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Abstract

Freshwater fish farming is one of the fastest-growing food sectors, contributing significantly
to global food security. Despite the impressive global growth of aquaculture, high operational
costs remain a major challenge, with feed production costs constituting the highest proportion
of expenses. To reduce reliance on expensive materials, alternative ingredients have been
explored, but issues such as reduced digestibility may arise. To address these challenges,
various processing methods have been developed, ranging from traditional to advanced
technologies. This review provides comprehensive insights into these methods, their
applications, and their impact on growth performance and nutrient digestibility, with a focus
on freshwater fish. Evidence from previous studies shows that alternative ingredients derived
from poultry by-products, fisheries by-products, plants, and insects have been processed using
techniques such as thermal treatment, extraction, bioconversion, nanoparticles, and pulsed
electric fields. These approaches have shown positive effects in improving the growth and
digestion of fish. Among these, fermentation methods stand out for their multiple benefits such
as converting low-value ingredients into high-value protein sources, providing pre-digested
nutrients, additional digestive enzymes, and probiotics. They have a lower environmental
impact, use less energy, produce minimal pollution, and are cost-effective. Processing methods
continue to evolve to ensure high product output, improved nutrient retention and functionality.
Selecting processes that minimize energy use, reduce environmental impact, and lower costs

while enhancing ingredient functionality is essential for achieving sustainability in aquaculture.

Keywords: Novel ingredients, Processing methods, Thermal treatment, Extraction,

Bioconversion, Nanoparticle, Fish feed
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1. Introduction

Aquaculture is a vital component of modern agriculture and one of the fastest-growing food
sectors aiding in global food security. It has seen remarkable growth in recent years, driven by
advancements in technology, improved farming practices, and high demand for sustainable
seafood. This industry primarily relies on freshwater-farmed fish such as Nile tilapia
(Oreochromis niloticus), African catfish (Clarias gariepinus), rainbow trout (Oncorhyncus
mykiss), and common carp (Cyprinus carpio) because of their adaptability and tolerance to
various environmental conditions, highlighting their crucial role in maintaining a stable aquatic
supply (Abdel-Warith et al. 2021; BaBmann et al. 2017; Crichigno and Cussac 2019;
Nedoluzhko et al. 2020). According to FAO (2022), these four species, Nile tilapia, African
catfish, common carp, and rainbow trout, were among the top 15 most farmed aquatic species
in the world, with global production totals of 4.4, 1.3, 4.2, and 7.4 million tonnes, respectively.
Despite the impressive increase in aquaculture production throughout the year, however the
operational costs of aquaculture present a challenge within the industry, with feed production
costs constituting the highest proportion of operational expenses. Feed costs account for at least
75% to 90% of the total production costs due to the high price of raw materials such as fish-
meal (FM) and fish oil (FO) which are considered unsustainable for their finite supply (Ahmad
et al. 2022). Reports indicate that a decline in global fish landings is reaching an alarming stage
which causes the increasing price of FM and FO (Seminara et al. 2024). Over 16 million tonnes
of fish from both fisheries and aquaculture were used for FM production. However, the supply
of FM continues to decline due to increasing demand, driven by the rapidly growing
aquaculture industry, as well as by pig and poultry farming and the pet food sector (FAO, 2022).
Meanwhile, other ingredients such as soybean meal (SBM), corn, wheat bran, rapeseed meal,

sunflower meal, cottonseed meal, and palm kernel meal, are also in high demand and compete
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with poultry feed (Tacon et al. 2011). The heavy reliance on these ingredients has raised

sustainability concerns, highlighting the need to alternative resources for aquaculture feeding.

The utilization of plant, animal, and agricultural by-products presents a promising opportunity
to reduce reliance on finite marine resources and alleviate pressure on fish stocks. By
incorporating by-products into feed formulations, industries can reduce waste, decrease
negative environmental impact, and promote circular economy by diversifying feed sources
and reducing dependency on costly or unsustainable inputs. This practice helps reduce the
overexploitation of marine ecosystems while promoting sustainability in both aquaculture and
agriculture sectors. Substituting traditional ingredients with sustainable novel ingredient,
primarily from plant sources, can render digestibility issues and significant changes in nutrient
content, particularly when replacing FM (Hussain et al. 2024). Replacing FM with agriculture
and poultry by-products can lead to significant variation in protein content due to differences
in their amino acid compositions. In addition, the presence of digestibility inhibitors which are
naturally present in certain feed ingredients such as anti-nutritional factors (ANFs), microbial
loads, starch, fibers, and excessive moisture can significantly interfere with the digestion and
absorption of nutrients by fish (Francis et al., 2001). ANFs such as protease inhibitors, lectins,
phytates, tannins, and glucosinolates are commonly found in plant-based feed ingredients
which serve as a protective role for the plant, but when present in high concentrations, they
reduce the fish’s capability in digesting feed made from these novel ingredients (Samtiya et al.
2020). However, if the diet is properly formulated, replacing FM with novel ingredients can
provide the proper nutrient and energy balance, enhancing the true potential of the alternative

ingredient (Glencross, 2020).

The processing of novel ingredients has long been practiced by human in developing aquafeed.
Ingredients such as plant seeds and grains are typically hulled to remove the outer husk, while
leafy materials, often from farm by-products or invasive plants, can be harvested and used

4
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directly without removing husk as ingredients in fish feed (Emshaw et al., 2023; Naret, 2019).
Other animal by-products from poultry or fisheries are sorted and cleaned before processing
(Al-Zahiri and Al-Shawi, 2021). Nowadays, insect farming is widespread, and the use of
insects as protein sources has gained attention (Lu et al., 2020). All these raw ingredients,
including plant-based materials, agricultural by-products, fishery by-products, and insects are
traditionally processed through drying (thermal treatment), either by sun-drying or oven drying,
to reduce moisture content, then minced into powder for long-term storage before being used
to make pellets (Al-Zahiri and Al-Shawi 2021). Recently, advanced drying methods, such as
freeze-drying, spray-drying, and microwave drying, have emerged to replace conventional
drying techniques as these methods increase nutrient retention while reducing energy
consumption (Glencross et al. 2007; Thongprajukaew et al. 2015). Instead of drying, raw
materials from plants, fish viscera, or poultry viscera can also undergo fermentation, a process
in which microbes transform raw materials into value-added ingredients (Emshaw et al. 2023;
Santana et al. 2023). The nutrient-rich meals generated through fermentation have also found
successful applications as protein sources in fish feed. An interesting development in
aquaculture is the use of biofloc technology (BFT), which resembles fermentation but is
applied in tanks and ponds to improve water quality (Wei et al., 2024). At the end of the biofloc
cycle, the surplus biomass produced is rich in protein and can potentially be used as a feed
ingredient (Khatoon et al. 2016). Additionally, extraction techniques are commonly applied to
defat these materials, increasing their protein content while reducing lipid content (Kaiser et
al. 2021). This can be done through pressing or using solvents like hexane, followed by further
refinement through acid-base treatments and ultrafiltration, resulting in protein isolates that
contain more than 90% protein (Ehsani et al. 2024). These protein isolates are suitable for use
as protein sources in fish feed. Extraction techniques are also being used to create feed additives

through nanotechnology, where ingredients are broken down into minute particles and



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

incorporated into feed to improve digestibility (Abdel-Tawwab et al. 2022). Overall, these
processing methods including thermal treatment, fermentation, and extraction have been
developed as effective strategies to enhance the nutritional content and digestibility of novel
ingredients. As these ingredients contain antinutrients and harbor bacteria, processing these
components becomes a crucial step in improving nutritional values and digestibility (Olude et
al. 2016). Removing ANFs can indeed enhance nutrient availability, and it's typically
accomplished by either breaking down complex molecules into simpler forms or by removing
water-soluble ANFs through leaching (Ravoninjatovo et al. 2021). Also, processing methods
play a crucial role in breaking down cell walls, gelatinizing starches, and activating enzymes,

thus improving the overall nutritional quality of the food (Samtiya et al. 2020).

In terms of sustainability, a multi-dimensional indicator should be considered to guarantee the
sustainability of processing methods, which will include resources use (novel ingredients),
energy use, and food security (fish output) (Martynenko and Vieira 2023). According to the
FAO (2018), about 1.3 billion metric tons of waste are produced anually from global food
production. However due to their protein contents and valuable bioactive compounds, these
food wastes hold significant potential as novel ingredients in fish diet. Selecting processing
methods that require less energy use, have minimal environmental impact incur low operating
costs while simultaneously increasing the functionality of the processed ingredient is important
to meeting sustainability criteria. This review aims to provide comprehensive insights into
processing techniques for protein-rich raw materials and production of additives from novel
ingredients, with a particular focus on the environmental impact and feasibility of these
methods. This review therefore seeks to enhance understanding of how processing methods
can aid in ingredient digestibility enhancement of freshwater-farmed fish. This review
addresses a critical gap in the literature by evaluating innovative techniques not only for their

scientific novelty but also for their real-world applicability. It serves as a foundation for future
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applied research and the transfer of technology from the laboratory to practical aquaculture
settings. The insights presented are particularly valuable for researchers, feed formulators, and
aquaculture practitioners aiming to improve fish nutrition, reduce dependence on traditional

FM and FO, and support environmentally sustainable practices.

