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Omega-3 polyunsaturated fatty acids (PUFAs), particularly eicosapentaenoic acid (EPA), docosapentaenoic
acid (DPA), and docosahexaenoic acid (DHA), are well-known for their therapeutic potential, especially in
their cardiovascular, anti-inflammatory, and neuroprotective roles. The primary dietary source of these
bioactive compounds is fish oil. However, extraction methods require careful attention to ensure the
production of high-quality omega-3 rich oil, while also aligning with green chemistry principles,
environmental sustainability, and growing market demands, all of which place industries under pressure to
balance between efficiency, safety, and cost. Conventional extraction methods, including mechanical (e.g.,
wet pressing and cold pressing) and solvent-based approaches (e.g., Soxhlet, Folch, Hara—Radin), are often
associated with the oxidation and degradation of thermolabile compounds like omega-3s, in addition to
posing environmental and occupational hazards. As a result, a shift toward green and advanced extraction
techniques (e.g., ultrasound-assisted, microwave-assisted, enzymatic-assisted, and supercritical fluid
extractions) offers a more sustainable alternative, although their industrial application remains limited due
to high operational costs and scalability challenges. However, even with milder green technologies, losses
of EPA, DPA, and DHA still occur, necessitating an enrichment step to meet regulatory standards and
consumer demand for omega-3-rich supplements. Current enrichment strategies such as molecular
distillation, membrane-based filtration, and enzymatic purification, have undergone various improvements
but still struggle with some challenges that limit their application, such as low DHA selectivity, process
optimization, and enzyme instability. This review provides a comprehensive overview of conventional and
green extraction methods, as well as enrichment strategies, highlighting their principles, applications in fish

oil, advantages, limitations, and industrial feasibility. Additional research is required to further improve these
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Accepted 21st March 2026 technologies and address current limitations, with the goal of integrating them into scalable systems that

support the production of high-quality omega-3-rich oil. This is also particularly crucial when combined

DOI: 10.1039/d5fb00888c with the upcycling of fish by-products, offering a more sustainable and effective approach that aligns with

rsc.li/susfoodtech green chemistry and circular economy principles.
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The present review stems from the EcoeFISHent project (“Demonstrable and replicable cluster implementing systemic solutions through multilevel circular
value chains for eco-efficient valorisation of fishing and fish industry side-streams”), funded under the Horizon 2020 Green Deal - Innovation Action (Grant
Agreement ID: 101036428). This review advances sustainable innovation in marine bioresource processing by critically evaluating extraction and enrichment
technologies for omega-3 fatty acids (EPA and DHA) from fish oil. It promotes an integrated approach that combines green extraction methods with downstream
purification strategies to enhance product quality and reduce environmental impact. By emphasizing the valorization of fish by-products, the manuscript
supports circular economy models and aligns with green chemistry principles, contributing to more responsible and scalable production of high-value omega-3
ingredients. The approach supports circular economy principles and aligns with UN SDGs: SDG 12 (Responsible Consumption and Production), SDG 9
(Industry, Innovation and Infrastructure), SDG 14 (Life Below Water), and SDG 3 (Good Health and Well-Being).
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In recent decades, consumer interest in functional foods and
naturally derived bioactive compounds has increased, driven by
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growing awareness of the therapeutic potential of nutraceut-
icals.* This rising demand has inspired various researchers,
particularly those interested in the prevention and management
of chronic diseases through nutraceuticals. Among these
compounds, fish oil—rich in long-chain omega-3 poly-
unsaturated fatty acids (PUFAs) such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA)—has gained consider-
able attention due to its proven properties, including cardio-
vascular, antihypertensive, and anti-inflammatory.>* These
omega-3 PUFAs are considered essential, as they can't be
synthesized endogenously in sufficient amounts and therefore
must be obtained from dietary sources to achieve the recom-
mended intake levels.?

Fish and fish oil are among the richest natural sources of
omega-3 fatty acids, especially EPA, DPA, and DHA.? Conven-
tional lipid extraction methods such as wet pressing, cold
pressing, Soxhlet, maceration, Folch, Bligh and Dyer, Smedes,
and Hara-Radin, have been employed for a long time to recover
oil from fish and its by-products (Fig. 1). However, these tech-
niques often involve prolonged exposure to high temperatures
and large amounts of toxic organic solvents. Such conditions
can degrade thermolabile bioactive compounds and alter the
nutritional quality as well as the oxidative stability of the
recovered oil. Additionally, solvents like hexane, chloroform,
isopropanol, and petroleum ether employed in these methods
pose significant occupational and environmental hazards,
including mutagenicity, carcinogenicity, and ecosystem
contamination, which contribute to climate change and exac-
erbate global warming.®

In response to these limitations, green extraction technolo-
gies, such as Microwave-Assisted Extraction (MAE), Ultrasound-
Assisted Extraction (UAE), Enzymatic-Assisted Extraction (EAE),
Supercritical Fluid Extraction (SFE), Pulsed-Electric Field (PEF),
Deep Eutectic Solvents (DES) and Pressurized Liquid Extraction
(PLE), have emerged as sustainable alternatives (Fig. 1). These
methods offer several advantages over conventional ones, as
they require less solvents and operate under milder conditions
and shorter times, thereby preserving the bioactive integrity of

o i i methods
* Wet pressing
« Cold pressing
« Tricanter centrifuge

ol I

Conventional © Solvent-dependent methods:
* Soxhlet
Methods « Maceration
o Cold extractions by solvents:
* Folch
* Bligh and Dyer
* Smedes
* Hara-Radin
» Microwave-Assisted Extraction
* Ultrasound-Assisted Extraction
Green - Enzymatic Assisted Extraction
« Supercritical Fluid Extraction
Methods « Pulsed Electric Field
« Deep Eutectic Solvents
« Pressurized Liquid Extraction

Fig. 1 Summary of conventional and green lipid extraction methods
for fish oil recovery.
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the oil.” Nowadays, these techniques are increasingly applied in
the pharmaceutical, food, and cosmetic sectors, aligning with
the principles of green chemistry and environmental sustain-
ability. However, their implementation in small-scale or low-
budget industries remains limited due to high equipment
costs and the need for process optimization.®®

Among the different bioactive components of fish oil, EPA,
DPA, and DHA are commonly recognized for their therapeutic
potentials. Although o-linolenic acid (ALA), a precursor to EPA,
DPA, and DHA, is commonly found in plant sources like flax-
seeds, chia seeds, and walnuts, its conversion efficiency is often
limited in the human body (approximately 4-8%). Therefore,
direct dietary intake of these PUFAs is deemed essential.’® The
American Heart Association (AHA) recommends the consump-
tion of fatty fish at least twice per week, providing a daily intake
of 250-500 mg of EPA and DHA for healthy adults. For patients
with coronary heart disease (CHD), an intake of 1 g per day of
EPA and DHA is advised, while in patients with hyper-
triglyceridemia higher doses of 2 g up to 4 g per day are rec-
ommended.” However, omega-3 content in fish varies
significantly depending on species, diet, and habitat (wild vs.
farmed), and the extraction and quantification methods
employed. Consequently, fish oil supplements are commonly
marketed to support dietary intakes and ensure meeting the
recommended levels to mitigate any risks associated with
omega-3 deficiency.”

The rising global demand for omega-3 products has placed
increasing pressure on marine ecosystems, raising concerns
regarding overfishing and resource depletion. Aligning with
zero-waste and circular economy concepts, the upcycling of fish
by-products, including viscera, heads, skins, and bones, has
emerged as an innovative, cost-effective, and sustainable
strategy to reduce waste and maintain consistent omega-3
supply.®

In this context, the integration of innovative green technol-
ogies along with the upcycling of omega-3-rich fish by-products
offers a dual opportunity: it supports circular economy concept
and environmental sustainability while providing a cost-
effective and continuous supply of high-quality fish oil.**
However, to further enhance the nutritional and therapeutic
value of the final product, enrichment with omega-3 fatty acids,
especially EPA and DHA, might be necessary, particularly in
formulations intended for therapeutic applications.™

While several studies have discussed fish oil extraction
techniques and omega-3 enrichment, few have provided
a comprehensive comparison between conventional and green
extraction methods, with particular focus on the oil yield,
oxidative stability, and nutritional quality, mainly in terms of
EPA and DHA omega-3s. Moreover, the literature often
considers extraction and enrichment as separate strategies,
lacking an integrated perspective on how extraction techniques,
even the optimized green alternatives to conventional methods,
require a next step for subsequent purification and enrichment
strategies. Therefore, this review aims to provide a comprehen-
sive and detailed evaluation of conventional and emerging
green techniques for fish oil extraction, highlighting their
impact on fish oil quality, and shedding light on the current
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enrichment approaches to provide a holistic overview of the
available literature discussing the approaches and challenges of
producing high-value, omega-3-rich fish oil.

2. Extraction of fish oil

Fish oil is usually extracted from fatty marine species such as
sardines, mackerels, salmon, tuna, and anchovy, which provide
natural sources of long-chain omega-3 PUFAs, especially EPA,
DPA, and DHA. The quality of the extracted oil is highly
dependent on the lipid content and composition of the raw
material, as well as on the extraction method and operational
conditions applied.*** According to Codex Alimentarius Stan-
dards, high-quality fish oil is generally characterized by: low
acidity (0.5 to 3.0 mg KOH per g), indicating low levels of free
fatty acids due to minimal hydrolysis; low peroxide value (PV)
(0.5 to 5.0 meq O, per kg), reflecting limited primary oxidation;
and a low p-anisidine value (AV) (<20), showing reduced
secondary oxidation.” In addition, elevated concentrations of
omega-3 fatty acids further enhance the oil's nutritional and
therapeutic value.*

However, achieving such quality requires more than lipid-
rich raw materials, as the extraction method must also
preserve sensitive compounds and minimize oxidation reac-
tions. Conventional techniques often rely on high tempera-
tures, prolonged processing times, and excessive volumes of
organic solvents.'*° Such harsh conditions can accelerate lipid
oxidation and degrade sensitive constituents such as omega-3
fatty acids, thereby compromising the oil's nutritional profile.°

To address these limitations, green extraction methods have
emerged as sustainable alternatives. Through working under
milder conditions, these methods improve oil yield and quality
while reducing solvent usage and environmental impact.*>*
The following sections provide a comprehensive overview of
conventional and green extraction methods for extraction of
fish oil, with particular emphasis on their influence on oil yield,
oxidative stability, and nutritional composition.

2.1. Conventional extraction methods

Conventional extraction methods have long been used for fish
oil recovery. These techniques can be classified based on their
scale of application, as either industrial or laboratory. This
distinction is crucial for understanding the purpose, design,
and practical relevance of the methods. Industrial-scale tech-
niques are applied to produce large volumes of oil. Therefore,
industries often prioritize cost-effectiveness, continuous and
rapid operation, while also ensuring compliance with regulatory
standards to deliver a safe and nutritious product for human
consumption. Industrial-scale methods are generally mechan-
ical, including wet pressing, cold pressing, and tricanter
centrifugation, which rely on mechanical force and applied
pressure for oil release and phase separation. These methods
are easy to scale and integrate into large-automated industries
because they avoid the use of organic solvents, which is
a priority when considering industrial scalability, safety, and
regulatory compliance, where solvent handling at the laboratory
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scale poses environmental, occupational, and food safety
concerns. However, these methods are costly and require large
investment as well as large processing space industries.”*** On
the other hand, laboratory-scale methods are primarily used for
analytical purposes or small-scale extractions, where the
objective is to recover lipids for further analysis or character-
ization rather than high-volume production. These methods
often involve high use of organic solvents and time-controlled
protocols, and are considered essential for research, quality
control, and formulation studies, but are impractical for
application at industrial and large-scale production.
Laboratory-scale methods can be further divided into two
subcategories: solvent-dependent and cold extractions by
solvents. Solvent-dependent approaches, including Soxhlet and
maceration, utilize organic solvents to dissolve and extract
lipids.”*® While cold solvent extraction methods, such as Folch,
Bligh and Dyer, and Hara-Radin also use organic solvents, they
are designed to work under ambient temperatures, thereby
avoiding the high thermal treatment which minimizes the
degradation of thermolabile compounds like omega-3 and
preserves oil oxidative stability.'”*****” These methods remain
the foundation for fish oil extraction, specifically in the indus-
trial and pharmaceutical fields.

2.1.1. Industrial mechanical extractions: wet pressing and
cold pressing. Mechanical extraction methods, particularly wet
pressing, cold pressing, and tricanter separation, are among the
widely applied methods for the extraction of fish oil. The
methods differ in terms of their heat utilization, thereby
causing some variations in oil yield, oxidative stability, and
composition. Although these techniques are widely employed at
an industrial scale, several studies have explored simplified or
pilot-scale versions of wet and cold pressing to assess the
influence of processing parameters on oil quality and compo-
sition, and to compare these methods with alternative extrac-
tion approaches.

Wet pressing, also known as wet rendering, mainly involves
three steps: cooking, mechanical pressing, and oil recovery
following the separation of oil and water. This method is
commonly used by most industries that produce fish oil across
the world due to its efficiency and scalability.>*** The process
starts by heating fish or fish-byproducts at temperatures
ranging from 85 °C to 121 °C to coagulate proteins and ease the
release of lipids. This is followed by mechanical pressing of the
heated sample, and then the resulting liquid is subjected to
separation techniques such as centrifugation, decanter systems
to remove fine solids, and separators that isolate fish oil from
water (Fig. 2). While this method appears to be relatively simple
and solvent-free, high temperatures can compromise oil quality
through oxidation and degradation of heat-sensitive
compounds such as EPA, DPA, and DHA.*

Different studies have applied this method to recover oil
from fish samples. For example, Lakmini et al. (2022) extracted
oil from yellowfin tuna heads by autoclaving at 121 °C for
varying durations (15, 30, and 45 minutes), followed by manual
pressing and centrifugation at 13 000xg at 48 °C for 10 minutes.
The highest yield (5.37%) was achieved after 30 minutes. The
quality and oxidation parameters of the oils were analyzed.

Sustainable Food Technol.
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Mechanical pressing

Pressing the heated sample and extracting the liquid
(a mixture of oil and water)
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Decanters separate fine solids from the liquid fraction
Separators split the liquid fraction into fish oil and
water

Fig. 2 Wet rendering process for oil recovery.

