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Abstract
Fish processing waste represents a significant, underutilized biomass resource, 
with global annual production typically estimated at 50–130 million tonnes. 
Current disposal methods, such as landfilling and ocean dumping, contribute to 
eutrophication, nutrient enrichment, and climate change. Additionally, food system 
assessments indicate that waste accounts for approximately 8% of greenhouse 
gas emissions. This review consolidates existing evidence on the zero-waste 
valorisation of fish byproducts within circular bioeconomy frameworks, analysing 
technological feasibility, environmental performance, and regulatory constraints. The 
analysis investigates significant side streams, including scales, skin, bones, viscera, 
heads, oils, swim bladders, crustacean exoskeletons, fins, and livers, focusing on 
compositional variability and its implications for process design. The evaluation of 
key extraction and conversion routes includes enzymatic hydrolysis, ultrasound-
assisted processing, microwave-assisted processing, supercritical fluid extraction, 
and pulsed electric field treatment, with an emphasis on recovery yield, functional 
quality, and energy intensity. Integrated biorefinery configurations achieve over 70% 
resource recovery and reduce greenhouse gas emissions by 50–75% compared to 
disposal. However, outcomes depend on feedstock logistics, stabilization, and the 
integration of unit operations. Persistent barriers encompass sanitary compliance, 
cross-batch standardization, contaminant surveillance and removal, and substantial 
capital requirements, which disproportionately hinder operators in small-scale and 
developing countries. Research priorities encompass techno-economic assessment, 
life-cycle impact quantification, regulatory harmonization, and quality specifications, 
as well as policy implements that mitigate investment risks and expedite 
deployment.
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1  Introduction
Global fisheries and aquaculture production reached 223.2 million tonnes in 2022, with 
aquaculture accounting for 130.9 million tonnes (58.6%) and capture fisheries for 92.3 
million tonnes (41.4%) FAO, [62]. The estimated first-sale value of this production was 
USD 472 billion, with aquaculture contributing USD 312.8 billion, serving as a crucial 
foundation for global food security and economic development [62]. While process-
ing is essential for food security, it produces significant byproducts (30–75% of the raw 
material), estimated at 50–130 million tonnes worldwide each year [49, 207]. These 
byproducts include muscle trimmings (15–20%), viscera (12–18%), bones (9–15%), 
heads (9–15%), skin and fins (1–5%), and scales (2–5%) [49]. Annual bycatch discards 
amount to 17.9–39.5 million tons [62]. Conventional disposal methods such as landfill-
ing, ocean dumping, or incineration entail significant expenses and missed opportuni-
ties for resource recovery and value generation.

Improper disposal of fish waste results in various and substantial environmental con-
sequences. The direct discharge of fish processing effluents into aquatic environments 
results in anoxic conditions, eutrophication, the initiation of harmful algal blooms, 
destruction of benthic habitats, and amplification of disease vectors [58]. Fish processing 
wastewater exhibits chemical oxygen demand values of 8,000 to 15,000 mg/L, total sus-
pended solids of 3,000 to 6,000 mg/L, lipid concentrations of 3,000 to 6,500 mg/L, and 
protein levels of 1,500 to 2,500 mg/L [49]. The disposal of fish waste in landfills produces 
greenhouse gas emissions via anaerobic decomposition, with methane having a global 
warming potential 25–28 times that of carbon dioxide over a century [61]. Aquaculture 
operations in China contributed approximately 6.25 teragrams of CO₂-equivalent annu-
ally from 1980 to 2022, primarily due to methane emissions from pond decomposition 
and feed production [247]. Food loss and waste in fish value chains account for roughly 
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8% of global anthropogenic greenhouse gas emissions [61]. Aquaculture and fishing 
operations contribute 75–80% of nitrogen and 60–75% of phosphorus from feed inputs 
to surrounding waters via metabolic waste and uneaten feed, significantly impacting 
ecosystem nutrient cycles and productivity [51, 210].

Recent advancements in science and technology offer significant opportunities to fully 
valorize fish waste through advanced extraction and processing techniques. Enzymatic 
hydrolysis, ultrasound-assisted extraction, microwave-assisted processing, supercriti-
cal fluid extraction, and pulsed electric field treatment facilitate the selective recovery of 
collagen, gelatin, bioactive peptides, omega-3 polyunsaturated fatty acids, hydroxyapa-
tite, chitosan, and other high-value compounds, achieving enhanced yield, purity, and 
environmental performance compared to traditional methods [80, 214]. Integrated bio-
refinery approaches facilitate the sequential or concurrent extraction of multiple value 
streams from a single feedstock, resulting in overall resource recovery rates exceeding 
70%, compared with 30–40% for single-product extraction [30, 155]. Data from life cycle 
assessments indicate that the valorisation of fish waste leads to a reduction in green-
house gas emissions by 50–75%, a decrease in eutrophication potential by 40–60%, 
and a reduction in overall disposal-related costs by 20–40% per tonne processed when 
compared to traditional landfilling [143]. Significant obstacles remain in achieving reg-
ulatory alignment, standardizing processes, integrating supply chains, reducing capital 
costs, and demonstrating commercial-scale viability, especially in developing countries 
where waste processing volumes are highest, and infrastructure investments are most 
constrained.

This review consolidates existing evidence on the zero-waste valorisation of fish 
byproducts within circular bioeconomy frameworks, highlighting significant gaps in 
technological innovation, economic feasibility, environmental sustainability, and regu-
latory implementation. We assess (i) the composition and functional potential of fish 
byproducts, (ii) conventional and emerging recovery technologies, (iii) key product 
pathways and techno-economic considerations, and (iv) environmental and regulatory 
aspects using available life cycle and policy evidence. This study integrates quantitative 
evidence from food science, biotechnology, process engineering, environmental science, 
and policy studies to establish an interdisciplinary foundation for advancing sustainable 
valorization of fish waste. This approach supports the development of a blue bioecon-
omy in alignment with the United Nations Sustainable Development Goals 12 and 14, as 
well as the FAO Code of Conduct for Responsible Fisheries.

2  Overview of different fish processing byproducts
The various components of the fish body that are usually not consumed are discarded; 
these are referred to as fish leftovers, byproducts, or waste. Not only the fish industry, 
but also retail markets, produce vast amounts of fishery byproducts (Fig. 1). Efficient 
management of these byproducts is crucial for mitigating environmental problems and 
enhancing the sustainability of aquaculture and fisheries [224]. Furthermore, fish proces-
sors often lack sufficient knowledge of the technologies required to process byproducts 
effectively [157]. Given the escalating issue of fish waste and the urgency of interven-
tion, numerous global initiatives have been implemented to prevent food waste [172]. 
These byproducts, including scales, skin, fins, bones, and viscera, are increasingly rec-
ognised as sources of valuable biochemical compounds [118]. Table 1 presents different 
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compounds and the principal utilization routes of fish processing byproducts, and Table 
2 outlines extraction methods, reported yields, and optimal processing conditions for 
significant byproduct utilization.

2.1  Fish scales

Valorization of fish scales presents a sustainable method for transforming seafood pro-
cessing waste into high-value biomaterials, thereby contributing to circular economy 
goals [176, 221]. Scales comprise collagen, hydroxyapatite, chitin, and various bioac-
tive compounds, facilitating their use in biomedicine, nutraceuticals, environmental 
remediation, and advanced materials [85, 249]. Recent studies highlight the advantages 
of milder and intensified recovery methods, including microwave-assisted extraction, 
ultrasound-assisted extraction, supercritical fluid extraction, and enzymatic hydrolysis 
with hydrothermal pretreatment [126, 214, 249]. These methods enhance yield and min-
imize environmental impact compared with traditional acid or alkali treatments [126, 
214, 249].

Quantitative assessments indicate that scales account for approximately 1 to 5% of 
total fish weight, comprising roughly 40 to 60% hydroxyapatite and 30 to 40% collagen 
on a dry weight basis [8, 81]. Yields reported differ by method and species: acid soluble 
collagen yields 8 to 18% on a wet weight basis [205, 220]; enzymatic hydrolysis follow-
ing demineralization yields 12 to 22% [205]; hydrothermal pretreatment achieves protein 
recovery near 84.81% with significant ACE inhibitory activity; hydroxyapatite recovery 
via calcination yields 25 to 45% of dry mass [249]; chemical precipitation yields 30 to 
50% with Ca to P ratios of approximately 1.60 to 1.67 [85]; and chitin yields range from 2 
to 8% with degrees of deacetylation to chitosan between 70 and 85% [85, 117, 249]. Pro-
cess intensification reduces processing time and energy consumption while maintaining 
product quality [238].

Technical and logistical challenges limit commercialization. Demineralisation and 
deproteinisation typically necessitate substantial energy inputs and potent chemicals, 
resulting in hazardous effluents and significant water consumption. While enzymatic 

Fig. 1  Photos of different fish byproducts collected from retail markets, Bangladesh: a Whole Rohu fish; b Fins, 
viscera, liver, in the bin c Swim bladders, gills, scales, fins in the floor d Heads, skin, viscera parts e Washed scales f 
Washed Swim bladders
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Fish processing 
byproducts

Primary bioactive 
compounds

Principal utilization routes and applications Refer-
ences

1. Fish scales Collagen (type I and 
II), proteins, chitin/chi-
tosan, hydroxyapatite, 
bioactive peptides, 
calcium phosphates

Extraction of collagen and gelatin for biomedical 
devices and functional foods; recovery of hydroxyapa-
tite via thermal calcination or hydrothermal synthesis 
for bone tissue engineering and dental applica-
tions; production of chitosan-based biopolymers 
for pharmaceutical and environmental applications; 
development of bioactive peptides with antioxidant 
and antimicrobial properties; manufacture of mineral 
sorbents for heavy metal remediation in wastewater 
treatment systems

[3, 8, 
76, 177, 
220]

2. Fish skin Type I collagen, gelatin, 
structural proteins, 
bioactive peptides, 
astaxanthin, lipid-solu-
ble compounds

Industrial-scale collagen extraction via acid-alkali or 
enzymatic hydrolysis for pharmaceutical and cosmetic 
applications; gelatin production for food additives and 
biomedical encapsulation; development of collagen-
based tissue engineering scaffolds and wound dress-
ing materials; manufacture of edible films and coatings 
for food preservation; extraction of bioactive peptides 
with documented antihypertensive and anti-inflam-
matory properties; production of sustainable leather 
substitutes and biotextile materials

 [33, 49, 
69, 77, 
177, 
192, 
223]

3. Fish bones 
(Endoskeletons)

Calcium phosphates 
(hydroxyapatite, β-
tricalcium phosphate), 
collagen, mineral 
matrices, protein hy-
drolysates, bioactive 
peptides, essential trace 
elements

Production of nanostructured hydroxyapatite via 
thermal calcination or wet chemical synthesis for 
orthopedic implants and dental restorations; manufac-
ture of calcium-fortified functional food ingredients; 
recovery of collagen and gelatin for industrial and 
biomedical applications; enzymatic hydrolysis for 
generation of bioactive peptides with antihyperten-
sive and immunomodulatory properties; production 
of fishmeal and protein concentrates for animal feed; 
development of mineral-enriched organic fertilizers 
and soil amendments

[3, 35, 
76, 85, 
147, 
220]

4. Swim bladders 
(Fish maws)

Collagen, elastin, 
bioactive peptides, 
polysaccharides, 
lipopolysaccharides

Production of isinglass (food-grade gelatin) for clarifi-
cation of beverages; extraction of high-purity collagen 
for cosmeceutical and pharmaceutical formulations; 
development of bioactive peptide preparations with 
documented antioxidant and anti-inflammatory 
activity; manufacture of collagen-elastin composite 
biomaterials for tissue engineering applications; 
valorisation as luxury food ingredient and traditional 
Chinese medicine preparation

[15, 49, 
55, 105]

5. Fish oil Omega-3 long-chain 
polyunsaturated fatty 
acids (eicosapentaenoic 
acid, docosahexaenoic 
acid), omega-6 poly-
unsaturated fatty acids, 
vitamin A, vitamin D, 
squalene, phospholipids

Production of nutraceutical omega-3 supplements 
targeting cardiovascular protection and neuroprotec-
tion; formulation of infant formula and functional 
foods enriched with long-chain polyunsaturated fatty 
acids; development of pharmaceutical preparations 
for metabolic and inflammatory disorders; incorpora-
tion into aquaculture feeds and terrestrial animal feeds 
to enhance nutritional profiles; synthesis of biodiesel 
and other renewable biofuels via transesterification; 
utilisation in cosmetic formulations, dermatological 
products, and skincare preparations

[2, 16, 
44, 93, 
178, 
189]

Table 1  Bioactive compounds and principal utilization routes of fish processing byproducts
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and green alternatives are more environmentally friendly, they also elevate capital and 
operational expenses and introduce uncertainties regarding scalability [8, 220]. The low 
unit mass and dispersed generation increase collection and logistics costs for artisanal 
and multi-species fisheries, while regulatory uncertainty and fluctuating consumer 
acceptance hinder adoption for food and biomedical applications [49, 81]. Addressing 

Fish processing 
byproducts

Primary bioactive 
compounds

Principal utilization routes and applications Refer-
ences

6. Fish viscera Digestive proteases 
(pepsin, trypsin), lipases, 
structural proteins, bio-
active peptides, protein 
hydrolysates, omega-3 
polyunsaturated fatty 
acids, minerals

Production of fish protein hydrolysates via enzymatic 
digestion with documented antihypertensive, anti-
oxidant, and immunomodulatory activities; isolation 
and purification of digestive enzymes for use as 
industrial biocatalysts; extraction of omega-3-enriched 
oils for nutraceutical and pharmaceutical applica-
tions; fermentation-based production of fish silage 
as a cost-effective animal feed ingredient; anaerobic 
digestion for biogas production as renewable energy; 
development of bioactive peptides for functional food 
formulations

[6, 34, 
49, 161, 
202]

7. Fish heads Proteins, collagen, lipids, 
omega-3 polyunsaturat-
ed fatty acids, minerals 
(calcium, phosphorus), 
bioactive peptides

Large-scale production of fishmeal and fish oil via 
thermal processing for aquafeeds and terrestrial 
animal feeds; generation of fish protein hydrolysates 
through enzymatic and microbial processes; extrac-
tion and characterisation of bioactive peptides with 
documented health-promoting properties; isolation of 
proteolytic and lipolytic enzymes for food processing 
industries; manufacture of fish glue and other adhe-
sive products; production of mineral-enriched organic 
fertilizers for agricultural applications

[76, 94, 
150, 
161, 
225]

8. Crustacean 
exoskeletons

Chitin, chitosan, carot-
enoids (astaxanthin, 
beta-carotene), calcium 
carbonate, proteins, 
lipids

Industrial synthesis of chitosan via deacetylation of 
chitin for pharmaceutical, nutraceutical, and biomedi-
cal applications; production of chitooligosaccharides 
with documented prebiotic and immunomodulatory 
properties; development of active food packaging 
materials and edible films with antimicrobial func-
tionality; manufacture of sorbents for water treatment 
and heavy metal remediation; production of dietary 
supplements targeting joint health and metabolic 
function; development of biocompatible scaffolds for 
tissue engineering applications

[46, 81, 
142, 
224, 
236, 
242]

9. Fish fins Collagen (type I and II), 
gelatin, mineralized col-
lagen matrix enriched in 
calcium and phospho-
rus, trace elements (zinc, 
selenium, iron)

Extraction of high-quality collagen and gelatin via 
acid-alkali or enzymatic hydrolysis for food, cos-
metic, and biomedical applications; development of 
collagen-based biomaterials and three-dimensional 
scaffolds for tissue engineering; potential recovery of 
calcium phosphate minerals for orthopedic and dental 
applications; production of value-added functional 
food ingredients with mineral fortification; develop-
ment of bioactive peptides via proteolytic hydrolysis

[131, 
132, 
176, 
239]

10. Fish livers Omega-3 long-chain 
polyunsaturated fatty 
acids (eicosapentaenoic 
acid, docosahexaenoic 
acid), fat-soluble vita-
mins (retinol, calciferol), 
high-quality proteins, 
essential minerals (sele-
nium, iodine, iron)

Industrial production of fish liver oil as a primary 
source of omega-3 polyunsaturated fatty acids for 
global nutraceutical markets; development of vitamin 
A and vitamin D concentrates for pharmaceutical and 
functional food applications; formulation of omega-3 
supplements targeting cardiovascular and neurologi-
cal health; incorporation into infant formulas and 
medical foods; utilisation in cosmetic and skincare 
formulations; application in aquaculture feeds to 
optimise growth performance and disease resistance 
in farmed fish

[98, 122, 
141, 
189, 
218]

Table 1  (continued) 
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Fish process-
ing byproducts

Primary 
compounds

Optimal 
species/source

Extraction 
method

Typical 
yield 
(state 
basis)

Key quality 
parameter

Refer-
ences

1. Fish scales Collagen Tilapia, carp Enzymat-
ic + deminerali-
sation

12–22% ACE inhibi-
tion IC₅₀ 
0.15–0.35 mg/
mL

[220, 
249]

Hydroxyapatite Tilapia, tuna Calcination 
800–1000 °C

25–45% 
(dry wt)

Ca/P ratio 
1.60–1.67

[71, 85]

Chitin Carp, tilapia Acid-alkali 
extraction

2–8% (dry 
wt)

Degree of 
acetylation 
70–85%

[59, 
117]

2. Fish skin Collagen Tilapia, cod, tuna Pepsin-aided 
enzymatic

5–30% 
(dry 
weight; 
species & 
method 
depen-
dent)

Denaturation 
temp. 25–35 °C

[8, 226]

Gelatin Tilapia, cod Thermal 
hydrolysis

15–18% 
(tilapia), 
12–16% 
(cod)

Gel strength 
150–300 g 
Bloom

[106]

Bioactive 
peptides

Salmon, tuna Enzymatic 
hydrolysis

10–25% ACE inhibition 
IC₅₀ 0.1–0.4 mg/
mL

[192, 
203]

3. Fish bones 
(Endoskeletons)

Hydroxyapatite Tuna, swordfish, 
cod

Calcination 
800–1000 °C

40–65% 
(dry wt)

Crystallinity 
0.70–0.85

[35, 85, 
208]

Collagen Cod, salmon Acid + enzy-
matic

5–15% Denaturation 
temp. 28–35 °C

[77, 99, 
106]

Biochar Mixed species Pyrolysis 
350–500 °C

30–45% 
(dry wt)

Surface area 
100–300 m²/g

[38, 
190]

4. Swim blad-
ders (Fish maws)

Collagen Yellow croaker, 
sturgeon, 
barramundi

Pepsin-aided 
enzymatic

15–30% Gel strength 
200–350 g 
Bloom

[55, 199, 
232]

Bioactive 
peptides

Yellow croaker Enzymatic 
hydrolysis

12–25% ABTS scaveng-
ing 65–85%

[47, 121, 
127]

5. Fish oil Omega-3 
(EPA + DHA)

Mackerel, 
salmon, anchovy 
viscera/liver

Supercritical 
CO₂ extraction

10–16% 
(whole 
fish basis)

EPA + DHA 
25–35%

[101, 
180, 
217]

Concentrated 
EPA + DHA

Anchovy, mack-
erel oil

Molecular 
distillation

60–75% 
(lipid 
basis)

EPA + DHA 
50–70%

[5, 56, 
180]

6. Fish viscera Protein 
hydrolysates

Salmon, cod Alcalase 
enzymatic

15–30% ACE inhibi-
tion IC₅₀ 
0.08–0.25 mg/
mL

[82, 
150]

Oils (EPA + DHA) Mackerel, herring Enzymatic 
extraction

10–20% EPA + DHA 
18–28%

[10, 26, 
181]

Silage 
(fermented)

Mixed species Lactic 
fermentation

80–90% 
digest-
ibility

Crude protein 
8–15% (dry 
matter)

[184]

7. Fish heads Protein 
hydrolysates

Salmon, cod Enzymatic 
or subcritical 
water

15–28% DPPH scaveng-
ing 50–80%

[95, 150, 
155, 
169]

Oils (EPA + DHA) Salmon, tuna Subcriti-
cal water 
co-extraction

5–12% EPA + DHA 
15–25%

[139, 
155, 
233]

Table 2  Fish processing byproducts valorization: Source, extraction methods, and yield (%)
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these constraints is crucial for realizing the complete sustainability and economic poten-
tial of materials derived from scale.

2.2  Fish skin

Fish skin, a prevalent byproduct of global fish processing, serves as a concentrated source 
of type I collagen and gelatin. Its valorization transforms low-value waste into high-
value biomaterials, yielding significant economic and environmental advantages [176]. 
Fish-derived collagen, as a non-mammalian source, addresses religious and public health 
concerns associated with terrestrial gelatin and mitigates risks of bovine spongiform 
encephalopathy [99, 149]. Fish skin produces bioactive peptides that exhibit antioxidant, 
antimicrobial, and antihypertensive properties, facilitating their use in pharmaceuticals, 
cosmetics, food, and tissue engineering [129, 192, 248].