2. Processing techniques for protein-rich raw materials

2.1 Thermal treatment

Thermal treatment is a drying process that removes water from wet ingredients by applying
heat to induce a phase change of water from solid or liquid to a vapor phase through the
application of heat (Betoret et al. 2016). Traditionally, feed ingredients were dried under
sunlight. According to Noori et al. (2022), a sunny day with temperatures ranging from 30-36
°C, humidity between 15-30%, and light intensity of 500-1100 W/m? is sufficient to dry a 5-
mm layer of ground ingredients (food wastes such as rice, bread, meat, fruit peel, vegetable
peels, etc), reducing moisture content to below 8% while retaining high protein levels.
However, this method requires large spaces and labor and is highly dependent on weather
conditions. Therefore, more sophisticated machines are now used, including conventional oven
drying, convection oven drying (Salinas et al., 2018), vacuum drying (Menon et al., 2020), and
microwave drying (Graham et al. 2003). A convection oven is among the most widely used
agricultural dryers, where ingredients receive heat from airflow (Salinas et al. 2018). Vacuum
drying involves drying ingredients in a vacuum environment, which lowers the boiling point
of moisture, thus requiring lower temperatures to evaporate the moisture (Menon et al. 2020).
Microwave drying uses electromagnetic waves (commonly between 915 - 2450 MHz) that pass
through the ingredients, causing dipolar molecules (such as water, salt, and protein) to vibrate
and this internal friction raises the temperature and heats the entire ingredient uniformly (Calin-

Sanchez et al. 2020; Graham et al. 2003).
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Novel ingredients usually contain high moisture, which favors higher activity of
microorganisms such as bacteria and fungi, therefore it is crucial to dry these novel ingredients
to a certain moisture content (below 10%) to increase shelf life without relying on more
expensive techniques such as freezing and canning (Noori et al. 2022). During drying process,
novel ingredients can be spoiled or reduced in quality if subjected to inappropriate conditions.
Using high temperatures reduces the drying period however, it can damage ingredients and
consume more energy. Mild drying conditions will enhance quality of the ingredients but
lengthen the drying period (Betoret et al. 2016). At high drying temperatures, vitamins and
antioxidants may undergo degradation (Betoret et al. 2016). The use of high temperatures may
also cause the Maillard reaction, a chemical reaction between amino acids and reducing sugars,
leading to browning of the ingredients and reducing the availability of amino acids and proteins
(Kchaou et al. 2019). Meanwhile, using room temperature for drying may facilitate fungal
growth, such as Aspergillus spp., which thrive at temperatures ranging from 8-35 °C and can
cause ingredient spoilage, reduce quality, and contaminate feed, potentially leading to food
poisoning in animals. (Mannaa and Kim 2017). Hence, it is crucial to precisely control and
optimize drying process (such as temperature, air velocity, and drying time requirements)
without losing bioactive compounds while increasing the functionality of dried products with
the highest level of nutrient retention (Alam et al. 2023; Betoret et al. 2016). For example,
conventional oven drying at 60 °C for 24 h until a stable dry weight is achieved, is a common
practice aimed at preserving heat-sensitive nutrients such as vitamins, proteins, and amino
acids (Mondal et al. 2019). Sokac et al. (2022) reported that vacuum drying at 70 °C was the
most effective processing method for maintaining the stability of bioactive compounds,
particularly polyphenols, when compared to conventional oven drying or solar drying. Calin-
Sanchez et al. (2020) reviewed that the convection drying at temperatures between 50 -70 °C,

as well as microwave drying at 120 to 480 W are effective in preserving crucial bioactive
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compounds, including phenolics and antioxidants such as flavonoids, carotenoids (B-carotene

and lycopene), vitamin C, and anthocyanins.

Optimizing processing conditions not only increases nutrient retention but also simultaneously
breaks down antinutrients. The presence of ANFs in fish feed (formulated with thermally
untreated ingredients) hinder the absorption and digestion of certain nutrients, thereby reducing
their bioavailability (Agiriga and Siwela 2018). In contrast, thermally processed ingredients
can improve nutrient digestion particularly protein by up to 95% compared to less than 40%
with thermal-untreated ingredients (Rehman and Shah 2005). Thermal treatment processing
methods, such as conventional oven and microwave drying, have been proven to minimize and
remove heat-sensitive antinutrients in novel feed ingredients (Samtiya et al. 2020). Heat
treatments result in starch hydrolysis, increasing the capability of starch digestion when fish
are fed plant-based alternative protein sources (Rehman and Shah 2005). Furthermore, thermal
processing aids breakdown of complex oligosaccharides such as raffinose, stachyose, and
verbascose, which can lead to gastrointestinal problems in fish (Ravoninjatovo et al. 2021).
Applying thermal heat under optimal conditions can also removes other ANFs, such as tannins
(up to 73%), phytates, and trypsin inhibitors (Ravoninjatovo et al. 2021; Samtiya et al. 2020).
Phytates reduce mineral bioavailability by forming complexes with metal ions, thereby
preventing mineral absorption. Meanwhile, tannins and trypsin inhibitors reduce protein
digestibility by forming irreversible tannin-protein complexes and by inhibiting trypsin activity

by acting upon the overlapping reactive sites of the enzymes, respectively (Samtiya et al. 2020).

Thermal treatment such as convection oven and steam drying stands out as one of the most
preferred processing methods in the fish feed industry for enhancing food quality and ensuring
nutritional integrity. Novel ingredients such as poultry by product, plants and insects which go
through thermal treatment have been proven to be effective in promoting the growth of tilapia
(O. niloticus.) catfish (C. gariepinus) and carp (C. carpio) and successfully being used as a

9
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main protein source with concentration up to 50% (Table 1). However, the high energy
consumption (electricity) associated with prolonged or high-temperature treatments raises
environmental concerns, contributing to increased carbon emissions and depletion of non-
renewable resources, particularly coal. To address these concerns, optimizing the water
removal process from novel ingredients becomes crucial, aiming for better product quality with
minimal environmental impact and the lowest possible operating costs. Although convection
ovens and vacuum drying require high energy consumption, they still offer advantages over
conventional ovens in terms of efficiency and effectiveness (Kaveh et al. 2021). In advancing
thermal methods, Kaveh et al. (2021) suggested microwave method for drying novel
ingredients due to its lower energy consumption, higher efficiency (in terms of energy, drying,
and thermal), and lower emission of carbon dioxide. Calin-Sanchez et al. (2020) highlighted to
combine techniques, such as the vacuum-microwave drying, as a potential method for
achieving high nutritional retention in product while minimizing energy consumption. Despite
these advancements, convection and steam dryers remain are still among the most commonly
used drying methods in agricultural, possibly due to their lower initial equipment costs.
However, adopting more sophisticated techniques should priority when processing fish feed
ingredients to maintain product functionality (nutrient retention) for better fish digestibility and
growth. Although, sophisticated drying technologies may involve higher upfront investment,

they offer potential long-term benefits in terms of cost and sustainability.

2.2. Protein extraction: defatting, concentrates, and isolate

The defatting process (via pressing or hexane extraction) plays a critical role in enhancing
protein levels by reducing lipid content in ingredients, which can otherwise impact feed quality
(Kaiser et al. 2021). This process yields defatted meal in the form of cakes or pellets, along
with extracted oil. It is commonly applied to for novel ingredients such as insect meal and
microalgae meal, both of which contain high lipid. Insect meal typically contains

10
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approximately 20% lipid and 46% protein, respectively (Abdel-Latif et al. 2020), whereas
microalgae meal can exceed 50% protein and contain around 20% lipid (Roy and Pal 2014).
Without the defatting, fish (such as tilapia) fed with novel ingredients (such as black soldier
fly) showed lower digestibility of fat than the group that consumed defatted meal (Kishawy et
al. 2022). When defatted, both insect meal and microalgae meal had higher protein contents of
60% - 65% (Basto et al. 2021; Soto-Sierra et al. 2018). Besides, plant ingredients and grains,
such as soybeans, sunflower seeds, and corn, can undergo defatting to remove excess oil
(producing oil for the vegetable cooking oil industry) and improve their suitability for fish feed.
The resulting defatted meal contains higher protein and can be used directly as defatted meal,
further processed into protein concentrate, or even more refined into protein isolate (Loveday
2020). To obtain protein concentrate, the protein in the defatted material (in the form of flakes
or finely ground flour) is solubilized in an alkaline solution using NaOH at pH 7.5 - 9.0 to
remove non-protein components such as sugars, leaving behind the protein component in the
solution, followed by protein precipitation using acids like HCI at pH 4.5-5.0
(Nourmohammadi et al. 2023; Okafor et al. 2015). After precipitation, the protein is separated,
typically through centrifugation, washed, and dried using spray drying techniques to reduce
protein deterioration (Liadakis et al. 2022). To obtain protein isolates, purification processes
are carried out to achieve a higher purity level using advanced membrane technologies such as
ultrafiltration with 3, 5, or 10 kDa to remove small molecules and ions, thereby further
purifying the protein with improved nutritional and functional properties compared to
precipitation methods (Ehsani et al. 2024; Mondor et al. 2012). Such advanced membrane
technology offers mild operational conditions (low temperature and pressure), low solvent
consumption, and high protein purification (Ehsani et al. 2024). Simultaneously, ultrafiltration
is an effective method to reduce the quantities of some undesirable ANFs, such as phytic acid

and oligosaccharides, to low levels (Mondor et al. 2012; Chen et al. 2019). When insect meal

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

is used as a novel ingredient, removing chitin through protein purification is crucial, as high
chitin levels in the diet negatively affect the growth and nutrient digestibility of fish (Hasan et
al. 2023). Overall, defatted meal, protein concentrate, and protein isolate contain protein levels
of more than 50%, 70%, and 90%, respectively, as illustrated in Fig. 1. The degree of protein
purity enhances feed formulation at lower inclusion rates, thereby reducing the overall nutrient
load released into the aquatic environment. The application of defatted meal, protein
concentrate, and protein isolate have been reported in many commercial fish diets such as carp,
catfish, tilapia, and rainbow trout (Oncorhynchus mykiss) (Fig. 2 and 3). These have
successfully replaced FM by 70-100%, highlighting the potential of utilizing these protein
concentrates and isolates as promising ingredients in fish diets to reduce feed costs and achieve
aquaculture sustainability. The use of defatted meal, protein concentrate, and protein isolate
from novel ingredients has been reported to help prevent pollution problems associated with
the disposal of agricultural wastes, particularly from the vegetable cooking oil industry (Amer

et al. 2019).

