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Abstract

Seafood is an important part of a balanced diet, and the demand for fishery
and aquaculture products has increased significantly in recent years, leading
to considerable development in aquaculture and fish processing generates
large quantities of by-products such as heads, skin, viscera, and bones, which
account for around 60% of the total biomass. Despite their high protein value,
alarge proportion of these waste are disposed of into the environment, leading
to eutrophication and degradation of aquatic ecosystems. This threatens ma-
rine biodiversity and the sustainability of the fishing and aquaculture industry.
Enzymatic hydrolysis (EH) has established itself as an efficient and environ-
mentally friendly method for valorising these by-products. This process pro-
duces fish protein hydrolysates (FPH), which are rich in bioactive peptides
(BAPs) and free amino acids and have antioxidant, antimicrobial and im-
mune-boosting properties. FPH are used in aquaculture fish feed, functional
foods, and pharmaceutical products. Their inclusion in the feed of farmed fish
improves growth and health while reducing dependence on fishmeal, the
availability of which is decreasing due to declining fish stocks. In addition, fish
fed with FPH-enriched feed provide compounds that are beneficial to human
health. Regular consumption of such fish may contribute, as observed in in
vitro studies, to the prevention and treatment of chronic diseases such as high
blood pressure, diabetes, and cancer, while improving digestive and immune
function as observed in laboratory studies. This review highlights the sustain-
able and environmentally friendly use of EH to extract bioactive compounds
from fish by-products. It analyzes pre-treatment methods and the applications
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of the resulting FPH as an alternative to fishmeal, with the aim of increasing
aquaculture productivity and promoting human health.

Keywords
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Effects, Sustainable Aquaculture, Circular Economy

1. Introduction

Seafood consumption is an essential part of a balanced diet, as it contributes sig-
nificantly to maintaining human health. Consumers are showing an increasing
interest in products with high nutritional value, with a focus on both fishery and
aquaculture products. In recent years, the aquaculture sector has become increas-
ingly oriented towards the principles of the circular economy, promoting sustain-
able development through the valorisation of fish waste with the aim of reducing
environmental impact and developing new, innovative products. The rapid growth
of the fishing industry, combined with the aquaculture sector, produces 140 M t
of fishery products, of which approximately 110 M t are intended for human con-
sumption [1]. According to the FAO in 2018, aquaculture is one of the fastest
growing sectors of food production worldwide and meets the protein needs of the
world’s population [2]. During fish processing, about 60% of the biomass is by-
product, usually consisting of skin, heads, offal and bones, while the remaining
40% of the edible biomass is destined for human consumption [3]. The remaining
40% primarily consists of fillets intended for direct human consumption [4]. The
continuous disposal of fish waste into the environment increases the concentra-
tion of organic and inorganic nutrients in marine ecosystems, leading to eutroph-
ication and a deterioration in water quality [5] [6]. The decomposition of fish
waste reduces the oxygen content on the seabed, which has a negative impact on
marine ecosystems and their biodiversity. The environmental problems resulting
from the disposal of such waste threaten the sustainability of fisheries and aqua-
culture and jeopardise the development and stability of the sector [5] [6]. Fish
proteins contain specific sequences of BAPs that offer significant health benefits
for humans. The muscle tissue of fish accounts for 15% - 25% of the total protein,
which is categorised into three main types: myofibrillar proteins 50% - 60%, sar-
coplasmic proteins about 30% and stromal proteins 10% - 20%. Due to the high
content of muscle tissue, fish by-products is a valuable source of proteins that can
be effectively utilised in various industrial applications [7] [8]. Utilisation of fish
by-products biomass is achieved through enzymatic protein hydrolysis, resulting
in rich sources of FPH [9]. EH is one of the most widely used methods for protein
production, with applications in various areas of the food and pharmaceutical in-
dustries [10]. It is a simple and environmentally friendly method of processing

fish by-products that enables the release of bioavailable peptides that improve
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physiological functions when consumed. Through the action of proteases, peptide
bonds are broken and peptides and other bioactive compounds are released. Hy-
drolysed proteins derived from fish by-products are widely used in health, phar-
maceuticals and functional foods, offering increased nutritional value and signif-
icant bioactive properties [11]-[13]. Fishmeal and fish oil are essential compo-
nents of aquaculture feeds as they contain high concentrations of proteins and
other nutrients necessary for fish growth and survival. However, the decline in
fish stocks has significantly limited the supply of fishmeal and fish oil, so that pro-
duction costs have increased and alternative protein sources such as FPH need to
be found [14]. Partial and/or complete replacement of fishmeal can potentially be
achieved by recovered FPH produced by EH of by-products from the fishing in-
dustry. Their high bioavailability combined with their rich composition of free
amino acids and BAPs contributes significantly to improving the growth, health
and immune response of farmed fish. In addition, the addition of FPH to fish feed
reduces dependence on expensive fishmeal and offers a sustainable and cost-ef-
fective alternative [15]. Farmed fish enriched with recovered FPH not only benefit
in terms of their own growth and health, but can also contribute significantly to
improving human health through their consumption. In particular, FPH have
strong bioactive properties, such as antioxidant and antimicrobial activity, the
ability to regulate blood pressure and blood sugar levels, the strengthening of the
immune system and anti-cancer effects. In addition, they support good digestive
function and improve nutrient absorption. Due to these properties, FPH are widely
used as both functional foods and aquaculture products that have the potential to
prevent and/or treat chronic diseases [16]-[18]. This review focuses on the method
of EH to utilise by-products from various commercially important fish species,
the pre-treatment techniques of by-products prior to hydrolysis and the potential
use of recovered FPH as a partial and/or complete alternative to fishmeal in the
diet of captive farmed fish. At the same time, the positive effects of the addition of
FPH on fish health and growth will be investigated. Finally, the bioactive proper-
ties of FPH and their contribution to the prevention and/or treatment of chronic

diseases in humans through diet will be reviewed.

2. Methodology

The data used in the present study were selected on the basis of specific scientific
criteria, focusing on the method of EH of fish by-products and retaining common
scientific characteristics. A total of 110 scientific articles were screened, of which
100 met the predefined criteria and were included in the analysis. However, 6 ar-
ticles were excluded because they combined EH with other processing technolo-
gies that were outside the scope of this study. Articles were found in the Elsevier,
Springer, Google Scholar and Scopus databases using a combination of keywords:
Fish by-products, fish protein hydrolysates, enzymatic hydrolysis, fish feed, hu-
man health effects, sustainable aquaculture, circular economy. The studies in-

cluded in this review cover the period from 1995 to 2025, providing a broad
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timeframe that reflects the evolutionary course of scientific research in this field.
The selection of this period allows an in-depth evaluation of the EH method with
different proteolytic enzymes and contributes to a better understanding of the de-
velopments, innovations and trends that have characterised the fish processing

industry.