While PV remained stable across the different times, acidity, AV,
and total oxidation value (TOTOX) increased significantly with
prolonged heating, reflecting progressive oxidation with
increased temperatures. The fatty acid analysis of the extracted
oils revealed high PUFA content exceeding those of mono-
unsaturated fatty acids (MUFA) and saturated fatty acids (SFA),
where DHA appeared to be the predominant fatty acid.*" Simi-
larly, another study applied wet pressing to Tilapia (Oreochromis
niloticus) fish by-products, achieving a maximum yield of 6.44%
at 70 °C after 35 minutes. PV, AV, and TOTOX values remained
within acceptable limits, implying minimal occurrence of
oxidation and acceptable oil quality. EPA and DHA quantifica-
tion revealed values of 1.15% and 1.03%, respectively.>* In
addition, Chakraborty and Joseph (2015) reported an 8.3% yield
from Sardinella longiceps using a pressure cooker at 75 °C for 30
minutes. The resulting oil showed high oxidation markers
indicated by TOTOX value of 39.96.* Furthermore, Rahman
et al. (2023) extracted Pangus (Pangasius pangasius) fish oil by
heating the sample at 105 °C for 30 minutes, yielding 19.247%
of oil. Although the acidity value (1.523 mg KOH per g) and PV
(3.308 meq per kg) were acceptable, EPA (0.214 mg/100 g), DPA
(0.618 mg/100 g), and DHA (0.103 mg/100 g) contents were re-
ported as quite low. However, the authors contributed these
results with the possible species-specific lipid profile along with
the possibility of thermal degradation of these compounds at
105 °C.*

On the other hand, cold pressing applies mechanical pres-
sure on fish samples without the use of heat, relying solely on
the physical force for oil extraction. The ambient temperature
adopted provides an advantage over the wet pressing method,
as it helps to preserve the heat-labile compounds and mini-
mizes oxidation, often resulting in better oil oxidation status as
well as favorable nutritional value with better retention of
omega-3 fatty acids.>*
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For instance, Fouda (2022) applied cold pressing for 200
minutes to various salmon by-products (head, skin, viscera,
backbones, trimmings, and cutoffs) achieving oil yields ranging
from 9% to 21%, with the highest yields obtained from skin and
cutoffs. The extracted oil contained significant amounts of EPA
and DHA, indicating good nutritional quality.** In addition,
Glowacz-Rozynska et al. (2016) compared “cold” versus “hot”
extraction of Atlantic salmon (Salmo salar) by-products (head,
backbone, and skin). The cold method involved adding water
(50 °C) to the frozen samples and blending for 5 minutes,
maintaining a controlled temperature below 15 °C. For the hot
method, the same steps were applied, followed by an additional
heating step at 95 °C for 30 minutes under reduced pressure
(0.02-0.04 MPa). Skin yielded the highest oil recovery (95%).
Peroxide values in the cold-extracted oil were four times lower
than those obtained at a high temperature of 95 °C, indicating
favorable oxidative stability of the oil at lower temperature. On
the other hand, EPA + DHA content was lower in the cold-
extracted oil than the hot (15.4% vs. 23.2%).*®

As the name implies, tricanter centrifugation enables three-
phase separation, simultaneously separating two liquid phases
(oil and water) from a solid phase based on density differences.
This technique offers a significant advantage over the conven-
tional decanters, which only achieve two-phase separation
(solid-liquid). The tricanter consists of a horizontal cylindrical
bowl with an internal conveyor scroll that rotates at a controlled
speed. Separation is achieved under high centrifugal force
where the feed enters through the central inlet, and the rotation
allows phases separation: the light liquid phase (e.g., oil) is di-
scharged by gravity, the denser aqueous phase is discharged
under pressure via an impeller, and solids are conveyed to the
conical end of the bowl for discharge (Fig. 3). This continuous
method enables multiple separation, improving efficiency and
reducing processing time. This method has been widely
implemented in industrial fish oil processing to achieve
continuous three-phase separation (oil, water, solids),
improving efficiency and reducing waste. Although tricanter
systems offer high oil recovery and scalability, they are costly
due to their complex design and high energy requirements.*

Overall, it has been demonstrated that while elevated
temperatures in wet pressing facilitate the release of lipids from
fat cells, resulting in a higher yield, they also increase the risk of
lipolysis and oxidative degradation. In contrast, cold pressing,
under optimized pressure and duration, results in oil with
superior quality. On top of that, the elimination of the need for
a heating setup tends to reduce energy consumption and
operational costs, enhancing the economic feasibility and

light liquid discharge

) \-\-\-\-\!I‘ITLH

solids discharge

heavy liquid discharge

Fig. 3 Tricanter centrifuge for fish oil processing.*”
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scalability of the cold pressing method for fish oil recovery.
Tricanter centrifugation offers an advantage by enabling
continuous three-phase separation (oil, water, solids) without
thermal exposure, improving processing efficiency. However, its

high cost limits its application low-to-moderate-budget
industries.
2.1.2. Laboratory-scale methods

2.1.2.1. Solvent-dependent methods. In addition to industrial
techniques, conventional extraction methods also include
solvent-dependent approaches, usually applied at a laboratory-
scale, which primarily rely on organic solvents to recover
lipids from fish tissues and by-products. The efficiency of these
methods significantly depends on the extent of solubility of
lipophilic compounds in the chosen solvent system. Based on
the “like dissolves like” principle, the solvent of extraction used
is typically non-polar to enable the dissolution of the lipid
constituents of fish samples. However, the combination of non-
polar with mid-polar or polar solvents can also be used to
broaden the solubility range, enabling the extraction of more
lipid classes (e.g., phospholipids, glycolipids) which possess
both polar and non-polar properties, thereby enhancing overall
lipid recovery.*® The extraction is then followed by an oil sepa-
ration step, usually via high-speed centrifugation or rotary
evaporation. Despite their reliance on toxic solvents that are
both environmentally and occupationally hazardous, methods
such as Soxhlet, maceration, and Folch are still widely used in
pharmaceutical and industrial fields owing to their efficiency
and reproducibility.”

2.1.2.1.1. Soxhlet. The Soxhlet extraction method is
considered the official reference method for the recovery and
quantification of total lipids.*® The method involves placing the
solid sample into a thimble holder and continuously passing
a refluxing solvent (e.g., n-hexane, petroleum ether, ethyl
acetate) over prolonged durations (2-12 hours or more) at
temperatures ranging from 60 °C to 130 °C. During this dura-
tion, the solvent vapor condenses and passes again through the
sample continuously. The cycle is repeated as the siphon brings
the solution back to the boiling flask (Fig. 4). As the solvent
interacts with the sample matrix, the lipophilic compounds are
extracted and collected.*

This method has been widely applied to extract oil from fish
samples. For example, Rahman et al. (2023) utilized the Soxhlet
apparatus for recovering Pangus (Pangasius pangasius) fish oil
using diethyl ether at temperatures ranging from 40 °C and 60 ©
C for 3 hours. The results revealed an oil yield of 13.50%, with
acceptable values of free fatty acids (0.74%), acidity (1.47 mg
KOH per g), and peroxide (4.15 meq O, per kg). However, EPA
and DHA levels were generally low (0.04 and 0.06 mg/100 g,
respectively), while DPA was significantly higher (0.54 g/100 g),
likely due to a species-specific fatty acid profile or thermal
degradation of these long-chain fatty acids during extraction.*

Another study evaluated Soxhlet extraction from Japanese
Spanish mackerel (Scomberomorus niphonius) by-products using
n-hexane for 12 hours. The highest yield was obtained from skin
(51.08%), followed by bones, heads, viscera, and muscles
(44.51%, 44.27%, 30.27%, and 29.94%). While peroxide and free
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Fig. 4 The Soxhlet apparatus used for lipid extraction.

fatty acid values of the extracted oils were within acceptable
limits, acidity exceeded the recommended Codex limit, with
values ranging from 9.66 to 10.84 mg KOH per g. Fatty acid
composition analysis showed that muscle-derived oil had the
highest EPA and DHA content (5.14% and 14.51%, respectively),
followed by viscera, skin, heads, and bones.*

Furthermore, Soxhlet extraction was applied to salmon
(Salmo salar) side streams (backbones, heads, and viscera)
using n-hexane at 80 °C for 6 hours. The values obtained for oil
yields were 57%, 56%, and 77% for backbones, heads, and
viscera, respectively. Although the oils' oxidation parameters
were not evaluated, fatty acid profiling revealed considerable
amounts of EPA (3.79% to 6.1%) and DHA (7.3% to 9.3%) across
all samples.”

Overall, these studies highlight the effectiveness of the
Soxhlet extraction method in recovering oil from various fish
tissues and by-products. However, the prolonged extraction
time combined with elevated temperatures can potentially alter
the quality of oil, contributing to elevated acidity and oxidation
levels. Additionally, the use of toxic solvents, such as hexane
and diethyl ether, raises concerns about the potential solvent
residues in the final product. Moreover, the nutritional value,
particularly EPA, DPA, and DHA, is difficult to preserve under
the harsh conditions applied during this extraction method,
making them highly prone to oxidation and degradation,
especially in species with naturally low omega-3 levels.

2.1.2.1.2. Maceration. Maceration has been commonly used
as a simple solvent-based extraction method. It involves soaking
the solid sample in an organic solvent for a certain period, often
with continuous or frequent stirring or shaking to enhance
mass transfer. The process is usually conducted at ambient
temperature (20-25 °C), without any heat treatment, making it
suitable for preserving heat-sensitive compounds that might
otherwise degrade when exposed to high temperatures. The
method's simplicity makes it ideal for small-scale applications.
However, its long extraction times and relatively low oil yields
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limit its industrial scalability. While no heat treatment is
applied, the prolonged exposure to solvents can promote the
oxidation and degradation of sensitive fatty acids. In addition,
the method requires large amounts of solvents, raising
concerns about their toxicity, environmental impacts, and
residual traces in the final product.*®

In this context, several studies applied maceration for fish oil
recovery. For instance, Jamaluddin et al. (2019) compared
maceration and Soxhlet extractions for oil recovery from eel
(Anguilla marmorata) from Lake Poso. The maceration process
lasted 24 hours, where 20 g of sample was soaked in 100 mL
hexane, followed by filtration and rotary evaporation. The oil
yield was significantly lower in maceration (3.70%) than Soxhlet
(28.87%). However, no significant difference in fatty acid
content was observed between methods.** Additionally,
Sasongko et al. (2017) found that maceration of 1 kg of fresh eel
(Anguilla bicolor) in chloroform yielded 5.44% of oil, with an
acid value of 17.39 mg KOH per g, peroxide value of 7.02 meq O,
per kg, saponification value of 111.16 mg KOH per g, and
a iodine value of 65.14 WIJS, reflecting a significantly high level
of free fatty acids and moderate oxidation.*” A further study
applied maceration to Chrysichthys nigrodigitatus fish flesh,
where 100 g of oven-dried powder was soaked in 500 mL of
hexane for 24 hours with stirring performed three times during
this period. After that, the oil was recovered after filtration and
rotary evaporation at 40 °C, followed by oven drying at 35 °C for
2 days to remove residual traces of solvent. This resulted in
a yield of 5.80%. The oil exhibited hydrolysis and oxidation
indicated by acid value of 7.33 mg KOH per g, peroxide value of
4.49 meq O, per kg, and AV of 35.43. With regards to the fatty
acid composition, SFAs predominated, especially palmitic acid
(34.07%). On the contrary, PUFAs values were relatively low,
with EPA (1.29%), DHA (2.96%), and total n-3 (5.62%).**

2.1.2.2. Cold extractions by solvents

2.1.2.2.1. Folch. Another conventional technique is the
Folch method, widely considered a gold standard for extracting
lipids from animal tissues, including fish. A solvent system
composed of chloroform and methanol in a 2:1 (v/v) ratio is
usually used.””*® The biphasic solvent mixture offers an
advantage over single-solvent systems by enabling the extrac-
tion of fatty acids with a broader range of polarity, extracting
fatty acids with both polar and non-polar characteristics. When
applied to fish tissues and by-products, the tissue is usually
homogenized in the solvent mixture to facilitate lipid dissolu-
tion. This is followed by the addition of an aqueous sodium
sulphate solution to induce the separation of the two phases,
where the lower chloroform phase contains the dissolved lipids,
while the upper aqueous phase is rich in non-lipid components
of the sample with polar properties that prevent them from
dissolving in chloroform (Fig. 5). The mild and non-thermal
conditions of this method help prevent the degradation of
heat-sensitive compounds. However, the use of considerable
amounts of chloroform poses significant occupational and
environmental hazards.”**

In this context, Glowacz-Rozynska et al. (2016) applied the
standard Folch method to evaluate the lipid yield and quality of
oils extracted from processing by-products of both wild and
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Fig. 5 Folch extraction method for extraction of fish oil.

farmed Atlantic salmon (Salmo salar), particularly heads, skin,
and backbones. The study found that skin yielded the highest
lipid content, with 20.2% in farmed salmon and 8.6% in wild
salmon. This was followed by heads (14.8% and 8.0%) and
backbones (15.6% and 7.3%), respectively. Regarding oxidative
status, peroxide values were lowest in oils from skin (0.88 meq
O, per kg) and backbones (0.68 meq O, per kg), while oils from
heads showed higher values (2.56 meq O, per kg), which were
still below the Codex Alimentarius threshold. The authors
attributed the higher value in heads to the presence of blood
and haemoglobin in gill tissues, which may have promoted
oxidation. Additionally, the free fatty acid content was minimal
(acidity value less than 1 mg KOH per g) across all samples.
Furthermore, the oils were rich in omega-3 fatty acids, with EPA
+ DHA content ranging from 16.4% to 24.6% of the total fatty
acids, and DPA ranging from 2.7% to 3.9%, highlighting the
favorable nutritional value of oil derived from these by-
products.®