2.3. Bioconversion

Bioconversion is processing method that involves microbial transformation of raw materials
into desired products or value-added ingredients. Examples of such processing methods include
solid state fermentation (SSF), the silage fermentation process and BFT. Their roles in
aquaculture illustrate the various ways in which microorganisms contribute to global waste
management. This waste is typically processed into a nutrient-rich meal, providing an
environmentally sustainable and cost-effective source of feed for the cultured aquatic species.
Nutrient-rich meals generated through these processes have found successful applications in
fish feed. Examples include meals derived from accumulated organic matter within the biofloc
particles (Das and Mandal 2021; Ekasari et al. 2019b) and SSF from various sources such as
lupin meal (Bowyer et al. 2020), pigeon pea (Alegbeleye et al. 2012), sesame seed meal (Olude
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et al. 2016), date palm seed (Dawood et al. 2020a), shrimp head waste meal (Nwanna 2019),
wheat (Omar et al. 2021), poultry by-product (Dawood et al. 2020b) and fish silage (Soltan et
al. 2017). The successful applications of these methods in species such as carp, tilapia and
catfish, emphasize the importance of bioconversion in promoting sustainable practices within

the aquaculture feed industry.

In SSF, microorganisms such as fungi or bacteria are utilized to convert solid substrates, like
agricultural residues or food processing by-products, into desired products (such as protein-
enriched animal feed ingredients). Plants with high protein content, reaching up to 30%, that
are locally available, highly productive, classified as pest species or derived from farming
waste are used as alternative ingredients to replace costly ingredients, such as FM in fish feed
formulations. For processing, plants are harvested, dried to less than 10% moisture, ground,
and sieved with less than 2 mm to ensure homogeneity (Emshaw et al. 2023). The plant is then
fermented using either fungi (such as Aspergillus and Saccharomyces), bacteria (such as
Lactobacillus and Lactococcus), or a combination of different fungi and bacteria to enhance
fermentation results (Cao et al. 2021). To simplify the process, commercial instant dried yeast
(Saccharomyces) can be used solely to skip the bacteria cultivation stage (typically requires a
broth medium) and proceed directly to fermentation (Fujaya et al. 2023). From 10% to 15%
boiled molasses are added, and fermentation is carried out in a sealed container for a certain
period at the optimal temperature of fermentative microbes, usually ranging from 34-37 °C
(Cao et al. 2021; Velasquez et al. 2015). At the end, the fermented plant substrate is dried and
incorporated into fish feed reaching up to 70% (Emshaw et al. 2023). To date, SSF offers
several benefits, primarily in enhancing fish digestibility by providing pre-digested nutrients.
SSF degrades ANFs such as phenols, saponins, tannins, phytates, trypsin inhibitors, and
oxalates, which are common in plants (Hamidoghli et al. 2020: Helmiati et al. 2021). In fish,

SSF derived product stimulates the digestive activity of protease, amylase, cellulase (Cao et al.
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2021: Helmiati et al. 2021), lipase and pectinase (Ashry et al. 2023), improves gut microbiota

(Guo et al. 2023) and intestinal morphology (Yang et al. 2022) (Fig. 4).

More than 20 million tons of fish by-products from fish processing are produced per year
worldwide (Toppe 2018). Body viscera consisting of intestine, liver, swim bladder, heads,
bones, fins, and tails constitute more than 30% of a fish's total body weight and all these parts
are not consumed by humans or animal and are disposed of as waste (Haider et al. 2015).
However, such fish wastes contain a high protein levels, reaching up to 88% protein (similar
to FM), and is rich in essential amino acids, essential fatty acids, collagen, vitamins, and
minerals (Santana et al. 2023). As such, sustainable management is crucial to reduce fish waste
disposal, including low-value fish, by converting them into fish silage, which can be
incorporated as a protein source in fish feed (Raeesi et al. 2023). Fish waste can be fermented
by adding lactic acid groups of microbes (such as Lactobacillus, Lactococcus, Hansenula, and
Saccharomyces) and carbohydrate sources (such as molasses), producing a brown liquid
product known as fish silage (Santana et al. 2023; Tazim et al. 2021). The purpose of using
lactic acid bacteria is to reduce the pH of silage, thus inhibiting the proliferation of other
pathogenic bacteria (Santana et al. 2023). More specifically, collected fish waste is washed,
minced, added with 5% molasses and 5% bacteria, and stored in aerobic conditions for more
than 30 d (Haider et al. 2017). At the end of this process, the fish waste is liquefied into brown
silage, forming three layers, fish oil at the top, highly soluble proteins and minerals in the
middle layer, and semi-soluble materials and bones at the bottom (Raeesi et al. 2023). Fish
waste has been digested by fermentation microbes, providing pre-digested nutrients and

additional digestive enzymes from microbes, aiding fish digestion when fed with fish silage

(Fig. 5).

Biofloc technology (BFT) are aggregates of microorganisms, including bacteria, yeast,
microalgae, and micro and macroinvertebrates, which are suspended in ponds and tanks
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(Ekasari et al. 2019b). The main purpose of BFT is to enhance water quality, as these
microorganisms utilize nitrogenous waste and ammonia in the cultured tanks (Barzamini et al.
2021). The BFT is managed by controlling the C:N ratio up to 20-fold, usually using molasses
as a carbon source to ensure the efficacy of BFT in remediating the cultured tanks (Hapsari
2016; Mabroke et al. 2018). However, when BFT concentration reaches maximum capacity,
the surplus should be removed or discharged untreated at the end of the harvest cycle in the
aquaculture farm (Prabu et al. 2017). The surplus bioflocs can be harvested and used as a
valuable resource rather than waste. The surplus can be obtained from aquaculture farm
effluents via effluent sedimentation or filtration with a 10 pm pore size (Khatoon et al. 2016).
This surplus is considered microbial protein (sometimes known as microbial floc meal) that
could be reused as a raw ingredient in making fish feed since this biomass consists of high
protein content ranging between 24% - 50% and lipids ranging between 0.5% - 3.5% (Mabroke
et al. 2018). Microbial protein is either air-dried under sunlight, oven-dried, or freeze-dried
until the moisture content is less than 10%, then powdered into fine particles and ready to be
incorporated into fish feed (Ruby et al. 2017). Currently, using microbial floc meal to replace
up to 30% of FM appears promising for fish without any negative effects on growth and
digestibility (Abdewahab et al. 2023) (Fig. 6). Microbial protein comprising a diverge range of
single-cell proteins, it is highly nutritious as it aggregates proteins from various organisms. Its
small particle size may also enhance absorption in fish. The addition of several amino acids,
such as lysine and tryptophan, may further optimize the use of microbial floc meal in fish diets

(Prabu et al. 2017; Raghav et al. 2023).

3. Processing techniques for making additives

3.1. Extraction: Crude extracts and essential oils (EO)
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Extraction is a fundamental processing method used to isolate valuable compounds from novel
ingredients like plants and, occasionally, animal materials (Popova and Bankova 2023). After
drying of ingredients, extraction is carried out to isolate specific constituents such as bioactive
compounds and EO (Hassaan and Soltan 2016; Lee et al. 2017). Traditionally, these extracts
were used in their crude form, leading to lower concentrations of bioactive compounds
compared to chemically extracted counterparts. Later, the extracts were obtained by boiling the
macerated plants with water or other chemical solvents such as hexane, methanol, and ethanol
to dissolve and separate the target compounds from the raw material, thereby obtaining more
concentrated extracts (Dedi et al., 2016; Yousefi et al., 2021). Such processing method to
extract bioactive compounds from plants and herbs to be used as additives have been proven
to be effective in promoting intestinal health and digestive enzymes in catfish, carp, tilapia, and
trout, leading to improved growth (Fig. 7). With advancements in extraction techniques, there
has been a shift towards obtaining extracts by producing EO. This process can be carried out
using pressing, in which the raw material is subjected to high pressure, resulting in a residual
cake and the desired oil. Other common methods involve steam distillation of plant parts such
as leaves, bark, stalk, flowers, or rhizomes, with heat aiding in the rupture of the plant's cellular
structure while steam passes through the plant, evaporating the EO within the plant cells
(Chung et al., 2021; Junior et al., 2022). EO is a lipophilic mixture of organic compounds
(colorless and fragrance liquid) produced from secondary plant metabolism (Dawood et al.
2022). EO stands out for its richness in specific compounds, primarily containing terpene-
derived compounds and oxygenated molecules (such as alcohols, aldehydes, ketones, phenols,
acids, and esters) (Dawood et al. 2022). The distinct concentration of bioactive constituents in
EO makes them potent and targeted in their applications, surpassing the concentration achieved
through traditional plant extracts (Stevanovi¢ et al. 2018). When used in fish feed as additives,

EO offer several advantages such as improved effectiveness with only small quantities,
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enhanced bioavailability, and digestibility (Fig. 8). The structural compound of EO are resistant
to gastric acid, increasing their bioavailability while at the same time EO enhance fish intestinal
permeability and promote the growth of beneficial microbiota to growth, thereby improving
higher nutrient absorption (Dawood et al. 2022). EO can also also regulate appetite control
genes in the hypothalamic pituitary glands of fish (Souza et al. 2019), indirectly enhancing feed
consumption in tilapia, carp and rainbow trout (Fig. 8.). Examples of EO used in aquafeeds
include ingredients such as black soldier fly (Li et al. 2017), black cumin (Oz et al. 2023), clove
basil (Abdel-Tawwab et al. 2018a), cinnamon (Junior et al. 2022), ginger (Chung et al. 2021),
lemongrass (Souza et al. 2020), parsley (Farag et al. 2022), oregano (Abdel-Latif et al. 2020),
rosemary (Medeiros et al. 2023), thyme (Ibrahim et al. 2022), and turmeric (Larenas-Uria

2016).