3. Valorisation of Fishery and Aquaculture Waste through
Advanced Extraction Techniques: Focus on Bioactive
Protein Recovery

Various processing methods have been used for the valorisation of fishery and
aquaculture by-product and the recovery of bioactive compounds, such as EH,
chemical hydrolysis, thermal processing, ultrasound-assisted extraction and ex-
traction with supercritical carbon dioxide. The choice of method and the type of
by-product used have a significant impact on the type and quality of the bioactive
compounds obtained. According to the study by Liaset et al, 2000, EH is applied
to fish by-products such as headless frames from species such as Atlantic salmon
Salmo salarL., and Atlantic cod Gadus morhua L. The fish by-product biomass is
shredded and heated to 90°C to inactivate the endogenous enzymes. It is then
mixed with water and homogenised, with the pH and temperature adjusted under
controlled conditions depending on the type of proteolytic enzyme used. Com-
monly used proteolytic enzymes include Alcalase, Pepsin and Neutrase. The du-
ration of hydrolysis is up to 120 min in the first step and up to 720 min in the
second step. Hydrolysis is terminated by inactivating the enzyme at 290°C for a
few min. The hydrolysate is then separated into supernatant and sediment by cen-
trifugation. The product obtained contained up to 67.6% FPH. According to the
study by Pontoh, 2019, various fish by-products such as heads, guts and belly flaps
collected from the northern part of Lake Tondano in North Sulawesi are thermally
processed. The biomass is cut into 1 cm? thick pieces and boiled in water twice the
volume of the sample. Thermal processing takes 60 min at 100°C. After thermal
processing, the hot mixture is transferred to a bottle with a long, narrow neck and
left undisturbed to achieve natural phase separation. The oily fraction that accu-
mulates at the top is collected with a syphon and transferred to centrifuge tubes
where it is centrifuged for 15 min. The product obtained contained of fish oil.
According to the study by Wai et al, 2020, chemical hydrolysis is applied to a
variety of fish by-products collected by the local producer Keropok Lekor Ghani
Black in the Kuantan region. The biomass is washed with distilled water, dried at
180°C for 30 min and ground into powder form. Demineralisation is carried out
by immersing the biomass in an aqueous hydrochloric acid (HCl) solution at con-
centrations of 0.2 M to 1.0 M for 30 - 150 min at room temperature with constant
stirring at 150 rpm. The ratio of solid to liquid is kept at 1:10. After demineralisa-
tion, the biomass is rinsed with distilled water and dried at 60°C for 5 h. Depro-
teinisation is then carried out by adding the dried biomass to a 1.0 mol/L sodium

hydroxide solution. The temperature is maintained at 60°C and stirring is contin-
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ued for 30 to 150 min. The process is completed by repeated washing with distilled
water until the sample reaches a neutral pH 7.0. The product obtained contained
a variety of antioxidant compounds. In the study by, Melgosa et al, 2020 an ex-
traction technique using supercritical carbon dioxide in combination with sub-
critical water extraction is applied for the valorisation of sardines Sardina pilchar-
dus from a cannery. The biomass was first subjected to supercritical CO, extrac-
tion at 250 bar and 40°C, which yielded an extract with a high content of polyun-
saturated omega-3 fatty acids (PUFAs) of 17.2% by weight. The defatted fraction
was then subjected to subcritical water treatment at different temperatures (90°C,
140°C, 190°C and 250°C) and the product obtained showed an increased protein
content with strong antioxidant activity. According to the study by Chongkhong,
2023, ultrasound-assisted extraction was applied to by-products such as the skin
of the purple spotted bigeye obtained from the Pae Khai-Lium minced fish pro-
duction plant of Pacific Fish Processing Co., Ltd. in Songkhla, Thailand. The bio-
mass was cut into approximately 0.5 cm? pieces, washed, drained and then dried
at 80°C until the moisture content was reduced to 8%. It was then subjected to
ultrasound-assisted extraction, first with ethanol and then with hexane, under
controlled conditions: Temperature 30°C, ultrasonic frequency 37 kHz and ex-
traction time 60 min. The product obtained contained lipids with a recovery rate
of up to 91.3%. In conclusion, the above-mentioned processing methods for the
valorisation of fishery and aquaculture by-product contribute to the recovery of
bioactive compounds such as lipids, fish oil, omega-3 polyunsaturated fatty acids
PUFAs, FPH and proteins in general, as well as antioxidant compounds. The EH
method is considered environmentally friendly because, unlike chemical hydrol-
ysis and ultrasound-assisted extraction, which rely on such solvents, it does not
require organic solvents. In addition, it does not require expensive and/or energy-
intensive equipment, as is the case with thermal processes, supercritical CO, ex-
traction or its combination with subcritical water and ultrasound-assisted extrac-
tion with organic solvents. Therefore, EH is an effective method for recovering
high-quality hydrolysed proteins from fish by-product, as the recovered proteins
retain their bioactive properties, such as their antioxidant activity. Potentially,
these bioactive compounds can be utilised in various industrial applications, con-

tributing to the circular economy and sustainability of companies [19]-[23].

3.1. Preparation of Fish By-Product Samples

The fish species used in the EH experiments are listed in Table 1, while the differ-
ent sample preparation processes are described in Figure 1. According to the data
from this literature review, fish is either used whole as raw material or after some
processing in which used directly or further processed the inedible portions, re-
ferred to as by-products or fish waste.

