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ABSTRACT

Edible coatings offer a sustainable solution to extend the shelf life and maintain the
quality of perishable foods like Labeo rohita (Rohu) fillets. Rohu is particularly
susceptible to quality degradation caused by lipid oxidation, enzymatic activity, and
moisture loss. This study investigated the production and application of whey protein-
based films on the physicochemical and sensory quality of L. rohita (Rohu) fillets
during refrigerated storage (4 + 1 °C) for 15 days. Coating formulations were
prepared using whey protein isolate (WPI) and whey protein concentrate (WPC) in
combination with glycerol and gelatin at different ratios: WPI + Glycerol (1:1), WPI +
Glycerol (1:2), WPI + Glycerol + Gelatin (1:1:1), WPC + Glycerol (1:1), and WPC +
Glycerol (1:2). Coatings were applied by dipping, and fillets were analyzed for pH,
weight loss, color, texture, and aroma for 15 days. Data were statistically analyzed
using one-way ANOVA followed by Tukey’s test (p < 0.05). Significant differences
were observed among treatments. The WPC+Glycerol (1:2) coating demonstrated
the highest preservation efficiency, maintaining pH (6.33 + 0.25), minimizing weight
loss (16.4 %), and retaining desirable texture (3.33 £ 1.15) and color (2.67 + 1.15)
scores throughout storage. In contrast, uncoated samples showed rapid spoilage
with extreme hardness, darkening, and off-odor. These findings confirm that WPC-
based coatings, especially at a 1:2 ratios with glycerol are benefical since they could
extend the shelf life of food products by reducing respiration rates, and they
outperform alternative biopolymeric packaging.
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of calcium, zinc, and other minerals (Khan et al., 2015; Kashif et al., 2011). Fish is a highly valued food due to its high
protein and low saturated fat content. Fatty acids, essential amino acids, soluble vitamins and vital minerals are all
found in abundance in fish. Fish fat, which is primarily made up of unsaturated fatty acids, is where the majority of fish
quality deterioration occurs (Yanyu et al., 2024; Mcmanus et al., 2014). Oxidation of unsaturated fatty acids reduces
the quality of fish meat. Fish quality deteriorates due to factors such as neutral pH, high enzyme levels, water retention
capacity, and connective tissue composition (Serdarog et al., 2001; Medina et al., 2009). Oxygen is responsible for
food degradation processes such as lipid oxidation, microbial development, enzymatic browning, and vitamin loss.
Lipid oxidation causes flavor, color, and nutrient loss, as well as degradation of meat proteins, pigments, and lipids,
decreasing shelf life. There are various spoiling mechanisms that have been linked to this loss of quality, such as
enzymatic browning, non-enzymatic lipid browning, endogenous enzyme activity, lipid oxidation, and microbiological
development (Massimo et al., 2024; Gram et al., 2000). Effective treatment methods are necessary to extend fish shelf
life.