3.2 Nanotechnology

Researchers are increasingly exploring innovative approaches to extract, modify, and utilize
bioactive compounds through the application of nanoparticle technology, particularly to
address challenges in aquaculture such as enhancing nutrient utilization in fish farming.
Nanoparticles are tiny small particles (less than 100 nm in size) which gives them a
significantly larger surface area-to-volume ratio compared to their bulk counterparts (Abdel-
Tawwab et al., 2022). This unique characteristic allows nanoparticles to improve solubility,
facilitate easier penetration through cell membranes and tissues, and consequently increase
cellular uptake (Mabrouk et al., 2021). These mechanisms collectively enhance the bioactivity
of molecules and improve targeted delivery to specific tissues, such as the intestine, making
nanoparticles more effective and efficient than their conventional forms (Chris et al., 2017;
Rohani et al., 2017). Several nanoparticle-based applications have been developed to improve

nutrient digestibility in fish (Fig. 9). For instance, reducing plant extracts like curcumin to
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nanoparticle size and incorporating them into fish feed has been shown to enhance digestion
(Abdel-Tawwab et al., 2022). Curcumin nanoparticles are typically produced by extracting
curcumin from raw turmeric rhizomes using Soxhlet extraction, followed by a physicochemical

fabrication method such as sonication.

Metal-based nanoparticles also serve vital roles in aquaculture. Essential trace elements such
as copper, chromium, magnesium, manganese, and selenium (when delivered in nanoparticle
form) can enhance the growth of beneficial gut microbes, stimulate digestive enzyme secretion,
and increase nutrient absorption in the fish intestine (Seerengaraj et al., 2021). The synthesis
methods for these nanoparticles vary, for example, copper nanoparticles are produced from
metal salts via wet chemical reduction, while selenium nanoparticles are synthesized from
sodium selenite using biological agents such as bacteria and fungi (Omosanya et al., 2021).
Additionally, nanoencapsulation technologies, such as chitosan-based nanoparticle systems,
are being developed to enhance the stability, bioavailability, and targeted delivery of nutrients
like vitamins, minerals, and omega-3 fatty acids (Jiménez-Fernandez et al., 2014; Misra et al.,
2023). These nanoencapsulated systems ensure prolonged residence time in the gastrointestinal
tract and targeted release at the site of absorption, thus improving nutrient uptake (Fajardo et
al., 2022). Chitosan nanoparticles are typically synthesized via ion-induced gelation using
chitosan extracted from crustacean exoskeletons (Omosanya et al., 2021). The process involves
mixing a chitosan solution with a bioactive compound and tripolyphosphate, followed by

lyophilization to form chitosan-bioactive nanoparticles (Singh et al., 2021).

Another promising nanotechnology-based approach to enhance the bioavailability of bioactive
compounds in the fish intestine is the use of nanoemulsions. Nanoemulsions are colloidal
dispersions consisting of two immiscible fluids, where one fluid is dispersed in the form of

small droplets within the other (McClements et al., 2021). These droplets typically range in
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size from 100 nm to 500 nm (L. et al., 2020). This technique is particularly useful for delivering
bioactive compounds that would otherwise be rapidly eliminated from the body without
encapsulation (Inal et al., 2022). Nanoemulsions serve as effective delivery systems due to their
high stability (they resist gravitational separation and droplet aggregation). This is especially
advantageous for the delivery of functional oils, such as FO, which are prone to degradation or
separation (Li et al., 2020). The formation and stabilization of nanoemulsions require
emulsifiers (or surfactants), which are amphiphilic molecules containing both hydrophilic and
hydrophobic groups (McClements et al., 2021). The hydrophobic (fatty acid) tail binds to the
oil phase, while the hydrophilic head faces the water phase. This dual interaction reduces
interfacial tension between oil and water, thereby enhancing the stability of the nanoemulsion
(Li et al., 2020). A wide range of plant-based emulsifiers can be used for nanoemulsion
formation. These include proteins (e.g., soy and pea protein), polysaccharides (e.g., gum arabic
and modified starch), phospholipids (e.g., soy or sunflower lecithin), and natural surfactants
like quillaja saponin (McClements et al., 2021). Nanoemulsions are typically produced using
high-energy methods, which apply intense disruptive forces to break down the oil and water
phases into fine droplets (McClements et al., 2021). Common techniques include
microfluidization, high-pressure homogenization, and sonication. Among these, high-pressure
homogenization is one of the most widely used methods due to its effectiveness in producing
highly stable nanoemulsions (Li et al., 2020). After nanoemulsion synthesis, the size and
morphology of the droplets are typically characterized using technigues such as dynamic light
scattering (DLS) (Abdel-Tawwab et al., 2018b) or scanning electron microscopy (SEM) (Khan

et al., 2020), before application in fish trials.

The cost of nanoparticle production depends on several factors, including raw materials,
synthesis methods, and the equipment used. As shown in Fig. 9, various nanoparticles (such as

metal ions, chitosan, and turmeric) have been shown to improve specific growth rate (SGR),
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feed conversion ratio (FCR) and protein efficiency ratio (PER) in species such as African
catfish, common carp, Nile tilapia, and rainbow trout. According to market estimates based on
online platforms, the price ranges per kilogram for metal ion nanoparticles are as follows,
copper ($580 - $900), chromium ($100-500), magnesium ($15-30), manganese ($150),
selenium ($160,000-200,000), and zinc ($6.50-125). Turmeric and chitosan nanoparticles are
sold at approximately $45-180 and $10-50 per kg, respectively. While incorporating these
metal ions, chitosan, and turmeric nanoparticles as essential elements or feed additives may
enhance fish digestion and performance, it can also increase the overall cost of feed
formulation. However, due to their higher bioavailability compared to bulk minerals (achieving
absorption rates of up to 90%), smaller doses are sufficient and at the same time, intermittent
supplementation (e.g., twice per week) can be an effective strategy to reduce costs without
compromising efficacy. Conducting small-scale trials in aquaculture settings is recommended
before scaling up production. The use of nanoparticles may also accelerate fish growth,
potentially shortening production cycles and increasing profitability, despite the higher feed

costs associated with nanoparticle incorporation.

4. Emerging non-thermal technologies (pulse electric field, PEF)

Conventional techniques such as thermal heat and traditional extraction face limitations
including the degradation of thermolabile bioactive compounds, low extraction yields, and the
use of chemical solvents, which can lead to loss of functionality and bioavailability
(Athanasiadis et al. 2023). Plants with complex structures contain a membrane envelope that
controls the movement of intracellular components, preventing their extraction from intact cells
during the extraction process and thus reducing the extractability of specific compounds
(Ranjha et al. 2021).To address these issues, novel processing methods such as PEF have
gained attention in recent years and have shown great potential in preserving heat-sensitive
substances while improving extraction rates of bioactive compounds from plants (Mpakos et
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al. 2024). PEF is a non-thermal pre-treatment technique (before conducting the extraction
process) where plants are placed between two metal electrodes in a chamber and subjected to
repetitive short-duration electrical pulses (0.5-40 kV cm ™), requiring low energy input (1-20
kJ/kg) (Carpentieri et al. 2022; Kronbauer et al. 2023). This electroporation process induces
porosity or permeabilization of the plant cytoplasmic membrane, facilitating the penetration of
solvents into the cells and enhancing the extraction of intracellular components such as
proteins, lipids, or other bioactive compounds (Carullo et al. 2020). This higher purification of
the extract without the plant cell wall may reduce indigestible complex carbohydrates,
specifically cellulose, thereby improving the capability of fish to digest feed made from plant
extract. The use of PEF has been shown to increase extraction yields of bioactive compounds
from plants by 18%-97%, and of EOs from seeds and fruits by 48% - 85.5%, compared to
traditional extraction techniques (Ranjha et al., 2021). For now, the use of PEF in the
production of fish feed is relatively limited, usually used in the food and beverages industries.
High initial costs due to the need of specialized equipment (units manufactured for industrial-
scale applications are available at prices ranging from $45,000-2,000,000), restrict its
application in aquaculture feed manufacturing (Aoude et al. 2021; Kovacic et al., 2021).
However, there may be some potential applications of PEF technology in this field due to its

advantages in intensifying plant extracts and enhancing the digestibility of plant extracts.
5. Economic and environmental impact

The use of thermal heat in fish feed production is unavoidable today and continues to be
globally adopted. This is achieved through the most prevalent method for drying ingredients,
such as conventional oven drying and convection oven drying, despite their potentially
significant greenhouse gas emissions and higher cost compared to sunlight drying (Krishnan et
al. 2022). The primary challenge of the thermal heat process lies in producing a high-quality
end product while minimizing greenhouse gas emissions. Using more sophisticated techniques
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should be a primary concern in processing fish feed ingredients to maintain product
functionality (nutrient retention) for better fish digestibility and growth. Sophisticated
machines may have a high initial cost but could provide long-term benefits in terms of cost and
environmental impact. The most recommended thermal treatment is microwave drying or
integrating technique such as vacuum-microwave due to its lower possible energy consumption
and lower emission of carbon dioxide (Calin-Sanchez et al. 2020; Kaveh et al. 2021). However,
both microwave drying and vacuum drying involve higher initial equipment costs, which the
prices reaching up to $15,000 per equipment (for laboratory, and may be higher for industrial

application), as well as additional maintenance expenses.

