66 0.17+0.01¢ 19.67+0.91° 12.04 + 0.4* 45.61 +0.91°
SHEF 10.69+1.79¢  33.98+0.98®°  25.01 +0.57° 0.12+0.01° 31.47+1.81°¢ 10.5+0.3" 32.65 + 1.65°
SJEF 9.73 £ 1.40° 3437+£0.51° 26.18 £0.54* 0.11+0.01° 28.30 + 1.34° 10+0.21° 30.05+0.11°

Abbreviations: MFEF = Milkfish Edible Film; SHEF = Snakehead Edible Film; SJEF = Skipjack Tuna Edible Film.

Elongation at break is an indicator of film elasticity. The film from milkfish has a value of 22.46%, lower than SHEF
(33.98%) and SJEF (34.37%) (Table 2). This shows that milkfish film is often fragile. Low flexibility can be overcome by
adding plasticizers such as glycerol or sorbitol to improve polymer chain mobility (Sanyang et al., 2016; Tan et al., 2024).
Previous research on edible fish gelatin showed an increase in elongation of up to 40% with the addition of a plasticizer,
signaling the need for formulation optimization for MFEF (Rahma et al., 2023). One-way ANOVA revealed a significant
difference among treatments (p < 0.05), where MFEF was significantly lower than SHEF and SJEF, as indicated by
different superscript letters in the table.

Based on the WVTR values (Table 2), SHEF (25.01 g/m?-h) produced the most compact film matrix, while MFEF
(25.97 g/m?-h) was slightly more permeable, and SJEF (26.18 g/m?-h) showed the weakest barrier performance. Although
the differences among species are minor, all WVTR values remain much higher than those typically reported for fish-protein
films (<10 g/m*-h) (Athanasopoulou et al., 2024) or polysaccharide films (15-20 g/m?-h) (Olawade et al., 2024). High WVTR
is due to the film’s lower density resulting from the soluble protein composition of Surimi wash water, plus the use of glycerol
as a plasticizer, which enhances the film’s hydrophilic properties (Kaewprachu et al., 2018). One-way ANOVA indicated a
statistically significant difference among treatments (p < 0.05), although the numerical differences were relatively small

Film thickness also affects mechanical properties. The MFEF has a thickness of 0.17 mm, which is larger than that
of SHEF (0.12 mm) and SJEF (0.11 mm) (Table 2). According to Shiku et al. (2005), thicker films tend to have lower
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tensile strength due to uneven stress distribution. However, the thickness can also increase resistance to oxygen and
light diffusion (Ratna et al., 2022). Thus, although milkfish is thicker, its mechanical properties still need to be improved
by regulating protein concentration or using drying techniques. Statistical analysis using one-way ANOVA showed a
significant difference in thickness among treatments (p < 0.05).

Young’s modulus reflects the film’s rigidity. MFEF has a modulus of 19.67 MPa, lower than SHEF (31.47 MPa) and
SJEF (28.30 MPa) (Table 2). This value indicates that milkfish film is more pliable but less rigid. (Hou et al., 2023) showed
that the Young’s modulus related to edible tilapia gelatin film can reach >40 MPa, indicating the presence of repair space.
According to Shah et al. (2023), more controlled drying can increase the polymer matrix density, thereby improving
Young’s modulus. Heating the film-forming solution at approximately 95 °C for 20-30 min may induce partial denaturation
of soluble proteins. However, this condition was intentionally applied to ensure complete agar dissolution, reduction of
microbial load, and homogeneous matrix formation. In protein-polysaccharide film systems, moderate thermal unfolding is
not necessarily detrimental, as it can promote intermolecular interactions and contribute to network stabilization (Bari et al.,
2023). One-way ANOVA indicated a significant difference in Young’s modulus among treatments (p < 0.05)

In addition, the film’s moisture content is 10-12%, with the highest value in MFEF (Table 2). Statistical analysis using
one-way ANOVA indicated a significant difference in moisture content among treatments (p < 0.05). Higher moisture
content is associated with the hydrophilic properties of soluble proteins that dominate the film matrix, thus increasing
softness but also magnifying the risk of mechanical weakness (Liu et al., 2024a). The solubility of the film in water is also
relatively high, with milkfish reaching 45% compared to snakehead and skipjack tuna. A significant difference in solubility
was likewise observed among treatments (p < 0.05). High solubility indicates low cross-linking between protein and
polysaccharide molecules, which affects the film’s weak stability in aqueous environments (Kazemi-Taskooh & Varidi,
2024). These conditions suggest that although the edible film of milkfish is thick, its high humidity and high solubility
make it less stable than that of the other two species.

Compared with other materials, snakehead produces films with the best mechanical performance, particularly in tensile
strength, elongation, and Young’s modulus. At the same time, milkfish is superior only in terms of thickness, but with
disadvantages in high moisture content, solubility, and WVTR. These differences are thought to be closely related to
variations in protein and collagen structure between species, as reported by Liu et al. (2025) The biomacromolecular
composition of fish greatly determines the formation of polymer tissues in edible films. The findings reinforce the research
of Munir et al. (2020) which stated that different fish species can affect the mechanical properties of protein-based films.