Another study applied the Folch extraction procedure to
compare the fatty acid composition of various raw and oven-
dried (105 °C for 3 hours) fish by-products, particularly from
salmon (Salmo salar), red cusk-eel (Genipterus chilensis), and
yellowtail kingfish (Seriola lalandi). For the extraction, 5 g of raw
and 1 g of dried samples were mixed with 100 mL and 20 mL of
a chloroform : methanol (2 : 1 v/v) solvent system and placed on
a magnetic stirrer for 20 minutes. The mixture was then filtered
to separate the extract from the solid residues, followed by
centrifugation and rotary evaporation of the lower organic
phase at 40 °C. When compared to the Soxhlet and Hara-Radin
methods, the Folch method yielded the highest lipid recovery:
7.2%, 44.3%, 5.6%, and 5.6% for raw salmon liver, salmon
viscera, red cusk-eel viscera, and yellowtail kingfish viscera,
respectively. Dried samples yielded even higher values: 22.4%,
65.0%, 27.7%, and 19.1%, respectively. In fact, this study
showed that the reduced water content in dried samples
enhanced lipid solubility and solvent interaction, highlighting
drying as a key preprocessing step for enhancing extraction
efficiency. Although no significant difference in oil yield was
observed between Folch and the other methods, fatty acid
analysis revealed high variability across the studied by-
products. The fatty acid profiles were nutritionally rich and
showed slight variations between raw and dried samples, where
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EPA ranged from 3.06% to 11.30% and 2.83% to 11.20%, DPA
from 1.22% to 4.43% and 1.22% to 4.34%, and DHA from 4.00%
to 21.90% and 3.95% to 19.52%, respectively. The study
concluded that although the Folch method was able to effec-
tively preserve fatty acid profiles, its reliance on large amounts
of toxic organic solvents, particularly chloroform, poses health
and environmental risks, making this method a less favorable
option for routine lipid extraction.*

2.1.2.2.2. Bligh and Dyer. The Bligh and Dyer method was
introduced shortly after the publication of the Folch method
and is also considered a gold standard for lipid extraction.*
Both methods employ the same solvent system (chloroform/
methanol/water) but differ in their ratios: Bligh and Dyer use
a lower ratio (1:1:0.9%) compared to Folch (2:1:0.8%).°
Other differences include the solvent volume (approximately 20
times the sample volume in Folch compared to four times in
Bligh and Dyer), assumptions about sample moisture content
(100% in Folch and 80% Bligh and Dyer), as well as the incor-
poration of salts (e.g., sodium sulphate) into the aqueous phase
in the Folch method to induce phase separation, while they are
omitted in the Bligh and Dyer protocol.**

This reduced chloroform usage in Bligh and Dyer lowers
solvent toxicity, although still used and regarded as toxic.

Although Bligh and Dyer method was originally validated
using fish muscle, its lower volume of chloroform makes it ideal
for the analysis of biological fluids.**® On the contrary, the
higher use of chloroform in the Folch method is generally
preferred for oil recovery from solid tissues. However, both
methods are widely applied for lipid extraction from different
sample types. The selection of the appropriate method depends
on several key factors, including solvent volume, solid-to-
solvent ratio, sample lipid content, sample moisture level, and
type of analysis being conducted.”” In this context, a compara-
tive study evaluated the efficiency of the Bligh and Dyer and
Folch methods for lipid recovery from different marine tissues,
including pollock, herring, rock sole, rock fish, sculpin,
octopus, and squid. The study applied the original protocols of
both methods and found no significant differences in lipid
recovery from samples containing <2% lipid. However, when
applied to samples with >2% lipid content, the Bligh and Dyer
method yielded lower lipid amounts, where this lower amount
became more evident as lipid content of the sample. This study
indicates that the choice between the different methods
significantly depends on the lipid content increased.*®* The
higher lipid yields observed in Folch method with samples >2%
lipid content was attributed to its greater chloroform propor-
tion and larger solvent volume (20 times of sample), compared
to Bligh and Dyer (4 times of sample).

2.1.2.2.3. Modified Folch and Bligh and Dyer. In response to
the toxic nature of solvents used in the classic Folch and Bligh
and Dyer methods, modified versions were developed to
substitute these toxic solvents with safer alternatives. For this
aim, several solvents such as ethanol, isopropanol, and methyl-
tert-butyl ether have been introduced and evaluated, particu-
larly as replacements to chloroform.® During method develop-
ment, it became evident that the inclusion of a polar solvent is
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necessary to facilitate biphasic separation between the aqueous
and organic phases. However, excessive water content in the
polar phase can result in the co-extraction of not only polar
lipids but also non-lipids polar compounds which are regarded
as impurities in the oil and can negatively affect its quality and
stability.*** Despite ongoing efforts for improvement, many of
these solvents remain toxic to both humans and environment.
Current research continues to face challenges in identifying
a safer, non-chlorinated, and environmentally friendly solvents
that can achieve the extraction effectiveness of chloroform-
based Folch method.>*>

However, Lin et al. (2004) developed a method alternative to
the classical Folch, which replaced the Folch reagent with non-
toxic solvents such as ethyl acetate and ethanol to extract lipids
from animal tissues, including pork loin, belly pork, and pork
fat. These extractions employed ethyl acetate : ethanol mixtures
at 2:1 and 1:1 ratios, where the resulting oil yields were
compared with those obtained using the traditional Folch
method (chloroform : methanol, 2:1). The results showed no
significant difference in lipid yield between the ethyl acetate :
ethanol (2 : 1) and chloroform : methanol (2 : 1) mixtures across
the tested tissues, highlighting the potential of ethyl acetate :
ethanol (2:1) as a safer and effective alternative to the tradi-
tional Folch.**

Furthermore, another study assessed the efficiency of ethyl
acetate as a sustainable alternative to the Folch method for the
recovery of lipids from different marine species, including
Salmo  salar (Atlantic salmon), Calanus finmarchicus
(zooplankton), Porosira glacialis (microalgae), and Saccharina
latissima (macroalgae). The results revealed comparable yield
for Atlantic salmon fillets and freeze-dried C. finmarchicus (p-
value >0.05). On the contrary, significantly lower yields were
achieved using ethyl acetate for P. glacialis (49.5%) and S. lat-
issima (27.3%) when compared to the Folch method. Interest-
ingly, lipid profiles showed that ethyl acetate was particularly
effective in extracting n-3 PUFAs, especially EPA, from P. gla-
cialis and S. latissimi. On the other hand, the Folch method
demonstrated better performance in extracting DHA and other
polar lipid-bound fatty acids. The study concluded that
although ethyl acetate method offers a safer choice for lipid
extraction from marine species, it lacks the high efficiency
across all classes and polarities of lipids.*

In addition, Smedes proposed a mixture of propan-2-ol-
cyclohexane-water (8 + 10 + 11 v/v/v) as a safer alternative to the
classical Bligh and Dyer method for total lipid extraction from
marine species such as plaice (muscle), mussel, and herring
(muscle). The extraction was compared to Bligh and Dyer where
it was performed using the same procedure but with a different
solvent system (propan-2-ol-cyclohexane-water). Results
showed that the proposed method yielded slightly lower lipid
yields for plaice (12.6 vs. 13.8 mg g~ ') and mussel (24.5 vs.
25.6 mg g '), while slightly higher values were yielded for
herring (109.5 vs. 103.3 mg g~ ') compared to the traditional
Bligh and Dyer method. Overall, the average difference in lipid
yield between the two different methods is minimal (approxi-
mately 2%). Therefore, the proposed solvent system showed
strong robustness as a safer and environmentally friendly
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alternative to the official Bligh and Dyer method. However,
further studies are needed to assess the fatty acids composition
and oxidative stability of the obtained o0il.*”

2.1.2.2.4. Hara-Radin. In response to the high toxicity of the
traditional Folch method (chloroform : methanol 1 : 2 v/v), Hara
and Radin developed a safer alternative in 1978.*° This tech-
nique utilizes a lower-toxicity solvent system composed of
hexane : isopropanol (3:2, v/v) to recover lipids from various
food matrices. The process begins by homogenizing the sample
in the solvent mixture, which disrupts the cellular membranes
and facilitates lipid release. Following homogenization, the
mixture is filtered to separate the solid residue from the organic
phase. This is followed by the addition of an aqueous sodium
sulphate solution to further purify the extract by removing
residual water and polar non-lipid components. The mixture is
allowed to stir at room temperature for around 10 minutes and
then allowed to rest to enable phase separation. Afterwards the
upper organic layer, which is lipid-rich, is collected carefully
and subjected to evaporation (e.g., rota evaporation) to remove
the solvent and recover the lipid fraction. Although it still relies
on solvents, this method offers several advantages, including
lower solvent toxicity, operational simplicity, and a non-thermal
nature which helps in preserving thermolabile compounds.”**>*

The Hara-Radin method has been successfully applied to
recover lipids from fish tissues and by-products.®® In this
context, Rahimi et al (2016) applied different extraction
methods, including the Hara-Radin and Soxhlet techniques, to
recover lipids from fish by-products (heads, tails, and bones of
sardine). Soxhlet extraction was performed at 140 °C for 4 hours
using 60 mL hexane, and the official Hara-Radin method was
also applied as previously described. The results indicated that
the Soxhlet method yielded significantly more oil (46.6 mg g~ )
than the Hara-Radin method (15.8 mg g~ '), suggesting that the
higher temperature and extended extraction time employed in
Soxhlet are needed to extract significant amount of lipids from
the intracellular membranes of fish by-product tissues.
However, the study didn't include further analysis of the
oxidative status or the fatty acid composition of the oils
extracted by the different methods.*® Although hexane:iso-
propanol has been widely applied for the extraction of lipids
from fish tissues and by-products—mainly due to its lower
toxicity compared with other methods such as Folch—
a comprehensive evaluation of the effect of the official Hara-
Radin method on fish oil yield, oxidative stability, and fatty acid
composition remains limited. Most available studies in the
literature do not represent the original Hara-Radin method
because they apply the hexane : isopropanol (3:2 v/v) solvent
mixture but combine it with heat treatment, a condition which
deviates from the original non-thermal protocol.*”>°

The following table (Table 1) provides a comparative
summary of the conventional fish oil extraction methods di-
scussed above.

2.2. Green extraction methods

Given the aforementioned limitations of conventional extrac-
tion methods, particularly prolonged extraction times, high
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solvent consumption, and elevated temperatures that can
contribute to the degradation of heat-sensitive compounds,
there is a growing need for alternative, eco-friendly techniques
capable of producing oil with high quality and purity.* In this
context, green solvent extraction methods such as MAE, UAE,
EAE, SFE, and PEF have emerged as promising, sustainable
alternatives that offer several key advantages over conventional
methods, including reduced solvent consumption, lower pro-
cessing temperatures, and shorter extraction times, all of which
contribute to the preservation of bioactive composition, espe-
cially heat-sensitive omega-3 fatty acids.”

However, the efficiency of these methods relies heavily on
the optimization of process conditions, such as power intensity,
extraction time and temperature, solvent type, and solid-to-
solvent ratio. Careful optimization of these conditions is
essential to achieve a final product with maximum yield, high
quality, and acceptable oxidative stability. Overall, each method
operates through a distinct mechanism, and thus presents its
own advantages and limitations, which can indeed affect their
industrial applicability in fish oil extraction.*>*

2.2.1. MAE. MAE has gained significant recognition in
recent years as a sustainable, green, and eco-friendly method for
the extraction of bioactive compounds, including lipophilic
compounds and fish oil rich in omega-3 fatty acids. In contrast
to conventional methods, MAE utilizes microwave radiation to
create localized heating through ionic conduction and dipole
rotation. As a result of these interactions, the movement of
polar constituents and ions within the sample is accelerated,
resulting in friction that causes rupture of the cell walls, thereby
allowing the diffusion of intracellular compounds into the
solvent.” Consequently, the extraction is followed by solvent
evaporation, usually via rotary evaporation, to isolate the oil.
This method has been commonly adopted over the past years to
reduce both extraction time and solvent consumption,
providing an eco-friendly and cost-effective alternative to
traditional methods.*

However, the efficiency of MAE is influenced by different
factors, particularly microwave power, type of solvent, extrac-
tion time and temperature, and the composition of the sample,
including fat and moisture contents. For instance, solvents with
high dielectric constants, such as methanol, ethanol, and
acetonitrile, can effectively absorb microwave energy.*>® Yet,
since oil is mostly non-polar, these polar solvents alone are not
capable of efficiently solubilizing all lipid compounds; there-
fore, the use of binary solvent systems is often required to
enhance cell disruption while ensuring efficient solubilization
of the oil. Additionally, samples with high moisture content,
while beneficial for heat generation, may limit extraction effi-
ciency due to the absorption of microwave energy by water.
Moreover, although high temperature and power intensity can
enhance oil yield by promoting solvent penetration and cell
disruption, they can also trigger hydrolysis and oxidation reac-
tions, leading to degradation of omega-3 fatty acids and other
thermolabile bioactive compounds, which raises concerns
about the quality of the final product.®**

With proper optimization, MAE has demonstrated high
performance compared to conventional methods such as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Soxhlet extraction. For example, the potential of optimized MAE
for extracting oil from a mixture of spoiled or shelf-life-expired
fish parts (heads, fins, loins, fillets) from different marine
species was investigated and compared to Soxhlet extraction
using n-hexane at 80 °C for 6 hours. The results revealed that
MAE achieved significant oil recovery between 60 and 100% of
that obtained using Soxhlet, with extraction times under 19
minutes versus 6 hours in Soxhlet. Both methods produced oils
rich in PUFAs (~29%), including EPA, DPA, DHA, and linoleic
acid. Interestingly, the MAE-oil demonstrated superior antimi-
crobial, anti-inflammatory, and cytotoxic activities, particularly
against breast and gastric adenocarcinoma cells. These findings
highlight MAE's ability to preserve the lipid profile and enhance
bioactive properties of the oil, possibly due to minimized
oxidative degradation. Additionally, the combination of high
yield, reduced solvent consumption, and shorter processing
time suggests MAE as an efficient alternative to conventional
methods.*

Similarly, a comparative study evaluated MAE (using ethyl
acetate : methanol, 2: 1, v/v, at 400 W, 54 °C for 16 minutes) for
extracting oil from tuna (Thunnus thynnus), hake (Cynoscion
Jjamaicensis), and pacu (Piaractus mesopotamicus), compared to
the traditional Folch method. The MAE method was optimized
using a design of experiment (DoE) and validated against
a standard reference material (SRM). MAE yielded 10.1/100 g of
oil, matching the SRM fish tissue certificate value (10.2 g/100 g).
No significant difference was observed between the lipid yields
from MAE and Folch. Scanning electron microscopy (SEM)
revealed that MAE, despite using lower temperature and shorter
time, achieved near-total tissue disruption. Fatty acid profile
analysis showed no significant differences between oils extrac-
ted via both methods, indicating that MAE didn't induce
degradation or loss of lipid constituents. Peroxide values were
well below the Codex Alimentarius threshold of 10 meq O, per
kg for Folch, further supporting MAE's effectiveness in
preserving oil quality.*”

On the contrary, another study reported that MAE yielded
21.5% and 20.75% oil from sea bass heads and sea bream
heads, respectively, while Soxhlet extraction resulted in signif-
icantly higher values (39.14% and 41.58%). Yet, MAE was
considered more efficient as it reduced the extraction time to
around 11 minutes compared to 6 hours for Soxhlet and used
a lower amount of solvent (50 mL vs. 250 mL), resulting in a 33-
fold time reduction and a fivefold solvent savings. The extracted
oils were rich in PUFAs, particularly DHA (11.02% to 13.61%),
and EPA (4.33% to 4.60%), indicating MAE's ability to preserve
lipid profiles. Moreover, the oils demonstrated low atheroge-
nicity index (~0.3), low thrombogenicity index (~0.15), as well
as high hypocholesterolemic index (4.11-4.22), suggesting
potential cardiovascular benefits.*®

Despite its advantages, the application of MAE for the
extraction of fish oil encounters several limitations. The
complex and variable composition of fish tissues can signifi-
cantly influence oil yield. Industrial-scale applications might be
challenging due to non-uniform heating, which is difficult to
control in large systems. Furthermore, optimization of extrac-
tion conditions often requires comprehensive analysis and

Sustainable Food Technol.