Regarding the extraction technique, primary concepts have been outlined by Chawla et al.
(2024) in achieving green extraction methods, including (1) enhancing processes or procedures,
(2) using non-specialized equipment, and (3) discovering alternatives or minimizing the use of
solvents. The most common extraction process involves heating raw materials using alcohol-
based solvents (such as ethanol and methanol) and distilling them through the Soxhlet method
(Jitan et al., 2018). In advancing extraction procedures towards eco-friendly practices, several
techniques have been recently combined and utilized, such as microwave-assisted extraction,
pressurized liquid extraction, and enzyme-assisted extraction to increase the extraction amount
and quality while reducing the use of toxic organic solvents (Savic and Gajic 2023). For solvent
use, alcohol-based extraction, mainly using ethanol, has traditionally been used to extract
bioactive compounds from raw materials due to its effectiveness in extracting a wide range of
compounds such as phenolics, flavonoids, alkaloids, and EOs from plant materials.
Alternatively, water can be considered as a solvent due to its eco-friendliness, universal solvent
capabilities, suitability for recovering thermally labile phytocompounds, and widespread
availability (Usman et al. 2023). However, in achieving ecologically friendly extraction and

ensuring cost effectiveness, raw materials used are the most important consideration. Discarded
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organic materials from farming or industrial waste, such as fruit peels, vegetable scraps, and
expired products, represent substantial resources for sustainable extraction at no cost. However
many current extraction techniques still generate waste and managing this wastes remains
crucial to ensuring the overall sustainability of the process. This differs from defatted
ingredients, where the extracted oil is used in commercial industry, and the defatted residue

can be incorporated into fish feed as a primary protein source.

Fermentation of locally available plants, pest plants, plantation waste, or fish waste is
relatively easy to carry out. This low-cost technology uses only microbes to convert these
wastes into valuable feed ingredient. Fermented wastes have been shown to be high-quality
feed ingredients due to of their balanced nutrient profile, higher protein content, presence of
pre-digested nutrients with balanced essential amino acids and fatty acids, absence of ANFs,
and richness in bioactive compounds, factors that collectively enhance digestibility in fish. The
bioconversion of such materials, including industrial and aquatic wastes and pest plants, not
only reduces environmental pollution but also results in the production of value-added
products. In the case of BFT, microbial aggregation in the culture system remediates the water,
optimizing water use to minimal or zero water exchange in fish rearing (Khanjani et al. 2024).
BFT has been reported to reduce costs by up to 30%, and improve farming profitability
supporting intensive fish production (i.e., high stocking densities within smaller area)
(Khanjani et al. 2024). However, proper disposal of effluent and sludge from BFT is necessary.
Using this effluent as microbial floc meal in fish diets results in no untreated effluent being
released into the environment. Since feed represents approximately 50% of the total production
costs in aquaculture (Tazim et al. 2021), using biofloc meal as a protein source a partial
replacement for expensive FM can significantly reduce feeding expenses as biofloc meal
contains high protein and lipid. Therefore, the use of biofloc meal not only offers economic

benefits but also significantly reduces environmental impact.
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The most expensive component of the aquaculture industry is feed thus, it is crucial to enhance
nutrient absorption via nanoparticle application (Korni et al. 2023). Nanoparticle application
makes bioactive compounds more soluble, easily penetrates cell membranes and tissues, and
thus increases cellular uptake. The usage of metal nanoparticles such as copper, chromium,
magnesium, manganese, and selenium improves beneficial gastrointestinal microbes, which
secrete more digestive enzymes and lead to higher nutrient absorption in the intestine
(Seerengaraj et al. 2021). Likewise, nanoencapsulation techniques, such as chitosan-based
nanoencapsulation and nanoemulsion, enhance the stability, bioavailability, and targeted
delivery of any additives, ensuring such feed additives have a longer residence time in the
gastrointestinal tract and are delivered to the target organ (Jiménez-Fernandez et al. 2014;
Misra et al. 2023). Due to the high absorption of nutrients through nanoparticle technology, the
required dose of bioactive compound is reduced while promoting fish digestion, which in turn
reduces fish feces that can be harmful to the surrounding environment (McClements et al.
2021). For scaling up production, high-pressure homogenization and sonication are currently
the most common and effective methods for producing nanoparticles compared to traditional
methods, which use plenty of reagents and chemicals (Seerengaraj et al. 2021). These
nanoparticles are considered affordable for large-scale production of nano elements at both
industrial and commercial levels. They meet the conditions for ensuring sustainable

aquaculture by reducing chemical release into the surroundings.

The application of PEF requires relatively low energy while enhacing the extractability of
valuable intracellular compounds, making it a ‘green’ processing technique. PEF is considered
both environmental friendly and cost-effective due to its reduced energy requirements per unit
of processed product (Athanasiadis et al. 2023). PEF has been used to recycle biomass waste
generated from agricultural industries, converting it into valuable bioresources such as feed

additives that enhance fish digestibility. For instance, the juice processing industry generates a
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significant amount of fruit peels, which can constitute up to 60% of the total fruit weight.
Improper disposal of these by-products contributes to greenhouse gas emissions and
environmental pollution. However, these wastes contain valuable bioactive compounds like
polyphenols, which can aid in fish digestion by promoting gut microbiota. Beyond bioactive
compound extraction, PEF is also effective for protein recovery. By optimizing key processing
parameters, such as electric field intensity, energy output, temperature, extraction ratio, and
duration protein yields up to 60% can be achieved, potentially allowing partial replacement of
FM in fish feed (Kronbauer et al. 2023). Table 2 presents a comparative analysis of various
processing methods, highlighting their respective advantages, drawbacks, economic viability,

and environmental impact, as assessed by authors.

6. Conclusion

The findings emphasize the importance of incorporating sustainable ingredients and enhancing
their nutritional value to meet the dietary requirements of commercial fish species through
different processing methods. This review also considers the practicality, cost-effectiveness,
and sustainability of processing methods. The development of novel ingredients, their
processing methods, practicality, and sustainability} are crucial to lay a strong foundation for
the future success of freshwater fish farming, increasing output productivity and meeting
current demands for human consumption. Most previous studies have primarily focused on
using waste as novel feed ingredients. These include by-products from fisheries, poultry, and
agriculture, which are processed using various techniques to produce either protein sources or
functional feed additives aimed at enhancing fish digestion. Consequently, fermentation can
convert low-value or waste materials into high-value protein sources while providing pre-
digested nutrients, additional digestive enzymes and probiotics. Additionally, BFT offers the
advantage of reducing dependency on external feed inputs. Both fermentation and BFT have a
lower environmental footprint, use less energy due to their operation at ambient temperatures,
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produce zero pollution, and are cost-effective. However, very few studies have been conducted
to explore the potential of using biofloc meal to partially replace FM, and this gap should be
addressed in the future by expanding research in this area. In contrast, thermal treatments
consume large amounts of energy and contribute to higher greenhouse gas emissions, while
extraction methods also have environmental impacts due to the use of solvents and energy for
processing. Nanoparticle and PEF technologies, while innovative, are still emerging and can
be energy-intensive or involve higher initial costs. In summary, processing methods are
continually evolving to ensure high product output in terms of product yield, whereby
improving nutrient retention and functionality. Bioconversion methods, are considered the
most sustainable for fish feed production due to their efficient use of resources, reduced energy

consumption, and lower environmental impact.
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1633

Table 1 Novel ingredients using thermal heat method and their effect on growth and digestion of several commercially important freshwater fish species

Fish species

Thermal heat methods

Novel ingredient

Result

Reference

African catfish,
Clarias gariepinus

Common carp,
Cyprinus carpio

Nile Tilapia, O.
niloticus

Rainbow trout,
Oncorhynchus
mykiss

Sun-drying (NA
temperature) and
conventional oven
drying (NA
temperature)
Convection oven drying
(150-180°C, 15-30
min) and autoclaving
(150 °C, 15 min)

Sun drying (NA
temperature) and
conventional oven
drying (50 °C)
Convection oven drying
(230 °C, 45 min) and
autoclaving (121 °C, 15
psi, 30 min)

Air dried

Conventional oven
drying (105 °C, 24 h)
and freeze drying (3
days)

Autoclave (121 °C, 15
psi, 10 - 20 min) and
conventional oven
drying (204°C, 10-20
min)

Microwave drying (800
W, 4 min)

Freeze-drying, spray-
drying, conventional,

Maggot flies, Musca
domestica

Pea seed, Pisum sativum

Fish offal

Pea seed, P. sativum

Garlic, Allium sativum

Biofloc meal

Lima bean, Phaseolus
lunatus

Palm kernel, Elaise
guinensis

Lupin, Lupin
angustifolius

Fish fed oven-dried maggot (at 33.5%) improved SGR,
FCR, PER and had higher protein content compared to fish
fed sun-dried maggot

Fish fed convection oven-dried pea seed (at 30%) had
significantly increased SGR, FI, FER and PER compared to
fish fed autoclaved pea seed

Fish fed sun dried offal (at 24%) improved SGR than fish
fed oven-dried offal

Fish fed with convection oven-dried pea (at 40%) improved
SGR, FI, FCR, PER, protein content and lipid compared to
fish fed autoclaved pea

Fish fed air-dried garlic (concentration at 0.3%) improved
FCR and PER compared to fish fed fresh garlic

Fish fed oven-dried biofloc (at 4%) showed no significant
differences in SGR, FCR, FER, and PER compared to those
fed freeze-dried biofloc.

