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Introduction

Shrimp represent the most widely traded product among crustaceans and seafood, primarily due to their
appealing flavor and high nutritional value. In 2022, global marine capture fisheries produced 80 million
tonnes of aquatic animals, maintaining their position as the principal source of global aquatic animal
production, accounting for 43% (FAO, 2024). A considerable amount of waste is produced, contributing to
severe environmental problems; this is an issue that needs to be addressed, as these discards have no direct
application (Liebana et al., 2025). The dual problem of environmental issues and the less profitable
applications for byproducts and waste arising from fish processing industries emphasize the need to
achieve valorization from fish processing waste while contributing to a more sustainable fish industry.
Protein hydrolysates are produced by breaking peptide bonds in food proteins, generating peptides of
varying molecular weights. These hydrolysates are widely used in animal feed, food products,
pharmaceuticals, and cosmetics (Dayakar et al., 2025). Enzymatic hydrolysis is particularly advantageous,
as it produces hydrolysates with distinct properties depending on the specific peptide bonds cleaved.
Recycling of food processing waste is an important industrial method to obtain high-value-added protein
sources (Shahidi and Saeid, 2025). During industrial processing, this species generates substantial waste,
primarily consisting of cephalothoraxes, which represent 40—-60% of the total biomass. The valorization of
this underutilized waste is essential to mitigate its environmental impact and recover its rich nutrient
content (Pereira et al., 2022). The aim of this study was to improve an efficient and environmentally
friendly enzymatic process for protein extraction from banana shrimp waste.

Methodology

Head and skin sections of banana shrimp (F. merguiensis) were freshly obtained from Ahrar processing
centers in Bushehr province. They were then transported to the laboratory on ice in a foam, cleaned, and

frozen at -20°C until use. Before preparing the hydrolyzed protein, the samples were transferred to a
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refrigerator at 4°C. Optimization of enzymatic hydrolysis conditions to maximize the degree of hydrolysis
and amount of hydrolyzed protein from banana shrimp head and skin waste, separately, was carried out
using response surface methodology (RSM) according to Box-Behnken design. The hydrolysis conditions
were determined as follows: time (5, 10, 15 min), pH (6.5, 7.5, 8.5), cold plasma (50, 60, 70 V) and
enzyme/substrate ratio (0.5, 1, 1.5%). Three experimental replicates of each case were performed, and
mean values have been expressed for the experimental responses. The experimental studies were
optimized to minimize unexpected variability effects in the observed responses. The 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) radicals scavenging, activity was assayed. The ability of fractions to
reduce iron was measured. Inhibition zone of bacterial strains was measured according to disk diffusion
test. The optimization tests were analyzed using experimental design modules BBD from the RSM. The
same software was used to analyze data obtained through RSM to determine the optimized condition.
Results

The results showed that the maximum degree of hydrolysis of shrimp head and skin was 57.47 and
60.11%, respectively, in the treatment time of 15 min, cold plasma of 60 volts, enzyme concentration to
substrate of 1.5% and pH = 8.5. The degree of hydrolysis and amount of hydrolyzed protein from shrimp
skin waste were higher than from shrimp head part. The maximum amount of hydrolyzed protein of
shrimp head and skin was 3.01 and 3.26%, respectively. The coefficient of determination Raq? for the
degree of hydrolysis of head, degree of hydrolysis of skin, hydrolyzed protein of head and hydrolyzed
protein of skin were 0.9786, 0.9330, 0.9130 and 0.9482, respectively. The effect of the independent
variable pH on the amount of hydrolyzed protein and degree of hydrolysis of shrimp head and skin was
more effective than other factors. Both hydrolyzed proteins from shrimp head and skin showed good
antioxidant and antimicrobial functional properties. From the examination of Table 3, it is clear that the
linear effect of pH, enzyme to substrate, cold plasma, time and the interaction effect of pH-enzyme to
substrate, pH-cold plasma, enzyme to substrate-cold plasma, cold plasma-time and also the quadratic
effect of pH-enzyme had a significant effect (p<0.05) on the degree of hydrolysis of protein obtained from
shrimp heads, and only the interaction effect of pH-time, enzyme to substrate-time and the quadratic effect
of cold plasma had no significant effect (p>0.05). The study of the effect of variables on the degree of
hydrolysis of banana shrimp skin showed that the analysis of variance of the linear effects of pH, enzyme
to substrate, cold plasma, time and the interaction effects of pH-enzyme to substrate, cold plasma-time and
the quadratic effect of pH on the degree of hydrolysis of protein obtained from shrimp skin were
significant (p<0.05). However, the interaction effects of pH-cold plasma, pH-time, enzyme-to-substrate-
cold plasma, enzyme-to-substrate-time, and the quadratic effects of enzyme-to-substrate, cold plasma, and

time on the degree of protein hydrolysis from shrimp skin were not significant (p>0.05).
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Discussion and conclusion