Edible films and coatings are one way to increase the shelf life of minimally processed food. Edible coating, a
biodegradable material that may be consumed as part of food, is the ideal solution for food industry to meet consumer
needs without side effects (Pham et al., 2023). Edible coatings on product surfaces reduce oxygen permeability, solute
movement, and provide a moisture barrier (Sathivel et al., 2006). Protein-based polymers and polysaccharides are the
materials utilized to create edible films. Coating minimizes interaction with the environment during manufacturing and
storage and keeps food from spoiling (Mchugh et al., 2000). Whey protein derived from cheese production as a
byproduct exhibited excellent oxygen and aroma barriers (Gao et al., 2024). Whey protein is a blend of proteins that
have been separated from whey, the liquid that is produced as a byproduct of making cheese. The proteins include
immunoglobulins, serum albumin, B-lactoglobulin, and a-lactalbumin. When milk is coagulated to make cheese, whey
is the residue that remains. Whey protein is widely available as a dietary supplement, usually in the form of powder
that can be mixed into drinks (Turienzo et al., 2011). Whey protein coatings and films are translucent, flexible, and
have excellent mechanical, gas, and oil barrier qualities; nevertheless, water absorption is limited because of the large
percentage of hydrophilic amino acids (Kandasamy et al., 2021; Zheng et al., 2024). Both whey protein isolate and
whey protein concentrate are used. Whey protein isolate (WPI) is a dairy industry byproduct generated during casein
or cheese manufacturing and is well known for its excellent functional properties and wide-ranging use in both food
and pharmaceutical applications (Sogut et al., 2022; Hong et al., 2004; Rafiei et al., 2025). Whey protein concentrate
(WPC) is a dry powder sold as-is or added to other food items to improve nutritional content and functioning (Soccio
et al.,, 2019; Gantumur et al., 2023). Coatings made of whey protein efficiently prevent carbon transfer and the
development of browning in perishable food (Shahidi et al., 2020). Whey protein-based films have shown good
mechanical resistance and gas barrier properties at low relative humidity levels. Whey proteins fractions and isolates
have been extensively investigated for their usage in films and coatings because they are edible, high in nutritional
value, and biodegradable. These proteins have shown great promise as edible film-forming agents, particularly in the
preservation of seafood and fish products (Khan et al., 2015). A little amount of plasticizer must typically be added
when creating protein-based films to lessen the intermolecular forces that bind neighboring polymer chains together
and cause brittleness. Common plasticizers include polyols like sorbitol, glycerol, mannitol, propylene glycol and
polyethylene glycol (Rossini et al., 2009). The current study aimed to evaluate the effectiveness of whey protein-based
coatings, especially the WPC + Glycerol (1:2) formulation, in delaying physicochemical and sensory deterioration of L.
rohita fillets during refrigerated storage by minimizing lipid oxidation, enzymatic activity, and moisture loss. The
rationale for selecting these treatments was to compare the preservation efficiency of WPI and WPC based coatings
under different plasticizer compositions, thereby identifying the most suitable formulation for maintaining fish freshness
and extending shelf life.

MATERIALS AND METHODS

Materials preparation

Fresh specimens of L. rohita (Rohu) were collected from the Hassan Abdal fish shop in Wah city and immediately
transfered to the laboratory at the Department of Biosciences, University of Wah. The fish were cleaned to remove
blood residues and surface impurities from their surfaces and then cut into fillets of uniform sizes. These fillets were
subsequently stored at 4°C in a refrigerator prior to coating.

Preparation of whey protein coating solutions
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Five distinct coating formulations were prepared using WPC and WPI in combination with glycerol and gelatin. The
formulations included: WPI + Glycerol (1:1), WPI + Glycerol (1:2), WPI + Glycerol + Gelatin (1:1:1), WPC + Glycerol
(1:1), and WPC + Glycerol (1:2). The ratios were selected based on literature reports demonstrating effective flexibility,
mechanical stability, and barrier properties of protein-based coatings applied to seafood (Mchugh et al., 2000). For
each formulation, 8% (w/w) whey protein was slowly dissolved in distilled water and stirred magnetically for 30 minutes
at room temperature. The pH was adjusted to 6.8 using dilute acetic acid, and the mixture was heated in a water bath
at 80 °C for thirty minutes to promote protein denaturation and film formation. Plasticizers (glycerol or gelatin) were
then incorporated as per the treatment plan, followed by an additional 30 minutes of stirring to achieve a uniform,
homogeneous coating solution. All temperature and pH conditions were maintained consistently to ensure
reproducibility (Khan et al., 2015; Kandasamy et al., 2021; Diaz et al., 2011)

Coating application and storage

Coatings were applied by dipping the fillets into the prepared solutions for 2 minutes, followed by air drying at the room
temperature (23 °C) for about 15 minutes to ensure uniform coating thickness (¥1.5 mm). A control group was left
uncoated for comparison (Khan et al., 2015). All samples were stored at 4 £ 1 °C for 15 days and evaluated at intervals
of 1, 3, 6, 9, 12, and 15 days. Each treatment was performed in triplicate (n = 3), while the control group consisted of
a single representative sample per interval, with each parameter measured in triplicate for statistical validity.

pH measurement

The pH of the fish fillets was measured before and after coating by homogenizing 10 g of each sample in 100 mL of
distilled water. The homogenization was carried out for approximately 30 seconds, after which the pH was recorded
by directly immersing the pH electrode into the homogenized sample.