Fish fed oven-dried lima bean (at 50%) had improved ADC
of protein and lipid compared to fish fed autoclaved bean

Fish fed microwaved palm kernel (at 0.3%) had improved
SGR, FCR, protein and lipid content compared to fish fed
fresh palm kernel

No significant differences in SGR, FCR, and FI were
observed between fish fed spray-dried lupin (at 30%) and
those fed freeze-dried lupin

Fasakin et al. 2003

Davies and Gouveia
2008

Al-Zahiri and Al-
Shawi 2021

Davies and Gouveia
2010

Abdel-Hakim et al.
2010

Binalshikh-Abubkr
and Hanafiah 2021

Adeparusi and Jimoh
2002

Thongprajukaew et
al. 2015

Glencross et al. 2007
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and oven drying (150

°C, 12 h)
1634  NA = not available, ADC = apparent digestibility coefficient; FCR = feed conversion ration; FER = feed efficiency ratio; FI = feed intake; PER = protein efficiency
1635  ratio; SGR = specific growth rate.
1636 !The protein content mentioned in the results refers to the proximate composition of the fish body
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1637  Table 2 Comparison of processing methods in several aspects including advantages, drawbacks, economic and environmental impacts.
Processing Advantage Drawback Economy Environmental impact
method
Thermal Remove moisture, increasing e Nutritional degradation at e Simple method, cost e High energy consumption
treatment shelf life high temperatures effective (sunlight (electricity)

Breakdown ANFs e Higher energy cost (oven drying, conventional e Greenhouse gas emission
drying and convection oven oven drying and (conventional oven drying
drying) convection oven and convection oven drying)

drying) Using a microwave and

vacuum drying may reduce

energy consumption and gas

emissions

Extraction Extraction improves the e Involving a complicated e Defatted meal, protein e Conventional extraction

concentration of bioactive processing method in concentrate and protein involving a high amount of
compounds compared using raw refining protein content to isolate can potentially solvent with high energy
herbs, thus improving yield protein isolate replace a larger portion consumption (heating)
effectiveness with only small of FM, thus reducing e Utilizing defatted extracts
quantities, enhancing feeding cost. contributes to zero waste,
bioavailability especially in the vegetable

Using defatted meals and protein cooking oil industry

isolates offers higher protein e For producing protein

content up to 90% isolate, advanced membrane

Remove ANFs technology offers mild

operational conditions (low
temperature and pressure),
low solvent consumption,
and high protein purification
Bioconversion Nourishing protein content by e Time consuming during the e Simple method and e In SSF, utilizing microbes to

conversion of novel ingredients
into microbial protein

Providing pre-digested nutrient
Presence of bacteria promoting
gut microbiota and the digestion
of fish

Degrade ANFs

fermentation process

cost effective

convert agricultural waste
and invasive pest plants
contributes to a zero-waste
system

e In BFT, using microbial floc
meal derived from surplus or
effluents also contributes to a
zero-waste system
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Nanoparticle e Nanoparticles application e Nanoparticles are suitable e Initial costs might be e A very small amount of

enhances solubility and cellular only for enhancing the higher due to the need extracts are needed as the
uptake effectiveness of certain for specialized functional properties of the
e Degrade ANFs compounds but may not be equipment and bioactive compound increase
e Nanoencapsulation and suitable for providing an materials.
nanoemulsion enhance stability, alternative to FM or soybean
bioavailability and targeted meal as a protein
delivery replacement.

PEF e Improving the extraction rates of e  The technique requires e Initial costs might be e Intensifying the extract yield
bioactive compounds due to the precise control of pulse higher due to the need with reducing solvent use
perforation of the cell membrane parameters, including for specialized during the extraction process

voltage, duration, and equipment
frequency. e Higher extract yield

may reduce cost

1638  ANFs = antinutritional factors; BFT = biofloc technology; FM = fish meal; PEF = pulse electric field; SSF= solid state fermentation
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{ O Protein  © Carbohydrate QO Lipid ]

>50% protein

>40% protein >70% protein

Removing non-
protein component

e,

Alkaline extraction
and acid
precipitation

Alternative ingredients Defatted Concentrate
Ultrafiltration Removing
more non-
protein

component

— P, 7
Feed to fish Incorporated into Isolate
feed pellet

>90% protein

1639

1640  Fig. 1 Lipid and protein extraction process in novel ingredients. Novel ingredients here use plant sources as
1641  an example, but could be other ingredients.
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Results

Fish P imat o Ingredients
. References Ingredients composition of pellet, % roximate comp. Defatted meal r o o O ]
species of pellet, % 6o L wouw 5 03 o Fish meal
o b b oo = & Soybean meal
A Agbanimu and Adeparusi, 2020 gm Palm weevils, R phoenicis |® @® @& © ] Groundnut oil cake
5a i . |:| Defatted meal
= Fasakin et al., 2003 HA Maggot flies, M. domestica | @ @ @ ©® @ Corn meal
OO - -
= Black soldier fly, H. illucens Wheat meal
5% Kyule et al., 2024 45 27 [ 22 | Y. e
o9 [l Other carb sources
] Robinson etal., 1984 o2 [z 10 366 NA Cottonseed, Gossypium spp | @ @ B Fishoil
R . Vegetable oil
c o i . “ Yellow mealworm, T. molitor i
E ) % Gebremichael et al., 2023 7 Gluten
§ §$ Suprayudi et al., 2014 mnm Rubber seed, H. brasiliensis B Premi
Fotainhas-Femandes et al., 1999 Soybean and pea seed Proximate composition
© 3 Kishawy et al., 2022 Black soldier fly, H. illucens | ® | @ [ ] Protein
a ';-c; Carbohydrate
=3 Ouko et al., 2024 Black soldier fly, H. illucens | @ B ra
o p ) Others
Z Sarker et al., 2020 Microalgae, N. oculata [ AN ] o
Results
Belforti et al., 2015 Yellow mealworm, T. molitor | ® @& o ] Indicated improve
Caimi et al., 2021 Black soldier fly, H. illucens compared to Control
(without defatted meal)
Chemello et al., 2020 Yellow mealworm, T. molitor @ Indicated no difference
compared to control
Dumas et al,, 2018 Black soldier fly, H illucens (without defatted meal)
@ : £ Specific growth rate
@ Yellow mealworm, T. molitor : - )
i Gasco et al. 2022 ! e Feed conversion ratio
g Gasco et al., 2022 Mealworm, A. diaperinus ® e
o
o Gasco et al., 2022 Black soldier fly, H. illucens ® e
o
s Rema et al., 2019 Yellow mealworm, T. molitor | @ @ o [ ]
=
o . .
a Renna etal., 2017 Black soldier fly, H. iliucens ~ (goblet cell, villus)
= PC : Protein content (fish
i Terova et al., 2020 Black soldier fly, H. illucens ® o®  body)
ADC P: Apparent digestibility
Uslu et al., 2023 Yellow meatworm, T. molitor | ® @& | @ ® coefficient of protein
' ADC L: Apparent digestibility
1642 Uslu et al , 2023 Black soldier fly, H. illucens | ® @& @& @ coefficient of lipid

1643  Fig. 2 Optimum concentration of defatted meal inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. For pellet ingredients, other protein
1644  sources including poultry meal, pea protein, krill meal and squid meal, other carbohydrate including wheat bran, rice bran, distiller's dried grains with soluble (DDGS),
1645  cassava and sunflower meal, gluten either consisting wheat or corn, premixes consisting vitamin and mineral. For proximate composition of the pellet, others consisting
1646  of carbohydrate (only for labelling without green colour), ash and fiber. NA = not available.
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1648
1649
1650
1651

Results

i i i Ingredients
F'Sh, References Ingredients composition of pellet,% Proximate comp. Protem concentrates ?nd ¥ o 3 9 .
species of pellet, % its percentage protein QO o _ w uw o] _
@2z d A =8 7 meal
ean meal
° gucmar:;r; AP Nepal etal., 2017 KR 44 8 4 | IEEEMOMNSONM | Distilers dried grains 40% Other prot sources
% N||;t\|ap\a Ameretal, 2020 | 33 (8 MEEVAREION 7 WS S0MN9f8 | Rapeseed, B. napus 71% [ Protein concfiso
B 0 niloticus Corn meal
< Schulz stal, 2007 39 15 ] 31 624 Soybean, G. max 66% Wheat meal
§ Raibow troytHemandez et al., 2017 39 ICE - S 4 Poultry by-product 63%| ® @ ® Y m—,eat bran
L O mpkiss s etal. 2021 El 12 14 BERKY ) | Cottonseed, Gossypiumspp 64%| ® @ @ C ] = '?'E;Ebra”l
Ner carb sources
Siped catfien. Allam etal., 2020 [JE] 34 B 15 97 : 14 1@ Fish viscera, C. carpio 2% ® ® ® | oil
e e, Slawski et al., 2011¢ 38 11 13 2 | 217 | Wheat, Triticumsp NA |® @ ® W vegetable oil
Gluten
African catfish, : 0,
2 i Fagbenro an Daves, 2004 [N 5 WS 151 61 | WEEMMZMNAANN | Revescod, B. napus % e ® o e O
‘9 Dawood andNajim, 2022 [ g2 31 A1 ol8l | Soybean, G. max NA |® & © L
] Proximate composition
3 Fan etal., 2024 5] 221 31 42 6 Cassava leaf, M. esculenta  49% f
Q ) Protein
o Jaber and Majim, 2023 Rice, Oryza sativa NA Carboh
@
% § Omar etal,, 2021 Cottonseed, Gossypiumspp NA Eﬁﬁlerq
-‘é g Slawski et al., 2011a Soybean, G. max 70% T
1] [=]
g Q Trbovié et al., 2022 ] Soybean, G. max 65% Results
(.CJ Fagbenro et al., 2013 Cottonseed, Gossypiumspp 62% Indicated improve
= R npared ntrol
% 9 Kishawy et al., 2021 Cottonseed, Gossypiumspp 65%| ® @ oo iﬂ:;,;%:ﬁ;m[: EEHJ?
g3 \ )
a ;fg Li et al., 2021 Soybean, G. max NA Indicated no difference
= i compared to control
Z0 Santo etal., 2015 Chicken and egg 67%| ® @ (without prot conc)
Zhao et al., 2010 Chicken 3% ® © Specific growth rate
: Feed conversion ratio
Huang et al., 2023 Corn 5% | ®  © o
o
. ati
é Liu et al,, 2022 Rapeseed, B. napus % ® ® © @ e
g Marmbrini et al., 1989 Jatropha, J curcas 85% L
= Sealey etal., 2011 Soybean, G. max a0% - Intestinal morphometric
£ i (goblet cell, villus)
< Sealey etal,, 2011 59 N 61 | N 188 | Pea, P. sativum NA - Protein content (fish
(=] I N
% Shekerbi etal., 2020 34 25 [0 MW e 53 TS Soybean, G. max 90% | @ ADC F‘t?r::;garent digestibility
o Slawski et al., 2011b [T 12 13 B2 | IETA2701610 | Rapeseed, B. napus 949 coefficient of protein