Species and extraction method influence yield and material properties. Fish skin 
generally accounts for 2 to 10% of the total fish biomass, with collagen constituting 
approximately 60 to 70% of the dry weight of the skin [8, 154, 226]. Yields for acid-solu-
ble collagen are reported between 12 and 35%, while pepsin-assisted enzymatic extrac-
tion yields range from 15 to 40%, enhancing molecular weight control and raising the 
denaturation temperature by approximately 3 to 8 degrees Celsius. Thermal gelatin 
yields vary from 8 to 20%, influenced by species: Tilapia (Oreochromis niloticus) yields 
15–18%, Atlantic cod (Gadus morhua) yields 12–16%, and Yellowfin tuna (Thunnus alb-
acares) yields 10–14% [106, 167, 205]. Ultrasound-assisted extraction, a form of process 

Fish process-
ing byproducts

Primary 
compounds

Optimal 
species/source

Extraction 
method

Typical 
yield 
(state 
basis)

Key quality 
parameter

Refer-
ences

8. Crustacean 
exoskeletons

Chitin Shrimp shells Acid-alkali 
extraction

15–35% 
(dry wt)

Degree of 
acetylation 
85–95%

[242]

Chitosan Shrimp, crab 
shells

Deacetylation 
(40–50% 
NaOH)

Based on 
chitin

Degree of 
deacetylation 
70–95%

[242]

N-acetylglucos-
amine

Shrimp chitin Enzymatic 
(chitinase)

60–85% 
(chitin 
basis)

Purity > 95% [21, 
237]

Astaxanthin Shrimp, crab 
shells

Supercritical 
CO₂ + ethanol

0.8–
2.5 mg/g 
(dry shell)

Purity 85–95% [146]

Calcium 
carbonate

Crab shells Precipitation 
from deminer-
alisation

15–30% 
(dry wt)

Particle size 
1–10 μm

[81]

9. Fish fins Collagen Clown feather-
back fin

Pepsin-aided 
enzymatic

8–18% Denaturation 
temp. 32–35 °C

[114, 
125, 
167]

Protein 
hydrolysates

Tilapia fin 
collagen

Subcritical 
water

10–20% DPPH scaveng-
ing 45–70%

[7, 211]

10. Fish livers Fish oil 
(EPA + DHA)

Cod, shark, 
halibut

Enzymatic or 
supercritical 
CO₂

25–50% 
(liver wt)

EPA + DHA 
15–25%; Vit A 
10,000–30,000 
IU/g

[180, 
217, 
218]

Protein 
hydrolysates

Cod, tuna Enzymatic 
hydrolysis

8–15% Degree of 
hydrolysis 
20–35%

[92, 
201]

Table 2  (continued) 
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intensification, decreases processing time and energy consumption while enhancing 
yield [220]. Reported functional metrics indicate an increase in gel strength from 150 to 
300 Bloom and viscosity from 2.5 to 4.5 millipascal seconds at a concentration of 6.67% 
and a temperature of 60 degrees Celsius [106, 167, 220].

Commercialization is constrained by perishability, variability, and environmen-
tal impact. Maintaining skin moisture levels between 70 and 80%, along with elevated 
endogenous protease activity and microbial loads, necessitates prompt stabilization and 
effective cold chain management to ensure extractability [49]. Variability among spe-
cies and environmental factors complicates the standardization of pharmaceutical-grade 
materials [226]. Conventional acid and base processing produce corrosive effluents and 
incurs substantial wastewater treatment costs. In contrast, enzymatic and other green 
technologies mitigate environmental impact but entail higher capital and operational 
costs, limiting their adoption to premium markets. Additionally, varied consumer accep-
tance and stringent regulatory pathways further hinder large-scale implementation [8, 
49, 106].

2.3  Fish bones (Endoskeletons)

Valorization of fish bones represents a sustainable approach to transforming seafood 
processing waste into high-value products applicable in biomedical, nutritional, agricul-
tural, and environmental fields [176]. Fish bones contain significant amounts of calcium 
phosphate, calcium carbonate, and magnesium phosphate, which can be used as feed-
stock for the production of hydroxyapatite, protein hydrolysates, and bioactive peptides 
[85]. Each of these components plays a specific functional role in applications such as 
bone tissue engineering, dental materials, drug delivery, and food fortification sectors 
[85, 165, 176]. Optimized recovery methods, such as thermal calcination, hydrothermal 
synthesis, and controlled chemical precipitation, yield nanoscale hydroxyapatite with 
appropriate crystallinity and biocompatibility for medical applications [60, 182, 235].

The reported compositional and yield metrics demonstrate technical viability and 
emphasize the dependence on methodology. Fish bones generally account for 10 to 20% 
of fish biomass, comprising approximately 50 to 70% calcium phosphate, 20 to 30% col-
lagen, and 5 to 10% water on a dry basis [153, 165, 219]. Calcination at temperatures 
ranging from 800 to 1000 degrees Celsius produces hydroxyapatite with yields of 40 
to 65%, characterized by Ca: P molar ratios between 1.63 and 1.68 [35]. Hydrothermal 
synthesis at 150 to 250 degrees Celsius yields 35 to 55% nanostructured material, with 
particle sizes of approximately 20 to 80 nanometers and an enhanced surface area [60]. 
Additionally, collagen extraction from bone yields 5 to 15% by wet weight and exhibits 
thermal stability comparable to collagen derived from skin [35, 77, 85, 99]. Low tem-
perature pyrolysis yields biochar at rates of 30 to 45%, with surface areas suitable for soil 
amendment and wastewater remediation [38, 174].

Essential constraints must be addressed to facilitate scaling and market translation. 
The significant thermal energy requirements for calcination and hydrothermal processes 
may negate environmental advantages unless they are coupled with renewable energy 
sources or waste heat recovery [35, 85]. Additionally, bones have the potential to bioac-
cumulate heavy metals and persistent pollutants, necessitating thorough screening and 
purification to comply with regulatory standards [35]. Logistical challenges stem from 
the dispersed and heterogeneous nature of species supply, resulting in higher collection 
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and processing costs for artisanal fisheries. Additionally, competition from synthetic 
hydroxyapatite and established supply chains constrain commercial adoption. Advanc-
ing green processing methods, harmonizing quality control, and clarifying regulatory 
pathways are essential for realizing the circular bioeconomy potential of fish bone-
derived materials [38, 85].

2.4  Swim bladders (Fish Maws)

The valorisation of fish swim bladders offers a sustainable method for transforming pro-
cessing byproducts into high-value biomaterials [121, 176]. Swim bladders contain high 
levels of collagen, elastin, and glycosaminoglycans and have historically been utilized as 
fish maw, which is believed to possess therapeutic benefits [54, 121]. Recent research 
validates the biomedical potential, indicating antioxidant, anti-inflammatory, and anti-
cancer properties, and endorsing uses in food, pharmaceuticals, cosmetics, biodegrad-
able films, and tissue scaffolds [75, 121, 176, 196]. Species with nutritional and functional 
potential, such as bighead carp, enhance the impetus for the development of nutraceuti-
cals and dietary supplements derived from swim bladder peptides [55, 127].

Metrics of composition and performance exhibit dependence on both method and 
species. Swim bladders generally account for 0.5 to 3% of the wet weight of fish, with col-
lagen constituting 50 to 70% of the dry mass, elastin 10 to 20%, and glycosaminoglycans 
5 to 10% [106, 121, 127]. Yields for acid-soluble collagen range from 10 to 25%, while 
pepsin-aided extraction yields range from 15 to 30%. Denaturation temperatures are 
reported as 28–36 °C for warm-water species and 18–25 °C for cold-water species [121, 
127]. Gelatin derived from air bladders exhibits gel strengths between 200 and 350 g 
Bloom and viscosities of 3.0 to 5.5 mPa·s [42, 75]. Bioactive peptides exhibit ABTS radi-
cal scavenging activity ranging from 65 to 85% and cyclooxygenase-2 inhibition between 
50 and 70% [55, 121]. Process intensification techniques, such as microwave-assisted 
extraction, decrease processing time by 60 to 75% while enhancing collagen yield by 10 
to 20% [121]. Controlled oven drying at 50 to 60 degrees Celsius for 8 to 12 h produces 
translucent, stable products with a moisture content below 12% [48, 95, 214].

Limited feedstock availability, high technical costs, and regulatory uncertainties hin-
der industrial-scale-up. Commercially viable swim bladders are primarily found in large 
physoclistous teleosts, which limit supply and concentrate markets. The luxury demand 
for these products has led to overexploitation in certain regions, prompting conserva-
tion responses [50, 54, 121, 176]. The high costs associated with enzymatic and chemical 
extraction, the labor-intensive nature of manual processing, the sensitivity of product 
quality to sanitization and drying, and the environmental impacts of conventional chem-
ical methods hinder wider adoption unless addressed through green technologies and 
energy integration [172, 187, 221]. To achieve scalable and sustainable valorisation, pri-
orities encompass responsible sourcing and aquaculture, validation of bioactivity and 
safety, implementation of intensified green extraction methods, and establishment of 
harmonised processing and regulatory standards [221, 243].

2.5  Fish oil

Recent advancements in fish oil valorisation emphasize the adoption of milder extrac-
tion methods and the incorporation of renewable energy to enhance yield and quality, 
while reducing environmental impact and promoting circular economy objectives [11, 



Page 11 of 33Haque et al. Discover Food           (2026) 6:160 

16, 67, 141, 143]. The primary focus is on long-chain omega-3 polyunsaturated fatty 
acids, specifically eicosapentaenoic acid and docosahexaenoic acid, due to their cardio-
protective, neuroprotective, and anti-inflammatory effects [16, 135, 143]. Process inten-
sification and green technologies, including enzymatic hydrolysis, supercritical carbon 
dioxide extraction, real-time near-infrared monitoring, and microencapsulation with 
biopolymers, improve PUFA retention, stabilize products for nutraceutical applications, 
and support adherence to quality standards [52, 138, 221, 241].

Yield measurements and quality metrics highlight the dependence on both method 
and species. Common feedstocks consist of viscera, heads, frames, and liver, with lipid 
contents differing by tissue and season: viscera contain 15 to 40% lipids, heads 5 to 20%, 
and liver 40 to 80% [5, 171]. Wet rendering generally produces 8 to 18% oil from the 
whole fish, whereas enzymatic hydrolysis yields 12 to 22% oil, with reduced thermal 
damage to polyunsaturated fatty acids [138]. Supercritical carbon dioxide extraction 
conducted at pressures of 300 to 400 bar and temperatures of 40 to 60 degrees Celsius 
yields oil content ranging from 10 to 16%, characterized by low peroxide and anisidine 
values, and enhanced EPA plus DHA fractions of approximately 25 to 35%, compared 
to 18 to 28% obtained through conventional rendering [101, 138, 180]. Molecular distil-
lation effectively concentrates EPA and DHA to levels of 50–70%, achieving lipid yields 
of 60–75% [56, 241]. Additionally, microencapsulation efficiencies ranging from 80 to 
95% significantly enhance shelf life [52, 107, 164]. Life cycle assessment studies indicate 
greenhouse gas reductions of approximately 1.5 to 2.2 kg CO2-eq per kilogram of oil, 
alongside energy savings of about 8 to 15 MJ per kilogram compared to disposal sce-
narios [104]. Additionally, near infrared spectroscopy demonstrates predictive accuracy 
adequate for process control (R² > 0.95) [104, 143, 221].

Significant obstacles to scaling persist in the technological, environmental, and eco-
nomic domains. The elevated polyunsaturated fatty acid (PUFA) content in oils predis-
poses them to autoxidation and enzyme-catalyzed peroxidation, necessitating stringent 
control of time, temperature, and oxygen, as well as the implementation of antioxidant 
strategies, which adds complexity and cost [180, 217]. Viscera and liver oils accumulate 
fat-soluble contaminants, including polychlorinated biphenyls, dioxins, and brominated 
flame retardants, necessitating advanced purification methods such as molecular distil-
lation or supercritical fractionation [180]. Variability in fatty acid composition due to 
seasonal, geographic, and dietary factors, along with emerging microplastic contami-
nation and limited supply chain integration, complicates standardization for nutraceu-
tical markets. Additionally, economic competition from algal omega-3 and the capital 
intensity of green extraction pose challenges to commercial adoption [151, 218]. To fully 
realise the sustainability and public health potential of fish oil valorisation, further opti-
misation of green extraction protocols, robust contaminant control, integrated supply 
chains, and supportive regulatory and market incentives are necessary [100, 168, 176].

2.6  Fish viscera

Fish viscera comprise a significant portion of fish processing waste and serve as con-
centrated sources of proteins, lipids, enzymes, and polysaccharides. The valorisation of 
viscera supports circular economy goals by transforming a waste stream into bioactive 
ingredients that exhibit antioxidant, anti-inflammatory, and antihypertensive properties, 
applicable in food, pharmaceutical, and feed sectors [72, 92, 104, 176]. Implementing 
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milder, integrated recovery strategies enhances resource efficiency and reduces environ-
mental impact and disposal costs [11, 34, 238].

Enzymatic hydrolysis is the primary method for peptide recovery, yielding protein 
hydrolysates at 15–30% wet weight and degrees of hydrolysis of 15–40%, contingent on 
factors such as enzyme type, temperature, and duration. Commonly utilised proteases 
include endogenous and industrial options such as Alcalase, Flavourzyme, and Prota-
mex, while tuna viscera provide enzymes of industrial significance, including trypsin 
and pepsin [82, 162, 163, 230]. Viscera oils can be extracted enzymatically at yields of 
10–20%, providing sources of EPA and DHA comparable to those of whole fish oil [104]. 
In contrast, fermentation-based silage offers a cost-effective feed alternative, achieving 
protein digestibility rates of approximately 80–90% [181, 183]. Emerging technologies 
such as solar-assisted pretreatment, microwave-assisted extraction, subcritical water 
hydrolysis, and supercritical fluid extraction facilitate the concurrent recovery of pep-
tides, lipids, and minerals, thereby enhancing biorefinery concepts and improving pro-
cess economics [11, 104, 155, 215].

The scaling process is constrained by factors such as rapid autolysis, microbial spoil-
age, compositional variability among species and seasons, and contamination risks from 
bile, heavy metals, and pathogens. These challenges necessitate rigorous handling, puri-
fication, and regulatory measures [6, 72, 157]. Addressing these challenges necessitates 
the implementation of short supply chains or onboard stabilization, standardized qual-
ity control, integrated biorefinery designs that co-extract multiple fractions, and focused 
policy and infrastructure support to mitigate investment risks and facilitate market 
entry [34, 92, 181, 238].

2.7  Fish heads

Fish head valorisation transforms a nutrient-rich byproduct into a feedstock for food, 
pharmaceutical, cosmetic, and bioenergy applications by recovering proteins, omega-3 
polyunsaturated fatty acids, minerals, collagen, and bioactive peptides [94, 181, 221]. 
Fish heads, previously underutilised, now provide functional ingredients for nutraceu-
ticals, cosmetics, and biomedical applications due to their demonstrated antioxidant, 
anti-inflammatory, and antimicrobial properties [121, 137, 150, 169, 192]. Recent pro-
cess innovations, such as enzymatic hydrolysis, fermentation, subcritical water extrac-
tion, and pulsed electric field pretreatment, enhance recovery efficiency and product 
quality while minimizing environmental impacts [128, 137, 155].

Quantitative metrics and process outcomes are highly contingent upon the chosen 
methodology. Fish heads represent approximately 9 to 15% of the total weight of fish 
and generally consist of 12 to 20% protein, 3 to 15% lipids, and 2 to 6% collagen [94, 223]. 
Enzymatic hydrolysis produces protein hydrolysates at 15 to 28% wet weight, achiev-
ing DPPH scavenging rates of 50 to 80% and ABTS scavenging rates of 60 to 85% [36, 
169]. In contrast, subcritical water treatment at temperatures ranging from 160 to 200 
degrees Celsius co-recovers proteins (18 to 30%), oils (5 to 12%, with EPA and DHA at 
15 to 25%), and soluble minerals [150, 155, 169]. Salmon head hydrolysates containing 
peptides under 3 kDa exhibit ACE inhibitory activity, with IC50 values ranging from 
0.12 to 0.35 mg per mL [41, 68, 113]. Additionally, collagen recovery from head skin 
ranges from 3 to 8%, highlighting the need for rapid stabilisation to mitigate collagenase 
activity [94, 150]. Pulsed electric field pretreatment at 2 to 5 kV/cm and 10 to 50 pulses 
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enhances extraction yields by 12 to 25% and reduces hydrolysis time by 30 to 50% [137]. 
The techno-economic analysis of cod head biorefining demonstrates favourable returns 
when protein hydrolysates, oils, and bone meal are co-produced [104, 155].

Significant constraints persist and require attention for scaling up. Heads exhibit high 
perishability due to elevated moisture content, enzyme activity, and microbial loads, 
necessitating prompt processing or cold chain logistics, which escalates operational 
costs [94, 157]. Variability in composition among species and the complexity of anatomy 
hinder standardization and selective separation. Additionally, gill tissues can accumu-
late contaminants and biofilms, necessitating thorough screening [94, 150]. The energy-
intensive extraction processes and the potential accumulation of heavy metals increase 
purification costs and regulatory challenges [157, 181]. The realisation of commercial 
viability relies on integrated biorefinery designs, on-site or near-source concentration, 
harmonised quality protocols, and supportive policies and infrastructure to mitigate 
investment risks and facilitate sustainable valorisation pathways [34, 155].

2.8  Crustacean exoskeletons

Crustacean shells from shrimp, crab, and lobster comprise significant amounts of chi-
tin, protein, calcium carbonate, and carotenoids, particularly astaxanthin, which support 
various applications in pharmaceuticals, water treatment, agriculture, cosmetics, and 
food preservation [22, 91, 146, 185, 212]. Recent developments in catalytic and biochem-
ical conversion methods broaden the range of products to include platform chemicals 
like levulinic acid and gamma valerolactone, thereby enhancing the economic viability 
of integrated shell biorefineries [20, 45, 89, 91, 111]. Optimised depigmentation and 
streamlined processing steps have improved exergy efficiency and production metrics in 
chitosan manufacturing [140].

Enhanced, environmentally friendly extraction methods improve yields while main-
taining the functional integrity of the recovered fractions. Ultrasound-assisted depro-
teinization reduces alkali use and shortens processing time, while simultaneously 
enhancing chitin purity [13, 24, 222]. Supercritical carbon dioxide extraction, utilizing 
ethanol as a co-solvent, effectively produces astaxanthin and other lipophilic pigments at 
significant concentrations, thereby enhancing revenue generation in biorefinery models 
[146, 197]. Chemical methods are effective for demineralisation, deproteinisation, and 
deacetylation to chitosan, yielding chitin at approximately 15–35% and chitosan with 
degrees of deacetylation ranging from 70 to 95%, contingent on specific conditions [21, 
81, 242]. In contrast, enzymatic chitin hydrolysis yields N-acetylglucosamine with high 
purity and market value, though at a higher cost [21, 81, 142, 242].

Widespread deployment faces limitations due to environmental, technical, and market 
barriers, necessitating integrated responses [81, 242]. Conventional chemical processing 
produces substantial effluent volumes, excessive water consumption, and neutralization 
emissions. Additionally, shells can accumulate contaminants such as heavy metals and 
microplastics, which require stringent purification and quality assurance measures [81, 
242, 244]. Variability in species, seasonality, and geography complicates the standardiza-
tion of chitin and chitosan specifications for pharmaceutical and biomedical applications 
[242]. To achieve scalable and sustainable valorisation, key actions involve the adoption 
of green extraction technologies in modular biorefinery designs, integration of life cycle 
and techno-economic assessments in process selection, establishment of harmonised 
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quality standards, and implementation of targeted policy incentives to mitigate invest-
ment risks and enhance market competitiveness compared to synthetic alternatives [20, 
89, 111, 140, 238, 244].

2.9  Fish fins

Fins represent an underutilized byproduct with established value for collagen, gelatin, 
protein hydrolysates, and bioactive peptides in circular bioeconomic frameworks [12, 
99, 172, 200]. Reported biomass fractions differ by definition and species; however, fins 
generally constitute a minor portion of total fish mass, typically ranging from 1 to 10%, 
contingent upon the inclusion of paired fins and fin rays [12, 152, 172]. Fin-derived bio-
molecules exhibit functional properties pertinent to food, cosmetic, and biomedical 
applications, characterized by advantageous amino acid profiles and proven antioxidant 
activity [27, 152, 154, 211].

Recovery metrics and process performance are significantly reliant on the chosen 
methodology. Acid-soluble collagen yields vary from 5 to 12% of wet weight, while 
pepsin-assisted extraction yields range from 8 to 18%. Fin collagens demonstrate dena-
turation temperatures of 32–35 °C, gel strengths of 180–250 Bloom, and a high-water-
holding capacity [69, 99]. Subcritical water hydrolysis at temperatures ranging from 150 
to 180 degrees Celsius yields protein hydrolysates with 10–20% wet weight yields and 
DPPH scavenging activities of 45–70% [152]. In contrast, enzymatic digestion yields gel-
atin at 6 to 14%, while fin oils contain 10 to 18% EPA and DHA, which are suitable for 
nutraceutical concentration via molecular distillation [88, 211].