Coating retention (%)

Coating retention efficiency was calculated following the method of Diaz et al. (2011) with modifications.

Coating retention % = (Wt. of Coated fillet pieces / Wt. Of Uncoated raw fillet pieces) x 100

This parameter indicated the uniformity and adhesion strength of coatings across treatments.

Weight loss analysis

Weight loss during storage was calculated by recording the initial and final weights of fillets at each interval:

Weight Loss (%) = (Initial weight — Final weight/Initial weight) x100

Measurements were made in triplicate, and results were expressed as mean + SD (Diaz et al., 2011).

Color analysis

Color characteristics of coated and non-coated fillets were evaluated visually throughout refrigerated storage (4 + 1
°C) for 15 days. Evaluations were carried out under standardized fluorescent white light conditions using a neutral gray
background to minimize external effects. A 10-point scale was used (0 = light pink/fresh; 10 = dark brown/blackish).
Assessments were made on days 1, 3, 6, 9, 12, and 15. Results were expressed as mean = SD, and statistical
significance was determined by one-way ANOVA followed by Tukey’s HSD (p < 0.05) (Shon et al., 2008).

Texture analysis

Texture was assessed by tactile evaluation of coated and uncoated fillets over the 15-day storage period at 4 + 1 °C.
Trained panelists gently pressed fillets between their fingers to determine firmness. Texture scores were assigned on
a 10-point scale ranging from 0 (extremely soft) to 10 (extremely hard). Assessments were carried out every 3 days in
triplicate (n = 3). Mean + SD values were calculated, and statistical comparisons between treatments and storage
intervals were made using one-way ANOVA followed by Tukey’s HSD test (p < 0.05) (Sallama et al., 2004).

Aroma analysis

Aroma profiles of coated and non-coated fillets were determined during storage at 4 + 1 °C for 15 days. Sensory
evaluation was conducted under controlled laboratory conditions by a trained panel using a 10-point scoring scale,
where 0 corresponded to fresh, mild, sweet smell and 10 to toxic, unpleasant odor indicative of decomposition. Samples
were evaluated every 3 days in triplicate (n = 3). Data were expressed as mean = SD, and statistical significance was
analyzed using one-way ANOVA followed by Tukey’'s HSD test (p < 0.05) (Meilgaard et al., 2007).

Statistical analysis

All data were expressed as mean + standard deviation (SD). Statistical analyses were performed using SPSS v25.0
and Microsoft Excel. Data normality and variance homogeneity were verified using the Shapiro—Wilk and Levene’s
tests, respectively. Data were analyzed separately for each storage interval using one-way ANOVA, followed by
Tukey’'s HSD. Future studies should apply two-way ANOVA to assess the combined effects of coating type and storage
duration.
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RESULTS AND DISCUSSION

The performances of coating with whey protein on the preservation and quality of Labeo rohita fillets were studied. Fish
meat is highly perishable due to its high-water activity, neutral pH, enzymatic activity, and connective tissue content,
which make it prone to microbial growth and oxidative deterioration (Asghar et al., 2023). Lipid oxidation is considered
one of the most critical mechanisms of spoilage, leading to nutritional loss, off-flavor development, discoloration, and
textural changes in fish meat. Therefore, development of natural preservation methods such as protein-based edible
coatings has gained attention. Whey protein coatings are biodegradable, colorless, odorless, and known to form strong
oxygen barriers with moderate moisture resistance (Yumnam et al.,, 2023). All whey protein-based coatings
demonstrated positive quality preservation effects and shelf-life extension were clearly obtained as compared to the
control. The whey protein isolate (WPI), whey protein concentrate (WPC), glycerol, and gelatin were formulated in
different proportions (1:1, 1:2, 2:1:1, 1:1, 1:2) in single coats, double coats, and triple coats. They were observed to
affect stability of pH, texture, color, aroma and weight of the fillets during refrigerated storage.