BBD design was used to determine the degree of hydrolysis using papain enzyme to produce hydrolyzed
protein. Hydrolyzed protein production experiments were conducted to evaluate the effects of variables at
4 levels. The selection of independent variables including time, pH and enzyme to substrate ratio was
because these variables significantly affect the peptide composition of hydrolyzed protein and their
optimization is essential to achieve the desired degree of hydrolysis. BBD was chosen for the optimization
of independent variables for two main reasons. First, to obtain extensive information while conducting a
limited number of experiments and then to analyze the interactive effects between the independent
variables and the response variable (Dayakar et al., 2024). On the other hand, BBD requires that all the
values of the independent factors align with the three levels (-1, 0 and +1) and the distances between them
are equal (Dayakar et al., 2025), a requirement that was met in our study. A three-level BBD was applied
in the response surface methodology study by creating an equation to determine the effective conditions
for the highest degree of hydrolysis. The results showed that this model can estimate the percentage of
hydrolysis degree of proteins obtained from wastes in different combinations of experimental parameters
affecting hydrolysis. The results showed that the highest degree of hydrolysis was achieved by the effect
of pH-time at 54.91% for the head part and 55.01% for the skin part. In a study, it was shown that the
optimal conditions for the highest degree of hydrolysis were achieved at 73.91% within 1 hour of
hydrolysis time and 1% enzyme concentration. The findings of this study showed that temperature had a
significant effect on the degree of hydrolysis, but the amount of enzyme did not have a significant effect P
(Korkmaz and Tokur, 2022).
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Table 2: Interaction effects of four variables on the degree of hydrolysis and amount of hydrolyzed protein from the

head and skin of Banana shrimp
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527F $%; $iffsfz  S3E S3d 3El 3EE oz z° & °°

£ & gZi% Z& S Z&Z g==  z= 25 2% < 38 E
1.72 1.72 1.61 1.61 41.23 40.45 41.39 41.16 5 40 0.5 6.5 1
2.87 2.82 2.71 2.71 49.46 50.11 49.47 49.78 5 40 0.5 8.5 2
1.9 1.9 1.74 1.84 41.56 42.10 39.60 39.98 5 40 1.5 6.5 3
3.11 3.10 291 2.81 52.75 51.89 49.96 49.44 5 40 1.5 8.5 4
1.68 1.61 1.57 1.50 40.60 40.52 40.42 40.00 5 60 0.5 6.5 5
2.78 2.86 2.74 2.74 49.81 49.56 50.07 50.12 5 60 0.5 8.5 6
1.96 1.99 1.68 1.58 42.23 42.16 41.16 41.16 5 60 1.5 6.5 7
3.12 3.11 2.89 3.00 54.39 55.16 53.08 53.14 5 60 1.5 8.5 8
1.99 1.95 1.81 1.71 42.07 41.58 42.08 42.18 15 40 0.5 6.5 9
2.86 3.00 2.78 2.85 51.53 51.02 50.84 50.45 15 40 0.5 8.5 10
2.01 1.95 1.92 1.88 42.45 42.12 40.57 40.12 15 40 1.5 6.5 11
3.09 3.12 293 3.00 54.87 55.23 51.62 52.20 15 40 1.5 8.5 12
2.08 2.10 1.93 2.01 44.84 45.11 44.02 44.14 15 60 0.5 6.5 13
3.01 3.00 293 2.81 55.27 55.00 54.34 54.12 15 60 0.5 8.5 14
2.20 221 2.03 2.09 46.52 46.14 45.04 44.89 15 60 1.5 6.5 15
3.24 3.26 3.05 3.01 59.91 60.11 57.64 57.48 15 60 1.5 8.5 16
1.90 2.01 1.78 1.85 4291 44.23 41.52 42.16 10 50 1 6.5 17
3.05 3.00 2.87 2.95 53.73 53.64 51.86 52.16 10 50 1 8.5 18
2.72 2.85 2.61 2.79 47.98 49.44 48.12 48.80 10 50 0.5 7.5 19
2.90 2.89 2.74 2.70 50.46 50.23 48.87 49.12 10 50 1.5 7.5 20
2.99 3.00 2.70 2.79 50.12 51.54 48.45 48.66 10 40 1 7.5 21
2.92 2.90 2.74 2.80 5233 52.14 50.98 51.70 10 60 1 7.5 22
2.82 2.86 2.69 2.74 49.92 50.00 49.71 50.14 5 50 1 7.5 23
3.02 3.10 2.78 2.78 53.10 54.26 52.39 52.96 15 50 1 7.5 24
2.86 2.99 2.69 2.84 50.73 53.00 49.67 50.01 10 50 1 7.5 25
2.86 2.87 2.60 2.74 50.73 50.14 49.67 48.78 10 50 1 7.5 26
2.86 2.66 2.69 2.45 50.73 48.88 49.67 48.69 10 50 1 7.5 27
2.86 2.84 2.69 2.55 50.73 50.10 49.67 48.59 10 50 1 7.5 28
2.86 2.78 2.69 2.61 50.73 49.78 49.67 50.01 10 50 1 7.5 29
2.86 2.65 2.69 2.54 50.73 48.78 49.67 49.16 10 50 1 7.5 30
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Table 3: Analysis of variance of the degree of hydrolysis of shrimp head and skin under the influence of four
independent variables using the response surface method