The raw fish material is generally referred to as fish meat, muscle meat internal
organs and frames [24]-[27], more specifically backbone, bones, carcass, fins, flesh,

head, frame, tail, skin, guts, viscera, trimmings, liver, roe and gills. The countries
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of origin of the fish biomass are spread all over the world and include the following
countries: Algeria, Brazil, Canada, China, India, Indonesia, Iran, Lithuania, Ma-
laysia, South Korea, Spain and Vietnam. The biomass comes from local fish land-
ing centre, fish processing plants, fishing activities, limited liability companies,
and local markets. Fish from fisheries is immediately frozen on board at a tem-
perature of no more than —20°C [25] [28]-[30]. Similarly, farmed fish from aqua-
culture are collected and stored in plastic bags, plastic containers while being cov-
ered with ice in polystyrene boxes [26] [28] [31]. Both fish from fisheries and aq-
uaculture are transported to the laboratory after first being packed in sterile flasks
under controlled conditions to avoid contamination and then stored in freezers at
—20°C to —80°C until further use [18] [26]-[28] [32]. Prior to the application of
EH, the fish by-products and/or waste are used directly or further processed. Dur-
ing processing, the biomass is cleaned with cold water, deionised water or chlo-
rinated water (2 g/l) to remove unwanted substances such as blood, mucus and
other impurities [27] [33] [34]. The biomass is subjected to thermal treatment or
boiling at 85°C - 100°C for 20 - 30 min to inactivate the endogenous enzymes [29]
[32] [35]. The by-products are then ground, homogenised and dried in a hot air
oven at 180°C for one h to remove moisture [36]. To remove the oils from the fish
biomass, centrifugation is carried out at 6000 - 10,000 x g for 15 - 30 min at 4°C -
10°C [27] [35] [37]. The above processes are carried out individually or in combi-
nation to ensure proper preparation of the samples for the EH process in appro-
priately prepared biomass from fish by-products to recover specific bioactive sub-

stances.

Raw Fish Fish Processing By-Products collectiorﬁ

Q
17/,

J

/ Process at laboratory Storage at laboratory\

» Cleaning with cold, deionized, or chlorinated water.

» Thermal treatment at 85°C - 100°C for 20 - 30 minutes
to inactivate endogenous enzymes.

» Grinding and homogenization.

» Drying at 180°C for one hour to remove moisture.

» Centrifugation at 6000 - 10000 x g for 15 - 30 minutes.

QA}— 10°C to remove oils from the biomass. /

Figure 1. Management and processing of raw fish by-products before performing enzy-

Biomass ready for \
enzymatic hydrolysis

matic hydrolysis.
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Table 1. Description of the conditions of enzymatic hydrolysis of fish by-products.

Scientific A: Count General Description of by-product and Preparation
. Y Fish biomass p‘ VP P References
Names of Species B: Company before Hydrolysis
Collection of raw material was transported to the laboratory
under cold conditions. Thermal inactivation of enzymes was
A:India . carried out at 85°C for 20 min to inactivate the endogenous
Catla catla . Visceral . ,, . [35]
B: Not specified stomach enzymes. Centrifuged at 10°C for 20 min at 6000 g
to separate the oil from the solid material, and Storage at
—80°C until use.
i A: Indonesia . Collection of raw material was transported to the laboratory
Pangasius sp. . Fish waste . [60]
B: Fish market and stored until further use.
A: South Korea
« Collection of raw material was transported to the laboratory
Thunnus thynnus B: “Dongwon Backbone ) . [38]
. ; N and Storage at —80°C until use.
Fisheries Co”.
Collection of raw material was transported in sterile flasks
. . under aseptic conditions at 4°C. Thermal inactivation of
Sardina A: Algeria . . . . . .
. « ,  Fish waste enzymes was carried out at 100°C for 30 min to inactivate  [32]
pilchardus B: “Dellys fishery”. .
the endogenous stomach enzymes, and the material was
stored at 20°C until use.
. The collection of raw material was transported to the
A: India . ) . ) .
Catla catla Visceral laboratory in sterile pouches, under chilled conditions, and [39]
B: Local Market .
stored until further use.
Fish were caught during the winter season and immediately
AT frozen on board at —20°C. They were delivered to the
: Iran
Thunnus « . processing plant under frozen conditions at —20°C. The by-
B: “Darya-Khorak = Viscera . . . o [28]
albacares Co” products were removed using an electric saw, minced twice
0.
using an electric mixer, packaged in plastic containers, and
stored at —20°C until further use.
. . . The fish were collected and transported to the laboratory,
A: India Skin, Gills, . . L
Thunnus . . where they were minced using an electric grinder. Thermal
B: Local fish Viscera, Fins, | L. [29]
albacares . inactivation of endogenous enzymes was performed by
landing centre Head . A .
cooking at 100°C for 30 min.
Heads,
. . Collection of mixed raw by-products was homogenised
. A: Not specified Viscera, . . o A
Sardinella sp. . using a blender with deionised water and stored at 20°C [34]
B: Not specified Bones, and .
. until further use.
Tails
Collection of raw material under cold conditions was
A: Indi transported to the laboratory. They were washed with cold
: India
Labeo rohita . Viscera water to remove the blood, slime, and any other potentially [33]
B: Not specified ) . . ) ]
adhered impurities and stored at —18°C + 2°C until further
use.
A: Malaysia
Decapterus « ¥ . The collection of raw material was washed and stored at
B: “Maperow sdn.  Bones, Tails s . [18]
Macrosoma » —80°C until further use.
Bhd
A: China
B: Aquatic Products The fish were collected and transported to the laboratory,
Acipenser sinensis Science and Viscera where they were cleaned, and the viscera were removed and [30]
Technology stored frozen at —20 °C, until further use.

Industry Co., Ltd.
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Continued
The fish were collected in ice-filled containers and
transported to the Laboratory, where they were washed with
A: Brazil chlorinated water (2 g/1). The fish were beheaded and
: Brazi
Rachycentron « . . eviscerated to remove the skin and spines, the meat was
B: “Aqualider Fish meat . . . A . [27]
canadum . , stored in plastic containers, and kept frozen at —18°C + 2°C
Maricultura Ltda )
until further use. Before the use, the waste was then
centrifuged at 8667 x g for 30 min in order to reduce the
lipid content
A: Lithuania The fish were filleted and transported in a frozen state, then
Gadus morhua « " ,  Cod frames h . . P [40]
B: “Espersen A/S stored at —40°C until further use.
The collecti f terial kaged i lyethyl
. Head, Viscera, e collection o ra\./v nlla e.rla was packaged in polyethylene
. A: Vietnam . . bags and covered with ice in Styrofoam boxes, then
Pangasius « . Trimmings, .
B: “Nam Viet . transported to the laboratory. It was then ground, mixed, [31]
hypophthalmus o Frames, Skin, ] . ) ]
Corporation . weighed in 100 g portions, packaged in polyethylene bags,
Liver, Roes . .
and stored at —18°C until use.
A: Canada
Mallotus villosus . - The fish were collected and transported to the Laboratory ~ [41]
B: Not specified
The collection of raw material was separated from the
Oreochromis A: Brazil Bones, carcass, ground, homogenised, and dried in a convection [36]
niloticus B: Local market Carcass, Fins oven at 180°C for one hour to remove the moisture, and
then stored at —80°C until further use.
A: Brazil The collection of raw material was homogenised in distilled
: Brazi
Oreochromis « Viscera, water 4°C, the mixture was centrifuged at 10,000 x g for 15
o B: “Noronha . . . [37]
niloticus N Carcass min at 4°C, and the supernatant was frozen at —20°C for
Pescados Ltd”.
future use.
A: Canada Flesh, Head,
« N . The fish were collected in sealed plastic bags and transported
Scomber B: “Clearwater Frames, Fin, . . .
« ) ) to the laboratory, and stored in a freezer at —20°C until [26]
scombrus and “Sea Crest Tail, Skin,
. o further use.
Fisheries Guts
. The fish were beheaded, and the internal organs were
Lepturacanthus  A: India Internal ) . .
removed, homogenised, and stored at —20°C until further ~ [25]
savala B: Local market organs
use.
A: Spai The raw material was thawed, the muscle flesh was removed,
: Spain
Squalus canicula P Muscle flesh  ground, and stored in sealed plastic bags at —20°C until [42]

B: Local market

further use.