Commercialization is limited by restricted feedstock mass, composite fin morphol-
ogy, and species-dependent variability, which collectively hinder economies of scale and 
complicate selective extraction and standardization [40, 115, 172, 229]. Reputational and 
regulatory risks associated with shark fins, along with the irregular morphology of fin 
rays and their co-mingling with other byproducts, further limit market access. Conse-
quently, viable pathways involve integrated multi-stream biorefineries aimed at high-
value biomedical and cosmetic niches [65, 220]. Priority actions include adopting green, 
intensified extraction; onsite or near-source concentration; comprehensive cross-species 
characterisation; and techno-economic assessment to validate scalable, sustainable valo-
risation routes [19, 65, 172, 214].

2.10  Fish livers

Fish liver valorisation provides a high-value route for converting seafood waste into 
nutraceutical, pharmaceutical, and functional food ingredients owing to its rich compo-
sition of long-chain omega-3 polyunsaturated fatty acids, fat-soluble vitamins, proteins, 
enzymes, and bioactive lipids [98, 229]. Livers from cod, halibut, and tuna are notable 
for elevated EPA and DHA and substantial vitamin A and D content, underpinning 
anti-inflammatory, antioxidant, and immunomodulatory applications while also raising 
safety considerations for hypervitaminosis A and contaminant bioaccumulation [37, 98, 
188, 229, 231].

Recent process innovations improve yield and product quality. Conventional wet 
rendering of cod liver yields approximately 30 to 50% oil of liver wet weight with EPA 
and DHA comprising roughly 15 to 25% of the oil, whereas enzymatic extraction with 
Alcalase or Protamex increases yield by about 10 to 20% while operating at lower 
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temperatures and reducing oxidation [37, 98, 138]. Supercritical carbon dioxide extrac-
tion preserves vitamins and reduces contaminants at pressures of 350–450 bar and tem-
peratures of 40–50 °C, yielding oil yields of 25–40% [180]. Complementary methods 
such as ultrasound-assisted extraction, microwave processing, and hyperspectral imag-
ing for line-level quality control support integrated valorisation and circular economy 
models [138, 158, 214].

Key barriers to scalable deployment include contaminant concentrations in liver tissue, 
seasonal and species variability in lipid content, rapid autolysis and oxidative instability 
of polyunsaturated lipids, and regulatory constraints on vitamin-rich products [98, 100]. 
Addressing these challenges requires rigorous contaminant monitoring and purifica-
tion, standardised batch characterisation, rapid near-source processing or stabilisation, 
adoption of low-temperature green extraction, and harmonised regulatory pathways to 
ensure safe, consistent, and commercially viable liver-derived products [108, 188, 229].

3  Zero-waste utilisation
3.1  Biofuel production

The use of biofuels has been regarded as one of the most efficient alternatives to nonre-
newable energy sources, primarily due to their renewable nature, ecological sustainabil-
ity, biodegradability, and nontoxicity [53]. These biofuels can be produced from various 
organic wastes streams, including vegetable waste [204], fish waste [18, 100, 110, 170], 
and animal waste [4, 124]; microalgae [29, 216]; seaweed [32, 86]; and plants such as 
Jatropha sp. Kywe and Oo, [119]. Waste biorefineries are attracting considerable global 
interest due to their ability to address energy demands and waste management issues 
within the framework of a circular economy [9, 245]. The fish industry is among the 
fastest-growing sectors globally, generating substantial waste, and improper disposal 
can pose significant health and environmental risks [74]. The fish processing industry 
generates waste from various parts of the fish, including the head (21.5%), liver (5.1%), 
skin (3.3%), gut (7.7%), fillet/skinned (36%), backbone (15.3%), fins (6.1%), and roe (4.2%) 
[214]. Fish waste, particularly fish oil, holds considerable potential as a biofuel source 
due to its elevated levels of long-chain fatty acids, which are suitable for biodiesel pro-
duction [74]. Fish waste can be utilised in various applications, including the production 
of biofuels that enhance socioeconomic stability, increase energy security, and improve 
resilience to climate change-related environmental challenges by reducing greenhouse 
gas emissions [18]. The elevated lipid content of waste fish oil renders it a more appro-
priate source for biofuel production [240].

3.2  Collagen extraction

Collagen extraction from fish waste has emerged as a critical research domain, driven 
by the imperatives of environmental sustainability and the increasing demand for bio-
compatible materials. Compared with mammalian sources, fish-derived collagen offers 
distinct advantages, including a reduced risk of disease transmission, increased bio-
availability, and the absence of religious constraints [120, 172]. Traditional extraction 
methods, particularly acid-soluble collagen (ASC) and pepsin-soluble collagen (PSC) 
techniques, are favoured for their ability to maintain the native triple-helical structure 
of type I collagen, which is essential for retaining bioactivity [69, 79]. Conventional 
approaches, however, exhibit limitations, including prolonged processing times and 
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restricted yields. Advanced techniques have addressed these constraints. Ultrasound-
assisted extraction (UAE) has demonstrated improved efficiency and reduced process-
ing time while maintaining collagen quality [83]. In contrast, enzyme-based methods 
utilising pepsin and Lactobacillus fermentation achieve high yields with preserved 
structural integrity [112]. Green extraction technologies represent the most significant 
advancement, with deep eutectic solvent (DES) systems and supercritical fluid extrac-
tion (SFE) offering rapid, cost-effective, and environmentally sustainable alternatives [80, 
89]. These methodologies demonstrate exceptional efficiency, achieving extraction yields 
of up to 90% from cod skins and producing high-quality type I collagen with superior 
biocompatibility [172]. The combination of natural deep eutectic solvents with ultra-
sonication exemplifies the optimal integration of green chemistry principles, resulting 
in enhanced extraction performance. Precise control of critical optimisation parameters, 
such as extraction time, temperature, solvent concentration, and solid-to-liquid ratio, is 
essential for maximising yield and quality [69, 133]. Collagen extracted from fish waste 
has broad cross-sector applicability. Biomedical utilisation capitalises on biocompatibil-
ity, biodegradability, and bioactivity for wound healing, tissue-engineering scaffolds, and 
drug-delivery systems [69, 120]. The food and nutraceutical industries leverage the high 
bioavailability and functional properties of ingredients for applications in joint health, 
skin elasticity, and bone strength [103]. Cosmetic applications utilise hypoallergenic 
properties and anti-ageing benefits to enhance skin hydration, firmness, and elasticity 
[120, 172]. Integration into sustainable packaging materials aligns with environmental 
sustainability objectives.

The valorisation of fish waste for collagen extraction represents a significant shift 
toward sustainable resource management, addressing waste reduction, resource effi-
ciency, and the development of sustainable alternatives [69, 80]. Green extraction tech-
nologies enhance sustainability profiles by minimising solvent usage, reducing energy 
consumption, and eliminating harmful chemicals, thereby supporting environmentally 
friendly manufacturing practices [63]. Current challenges necessitate continued research 
focus. To ensure collagen quality and yield, standardisation of extraction protocols 
across species and geographic regions remains crucial, given the inherent variability in 
raw materials [14].

3.3  Chitosan extraction

Chitosan extraction from fish and seafood waste has evolved from traditional chemical 
methods to sustainable green technologies, a shift prompted by environmental consider-
ations and the need to valorise byproducts in the fisheries industry. This biopolymer has 
garnered significant attention due to its biocompatibility, biodegradability, and diverse 
industrial applications [57]. Conventional chitosan extraction involves three sequential 
steps: demineralisation with HCl, deproteinization with NaOH, and deacetylation using 
concentrated alkali at elevated temperatures [90, 206]. Despite their effectiveness, these 
methods are not environmentally friendly because of the use of strong chemicals, high 
water consumption, and the generation of hazardous waste [177, 209].

Recent developments have focused on eco-friendly biotechnological approaches, 
including enzymatic deproteinization via fish viscera proteases and lactic acid fermen-
tation, which minimise chemical consumption while preserving polymer quality and 
increasing yield [136, 166, 213]. Microbial fermentation and enzymatic hydrolysis enable 
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selective processing of chitosan under milder conditions, yielding higher-quality chito-
san with improved molecular weight and functional properties [70, 96]. Additionally, 
ultrasound-assisted and microwave-assisted extractions increase efficiency, reduce sol-
vent use, and expedite processing timelines [43]. Nevertheless, challenges remain for 
large-scale applications regarding processing duration and industrial scalability.

Chitosan demonstrates diverse applications across multiple sectors. In the food indus-
try, it serves as a natural preservative and a biodegradable packaging material with bac-
tericidal effects [177]. Biomedical applications include wound dressings, drug delivery 
systems, and tissue engineering scaffolds, owing to their biocompatibility and hemo-
static properties [87, 96]. In agricultural contexts, bio-stimulants and biopesticides func-
tion as agents that facilitate plant growth and improve resistance to biotic stressors and 
diseases [70, 109]. Environmental applications focus on water treatment and heavy metal 
removal [96, 186], whereas the cosmetic and biotechnology sectors utilise its antimicro-
bial and film-forming capabilities [173].

3.4  Fishmeal production

The protein content of fish byproducts typically falls within the range of 49.22% to 
57.92% on a dry weight basis, with ash content varying between 21.79% and 30.16%, and 
fat content ranging from 7.16% to 19.10% [1, 148]. Fish meal is a protein-rich feed com-
ponent characterised by its superior amino acid profile, high digestibility, exceptional 
palatability, and absence of antinutritional effects [97, 102]. Fish meal is preferred in 
aquaculture diets due to the lack of nutritional inhibitors or antinutritional factors [179]. 
Owing to its protein content, fish meal is considered the most valuable byproduct of the 
marine sector [78]. Fishmeal’s high biological value stems from its rich content of essen-
tial amino acids, particularly lysine and sulfur-containing amino acids, which are not 
synthesised by the animal body, establishing it as a superior feed component [6]. Fish-
meal serves as a significant source of unsaturated fatty acids, including eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA). In both humans and animals, these fatty 
acids have beneficial effects on autoimmune diseases, heart diseases, and inflammatory 
conditions [198]. Fish waste and byproducts have demonstrated potential for utilisation 
in the production of fish meals, serving as a valorisation strategy for this waste. The pro-
duction of fish meals from fish waste has gained popularity due to its nutritional value 
and superior performance compared to other feed ingredients globally.

3.5  Limitations and trade-offs of valorization pathways

Although technical feasibility has been established across various valorisation pathways, 
each method presents unique technical, economic, and environmental trade-offs that 
require thorough evaluation within geographical and institutional contexts to guarantee 
sustainable implementation.

3.5.1  Process-specific constraints and economic realities

The production of biodiesel and biogas from fish oil-rich byproducts provides oppor-
tunities for renewable energy generation and greenhouse gas reduction. However, 
economic viability is heavily influenced by factors such as feedstock availability and con-
sistency, energy requirements for lipid extraction and transesterification, and supportive 
policy mechanisms such as blending mandates [30, 225]. Life cycle assessments indicate 
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that environmental benefits may be minimal or even detrimental when processes depend 
on fossil-derived energy inputs or employ energy-intensive drying operations [30].

Biomedical-grade collagen, pharmaceutical-grade chitosan, and purified bioactive 
peptides require rigorous quality control, comprehensive purification, regulatory docu-
mentation, and adherence to Good Manufacturing Practices [49, 81, 195]. The outlined 
requirements increase capital intensity, demand specialized technical expertise, and 
confine production to facilities equipped with advanced analytical capabilities, thereby 
restricting access for small and medium enterprises and producers in developing coun-
tries [49, 242].

The production of conventional fishmeal and fish oil, although technologically 
advanced and economically viable, is susceptible to fluctuations in raw material supply, 
volatility in commodity markets, increasing energy and labor costs, and sustainability 
issues related to dependence on capture fisheries [157, 218]. The accumulation of con-
taminants, such as dioxins and polychlorinated biphenyls, in lipid-rich fractions requires 
decontamination measures or limitations on their use in animal feed, especially for sen-
sitive species [180, 217].

Organic fertilisers derived from fish processing residues offer opportunities for nutri-
ent cycle closure and local agricultural development. However, their adoption is limited 
by odour emissions, inconsistent nutrient composition compared to synthetic fertilis-
ers, regulatory constraints on pathogen and heavy metal levels, and logistical challenges 
associated with bulky, low-value products [84].

3.5.2  Systems-level considerations

The selection of valorization pathways is influenced by a variety of technical, economic, 
and contextual factors, requiring a context-specific assessment that integrates techni-
cal performance (yield, purity, functionality), economic indicators (capital costs, reve-
nue potential, payback period), environmental impacts (climate change, eutrophication, 
resource depletion), and alignment with local capacities and regulatory frameworks [30, 
39, 84]. Integrated biorefinery concepts that facilitate the sequential or parallel recovery 
of multiple value streams are promising for enhancing resource efficiency and economic 
returns. However, they necessitate advanced process design, meticulous management of 
quality trade-offs among co-products, and coordination across various end-use sectors 
[49, 223].

4  Impact of zero-waste utilization
4.1  Environmental impacts

Landfill disposal of solid fish waste contributes to methane and other harmful gas emis-
sions, exacerbating greenhouse gas emissions and contributing to climate change [31, 
49]. A crucial aspect is the environmental impact of fish waste on aquatic ecosystems, as 
the discharge of organic waste can significantly alter the richness, diversity, and commu-
nity structure of benthic assemblages [229]. Instead of disposing of fish waste, second-
ary processing and valorisation transform it into high-value goods, including fish meal, 
fish oil, collagen, enzymes, bioactive peptides, and biopolymers. This methodology sup-
ports a circular bioeconomy by recovering resources, minimising environmental deg-
radation, and generating economic benefits [160]. Fish are rich in nitrogen, phosphate, 
calcium, and micronutrients that plants need for development. Through fermentation 
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or composting, fish waste can be transformed into organic hydrolysate fertilisers that 
enhance soil health, increase nutrient availability, promote robust crop development, 
and boost yields. The practice of repurposing materials helps reduce landfill waste and 
associated adverse environmental effects [247]. An efficient and enhanced approach to 
waste utilisation is needed to mitigate the environmental impact of fish processing [130].

4.2  Economic impacts

Inadequate fish waste management not only causes pollution but also represents a lost 
economic opportunity [17]. Numerous studies suggest that the valorisation process 
can be economically viable, contingent upon achieving specific technical benchmarks. 
For instance, anaerobic digestion for biogas production is financially feasible only if the 
methane output surpasses 0.34 L per kg of volatile solids and the methane price exceeds 
0.17 EUR/kWh [116]. These benchmarks highlight the need to enhance processing tech-
nology to ensure economic viability. Moreover, advancements in biorefinery and inte-
grated waste management have allowed the upcycling of fish waste into biodiesel, a 
sustainable energy alternative, hence broadening the product line and augmenting prof-
itability [100].

4.3  Industrial impacts

A zero-waste strategy for fish byproducts offers substantial economic and industrial 
benefits through optimised resource allocation and creation of new revenue streams 
[39]. Industries can generate high-value products, including fishmeal, collagen, omega-3 
supplements, and bioactive peptides, by utilising fish heads, bones, skins, and offal, 
which are commonly regarded as waste. This approach reduces disposal expenses while 
generating supplementary revenue from formerly regarded as waste [175]. Furthermore, 
transforming byproducts into fertilisers, animal feed, or biodegradable materials pro-
motes circular economic principles, reducing environmental impact and lowering raw 
material costs. Implementing zero-waste principles in fish processing enhances profit-
ability, alleviates waste management challenges, and fosters sustained industrial devel-
opment [144].

4.4  Social and health impacts

A waste-minimising approach to utilising fish byproducts offers significant social and 
health benefits. This approach utilises fish skins, bones, and offal for culinary, supple-
mentary, or industrial purposes, thereby minimising waste and promoting sustainable 
resource utilisation. Fish byproducts are rich in protein, omega-3 fatty acids, and colla-
gen, which can enhance food security and improve public health when incorporated into 
the diet [156]. It socially benefits fishing communities by generating additional revenue 
streams and job opportunities in the byproduct processing sectors. Furthermore, reduc-
ing fish waste mitigates environmental contamination, resulting in healthier ecosystems 
and reduced health hazards from contaminated water or soil. A zero-waste approach for 
fish byproducts enhances economic stability, improves nutritional outcomes, and pro-
motes environmental sustainability, ultimately increasing both societal and individual 
welfare [145].
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4.5  Sanitary and regulatory constraints

The extensive valorisation of fish processing byproducts is significantly constrained by 
interconnected sanitary regulations and diverse regulatory frameworks that differ mark-
edly across jurisdictions, thereby posing considerable obstacles to industrial-scale up 
and commercialisation.

4.5.1  Microbiological and chemical safety barriers

The characteristics of fish processing byproducts, such as high moisture content (65–
80%), elevated pH, abundant amino acids and lipids, and active endogenous enzyme sys-
tems, foster an environment that promotes rapid microbial growth, including spoilage 
organisms and potential pathogens like Salmonella, Listeria monocytogenes, Vibrio spe-
cies, and parasites [6, 191, 205, 234]. In the absence of prompt processing or adequate 
preservation methods (such as refrigeration, freezing, acidification, or enzymatic sta-
bilization), microbiological degradation makes materials unfit for high-value uses and 
presents food safety hazards when employed in animal feed or organic fertilizers [73, 
94, 150]. The implementation of comprehensive Hazard Analysis and Critical Control 
Points systems, the maintenance of unbroken cold chains, the design of hygienic equip-
ment, and the establishment of robust traceability systems are essential prerequisites for 
safe valorisation. However, these measures impose significant technical and financial 
burdens, particularly for small-scale operations [28, 39, 157].

The bioaccumulation of persistent environmental contaminants in fish tissues, such 
as heavy metals (mercury, cadmium, lead, arsenic), persistent organic pollutants (diox-
ins, polychlorinated biphenyls, polybrominated diphenyl ethers), and emerging contami-
nants (microplastics, pharmaceutical residues), raises significant safety concerns that 
necessitate thorough monitoring, risk assessment, and potentially expensive purification 
processes [16, 81, 231]. Contaminant concentrations differ significantly across species, 
trophic level, age, habitat characteristics, and geographical location, requiring the imple-
mentation of raw material segregation strategies and analytical screening protocols to 
maintain regulatory compliance [231].

4.5.2  Regulatory heterogeneity and market access barriers

The legal and regulatory frameworks governing fish processing byproducts vary sig-
nificantly across jurisdictions, leading to uncertainty and transaction costs that hinder 
the scaling up and commercialization of valorisation efforts. Definitional inconsisten-
cies fundamentally differentiate “waste,” which is subject to disposal regulations and 
restricted use, from “byproduct” which is eligible for value-added applications. Classi-
fication criteria for these terms vary across countries and agencies [40]. The European 
Union Animal By-Products Regulation (EC 1069/2009) delineates hierarchical catego-
ries (Category 1, 2, and 3 materials) that specify distinct processing requirements and 
allowable uses, in contrast to other regions that utilize varying classification systems or 
lack clear regulatory frameworks [40, 134].

Maximum residue limits for contaminants, microbiological criteria, processing vali-
dation requirements (time-temperature profiles for pathogen reduction), and labelling 
regulations differ significantly among markets. This variation leads to expensive ana-
lytical testing, extensive documentation, and the possibility of product reformulation to 
achieve compliance across multiple markets [49, 123, 192]. Regulations on novel foods 
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and feeds introduce significant administrative and financial challenges for ingredients 
without established use histories. These requirements include comprehensive safety dos-
siers, toxicological studies, and pre-market authorisation processes that can span sev-
eral years, incurring costs ranging from hundreds of thousands to millions of dollars [49, 
159].

International harmonisation initiatives that adhere to Codex Alimentarius principles, 
along with bilateral and multilateral mutual recognition agreements and regional regula-
tory convergence efforts such as the European Union single-market frameworks, have 
the potential to reduce compliance costs and enhance trade in fish-derived ingredients 
significantly [40, 159]. Creating transparent, science-based, risk-proportionate guidance 
documents for byproduct handling, processing, and acceptable uses would mitigate reg-
ulatory uncertainty and promote investment in valorisation technologies [40, 223].

5  Technological and scientific advancements
The zero-waste strategy for fish byproducts utilises technological and scientific inno-
vations to optimise resource efficiency and minimise environmental impact. Current 
methodologies, such as the use of specialised enzymes and biorefinery systems, enable 
the conversion of fish waste into valuable products, including protein, collagen, omega-3 
fatty acids, and fertilisers. Advanced extraction techniques, such as supercritical fluid 
extraction and ultrasound-assisted extraction, increase yield and purity while minimis-
ing energy consumption. Biotechnology plays a crucial role in microbial fermentation, 
transforming waste into biofuels, biodegradable polymers, and bioactive substances. 
Automation and artificial intelligence enhance sorting and processing, increasing effi-
ciency and minimising waste [25]. Moreover, life cycle assessment (LCA) tools facili-
tate sustainability evaluation, ensuring environmentally responsible operations. These 
developments promote a circular economy and generate new revenue streams, thereby 
enhancing the sustainability and economic viability of the fishing industry [227].