View Article Online

Review

extensive trials, which can be time-consuming, expensive, and
impractical for some industries. These challenges may limit the
upscaling of MAE, highlighting the need for further improve-
ments or alternative innovative methods.***

2.2.2. UAE. Another technology that has emerged as an
innovative and sustainable green extraction method is UAE.
This technique has been widely applied for the recovery of
bioactive compounds, including fish oil rich in omega-3 fatty
acids. The method utilizes mechanical sound waves that prop-
agate through the solvent. The frequency of the ultrasound
waves typically ranges from 20 kHz to 10 MHz, and the method
is classified according to the selected frequency range. Low-
intensity ultrasound (100 kHz to 1 MHz, power <1 W cm ™ ?) is
mainly used for non-destructive analysis, whereas high-
intensity ultrasound (16 to 100 kHz, power 10-1000 W cm ™ ?)
is employed to enhance extraction efficiency by altering the
physical and chemical properties of the sample.” The applied
ultrasound waves induce acoustic cavitation, the core mecha-
nism of UAE, in which rapidly collapsing microscopic bubbles
generate localized pressure and heat. Eventually, this leads to
cell wall perforation, enhanced solvent penetration, and
consequently results in cell rupture and release of intracellular
compounds.”™ The mechanism of action of UAE is illustrated in
Fig. 6.

Ciftci et al. (2025) used response surface methodology (RSM)
to optimize UAE for extracting fish oil from Atlantic bonito
(Sarda sarda) by-products. Under optimal conditions (16 mL g™*
hexane-to-solid ratio, 60 °C, 80 minutes), UAE yielded 45.11%
oil from freeze-dried by-products—a yield 90.5% higher than
that of Soxhlet. The UAE-oil exhibited significantly higher levels
of PUFAs (45.21%) and omega-3 fatty acids (39.41%), along with
lower acidity, PV, AV, and TOTOX values compared to Soxhlet,
indicating both superior nutritional value and oxidative
stability.”

Similarly, another study evaluated UAE for extracting oil
from rainbow trout (Oncorhynchus mykiss) intestines. The
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Fig. 6 UAE mechanism for oil recovery.
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optimized extraction conditions (60 °C for 30 minutes)
produced oil with acceptable acid value and free fatty acid (FFA)
content according to Codex Alimentarius standards. However,
the peroxide value reached 29 meq O, per kg, significantly
exceeding the acceptable Codex Alimentarius limit (5 meq O,
per kg). To improve oil quality, a purification step using
adsorbents—silica gel (SG), aluminum oxide (Al,O3), and their
mixture—was incorporated. SG achieved the highest peroxide
removal after 60 minutes, reducing PVs to 12.0, 14.3, and 13.3
meq O, per kg, respectively. Despite this decrease, PVs
remained above Codex Alimentarius limits. Therefore, antioxi-
dants like tannic acid, gallic acid, and black chokeberry (Aronia)
powder were added during extraction, followed by SG purifica-
tion for 60 minutes. This significantly reduced PVs to 5.67, 9.00,
and 8.00 meq O, per kg, respectively. Antioxidant addition also
lightened oil color, reduced aldehyde levels as oxidation prod-
ucts, and increased MUFAs and PUFAs content, with no
significant change in SFA. However, further enrichment with
omega-3 fatty acids may still be required to enhance the oil's
nutritional value.”

A further investigation aimed to optimize and compare the
efficiency of MAE and UAE in obtaining edible oil from gilthead
seabream (Sparus aurata), along with the traditional conven-
tional Soxhlet extraction. Extraction parameters (time, temper-
ature, solid-to-solvent ratio) were optimized using RSM. Under
the optimal conditions (15.47 mL g, 38 minutes, 42 °C), UAE
yielded 38.40%, while MAE (15.84 mL g, 18 minutes, 40 °C)
yielded 36.84%. The longer extraction time in Soxhlet (240
minutes at 40 °C) contributed to the highest yield at 43.12%. In
terms of oil quality, the extraction method had no significant
effect on acidity. However, peroxide values varied: Soxhlet-
extracted oil had the highest value (3.98 meq O, per kg), fol-
lowed by MAE (1.89 meq O, per kg) and UAE (1.49 meq O, per
kg). Similarly, AV were lowest in UAE (0.22), followed by MAE
(0.34) and Soxhlet (0.35). TOTOX values followed the same
trend: Soxhlet (8.31) > MAE (4.13) > UAE (3.20). These results
suggest that prolonged exposure to heat and solvent during
Soxhlet extraction accelerates oil oxidation. In contrast, UAE
and MAE may enhance the release of intracellular antioxidants
(e.g., tocopherols), contributing to better oil stability. Further-
more, color analysis revealed that oils obtained via UAE and
MAE were lighter in color compared to those from Soxhlet.
Regarding fatty acid composition, regardless of the extraction
technique, oleic acid predominated (31.21-31.40%), followed by
linoleic acid (15.15-15.20%) and palmitic acid (14.99-15.24%).
Oils were rich in unsaturated fatty acids, comprising ~75% of
total fatty acids, with no statistically significant differences in
fatty acid profiles (p > 0.05).”*

Overall, the previously discussed studies highlight UAE as
a promising green extraction method for fish oil recovery,
offering high yield, excellent oxidative stability, and enhanced
preservation of omega-3 fatty acids. Furthermore, this tech-
nique can improve and lighten oil color when combined with
purification and antioxidant enrichment steps. While tradi-
tional extractions like Soxhlet resulted in higher oil yield under

prolonged heating, from an industrial perspective, the
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production of oil with high nutritional value and oxidative
quality is essential, thus UAE offers a promising choice.

2.2.3. EAE. Among the various green extractions developed
as alternatives to conventional solvent-based extractions, EAE
has emerged as a promising and advanced approach. This
method utilizes exogenous enzymes (e.g. proteases, lipases, and
cellulases) to selectively hydrolyze the components of cellular
membranes and tissues, disrupting cell wall structural integrity
and thereby facilitating the release of intracellular
compounds.” The efficiency of EAE depends on several factors,
including pH, temperature, enzyme concentration, solid-to-
solvent ratio, and reaction time. These parameters must be
optimized to ensure effective hydrolysis and the recovery of oil
of acceptable quality. Upon completion of hydrolysis, enzymatic
inactivation is usually achieved via mild heating. This is fol-
lowed by a separation step, such as filtration or centrifugation,
to separate the lipid-rich fraction from the aqueous phase and
solid residues.”®

In the context of fish oil extraction, proteases are particularly
effective, as they target the protein-rich cellular membranes,
creating perforations that allow intracellular lipophilic mole-
cules to diffuse outward and be recovered as o0il.”

A key advantage of EAE over other advanced extraction
techniques, such as MAE and UAE, is its operation under mild
thermal conditions and near-neutral pH, which helps preserve
the composition of the oil, especially heat- and pH-sensitive
compounds like omega-3 fatty acids (EPA, DPA, and DHA),
which can easily degrade and oxidize under harsh extraction
conditions. These EAE conditions are particularly essential for
producing high-quality edible fish oil, where maintaining high
nutritional quality is crucial. Additionally, EAE aligns with the
principles of green chemistry, as it minimizes the use of toxic
organic solvents, thereby reducing environmental impact and
solvent residues in the final product.”>777®

Overall, EAE presents a robust, scalable, and environmen-
tally friendly approach for extracting oil from fish and their
side-streams. However, the cost of high-purity enzymes can be
unaffordable, especially when large volumes are required for
industrial-scale applications. In addition, as with any extraction
method, process parameters, including the type and concen-
tration of enzyme, reaction time, pH, and temperature, must be
carefully optimized to ensure efficient extraction and maximize
yield. Insufficient control of any of these variables may result in
low yield due to incomplete extraction, or degradation of the oil
in the case of prolonged exposure to high enzymatic activity and
thermal treatment.”

In this context, EAE was assessed as a green and sustainable
method for the extraction of oil from whole Baltic herring
(Clupea harengus membras) and its filleting by-products using
three different commercial enzymes (Alcalase®, Neutrase®, and
Protamex®) at two-time intervals (35 and 70 minutes). The
results showed that extended extraction times generally
improved oil yield, with the highest recovery from whole fish
using Neutrase® at 70 minutes (6.25 /100 g), and from by-
products using Protamex® at 70 minutes (6.14 g/100 g).
However, Alcalase® did not show a significant increase in yield
with prolonged exposure, suggesting different enzyme kinetics.

Sustainable Food Technol.
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Despite the improved yield, oil quality assessments revealed
higher oxidation levels at 70 minutes, as indicated by elevated
peroxide and AV, which exceeded the Codex Alimentarius limits
across all enzymes and extraction times. The authors attributed
this to the absence of refining steps and the lack of antioxidant
additives. Fatty acid analysis showed high levels of omega-3
PUFAs (~28%), with the highest EPA and DHA levels obtained
using Protamex® at 35 minutes. However, this sample also
exhibited the highest oxidation level, which was explained by
overestimated AV caused by increased absorbance from unsat-
urated aldehydes in omega-3-rich oils.”®

Similarly, another study assessed the efficiency of aqueous
extraction (AE) for recovering oil from Cobia (Rachycentron
canadum) liver, optimized as follows: 15 minutes, 95 °C, and
a 1:2 sample-to-water ratio. Under these conditions, the yield
was 18.8%, which was considered unsatisfactory. To enhance
recovery, enzyme-assisted aqueous extraction (EAAE), was
applied using four enzymes—Alcalase®, papain, trypsin, and
pepsin—for 2 hours at 95 °C. The results demonstrated
a significant increase in yields upon enzyme incorporation.
Papain achieved the highest recovery (38%), nearly double that
of AE alone, highlighting its potential for enhancing oil
recovery. However, Alcalase® remains more suitable for indus-
trial use due to its microbial origin and large-scale production
feasibility. Following papain's identification as the most effec-
tive enzyme, EAAE conditions were further optimized to pH 5,
30 °C, 0.5% enzyme concentration, and a 2-hour reaction time.
Fatty acid analysis revealed oils rich in unsaturated fatty acids
(55-60%), with no significant differences in SFA, MUFA, and
PUFA contents across the different enzymes. However, EPA +
DHA content was slightly lower in EAAE-extracted oil (17.55%)
compared to AE (19.73%), likely due to enzymatic pretreatment
which might have affected the stability of these PUFAs.””

To improve the efficiency of enzymatic extraction for fish oil
recovery from Labeo rohita head, a comparative study explored
the effects of coupling various pretreatments, particularly
heating (HT), microwave irradiation, and ultrasound, prior to
enzymatic extraction using Protamex®. These treatments were
evaluated against a control group in which oil was enzymatically
extracted without any pretreatment. Compared to the control
yield (55.83%), both UAE and MAE pretreatments significantly
enhanced oil recovery, where yields ranged from 58.74 to
67.48% for the former, and 68.45 to 69.75% for the latter,
depending on extraction durations of 5, 10, or 15 minutes. The
improved extraction was attributed to enhanced cell membrane
disruption and the subsequent increased release of intracellular
lipophilic compounds, triggered by dielectric heating (MAE)
and cavitation (UAE). Additionally, the oxidative stability of the
extracted oils was assessed. The highest PV was obtained in
MAE-EAE (187.81 mg kg '), followed by the control (136.93 mg
kg™ "), UAE (131.81 mg kg™ '), and HT-assisted (78.65 mg per kg
oil) treatments. The elevated PV in MAE group was attributed to
microwave-induced free radical formation, which accelerates
lipid oxidation. Similarly, AV and thiobarbituric acid reactive
substances (TBARS) followed a similar trend. AV ranged from
5.59 to 7.99, and TBARS from 10.06 to 10.61 mg MDA per kg.
The highest values were observed in MAE treated samples (AV:
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7.99; TBARS: 10.61 mg MDA per kg), significantly exceeding
those of the control. In contrast, UAE showed no significant
differences in PV or TBARS compared to the control, while HT-
assisted extraction yielded slightly lower values for both
markers than the control. Conjugated dienes levels, which
typically accompany peroxide formation, were also highest in
MAE samples (0.260). Similarly, FFA content, determined by the
Lowry and Tinsley colorimetric method using a palmitic acid
standard curve,” followed the same pattern, peaking in MAE
(2.36 /100 g), likely due to microwave-induced cleavage of
esterified lipids. HT-assisted extraction resulted in lower FFA
content than the control, possibly due to thermal deactivation
of hydrolytic enzymes such as lipases and phospholipases at
90 °C. Fatty acid analysis revealed oils rich in PUFAs (37.51-
39.28%) and MUFAs (24.83-26.46%). Linoleic acid (29.36-
30.79%) and oleic acid (19.28-20.59%) predominated. Inter-
estingly, the EAE-UAE increased PUFA content from 24.91% to
26.46% and MUFA content from 37.56% to 39.28%. In conclu-
sion, this comprehensive study demonstrated that although
EAE is a sustainable alternative to conventional extraction
methods, its performance can be significantly enhanced
through pretreatment. Among the tested strategies, UAE offered
the most favourable balance between yield enhancement and
oil stability, highlighting it as a promising candidate for inte-
gration with EAE.”