3.2. Preparation of Fish By-Product Samples

The articles on EH were categorised and analysed according to key parameters,

including the

zymes used, and the pH, temperature and incubation time of the hydrolysis pro-
cess. In addition, temperature and duration required for enzyme inactivation and
the types of extracts obtained were also taken into account. The specific conditions

for the EH of fish waste and/or by-products are listed in Table 2. The process of

type of fish waste or by-products used, the type of proteolytic en-

EH is outlined in Figure 2, which provides an overview of the process.

DOI: 10.4236/abb.2025.168020

312

Advances in Bioscience and Biotechnology


https://doi.org/10.4236/abb.2025.168020

|. Fotodimas et al.

Table 2. Description of the conditions of enzymatic hydrolysis of fish by-products.

. . Proteolytic ~ Incubation Incubation . . Enzyme Inhibition Recovered Reference
Fish Biomass Incubation Time .
Enzymes (pH) Temperature Temp./Time Extracts s
Single pH Single temp.  Different periods
Neutrase
6.3-6.5 47°C-50°C 1 min, 15 min
Frames without  Alcalase i . ’ ’ A . .
] 73-7.6 56°C-60°C 30 min, 45 min, 90°C for 10 min Protein [19]
heads Pepsin . .
2.4-2.8 36°C-38°C 60 min, 90 min,
Kojizyme . ) .
55-59 46°C - 55°C 120 min
Heads
Skins, V. Single pH Single t Single ti FPH,
i i ingle ingle temp. ingle time
1ns, Viscera, Alcalase gep & A P & Not specified Collagen, [54]
Mangled 8.0 50°C 180 min . .
Fish oil
muscles
Low-valued fish Single pH Single temp. Different periods:
ow-vatued s Papain gep & P P Not specified Protein [61]
(by-catch) 5.0 40°C 5h,10h,15h
Fish Solubl Single pH Single time
1571 Sotuble Flavourzyme gep - 8 85°C for 15 min Protein [62]
Concentrate 59-6.0 1-6h
Viscera, Single pH Single temp. Single time
Flavourzyme gep 8 P 8 . . FPH, Fish
Backbone, 5.0-7.0 50°C 60 min 90°C for 5 min . [53]
. Neutrase ) . ] oil
Spine 55-75 45°C-55°C 60 min
Single pH Single temp. Single time
. Alcalase ] )
nonspecified 8.5 60°C 180 min 90°C for 10 min FPH [59]
Protana
5.5 55°C 180 min
Single pH  Different temp. . .
. Papain i . . Different periods: . .
Minced 7.0 40°C, 60°C, 80°C 90°C for 15 min FPH [49]
Alcalase 5h,10h,15h
7.0 40°C, 60°C, 80°C
Protease P Single temp. Single time:
“Amano” 6 40°C, 2h
Lipids, FPH,
Visceral Alcalase Not specified 40°C 2h 85°C for 20 min 11():1 li [44]
ollagen
Protex 7L 40°C 2h 8
Neutrase 40°C 2h
Single pH Single temp. Single time
Alcalase .
Heads, Frames, 8.0 55°C 2-4h A ) Fish oil,
. Flavourzyme 90°C for 10 min [48]
Viscera 6.5 50°C 2-4h FPH
SEBPro
4.5 50°C 2-4h
. Single pH Single temp. Single time
Papain B .
Head B lai 6.0-7.0 55°C 120 min Not fied Fish oil, (56]
eads romelain ot specifie
6.0-8.0 50°C 120 min P DHA EPA
Trypsin . .
7.5-8.0 45°C 120 min
Different periods:
. Single pH Single temp. ' pert . . Fish oil,
Viscera Alcalase 30 min, 75 min, 90°C for 10 min [55]
8.5 55°C . Omega-3
120 min
o Single pH Single temp. . .
Head, Tail, Fins Alcalase - 95°C for 10 min Protein [58]
8.0 55°C+1°C
. Single temp. Single time ) FPH,
Frames, Protamex  Not specified 95°C for 10 min  Insoluble [24]
55°C 60 min .
fraction
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Continued
Single pH Single temp.  Different periods:
Backbone Flavourzyme 95°C for 15 min Protein [45]
7.0 50°C 0,5h,1h,2h,3h
Single pH Single temp. Single time
Discards Alcalase 90°C for 15 min FPH [46]
8.65 60°C 4h
) Single temp.  Different periods:
. Papain ) X . Addition of
Fillets Not specified 40°C+1°C 20 min, 60 min, . [50]
Bromelain ] hydrogen peroxide FPH
40°C+1°C 120 min
Single pH Single temp. Single time
Alcalase
By-products . 8.5 55°C 2-4h 95°C/20min - [43]
Trypsin
7.0 37°C 2-4h
Single pH Single temp. Single time
Scales Alcalase 100°C/10min  FPH, Gelatin  [52]
8.0 55°C 2-4h
Single pH Single temp. Single time
Fish powder Protease 95°C for 20 min FPH [51]
6.0 60°C 15h
4 Scientific Names Of Fish: )

Acipenser sinensis, Catla catla, Decapterus macrosoma, Gadus morhua, Labeo rohita, Lepturacanthus
savala, Mallotus villosus, Oreochromis niloticus, Pangasius hypophthalmus, Pangasius sp.,
Rachycentron canadum, Sardina pilchardus, Sardinella sp., Scomber scombrus, Squalus canicula,

\_ Thunnus albacares, Thunnus albacares, Thunnus thynnus. )

Fish By-products: N
Backbone, Bones, Carcass, Fins, Cod
Frame, Flesh, Head, Frame, Fin,Tail,
Skin, Guts, Viscera, Trimmings,
Liver, Roe, Gills. )

4 Proteolytic Enzymes: Alcalase,
Bromelain, Flavourzyme, Kojizyme,
Neutrase, Papain, Pepsin, Protamex,

Protana, Protease P "Amano” 6,

\Protease, Protex 7L, SEBPro, Trypsin

Pre-treatment
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by-products

(" Filtration Physicochemical Parameters of )
= Enzymatic Fermentation:
Hydrolysis pH 8.0, Temp.: 55 °C, Incubation
Process time 2-4 h, Thermal inhibition at 90
°C for 10 min.
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Figure 2. Description of the enzymatic hydrolysis process with the use of proteolytic en-
zymes for the recovery of bioactive components from raw fish by-products.