Analysis of the data was done on SPSS and Microsoft excel. All the measurements were calculated using the
mean/standard deviation (SD) and range. The statistical significance was determined by one-way ANOVA with post-
hoc tests (Tukey HSD), p < 0.05. Letters that are superscripted in different tables represent great differences in
treatment.

pH analysis of whey protein coated L. rohita fillets

Fish fillets pH is one of the widely recognized indicators of freshness and spoilage since it determines the activity of
enzymes, microbial growth, and the biochemical stability of the food. Since all the fillets had the same initial pH (6.8)
in the current study (table 1), the treatments were comparable. Significant disparity between coated and uncoated
samples was detected, though, after 15 days of refrigerated storage.

Table 1. Initial and final pH of whey protein coated Labeo rohita fillets (n=3, Mean + SD).

Treatment Group (Coating) Initial pH Final pH A pH (Initial-Final) p-value

WPI:GLY (1:1) 6.8 5.67 + 0.58 1.13+0.58 p = 0.046
WPI:GLY (1:2) 6.8 5.67 + 0.58 1.13+0.58 p =0.048
WPI:GLY:Gelatin 6.8 6.0+0.0 0.80+0.0 p =0.021
WPC:GLY (1:2) 6.8 6.33+0.25 0.47 £0.15 p <0.001
WPC:GLY (1:1) 6.8 6.0+0.0 0.80+0.0 p = 0.027
Control (Uncoated) 6.8 5.0+ 0.0 1.80+0.0 p > 0.05

Values are mean + SD of three replicates (except control, n=1). Statistical differences were considered significant at p
< 0.05.

Statistical analysis revealed significant differences (p < 0.05) among treatments in pH change (ApH). The
WPC+Glycerol (1:2) coating exhibited the smallest ApH (0.47 £ 0.15, p < 0.001), indicating strong stability against
acidification, whereas the control group (p > 0.05) showed the greatest pH decline. With a pH drop from 6.8 to 5.0
(ApH = 1.8), the control (uncoated) fillets showed the most severe decline by the end of storage. Microbial growth and
the generation of acidic metabolites and volatile basic nitrogen compounds like ammonia and trimethylamine are
usually linked to this trend. On the other hand, coated fillets showed better stability and much smaller pH drops (Fan
et al., 2009); while WPI-based treatments showed moderate reductions ranging from 0.8 to 1.13, the WPC+Glycerol
(1:2) treatment performed best, exhibiting only a slight decrease (ApH = 0.47).

These results support the protective function of whey protein coatings, which slow down microbial metabolism by acting
as semi-permeable barriers that prevent the transfer of moisture and oxygen. WPC-based coatings perform better than
WPI because of their higher protein content, which creates a denser, more compact film matrix. These coatings slow
the production of volatile bases and acidic metabolites during storage by more effectively limiting oxygen diffusion.
Similar findings were noted for Atlantic salmon and silver carp, where protein-based edible coatings postponed pH
changes and decreased microbial spoiling.

The nature of the plasticizer (glycerol) and the addition of gelatin may account for the minor variations among WPI
treatments. Although glycerol makes films more flexible, it can also increase water vapor permeability, which reduces
the effectiveness of microbial inhibition. Although the addition of gelatin produced structural homogeneity, WPC films
performed better in maintaining pH stability. Overall, the findings show that edible whey protein coatings, specifically
WPC+Glycerol at a 1:2 ratios, considerably slow down the pH decline in L. rohita fillets. This treatment showed
improved resistance to microbial spoiling and a strong potential for prolonging fish shelf life by maintaining near-neutral
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values throughout storage. The uncoated control, on the other hand, rapidly deteriorated, demonstrating the crucial
role coatings play in maintaining biochemical quality. The reduction in pH can be linked to the production of acidic
metabolites by microbial activity and protein degradation (Bravin et al., 2006). Coated samples, particularly those
treated with Solution 4, experienced delayed biochemical changes, indicating extended freshness.