From an applicative perspective, the edible film from milkfish Surimi wash water, although mechanically weak, easily
dissolved, and has a high WVTR (weak barrier), is still relevant for use as an additional layer (coating) in dry or semi-dry
food products that do not require strict moisture protection. Advanced formulations are needed to improve their performance,
for example, by adding natural lipids, nanoparticles, or cross-linkers to lower solubility and WVTR. Thus, the use of Surimi
wash water still has excellent prospects as a source of biomacromolecules for environmentally friendly edible films, thereby
supporting waste management in the fisheries industry while strengthening the concept of a circular bioeconomy.

MFEF SHEF SJEF

Figure 1. Edible Films Produced from Surimi Wash Water.

The color value of the edible film shows marked differences among fish species, reflecting variation in the composition
of proteins and soluble pigments in Surimi wash water (Figure 1). MFEF had the lowest L* value (40.33), indicating
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lower brightness and darker colors than those of SHEF (54.33) and SJEF (46.33). A positive a* value in MFEF (4.67)
indicates a reddish tendency. At the same time, SHEF and SJEF had a negative a* value, indicating a greenish bias that
is common in fish protein-based films with low pigment content. The highest b* value in MFEF (27.67) means a more
dominant yellowish color, possibly related to the presence of chromophore compounds from the soluble protein fraction
and minor lipids. This variation is consistent with the findings of Masirah et al. (2024), which stated that differences in
biomacromolecular and pigment composition between fish species directly affect the color parameters of edible films,
including brightness and chromatic intensity.

3.3 Bacterial inhibition activity

The inhibition test results showed that the edible films from the Surimi washing waters of milkfish, skipjack tuna, and
snakehead did not produce a significant barrier zone against E. coli. The inhibition zone diameter of the entire sample
is 0-0.005 mm, equivalent to the control disc diameter (6.0 mm), indicating that the resulting film has no significant
antibacterial activity. This can be explained by the edible film formulation used, which consists only of protein fractions from
Surimi, agar, and glycerol, without the addition of antimicrobial bioactive compounds such as essential oils, organic acids,
or phenolic extracts. These findings are in line with research Munir et al. (2020), which stated that protein-polysaccharide
films are generally microbiologically neutral unless fortified with antimicrobial agents.

The characteristics of proteins in Surimi wash water can also influence the absence of inhibiting activity. Significant
protein fractions, such as myosin, actinin, and albumin, detected through Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE), play a more critical role in film tissue formation and mechanical strength than bioactive
functions (Liu et al., 2024b). Although some fish bioactive peptides are reported to have antibacterial activity, generally,
they need to be produced through enzymatic hydrolysis to produce peptides of a specific chain length (Kang et al., 2023).
Seeing that the film in this study did not undergo protein hydrolysis, it could be noted active antimicrobial compounds that
inhibit £. coli growth were not formed. Future enhancement of antimicrobial functionality would most plausibly involve
protein hydrolysis or incorporation of natural bioactive extracts, as these approaches directly target bioactive peptide
formation rather than structural modification of the film matrix.

Appropriately, these results indicate that edible film from Surimi wash water is more suitable for passive packaging,
with advantages in mechanical properties and barrier, but does not yet function as an active antibacterial packaging. To
increase antimicrobial potential, a strategy that can be taken is to add natural bioactive compounds, such as essential oils
from cinnamon or cloves (Huerta Lorenzo et al., 2024), phenolic compounds of green tea (Siriphap et al., 2022), or utilize
antimicrobial peptides from the hydrolysis of fish protein (Okella et al., 2024). With this approach, edible films can be
upgraded to active packaging that is not only environmentally friendly but also contributes to food safety.

4 Conclusion

This study concluded that Surimi wash water from milkfish, snakehead, and skipjack tuna is suitable as a raw material
for edible film because it still contains essential biomacromolecules, is within the safe limits of heavy metals, and meets
basic microbiology standards, thus answering the purpose of the study to evaluate its characteristics as a natural polymer
source. The edible film produced showed different performance between species: snakehead produced film with the best
mechanical properties, including the highest tensile strength, elongation, and Young’s modulus; skipjack tuna was in the
intermediate category; while milkfish produced films with the weakest mechanical properties, the highest moisture content
and solubility, and the largest WVTR which indicated a less than optimal water vapor barrier ability. However, the entire
film showed no antimicrobial activity against E. coli, consistent with the formulation’s lack of bioactive compounds.
Overall, Surimi wash water-based edible films are promising, but optimization is needed to lower WVTR and strengthen
the matrix. The most feasible levers are wash-water concentration, matrix crosslinking, and lipid incorporation to improve
moisture barrier performance.

Data Availability Statement

All data generated or analyzed in this study are included in this published article.
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