According to the data from this literature review, the biomass used to conduct
fish EH experiments is mainly derived from processing waste and/or fish by-prod-
ucts [43] [44]. When conducting EH experiments, the corresponding processed
fish biomass is placed in a vessel with water at a ratio of 1:2 or 1:3 (w/v) [45] [46].
EH is achieved by using endogenous enzymes that contribute to the degradation
of the substrate [47]. The following proteolytic enzymes: alcalase, flavourzyme,
papain, neutrase and trypsin [43] [44] [48] [49] seem to be used more frequently
than the following: Protamex, Kojizyme and bromelain [19] [24] [50]. As shown
in Table 2, EH is successfully accomplished primarily by selecting the appropriate
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proteolytic enzyme in combination with the type of by-product. Secondarily, the
enzymes are influenced by certain physico-chemical fermentation parameters such
as pH, temperature, incubation time and the method of enzyme inhibition [47].
Certain enzymes require the dissolution of the substrate in an acidic or alkaline
environment in order to be activated. Pepsin, for example, functions in an acidic
pH environment, typically at a pH of 2.4 - 2.8 [19], while alcalase is used in an
alkaline environment with a pH of 7.3 - 8.65 [19] [46]. The minimum incubation
temperature for trypsin is 37°C [43], while the maximum incubation temperature
for papain and alcalase can reach up to 80°C [49]. The incubation time for neu-
trase, alcalase, pepsin and kojizyme ranges from 1 min [19] to 15 h in general for
various proteases [51]. The EH process is completed by enzyme inhibition, which
is achieved by thermal inactivation at temperatures between 85°C and 100°C for
5 to 20 min and/or by the use of additives such as hydrogen peroxide. The tem-
perature of the hydrolysate is gradually brought to ambient temperature [43] [44]
[52] [53]. The hydrolysate produced is then centrifuged to separate the hydroly-
sate into a supernatant liquid and a sediment. The supernatant liquid contains the
proteins often referred to as FPH [49] [51]. In summary, after the EH process, the
supernatant liquid and sediment are the resulting products. Further processing of
these recovered products leads to the recovery of bioactive compounds, which are
not the focus of this review but are nevertheless worth mentioning. These include
bioactive components such as collagen, gelatin [44] [52] [54] oils and lipids, fish
oil, DHA, EPA [44] [48] [53]-[56], which are summarised in Table 2 and Figure
2. To summarise, based on the collected articles in this review, the typical process
for the EH of fish by-products to obtain FPH is as follows: First, the pre-processed
fish by-product biomass is mixed in a vessel with water at a ratio of 1:1 (w/v) [11]
[57]. The EH of the fish biomass is usually achieved by the proteolytic action of
the enzyme alcalase [43] [46] [48] [52] [55], whereby the fermentation conditions
are set as follows: pH 8 [48] [52] [58] and a temperature of 55°C [24] [43] [52].
The fermentation process takes 2 - 4 h and enzyme inhibition is usually achieved
by heating at 90°C for 10 min [48] [55] [59]. The quantification of FPH is usually
carried out by chemical analyses that determine the protein content of the hydrol-
ysate. One of the most common methods is the Kjeldahl method, which calculates
the nitrogen content of the sample and then estimates the percentage of protein

content on a dry weight basis [60].

4. The Use of FPH as an Alternative Protein Source Compared
to Fish Meal

A significant proportion of global production of fishmeal and fish oil is used to
provide protein for the production of fish feed to support the intensive farming of
carnivorous fish in aquaculture [63]. According to Sales, 2003 [64], the protein
requirement in the diet ranges from about 30% for the breeding of omnivorous
goldfish Carassius auratusto 50% for carnivorous discus fish Symphysodon aequifas-

ciata. Around 5 kilograms of wild fish are needed to produce 1 kilogram of car-
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nivorous farmed fish [63]. To reduce this dependency, the scientific community
is focusing on the development of alternative protein sources such as FPH, which
are obtained by EH processes from waste or by-products of fisheries and aquacul-
ture. The articles included in this literature review Table 3 and Figure 3 show that
the addition of FPH to the feed of farmed fish is used at almost all stages of their
life cycle.

Table 3. The impact of protein hydrolysate inclusion in diets on farmed fish species and its associated benefits.

Farmed Fish: Inclusion percentage . . .
. Feeding trial at Feeding
A: Common name of protein hydrolysate _ | . . Benefits References
o o Initial Weight (g) Duration
B: Scientific name in diets
Improved growth,

A: Atlantic salmon
B: Salmo salar

A: Atlantic salmon
B: Salmo salar

A: Japanese flounder
B: Paralichthys
olivaceus

A: Pabda catfish
B: Ompok pabda

A: Atlantic salmon
B: Salmo salar

A: Juvenile Turbot
B: Scophthalmus
maximus

A: Nile tilapia

B: Oreochromis
niloticus

A: Barramundi
B: Lates calcarifer

A: Juvenile African
catfish
B: Clarias gariepinus

A: Yellow croaker

B: Pseudosciaena crocea

R.

A: Olive flounder
B: Paralichthys
olivaceus

FPH: 5%, 10%, 15% of A Initial
76, 10%, 1% o verage fnitia 68 days Higher protein, and digestibility [66]

total diet ight: 163

o dietaty welg 8 compared to fish meal
I d growth,

Squid Protein Average Initial n'lprove gr? .