6  Policy and regulatory relevance
Implementing a zero-waste strategy for fish byproducts is crucial for effective policy 
and regulation, as it promotes sustainable resource use, mitigates environmental deg-
radation, and reinforces the principles of a circular economy. Governmental bodies and 
regulatory agencies can promote waste valorisation by offering subsidies and tax incen-
tives, as well as by enforcing strict waste-disposal regulations, to reduce landfill use and 
marine contamination [66]. Policies that require converting byproducts into high-value 
products (e.g., fishmeal, collagen, or biofuels) can increase food security, mitigate over-
fishing, and reduce carbon emissions. International frameworks, such as the FAO’s Code 
of Conduct for Responsible Fisheries, can incorporate zero-waste methods to match 
global sustainability objectives, including the UN SDGs [64]. Enhancing compliance 
through monitoring and certification programs ensures industry responsibility while 
fostering innovation in waste-to-wealth technology. These regulatory measures not only 
reduce ecological damage but also improve economic resilience in the fishing sector.
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7  Future perspectives
The sustainable valorisation of fish processing byproducts within circular bioeconomy 
frameworks is a crucial intersection of environmental stewardship, economic innova-
tion, and food security. Despite considerable advancements in extraction technologies 
and the conceptualization of biorefineries, notable knowledge gaps and implementa-
tion challenges persist across technical, economic, regulatory, and socio-institutional 
domains [40, 80, 157].

7.1  Research gaps and priority development pathways

Current valorisation methods are limited by a lack of standardised processing proto-
cols, especially given the variability in composition across heterogeneous raw mate-
rial sources, seasonal changes in biochemical profiles, and differing handling practices 
across supply chains [8, 94, 203]. The establishment of harmonised methodologies for 
byproduct classification, quality assessment, and functional characterisation is crucial 
to ensuring product consistency, facilitating regulatory approval pathways, and enabling 
market development for high-value applications in the pharmaceutical, nutraceutical, 
and biomedical sectors [49].

Advanced green extraction technologies, such as ultrasound-assisted extraction, 
microwave-assisted processing, enzymatic hydrolysis, supercritical fluid extraction, and 
pulsed electric field treatment, exhibit superior recovery efficiencies, improved product 
functionality, and diminished environmental impacts relative to traditional chemical-
intensive methods [106, 182]. Nonetheless, their industrial application is constrained 
by substantial capital investment needs, increased operational complexity, uncertain-
ties in scaling, and a lack of comprehensive techno-economic evaluations across various 
geographical and institutional settings [157, 193, 223]. Future research should focus on 
comprehensive life-cycle assessments and techno-economic analyses that combine envi-
ronmental impact quantification with economic viability metrics across scales ranging 
from artisanal community-based facilities to industrial biorefinery complexes [30, 223].

7.2  Technological innovation requirements

The advancement of cost-effective, rapid analytical techniques for real-time quality 
monitoring and traceability systems is essential for adequate byproduct segregation 
and value chain optimisation [40, 150]. Emerging technologies, including near-infrared 
spectroscopy, hyperspectral imaging, electronic nose sensors, and blockchain-enabled 
traceability platforms, require systematic evaluation regarding their applicability in 
resource-constrained environments typical of small-scale fisheries and developing econ-
omies [180, 217].

Digital transformation via artificial intelligence-driven process control, machine learn-
ing-based predictive modeling for extraction optimization, and Internet-of-Things inte-
gration for supply chain management can significantly improve operational efficiency 
and product quality consistency [8, 35]. Technological solutions should be scaled and 
adapted to local contexts, avoiding uniform approaches that fail to account for infra-
structure limitations, capacity constraints, and socio-economic realities [157, 223].
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7.3  Economic and market development challenges

The market development of ingredients derived from fish byproducts faces significant 
challenges, including consumer skepticism, limited awareness of functional benefits, 
competition from established terrestrial alternatives, and price sensitivity in commod-
ity applications [49, 194]. Differentiation strategies that highlight enhanced sustainabil-
ity profiles, hypoallergenic properties, the lack of zoonotic disease risks, and distinctive 
functional characteristics can support premium positioning within specialized market 
segments [81, 226].

The economic feasibility of valorisation initiatives depends on achieving adequate 
economies of scale, ensuring a stable supply of raw materials, effectively managing logis-
tics and cold-chain requirements, and successfully navigating regulatory approval pro-
cesses [30, 205]. Cooperative processing models, shared infrastructure facilities, and 
public-private partnerships can address investment barriers that significantly affect 
small and medium enterprises and artisanal fishing communities [40, 80, 157].

7.4  Sustainability assessment and circular economy integration

A comprehensive sustainability assessment should extend beyond limited technical effi-
ciency metrics to include environmental, economic, and social dimensions throughout 
entire value chains. Rebound effects, burden shifting among impact categories, and 
unintended consequences such as competition with direct human food applications or 
increased pressure on wild fish stocks, necessitate thorough evaluation using system-
level analytical frameworks [30, 223]. Participatory approaches that engage fishing com-
munities, processors, retailers, consumers, and civil society organisations are crucial for 
ensuring that valorisation strategies effectively promote inclusive and equitable develop-
ment outcomes while also honouring cultural values and traditional knowledge systems 
[39, 40, 157].

8  Conclusion
Fish processing produces significant organic byproducts, accounting for 30–70% of the 
total captured biomass. The transformation of these byproducts into high-value com-
pounds is essential for shifting from linear waste disposal to circular bioeconomic 
systems. The strategic valorisation of integumentary, skeletal, visceral, and crustacean-
derived materials via advanced extraction technologies produces bioactive compounds, 
biomaterials, and biofuels applicable in biomedical, nutraceutical, cosmetic, feed, and 
energy sectors, while promoting environmental sustainability, economic resilience, and 
global food security goals. The realisation of this potential on an industrial scale is lim-
ited by the heterogeneity of raw material composition, rapid perishability dynamics, the 
high energy intensity of processes, significant capital requirements, and varying regula-
tory frameworks across jurisdictions. Integrated biorefinery architectures that combine 
green extraction methods with comprehensive life-cycle and techno-economic assess-
ments offer promising avenues for enhanced resource efficiency and greater economic 
viability. Achieving this vision necessitates coordinated progress across three interre-
lated areas: standardized regulatory frameworks that promote innovation while safe-
guarding product safety; specific policy tools such as green procurement mandates and 
focused investment incentives; and tailored technology configurations that reconcile 
high-value niche applications with large-volume commodity markets suitable for various 
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geographical and institutional contexts. The preceding section on future perspectives 
outlines research priorities and strategic development pathways to address these com-
plex challenges.
Acknowledgements
Mr Syed Ariful Haque has received a fully funded PhD scholarship from Sultan Qaboos University. The authors would 
like to acknowledge the support of the Sultan Qaboos University for this research. Authors are also grateful to Md. Sabit 
Hasan for capturing fish waste images from Bangladesh for this study.

Author contributions
Syed Ariful Haque: Conceptualization, Methodology, Formal analysis, Visualization, Writing - Original Draft. Saud M. Al 
Jufaili: Conceptualization, Supervision, Project administration, Funding acquisition, Writing- Reviewing and Editing. 
Md. Fakhrul Islam: Resources, Writing - Original Draft. Mahmudul Hasan: Validation, Writing - Original Draft.: Marwa 
Mamdouh-Lotfy: Writing- Reviewing and Editing, Validation. Mohammad Shafiur Rahman: Conceptualization, Writing- 
Reviewing and Editing, Validation, Project administration. Nasser Al-Habsi: Resources, Writing- Reviewing and Editing.

Funding
This research was supported by the Internal Grant (IG/AGR/MS&/25/015), Sultan Qaboos University, on post-harvest fish 
loss assessment in Omani small-scale fisheries.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 October 2025 / Accepted: 2 March 2026

 References
1.	 Abbey L, Glover-Amengor M, Atikpo MO, Atter A, Toppe J. Nutrient content of fish powder from low value fish and fish 

byproducts. Food Sci Nutr. 2017;5(3):374–9. https://doi.org/10.1002/fsn3.402.
2.	 Abdelhamid AS, Brown TJ, Brainard JS, Biswas P, Thorpe GC, Moore HJ, Deane KHO, Summerbell CD, Worthington HV, Song 

F, et al. Omega-3 fatty acids for the primary and secondary prevention of cardiovascular disease. Cochrane Database Syst 
Reviews. 2020. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​0​2​/​1​4​​6​5​1​8​5​​8​.​C​D​0​0​​3​1​7​7​​.​p​u​b​5.

3.	 Adamiano A, Sciallax S, Carella F, Casella M, Camerini S, Quarta A, Muntiu A, Ferrari F, Vitali A, Iafisco M, Piccirillo C. Simulta-
neous extraction of calcium phosphates and proteins from fish bones. Innovative valorisation of food by-products. J Clean 
Prod. 2022. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​2​.​1​3​​5​6​5​6.

4.	 Adebanjo AO, Dalai AK, Bakhshi NN. Production of diesel-like fuel and other value-added chemicals from pyrolysis of 
animal fat. Energy Fuels. 2005;19(4):1735–41.

5.	 Adeoti IA, Hawboldt K. A review of lipid extraction from fish processing by-product for use as a biofuel. Biomass Bioenergy. 
2014;63:330–40. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​b​i​o​m​b​​i​o​e​.​2​0​​1​4​.​0​​2​.​0​1​1.

6.	 Afreen S, Begum SR, Himaya S, Imthiyas M. Fish Waste as a Potential Feed Ingredient for Fish Meal Production. Fish Waste 
to Valuable Products. Springer; 2024. pp. 317–27.

7.	 Ahmed R, Chun B-S. Subcritical water hydrolysis for the production of bioactive peptides from tuna skin collagen. J Super-
crit Fluids. 2018;141:88–96. https://doi.org/10.1016/j.supflu.2018.03.006.

8.	 Ahmed R, Haq M, Chun BS. Characterization of marine derived collagen extracted from the by-products of bigeye tuna 
(Thunnus obesus). Int J Biol Macromol. 2019;135:668–76. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​2​0​​1​9​.​0​​5​.​2​1​3.

9.	 Ahrens T, Drescher-Hartung S, Anne O. Sustainability of the biowaste utilization for energy production. In: Tumuluru J, edi-
tor. Biomass volume estimation and valorization for energy. London: IntechOpen; 2017. p. 165–187.

10.	 Aitta E, Marsol-Vall A, Damerau A, Yang B. Enzyme-assisted extraction of fish oil from whole fish and by-products of baltic 
herring (Clupea harengus membras). Foods. 2021;10(8):1811. https://doi.org/10.3390/foods10081811.

11.	 Al-Hilphy AR, Al-Shatty SM, Al-Mtury AAA, Gavahian M. Solar energy-assisted extraction of carp fish viscera oil: New 
sustainable waste valorization platform. Waste Biomass Valoriz. 2024;15(4):2159–​7​3​.​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​2​6​4​9​-​0​2​3​-​0​2​
2​6​5​-​7​​​​​.​​​

12.	 Al-Nimry S, Dayah AA, Hasan I, Daghmash R. Cosmetic, biomedical and pharmaceutical applications of fish gelatin/hydro-
lysates. Mar Drugs. 2021;19(3):145.https://doi.org/10.3390/md19030145

13.	 Al Khawli F, Pateiro M, Domínguez R, Lorenzo JM, Gullón P, Kousoulaki K, Ferrer E, Berrada H, Barba FJ. Innovative green 
technologies of intensification for valorization of seafood and their by-products. Mar Drugs. 2019;17(12):689. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​3​3​9​0​/​m​d​1​7​1​2​0​6​8​9​​​​​.​​​

14.	 Alcolea Ersinger VF, Lamas D, Massa Á. A review of marine collagens: approaches on extractions, applications, market, and 
future trends. Environ Sci Pollut Res. 2025;1–21. https://doi.org/10.1007/s11356-025-36684-x.

https://doi.org/10.1002/fsn3.402
https://doi.org/10.1002/14651858.CD003177.pub5
https://doi.org/10.1016/j.jclepro.2022.135656
https://doi.org/10.1016/j.biombioe.2014.02.011
https://doi.org/10.1016/j.supflu.2018.03.006
https://doi.org/10.1016/j.ijbiomac.2019.05.213
https://doi.org/10.3390/foods10081811
https://doi.org/10.1007/s12649-023-02265-7
https://doi.org/10.1007/s12649-023-02265-7
https://doi.org/10.3390/md19030145
https://doi.org/10.3390/md17120689
https://doi.org/10.3390/md17120689
https://doi.org/10.1007/s11356-025-36684-x


Page 25 of 33Haque et al. Discover Food           (2026) 6:160 

15.	 Alfaro AdT, Balbinot E, Weber CI, Tonial IB, Machado-Lunkes A. Fish gelatin: characteristics, functional properties, applica-
tions and future potentials. Food Eng Rev. 2015;7:33–44. https://doi.org/10.1007/s12393-014-9096-5.

16.	 Alfio VG, Manzo C, Micillo R. From fish waste to value: an overview of the sustainable recovery of omega-3 for food supple-
ments. Molecules. 2021;26(4):1002. https://doi.org/10.3390/molecules26041002.

17.	 Ali M, Shakaib M, Zaidi AA, Javed MA, Khan SZ, Hassan AA. Performance and environmental sustainability of fish waste 
biodiesel on diesel engines. Sustainability. 2025;17(12):5385. https://www.mdpi.com/2071-1050/17/12/5385.

18.	 Ali M, Sufyan F, Khan AM. Potential of fish waste for the production of sustainable biogas and biodiesel. Fish waste to valu-
able products. Springer; 2024. pp. 413–26. https://doi.org/10.1007/978-981-99-8593-7_19.

19.	 Andreola C, González-Camejo J, Tambone F, Eusebi AL, Adani F, Fatone F. Techno-economic assessment of biorefinery 
scenarios based on mollusc and fish residuals. Waste Manag. 2023;166:294–304. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​a​s​m​a​n​.​2​0​2​3​.​0​5​
.​0​1​4​​​​​.​​​

20.	 Antonetti C, Licursi D, Fulignati S, Valentini G, Raspolli Galletti A. New frontiers in the catalytic synthesis of levulinic acid: 
from sugars to raw and waste biomass as starting feedstock. Catalysts. 2016;6(12):196. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​c​a​t​a​l​6​1​2​0​1​
9​6​​​​​.​​​

21.	 Aranaz I, Alcántara AR, Civera MC, Arias C, Elorza B, Caballero H, A., Acosta N. Chitosan: an overview of its properties and 
applications. Polymers. 2021;13(19):3256. https://doi.org/10.3390/polym13193256.

22.	 Arbia W, Arbia L, Adour L, Amrane A. Chitin extraction from crustacean shells using biological methods–a review. Food 
Technol Biotechnol. 2013;51(1):12–25. https://hrcak.srce.hr/99743.

23.	 Ayala-Barajas D, Gonzalez-Velez V, Velez-Tirado M, Aguilar-Pliego J. Hydroxyapatite extraction from fish scales of Tilapia. 
2020. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​0​9​/​E​M​​B​C​4​4​1​​0​9​.​2​0​2​​0​.​9​1​​7​6​4​7​9.

24.	 Azelee NIW, Dahiya D, Ayothiraman S, Noor NM, Rasid ZIA, Ramli ANM, Ravindran B, Iwuchukwu FU, Selvasembian R. 
Sustainable valorization approaches on crustacean wastes for the extraction of chitin, bioactive compounds and their 
applications - a review. Int J Biol Macromol. 2023;253:126492. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​2​0​​2​3​.​1​​2​6​4​9​2.

25.	 Babaremu K, Adediji A, Olumba N, Okoya S, Akinlabi E, Oyinlola M. Technological advances in mechanical recycling inno-
vations and corresponding impacts on the circular economy of plastics. Environments. 2024;11(3):38. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​
9​0​/​e​n​v​i​r​o​n​m​e​n​t​s​1​1​0​3​0​0​3​8​​​​​.​​​

26.	 Bandarra NM, Batista I, Bispo P, Nunes ML, Venegas-Venegas E, Rincón-Cervera M, Guil-Guerrero J. Fish oil: production, 
consumption and health benefits. Fish Oil: Prod Consum Health Benefits. 2012;1–39.

27.	 Basheer S. Valorization of fish fins waste from retail markets: production and characterization of partially hydrolyzed col-
lagen concentrate. Doctoral dissertation, St Teresa's College (Autonomous), Ernakulam; 2024. 

28.	 Belmopán CRFMC. Manual on traceability systems for fish and fishery products. 2016. https://hdl.handle.net/11324/6027.
29.	 Benemann J. Microalgae for biofuels and animal feeds. Energies. 2013;6(11):5869–86.https://doi.org/10.3390/en6115869.
30.	 Besson M, Aubin J, Komen H, Poelman M, Quillet E, Vandeputte M, Van Arendonk JAM, De Boer IJM. Environmental 

impacts of genetic improvement of growth rate and feed conversion ratio in fish farming under rearing density and 
nitrogen output limitations. J Clean Prod. 2016;116:100–9. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​5​.​1​2​​.​0​8​4.

31.	 Bhattacharya A, Chowdhury S, Ikbal A, Murmu P, Nath S. Fish processing wastes: environmental impacts and mitigation 
measures. Indian J Anim Health. 2022;61(2):67–82. https://doi.org/10.36062/ijah.2022.spl.02222.

32.	 Bikker P, van Krimpen MM, van Wikselaar P, Houweling-Tan B, Scaccia N, van Hal JW, Huijgen WJ, Cone JW, López-Contreras 
AM. Biorefinery of the green seaweed Ulva lactuca to produce animal feed, chemicals and biofuels. J Appl Phycol. 
2016;28:3511–25.https://doi.org/10.1007/s10811-016-0842-3.

33.	 Blanco M, Vázquez JA, Pérez-Martín RI, Sotelo CG. Collagen extraction optimization from the skin of the small-spotted 
catshark (S. canicula) by response surface methodology. Mar Drugs. 2019;17(1):40. https://doi.org/10.3390/md17010040.

34.	 Borges S, Odila J, Voss G, Martins R, Rosa A, Couto J, Almeida A, Pintado M. Fish by-products: a source of enzymes to gener-
ate circular bioactive hydrolysates. Molecules. 2023;28. https://doi.org/10.3390/molecules28031155.

35.	 Boutinguiza M, Pou J, Comesaña R, Lusquiños F, De Carlos A, León B. Biological hydroxyapatite obtained from fish bones. 
Mater Sci Eng: C. 2012;32(3):478–86. https://doi.org/10.1016/j.msec.2011.11.021.

36.	 Bruno SF, Kudre TG, Bhaskar N. Effects of different pretreatments and proteases on recovery, umami taste compound 
contents and antioxidant potentials of Labeo rohita head protein hydrolysates. J Food Sci Technol. 2019;56(4):1966–77. 
https://doi.org/10.1007/s13197-019-03663-3.

37.	 Calder PC. Omega-3 fatty acids and inflammatory processes: from molecules to man. Biochem Soc Trans. 2017;45(5):1105–
15. https://doi.org/10.1042/bst20160474.

38.	 Carella F, Seck M, Esposti L, Diadiou H, Maienza A, Baronti S, Vignaroli P, Vaccari F, Iafisco M, Adamiano A. Thermal conver-
sion of fish bones into fertilizers and biostimulants for plant growth – a low tech valorization process for the development 
of circular economy in least developed countries. J Environ Chem Eng. 2021;9:104815. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​e​c​e​.​2​0​2​0​.​
1​0​4​8​1​5​​​​​.​​​

39.	 Caruso G. Fishery wastes and by-products: a resource to be valorised. Journal of FisheriesSciences.com. 2015.
40.	 Caruso G, Floris R, Serangeli C, Di Paola L. Fishery wastes as a yet undiscovered treasure from the sea: biomolecules 

sources, extraction methods and valorization. Mar Drugs. 2020;18(12):622. https://doi.org/10.3390/md18120622.
41.	 Chan P-T, Matanjun P, Budiman C, Shapawi R, Lee J-S. Novel peptide sequences with ACE-inhibitory and antioxidant activi-

ties derived from the heads and bones of hybrid groupers (Epinephelus lanceolatus × Epinephelus fuscoguttatus). Foods. 
2022;11(24):3991. https://doi.org/10.3390/foods11243991.

42.	 Chandra MV, Shamasundar BA. Rheological properties of gelatin prepared from the swim bladders of freshwater fish Catla 
catla. Food Hydrocoll. 2015;48:47–54. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​h​​y​d​.​2​0​1​​5​.​0​1​​.​0​2​2.

43.	 Chemat F, Vian MA, Cravotto G. Green extraction of natural products: concept and principles. Int J Mol Sci. 
2012;13(7):8615–27. https://doi.org/10.3390/ijms13078615.