p-value  p-value F-value  F-value \jean square Mean square Degree of
(skin)  (head)  (skin)  (head) (skin) (head)  freedom Source
<0.0001 <0.0001 29.84 95.54 49.98 4498 14 model
0.0010 <0.0001 314.07 1022.55 526.07 481.43 1 X1)pH
0.0025 0.0345 16.57 5.41 27.75 2.55 1 (X2) enzyme/ substrate
0.0001 <0.0001 13.08 61.18 2191 28.80 1 (X3) Cold plasma
0.0371 <0.0001 27.17 65.78 45.51 30.97 1 (X4) time
0.4629 0.0047 5.23 11.02 8.76 5.19 1 X1X2
0.3570 0.0384 0.5675 5.15 0.9506 2.43 1 X1X3
0.3311 0.3357 0.9032 0.9894 1.51 0.4658 1 X1X4
0.9667 0.0022 1.01 13.57 1.69 6.39 1 X2X3
0.0193 0.6864 0.0018 0.1695 0.0030 0.0798 1 X2X4
0.0090 0.0007 6.86 17.89 11.49 8.42 1 X2X4
0.0802 <0.0001 8.98 48.94 15.03 23.04 1 X1?
0.5465 0.0142 3.52 7.69 5.90 3.62 1 X2?
0.3437 0.9307 0.3808 0.0078 0.6378 0.0037 1 X32
<0.0001 0.0048 0.9559 1091 1.60 5.13 1 X4?
0.7901 0.5697 1.34 0.4940 10 Lack of fit
2.35 0.4244 5 Pure error
29 Cor Total
0.9889 R’
0.9653 R’
0.9786 Adjusted R?
0.9330 Adjusted R?
0.9600 Predicted R’
0.8939 Predicted R’
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Table 4: Analysis of variance of hydrolyzed protein content of Banana shrimp head and skin under the influence of
four independent variables in response surface methodology