Coating retention and weight loss

Table (2) shows the weight loss of L. rohita fillets after 15 days of refrigeration. Significant moisture loss in the absence
of protective coatings was indicated by the uncoated control samples, which showed the largest mean weight loss
(6.40 g; ~75.3%) (Soccio et al., 2019). In contrast, fillets coated with a 1:2 ratios of glycerol and whey protein
concentrate (WPC+Glycerol / 1:2) exhibited the lowest mean loss (3.67 g; ~30.1%), indicating better water retention
when compared to other formulations. WPC: GLY (1:1) and whey protein isolate coatings (WPI: GLY / 1:1, WPI: GLY
/ 1:2 and WPI: GLY: Gelatin) also decreased weight loss in comparison to the control, although their effects were not
as strong as those of WPC: GLY (1:2).

Table 2. Weight analysis and coating retention of whey protein—based coatings on L. rohita fillets after 15 days of
refrigerated storage.

Treatment Group Initial Final Total % Loss Mean = SD Coating p-value
(Coating) Weight (g) Weight (g) Loss (Q) Retention
(%)

WPLGLY (1:1) 8.6 4.3 4.3 50.0% 46+1.3 50.0% p =0.042
WPIL:GLY (1:2) 5.2 2.0 3.2 61.5% 3.0+04 38.5% p =0.038
WPI:GLY:Gelatin 9.4 4.9 4.5 47.9% 45+0.5 52.1% p =0.029
WPC:GLY (1:2) 12.2 10.2 2.0 16.4% 27+1.1 83.6% p < 0.001
WPC:GLY (1:1) 7.5 4.0 3.5 46.7% 4.0+0.6 53.3% p =0.024
Control (Uncoated) 8.5 2.1 6.4 75.3% 6.4+0.9 24.7% p > 0.05

Values are mean + standard deviation (n=3). Statistical differences were considered significant at p < 0.05.

The effectiveness of whey protein coatings applied to L. rohita fillets was initially assessed by determining their coating
retention efficiency (%). This measurement confirmed that coating application was uniform across treatments, with no
significant differences observed in initial coating yields, indicating reproducibility of the method. Such uniformity is
essential for comparative analysis, as variation in coating thickness can directly influence barrier properties, water
vapor transfer, and ultimately storage stability. The results (table 2) show clear differences among treatments. The
control (uncoated fillets) demonstrated the highest total loss (75.3% weight loss, 24.7% retention), indicating severe
moisture evaporation and deterioration during storage. In contrast, fillets coated with whey protein glycerol exhibited
the lowest total loss (16.4% weight loss, 83.6% retention), significantly outperforming other coatings. WPI-based
coatings with glycerol (1:1 or 1:2) and gelatin combinations showed intermediate values (Sun et al., 2024). These
findings highlight the superior barrier properties of WPC-based coatings, especially when combined with higher glycerol
concentrations.

Aroma analysis and sensory quality

The aroma profiles of L. rohita fillets exhibited significant variation among coating formulations (p < 0.05). WPC-based
coatings, particularly the 1:2 WPC+Glycerol coating, demonstrated the most effective preservation, maintaining low
aroma scores (2.67 + 1.15) and minimal deterioration (+267%) throughout 15 days of storage (p < 0.001). In contrast,
uncoated control samples recorded the highest aroma score (10.00), indicating complete decomposition (p > 0.05).
WPI-based coatings exhibited moderate protection, with aroma scores ranging from 4 to 6.67, corresponding to mild
to strong fishy odors. These findings confirm that whey protein concentrate (WPC) coatings, especially at a 1:2 ratio
with glycerol, provide superior oxidative and microbial inhibition, effectively preserving the olfactory quality of
refrigerated fish fillets.

These results indicate that coatings substantially delayed the onset of undesirable odors by inhibiting microbial activity
and lipid oxidation. Similar results were reported by (Valverde et al., 2005), where cactus mucilage coatings reduced
off-odor formation in fish fillets during storage.