. Higher protein and lipid
Hydrolysate: 3% of total weight: 85 days A [65]
. digestibility compared to fish

dietary 327-642¢g
meal

FPH: 37 g/k: I d growth,

g/kg or i 60 days mproved gro (69]

3.7% of total dietary Protein digestibility,

Improved growth,

Average Initial
. 8 Survival and disease,
weight: 90 days . [15]
Resistance to Aeromonas

FPH: 0.5%, 1%, 2% of
total dietary

2.00 + 0.09
& hydrophila
FPH: 10% of total Improved growth,
. - 12 weeks . . [79]
dietary Enhanced amino acid levels,
Average Initial Improved growth,
FPH: 5%, 10%, 20% of . A
. weight: 12 weeks  Decrease in triacylglycerol and  [72]
total dietary .
416+0.01g cholesterol levels in the blood
FPH: 2%, 4%, 6%, 8% of Improved growth, (70]
total dietary Protein digestibility

. Improved growth,
Average Initial ] .
(EPH) ioht 60d Increase in white blood cells and (73]
eight: ays
welg Y Protein levels in blood, Reduction
6.18+0.08 g . . L .
in mortality from Vibrio harvei.
Increased growth,

FPH: 5%. 10%. 15% increased immunoglobulin levels
: 5%, 0, 0,

. - 10 weeks in the blood, improvement in [71]
20% of total dietary

body composition regarding
moisture and lipids.

Average Initial
FPH: 5%, 10%, 15% of

. weight: 8 weeks Enhanced immune response. [80]
total dietary

162.75+23.85 g
Improved growth,

Krill hydrolysate Average Initial Protein digestibility, Enhanced
protein and FPH 2% of weight: 9 weeks immune response, [68]
total dietary 245+03¢g and Increased resistance to

Edwardsiella tarda

DOI: 10.4236/abb.2025.168020 316 Advances in Bioscience and Biotechnology


https://doi.org/10.4236/abb.2025.168020

|. Fotodimas et al.

Continued

A: Juvenile Turbot
B: Scophthalmus
maximus L.

A: Largemouth Bass
B: Micropterus
salmoides

A: Juvenile Turbot
B: Scophthalmus
maximus L.

A: Japanese flounder
B: Paralichthys
olivaceus

A: Atlantic salmon
B: Salmo salar

A: Nile Tilapia
B: Oreochromis
niloticus

A: Blue Whiting
B: Micromesistius
poutassou

Average Initial
FPH: 1.2%, 3.7% of total

ight:
dietary we's

27.87£0.04 ¢
Average Initial
FPH: 10%, 30%, 50% of

ight:
total dietary welg

9.51+0.0¢g
Average Initial
FPH: 5%, 10%, 15%,

20% weight:

16.05 + 0.03
FPH: 6%, 11%, 16%, Average Initial
21%, 26% of total

dietary

weight:
3880+1.11g

Average Initial
FPH: 10% of total

ight:
dietary welg

43¢g

FPH: 0.5%, 1%, 2% of
total dietary

FPH: 1.4 gand 2.8 g/kg
or 0.14% and 0.28% of -
total dietary

Improved of growth, and
8 weeks . .
antioxidant capacity
Improvement of Growth,
s6d Intestinal Health, (67]
ays and Enhancement of Immune
Response

68 days Improved of Growth [81]

Improved growth, Antioxidant (78]
capacity, and free radical combat.
Improved growth, Enhanced
immunity, and Better infection [74]
resistance

5 weeks

Improved growth,
Immune response with enhanced
leukocyte and erythrocyte counts

90 days .
Better gut and liver health,

[75]

Increased resistance to
Streptococcus

45 and 90
days

s

-

Scientific Names Of Fish:
Salmo salar, Lates calcarifer, Micromesistius poutassou, Paralichthys
olivaceus, Clarias gariepinus, Scophthalmus maximus L., Micropterus
salmoides, Oreochromis niloticus, Ompok pabda, Pseudosciaena crocea R.

N/~ Recovered )

J

(“Fish diet with FPH
with initial mean
weight: 2.00 £ 0.09
- 642 g for 5-12

,@ weeks &»(
\

Fish Farming

FPH-enriched feed:\
0.5-50%

=

J

Commercial

Beneficial use:
FPH as an enriched

bioactive compound

Fish feed

in fish feed

&

=

Benefits for fish: Increased growth rate and weight gain, improved digestion of proteins and lipids,
enhanced bioavailability of nutrients, increase in white and red blood cells, increase in protein and
immunoglobulin levels in the blood, strengthening of the immune system and reduction of mortality,
antioxidant action, reduction of free radicals, improvement of gut and liver health, reduction of
triglycerides and cholesterol levels, enhanced feed efficiency, improved tolerance to stress factors.

Figure 3. Description of the production of fish feeds with FPH and its benefit to farmed

fish.

Experimental feeding trials start with a minimum average weight of about 2.00

DOI: 10.4236/abb.2025.168020

317

Advances in Bioscience and Biotechnology


https://doi.org/10.4236/abb.2025.168020

|. Fotodimas et al.

+0.09 g [15], for farmed fish of the species Ompok pabda, while, in the case of the
farmed fish species Salmo salar, the experimental feeding trials start with a maxi-
mum average weight of 642 g [65]. Experimental feeding trials with smaller
farmed fish of the species Salmo salar appear to end with an average final weight
of between 323 and 377 g [65]. In contrast, feeding trials with larger farmed fish
of the same species appear to reach a maximum individual weight of 642 g [65]
[66]. A proportion of 3% - 50% hydrolyzed proteins from fish waste, by-products
and other related sources, such as squid, can effectively support rapid fish growth,
comparable to a diet based solely on fishmeal [65]-[67]. In addition, small amounts
of hydrolyzed proteins can improve the digestibility of proteins and lipids com-
pared to fishmeal [65] [66]. The following farmed fish species Clarias gariepinus,
Lates calcarifer, Micromesistius poutassou, Ompok pabda, Oreochromis nilot-
Icus, Paralichthys olivaceus, Pseudosciaena crocea, Salmo salarand Scophthalmus
maximus have been used in various studies to evaluate the effects and efficiency
of FPH, squid protein hydrolysates and krill hydrolysate protein [65] [66] [68].
Most experimental feeding trials with FPH-enriched diets and other compatible
hydrolyzed seafood proteins focus primarily on the partial replacement of fish-
meal and the bioavailability of these specific bioactive compounds in the fish body.
The expected results mainly concern fish growth parameters compared to control
diets (containing only fishmeal) and diets containing certain percentages 0.5% -
50% of hydrolyzed proteins from fish and other protein-rich marine organisms
[65]-[68]. The duration of the experimental feeding trials varies depending on the
research question of the study. In the short term, the bioavailability of the hydro-
lyzed proteins in the fish body is investigated, while in the long term the overall
growth of the farmed fish is evaluated. In general, the experiments are carried out
over a period of 5 - 12 weeks. Farmed fish of the species Salmo salarand Paralich-
thys olivaceus reared with certain concentrations of FPH show positive results in
terms of growth compared to conventional feeds consisting only of fishmeal [65]
[66] [69]. Similar positive results were also observed with regard to the bioavaila-
bility of proteins and lipids [65] [66] [68]-[71]. When analyzing the hematological
parameters of farmed fish of the species Scophthalmus maximus, Lates calcarifer
and Clarias gariepinus fed with diets containing FPH in an amount of 5% - 20%
of the total diet, significant improvements in hematological parameters were ob-
served [71]-[73]. The results of the tests showed a decrease in triacylglycerol and
cholesterol levels in the blood as well as an increase in white blood cells, protein
levels and immunoglobulins in the blood. These results indicate an improved me-
tabolism and an enhanced immune response in the farmed fish [71]-[73]. From
an immune response perspective, it appears that FPH improve gut and liver health
in farmed fish such as Lates calcarifer, Ompok pabda, Oreochromis niloticus,
Paralichthys olivaceusand Salmo salarin a positive way, particularly by increasing
white and red blood cell counts. Consequently, these bioactive compounds reduce
mortality by boosting immunity against pathogenic microorganisms such as