Similarly, ultra-high-pressure pretreatment (EHSUP) was
applied prior to enzymatic hydrolysis of yellowfin tuna (Thunnus
albacares) heads. Oil yield increased significantly to 67.97%,
compared to 60% obtained EAE without pretreatment. Optimal
conditions were identified as 200 MPa for 10 min or 100 MPa for
20 min, followed by hydrolysis using 1% papain for 60 minutes
at 55 °C. Despite the improved yield, the extracted oil didn't
meet Codex Alimentarius standards, due to elevated acid value
(7.31 mg KOH per g), peroxide value (11.41 meq O, per kg), and
AV (39.72). However, the authors attributed these results to
cumulative oxidative degradation during pre-processing steps,
including harvesting, cutting, transportation, and storage prior
to pressure treatment. Furthermore, the fatty acid composition
of EHSUP-extracted oil revealed high content of PUFAs
(33.96%), with EPA + DHA comprising 27.92%, highlighting the
potential of high-pressure pretreatment to enhance omega-3
recovery and produce oil with high nutritional value, despite
challenges in oxidative stability.*

Although EAE can be used as a standalone method for
extraction of fish oil, or applied after other pretreatments as
discussed previously (e.g. ultra-high-pressure, UAE, MAE), there
is a scarcity of studies that have explored the use of enzymatic
hydrolysis as a pretreatment prior to a secondary extraction
method specifically for fish oil recovery. One example of enzy-
matic pretreatment is provided by the PROBIS project, where
different fish by-products (e.g., head, viscera, frames) from
anchovy, sea bream, sea bass were first pretreated with enzy-
matic mixtures with high endo- and exo-protease activity, such
as papain, pepsin, trypsin, and microbial proteases, to disrupt
cell walls structure and enhance lipid release. This was followed
by a secondary extraction step using pressurized hot water (120-
140 °C, 1.5-3 atm, 10-30 minutes) aiming to develop a green
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and solvent-free multi-step process. Although the oxidation
status of the obtained oil was not assessed, GC-MS and FTIR-
ATR analyses confirmed a high omega-3 content, particularly
EPA and DHA.** While such hybrid extraction techniques
remain scarce in fish oil extraction, several studies have
demonstrated the effectiveness of enzymatic pretreatment in
other marine species, such as microalgae. For example, enzy-
matic pretreatment with different enzymes including cellulases
prior to PLE of oil from Nannochloropsis gaditana enriched the
recovered lipid fraction in omega-3 fatty acids.*” Similar find-
ings were reported for Isochrysis galbana, where enzymatic
pretreatment with Viscozyme® and Celluclast® applied prior to
UAE and PLE increased lipid recovery and improved omega-3
content, especially when combined with PLE.* Although the
application of enzymatic pretreatment before secondary
extraction has been shown to significantly enhance lipid
recovery and omega-3 content in various marine species, this
approach remains largely unexplored for fish oil extraction,
highlighting a clear research gap in this context.

In conclusion, these findings reinforce the potential of EAE
as a sustainable and adaptable alternative to conventional
extraction methods. When combined with pretreatments such
as ultrasound, microwave irradiation, or high-pressure tech-
niques, or used itself as a pretreatment prior to another
extraction, EAE can enhance extraction efficiency and improve
yields while preserving the nutritional integrity of the oil,
particularly its PUFA and omega-3 content. However, the
incorporation of antioxidants should also be considered to meet
food-grade quality standards, particularly in terms of oxidative
stability.

2.2.4. SFE. SFE is another green and advanced method that
has emerged as an alternative to conventional solvent-based
extraction techniques. This method utilizes supercritical
fluids (SCFs) to extract different compounds, including lipo-
philic compounds, from complex samples. SCFs are substances
that exhibit both liquid-like and gas-like properties when
maintained above their critical temperature and pressure. This
dual-phase characteristic provides low viscosity and high
diffusivity, enabling SCFs to penetrate sample matrices more
efficiently and enhance the release and recovery of target
compounds.*® Among available SCFs, supercritical carbon
dioxide (CO,) is the most widely used due to its low critical
point, low toxicity, and environmental compatibility. The inert
and oxygen-free atmosphere of this method helps preserve oil
composition, particularly PUFAs, and minimizes oxidative
degradation.?*® Despite these advantages, SFE presents various
limitations. The high operational cost and technical complexity
restrict its feasibility for small-scale applications. Moreover,
efficient extraction requires precise control and optimization of
parameters such as temperature, pressure, and flow rate, which
require specialized expertise. Inappropriate selection of these
conditions may lead to oxidation and degradation of sensitive
fatty acids, especially omega-3s, thereby altering the nutritional
quality and oxidative stability of the extracted oil.*®

In this context, a comparative study was conducted to eval-
uate oil recovery from the fillets, caviar, and viscera of fresh-
water carp (Cyprinus carpio L.) using Soxhlet and SFE-CO,.
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Soxhlet extraction was performed using three solvents—meth-
ylene chloride, petroleum ether, and hexane—with methylene
chloride identified as the most effective. The optimized Soxhlet
extraction involved continuous extraction for 140 minutes using
200 mL of methylene chloride with 20 g of lyophilized sample.
SFE-CO, was conducted under varying conditions of tempera-
ture (40, 50 and 60 °C), pressure (200, 300, 350, and 400 bar),
and extraction time (30, 60, 120 and 180 min) to determine
optimal parameters. Although the best SFE-CO, yield was ach-
ieved at 60 °C and 400 bar, Soxhlet extraction produced higher
oil yields overall, primarily due to its use of larger solvent
volumes and possible elevated temperature and extended
extraction duration. Soxhlet yielded approximately 80% from
viscera, 70% from fillets, and 20% from caviar, while SFE-CO,
yielded 50%, 30%, and 10%, respectively. Despite the lower
yield, SFE-CO, resulted in oils with a higher PUFA content
(34.10%) than Soxhlet (33.88%). Although oxidative stability
was not assessed, the study concluded that SFE-CO, is effective
for obtaining nutritionally valuable oils with enhanced PUFA
content.®”

Similarly, another study compared Soxhlet and SFE-CO, for
oil recovery from various parts of Indian mackerel (Rastrelliger
kanagurta), particularly the head, flesh, skin, and viscera. Under
optimized SFE-CO, conditions (35 MPa, 60 °C, 2 mL min ),
several techniques were evaluated: continuous extraction with
pure CO,, cosolvent-assisted extraction using ethanol, soaking
in CO, for 10 hours prior to extraction, and pressure swing
technique, which involved altering pressure levels during the
extraction to enhance mass transfer and tissue disruption.
Soxhlet yielded 53.6%, 17.3%, 13.6%, and 11.4% oil from skin,
flesh, heads, and viscera, respectively. In contrast, all SFE-CO,
techniques produced higher yields across all tissues, although
differences among the tested techniques were negligible. Fatty
acid analysis revealed no significant differences in SFA and
MUFA content across methods. PUFA levels ranged from 56% to
75%, with the highest concentrations found in oils from skin
and flesh, regardless of the extraction method. EPA, DPA, and
DHA levels ranged between 9-12%, 2-3%, and 10-14%,
respectively, with slightly higher values observed in oils
extracted via soaking and pressure swing SFE-CO, methods.
These findings suggest that SFE-CO,, particularly when
combined with soaking and pressure swing, can significantly
enhance oil yield and produce oil with high nutritional value.
However, oxidative stability was not assessed, which remains
a crucial consideration for future applications.®®

Nonetheless, SFE-CO, (25 MPa, 313 K) was conducted to
recover oil from various fish by-products, including hake,
orange rough, salmon, and liver offcuts, each from a different
fish species, and compared the results with conventional
methods such as cold extraction, wet reduction, and enzymatic
extraction. SFE yielded the highest oil recovery, particularly
from salmon offcuts (51%). In contrast, cold and wet reduction
methods produced significantly lower yields, especially from
lean tissues such as hake and squid liver, where oil recovery was
minimal or not possible. Notably, SFE recovered 18% and 17%
oil from hake and squid liver, respectively. Although enzymatic
extraction was more efficient than cold and wet methods, it still
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yielded less oil than SFE. Fatty acid profiles were similar across
methods, with PUFAs predominating over MUFAs and SFAs. For
example, SFE oil from salmon offcuts contained 309 mg per g
PUFA, 250 mg per g MUFA, and 230 mg per g SFA. In addition,
EPA, DPA, and DHA were particularly high in SFE oils, reaching
79 mg ¢ ', 38.4 mg g%, and 63 mg g, respectively. Acidity
analysis revealed that SFE-extracted oil from salmon had lower
acidity than oils obtained via non-SFE methods, reflecting
minimal hydrolysis of triacylglycerols. On the contrary, SFE oil
from orange roughy exhibited higher acidity despite its low free
fatty acid content, likely due to the co-extraction of certain
volatile acidic compounds such as acetic acid, which could be
extracted in the closed SFE system, but lost in the open-vessel
methods. Oxidative stability, evaluated via TOTOX values,
revealed that salmon oil had the highest value regardless of the
extraction method, attributed to its high PUFA content.
However, other oils extracted using SFE remained within rec-
ommended TOTOX limits, whereas enzymatically extracted oils
sometimes exceeded acceptable thresholds (e.g., ~35 for
salmon offcuts). The superior oxidative stability of SFE oils is
attributed to the mild, oxygen-free conditions of the process,
which help preserve sensitive fatty acids.*®

These studies collectively highlight the effectiveness of SFE,
particularly with supercritical CO,, as a sustainable and oxygen-
free alternative for fish oil recovery. While SFE may yield less oil
in some cases, it can produce oil with high nutritional value,
improved fatty acid profiles, and superior oxidative stability.
The species of fish and their inherent lipid composition
significantly influence extraction outcomes, regardless of the
method employed. Despite its clear advantages, the high cost
and technical complexity required for the implementation of
SFE limit its application, especially in small-scale settings.

2.2.5. Other emerging techniques. Lately, various other
innovative technologies have emerged as promising green
techniques for the extraction of fish oil, including PEF, deep
eutectic solvents (DES), and pressurized liquid extraction (PLE).
While these techniques align well with the principles of green
chemistry and environmental sustainability, the current litera-
ture remains limited regarding their application. Most available
studies highlight their effectiveness in extracting bioactive
compounds from plant and animal matrices, with only a few
studies focusing specifically on fish oil extraction and its impact
on oil yield and quality compared to conventional methods.

2.2.5.1. PEF. PEF is an emerging non-thermal technology
that utilizes brief pulses of high-voltage electricity to induce
electroporation in tissue cells. These pulses generate an electric
field across the cell membrane, triggering the formation of
temporary pores, a phenomenon known as electroporation
phenomenon. Consequently, the membrane integrity is di-
srupted, resulting in the release of intracellular compounds
such as lipids, and facilitating oil recovery.”>** A typical PES
system consists of a treatment chamber, electrodes, and a pulse
generator (Fig. 7). Key parameters such as pulse strength,
duration, and frequency can be optimized to enhance extraction
yield and minimize degradation.® This technique has recently
gained significant attention in meat and fish processing due to
its rapid, energy efficient, and non-thermal characteristics,
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Fig. 7 PEF technology for oil recovery.

which help preserve the final product's quality and oxidative
stability. Unlike conventional methods that rely on heat, which
often degrade heat-sensitive compounds and alter nutritional
composition, PEF offers a gentler alternative.”

In a study, PEF was applied at different intensities (0.62,
1.25, and 1.875 kV ecm ™) and frequencies (25, 50, and 100 Hz),
with temperature increases monitored with increasing pulses
but not exceeding 55 °C, to evaluate the impact of increasing
PEF input on lipid extraction from hoki roe. The results revealed
that increasing PEF intensity led to higher oil yields and
enhanced recovery of bioactive compounds. The maximum oil
yield (16.2%), highest phospholipid content (46 pmol g~ '), and
n-3 fatty acid concentration (32%) were achieved at 112 kJ kg™,
1.875 kV em™ ", and 100 Hz. Although these high-input condi-
tions were effective in maximizing oil yield and composition,
the high-energy conditions disrupted phospholipid structure,
causing sn-2-bound EPA and DHA to shift to sn-1,3 positions,
which might alter their bioavailability and nutritional benefits.
Interestingly, no significant differences were observed in TBARS
and PVs between samples subjected to varying PEF intensities
and frequencies, compared to both the untreated control and
heat-treated control incubated at 55 °C. The average PV was
around 4 meq O, per kg, which falls within the acceptable limit
for edible fish oil, indicating minimal primary lipid oxidation.
Similarly, TBARS values showed no significant variation, sug-
gesting that even the highest energy inputs didn't compromise
the oils’ oxidative stability.**

Furthermore, a similar related study applied PEF to hoki fish
co-products (male gonad) using the same intensities and
frequencies mentioned above to compare PEF treatment with
traditional ethanol-hexane-based (ETHEX) extraction. PEF
treatment increased oil yield from 4.1% to 6.7% at a mild
intensity of 1.25 kV ecm ™" and frequency of 50 Hz. Additionally,
EPA, DPA, and DHA concentrations slightly increased from
8.0% to 8.2%, 2.5% to 2.7%, and 35.2% to 35.7% in the
unheated control. Under heat-treated conditions EPA, DPA, and
DHA contents were 7.9%, 2.5%, and 34%, respectively.”