44.	 Chen G, Qian ZM, Zhang J, Zhang S, Zhang Z, Vaughn MG, Aaron HE, Wang C, Lip GY, Lin H. Regular use of fish oil supple-
ments and course of cardiovascular diseases: prospective cohort study. BMJ Med. 2024;3(1):e000451. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​
3​6​/​b​m​j​m​e​d​-​2​0​2​2​-​0​0​0​4​5​1​​​​​.​​​

45.	 Chen X, Yang H, Yan N. Shell biorefinery: dream or reality? Chem – Eur J. 2016;22(38):13402–21. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​c​h​
e​m​.​2​0​1​6​0​2​3​8​9​​​​​.​​​

46.	 Cheung RCF, Ng TB, Wong JH, Chan WY. Chitosan: an update on potential biomedical and pharmaceutical applications. 
Mar Drugs. 2015;13(8):5156–86. https://doi.org/10.3390/md13085156.

https://doi.org/10.1007/s12393-014-9096-5
https://doi.org/10.3390/molecules26041002
https://www.mdpi.com/2071-1050/17/12/5385
https://doi.org/10.1007/978-981-99-8593-7_19
https://doi.org/10.1016/j.wasman.2023.05.014
https://doi.org/10.1016/j.wasman.2023.05.014
https://doi.org/10.3390/catal6120196
https://doi.org/10.3390/catal6120196
https://doi.org/10.3390/polym13193256
https://hrcak.srce.hr/99743
https://doi.org/10.1109/EMBC44109.2020.9176479
https://doi.org/10.1016/j.ijbiomac.2023.126492
https://doi.org/10.3390/environments11030038
https://doi.org/10.3390/environments11030038
https://hdl.handle.net/11324/6027
https://doi.org/10.3390/en6115869
https://doi.org/10.1016/j.jclepro.2015.12.084
https://doi.org/10.36062/ijah.2022.spl.02222
https://doi.org/10.1007/s10811-016-0842-3
https://doi.org/10.3390/md17010040
https://doi.org/10.3390/molecules28031155
https://doi.org/10.1016/j.msec.2011.11.021
https://doi.org/10.1007/s13197-019-03663-3
https://doi.org/10.1042/bst20160474
https://doi.org/10.1016/j.jece.2020.104815
https://doi.org/10.1016/j.jece.2020.104815
https://doi.org/10.3390/md18120622
https://doi.org/10.3390/foods11243991
https://doi.org/10.1016/j.foodhyd.2015.01.022
https://doi.org/10.3390/ijms13078615
https://doi.org/10.1136/bmjmed-2022-000451
https://doi.org/10.1136/bmjmed-2022-000451
https://doi.org/10.1002/chem.201602389
https://doi.org/10.1002/chem.201602389
https://doi.org/10.3390/md13085156


Page 26 of 33Haque et al. Discover Food           (2026) 6:160 

47.	 Chi C-F, Hu F-Y, Wang B, Ren X-J, Deng S-G, Wu C-W. Purification and characterization of three antioxidant peptides from 
protein hydrolyzate of croceine croaker (Pseudosciaena crocea) muscle. Food Chem. 2015;168:662–7. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​
0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​2​0​​1​4​.​0​​7​.​1​1​7.

48.	 Choo K, Howieson J. New opportunities for seafood processing waste; 2017.
49.	 Coppola D, Lauritano C, Palma Esposito F, Riccio G, Rizzo C, de Pascale D. Fish waste: from problem to valuable resource. 

Mar Drugs. 2021;19(2):116. https://doi.org/10.3390/md19020116.
50.	 Cruz-López H, Rodríguez-Morales S, Enríquez-Paredes LM, Villarreal-Gómez LJ, True C, Olivera-Castillo L, Fernández-Velasco 

DA, López LM. Swim bladder of farmed Totoaba macdonaldi: a source of value-added collagen. Mar Drugs. 2023;21(3):173. 
https://doi.org/10.3390/md21030173.

51.	 Dalbem Barbosa AP, Kosten S, Muniz CC, Oliveira-Junior ES. From feed to fish—nutrients’ fate in aquaculture systems. Appl 
Sci. 2024;14(14):6056. https://doi.org/10.3390/app14146056.

52.	 Debbarma A, Kumar V, Mishra PK, Kakatkar AS, Gautam RK, Umra F, Chatterjee S. Valorisation of Basa fish (Pangasius 
bocourti) waste: oil extraction and encapsulation. Int J Food Sci Technol. 2022;58(5):2764–71. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​i​j​f​s​.​1​
6​1​1​7​​​​​.​​​

53.	 Demirbas A. Biofuels securing the planet’s future energy needs. Energy Convers Manag. 2009;50(9):2239–49. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​
g​/​1​​0​.​1​0​​1​6​/​j​.​​e​n​c​o​n​​m​a​n​.​2​0​​0​9​.​0​​5​.​0​1​0.

54.	 Devarshi R, Amit SK, Priyanka V. Fish air bladder and its importance in medical science. Int J Pharm Res Appl. 2023.
55.	 Dong Y, Dai Z. Physicochemical, structural and antioxidant properties of collagens from the wwim bladder of four fish 

species. Mar Drugs. 2022;20(9):550. https://doi.org/10.3390/md20090550.
56.	 Dovale-Rosabal G, Rodríguez A, Contreras E, Ortiz-Viedma J, Muñoz M, Trigo M, Aubourg SP, Espinosa A. Concentration 

of EPA and DHA from refined salmon oil by optimizing the urea–fatty acid adduction reaction conditions using response 
surface methodology. Molecules. 2019;24(9):1642. https://doi.org/10.3390/molecules24091642.

57.	 Egorov AR, Kirichuk AA, Rubanik VV, Rubanik Jr VV, Tskhovrebov AG, Kritchenkov AS. Chitosan and its derivatives: prepara-
tion and antibacterial properties. Materials. 2023;16(18):6076. https://doi.org/10.3390/ma16186076.

58.	 Elvines DM, Macleod CK, Ross DJ, Hopkins GA, White CA. Fate and effects of fish farm organic waste in marine systems: 
advances in understanding using biochemical approaches with implications for environmental management. Rev Aquac. 
2024;16(1):66–85. https://doi.org/10.1111/raq.12821.

59.	 Espinales C, Romero-Peña M, Calderón G, Vergara K, Cáceres PJ, Castillo P. Collagen, protein hydrolysates and chitin from 
by-products of fish and shellfish: an overview. Heliyon. 2023;9(4). ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​h​e​l​i​y​​o​n​.​2​0​2​​3​.​e​1​​4​9​3​7.

60.	 Etinosa PO, Osuchukwu OA, Anisiji EO, Lawal MY, Mohammed SA, Ibitoye OI, Oni PG, Aderibigbe VD, Aina T, Oyebode D, 
Nwigbo SC. In-depth review of synthesis of hydroxyapatite biomaterials from natural resources and chemical regents for 
biomedical applications. Arab J Chem. 2024;17(12):106010. https://doi.org/10.1016/j.arabjc.2024.106010.

61.	 FAO. Climate Change | Food Loss and Waste in Fish Value Chains | Food and Agriculture Organization of the United 
Nations. Food and Agriculture Organization of the United Nations; 2018. ​h​t​t​p​s​:​​/​/​w​w​w​​.​f​a​o​.​o​​r​g​/​f​​l​w​-​i​n​​-​f​i​s​h​​-​v​a​l​u​e​​-​c​h​a​​i​n​s​/​o​​v​e​
r​v​i​​e​w​/​f​o​o​​d​-​l​o​​s​s​-​a​n​​d​-​w​a​s​​t​e​-​i​n​-​​f​i​s​h​​-​v​a​l​u​​e​-​c​h​a​​i​n​s​/​c​l​​i​m​a​t​​e​-​c​h​a​n​g​e​/​e​n​/.

62.	 FAO. The State of World Fisheries and Aquaculture 2024. Food and Agriculture Organization; 2024. ​h​t​t​p​s​:​​/​/​o​p​e​​n​k​n​o​w​l​​e​d​g​e​​
.​f​a​o​.​​o​r​g​/​i​​t​e​m​s​/​8​​a​b​2​0​​c​c​f​-​1​​e​9​d​-​4​​a​e​6​-​8​3​​6​c​-​c​​a​7​7​0​d​1​6​d​a​0​1.

63.	 Farooq S, Ahmad M, Zheng S, Ali U, Li Y, Shixiu C, Zhang H. A review on marine collagen: sources, extraction methods, 
colloids properties, and food applications. Collagen Leather. 2024;6:11. https://doi.org/10.1186/s42825-024-00152-y.

64.	 Fendi F, Abdullah B, Suryani S, Raya I, Tahir D. Fish waste-derived biomaterial as a support of zero waste and Sustainable 
Development Goals (SDGs). IOP Conference Series: Earth and Environmental Science. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​8​/​1​7​​5​5​-​1​3​​1​5​/​
1​2​7​​2​/​1​/​​0​1​2​0​4​0.

65.	 Ferraro V, Carvalho A, Piccirillo C, Santos M, Castro P, Pintado M. Extraction of high added value biological compounds 
from sardine, sardine-type fish and mackerel canning residues–a review. Mater Sci Eng C Mater Biol Appl. 2013;33(6):3111–
20. https://doi.org/10.1016/j.msec.2013.04.003.

66.	 Finnveden G, Ekvall T, Arushanyan Y, Bisaillon M, Henriksson G, Gunnarsson Östling U, Söderman ML, Sahlin J, Stenmarck Å, 
Sundberg J, et al. Policy instruments towards a sustainable waste management. Sustainability. 2013;5:841–81. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​3​3​9​0​/​s​u​5​0​3​0​8​4​1​​​​​.​​​

67.	 Fiori L, Volpe M, Lucian M, Anesi A, Manfrini M, Guella G. From fish waste to omega-3 concentrates in a biorefinery con-
cept. Waste Biomass Valoriz. 2017;8:2609–20. https://doi.org/10.1007/s12649-017-9893-1.

68.	 Fu Y, Young JF, Dalsgaard TK, Therkildsen M. Separation of angiotensin I-converting enzyme inhibitory peptides from 
bovine connective tissue and their stability towards temperature, pH and digestive enzymes. Int J Food Sci Technol. 
2015;50(5):1234–43. https://doi.org/10.1111/ijfs.12771.

69.	 Gaikwad S, Kim MJ. Fish by-product collagen extraction using different methods and their application. Mar Drugs. 
2024;22(2):60. https://doi.org/10.3390/md22020060.

70.	 Gao M, Tang H, Zhu H. Advances in extraction, utilization, and development of chitin/chitosan and its derivatives from 
shrimp shell waste. Compr Rev Food Sci Food Saf. 2024;23:5. https://doi.org/10.1111/1541-4337.70008.

71.	 García-Sifuentes CO, González-González BG, Santacruz-Ortega HDC, Brown-Bojórquez F, Navarro-Gautrín RE, Sugich-
Miranda R, Carvajal-Millán E. Properties of hydroxyapatite from tilapia (Oreochromis niloticus) bones: an approach towards 
its potential use as a dye adsorbent. J Appl Res Technol. 2023;21(3):447–56. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​2​​2​0​1​/​i​​c​a​t​.​2​​4​4​8​6​7​3​​6​e​.​2​​0​2​3​.​
2​1​.​3​.​1​9​0​3.

72.	 Ghaly A, Ramakrishnan V, Brooks M, Budge S, Dave D. Fish processing wastes as a potential source of proteins, amino acids 
and oils: a critical review. J Microb Biochem Technol. 2013;5(4):107–29.

73.	 Ghaly AE, Dave D, Budge S, Brooks MS. Fish spoilage mechanisms and preservation techniques: review. Am J Appl Sci. 
2010;7(7):859–77. https://doi.org/10.3844/ajassp.2010.859.877.

74.	 Gill JM, Hussain SM, Ali S, Ghafoor A, Adrees M, Nazish N, Naeem A, Naeem E, Alshehri MA, Rashid E. Fish waste biorefinery: 
a novel approach to promote industrial sustainability. Bioresour Technol. 2025;132050. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​b​i​o​r​t​​e​c​h​.​2​
0​​2​5​.​1​​3​2​0​5​0.

75.	 Gómez-Guillén M, Giménez B, López-Caballero Ma, Montero M. Functional and bioactive properties of collagen and 
gelatin from alternative sources: review. Food Hydrocoll. 2011;25(8):1813–27.​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​h​​y​d​.​2​0​1​​1​.​0​2​​.​0​0​
7.

https://doi.org/10.1016/j.foodchem.2014.07.117
https://doi.org/10.1016/j.foodchem.2014.07.117
https://doi.org/10.3390/md19020116
https://doi.org/10.3390/md21030173
https://doi.org/10.3390/app14146056
https://doi.org/10.1111/ijfs.16117
https://doi.org/10.1111/ijfs.16117
https://doi.org/10.1016/j.enconman.2009.05.010
https://doi.org/10.1016/j.enconman.2009.05.010
https://doi.org/10.3390/md20090550
https://doi.org/10.3390/molecules24091642
https://doi.org/10.3390/ma16186076
https://doi.org/10.1111/raq.12821
https://doi.org/10.1016/j.heliyon.2023.e14937
https://doi.org/10.1016/j.arabjc.2024.106010
https://www.fao.org/flw-in-fish-value-chains/overview/food-loss-and-waste-in-fish-value-chains/climate-change/en/
https://www.fao.org/flw-in-fish-value-chains/overview/food-loss-and-waste-in-fish-value-chains/climate-change/en/
https://openknowledge.fao.org/items/8ab20ccf-1e9d-4ae6-836c-ca770d16da01
https://openknowledge.fao.org/items/8ab20ccf-1e9d-4ae6-836c-ca770d16da01
https://doi.org/10.1186/s42825-024-00152-y
https://doi.org/10.1088/1755-1315/1272/1/012040
https://doi.org/10.1088/1755-1315/1272/1/012040
https://doi.org/10.1016/j.msec.2013.04.003
https://doi.org/10.3390/su5030841
https://doi.org/10.3390/su5030841
https://doi.org/10.1007/s12649-017-9893-1
https://doi.org/10.1111/ijfs.12771
https://doi.org/10.3390/md22020060
https://doi.org/10.1111/1541-4337.70008
https://doi.org/10.22201/icat.24486736e.2023.21.3.1903
https://doi.org/10.22201/icat.24486736e.2023.21.3.1903
https://doi.org/10.3844/ajassp.2010.859.877
https://doi.org/10.1016/j.biortech.2025.132050
https://doi.org/10.1016/j.biortech.2025.132050
https://doi.org/10.1016/j.foodhyd.2011.02.007
https://doi.org/10.1016/j.foodhyd.2011.02.007


Page 27 of 33Haque et al. Discover Food           (2026) 6:160 

76.	 Grasso F, Méndez-Paz D, Sobrado RV, Orlandi V, Turrini F, De Negri Atanasio G, Grasselli E, Tiso M, Boggia R. Feasibility 
of enzymatic protein extraction from a dehydrated fish biomass obtained from unsorted canned yellowfin tuna side 
streams: part I. Gels. 2023;9. https://doi.org/10.3390/gels9090760.

77.	 Guan Y, He J, Chen J, Li Y, Zhang X, Zheng Y, Jia L. Valorization of fish processing by-products: microstructural, rheological, 
functional, and properties of silver carp skin type I collagen. Foods. 2022;11(19):2985. ​h​t​t​p​s​:​/​/​w​w​w​.​m​d​p​i​.​c​o​m​/​2​3​0​4​-​8​1​5​8​/​
1​1​/​1​9​/​2​9​8​5​​​​​.​​​

78.	 Gutasi A. (2021). Benefit and drawbacks of fish meal substitution in aquaculture diets.
79.	 Gutierrez-Canul CD, Can-Herrera LA, Ramírez-Rivera EdJ, Prinyawiwatkul W, Sauri-Duch E, Moo-Huchin VM, Hernán-

dez-Núñez E. A review of classical and rising approaches the extraction and utilization of marine collagen. BioTech. 
2025;14(2):26. https://doi.org/10.3390/biotech14020026.

80.	 Hamdi M, Wang D, Li S, Su F. Unveiling an innovative sustainable blue resource-ecofriendly extraction technique towards 
a circular economy: Optimization of natural deep eutectic solvent and ultrasonication synergistic pathways for type-I col-
lagen refined recovery from discarded fish scales. Int J Biol Macromol. 2025;300:140296. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​
2​0​​2​5​.​1​​4​0​2​9​6.

81.	 Hamed I, Özogul F, Regenstein JM. Industrial applications of crustacean by-products (chitin, chitosan, and chitooligosac-
charides): a review. Trends Food Sci Technol. 2016;48:40–50.https://doi.org/10.1016/j.tifs.2015.11.007.

82.	 Harnedy PA, FitzGerald RJ. Bioactive peptides from marine processing waste and shellfish: a review. J Funct Foods. 
2012;4(1):6–24. https://doi.org/10.1016/j.jff.2011.09.001.

83.	 Heidari MG, Rezaei M. Extracted pepsin of trout waste and ultrasound promoted method for green recovery of fish col-
lagen. Sustain Chem Pharm. 2022;30:100854. https://doi.org/10.1016/j.scp.2022.100854.

84.	 Henriques A, Vázquez JA, Valcarcel J, Mendes R, Bandarra NM, Pires C. Characterization of protein hydrolysates from fish 
discards and by-products from the north-west spain fishing fleet as potential sources of bioactive peptides. Mar Drugs. 
2021;19(6):338. https://doi.org/10.3390/md19060338.

85.	 Hernández-Ruiz KL, López-Cervantes J, Sánchez-Machado DI, del Rosario Martínez-Macias M, Correa-Murrieta MA, 
Sanches-Silva A. Hydroxyapatite recovery from fish byproducts for biomedical applications. Sustainable Chem Pharm. 
2022;28:100726.https://doi.org/10.1016/j.scp.2022.100726.

86.	 Hessami MJ, Rao AR, Ravishankar GA. Opportunities and challenges in seaweeds as feed stock for biofuel production. 
Handbook of Algal Technologies and Phytochemicals; 2019. p. 39–50.

87.	 Hisham F, Maziati Akmal MH, Ahmad F, Ahmad K, Samat N. Biopolymer chitosan: potential sources, extraction methods, 
and emergi ng applications. Ain Shams Eng J. 2024;15(2):102424. https://doi.org/10.1016/j.asej.2023.102424.

88.	 Honrado A, Miguel M, Ardila P, Beltrán JA, Calanche JB. From waste to value: fish protein hydrolysates as a technological 
and functional ingredient in human nutrition. Foods. 2024;13(19):3120. https://doi.org/10.3390/foods13193120.

89.	 Horváth IT, Wong CYY, Choi AW-T, Mika LT, Lui MY. Valorization of the exoskeletons of crustaceans in seafood wastes to 
chemicals in renewable solvents: a catalytic and mechanistic study. ACS Sustain Chem Eng. 2023;11(42):15350–63. ​h​t​t​p​s​:​​/​/​
d​o​i​​.​o​r​g​/​1​​0​.​1​0​​2​1​/​a​c​​s​s​u​s​c​​h​e​m​e​n​g​​.​3​c​0​​4​0​6​6.

90.	 Hosney A, Ullah S, Barčauskaitė K. A review of the chemical extraction of chitosan from shrimp wastes and prediction of 
factors affecting chitosan yield by using an artificial neural network. Mar Drugs. 2022;20(11):675. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​
m​d​2​0​1​1​0​6​7​5​​​​​.​​​

91.	 Hou W, Liu L, Shen H. Selective conversion of chitosan to levulinic acid catalysed by acidic ionic liquid: Intriguing NH2 
effect in comparison with cellulose. Carbohydr Polym. 2018;195:267–74. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​a​r​b​p​​o​l​.​2​0​1​​8​.​0​4​​.​0​9​9.

92.	 Huang S, Yu B, Wang B, Soladoye OP, Benjakul S, Zhang Y, Fu Y. Revalorization of fish viscera as a sustainable source of 
proteins, lipids and polysaccharides in the food industry. Crit Rev Food Sci Nutr. 2024;1–27. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​0​​4​0​8​
3​9​​8​.​2​0​2​4​​.​2​4​4​​4​9​8​7.

93.	 Huang T-H, Wang P-W, Yang S-C, Chou W-L, Fang J-Y. Cosmetic and therapeutic applications of fish oil’s fatty acids on the 
skin. Mar Drugs. 2018;16(8):256. https://doi.org/10.3390/md16080256.

94.	 Ideia P, Pinto J, Ferreira R, Figueiredo L, Spínola V, Castilho P. Fish processing industry residues: a review of valuable prod-
ucts extraction and characterization methods. Waste Biomass Valori. 2020;11:3223–46. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​2​6​4​9​-​0​1​
9​-​0​0​7​3​9​-​1​​​​​.​​​

95.	 Idowu AT, Benjakul S, Sinthusamran S, Sookchoo P, Kishimura H. Protein hydrolysate from salmon frames: production, 
characteristics and antioxidative activity. J Food Biochem. 2019;43(2):e12734. https://doi.org/10.1111/jfbc.12734.

96.	 Íñiguez-Moreno M, Santiesteban-Romero B, Melchor-Martínez E, Parra-Saldívar R, González-González RB. Valorization of 
fishery industry waste: chitosan extraction and its application in the industry. MethodsX. 2024;13. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​
.​m​e​x​.​2​0​2​4​.​1​0​2​8​9​2​​​​​.​​​

97.	 Jackson A, Shepherd J. Connections between farmed and wild fish: fishmeal and fish oil as feed ingredients in sustainable 
aquaculture. Advancing the Aquaculture Agenda: Workshop Proceedings; 2010.

98.	 Jacobsen C, Warncke SA, Hansen SH, Sørensen A-DM. Fish liver discards as a source of long-chain omega-3 polyunsatu-
rated fatty acids. Foods. 2022;11(7):905. https://doi.org/10.3390/foods11070905.