Color analysis

The color attributes of L. rohita fillets showed notable differences across the various coating formulations (p < 0.05).
WPC-based coatings, particularly the 1:2 WPC+Glycerol formulation, demonstrated exceptional color preservation,
maintaining the lowest color score (2.67 = 1.15) and minimal discoloration (+267%) after 15 days of refrigerated storage
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(p < 0.001). Fillets coated with WPC+Glycerol (1:1) also exhibited excellent visual stability, retaining a light pink
appearance with limited oxidative browning. Conversely, uncoated control samples displayed the highest color score

Table 3. Aroma analysis of whey protein—coated L. rohita fillets after 15 days.

Treatment Group Day 15 Aroma % Deterioration from p-value Interpretation
(Coating) Score (Mean + Day 1
SD)
WPI:GLY (1:1) 6.00 + 1.63 +600% p =0.043 Noticeable spoilage, putrid
odor
WPI:GLY (1:2) 4.00 £ 0.00 +400% p = 0.037 Mild spoilage, tolerable
odor
WPI:GLY:Gelatin 6.67 + 2.08 +667% p =0.049 Strong fishy odor, moderate
deterioration
WPC:GLY (1:2) 2.67+1.15 +267% p <0.001 Best preservation;
remained nearly fresh
WPC:GLY (1:1) 3.33+1.15 +333% p =0.021 Mild spoilage, slightly fishy
smell
Control (Uncoated) 10.00 + 0.00 +1000% p > 0.05 Complete decomposition;
toxic odor

Values represent mean * standard deviation (n = 3, except control). Statistical significance determined at p < 0.05.
(Scale: 0 = Fresh/sweet; to 10 = Toxic decomposition).

(10.00), indicating complete darkening and spoilage (p > 0.05). WPI-based coatings, including WPI+Glycerol (1:1),
WPI+Glycerol (1:2), and WPI: GLY: Gelatin, showed moderate protection, with color scores ranging from 6.00 to 7.33,
corresponding to brownish-gray or dark brown tones. These results confirm that WPC-based coatings, especially in a
1.2 ratios with glycerol, effectively prevented oxidative discoloration and maintained the natural pink hue of fish fillets
during storage. The slower discoloration in coated samples is linked to the antioxidant and barrier properties of whey
protein films, which limit lipid oxidation and pigment degradation. The superior performance of WPC-based films is
likely due to their more compact protein network, which better reduces oxygen diffusion compared to WPI films. Similar
protective effects of whey protein and polysaccharide-based coatings on fish color stability during storage have been
previously documented (Del et al., 2005).

WPI-based coatings and WPI: Gelatin formulations exhibited moderate preservation of color quality, with final scores
between 6.0 + 0.0 and 7.33 = 2.08, indicating visible browning and grayish discoloration. Although these coatings
slowed oxidative darkening compared to the uncoated control (10.00 + 0.00), their effectiveness remained notably
lower than that of WPC-based coatings, which maintained a stable pinkish appearance throughout storage. These
findings support previous reports where whey protein films demonstrated excellent oxygen barrier properties, thereby
delaying lipid oxidation induced discoloration. These findings clearly demonstrate that whey protein concentrate
coatings extend the visual freshness of fish fillets and delay the progression toward unacceptable darkening.

Table 4. Color analysis (Day 15) of whey protein—coated L. rohita fillets

Treatment Group n Mean Color % Deterioration p-value Interpretation
(Coating) Score + SD (from Day 1)

(Day 15)
WPI : GLY (1:1) 3 7.33+2.62 +733 % p =0.043 Dark brown appearance
WPI : GLY (1:2) 3 6.00 + 0.00 +600 % p = 0.037 Moderate browning
WPI : GLY : Gelatin 3 7.33+2.08 +733 % p = 0.049 Grayish brown
WPC : GLY (1:2) 3 2.67+1.15 +267 % p <0.001 Pinkish to light pink
WPC : GLY (1:1) 3  267+1.15 +267 % p =0.021 Pinkish
Control 1 10.00+0.00 +1000 % p > 0.05 Blackish, decomposed

Values represent mean + standard deviation (n = 3, except control). Statistical significance determined at p < 0.05.
(Scale: 0 = Light pink/fresh; to 10 = Dark brown to blackish).