Another study assessed the combined effect of PEF (10 and
20 A) and brine salting (5% and 10% NaCl) on the oxidative
stability of oil extracted from sea bass (Dicentrarchus labrax).
The study revealed that PEF significantly increased both
primary and secondary oxidation products, especially at the
higher intensity of 20 A. However, even with this increase,
oxidation values remained within acceptable limits.*®
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These studies highlight PEF as an effective non-thermal
method capable of enhancing oil recovery and yield while
preserving the nutritional composition and oxidative stability of
fish oil. More studies are needed to better understand how
different PEF parameters influence both the recovered oil yield
and quality. Recent literature has shown that the influence of
PEF treatment is highly dependent on the characteristics of the
sample matrix as well as the specific PEF conditions applied.
Various factors including tissue conductivity, moisture content,
the presence of salts, and endogenous pro-oxidants can signif-
icantly influence electroporation efficiency and oxidative
behavior of the extracted oil. This helps explain the previously
mentioned findings where PEF improved lipid recovery from
hoki roe without inducing oxidation, whereas in sea bass (Di-
centrarchus labrax), the combination of PEF with brine salting
promoted higher levels of primary and secondary oxidation
products. These results highlight the need to further explore the
effect of matrix composition and method conditions influ-
encing oxidation status during PEF processing.”

In general, the current research remains limited in terms of
in-depth and comprehensive studies applying PEF specifically
for fish oil extraction, and several important gaps persist. An
overview of PEF applications in meat and fish processing
highlighted that most studies have focused on microbial inac-
tivation, enhanced mass transfer, and textural modifications,
while its targeted application for lipid recovery remains limited.
The review also mentioned that PEF can alter the structure of
cellular membranes and muscle proteins, which may conse-
quently affect lipid release and susceptibility to oxidation;
however, these mechanisms have not yet been confirmed
through applied studies on fish oil extraction. Furthermore, the
study highlighted the complexity of PEF optimization due to the
high variability in the outcomes depending on different factors
including electrode design and pulse intensity. Comparative
studies evaluating PEF against other extraction methods such
as UAE, MAE, and EAE are also scarce.””?®

Overall, while PEF shows promising potential as a green,
advanced, and non-thermal extraction method for fish oil,
further research is still needed to provide stronger evidence of
its effectiveness in recovering oil from different fish species and
by-products, while understanding how process parameters can
affect the quality of the obtained oil.

2.2.5.2. DES. DES are formed by combining two or more
solid components that interact through hydrogen bonding,
resulting in a liquid with a melting point significantly lower
than that of the individual components. These solvents exhibit
various unique characteristics, including tunable polarity, ionic
characteristics, and are considered environmentally friendly
alternatives to conventional organic solvents. Their green
chemical profile supports the selective extraction of valuable
compounds, such as fatty acids, making DES a promising
option for eco-friendly lipid recovery.® Recent studies have
assessed the application of DES for extracting lipids and omega-
3 fatty acids from fish by-products. For example, DES was
applied to extract omega-3, 6, and 9 fatty acids from Vietnamese
Basa (Pangasius bocourti) fish processing by-products. DES was
synthesized using choline chloride and urea in molar ratios of
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1:1and 2: 1. Initially, the concentration of these fatty acids was
approximately 57% of the total content, which increased to 91%
following DES application. Optimal extraction conditions were
achieved using a mixture of 20 g methyl ester, 200 g methanol,
and 15-20 g DES. These findings suggest that DES-based
extraction significantly increased omega-3 fatty acid concen-
tration by facilitating the removal of undesirable components,
thereby improving selectivity and isolation.**

Furthermore, a methanol-based DES composed of meth-
anol : lidocaine (1:1 M) was applied as a green solvent for
isolating EPA and DHA from New Zealand green-lipped mussels
(Perna canaliculus). This DES yielded significantly higher
amounts of EPA and DHA (172.04 pg per g DW and 602.79 pg
per g DW), compared to ethanol (95.65 pg per g DW and 311.49
pg per g DW, respectively). Further optimization of extraction
conditions (1:2 M methanol : lidocaine, 65 °C, 2.12 hours, and
5 w/v%) enhanced yields resulting in 267.59 pg per g DW of EPA
and 1014.84 pg per g DW of DHA. These findings highlight the
potential of methanol-based DES as a sustainable and green
solvent for extracting omega-3 fatty acids from marine by-
products.***

Despite these promising results, the current literature
available on DES for fish oil extraction remains limited, and
a clear research gap exists regarding their application for lipid
recovery from fish. Unlike the previously mentioned techniques
that mainly rely on physical disruption of cell walls, DES are
strongly influenced by solvent chemistry. In DES, key parame-
ters such as polarity, viscosity, hydrogen-bonding capacity, and
water content can significantly influence the ability of lipid
release from the sample and the stability of PUFAs (e.g., omega-
3) during extraction. According to the available literature, high
viscosity is a common characteristic of DES that has been
a priority to be optimized, as DES viscosity can inhibit mass
transfer and slow extraction kinetics. Moderate heating and
controlled addition of water can reduce viscosity, but these
conditions need to be carefully optimized as increased
temperatures or excessive dilution can disrupt hydrogen-bond
formation and alter solvent efficiency, thereby affecting lipid
integrity and quality.***

While limited studies exist on the application of DES to fish
and its by-products, studies on other marine species have
shown its outperforming effectiveness in extracting lipids and
carotenoids from crustacean shells, microalgae, and krill,
compared to conventional solvents, especially in terms of PUFA
selectivity.'® For example, choline-chloride-based DES tend to
show higher affinity toward polar lipids and phospholipid-
bound omega-3s, whereas hydrophobic DES (e.g., terpene-
based) are more effective for neutral lipids extraction.'®*'**
Due to their low volatility and reduced oxygen solubility, DES
can also offer a protective medium for highly unsaturated fatty
acids, although this potential needs to be further confirmed
through fish oil studies.’® One other major advantage of DES is
the possibility of recycling, which enables their application over
multiple extraction cycles with minimal loss of efficiency,
highlighting them as economically and environmentally
friendly for large-scale applications.
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Despite the available data, most DES-based studies don't
assess the oxidative status (e.g., peroxide value, TBARS) or
complete fatty acid profile of the obtained lipid fraction, leaving
uncertainty regarding the real influence of DES on lipid quality
and composition. Furthermore, comparative studies with other
extraction techniques such as UAE and MAE are also scarce.
Therefore, these points need to be prioritized in future studies
on fish oil extraction.

2.2.5.3. PLE. PLE, also known as accelerated solvent
extraction (ASE), is a modern green technology developed for
the recovery of bioactive compounds from various matrices,
including marine products and by-products. This technique
combines elevated pressure (usually 10-20 MPa) with elevated
temperature (ranging from 50-200 °C), allowing the solvent to
remain in its liquid state below its critical point. Under these
conditions, surface tension and viscosity are reduced,
enhancing solvent penetration into the sample matrix (Fig. 8).
This results in improved solubility of target compounds and
increased mass transfer, both of which contribute to higher
extraction yield. Compared to conventional methods, PLE offers
several advantages: shorter processing time (usually 15-30
minutes), greater efficiency, and enhanced sustainability,
especially when combined with green solvents such as ethanol
or water. However, the high cost of the required equipment,
along with the complexity of sample preparation and system
setup, may limit its application.'®®

To date, no studies have directly applied PLE to fish tissues.
However, its application to other marine products, particularly
algae, has been explored. For example, PLE was employed to
extract fatty acids from the brown alga Laminaria ochroleuca
under a pressure of 100 MPa and temperatures of 80 °C, 120 °C,
and 160 °C, using solvents of varying polarities (hexane, ethyl
acetate, ethanol, and ethanol:water 1:1). The highest lipid
yield (52%) was obtained using ethanol : water at 160 °C. Ethyl
acetate and ethanol yielded the highest concentrations of
unsaturated fatty acids, including linolenic, palmitoleic, lino-
leic, oleic, arachidonic, and EPA, accounting for around 55% of
the total fatty acids. Furthermore, the w-6/w-3 ratio was lowest
with ethanol, indicating superior nutritional quality.**® Simi-
larly, another study applied PLE to Nannochloropsis oculata,
a microalga known for its high omega-3 content, especially EPA
and DHA. Extractions were performed at 60 °C and 10-12 MPa
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using hexane, hexane: propanol (2:1), and ethanol (96%).
Consistent with the previously discussed findings, ethanol
yielded the highest extraction efficiency (36%), while hexane
produced the lowest yield (6.1%). The total fatty acid yield
reached 16.7% with ethanol, with EPA comprising 3.7%.""

Although PLE has not been applied to fish tissues, these
findings reinforce the potential of PLE, especially ethanol-based
PLE, as an innovative technique for recovering omega-3 fatty
acids from marine samples. PLE is strongly influenced by the
interplay between temperature, pressure, and solvent polarity.
Elevated temperatures help increase lipid solubility and disrupt
cell walls, while pressure plays a dual role ensuring that the
solvent remains in its liquid state and enhancing its penetration
into complex cell walls of the sample, especially those of marine
species.'”® Together, these conditions can maximize the release
of omega-3 fatty acids, but if uncontrolled, they may also
accelerate oxidation of PUFAs and affect their concentrations.'”
Moreover, solvent polarity is another major factor to be
considered, where the choice of solvent is important based on
the targeted compounds of interest. For example, ethanol and
ethanol : water mixtures primarily target the extraction of PUFA-
rich fractions, whereas non-polar solvents can favor the recovery
of neutral lipids with lower content of omega-3 content.'®®
Therefore, optimizing PLE conditions requires complex study
and careful control to enhance the release of compounds of
interest while avoiding thermal degradation. When optimized,
PLE can achieve higher yields and better selectivity compared to
conventional solvent extraction or other advanced tech-
niques.'*>'°1* However, further investigations are needed to
assess its application for lipid recovery from fish products and
by-products.

The following figure (Fig. 9) summarizes all the previously
discussed green extraction methods and emerging techniques
applied for fish oil recovery.

2.2.6. Industrial feasibility, cost considerations, and tech-
nological readiness. Green extraction technologies offer signif-
icant advantages over conventional extractions, including
reduced solvent usage, lowered extraction temperature, and
shortened processing time. These conditions consequently help
in the preservation of thermolabile compounds such as EPA,
DPA, and DHA. However, their scale up from laboratory to
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industrial level remains limited due to several economic,
operational, and technological constraints.

Conventional extraction methods (e.g., wet pressing, cold
pressing, tricanter centrifugation) remain widely applied in the
industries owing to their robust scalability, continuous opera-
tion, and compatibility with regulatory standards and industrial
infrastructure. These techniques allow high-operational pro-
cessing of diverse fish matrices and fish by-products without the
need for sophisticated equipment and complex process control.
However, their major limitation lies in the harsh thermal and
mechanical conditions, which trigger oxidation and degrada-
tion of omega-3 PUFAs, thereby altering the overall oxidative
and nutritional quality of the final product. For this reason,
most industries often address this issue through subsequent
refining steps.

In contrast, green extraction technologies (e.g., MAE, UAE,
EAE, SFE, and other emerging approaches) offer clear advan-
tages in terms of milder extraction conditions (e.g., time,
temperature, solvent use), but their scale-up faces some chal-
lenges. For example, MAE requires specialized microwave
reactors and can experience non-uniform heating at larger
volumes due to limited in-depth penetration. UAE, on the other
hand, presents a better potential for scalability because
powerful ultrasonic systems can be incorporated into flow-
through reactors and their energy can be distributed more
uniformly. Although cavitation efficiency might decrease as
volume increases, UAE remains easier to scale than MAE
because its reactor design is more flexible and the system can be
expanded to ensure effective energy distribution. EAE has
a good scalability profile since enzymatic processes are already
widely applied in the industrial sector.”>'"* However, enzyme
cost, stability, and the need for a subsequent separation step
remain limiting factors. In addition, SFE and other emerging
technologies face limited industrial implementation in fish oil
extraction due to high cost of equipment and the need for
precise monitoring and optimization of the process conditions.

In terms of cost considerations, the continued dominant use
of conventional extraction methods such as wet and cold
pressing is related to their moderate equipment cost and rela-
tively low operational expenses, as their required energy relies
either on heating or mechanical force, both of which are
manageable at the industrial level. In contrast, conventional
solvent-based laboratory techniques (e.g., Folch, Soxhlet) are
not suitable for industrial use due to their reliance on large
amounts of toxic solvents and long extraction times, both of
which can pose significant labor and safety risks. Although
green extraction methods are environmentally friendly, they
require high investment in terms of specialized equipment,
process optimization, training and maintenance costs, and
costly enzymes (EAE). While some emerging techniques such as
DES may be less expensive and offer the advantage of being
recyclable, challenges such as high viscosity and slow mass
transfer still limit their application. In this context, both
economic feasibility and environmental consequences should
be evaluated through Life Cycle Costing (LCC) and Life Cycle
Assessment (LCA), which allow a comprehensive assessment of

investment costs, operational expenses, and long-terms
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sustainability and environmental impacts. By integrating LCC
and LCA, a more realistic understanding of the overall indus-
trial profitability can be achieved.">'?

Overall, while conventional mechanical extractions can
operate at an industrial scale, green technologies remain at
a laboratory or pilot scale. Recent studies highlight UAE and
EAE as the most promising methods for industrial scale-up,
particularly as pretreatments for already existing workflows
that can enhance the yield and the quality of fish oil. In
contrast, other methods like MAE, SFE, DES, PLE, PEF still
require further optimization and pilot-scale assessment in
terms of more practical demonstrations, cost-benefit assess-
ments, and evaluation of environmental and economic impacts
through LCA and LCC analyses."™*

3. Omega-3 fatty acids

After the discussion of conventional extraction, as well as green
extraction techniques which are increasingly favored for their
reduced reliance on high temperatures and toxic solvents, it is
essential to address the next critical step: enhancing the nutri-
tional profile of extracted fish oil, particularly through omega-3
enrichment. While the milder conditions of green extraction
methods aim to preserve bioactive compounds such as omega-3
PUFAs, some losses may still occur during processing and
extraction.”® Furthermore, the availability of omega-3 fatty
acids in the initial sample depends on several factors. To better
understand this topic, the following section will explore the
structural characteristics, dietary sources, synthesis, and health
benefits of omega-3 fatty acids. This will provide a comprehen-
sive overview of these fatty acids before diving into the next
section on omega-3 enrichment strategies to address the
growing consumer demands for natural, high-purity sources of
omega-3 fatty acids.