Fig. 3 Optimum concentration of protein concentrates and protein isolates inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. For pellet
ingredients, other protein sources including distiller's dried grains with soluble (DDGS), crustacean, black soldier fly, pea isolate and blood meal, other carbohydrate
source including cassava, barley and potato, gluten either consisting of wheat or corn, premixes consisting of vitamins and minerals. For proximate composition of the
pellet, others consisting of carbohydrate (only for labelling without green colour), ash and fiber. NA = not available.
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Results

Fish . " Proximate comp. o -
: References Ingredients composition of pellet, % f pellet. % P Fermented substrates xr @ 4 [SR S}
species of pellet % 88w fbuwz9983
@
Adrian| et al., 2023 A Coconut waste @
Alegbsleye et al., 2012 65.6 52 Pigeon pea [ BN BN J [ ] L]
2 sunesta, 20 INEEZEN 204 Maize, 2 mays
=
5_ Enyidi and Entim, 2020 50 30 201 Bambara nut, V. subferranea
=
g Farizaldi et al., 2017 28 A 20 Es Coconut waste [ }
Q karietal, 2021 KBS 36 [ 2 Soy pulp, G. max o [ ] [ AN )
£
% Kari et al., 2022 18 36 [Ea3 32 Soy pulp. G. max [ ] [ AN ]
2 Nwanna et al., 2019 31 33 15 K] Shrimp head
©
; Rosian et al., 2024 A Spent coffee ground ® o ® [ BN ]
warsito and Purbomartono, 2018 35 [ a0 0 H3 Tofu dregs, G. max @ ®
Zakaria etal., 2022 70 | 20 M Soybean, G. max [ BN J
i toouitie Nandi et al., 2023 25 38 5. 16 ER¥] Water spinach, /. aquatica [ BN ] [ ]
- Dawood el al, 20206 21 B 12 8 12 | 14 7] Poultry by-product [ AR BN ] [ ] L ]
8 Ftria et al, 2023 30 14 15 D1 kil Tarum, /. Zollingeriana [ BN ] [ ]
co
g =4 Herawatietal., 2020a i3 33 EFE: 14 | 14 kK] Black soldier fiy, H. illucens
(]
§ S sadue etal. 2019 [IEEONC .2 Water hyacinth, E. crassipes | @ | @ L] L AN
Yigitetal, 2018 39 10 32 2 Soybean, G. max [ BN
;’“;:h;’“;;?fm Zrang atal, 207 22 Bl 10 |7 [H Mushroom, Pleurotuseryngiisp, @ | @ L BN
Gibel . 0 B
c.‘ ai::n.’r: gibeliovar.cagy O tal. 2021 7 21 : 17 Mixed plants 3K ] [ 3K 3K ]
Grass carp, C. idefla  Sayed-Lafietal, 2024 [JIER) [ 20 T Harnwort, C. demersum ® o [ ] [ BN
Wirmor carp,
C‘:;’_pj";'fmspwms zhoustat, 2017 [JENIIIEED 14 o 18 = Mixed of silkworm and plants | @ | @ ] [ 3N |
Nilem Carp, O. hassalti Iskandar et al., 2018 NA Duckweed, Lemna sp. [ BN ]
Adriani et al, 2021 29 12 38 2 NA Food waste ' AN ]
Andriani et al., 2019 NA NA Lemna sp
Bowyeretal, 2020 [JIEFA 30 [ 15 |32 E 88 | Kemel, L. Juteus o e [ ] [ ]
Dawood etal. 20202 [JH] 35 BECE 8 12 10 57 30 2 Date palm seed, P. dactylifera| @ L BN
Dawood etal. 20200 [IENINECHNN 20 MECENEENNFNZ2  EENTENGZIM | roultry by product [ ] ®
Edeta202¢ B 25 ] 47 s o2 25 8 Cottonseed, Gossypiumspp | @ @ [ BN BN ] [ ]
Eosarca.2es [ 24 TSR 10 MEFMA 26 W8l | soybean, 6. max
§ Emshaw et al., 2023 26 29 [ 20 JENERRs ES 28N | vater hyacinth, P. crassipes
3 Fujayaetal, 2023 NA FPRNNSENNEMT | 11orbal mix [ ] [ ] [ ]
; Hassan etal, 2015 [} 35 31 7 LX) 30 Sunflower seed, H. annuus
o Hemiatietal, 2020 [JEE3 35 8 10 g 29 ASHESN | j1oringa, 1. oleifera
g X
= Herawati et al, 20206 33 32 8 10 »~33 SANFEINE Duckweeds, L. minor L ] ®
o -
2 e w2 Food vaste P
Neves et al., 2024 65 | 25 N 13 3 34 3 Plant mix [ ]
Nouyen etal 2020 [ Al 35 EAAETR Ell 5 8ff7| Soybean, G. max [ BN
Noamaneta 20t [l 51 ] 33 62 30 offTl Soybean, G. max [ BN ] [ ] [ J
Olude, 2020 [T 28 NN o 10 PR 30 1280 | Cassavaleaf, Ui esculenta | @ | @ ®
Phinyo et al., 2024 25 8 10 IS5 15 R 35 212 Soybean, G. max [ ]
Plaipetch and Yakupityage. 2013 [T 485 JIE) 20 6 [@s EI 5 Canola, B. napus
Velasquez etal, 2015 ] 25 2202 34 6 Mixed plants
Bames etal.. 2012 30 [ 20 IEE 14 IR FEN 1688 | Soybean, G. max
- Bames etal. 2013 [T Il 14 NG IEENZIEENN | soybean, G. max
5
% A samesctat. 204 EENI 35 RS IS EEIM1SIISEN | Soybean, G. max L BN ]
5 E\ cheietal. 2019 [JED] 20 |7 31 330 EXMNSINSTIN | Soybean, G max
c
8 o Sedeghiand Kausar, 2023 37 (10 [FH] E0s IETM 168 | Soybean, G. max [ 2K 3K ] [ ] @
Yamamoto et al., 2010 47.6 [ 10 EXE 21 3 FTB21015020] | Soybean, G.

Ingredients

sh meal

ybean meal
Other prot sources
[] Fermented meal |l |

n meal

ate comp

Wheat meal . Fish oil
Wheatbran [l Vegetable oil
Gluten

B rre

Protein
Carbohy
. Fat

Others

Rice bran
Other carb
sources

Results

Indicated improve
compared to control
(without fermented meal)

@ Indicated no difference
compared to control
(without fermented meal)

Specific growtt
: Feed conversion ratio

: Feed intake

1al morphometric

ate C : Protein content (fish
fish body)
ility
protein
ADC L: Apparent digestibility
coefficient of lipid

Fig. 4 Optimum concentration of fermented substrate inserted in fish pellet of freshwater fish including
catfish, carp, tilapia and trout. For pellet ingredients, other protein sources including poultry meal, mustard
oil cake, groundnut oil cake, cottonseed meal, rapeseed meal and blood meal, other carbohydrate sources
including cassava, tapioca, rice and distiller's dried grains with solubles (DDGS), gluten either consisting
wheat or corn, premixes consisting of vitamins and minerals. For proximate composition of the pellet, others
consisting of carbohydrate (only for labelling without green colour), ash, and fiber. NA = not available.
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Results

Fish " i Proximat o
. Ingredients composition of pellet, % roximate comp.
species References g P pefiel, of pellet, % %5 O w oo oo § Ingredients
[ =
meal
) ] Soltan and Tharwat, 2006 € ean meal
African catfish, C ) 1_' I il cak
C. gariepinus Groundnut oil cake
Soltan et al, 2008 D Fish silage
; C meal
Striped catfish, P.
hyphophthalmus Khan et al,, 2020 Wheat meal
Ao L 2021 Wheat bran
sefa et al, M R n
Rice bran
Il Other carb sources
Bezuayehu et al, 2018 h ol
h oi
El-Hakim et al., 2007 B vegetabie oi
0 Gluten
8 Goosen et al., 2014 @ B Premixes
S
o )
= Hisano and Pietro, 2013
Y Proximate composition
o Parvez etal , 2024 .
g" Protein
% Soltan and El-Laithy, 2008 Carbohydrate
= . Fat
E Soltan and Fath, 2010 Others
=
Soltan and Tharwat, 2006
Results
Soltan et al, 2017 Indicated improve
compared to control
Zead and Soltan, 2016 [ ] (without fish silage)
Indicated no difference
. Haider et al,, 2015 ® compared to control
Indian carp, (without fish silage)
L. rohita Tanujaetal, 2016 Specific growth rate
: Feed conversion ratio
g AkNoor etal., 2014 : Feed intake
3
c 9 David et al,, 2019
o a
E E Jasim et al,, 2018 2 I'morpr'uometric
o . (goblet cell, villus)
[N S} Ramasubburayan et al.,, 2013 [ ] > Protein content (fish
baody)
. Guzel et al,, 2011 ADC P: Apparent digestibility
Rainbow trout, coefficient of protein
1659 O. mykiss Gilli et al., 2014 o