99.	 Jafari H, Lista A, Siekapen MM, Ghaffari-Bohlouli P, Nie L, Alimoradi H, Shavandi A. Fish collagen: extraction, characteriza-
tion, and applications for biomaterials engineering. Polym (Basel). 2020;12(10). https://doi.org/10.3390/polym12102230.

100.	 Jaiswal K, Dutta S, Banerjee I, Jaiswal KS, Renuka N, Ratha S, Jaiswal A. Valorization of fish processing industry waste for 
biodiesel production: opportunities, challenges, and technological perspectives. Renew Energy. 2023. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​r​e​n​e​n​e​.​2​0​2​3​.​1​1​9​6​0​1​​​​​.​​​

101.	 Jamalluddin NA, Ismail N, Mutalib SRA, Sikin AM. Sc-CO2 extraction of fish and fish by-products in the production of fish 
oil and enzyme. Bioresour Bioprocess. 2022;9(1):21. https://doi.org/10.1186/s40643-022-00509-3.

102.	 Jannathulla R, Rajaram V, Kalanjiam R, Ambasankar K, Muralidhar M, Dayal JS. Fishmeal availability in the scenarios of 
climate change: Inevitability of fishmeal replacement in aquafeeds and approaches for the utilization of plant protein 
sources. Aquac Res. 2019;50(12):3493–506. https://doi.org/10.1111/are.14324.

103.	 Jaziri AA, Shapawi R, Mokhtar RAM, Noordin WNM, Huda N. Recent progress in sustainable fish byproduct utilisation: 
unveiling fish collagen as a potential wound healing agent. Annals Anim Sci. 2025. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​2​4​7​8​/​a​o​a​s​-​2​0​2​5​-​0​0​2​
6​​​​​.​​​

104.	 Jimenez-Champi D, Romero-Orejon FL, Muñoz AM, Ramos-Escudero F. The revalorization of fishery by-products: types, 
bioactive compounds, and food applications. Int J Food Sci. 2024;2024(1). https://doi.org/10.1155/2024/6624083.

https://doi.org/10.3390/gels9090760
https://www.mdpi.com/2304-8158/11/19/2985
https://www.mdpi.com/2304-8158/11/19/2985
https://doi.org/10.3390/biotech14020026
https://doi.org/10.1016/j.ijbiomac.2025.140296
https://doi.org/10.1016/j.ijbiomac.2025.140296
https://doi.org/10.1016/j.tifs.2015.11.007
https://doi.org/10.1016/j.jff.2011.09.001
https://doi.org/10.1016/j.scp.2022.100854
https://doi.org/10.3390/md19060338
https://doi.org/10.1016/j.scp.2022.100726
https://doi.org/10.1016/j.asej.2023.102424
https://doi.org/10.3390/foods13193120
https://doi.org/10.1021/acssuschemeng.3c04066
https://doi.org/10.1021/acssuschemeng.3c04066
https://doi.org/10.3390/md20110675
https://doi.org/10.3390/md20110675
https://doi.org/10.1016/j.carbpol.2018.04.099
https://doi.org/10.1080/10408398.2024.2444987
https://doi.org/10.1080/10408398.2024.2444987
https://doi.org/10.3390/md16080256
https://doi.org/10.1007/s12649-019-00739-1
https://doi.org/10.1007/s12649-019-00739-1
https://doi.org/10.1111/jfbc.12734
https://doi.org/10.1016/j.mex.2024.102892
https://doi.org/10.1016/j.mex.2024.102892
https://doi.org/10.3390/foods11070905
https://doi.org/10.3390/polym12102230
https://doi.org/10.1016/j.renene.2023.119601
https://doi.org/10.1016/j.renene.2023.119601
https://doi.org/10.1186/s40643-022-00509-3
https://doi.org/10.1111/are.14324
https://doi.org/10.2478/aoas-2025-0026
https://doi.org/10.2478/aoas-2025-0026
https://doi.org/10.1155/2024/6624083


Page 28 of 33Haque et al. Discover Food           (2026) 6:160 

105.	 Kaewdang O, Benjakul S, Kaewmanee T, Kishimura H. Characteristics of collagens from the swim bladders of yellowfin 
tuna (Thunnus albacares). Food Chem. 2014;155:264–70. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​2​0​​1​4​.​0​​1​.​0​7​6.

106.	 Karayannakidis PD, Zotos A. Fish processing by-products as a potential source of gelatin: a review. J Aquat Food Prod 
Technol. 2016;25(1):65–92. https://doi.org/10.1080/10498850.2013.827767.

107.	 Karim FT, Ghafoor K, Ferdosh S, Al-Juhaimi F, Ali E, Yunus KB, Hamed MH, Islam A, Asif M, Sarker MZI. Microencapsulation of 
fish oil using supercritical antisolvent process. J Food Drug Anal. 2017;25(3):654–66. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​f​d​a​.​2​0​1​6​.​1​1​.​
0​1​7​​​​​.​​​

108.	 Karkal SS, Kudre TG. Valorization of fish discards for the sustainable production of renewa ble fuels. J Clean Prod. 
2020;275:122985. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​0​.​1​2​​2​9​8​5.

109.	 Kaur S, Dhillon GS. The versatile biopolymer chitosan: potential sources, evaluation of ex traction methods and applica-
tions. Crit Rev Microbiol. 2013;40(2):155–75. https://doi.org/10.3109/1040841x.2013.770385.

110.	 Keshri A, Chowksey H, Girish C. Biodiesel production from fish waste and characterizing the properties. Int J Mech Prod 
Eng Res Dev. 2018;9(9):449–56.

111.	 Khalid M, Granollers Mesa M, Scapens D, Osatiashtiani A. Advances in sustainable γ-valerolactone (GVL) production via 
catalytic transfer hydrogenation of levulinic acid and its esters. ACS Sustain Chem Eng. 2024;12(45):16494–517. ​h​t​t​p​s​:​​/​/​d​o​i​​.​
o​r​g​/​1​​0​.​1​0​​2​1​/​a​c​​s​s​u​s​c​​h​e​m​e​n​g​​.​4​c​0​​5​8​1​2.

112.	 Khan S, Tauseef I, Ikram M, Rauf S, Saeed RF, Sadiqi S, Lone NA, Ali L, Subhan FF. Extraction of fish collagen peptides from 
fish waste through fermentation using lactobacillus bacteria. Life Sci. 2023;4(4):7–7. https://doi.org/10.37185/LnS.1.1.423.

113.	 Kim S-B, Yoon NY, Shim K-B, Lim C-W. Antioxidant and angiotensin I-converting enzyme inhibitory activities of northern 
shrimp (Pandalus borealis) by-products hydrolysate by enzymatic hydrolysis. Fisheries Aquat Sci. 2016;19(1):29. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​1​8​6​/​s​4​1​2​4​0​-​0​1​6​-​0​0​2​8​-​6​​​​​.​​​

114.	 Kittiphattanabawon P, Benjakul S, Sinthusamran S, Kishimura H. Characteristics of collagen from the skin of clown feather-
back (Chitala ornata). Int J Food Sci Technol. 2015;50(9):1972–8. https://doi.org/10.1111/ijfs.12864.

115.	 Kittiphattanabawon P, Benjakul S, Visessanguan W, Nagai T, Tanaka M. Characterisation of acid-soluble collagen from skin 
and bone of bigeye snapper (Priacanthus tayenus). Food Chem. 2005;89(3):363–72. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​2​0​​
0​4​.​0​​2​.​0​4​2.

116.	 Kratky L, Zamazal P. Economic feasibility and sensitivity analysis of fish waste processing biorefinery. J Clean Prod. 
2020;243:118677. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​9​.​1​1​​8​6​7​7

117.	 Kumari S, Annamareddy SHK, Abanti S, Rath PK. Physicochemical properties and characterization of chitosan synthesized 
from fish scales, crab and shrimp shells. Int J Biol Macromol. 2017;104:1697–705. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​2​0​​1​7​.​0​​
4​.​1​1​9.

118.	 Kuprina EE, Yakkola AN, Kopylov A, Zashikhin M, Kuznetsova А. Development of functional product enriched with collagen 
hydrolysate from fish processing waste. 2020. https://doi.org/10.1051/e3sconf/202016406026.

119.	 Kywe TT, Oo MM. Production of biodiesel from Jatropha oil (Jatropha curcas) in pilot plant. World Acad Sci Eng Technol. 
2009;50:477–83.

120.	 Laasri I, Bakkali M, Mejias L, Laglaoui A. Marine collagen: unveiling the blue resource-extraction techniques and multifac-
eted applications. Int J Biol Macromol. 2023;253:127253. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​2​0​​2​3​.​1​​2​7​2​5​3.

121.	 Lan X, Luo M, Li M, Mu L, Li G, Chen G, He Z, Xiao J. Swim bladder-derived biomaterials: structures, compositions, proper-
ties, modifications, and biomedical applications. J Nanobiotechnol. 2024;22(1):186. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​9​5​1​-​0​2​4​-​0​2​
4​4​9​-​w​​​​​.​​​

122.	 Lapillonne A, Mis NF, Goulet O, van den Akker CH, Wu J, Koletzko B, Braegger C, Bronsky J, Cai W, Campoy C. ESPGHAN/
ESPEN/ESPR/CSPEN guidelines on pediatric parenteral nutrition: Lipids. Clin Nutr. 2018;37(6):2324–36. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​c​l​n​u​.​2​0​1​8​.​0​6​.​9​4​6​​​​​.​​​

123.	 Le Bloch J, Rouault M, Langhi C, Hignard M, Iriantsoa V, Michelet O. The novel food evaluation process delays access to 
food innovation in the European Union. npj Sci Food. 2025;9(1):117. https://doi.org/10.1038/s41538-025-00492-x.

124.	 Lebedevas S, Vaicekauskas A, Lebedeva G, Makareviciene V, Janulis P, Kazancev K. Use of waste fats of animal and veg-
etable origin for the production of biodiesel fuel: quality, motor properties, and emissions of harmful components. Energy 
Fuels. 2006;20(5):2274–80.

125.	 Liao W, Chen H, Jin W, Yang Z, Cao Y, Miao J. Three newly isolated calcium-chelating peptides from tilapia bone collagen 
hydrolysate enhance calcium absorption activity in intestinal caco-2 cells. J Agric Food Chem. 2020;68(7):2091–8. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​2​1​/​a​c​s​.​j​a​f​c​.​9​b​0​7​6​0​2​​​​​.​​​

126.	 Ling Wen Xia F, Supri S, Djamaludin H, Nurdiani R, Seng L, Yin LW, K., Rovina K. Turning waste into value: extraction and 
effective valorization strate gies of seafood by-products. Waste Manage Bull. 2024;2(3):84–100. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​
m​b​.​2​0​2​4​.​0​6​.​0​0​8​​​​​.​​​

127.	 Liu D, Liang L, Regenstein JM, Zhou P. Extraction and characterisation of pepsin-solubilised collagen from fins, scales, skins, 
bones and swim bladders of bighead carp (Hypophthalmichthys nobilis). Food Chem. 2012;133(4):1441–8.​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​
1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​2​0​​1​2​.​0​​2​.​0​3​2.

128.	 Liu Y, Berrada H, Wang M, Zhou J, Kousoulaki K, Barba FJ, Castagnini JM. Is pulsed electric field (PEF) a useful tool for the 
valorization of solid and liquid sea bass side streams? Evaluation of nutrients and contaminants. Food Bioprocess Technol. 
2025;18(2):1873–92. https://doi.org/10.1007/s11947-024-03553-3.

129.	 López-García G, Dublan-García O, Arizmendi-Cotero D, Gómez Oliván LM. Antioxidant and antimicrobial peptides derived 
from food proteins. Molecules. 2022;27(4):1343. https://doi.org/10.3390/molecules27041343.

130.	 López-Pedrouso M, Lorenzo JM, Cantalapiedra J, Zapata C, Franco JM, Franco D. Aquaculture and by-products: challenges 
and opportunities in the use of alternative protein sources and bioactive compounds. Adv Food Nutr Res. 2020;92:127–85. 
https://doi.org/10.1016/bs.afnr.2019.11.001.

131.	 Luque PL, Artetxe-Arrate I, Bidegain G, Sakai S, Claverie F, Pécheyran C, Fraile I, Murua H, Varela JL, Medina A. Chemical 
signatures in fin spine edge of Atlantic bluefin tuna (Thunnus thynnus) can serve as habitat markers of geographically 
distinct marine environments. Heliyon. 2022;8(11). ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​h​e​l​i​y​​o​n​.​2​0​2​​2​.​e​1​​1​7​5​7.

132.	 Mahboob S. Isolation and characterization of collagen from fish waste material-skin, scales and fins of Catla catla and Cir-
rhinus mrigala. J Food Sci Technol. 2015;52(7):4296–305. https://doi.org/10.1007/s13197-014-1520-6.

https://doi.org/10.1016/j.foodchem.2014.01.076
https://doi.org/10.1080/10498850.2013.827767
https://doi.org/10.1016/j.jfda.2016.11.017
https://doi.org/10.1016/j.jfda.2016.11.017
https://doi.org/10.1016/j.jclepro.2020.122985
https://doi.org/10.3109/1040841x.2013.770385
https://doi.org/10.1021/acssuschemeng.4c05812
https://doi.org/10.1021/acssuschemeng.4c05812
https://doi.org/10.37185/LnS.1.1.423
https://doi.org/10.1186/s41240-016-0028-6
https://doi.org/10.1186/s41240-016-0028-6
https://doi.org/10.1111/ijfs.12864
https://doi.org/10.1016/j.foodchem.2004.02.042
https://doi.org/10.1016/j.foodchem.2004.02.042
https://doi.org/10.1016/j.jclepro.2019.118677
https://doi.org/10.1016/j.ijbiomac.2017.04.119
https://doi.org/10.1016/j.ijbiomac.2017.04.119
https://doi.org/10.1051/e3sconf/202016406026
https://doi.org/10.1016/j.ijbiomac.2023.127253
https://doi.org/10.1186/s12951-024-02449-w
https://doi.org/10.1186/s12951-024-02449-w
https://doi.org/10.1016/j.clnu.2018.06.946
https://doi.org/10.1016/j.clnu.2018.06.946
https://doi.org/10.1038/s41538-025-00492-x
https://doi.org/10.1021/acs.jafc.9b07602
https://doi.org/10.1021/acs.jafc.9b07602
https://doi.org/10.1016/j.wmb.2024.06.008
https://doi.org/10.1016/j.wmb.2024.06.008
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1016/j.foodchem.2012.02.032
https://doi.org/10.1007/s11947-024-03553-3
https://doi.org/10.3390/molecules27041343
https://doi.org/10.1016/bs.afnr.2019.11.001
https://doi.org/10.1016/j.heliyon.2022.e11757
https://doi.org/10.1007/s13197-014-1520-6


Page 29 of 33Haque et al. Discover Food           (2026) 6:160 

133.	 Majeed M, Rather MA. Valorization of rohu fish (Labeo rohita) skin waste into high-quality type-I collagen biomaterial: 
extraction, optimization, and characterization. Polym Renew Resour. 2025;16(2–3):85–104. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​7​7​/​2​0​4​1​2​4​
7​9​2​5​1​3​2​4​7​7​9​​​​​.​​​

134.	 Malinauskaite J, Jouhara H, Spencer N. Waste prevention and technologies in the context of the EU waste framework 
directive: lost in translation? Eur Energy Environ Law Rev. 2017;26(3). https://doi.org/10.54648/eelr2017009.

135.	 Mamat, M. N. I. B., et al. A review on fish oil extraction from fish by-product as sustainable practices and resource utilization 
in the fish processing industry. Sains Malaysiana. 2025;54(1):165–74. https://doi.org/10.17576/jsm-2025-5401-13.

136.	 Maraksa K, Suyotha W, Cheirsilp B. Production of alpha-and beta-chitin, chitosan and protein hydrolysate from seafood 
processing wastes using an integration of lactic acid and digestive protease from fish viscera as alternative green extrac-
tion. Biocatal Agric Biotechnol. 2025;64:103496. https://doi.org/10.1016/j.bcab.2025.103496.

137.	 Martí-Quijal FJ, Castagnini JM, Ruiz M-J, Barba FJ. Sea bass side streams extracts obtained by pulsed electric fields: nutri-
tional characterization and effect on SH-SY5Y cells. Foods. 2023;12(14):2717. https://doi.org/10.3390/foods12142717.

138.	 Melgosa R, Sanz MT, Beltrán S. Supercritical CO2 processing of omega-3 polyunsaturated fatty acids – towards a biorefin-
ery for fish waste valorization. J Supercrit Fluids. 2021;169:105121. https://doi.org/10.1016/j.supflu.2020.105121.

139.	 Melgosa R, Trigueros E, Sanz MT, Cardeira M, Rodrigues L, Fernández N, Matias AA, Bronze MR, Marques M, Paiva A, Simões 
P. Supercritical CO2 and subcritical water technologies for the production of bioactive extracts from sardine (Sardina 
pilchardus) waste. J Supercrit Fluids. 2020;164:104943. https://doi.org/10.1016/j.supflu.2020.104943.

140.	 Meramo-Hurtado S, Alarcón-Suesca C, González-Delgado ÁD. Exergetic sensibility analysis and environmental evaluation 
of chitosan production from shrimp exoskeleton in Colombia. J Clean Prod. 2020;248:119285. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​
p​​r​o​.​2​0​1​​9​.​1​1​​9​2​8​5.

141.	 Mgbechidinma C, Zheng G, Baguya EB, Zhou H, Okon S, Zhang C. Fatty acid composition and nutritional analysis of waste 
crude fish oil obtained by optimized milder extraction methods. Environ Eng Res. 2022. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​4​9​1​/​e​e​r​.​2​0​2​2​.​0​
3​4​​​​​.​​​

142.	 Mohan K, Ganesan AR, Muralisankar T, Jayakumar R, Sathishkumar P, Uthayakumar V, Chandirasekar R, Revathi N. Recent 
insights into the extraction, characterization, and bioactivities of chitin and chitosan from insects. Trends Food Sci Technol. 
2020;105:17–42. https://doi.org/10.1016/j.tifs.2020.08.016.

143.	 Monsiváis-Alonso R, Mansouri SS, Román-Martínez A. Life cycle assessment of intensified processes towards circular 
economy: omega-3 production from waste fish oil. Chem Eng Process-Process Intensif. 2020;158:108171. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​c​e​p​.​2​0​2​0​.​1​0​8​1​7​1​​​​​.​​​

144.	 Mozumder M, Uddin M, Schneider P, Raiyan M, Trisha M, Tahsin T. Sustainable utilization of fishery waste in Bangladesh—a 
qualitative study for a circular bioeconomy initiative. Fishes. 2022;7(2):84. https://doi.org/10.3390/fishes7020084.

145.	 Mukherjee PK, Das B, Bhardwaj PK, Tampha S, Singh HK, Chanu LD. Socio-economic sustainability with circular economy 
— an alternative approach. Sci Total Environ. 2023;904:166630. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​3​.​​1​6​6​6​3​0.

146.	 Mutalipassi M, Esposito R, Ruocco N, Viel T, Costantini M, Zupo V. Bioactive compounds of nutraceutical value from fishery 
and aquacultur e discards. Foods. 2021;10(7):1495. https://doi.org/10.3390/foods10071495.

147.	 Naseem S, Imam A, Rayadurga AS, Ray A, Suman S. Trends in fisheries waste utilization: a valuable resource of nutrients 
and valorized products for the food industry. Crit Rev Food Sci Nutr. 2023;1–21. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​0​​4​0​8​3​9​​8​.​2​0​2​3​​.​2​2​
1​​1​1​6​7.

148.	 Nawaz A, Li E, Irshad S, Xiong Z, Xiong H, Shahbaz HM, Siddique F. Valorization of fisheries by-products: challenges and 
technical concerns to food industry. Trends Food Sci Technol. 2020;99:34–43. https://doi.org/10.1016/j.tifs.2020.02.022.

149.	 Ndômbôl RPN, Ndomou M, Tchuitcheu HLD, Zangueu CB, Ngafon MN, Nsoga JVF, Manz JCK, Tchoumbougnang F. Assess-
ment of fish by-products in market environment of Douala and determination of their nutritional value. Int J Fisheries 
Aquat Stud. 2021;9(4):332. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​2​​2​7​1​/​f​​i​s​h​.​2​​0​2​1​.​v​9​​.​i​4​d​​.​2​5​5​3.

150.	 Neves AC, Harnedy PA, O’Keeffe MB, Alashi MA, Aluko RE, Fitzgerald RJ. Peptide identification in a salmon gelatin hydroly-
sate with antihypertensive, dipeptidyl peptidase IV inhibitory and antioxidant activities. Food Res Int. 2017;100:112–20. ​h​t​t​
p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​r​​e​s​.​2​0​1​​7​.​0​6​​.​0​6​5.

151.	 Nieto-Ortega S, Olabarrieta I, Saitua E, Arana G, Foti G, Melado-Herreros Á. Improvement of oil valorization extracted from 
fish by-products using a handheld near infrared spectrometer coupled with chemometrics. Foods. 2022;11(8). ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​3​3​9​0​/​f​o​o​d​s​1​1​0​8​1​0​9​2​​​​​.​​​

152.	 Nikoo M, Regenstein JM, Yasemi M. Protein hydrolysates from fishery processing by-products: production, characteristics, 
food applications, and challenges. Foods. 2023;12(24):4470. https://doi.org/10.3390/foods12244470.