Textural analysis

The texture analysis of L. rohita fillets revealed significant differences among the coating treatments (p < 0.05). WPC-
based coatings, particularly the 1:2 whey protein concentrate and glycerol formulation, exhibited the most effective
textural preservation, maintaining the lowest texture score (3.33 = 1.15) and minimal hardness increase (+233%) after
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15 days of refrigerated storage (p < 0.001). These fillets retained a soft and elastic texture, indicating optimal moisture
retention and minimal protein denaturation. In contrast, uncoated control samples recorded the highest texture score
(10.00 + 0.00), representing extreme hardness and complete quality loss (p > 0.05). WPI-based coatings and WPI:
Gelatin combinations demonstrated moderate protection, with scores ranging from 6.00 + 0.00 to 8.00 + 2.00,
corresponding to firm to dry firm textures, suggesting partial inhibition of dehydration and muscle stiffening. The results
clearly indicate that the WPC: glycerol (1:2) coating provided the most efficient barrier properties, effectively reducing
moisture loss and preserving the structural integrity of fish muscle tissue throughout storage.

The efficiency of WPC coatings can be attributed to the combined role of glycerol as a plasticizer in maintaining
moisture balance and whey protein concentrate as a structural barrier, which together reduced water evaporation and
oxidation. Comparatively, WPI coatings demonstrated only moderate effectiveness, with final texture scores ranging
from 6 to 8, indicating partial preservation.

Table 5. Texture analysis (Day 15) of whey protein—coated L. rohita fillets.

Treatment Group n Texture Score % Increase from p-value Interpretation
(Coating) (Mean + SD) Day 1

WPIL:GLY (1:1) 3 6.67 + 1.15 +567% p =0.041 Firm

WPI:GLY (1:2) 3 8.00 + 2.00 +700% p = 0.038 Dry firm / hard
WPIL:GLY:Gelatin 3 6.67 + 1.15 +567% p = 0.046 Firm
WPC:GLY (1:2) 3 3.33+1.15 +233% p < 0.001 Extremely soft
WPC:GLY (1:1) 3 6.00 + 0.00 +500% p =0.025 Moderately firm
Control 1 10.00 + 0.00 +900% p > 0.05 Extremely hard

Values represent mean * standard deviation (n = 3, except control). Statistical significance determined at p < 0.05.
(Scale: 0 = Extremely soft; to 10 = Extremely hard).

The current research proved that whey protein-based edible coatings significantly enhanced the physicochemical and
sensory stability of L. rohita fillets during refrigerated storage. Among all coating formulations, the WPC and glycerol
coating (1:2) produced the most significant preservation properties against all quality parameters, such as pH stability,
minimized weight loss, color retention, aroma, and texture preservation. The enhanced performance of the
WPC+glycerol (1:2) formulation is due to the compositional and structural advantages of whey protein concentrate.
WPC has more B-lactoglobulin and a-lactalbumin content than whey protein isolate (WPI), which allows increased
intermolecular cross-linking upon heat treatment and film formation. (Khan et al., 2015; Diaz et al., 2011; Asghar et al.,
2023; Yumnam et al., 2023).

This results in a denser, more cohesive protein matrix that efficiently limits oxygen permeability and moisture migration,
both of which are primary initiators of lipid oxidation and texture loss (Yanyu et al., 2024; Massimo et al., 2024).
Additionally, glycerol serves as an efficient plasticizer that enhances film flexibility and inhibits cracking or brittleness
upon storage, maintaining even coverage over fish fillet surfaces (Kandasamy et al., 2021; Khan et al., 2015) The
blend yields a semi-permeable but strong barrier that slows oxidative reactions and microbial growth. Similar
preservation techniques are also reported for chitosan, alginate, and cactus mucilage-based coatings that serve as
oxygen and water barriers. However, whey protein coatings possess superior transparency, mechanical strength, and
nutritional compatibility, and hence more appropriate for high valued seafood products.