3.1. Structural classifications

Omega 3 fatty acids are considered among the most well-known
PUFAs for their significant health benefits. Structurally, omega-
3 fatty acids are characterized by the presence of a double bond
between the third and fourth carbon atoms in their hydro-
carbon chain, counting from the methyl (-CHj) end. This
structural feature explains why they are referred to as “omega-3”
(w-3) fatty acids. The cis configuration of their double bonds
allows the chain to be highly flexible, which contributes to their
biological activity."*® w-3 PUFAs include different types that can
be classified according to their chemical structure. The simplest
form is ALA, which consists of an 18-carbon chain and three
double bonds (18:3). When consumed from food sources, only
a small fraction of ALA undergoes a multi-step metabolic
pathway to form EPA and DHA. The process begins with the
desaturation of ALA into stearidonic acid (SDA; 18:4 n-3) via the
delta-6 desaturase enzyme. This is followed by the elongation to
eicosatetraenoic acid (ETA; 20:4 n-3) with the aid of elongase.
ETA is then desaturated by delta-5 desaturase to form eicosa-
pentaenoic acid (EPA; 20:5 n-3). EPA is further elongated to
docosapentaenoic acid (DPA; 22:5 n-3) which is then converted
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to docosahexaenoic acid (DHA; 22:6 n-3) through a complex
process that involves elongation, desaturation, and B-oxidation
in peroxisomes."” This pathway requires specific enzymes
responsible for the formation of cis double bonds and elon-
gating the carbon chain. However, these enzymes are not
sufficiently expressed in the human body, resulting in a limited
and inefficient conversion of ALA to EPA and DHA."*'*® Given
this limitation, the recommended combined intake of EPA and
DHA is 250-500 mg per day."

3.2. Sources

Omega-3 fatty acids are considered essential nutrients that
must be obtained from dietary sources to meet physiological
needs. These sources vary depending on the form of omega-3
present. For example, plant-based sources, such as flaxseeds,
chia seeds, walnuts, green leafy vegetables, canola oil, and
soybean oil, are rich in ALA."*® However, because ALA endoge-
nous conversion to EPA and DHA is highly limited, plant
sources alone are generally insufficient to meet recommended
intake. In contrast, marine organisms are rich in EPA, DPA, and
DHA, making them the most reliable dietary sources of omega-
35.120

The lipid content and omega-3 composition of marine
species can vary significantly due to internal and external
factors. Internal biological factors, including age, develop-
mental stage, reproductive status, metabolic rate, and tissue-
specific lipid deposition, strongly influence PUFA levels.******
For instance, many fish increase lipid reservation prior to
spawning in order to support the elevated energy demands,
which consequently alters omega-3 composition of muscle and
liver tissues.' Furthermore, younger fish usually contain lower
lipid stores, whereas larger and mature fish tend to accumulate
higher lipid concentrations.”* In addition, species-specific
differences are also major influencers. For example, Atlantic
herring, with a total lipid content of 10.5-16%, can provide
between 700-1100 mg EPA and 900-1400 mg DHA per 100 g. On
the other side, lean species such as cod, with only 1-2% lipids,
provide up to 150 mg EPA and 200 mg DPA per 100 g.*****”

Additionally, external factors such as feeding pattern, water
temperature, salinity, depth, and seasonal changes can affect
omega-3 profiles.'”®'** Diet and trophic levels are among the
most influential factors. Since fish do not synthesize omega-3
fatty acids de novo, but rather obtain them from the consump-
tion of marine microalgae (e.g., Schizochytrium and Nanno-
chloropsis), species feeding on PUFA-rich zooplankton (e.g,
copepods) exhibit profiles rich in EPA and DHA, and species
feeding on them (e.g., sardines, anchovies, herring) tend to hold
higher omega-3 PUFA levels.””™"° In addition, cold-water
species generally accumulate higher PUFA levels to maintain
membrane flexibility and function in low-temperature condi-
tions. This explains why fish species such as salmon and
mackerel present in colder regions have higher EPA and DHA
levels compared with warm-water species.’*! To increase omega-
3 intake among populations with low fish consumption, many
food products such as milk, yogurt, juice, cereals, and vegetable
oils, are now fortified with omega-3. In addition, omega-3
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supplements, primarily derived from fish oil, are widely avail-
able and serve as a concentrated source of EPA and DHA. These
supplements typically contain omega-3s in the form of natural
triacylglycerols, ethyl esters, free fatty acids, or phospholipids,
depending on the formulation.** For individuals with limited
dietary intake, such as those with fish allergies or following
vegan or vegetarian diets, supplementation is essential. In other
cases, a combination of dietary sources and supplements is
ideal for achieving optimal health outcomes.

In addition to edible species, fish by-products represent
a promising valuable source of omega-3 PUFAs. By-products,
including heads, skin, viscera, liver, and trimmings, can
account for 40-60% of total fish biomass depending on the
species and processing method. These residual products often
contain lipid profiles comparable to, or even exceeding, those of
fillets. In particular, viscera and liver accumulate substantial
amounts of long-chain PUFAs as they are considered the
primary sites of lipid storage.****** As discussed in the previous
sections, several studies have successfully extracted high-quality
oils from fish by-products, highlighting their potential as
sustainable and cost-effective sources of omega-3.11%11:1357140

4. Post-extraction purification and
stabilization of fish oil

Given the significant health benefits of omega-3 fatty acids,
especially EPA and DHA, their preservation is essential to
maintaining the nutritional value and health benefits of fish oil.
While the extraction process aims to recover these bioactive
compounds, crude fish oil often contains undesirable
substances and impurities, such as insoluble phospholipids,
trace metals, pigments, residual solvents, and organic pollut-
ants, which may alter its quality and safety for human
consumption. Hence, to ensure that the oil is suitable for
nutritional and pharmaceutical applications, a series of post-
extraction purification and stabilization steps are typically
employed. These steps are crucial for removing contaminants
and off-flavors while preserving the oil's nutritional integrity
and oxidative stability, especially the sensitive omega-3 PUFAs.*°

The initial purification step involves degumming, which
targets the removal of undesirable compounds like phospho-
lipids and trace metals that contribute to emulsification,
instability, and reduced shelf life."* Traditionally, chemical
degumming starts with the addition of water, resulting in the
swelling and separation of phospholipids from the oil. Non-
hydratable phospholipids that remain bound to oil require an
additional step of acid treatment, typically using a small
amount (0.1-0.3%) of an 85% solution of citric or phosphoric
acid neutralized with sodium hydroxide to precipitate these
impurities. The process continues with separation of the
precipitated phospholipids using centrifugation or decantation,
leaving behind a high-purity oil. However, the addition of water
and acids, even in small amount, may cause partial hydrolysis of
some lipids, compromising the lipid integrity of the oil.*****>
Therefore, green alternatives have been proposed and applied.
These include enzymatic degumming using phospholipases
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such as Lecitase Ultra® and LysoMax®, which can selectively
hydrolyze phospholipids into lysophospholipids and other
small fragments that usually dissolve in the aqueous phase and
can be separated later."*'** These enzymes operate under mild
temperatures and controlled pH, allowing effective purification
without the need for harsh conditions (e.g., acid) and resulting
in minimal impact on omega-3 concentrations, thus offering
a gentler approach aligned with natural product
preservation.'**'**

Following degumming, deacidification then is usually
applied as it targets FFAs, which often contribute to rancidity
and off flavours. The conventional process utilizes alkali
neutralization with a base such as sodium hydroxide to react
with FFAs, converting them into soap (fatty-acid salts), which
can be further separated by centrifugation and/or washing.
However, this saponification reaction can generate an aqueous
soap stock, where the soap emulsifies with water and can retain
with it some oil, raising concerns about the possible risk of
partial hydrolysis of PUFAs. For this reason, molecular distil-
lation or vacuum steam application can be applied to remove
volatile FFAs without the need for alkali treatment. However,
these methods require high temperature control and long pro-
cessing time which can degrade the thermolabile oil
compounds and volatile antioxidants. However, nowadays,
other approaches such as enzyme-assisted deacidification using
Novozym® 435 (lipase from Candida antarctica) have shown
promising results by offering milder alternatives that can work
under moderate temperatures, where they can re-esterify and
remove FFAs, thereby lowering the acidity value while better
preserving EPA and DHA. However, the high cost of enzymes
and the need for enzyme immobilization and process optimi-
zation limit their application. Additionally, selective separation
approaches, such as membrane-based fractionation and deep
eutectic solvents (DES) (e.g., betaine or choline-based solvent
systems), allow selective removal or FFAs and polar contami-
nants while preserving antioxidants and omega-3s, offering
greener options and milder alternatives to conventional alkali-
based processes which might alter the extracted fish oil integ-
rity. However, these methods still require process optimization
and are quite costly.***

After deacidification removes FFAs and polar impurities, the
bleaching step follows to improve color and stability by
removing pigments, oxidation-prone compounds, and certain
trace metals that can alter the oil color. Adsorbents that are
commonly used include acid-activated carbon, natural clays,
silica, and magnesium silicate (Magnesol). Each adsorbent is
characterized by its own affinity for pigments and other oxida-
tion compounds and metal ions. When applied under opti-
mized conditions, such as under vacuum treatment or inert
atmosphere and under controlled temperatures, bleaching
minimizes exposure to oxygen and thermal degradation, rep-
resenting an acceptable step for removing pigments and heavy
metals with minimal impact on omega-3 EPA and DHA."
Process variables such as type of adsorbent, concentration,
contact time, temperature, and stirring speed can significantly
influence the effectiveness of pigment removal and the oxida-
tion status of the oil (e.g., peroxide and AV). For example,
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prolonged exposure to high temperatures or overuse of adsor-
bents can lead to oxidation, remove fat soluble antioxidants,
and adsorb some bioactive substances, thereby reducing the
nutritional quality and altering the oxidation status of the oil.
Therefore, the conditions must be carefully controlled to ensure
producing a high-quality, stable, and nutritious fish oil.

The purification process continues with deodorization,
which is applied to remove volatile compounds (e.g., aldehydes
and ketones) that might be formed during lipid oxidation and
are responsible for the unpleasant odors of the oil. While
vacuum steam distillation has been traditionally used, the
elevated temperatures and prolonged times can degrade
sensitive compounds such as omega-3s and volatile antioxi-
dants.'* To address this issue, researchers have shifted towards
gentler alternatives, such as nanofiltration, which separates
molecules based on size and polarity, and short-path or wiped-
film vacuum distillation that operate under lower and
controlled temperatures. These milder conditions were shown
to effectively remove volatile odorants while better preserving
EPA and DHA concentrations, aligning with the goal of
producing natural and high-quality fish oil.**”

Studies have shown that these purification and stabilization
steps, when optimized, can significantly improve the concen-
tration of PUFAs and enhance oxidative stability, as measured
by peroxide and AV. Importantly, these methods support the
production of fish oil that is safe, stable, and suitable for
enrichment, without compromising its natural
composition.'*146:148

5. Omega-3 enrichment strategies

While post-extraction purification of fish oil is essential for
removing impurities such as phospholipids, pigments, and
trace metals, thereby improving its oxidative stability and
sensory quality, it doesn't sufficiently enhance the oil's nutri-
tional profile. In particular, the concentration of long-chain
PUFAs, especially EPA and DHA, often remains below the rec-
ommended levels required for achieving therapeutic benefit. To
meet the growing demand for omega-3 rich products, the
incorporation of an additional enrichment step is necessary to
increase the EPA and DHA content and improve their bioavail-
ability. In fact, the addition of this step boosts the health
benefits of the oil and meets both regulatory standards and
consumer expectations for fish oil quality. Different techniques
have been proposed for this aim, including Urea Complexation
(UC), Low Temperature Crystallization (LTC), Molecular Distil-
lation (MD), membrane-based enrichment, silica gel column
chromatography, and Enzymatic purification. The following
section outlines the different techniques that have been sug-
gested and developed for this aim, highlighting the distinct
advantages and limitations of each method.

5.1. UC

UC is one of the most widely used methods for enriching
omega-3 PUFAs such as EPA and DHA in fish o0il."*® This tech-
nique utilizes urea due to its ability to form crystalline
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complexes when mixed with SFAs and MUFAs, leaving PUFAs
unbound due to their complex structure and multiple cis double
bonds, which prevent them from crystallization with urea. In
this method, fish oil is first converted to its ethyl ester form,
then mixed with urea and an organic solvent (e.g., ethanol or
methanol) to enhance solubility and promote interaction. After
the mixture is cooled to a specific temperature that allows
crystallization, the urea-fatty acids complex forms crystals,
isolating PUFAs in the remaining liquid fraction, which can be
subsequently obtained through filtration or nitrogen
blowing.'**

Although it is considered a conventional method, UC offers
several benefits as it has proven its effectiveness in selectively
concentrating EPA and DHA PUFAs. In this context, different
studies have assessed the effect of UC application with the aim
of increasing the concentrations of omega-3 in fish oil. For
example, optimized UC conditions using RSM and reported that
under optimal parameters: urea : fatty acid ratio of 6.0, crystal-
lization temperature of —18 °C, duration of 14.8 hours, and
stirring speed of 500 rpm, the total omega-3 content in salmon
oil significantly increased from 13.78% to 80.51%, with EPA
increasing from 7.53% to 31.2% (a 4.1-fold increase).** Simi-
larly, another study demonstrated that under optimized
conditions (urea: fatty acid ratio of 4.21, -15 °C, 24 hours and
1000 rpm), 71.52% of EPA and DHA were obtained, with EPA
reaching 20.50%."°

5.2. LTC

LTC is another widely used strategy for enriching omega-3
PUFAs, particularly EPA and DHA, in fish oil. The principle of
this technique is conceptually similar to urea complexation,
utilizing the differential crystallization behavior of fatty acids
under controlled cooling process. During LTC, saturated fatty
acids are separated through a cooling process that results in
their crystallization into the solid phase, while PUFAs are
retained in the liquid phase. Solvents such as hexane, acetone,
and methanol are commonly employed to enhance crystalliza-
tion efficiency and purity. Additionally, antioxidants such as a-
tocopherol can be added to prevent oxidative degradation
during the process and further improve the quality of the oil.
Several key parameters can influence the effectiveness of
LTC, including oil composition, solvent type, oil-to-solvent
ratio, crystallization temperature, and cooling rate. Generally,
lower crystallization temperatures favor PUFAs retention in the
liquid phase. For example, applying LTC to fish oil derived from
herring and sprat by-products from the Baltic Sea at —70 °C for
18 hours using acetone significantly increased PUFA content
from 35.62% to 61.72%, with the addition of a-tocopherol in
methanol effectively preventing oxidation during enrich-
ment.”®" Similarly, LTC applied to sardine oil in hexane at
varying crystallization temperatures (—55, —65, —75, and —85 ©
C) and durations (1-24 hours) allowed the identification of
optimal process conditions at —85 °C for 24 hours, where PUFAs
concentration increased from 45.5% to 83.4%, with EPA
reaching 38.6%."*> Despite its proven efficacy and cost-
effectiveness, various challenges limit the application of LTC.
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These include the requirement for specialized equipment to
maintain ultra-low temperatures and the potential for residual
solvent contamination, especially since they are often used in
large volumes.**®