153.	 Noordin NM, Kader MA, Morni MM, Raes AM, Daud MS, Khir RM, Kamaruzaman AH. Application of fish bone meal from 
byproducts of fish processing industry in diets of juvenile striped catfish, Pangasianodon hypophthalmus. Aquaculture 
Aquarium Conserv Legislation. 2017;10(6):1395–403.

154.	 Nurilmala M, Suryamarevita H, Hizbullah H, Jacoeb H. A. M. & Ochiai Y. Fish skin as a biomaterial for halal collagen and gela-
tin. Saudi J Biol Sci. 2022;29(2):1100–10. https://doi.org/10.1016/j.sjbs.2021.09.056.

155.	 Okoro OV, Nie L, Denayer J, Karimi K, Shavandi A. Analysis of the technical and economic viability of upcycling sustainable 
fish waste for bioproduct production. Circular Econ Sustain. 2025;1–19. https://doi.org/10.1007/s43615-025-00504-8.

156.	 Olaniran AF, Adeoye OE, Oyadeyi OM, Okonkwo CE, Erinle OC, Malomo AA. Utilization and application of bioactive com-
pounds generated from fish waste and by product as functional food ingredient: areview IOP conference series: earth and 
environmental science. 2024. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​8​/​1​7​​5​5​-​1​3​​1​5​/​1​3​4​​2​/​1​/​​0​1​2​0​1​4.

157.	 Olsen RL, Toppe J, Karunasagar I. Challenges and realistic opportunities in the use of by-products from processing of fish 
and shellfish. Trends Food Sci Technol. 2014;36(2):144–51. https://doi.org/10.1016/j.tifs.2014.01.007.

158.	 Ortega S, Lutfi E, Horn SS, Durland E. Quantification of fat content in the liver of different aquaculture fish species using 
hyperspectral image analysis. Aquaculture. 2025;597:741924..​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​a​q​u​a​c​​u​l​t​u​r​e​​.​2​0​2​​4​.​7​4​1​9​2​4.

159.	 Ozogul F, Cagalj M, Šimat V, Ozogul Y, Tkaczewska J, Hassoun A, Kaddour AA, Kuley E, Rathod NB, Phadke GG. Recent 
developments in valorisation of bioactive ingredients in discard/seafood processing by-products. Trends Food Sci Technol. 
2021;116:559–82. https://doi.org/10.1016/j.tifs.2021.08.007.

160.	 Padma K, Don K. Transforming fish waste into highvalue resources: a sustainable approach to circular bioeconomy. Uttar 
Prad J Zool. 2024;45(23). ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​5​6​​5​5​7​/​u​​p​j​o​z​/​​2​0​2​4​/​v​​4​5​i​2​​3​4​6​8​5.

https://doi.org/10.1177/20412479251324779
https://doi.org/10.1177/20412479251324779
https://doi.org/10.54648/eelr2017009
https://doi.org/10.17576/jsm-2025-5401-13
https://doi.org/10.1016/j.bcab.2025.103496
https://doi.org/10.3390/foods12142717
https://doi.org/10.1016/j.supflu.2020.105121
https://doi.org/10.1016/j.supflu.2020.104943
https://doi.org/10.1016/j.jclepro.2019.119285
https://doi.org/10.1016/j.jclepro.2019.119285
https://doi.org/10.4491/eer.2022.034
https://doi.org/10.4491/eer.2022.034
https://doi.org/10.1016/j.tifs.2020.08.016
https://doi.org/10.1016/j.cep.2020.108171
https://doi.org/10.1016/j.cep.2020.108171
https://doi.org/10.3390/fishes7020084
https://doi.org/10.1016/j.scitotenv.2023.166630
https://doi.org/10.3390/foods10071495
https://doi.org/10.1080/10408398.2023.2211167
https://doi.org/10.1080/10408398.2023.2211167
https://doi.org/10.1016/j.tifs.2020.02.022
https://doi.org/10.22271/fish.2021.v9.i4d.2553
https://doi.org/10.1016/j.foodres.2017.06.065
https://doi.org/10.1016/j.foodres.2017.06.065
https://doi.org/10.3390/foods11081092
https://doi.org/10.3390/foods11081092
https://doi.org/10.3390/foods12244470
https://doi.org/10.1016/j.sjbs.2021.09.056
https://doi.org/10.1007/s43615-025-00504-8
https://doi.org/10.1088/1755-1315/1342/1/012014
https://doi.org/10.1016/j.tifs.2014.01.007
https://doi.org/10.1016/j.aquaculture.2024.741924
https://doi.org/10.1016/j.tifs.2021.08.007
https://doi.org/10.56557/upjoz/2024/v45i234685


Page 30 of 33Haque et al. Discover Food           (2026) 6:160 

161.	 Pateiro M, Munekata PE, Domínguez R, Wang M, Barba FJ, Bermúdez R, Lorenzo JM. Nutritional profiling and the value of 
processing by-products from gilthead sea bream (Sparus aurata). Mar Drugs. ​2​0​2​0​;​1​8​(​2​)​:​1​0​1​.​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​m​d​1​8​
0​2​0​1​0​1​​​​​.​​​

162.	 Patil U, Saetang J, Zhang B, Benjakul S. Use of tuna visceral pepsin in combination with trypsin as digestion aid: enhanced 
protein hydrolysis and bioavailability. Foods. 2022;12(1):125. https://doi.org/10.3390/foods12010125.

163.	 Patila U, Prashanthkumara MC, Benjakula S. Sustainable exploitation of fish visceral proteases: molecular characteristics 
and diverse applications. ScienceAsia. 2025;51(1). ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​3​​0​6​/​s​c​​i​e​n​c​e​​a​s​i​a​1​5​​1​3​-​1​​8​7​4​.​2​0​2​5​.​s​0​0​3.

164.	 Perez-Palacios T, Ruiz-Carrascal J, Solomando JC, De-La-Haba F, Pajuelo A, Antequera T. Recent developments in the micro-
encapsulation of fish oil and natural extracts: procedure, quality evaluation and food enrichment. Foods. 2022;11(20):3291. 
https://doi.org/10.3390/foods11203291.

165.	 Pérez A, Ruz M, García P, Jiménez P, Valencia P, Ramírez C, Pinto M, Nuñez SM, Park JW, Almonacid S. Nutritional properties 
of fish bones: potential applications in the food industry. Food Reviews Int. 2024;40(1):79–91. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​8​7​​5​
5​9​1​2​​9​.​2​0​2​2​​.​2​1​5​​3​1​3​6.

166.	 Pérez WA, Marín JA, López JN, Burgos MA, Rios LA. Development of a pilot-ecofriendly process for chitosan production 
from waste shrimp shells. Environ Processes. 2022;9(3):55. https://doi.org/10.1007/s40710-022-00605-8.

167.	 Petcharat T, Benjakul S, Karnjanapratum S, Nalinanon S. Ultrasound-assisted extraction of collagen from clown featherback 
(Chitala ornata) skin: yield and molecular characteristics. J Sci Food Agric. 2021;101(2):648–58. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​j​s​f​a​.​
1​0​6​7​7​​​​​.​​​

168.	 Pinto AIG. Valorização de óleos de peixe através da redução do seu índice de acidez. Universidade do Porto (Portugal); 
2016. 

169.	 Pires C, Leitão M, Sapatinha M, Gonçalves A, Oliveira H, Nunes ML, Teixeira B, Mendes R, Camacho C, Machado M, Pintado 
M, Ribeiro AR, Vieira EF, Delerue-Matos C, Lourenço HM, Marques A. Protein hydrolysates from salmon heads and cape 
hake by-products: comparing enzymatic method with subcritical water extraction on bioactivity properties. Foods. 
2024;13(15):2418. https://doi.org/10.3390/foods13152418.

170.	 Preto F, Zhang F, Wang J. A study on using fish oil as an alternative fuel for conventional combustors. Fuel. 2008;87(10–
11):2258–68. https://doi.org/10.1016/j.fuel.2007.10.025.

171.	 Purnamayati L, Dito B, Dewi E, Suharto S. Optimization of tilapia (Oreochromis niloticus) viscera oil extraction using 
response surface methodology. Food Res. 2023;7(3):12–20. https://doi.org/10.26656/fr.2017.7(S3).2.

172.	 Rajabimashhadi, Gallo N, Salvatore L, Lionetto F. Collagen derived from fish industry waste: progresses and challenges. 
Polymers. 2023;15(3):544. https://doi.org/10.3390/polym15030544.

173.	 Rajagopal S, Murugan R, Aavula T, Aji A, Sakthivel V. Extraction of chitin and chitosan from marine waste and its applica-
tions on food and agriculture products. Asian J Biol Sci. 2022;15(5–6):271–9. https://doi.org/10.3923/ajbs.2022.271.279.

174.	 Ren X, Wang J, Yu J, Song B, Feng H, Shen M, Zhang H, Zou J, Zeng G, Tang L, Wang J. Waste valorization: transforming the 
fishbone biowaste into biochar as an efficient persulfate catalyst for degradation of organic pollutant. J Clean Prod. 2020. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​0​.​1​2​​5​2​2​5.

175.	 Ribeiro TB, Voss GB, Coelho MC, Pintado ME. Chapter 33 - Food waste and by-product valorization as an integrated 
approach with zero waste: Future challenges. In: Bhat R, editor. Future Foods. Academic Press; 2022. p. 569–596. ​h​t​t​p​s​:​​/​/​d​o​i​​
.​o​r​g​/​1​​0​.​1​0​​1​6​/​B​9​​7​8​-​0​-​​3​2​3​-​9​1​​0​0​1​-​​9​.​0​0​0​1​7​-​7.

176.	 de Rigueto R, Gomes KS, Alessandretti I, Nazari MT, Rosseto M. From waste to value-added products: a review of opportu-
nities for fish waste valorization. Environ Qual Manage. 2023;33:203–21. https://doi.org/10.1002/tqem.22040.

177.	 Rocha-Pimienta, Javier, Navajas-Preciado B, Barraso-Gil C, Martillanes S, Delgado-Adámez J. Optimization of the extraction 
of chitosan and fish gelatin from fishery waste and their antimicrobial potential as active biopolymers. Gels. 2023;9(3):254. 
https://doi.org/10.3390/gels9030254.

178.	 Rodrigues M, Rosa A, Almeida A, Martins R, Ribeiro T, Pintado M, Gonçalves R, Pinheiro A, Fonseca A, Maia M, Cabrita A, 
Barros L, Caleja C. Omega-3 fatty acids from fish by-products: Innovative extraction and application in food and feed. Food 
Bioprod Process. 2024. https://doi.org/10.1016/j.fbp.2024.02.007.

179.	 Romarheim OH, Aslaksen MA, Storebakken T, Krogdahl Å, Skrede A. Effect of extrusion on trypsin inhibitor activity and 
nutrient digestibility of diets based on fish meal, soybean meal and white flakes. Arch Anim Nutr. 2005;59(6):365–75. 
https://doi.org/10.1080/17450390500352897.

180.	 Rubio-Rodríguez N, De Diego SM, Beltrán S, Jaime I, Sanz MT, Rovira J. Supercritical fluid extraction of fish oil from fish by-
products: acomparison with other extraction methods. J Food Eng. 2012;109(2):238–48. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​f​o​o​d​​e​n​
g​.​2​0​​1​1​.​1​​0​.​0​1​1.

181.	 Rustad T, Storrø I, Slizyte R. Possibilities for the utilisation of marine by-products. Int J Food Sci Technol. 2011;46(10):2001–
14. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​3​6​5​-​​2​6​2​1​.​2​​0​1​1​.​​0​2​7​3​6​.​x.

182.	 Salian A, Prakash AK, Gulladi G, Andiappan S, Surasani VKR, Varadaraju RC. Valorization of emperor fish (Lethrinus fraenatus) 
filleting waste in to fishbone hydroxyapatite by thermal calcination method. Biomass Convers Biorefinery. 2024. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​3​3​9​9​-​0​2​4​-​0​6​1​7​7​-​x​​​​​.​​​

183.	 Santana TM, Dantas FDM, Dos Santos M, Kojima JT, Pastrana YM, De Jesus RS, Gonçalves LU. Fish Viscera Silage: Production, 
characterization, and digestibility of nutrients and energy for tambaqui juveniles. Fishes. 2023;8(2):111. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​
3​9​0​/​f​i​s​h​e​s​8​0​2​0​1​1​1​​​​​.​​​

184.	 Santana TM, Dantas FM, Prestes AG, Jerônimo GT, da Costa JI, Santos D, Pastrana DK, Yamamoto YM, F. Y., Gonçalves LU. 
Evaluation and economic analysis of fermented fish viscera silage in diets for tambaqui (Colossoma macropomum) 
and its effects on the physical quality of pellets, growth performance, health parameters. J Anim Physiol Anim Nutr. 
2024;108(6):1665–77. https://doi.org/10.1111/jpn.13999.

185.	 Sanuja R, Kalutharage NK, Cumaranatunga PRT. Selection of the most suitable crustacean exoskeleton waste from fish 
processing industry to isolate chitosan. Sri Lanka J Aquat Sci. 2017;22(1). https://doi.org/10.4038/sljas.v22i1.7516.

186.	 Saravanan A, Kumar P, Yuvaraj D, Jeevanantham S, Aishwaria P, Gnanasri PB, Gopinath M, Rangasamy G. A review on extrac-
tion of polysaccharides from crustacean wastes and their environmental applications. Environ Res. 2023;115306. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​n​v​r​e​s​.​2​0​2​3​.​1​1​5​3​0​6​​​​​.​​​

187.	 Sarbon NM, Badii F, Howell NK. Preparation and characterisation of chicken skin gelatin as an alternative to mammalian 
gelatin. Food Hydrocolloids. 2013;30(1):143–51. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​h​​y​d​.​2​0​1​​2​.​0​5​​.​0​0​9.

https://doi.org/10.3390/md18020101
https://doi.org/10.3390/md18020101
https://doi.org/10.3390/foods12010125
https://doi.org/10.2306/scienceasia1513-1874.2025.s003
https://doi.org/10.3390/foods11203291
https://doi.org/10.1080/87559129.2022.2153136
https://doi.org/10.1080/87559129.2022.2153136
https://doi.org/10.1007/s40710-022-00605-8
https://doi.org/10.1002/jsfa.10677
https://doi.org/10.1002/jsfa.10677
https://doi.org/10.3390/foods13152418
https://doi.org/10.1016/j.fuel.2007.10.025
https://doi.org/10.26656/fr.2017.7(S3).2
https://doi.org/10.3390/polym15030544
https://doi.org/10.3923/ajbs.2022.271.279
https://doi.org/10.1016/j.jclepro.2020.125225
https://doi.org/10.1016/j.jclepro.2020.125225
https://doi.org/10.1016/B978-0-323-91001-9.00017-7
https://doi.org/10.1016/B978-0-323-91001-9.00017-7
https://doi.org/10.1002/tqem.22040
https://doi.org/10.3390/gels9030254
https://doi.org/10.1016/j.fbp.2024.02.007
https://doi.org/10.1080/17450390500352897
https://doi.org/10.1016/j.jfoodeng.2011.10.011
https://doi.org/10.1016/j.jfoodeng.2011.10.011
https://doi.org/10.1111/j.1365-2621.2011.02736.x
https://doi.org/10.1007/s13399-024-06177-x
https://doi.org/10.1007/s13399-024-06177-x
https://doi.org/10.3390/fishes8020111
https://doi.org/10.3390/fishes8020111
https://doi.org/10.1111/jpn.13999
https://doi.org/10.4038/sljas.v22i1.7516
https://doi.org/10.1016/j.envres.2023.115306
https://doi.org/10.1016/j.envres.2023.115306
https://doi.org/10.1016/j.foodhyd.2012.05.009


Page 31 of 33Haque et al. Discover Food           (2026) 6:160 

188.	 Schmitt C, Domangé B, Torrents R, De Haro L, Simon N. Hypervitaminosis A Following the Ingestion of Fish Liver: Report 
on 3 Cases from the Poison Control Center in Marseille. Wilderness Environ Med. 2020;31(4):454–6. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​
/​j​.​w​e​m​.​2​0​2​0​.​0​6​.​0​0​3​​​​​.​​​

189.	 Shahidi F, Ambigaipalan P. (2016). Beverages fortified with omega-3 fatty acids, dietary fiber, minerals, and vitamins. Hand-
book of functional beverages and human health, 801–813.

190.	 Shamsuddin NA, Munajat NF. Characteristics of biochar from fish wastes pyrolysis in a fixed-bed reactor. In: AIP Conference 
Proceedings. Melville (NY): AIP Publishing; 2023 Mar 23. 2484(1):040007 https://doi.org/10.1063/5.0110751 

191.	 Sheng L, Wang L. The microbial safety of fish and fish products: Recent advances in understanding its significance, con-
tamination sources, and control strategies. Compr Rev Food Sci Food Saf. 2021;20(1):738–86. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​1​5​4​
1​-​4​3​3​7​.​1​2​6​7​1​​​​​.​​​

192.	 Siddiqui SA, Lakshmikanth D, Pradhan C, Farajinejad Z, Castro-Muñoz R, Sasidharan A. Implementing fermentation 
technology for comprehensive valorisation of seafood processing by-products: A critical review on recovering valuable 
nutrients and enhancing utilisation. Crit Rev Food Sci Nutr. 2025;65(5):964–91. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​0​​4​0​8​3​9​​8​.​2​0​2​3​​.​2​2​8​​
6​6​2​3.

193.	 Siddiqui SA, Schulte H, Pleissner D, Schönfelder S, Kvangarsnes K, Dauksas E, Rustad T, Cropotova J, Heinz V, Smetana S. 
Transformation of Seafood Side-Streams and Residuals into Valuable Products. Foods. 2023;12(2):422. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​
9​0​/​f​o​o​d​s​1​2​0​2​0​4​2​2​​​​​.​​​

194.	 Silva F, Duarte AM, Mendes S, Borges P, Magalhães E, Pinto FR, Barroso S, Neves A, Sequeira V, Vieira AR, Magalhães MF, 
Rebelo R, Assis C, Gordo LS, Gil MM. Adding Value to Bycatch Fish Species Captured in the Portuguese Coast—Develop-
ment of New Food Products. Foods. 2020;10(1):68. https://doi.org/10.3390/foods10010068.

195.	 Silva T, Moreira-Silva J, Marques A, Domingues A, Bayon Y, Reis R. Marine Origin Collagens and Its Potential Applications. 
Mar Drugs. 2014;12(12):5881–901. https://doi.org/10.3390/md12125881.

196.	 Silva TH, Alves A, Ferreira B, Oliveira JM, Reys L, Ferreira R, Sousa R, Silva SS, Mano J, Reis R. Materials of marine origin: a 
review on polymers and ceramics of biomedical interest. Int Mater Rev. 2012;57(5):276–306.

197.	 Šimat V, Rathod N, Čagalj M, Hamed I, Generalić Mekinić I. Astaxanthin from crustaceans and their byproducts: a bioactive 
metabolite candidate for therapeutic application. Mar Drugs. 2022;20(3):206. https://doi.org/10.3390/md20030206.

198.	 Simopoulos AP. Omega-3 fatty acids and cardiovascular disease: the epidemiological evidence. Environ Health Prev Med. 
2002;6(4):203–9. https://doi.org/10.1265/ehpm.2001.203.

199.	 Sinthusamran S, Benjakul S, Kishimura H. Comparative study on molecular characteristics of acid soluble collagens from 
skin and swim bladder of seabass (Lates calcarifer). Food Chem. 2013;138(4):2435–41. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​
2​0​​1​2​.​1​​1​.​1​3​6.

200.	 Sionkowska A, Kozłowska J, Skorupska M, Michalska M. Isolation and characterization of collagen from the skin of Brama 
australis. Int J Biol Macromol. 2015;80:605–9. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​i​j​b​i​o​​m​a​c​.​2​0​​1​5​.​0​​7​.​0​3​2.

201.	 Sisa A, Martínez-Álvarez O, Gómez-Estaca J, Mosquera M. Valorization of yellowfin tuna tails: From proteolytic enzyme 
production to gelatin and antioxidant hydrolysate extraction. Foods. 2024;13(13):2034. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​f​o​o​d​s​1​3​1​3​
2​0​3​4​​​​​.​​​

202.	 Šližytė R, Mozuraitytė R, Martínez-Alvarez O, Falch E, Fouchereau-Peron M, Rustad T. Functional, bioactive and antioxidative 
properties of hydrolysates obtained from cod (Gadus morhua) backbones. Process Biochem. 2009;44(6):668–77. ​h​t​t​p​s​:​​/​/​d​o​
i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​p​r​o​c​b​​i​o​.​2​0​0​​9​.​0​2​​.​0​1​0.

203.	 Slizyte R, Rommi K, Mozuraityte R, Eck P, Five K, Rustad T. Bioactivities of fish protein hydrolysates from defatted salmon 
backbones. Biotechnol Rep. 2016;11:99–109. https://doi.org/10.1016/j.btre.2016.08.003.