Streptococcus, Edwardsiella tarda and Aeromonas hydrophila, making the fish
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more resistant to infections and diseases under culture conditions [15] [68] [73]-
[75]. Fish farming can induce stress due to various factors, e.g. environmental fac-
tors that lead to an increase in free radicals and oxidative damage, which weakens
the immune system of fish. Feed rich in hydrolyzed proteins can act as antioxi-
dants, neutralise free radicals and strengthen the immune defense of fish [76]-
[78].

5. Fish Protein Hydrolysate and Their Impact on Human
Health

The continuous growth of aquaculture is directly related to the increase in the
efficiency of fish feed. Consequently, this development must be fully in line with
the principles of the circular economy to ensure the sustainable growth of aqua-
culture. The management and utilization of fish by-products through biotechno-
logical applications, such as EH with appropriate proteolytic enzymes, contribute
to the production of usable bioactive compounds, such as hydrolyzed fish proteins
FPH. If these hydrolyzed proteins partially or completely replace fishmeal in fish
feed production, there are two major benefits: Firstly, the circular economy is
strengthened, and secondly, fish feed with new biological properties is created.
The rich BAPs and amino acids produced by EH become more digestible and ab-
sorbable by farmed fish, which brings corresponding benefits to the human body
through nutrition [17] [18]. It is possible that the consumption of fish containing
assimilable FPH is not limited to its high nutritional value, but may also provide
significant health benefits for humans. As Figure 4 shows, hydrolyzed fish pro-
teins support the smooth functioning of gene regulation by promoting the pro-

duction of antioxidant enzymes such as glutathione and catalase.

The Role of FPH in Enhancing
Human Health: Evidence from

In Vitro Studies

» Antioxidant activity

» Anti-cancer activity

» Anti-thrombotic activity

» Anti-inflammatory activity
» Anti-diabetic activity

» Metabolism improvement & weight loss
» Anti-hypertensive activity

» Anti-microbial and immune-boosting activity

QGut protection & microbiome restoration /

Figure 4. FPH and their impact on human health.

These enzymes help neutralize free radicals due to their strong antioxidant ef-

fect. Free radicals, in turn, cause cell damage that exacerbates conditions such as
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aging, inflammation and other diseases [83]-[88]. Compared to other foods, hy-
drolyzed fish proteins contain lower amounts of arsenic and cadmium, indicating
lower toxicity. Toxicity is generally associated with serious diseases such as cancer
and kidney dysfunction [89]. The bioactive compounds mentioned above appear
to influence the development of human cancer cell lines in vitro, which may be
associated with mechanisms related to carcinogenesis inhibition. However, it is
important to emphasize that the available data are primarily based on laboratory
studies, and there is currently insufficient evidence to support their effectiveness
in human clinical trials. Therefore, although the consumption of FPH could rep-
resent a subject of future research, additional scientific data particularly at the
clinical level are required before substantiated and reliable claims can be made
regarding the prevention or treatment of cancers such as colorectal, breast, and
liver cancer [18] [84] [86] [87] [89]-[92]. In addition, the bioactive compounds
mentioned above have an anticoagulant effect and contain peptides and amino
acids of high nutritional value, which contribute to lowering triglycerides and
blood cholesterol [88] [93]. Consequently, the consumption of hydrolyzed pro-
teins has a positive effect on the prevention of cardiovascular diseases and arterial
damage such as atherosclerosis [18] [88]. They also have an antioxidant effect due
to their composition, which contains branched-chain amino acids such as leucine,
isoleucine and valine. These amino acids contribute to the reduction of inflam-
matory reactions and give the proteins strong anti-inflammatory properties. As a
result, these peptides and amino acids can help prevent and treat inflammatory
bowel disease, reduce damage to the intestinal mucosa, restore intestinal function
and treat colitis [91] [94] [95]. Due to their high nutritional value, hydrolyzed fish
proteins help in the treatment of metabolic and digestive disorders as well as food
allergies. At the same time, they help to regulate the metabolism in a desirable way
[4] [17] [84] [88]. As dietary supplements, they help to reduce obesity, support
weight loss, maintain muscle mass and burn fat. At the same time, they promote
general health and well-being [17] [85] [95]. Hydrolyzed fish proteins also have a
blood pressure-lowering effect [18] [84] [88] and contribute to lowering blood
pressure [88] [93]. They have strong antibacterial and antimicrobial properties
[18] [84] [87], strengthen the immune system [4] and increase resistance to infec-
tions and diseases. They also help to regulate blood sugar levels and thus support
the treatment of diabetes. Their antidiabetic effect is also associated with the reg-
ulation of platelet aggregation and thus promotes general health [85] [93]. The
partial and/or total replacement of fishmeal in fish feed contributes to the devel-
opment of new innovative feeds that exert bioactive effects on farmed fish in dif-
ferent ways and offer them numerous benefits during their captive rearing. In ad-
dition, the presence of these bioactive compounds can provide equally significant
benefits to the human body through the diet. Although hydrolyzed proteins have
been shown to have beneficial effects on farmed fish, certain scientific questions
regarding the extent to which these bioactive compounds are absorbed by the hu-

man body remain unanswered. It is important to determine the optimal concen-
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tration of hydrolyzed proteins required to achieve positive effects on human
health without causing problems in fish production. In addition, it is necessary to
identify the age groups that can benefit from the intake of these proteins, as well
as those that may need to be excluded. The study of the appropriate administra-
tion period is also crucial to ensure the maximisation of their beneficial effects on
the human organism. Therefore, further scientific research is essential to answer
the above questions and to clarify the role of these bioactive compounds in human
health. It can be confidently argued that farmed fish enriched with hydrolyzed fish
proteins can help combat malnutrition while supporting the circular economy
and promoting the sustainable development of aquaculture. Regular consumption
of such foods could serve as a natural dietary supplement thanks to their high
antioxidant activity and contribute to improving human health and well-being
[88].