Mean Mean
p-value p-value F-value F-value square square Degree of Source
(skin) (head) (skin) (head) (skin) (head) freedom
0.0001< 0.0001< 38.90 22.75 0.4879 0.4708 14 model
0.0001< 0.0001< 428.02 258/35 5.37 5.35 1 X1 pH
0.0039 0.0723 11.62 3.74 0.1458 0.0774 1 (X2) enzyme/ substrate
0.3284 0.5857 1.02 0.3103 0.0128 0.0064 1 (X3) Cold plasma
0.0025 0.0186 13.10 6.96 0.1644 0.1440 1 )Xa(
0.6000 0.7979 0.2870 0.0680 0.0036 0.0014 1 Xi1Xa
0.6616 0.9319 0.1993 0.0076 0.0025 0.0002 1 Xi1X3
0.2819 0.2121 1.25 1.70 0.0156 0.0352 1 X1X4
0.3630 0.9591 0.8790 0.0027 0.0110 0.0001 1 X2X3
0.2004 0.9048 1.79 0.0148 0.0225 0.0003 1 X2X4
0.2639 0.2909 1.35 1.20 0.0169 0.0248 1 X2X4
0.0001< 0.0010 35.35 16.74 0.4434 0.3465 1 X2
0.4948 0.8200 0.4896 0.0537 0.0061 0.0011 1 X2?
0.6591 0.7476 0.2026 0.1075 0.0025 0.0022 1 X32
0.3921 0.9500 0.7767 0.0041 0.0097 0.0001 1 X4?
0.7665 0.5321 0.6056 1.01 0.0103 0.0207 10 Lack of fit
0.0170 0.0206 5 Pure error
29 Cor Total
0.9550 R’
0.9732 R’
0.9130 Adjusted R?
0.9482 Adjusted R?
0.8100 Predicted R’
0.9209 Predicted R’
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Y=-125/163 +46/479 X, —4/931 X5 — 0/474 X5—1/873 X4+ 1/138 X1 X, + 0/038 X X3 + 0/034 X, X4 +
0/126 X>X5 + 0/028 XoX4 + 0/014 X5X4 — 2/982 X% — 4/729 X5* + 0/0003 X532 + 0/056 X4?
Y="-90/349 + 38/225 X; + 0/149 X, — 0/803 X3 -1/625 X4 + 1/480 X1X; + 0/024 X1 X3 + 0/061 X X4 +
0/65 X>X3 + 0/005 XoX4 + 0/016 X3X4 — 2/408 X% — 6/035 Xo* + 0/004 X532 + 0/031 X4?
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Y="-21/829 + 6/089 X, + 0/192 X, — 0/037 X3 + 0/055 X4+ 0/018 X; Xz + 0/0003 X;X3 - 0/009 X ;X4 -
0/0003 X>X3 - 0/001 X,X4+ 0/0007 X5X4 — 0/365 X% — 0/082 X5* + 0/0002 X532 - 0/0002 X4?
Y=-24/453 + 6/846 X; + 0/231 X, — 0/031 X3 - 0/0005 X4 + 0/030 X;X> - 0/001 X;X3 - 0/006 X X4 +
0/005 X>X5 - 0/015 X,X4 + 0/0006 X3X4 — 0/413 X% — 0/194 X352 + 0/0003 X532 + 0/002 X4
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Figure 1: Response surface plots of the interaction effects of time, pH, cold plasma, and enzyme-to-substrate ratio on

osll w5

the percentage degree of hydrolysis of shrimp head (a) and skin (b) using papain enzyme.
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Figure 2: Response surface plots of the interaction effects of time, pH, cold plasma, and enzyme-to-substrate ratio on
the amount of hydrolyzed protein in shrimp head (a) and skin (b) using papain enzyme.
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Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is Degree of hedrolysis (HEAD), a = 0.05) (response is Degree of hedrolysis (SHELL), a = 0.05)
Term _
A
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AA
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AB
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B
AC
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BD
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Standardized Effect Standardized Effect
‘ Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is hydrolyzed protein (HEAD), a = 0.05) (response is hydrolyzed protein (SHELL), a = 0.05)
Factor Name
A pH
B E/s
c Py
D Time
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Standardized Effect Standardized Effect
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Figure 3: Pareto diagram of the standardized effect of independent variables on the degree of hydrolysis (a: head, b: skin) and the
amount of hydrolyzed protein (c: head, d: skin) of Banana shrimp. The letters A, B, C, and D represent pH, enzyme to substrate
ratio, Pv, and time, respectively, while letter combinations denote interaction or quadratic effects. The red dashed line indicates the

critical #-value at a significance level of 0.05, and the bar lengths represent the absolute standardized effects.
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Figure 4: Antioxidant activity of hydrolyzed protein from Banana shrimp head and skin. Different lowercase letters indicate
significant differences between samples at the same concentration (p<0.05). Different uppercase letters indicate significant

differences between different concentrations within the same sample (p<0.05).
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Table 5: Antimicrobial activity of hydrolyzed protein from the head and skin of Banana shrimp

Concentration (mg/ L) A B C
head Inhibition zone (mm)
Escherichia coli
Pseudomonas aeruginosa + ++
Bacillus subtilis +
Salmonella typhi
Candida albicans
skin
Escherichia coli
Pseudomonas aeruginosa ++ +++
Bacillus subtilis + ++

Salmonella typhi

Candida albicans
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