204.	 Son S, Kusakabe K, Guan G. Biodiesel synthesis and properties from sunflower and waste cooking oils using CaO catalyst 
under reflux conditions. 2010. https://doi.org/10.3923/jas.2010.3191.3198.

205.	 Sousa SC, Vázquez JA, Pérez-Martín RI, Carvalho AP, Gomes AM. Valorization of by-products from commercial fish species: 
extraction and chemical properties of skin gelatins. Molecules. 2017;22(9):1545. ​h​t​t​p​s​:​/​/​w​w​w​.​m​d​p​i​.​c​o​m​/​1​4​2​0​-​3​0​4​9​/​2​2​/​9​/​
1​5​4​5​​​​​.​​​

206.	 Srivastav A, Mishra S, Debnath S, Datta D. Extraction and characterization of chitosan from waste scales of Labeo rohita. J 
Emerg Technol Innovative Res (JETIR). 2018;5(6):540–4.

207.	 Sumithra T, Amala P. Fish waste management: turning fish waste into healthy fertilizer. Train Manual-Aquaculture Worker 
2020;131–40. http://eprints.cmfri.org.in/16412/.

208.	 Sunil BR, Jagannatham M. Producing hydroxyapatite from fish bones by heat treatment. Mater Lett. 2016;185:411–4. 
https://doi.org/10.1016/j.matlet.2016.09.039.

209.	 Suresh S, Umesh M, Sarojini S. Valorization of fish waste for chitosan production: a sustainable approach. ECS Trans. 
2022;107(1):16259. https://doi.org/10.1149/10701.16259ecst.

210.	 Tabrett S, Ramsay I, Paterson B, Burford MA. A review of the benefits and limitations of waste nutrient treatment in aqua-
culture pond facilities. Rev Aquac. 2024;16(4):1766–86. https://doi.org/10.1111/raq.12921.

211.	 Tadesse SA, Emire SA, Barea P, Illera AE, Melgosa R, Beltrán S, Sanz MT. Potential of subcritical water hydrolysis to valorize 
low-valued ray-finned fish (Labeobarbus nedgia): effects of hydrolysis temperature and pressurization agent. Foods. 
2024;13(10):1462. https://doi.org/10.3390/foods13101462.

212.	 Tan HW, Lim ZYJ, Muhamad NA, Liew FF. Potential economic value of chitin and its derivatives as major biomaterials of 
seafood waste, with particular reference to southeast asia. J Renew Mater. 2022;10(4):909. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​2​6​0​4​/​j​r​m​.​2​0​
2​2​.​0​1​8​1​8​3​​​​​.​​​

213.	 Tanganini IC, Covre EA, Shirahigue LD, Francisco KR, Faria AF, Cruz LN, Ceccato-Antonini SR. Chitin and chitosan production 
from shrimp wastes by a two-step process consisting of molasses-based lactic fermentation and chemical deacetylation: 
Insights into the antimicrobial, microsphere and film-forming properties of chitosan. J Polym Environ. 2024;32(12):6276–
95. https://doi.org/10.1007/s10924-024-03365-8.

214.	 Thirukumaran A, Priya VK, Krishnamoorthy S, Ramakrishnan P, Moses JA, Anandharamakrishnan C. Resource recovery from 
fish waste: prospects and the usage of intensif ied extraction technologies. Chemosphere. 2022;299:134361. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​
g​/​1​​0​.​1​0​​1​6​/​j​.​​c​h​e​m​o​​s​p​h​e​r​e​​.​2​0​2​​2​.​1​3​4​3​6​1.

215.	 Tirtawijaya G, Christine E, Putra SED, Askitosari TD. Valorization of keting fish (Mystus nigriceps) viscera using papain for 
antioxidant protein hydrolysate production. IOP Conference Series: Earth and Environmental Science; 2025. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​
/​1​​0​.​1​0​​8​8​/​1​7​​5​5​-​1​3​​1​5​/​1​4​7​​8​/​1​/​​0​1​2​0​0​5.

https://doi.org/10.1016/j.wem.2020.06.003
https://doi.org/10.1016/j.wem.2020.06.003
https://doi.org/10.1063/5.0110751
https://doi.org/10.1111/1541-4337.12671
https://doi.org/10.1111/1541-4337.12671
https://doi.org/10.1080/10408398.2023.2286623
https://doi.org/10.1080/10408398.2023.2286623
https://doi.org/10.3390/foods12020422
https://doi.org/10.3390/foods12020422
https://doi.org/10.3390/foods10010068
https://doi.org/10.3390/md12125881
https://doi.org/10.3390/md20030206
https://doi.org/10.1265/ehpm.2001.203
https://doi.org/10.1016/j.foodchem.2012.11.136
https://doi.org/10.1016/j.foodchem.2012.11.136
https://doi.org/10.1016/j.ijbiomac.2015.07.032
https://doi.org/10.3390/foods13132034
https://doi.org/10.3390/foods13132034
https://doi.org/10.1016/j.procbio.2009.02.010
https://doi.org/10.1016/j.procbio.2009.02.010
https://doi.org/10.1016/j.btre.2016.08.003
https://doi.org/10.3923/jas.2010.3191.3198
https://www.mdpi.com/1420-3049/22/9/1545
https://www.mdpi.com/1420-3049/22/9/1545
http://eprints.cmfri.org.in/16412/
https://doi.org/10.1016/j.matlet.2016.09.039
https://doi.org/10.1149/10701.16259ecst
https://doi.org/10.1111/raq.12921
https://doi.org/10.3390/foods13101462
https://doi.org/10.32604/jrm.2022.018183
https://doi.org/10.32604/jrm.2022.018183
https://doi.org/10.1007/s10924-024-03365-8
https://doi.org/10.1016/j.chemosphere.2022.134361
https://doi.org/10.1016/j.chemosphere.2022.134361
https://doi.org/10.1088/1755-1315/1478/1/012005
https://doi.org/10.1088/1755-1315/1478/1/012005


Page 32 of 33Haque et al. Discover Food           (2026) 6:160 

216.	 Tiwari A, Kiran T. Biofuels from microalgae. Adv Biofuels Bioenergy. 2018;239:249.
217.	 Tocher DR. Omega-3 long-chain polyunsaturated fatty acids and aquaculture in perspective. Aquaculture. 2015;449:94–

107. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​a​q​u​a​c​​u​l​t​u​r​e​​.​2​0​1​​5​.​0​1​.​0​1​0.
218.	 Tocher DR, Betancor MB, Sprague M, Olsen RE, Napier JA.. Omega-3 long-chain polyunsaturated fatty acids, EPA and DHA: 

bridging the gap between supply and demand. Nutrients. 2019;11(1):89. https://www.mdpi.com/2072-6643/11/1/89.
219.	 Torres B, Pérez A, García P, Jiménez P, Abrigo K, Valencia P, Ramírez C, Pinto M, Almonacid S, Ruz M. Fish bones as calcium 

source: bioavailability of micro and nano particles. Foods. 2024;13(12):1840. https://doi.org/10.3390/foods13121840.
220.	 Valcarcel J, Hermida-Merino C, Piñeiro MM, Hermida-Merino D, Vázquez JA. Extraction and characterization of gelatin from 

skin by-products of seabream, seabass and rainbow trout reared in aquaculture. Int J Mol Sci. 2021;22(22):12104. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​i​j​m​s​2​2​2​2​1​2​1​0​4​​​​​.​​​

221.	 Valério N, Soares M, Vilarinho C, Correia M, Carvalho J. Diving into fish valorisation: review opportunities and analyzing 
azorean fish data. Processes. 2023;11(7):1998. https://doi.org/10.3390/pr11071998.

222.	 Vallejo-Domínguez D, Rubio-Rosas E, Aguila-Almanza E, Hernández-Cocoletzi H, Ramos-Cassellis ME, Luna-Guevara ML, 
Rambabu K, Manickam S, Halimatul Munawaroh HS, Show PL. Ultrasound in the deproteinization process for chitin and 
chitosan production. Ultrason Sonochem. 2021;72:105417. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​u​l​t​s​o​​n​c​h​.​2​0​​2​0​.​1​​0​5​4​1​7.

223.	 Vázquez JA, Fernández-Compás A, Blanco M, Rodríguez-Amado I, Moreno H, Borderías J, Pérez-Martín RI. Development of 
bioprocesses for the integral valorisation of fish discards. Biochem Eng J. 2019;144:198–208. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​e​j​.​2​
0​1​9​.​0​2​.​0​0​4​​​​​.​​​

224.	 Vázquez JA, Ramos P, Mirón J, Valcarcel J, Sotelo CG, Pérez-Martín RI. Production of chitin from Penaeus vannamei by-
products to pilot plant scale using a combination of enzymatic and chemical processes and subsequent optimization of 
the chemical production of chitosan by response surface methodology. Mar Drugs. 2017;15(6):180. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​
0​/​m​d​1​5​0​6​0​1​8​0​​​​​.​​​

225.	 Vázquez JA, Rodríguez-Amado I, Montemayor MI, Fraguas J, del Pilar González M, Murado MA. Chondroitin sulfate, 
hyaluronic acid and chitin/chitosan production using marine waste sources: characteristics, applications and eco-friendly 
processes: a review. Mar Drugs. 2013;11(3):747–74. https://doi.org/10.3390/md11030747.

226.	 Veeruraj A, Arumugam M, Balasubramanian T. Isolation and characterization of thermostable collagen from the marine 
eel-fish (Evenchelys macrura). Process Biochem. 2013;48(10):1592–602. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​p​r​o​c​b​​i​o​.​2​0​1​​3​.​0​7​​.​0​1​1.

227.	 Venkatesh S, Benjakul S, Nagarajan M. Application of emerging technologies for processing of fish waste and by-products. 
In: Maqsood S, Naseer MN, Benjakul S, Zaidi AA, editors, Fish waste to valuable products. Springer Nature; 2024. p. 27–47. 
https://doi.org/10.1007/978-981-99-8593-7_2.

228.	 Venugopal V. Valorization of seafood processing discards: bioconversion and bio-refinery approaches. Front Sustainable 
Food Syst. 2021;5:611835. https://doi.org/10.3389/fsufs.2021.611835.

229.	 Venugopal V, Sasidharan A. Seafood industry effluents: environmental hazards, treatment and resource recovery. J Environ 
Chem Eng. 2021;9(2):104758. https://doi.org/10.1016/j.jece.2020.104758.

230.	 Villamil O, Váquiro H, Solanilla JF. Fish viscera protein hydrolysates: production, potential applications and functional and 
bioactive properties. Food Chem. 2017;224:160–71. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​f​o​o​d​c​​h​e​m​.​2​0​​1​6​.​1​​2​.​0​5​7.

231.	 Visciano P. Environmental contaminants in fish products: food safety issues and remediation strategies. Foods. 
2024;13(21):3511. https://doi.org/10.3390/foods13213511.

232.	 Wang L, Wang X, Bai F, Fang Y, Wang J, Gao R. The anti-skin-aging effect of oral administration of gelatin from the swim 
bladder of Amur sturgeon (Acipenser schrenckii). Food Funct. 2019;10(7):3890–7. https://doi.org/10.1039/c9fo00661c.

233.	 Wang W, Xiao Y, Ding Y, Li Y, Zhu Y, Zhou X. Effect of microwave (MW)-subcritical extraction on oil recovery, oxidative stabil-
ity, and lipid types from Katsuwonus pelamis livers. Food Chem: X. 2024;22:101351. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​f​o​c​h​x​.​2​0​2​4​.​1​0​
1​3​5​1​​​​​.​​​

234.	 Waqar M, Sajjad N, Ullah Q, Vasanthkumar SS, Ahmed F, Panpipat W, Aluko RE, Kaur L, Chaijan M, Ageru TA. Fish by-
products utilization in food and health: extraction technologies, bioactive, and sustainability challenges. Food Sci Nutr. 
2025;13(11). https://doi.org/10.1002/fsn3.71184.

235.	 Wardani S, Sujuti H, Mustamsir E, Hapsari D. Synthesis and potential of skipjack tuna bone hydroxyapatite as bone tissue 
engineering biomaterial. J Phys: Conf Ser; 2020. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​8​/​1​7​​4​2​-​6​5​​9​6​/​1​6​6​​5​/​1​/​​0​1​2​0​3​2.

236.	 Witek-Krowiak A, Katarzyna G, Daniel S, Krzysztof T, Konstantinos M, Chojnacka K. Phosphorus recovery from wastewater 
and bio-based waste: an overview. Bioengineered. 2022;13(5):13474–506. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​2​1​​6​5​5​9​7​​9​.​2​0​2​2​​.​2​0​7​​7​8​9​
4.

237.	 Wu Y-L, Wang S, Yang D-F, Yang L-Y, Wang Q-Y, Yu J, Li N, Pan L-X. The discovery, enzymatic characterization and functional 
analysis of a newly isolated chitinase from marine-derived fungus Aspergillus fumigatus df347. Mar Drugs. 2022;20(8):520. 
https://doi.org/10.3390/md20080520.

238.	 Xia FLW, Supri S, Djamaludin H, Nurdiani R, Seng LL, Yin KW, Rovina K. Turning waste into value: extraction and effective 
valorization strategies of seafood by-products. Waste Manage Bull. 2024;2(3):84–100. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​m​b​.​2​0​2​4​.​0​
6​.​0​0​8​​​​​.​​​

239.	 Xuan Z, Wang W-X. Chemometric analysis of fish fin ray multi-elemental signatures with differentiation of wild and farmed 
fourfinger threadfin fish. J Food Compos Anal. 2023;123:105597. https://doi.org/10.1016/j.jfca.2023.105597.

240.	 Yahyaee R, Ghobadian B, Najafi G. Waste fish oil biodiesel as a source of renewable fuel in Iran. Renew Sustain Energy Rev. 
2013;17:312–9. https://doi.org/10.1016/j.rser.2012.09.025.

241.	 Yi M, You Y, Zhang Y, Wu G, Karrar E, Zhang L, Zhang H, Jin Q, Wang X. Highly valuable fish oil: formation process, enrich-
ment, subsequent utilization, and storage of eicosapentaenoic acid ethyl esters. Molecules. 2023;28(2):672. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​3​3​9​0​/​m​o​l​e​c​u​l​e​s​2​8​0​2​0​6​7​2​​​​​.​​​

242.	 Younes I, Rinaudo M. Chitin and chitosan preparation from marine sources. Structure, properties and applications. Mar 
Drugs. 2015;13(3):1133–74. https://doi.org/10.3390/md13031133.

243.	 Yu H, Mubango E, Wu K, Luo H, Hong H. Unraveling the potential of blue foods: a comprehensive review on the extrac-
tion, bioactive properties, and applications of proteins and biopeptides from fish swim bladder. Trends Food Sci Technol. 
2024;144:104345. https://doi.org/10.1016/j.tifs.2024.104345.

244.	 Yusoff MA, Mohammadi P, Ahmad F, Sanusi NA, Hosseinzadeh-Bandbafha H, Vatanparast H, Aghbashlo M, Tabatabaei 
M. Valorization of seafood waste: a review of life cycle assessment studies in biorefinery applications. Sci Total Environ. 
2024;952:175810. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​4​.​​1​7​5​8​1​0.

https://doi.org/10.1016/j.aquaculture.2015.01.010
https://www.mdpi.com/2072-6643/11/1/89
https://doi.org/10.3390/foods13121840
https://doi.org/10.3390/ijms222212104
https://doi.org/10.3390/ijms222212104
https://doi.org/10.3390/pr11071998
https://doi.org/10.1016/j.ultsonch.2020.105417
https://doi.org/10.1016/j.bej.2019.02.004
https://doi.org/10.1016/j.bej.2019.02.004
https://doi.org/10.3390/md15060180
https://doi.org/10.3390/md15060180
https://doi.org/10.3390/md11030747
https://doi.org/10.1016/j.procbio.2013.07.011
https://doi.org/10.1007/978-981-99-8593-7_2
https://doi.org/10.3389/fsufs.2021.611835
https://doi.org/10.1016/j.jece.2020.104758
https://doi.org/10.1016/j.foodchem.2016.12.057
https://doi.org/10.3390/foods13213511
https://doi.org/10.1039/c9fo00661c
https://doi.org/10.1016/j.fochx.2024.101351
https://doi.org/10.1016/j.fochx.2024.101351
https://doi.org/10.1002/fsn3.71184
https://doi.org/10.1088/1742-6596/1665/1/012032
https://doi.org/10.1080/21655979.2022.2077894
https://doi.org/10.1080/21655979.2022.2077894
https://doi.org/10.3390/md20080520
https://doi.org/10.1016/j.wmb.2024.06.008
https://doi.org/10.1016/j.wmb.2024.06.008
https://doi.org/10.1016/j.jfca.2023.105597
https://doi.org/10.1016/j.rser.2012.09.025
https://doi.org/10.3390/molecules28020672
https://doi.org/10.3390/molecules28020672
https://doi.org/10.3390/md13031133
https://doi.org/10.1016/j.tifs.2024.104345
https://doi.org/10.1016/j.scitotenv.2024.175810


Page 33 of 33Haque et al. Discover Food           (2026) 6:160 

245.	 Yuvaraj D, Bharathiraja B, Rithika J, Dhanasree S, Ezhilarasi V, Lavanya A, Praveenkumar R. Production of biofuels from fish 
wastes: an overview. Biofuels. 2019;10(3):301–7. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​7​​5​9​7​2​6​​9​.​2​0​1​6​​.​1​2​3​​1​9​5​1.

246.	 Zhang H, Zhang Y, Chang SK, Luo Y, Hong H, Tan Y. Utilizing fish waste as a sustainable nitrogen source for enhancing 
growth and metabolism regulation in Bifidobacterium animalis ssp. lactis BB-12. J Clean Prod. 2024;447:141076.​h​t​t​p​s​:​​/​/​d​o​i​​.​
o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​4​.​1​4​​1​0​7​6.

247.	 Zhang L, Wang X, Huang L, Wang C, Gao Y, Peng S, Canadell JG, Piao S. Inventory of methane and nitrous oxide emissions 
from freshwater aquaculture in China. Commun Earth Environ. 2024;5(1):531. https://doi.org/10.1038/s43247-024-01699-8.

248.	 Zhang Y, Tang L, Zhang Y, Song H, Raza A, Pan W, Gong L, Jiang C. Comparison of different volatile extraction methods for 
the identification of fishy off-odor in fish by-products. Molecules. 2022;27:6177. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​m​o​l​e​c​u​l​e​s​2​7​1​9​6​1​
7​7​​​​​.​​​

249.	 Zhang Y, Tu D, Shen Q, Dai Z. Fish Scale valorization by hydrothermal pretreatment followed by enzymatic hydrolysis for 
gelatin hydrolysate production. Molecules. 2019;24. https://doi.org/10.3390/molecules24162998.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/17597269.2016.1231951
https://doi.org/10.1016/j.jclepro.2024.141076
https://doi.org/10.1016/j.jclepro.2024.141076
https://doi.org/10.1038/s43247-024-01699-8
https://doi.org/10.3390/molecules27196177
https://doi.org/10.3390/molecules27196177
https://doi.org/10.3390/molecules24162998

	﻿Sustainable valorisation of fish processing byproducts through integrated biorefinery approaches
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Overview of different fish processing byproducts
	﻿2.1﻿ ﻿Fish scales
	﻿2.2﻿ ﻿Fish skin
	﻿2.3﻿ ﻿Fish bones (Endoskeletons)
	﻿2.4﻿ ﻿Swim bladders (Fish Maws)
	﻿2.5﻿ ﻿Fish oil
	﻿2.6﻿ ﻿Fish viscera
	﻿2.7﻿ ﻿Fish heads
	﻿2.8﻿ ﻿Crustacean exoskeletons
	﻿2.9﻿ ﻿Fish fins
	﻿2.10﻿ ﻿Fish livers

	﻿3﻿ ﻿Zero-waste utilisation
	﻿3.1﻿ ﻿Biofuel production
	﻿3.2﻿ ﻿Collagen extraction
	﻿3.3﻿ ﻿Chitosan extraction
	﻿3.4﻿ ﻿Fishmeal production
	﻿3.5﻿ ﻿Limitations and trade-offs of valorization pathways
	﻿3.5.1﻿ ﻿Process-specific constraints and economic realities
	﻿3.5.2﻿ ﻿Systems-level considerations


	﻿4﻿ ﻿Impact of zero-waste utilization
	﻿4.1﻿ ﻿Environmental impacts
	﻿4.2﻿ ﻿Economic impacts
	﻿4.3﻿ ﻿Industrial impacts
	﻿4.4﻿ ﻿Social and health impacts
	﻿4.5﻿ ﻿Sanitary and regulatory constraints
	﻿4.5.1﻿ ﻿Microbiological and chemical safety barriers
	﻿4.5.2﻿ ﻿Regulatory heterogeneity and market access barriers


	﻿5﻿ ﻿Technological and scientific advancements
	﻿6﻿ ﻿Policy and regulatory relevance
	﻿7﻿ ﻿Future perspectives
	﻿7.1﻿ ﻿Research gaps and priority development pathways
	﻿7.2﻿ ﻿Technological innovation requirements
	﻿7.3﻿ ﻿Economic and market development challenges
	﻿7.4﻿ ﻿Sustainability assessment and circular economy integration

	﻿8﻿ ﻿Conclusion
	﻿ References﻿