6. Trends and Future Challenges of Fish By-Product
Utilization

In recent years, there has been an increasing trend in the management and utili-
zation of fish by-products aimed at obtaining bioactive compounds of high eco-
nomic interest. To achieve this goal, proteolytic enzymes for protein hydrolysis
have been used in several studies. The biotechnological method of EH is directly
linked to the circular economy as it is user-friendly and environmentally friendly.
However, the cost of proteolytic enzymes is still high. A key challenge for future
research is to optimise the reuse of proteolytic enzymes and to maintain or im-
prove their activity across successive hydrolysis cycles. One strategy to address
these challenges is the immobilisation and/or entrapment of enzymes in a two-
phase system, where one phase contains only the enzyme and the other only the
product. Immobilization or containment of enzymes offers a cost-effective solu-
tion that increases productivity during the hydrolysis process, as it facilitates the
separation of the enzyme from the product, reduces potential contamination risks
of the product, and allows the reuse of enzymes. However, the reuse of enzymes
in the context of fish by-product processing is still under development, and fur-
ther research is required to optimise its application and confirm its viability at an
industrial scale [96] [97]. Addressing the above issues coupled with improving the
uptake of hydrolyzed proteins by farmed fish and transferring these benefits to
the human body through the diet is expected to increase the demand for FPH from
various fishery and aquaculture by-products due to the reduction of the environ-
mental footprint. This will have a positive impact on human health. Another chal-
lenge for the future is the competition between partial or complete replacement
of fishmeal with hydrolyzed proteins, assuming that certain concentrations of
FPH provide significant benefits to farmed fish. In this case, dependence on fish-
meal will decrease, leading to a shift in fishmeal production trends, which will
cause significant change in the global fish feed market [65] [66]. The raw material

for fishmeal production comes from certain marine organisms such as anchovies
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and sardines, which are caught using specific methods. These organisms have a
low commercial value and are therefore not intended for human consumption
[98]. Similarly, the raw material for the production of hydrolyzed proteins consists
of various fishery and aquaculture by-products such as skins, skeletal remains
(frame, backbone, spine, tails, fins, scales and fillet remains (Table 2). The pre-
dominant processing method for the production of fishmeal is thermal drying us-
ing hot air and/or vacuum conditions to remove moisture [99]. In contrast, the
production of hydrolyzed proteins is based on EH, which is carried out by fer-
mentation with proteolytic enzymes. Depending on the type of enzyme, different
bioactive compounds are produced that have a high added value, in contrast to
fishmeal production, which is limited to fishmeal and fish oil [98] [99]. The in-
creasing emphasis on the circular economy and environmental protection is ex-
pected to have a significant impact on the management and use of raw materials.
The use of by-products from fisheries and aquaculture is expected to be strength-
ened, as the abundance of these materials represents a more sustainable and envi-
ronmentally friendly alternative to anchovy and sardine fishing [98]. A possible
future challenge will be the replacement of fishmeal by FPH, which will contribute
to the circular economy. Many recent studies, such as the research by Bhati and
Hayes, 2025 [100], highlight that Fish Protein Hydrolysates FPH represent a prom-
ising solution to reduce the use of fishmeal in aquafeeds, offering improved growth
and survival, as well as enhanced immune response in fish. However, future chal-
lenges that need to be addressed include ensuring the consistent production of
high-quality FPH at economically viable levels, adapting hydrolysis technologies
to efficient and low-cost raw materials, in order to achieve results comparable to
those based on high levels of fishmeal. At the same time, the management and
utilisation of industrial by-products from the fishing and aquaculture industries
will lead to a reduction in environmental degradation, enhancing sustainable de-

velopment.

7. Discussion

The rapid growth of fisheries and aquaculture is making a significant contribution
to tackling the global malnutrition crisis. However, the lack of application of cir-
cular economy principles leads to uncontrolled pollution from by-products,
which harms marine biodiversity and jeopardises the sustainability of ecosystems.
The valorisation of by-products through EH into FPH offers a sustainable alter-
native protein source that reduces the environmental footprint and improves
global food security. The production of FPH is mainly based on proteolytic en-
zymes (e.g. alcalase) under controlled conditions (pH 8, 55°C, 2 - 4 h). However,
the high cost of the enzymes is still a major limitation. Research into recovery and
reuse methods, such as the immobilisation of enzymes, aims to improve the eco-
nomic efficiency of the process. The addition of FPH to the feed of farmed fish
promotes growth, immune response and resistance to pathogens, while the con-

sumption of enriched fish is associated with human health benefits due to BAPs
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that show antioxidant, anti-inflammatory and other beneficial effects. However,

further clinical studies are needed to confirm their safety and efficacy. The transi-

tion to a circular economy through the valorisation of fishery and aquaculture by-

products is key to the development of high value-added farmed fish. This transi-

tion requires the optimisation of processes, the reduction of enzyme costs and the

introduction of strict regulations to ensure quality and safety.

8.

Conclusions

Proteolytic enzymes such as alcalase are used for the production of FPH from
various fish by-products. The enzyme alcalase is more commonly used under
certain fermentation conditions, specifically at pH 8, temperature of 55°C and
incubation time of 2 - 4 h, while inhibition of the enzyme is achieved by ther-
mal inhibition at 90°C for 10 min.

Fish feed containing small amounts of FPH, used for farmed fish with an initial
weight of 2.00 £ 0.09 g up to 642 g over a period of no more than 5 - 12 weeks,
showed positive effects on the growth and health of the fish. Partial replace-
ment of fishmeal with hydrolyzed proteins could be of greater benefit to farmed
fish.

Preliminary evidence suggests that consumption of fish enriched with hydro-
lyzed proteins may offer health benefits, potentially contributing to the pre-
vention and management of certain diseases. However, further clinical studies
are required to confirm these effects.

Unlike conventional fishmeal, which is made from caught fish not intended
for human consumption, this process uses discarded fish biomass as a raw ma-
terial. By recycling these by-products, the ecological footprint can be reduced
and the efficiency of production processes in the fish industry can be im-

proved.
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