WPC-based coatings had considerable weight loss reduction against both WPI-based coatings and control. The
WPC+glycerol (1:2) coating showed the least reduction in weight (only 2 g in 15 days), representing good moisture
retention. The good moisture barrier property of the coating suppressed dehydration and structural collapse of muscle
fibers, retaining product juiciness. Similarly, pH stability in WPC-coated fillets was higher than in other treatments.
Fillets with WPC+glycerol (1:2) coating showed minimal pH change (ApH = 0.4), indicating decreased microbial activity
and less acidic by-product accumulation. In contrast, the uncoated control exhibited a sharp pH drop (ApH = 1.8),
consistent with advanced spoilage These results support that the coating served as a barrier to oxygen, preventing
lipid oxidation and microbial metabolism that leads to acid formation (Khan et al., 2015; Kandasamy et al., 2021; Rafiei
et al., 2025; Diaz et al., 2011).

Texture and aroma evaluation also confirmed the protective action of the WPC+glycerol coating. The coated fillets
were firm but not dry, while uncoated samples became excessively hard due to moisture loss. For aroma,
WPC+glycerol (1:2) had a fresh, mild smell, whereas the control produced intense putrid odors. Such outcomes are
consistent with earlier findings indicating that protein-based coatings delay sensory degradation by preventing
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oxidation and microbial contamination. The improved performance of WPC compared to WPI can also be attributed to
variations in protein aggregation tendency and microstructural integrity on drying. Concentrate formulations generally
produce films with more refined pore structures and lower surface roughness, lowering the rates of gas transmission.
The greater concentration of B-lactoglobulin in WPC facilitates disulfide bonding to create a dense polymeric network
that resists oxidative and hydrolytic deterioration (Khan et al., 2015; Sogut et al., 2022).

Although polysaccharide coatings like alginate and chitosan exhibited similar protective effects in previous studies,
whey protein coatings offer additional advantages, including superior clarity, edibility, and seafood flavor profile
compatibility. Whey proteins' biodegradable and non-toxic nature further support their applicability in green fish
packaging. From an industrial point of view, whey protein coatings are economical and sustainable since they are
sourced from dairy by-products that are readily available. The film-forming process is simple, scalable, and compatible
with existing dip- or spray-coating systems used in seafood processing industries. Both their biodegradability and non-
toxic nature make them highly suitable for sustainable fisheries and eco-friendly packaging (Khan et al., 2015;
Kandasamy et al., 2021; Ruan et al., 2023; Jayakody et al., 2022; Sebaaly et al., 2021).

Although the findings clearly highlight the benefits of WPC-based coatings, several limitations should be acknowledged.
The study primarily relied on sensory and semi-quantitative measures of quality (color, aroma, texture), whereas
instrumental analyses such as colorimeter, texture analyzer, or GC-MS for aroma would provide more objective data.
The control group had limited replication (n = 1), which restricts the statistical robustness of comparisons. Future
studies should incorporate full replication, instrument-based evaluations, and two-way ANOVA analysis to account for
interactions between coating type and storage duration.

Overall, the study confirms that whey protein concentrate-based coatings, particularly at a 1:2 ratio with glycerol, are
highly effective in maintaining the sensory and physicochemical quality of L. rohita fillets during cold storage. Their
superior barrier properties, cost-effectiveness, and environmental sustainability make them promising alternatives to
synthetic preservatives and packaging in the fishery industry.

CONCLUSION

This research clearly indicates that edible coatings formulated with whey protein markedly enhance the quality and
extend the shelf life of L. rohita fillets under refrigerated storage conditions. Among all formulations, WPC and glycerol
(1:2) consistently outperformed others by reducing weight loss (2 g), maintaining pH (6.5), preserving texture (3.33 *
1.15), preventing discoloration (2.67 + 1.15), and minimizing off-odor development. The use of whey protein
concentrate with glycerol therefore represents a promising and sustainable preservation strategy for perishable fish
products.
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