5.3. MD

MD is an advanced separation technique that utilizes high
vacuum and elevated temperatures applied over a short dura-
tion. The extremely low distillation pressure in this technique
allows sensitive compounds to evaporate at significantly lower
temperatures, due to their decreased boiling point compared to
the standard conditions. Hence, thermal stress is minimized,
which eventually helps in preserving heat-sensitive compounds
such as EPA and DHA during the separation process. In fact,
a distinctive characteristic of MD is that the distance between
the evaporation surface and the condensation surface is less
than or equal to the mean free path of the molecules. This
means that as compounds escape from the evaporation surface,
they can rapidly move to the condenser without interacting with
other compounds, thereby allowing effective and rapid
condensation. Subsequently, the molecules are condensed with
minimal thermal degradation.™*'>

In the context of fish oil enrichment, the different fatty acids
present in fish oil with varying lengths of carbon chain and
degrees of unsaturation affect their characteristics, particularly
their boiling points under high vacuum. Hence, different stages
of molecular distillation are performed, with adjustments to
temperature, pressure, and flow rate across each stage to ensure
that specific types of PUFAs, such as EPA and DHA, are selec-
tively separated. For this aim, commercial standards of EPA and
DHA are often used to validate the separation process. Various
optimization methods have been employed for the optimization
of molecular distillation technique, including RSM and other
predictive models to simulate optimal conditions of MD.***

There is a scarcity of literature on the isolation and purifi-
cation of omega-3 using molecular distillation, with only
limited studies addressing this strategy. For instance, an opti-
mized separation process of omega-3 fatty acids was achieved
using two stages: the first stage operating between 100-140 °C
and the second stage between 120-140 °C, where a validated
mass transfer model was employed to explain the dynamics of
evaporation. Subsequently, different predictive models were
created to optimize MD parameters and simulate its complex
behaviors.™*

Overall, the MD technique offers a promising method for
PUFAs enrichment due to its efficiency in the selective removal
of MUFAs, which are challenging to be removed using other
methods. Furthermore, MD offers other superior advantages as
it is solvent-free, scalable, and suitable for high-boiling
compounds. However, the high operational costs along with
sophisticated heating and vacuum systems limit its application
in small-scale industries.*****®

5.4. Membrane-based enrichment

Among other emerging omega-3 enrichment strategies,
membrane-based filtration has gained significant attention as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a promising and environmentally friendly technique. This
method utilizes membranes with defined pore size, enabling
selective permeability based on molecular size and weight. In
this context, the selective isolation of long-chain PUFAs, namely
EPA and DHA, can be achieved, separating them from other
lipid fractions.'****”

Membrane filtration operates without the use of organic
solvents, under mild temperatures and pressures, and is
considered a low-energy non-complex process. These charac-
teristics favor its application. The use of dense polymeric
membranes, especially when coupled with enzymatic trans-
esterification, has shown significant enrichment effectiveness.
For example, when applied to fish oil, the omega-3 content
increased from 31.65% up to 54% (a 1.7-fold increase), where
the process was applied and evaluated in a pilot-scale
membrane-based process, which was shown to be technically
feasible and cost-effective.”® Despite its proven effectiveness,
the method presents several limitations where the membrane
could be blocked overtime due to the accumulation of lipids,
proteins, and other macromolecules, which reduces perme-
ability and necessitates frequent cleaning. The membrane
cleaning conditions and chemicals used can eventually degrade
its material, resulting in a shorter operational lifespan. In
addition, membrane systems are generally expensive, and their
integration at an industrial scale requires high costs, especially
when considering the additional costs for pretreatment steps,
such as degumming and deacidification discussed earlier,
which are necessary in this case to ensure compatibility with
membrane performance."**”

5.5. Silica gel column chromatography

Silica gel column chromatography offers an effective strategy for
enriching EPA and DHA omega-3 PUFAs. The method is based
on the differences in polarity among the various fatty acids
present in fish oil. In this technique, the oil is passed through
a column based packed with silica gel, where MUFAs and SFAs
are retained due to their lower degree of unsaturation and
simpler molecular structure, allowing closer packing and
stronger van der Waals interactions with the silica surface. On
the contrary, due to their more complex structure and high
degree of unsaturation, EPA and DHA interact weakly with the
silica surface, resulting in their faster elution and effective
separation from other fatty acids. This selective isolation can be
enhanced when combined with the gradient elution chroma-
tography method, which allows separation based on polarity
shifts in the mobile phase. Studies have demonstrated the
effectiveness of this technique in enriching EPA and DHA,
especially within specific lipid subclasses such as phosphati-
dylglycerol (PG) and phosphatidylethanolamine (PE), which are
known for their higher bioavailability and functional relevance.
However, silica gel chromatography presents several limita-
tions, as the method requires high operational costs, extensive
optimization, and the use of large volumes of organic solvents.
Despite these challenges, it can be considered a complementary
method to other enrichment methods such as urea
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complexation or molecular distillation, helping to achieve
better purification of omega-3."**

5.6. Enzymatic purification

The use of enzymes offers a green, selective, and cost-effective
strategy for the enrichment of omega-3 PUFAs. Due to its
simplified processing, low equipment requirements, and
solvent-free operation under moderate temperatures, this
approach has been a preferred alternative to the more complex
strategies discussed earlier. Various enzymes have been evalu-
ated for this aim, including protease, exopeptidase, endopep-
tidases, and lipases.

Among these, lipases are particularly valued for their high
selectivity toward omega-3 PUFAs. However, their hydrolytic
activity against EPA and DHA is often limited particularly due to
steric hindrance caused by the high number of double bonds in
these fatty acids, which create a barrier that prevents enzymatic
access and hydrolysis. This selective blockage allows lipases to
hydrolyze other fatty acids, resulting in the formation of free-
fatty acids, monoacylglycerols, diacylglycerols, and tri-
acyclglycerols, while leaving the intact forms of EPA and DHA,
which can be subsequently isolated.**®

Lipases from different microbial and fungal sources exhibit
variable selectivity. For example, Thermomyces lanuginosus
lipase has demonstrated enhanced selectivity toward EPA
during ethyl esterification of fish 0il.*** Similarly, OUC-lipase 6,
an alkaline and organic solvent-resistant lipase, has demon-
strated its regioselectivity favoring EPA enrichment.'** More-
over, a comparative analysis of three different lipases revealed
that lipases from T. thermophila and Rhizomucor miehei were
more EPA-selective than Candida antarctica B, highlighting the
importance of considering enzyme source and specificity before
application.*®

Therefore, despite being environmentally friendly, nearly
solvent-free, and requiring simple operational conditions, the
application of the enzymatic purification method faces several
challenges. These include the favorable EPA-selective enrich-
ment over DHA, and the susceptibility of enzymes to denatur-
ation and degradation, which raises concerns about their
stability, reusability, and lifespan, increasing overall process
costs.'*®

5.6.1. Marine lipases in omega-3 enrichment. To address
some of these limitations, particularly low enzymatic stability
and substrate selectivity, marine-derived lipases have emerged
as promising biocatalysts. These enzymes, sourced from marine
fungi, bacteria, actinomycetes, yeasts, and other extremophilic
microorganisms, have been shown to possess enhanced
thermal and pH stability, as well as higher growth rates. Their
ease of production at laboratory scale and feasibility for
industrial application make them ideal candidates for omega-3
enrichment.*®

Among marine lipases, yeast-derived enzymes such as those
from Candida antartica and Candida rugosa are commonly used
and are classified as Generally Regarded as Safe (GRAS), making
them suitable for food-grade applications, including fish oil.
Studies have shown that marine microbes display high
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adaptability to environmental conditions, with each strain
having its own optimal working range. For example, yeast
strains such as Yarrowia lipolytica and Candida parapsilosis
produce stable lipases at 35-40 °C and pH 6.0-8.5, while lipases
from Oceanobacillus caeni remained active at a wider pH range
(3-11) and temperatures from 10 to 70 °C.***

To further enhance the stability and performance of marine
lipases, enzyme immobilization has been applied. This tech-
nique involves attaching enzymes to solid matrices (e.g,
agarose, chitosan, cellulose, silica) to improve stability and
facilitate recovery for reuse. In this context, immobilization of
Candida antarctica lipase B on resin resulted in increased
selectivity and stability.'®

Despite the effectiveness of the current omega-3 enrichment
strategies, the low recovery of DHA compared to EPA remains
a significant and persisting challenge. Recent strategies are
therefore focused on developing approaches to overcome this
limitation and address the selectivity gap. One promising
approach is enzyme engineering, where the structure of lipases
is modified to improve how their active sites target DHA, whose
high degree of unsaturation makes it more difficult to access
during hydrolysis. Specifically, marine-derived lipases are
interesting in this context, as they naturally tolerate extreme
conditions and have shown flexible substrate preferences.
Studies also indicate that these enzymes' performance improves
when they are immobilized. In particular, covalent immobili-
zation, where the enzyme is attached to solid support through
covalent bonds, allows for better control of the reaction by
increasing stability and preventing leaching, all of which can
enhance DHA selectivity. Additional emerging techniques
include the use of multi-enzyme systems and hybrid enrich-
ment methods, in which enzymatic hydrolysis is coupled with
another separation step (e.g,, membrane filtration, urea
complexation, or molecular distillation). By pairing different
techniques, these hybrid systems can enhance DHA recovery
compared to single methods alone. Together, these emerging
approaches represent promising candidates for achieving
a more balanced enrichment of both EPA and DHA, although
further research is still needed to optimize these methods for
industrial applications.*®

5.7. Industrial feasibility and applications of omega-3
enrichment

The continuously growing demand from consumers for high-
quality, high-purity EPA and DHA-rich fish oil, especially due
to the increasing spotlight on its nutraceutical benefits, has
placed significant pressure on the nutraceutical industry.
Companies are required to produce and deliver enriched fish oil
products that meet nutritional and quality standards while also
aligning with cost-efficiency benchmarks, a balance that is often
challenging."

In fact, when considering again the previously discussed
methods, molecular distillation remains the most widely
adopted method at the commercial scale due to its proven
efficiency in producing highly concentrated omega-3 fractions
that meet regulatory standards. However, its high energy and
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cost demands, mainly due to the need for high temperatures
and complex vacuum systems, make it less feasible for smaller
industries or those operating with a limited budget.***

In contrast, when viewed from a green chemistry perspective,
especially with the rising awareness and shift toward environ-
mental sustainability, membrane-based filtration and enzy-
matic purification methods stand out as more eco-friendly and
energy-efficient alternatives. In particular, membrane-based
filtration has shown promising results at the pilot scale,
where economic evaluations have suggested that it can be
competitive with other industrial techniques, particularly when
coupled with enzymatic transesterification.”® In addition,
enzymatic approaches, mainly those involving immobilized
marine lipases, are gaining more attention for their selectivity
and mild processing conditions, although enzyme degradation
and lower DHA selectivity remain limiting factors.'****

Despite ongoing efforts to improve these techniques,
industries continue to face persistent challenges. The main
persistent issues lie in process optimization, especially in
identifying optimal conditions that enhance DHA selectivity,
which remains underrepresented in most methods despite
various advancement trials. Moreover, membrane fouling and
degradation, enzyme denaturation, and concerns about long-
term stability raise questions about the practicality of
applying these methods at an industrial scale. On top of that,
regulatory constraints, such as solvent use and GRAS certifica-
tion further add complexity and limit flexibility.'>*

Current efforts to overcome these challenges and improve
the enrichment process include exploring hybrid techniques
and Al-driven process control systems. These approaches aim to
enhance yield, reduce losses, and improve product quality,
ultimately helping to develop method systems that are scalable,
sustainable, and optimized both nutritionally and
economically.

6. Conclusions

The continuous market demand for high-quality, omega-3-rich
fish oil—driven by its remarkable nutraceutical benefits—poses
a significant challenge for industries striving to balance
between high product quality, cost-efficiency, and high profit-
ability, while also complying with sustainability and green
chemistry regulations. Although significant advanced have been
achieved in extracting fish oil and enriching it with omega-3,
several critical research gaps persist. A major challenge is
scaling up these advanced and greener extraction methods.
Most of these techniques have shown outstanding effectiveness
at laboratory scale, but there is still limited evidence on their
real performance at an industrial level. Therefore, future work
should include robust pilot-scale studies and economic (LCC)
and sustainability assessments (LCA). Another research gap is
related to DHA enrichment, where most recent methods have
shown a clear selectivity for EPA over DHA, which remains
difficult to target due to its structure. Therefore, careful opti-
mization and comprehensive understanding of all process-
influencing parameters and their variability ranges are
needed. In this context, implementing a multivariate design of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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experiments is crucial to systematically evaluate these factors
and identify the optimal conditions. Such an approach enables
the best possible compromise between competing variables,
ultimately aiming to maximize both the extraction yields and
the enrichment step.**®

Moreover, the rising research interest in sustainability and
circular economy approach is crucial, but future work needs to
explore how diverse mixtures of fish by-products can be reliably
upcycled and converted into high-value omega-3 oils, especially
considering the natural heterogeneity of by-products, their
complex composition, and the added costs of pre-treatment
steps such as sorting, which might be challenging for small-
scale industries. The European EcoeFISHent project focuses
precisely on this aspect of utilizing ‘non-separated’ fish biomass
in order to overcome one of the most expensive steps in the
value chain. By addressing these gaps, the field can move
forward toward extraction and enrichment methods that enable
the production of high-quality omega-3-rich fish oil using
methods that are not just efficient, but also scalable and envi-
ronmentally friendly.
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