1660  Fig. 5 Optimum concentration of fish silage inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. Fish silage commonly using fish by-
1661  products (more specifically fish head and viscera). For pellet ingredients, other carbohydrate sources including tapioca, barley, coconut husk and sunflower seed, gluten
1662 either consisting of wheat or corn, premixes consisting of vitamins and minerals. For proximate composition of the pellet, others consisting of carbohydrate (only for
1663  labelling without green colour), ash and fiber. NA = not available.
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Results

Fish : it Proximate comp.
Ingredients composition of pellet, %
specles References g P P o of pellet, % g % § _ i % " o

A e easanetal. 20rca |EPINN 51 PYSNN334  ECEENZENoNZEN
Commenca®:  eietal. 2024 | 3 FNLC N % O oo |
41 EEOEETN o
12 51 [IEAN7 e
15 51 [HEEEN7 NGO
15 51 [HEEENO ST
14 51 [ECEN7NSsN

N793 IEERENZANon2a

Ingredients Proximate composition Results

Mabroke etal., 2018

Prabu et al., 2017a

Prabu et al., 2017b

Prabu et al., 2018

Raghav et al., 2023

Nile tilapia, O. niloticus

Rostro etal., 2024

Indicated improve - -
Fish meal Wheat meal Fish oil Protein ® - _ eight gain
=nm M Fish ! compared to control pecific growth rate  DE - Di

meal [l Wheatbran [l Vegetable ol M Carbonydrate (without biofloc meal) eed conversion ratio

D Biofloc meal B Ricebran Gluten H Fa @ Indicated no difference Fl - Feed intal

~ - . - compared to control FER: Feed efficiencyratic  PC : Protein content (fish
Corn meal B cassavameal M Premixes Others :‘wnh?:ut biofloc meal) ! body) '

Fig. 6 Optimum concentration of biofloc meal inserted in fish pellet of freshwater fish including catfish, carp
and tilapia. For pellet ingredients, vegetable oil commonly used soybean oil, gluten either consisting of wheat
or corn, premixes consisting vitamin and mineral. For proximate composition of the pellet, others consisting
of carbohydrate (only for labelling without green colour), ash and fiber.
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Results

Fish References Ingredients composition of pellet, % Proximate comp. Extracts Opt|m|:m ¥ oo e Ingredients
species of pellet, % conc ()P @ = ¢ ® & = ; -
5 g AbdelTawwab etal, 20182 NA Clove basil, O. gratissimum 1.5 L R AL J L Fish meal
& ST
@ %‘} Fawole etal., 2022 NA Polyherbal 0.1 ® ® bean meal
c = . Jther prot sources
S35 Nhu et al., 2022 NA Guava, P.guajava (leaf) 02 | @ [ ] T prot s =
= B n meal
g0 Nhu et al., 2022 HA Gale of wind, P. amarus 006 | ® [ ] nmea
i ) ) Wheat meal
Hpoid e Earetal, 2024 HA Green chiretta, A paniculata 0.2 [ BN [ J Wheatt
- heat bran
Striped Catfish, .
Nhu et al., 2022 NA Guava, P. guajava (lea ° L
P. hyphophthatmus , P guajava (leaf) 1 B Other carb sources
° Abd and Taha, 2021 Azolla sp 15 L BN o
g— Abdel-Aziz et al., 2023 Aloe vera 5 o oo @ M Fishoil
Q ) ) egeta )
G Adeshina et al., 2019 Mitracarpus scaber 1 "I 3K ) o ® . Vegetable oil
- Gluten
a Babaheydari et al., 2015 Wood betony, S. lavandulifolia 1 [ BN ] ™ Gluten
= Pre
G ) .
o Dedi et al., 2016 Cinnamon, C. burmanni (leaf) 1 |@®
= .
g Jangpangi et al., 2023 Nettle, U. dioica (leaf) 0.1 LB
g Lietal, 2023 Japanese hops, H. scandens 02 o e o e Proximate composition
8] Mahdavi et al., 2013 Aloe vera 25 e e Protein
Yousefietal, 2021 Afsanteen, A. absinthium 1 LR Carbahydrate
Abbas et al., 2018 Fenugreek seeds, T. foenum-graecum| 5 [ ] u
® p
g Abdel-Tawwab and Hamed, 2020 Guava, P. guajava (leaf) 05 o L
"__o: Adeshina et al., 2021 Tridax procumbens (leaf) 06 |® L L
S Almarri et al., 2023 Custard apple, A. squamosa 2 [ BE BN BN AN J
g Amer et al., 2022 Turmeric, C. longa L 0.04 3K ] ® Indicated improve
© T ’ . compared to contro
o El-Rafiae et al., 2024 Paulownia leaf 003 | ® [ ] o (without essential oil)
'*: Kamble et al., 2024 Moringa, M oleifera 05 [ BN [ ] Indicated no difference
= ) . i . compared to control
Z Karpagam and Krishnaveni, 2014 NA NA Moringa, M oleifera 5 ® (without essential oi
Nurnadhirah, 2018 o
umadhi NA NA Ipi-ipil, L. leucocephala 2 @ @
] Adel et al., 2020 NA 13 Kesum, P. minus 0.001 L AN ]
+«© . 5 _ - Feed conversion ratio
= Alietal., 2017 55 P 5| 8 ICRENG 12 [ BN J
g - Marjorum, Origanum sp 1 eed intake
S Alietal., 2017 55 20 5 8 GG 120EEM | Ajwain, T ammi 1 [ BN Protein effi
3 Karatas, 2024 NA NA Low cornflower, C. depressus 02 ® o e o
[
= Mohammadalikhani et al., 2024
% MA HA Purslane, P. oleracea 1.5 ® o | morphometric
2 Patra et al., 2023 32 26 10 6 5286 16 Medlar, M. germanica 15 [ BN BN J {goblet cell, villus)
1669 E(L_E Raissy et al., 2022 34 18 7y 18 K NA Mixed herbs 1 [ BN J [ BN

1670  Fig. 7 Optimum concentration of extracts inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. For pellet ingredients, other of protein
1671  sources including poultry meal, mustard oil cake and rapeseed meal, other of carbohydrate sources including cassava and barley, gluten either consisting wheat or corn,
1672  premixes consisting of vitamins and minerals. For proximate composition of the pellet, others consisting of carbohydrate (only for labelling without green colour), ash
1673  and fiber. NA = not available.
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Fish References In : " o Proximate comp. of i1 o Optimum 4 rIRes;lts ) Ingredients
. gredients composition of pellet,% Essential oil €] _

species pellet, % conc(%)z § @ W B = 9 ish meal
e oNer e hmeiro et al, 2021 30 44 196 6K EEIM7INESIN | Oregano, O. vuigare L. 0.1 o @ Puin]t:il—.z-:al
'EESJE’EE:TE;:mﬁSh* Junior et al., 2022 Cinnamon, C. cassia 0.05 ® Comn ,:—,EB|L

§ Abdel-Latif et al., 2020 Oregano, O. vulgare L 2 Wheat meal

o Acar et al., 2021 Bitter orange, C. aurantium 0.25 ® L ] Wheat bran

E Ghafarifarsani et al., 2022 Thyme, T. vulgaris 2 LN ® B Other carb sources

2 Kesbig et al., 2020 Monterey cypress, C. macrocarpa| 0.5 L BN ] L ] B Fishoil

g Medeiros et al., 2023 Rosemary, L. sidoides 0.06 o O B Vegetable oil

8 Yousefi et al., 2023 Pennyroyal, M. pulegium 0.025 o o° @ Gluten

2 Aguiar etal., 2023 Peppermint, M. piperita 0.05 L BN ® W Premixes

'Lg Estaiano de Rezende etal., 2021 Thyme, red thyme and rosemary | 0.12 e o Proximate composition
E‘. Farag ctal., 2022 Parsley, P. crispum 0.02 ® e Protein

:_ Ibrahim et al., 2022 Thyme, & black cumin, V. sativa | 0.02 LN Carbohydrate

g Mehrim et al.,, 2024 NA Caraway, C. carvi 0.1 ® ® M Fa

E Shourbela et al., 2021 MA Oregano, O. vulgare L. 0.2 ® o Others

“ Souza etal. 2020 [TV R ST 5 Lemongrass, C. flexuosus 0.2 L AR Results

Gaballan stal, 2021 100. Date kemel, P. dactyliferal | 002| ® ® Fomeared o ool

g Hafsan et al., 2022 MNA Zarringiah, D. kotschyi 0.02 e © ® (without essential oil)

2 Hasan et al., 2024 MA Oregano, O. vulgare L. 0.001| ® o o V\'QEE"EI'T:E%:L;'\WI e

o} Larenas-Uria, 2016 NA Turmeric, C. longa 02 | ® Feed conversion ratio

‘E'!: Naserabad et al., 2024 NA Purple rain, A. jesdianum 1 ® e o '

; Sahin et al., 2017 NA Rosemary, R. officinalis 1 o

E Sénmez etal., 2015 MA Thyme & sage, Salvia sp 0.5 e o : Intestinal morphometric

2 Yousfet . 2022 F_z-_4 SIS Thyme, T vulgaris 2| oo o . Proten content (i

1674 Zargar etal., 2019 NA Thyme, T. vulgaris 0.05 LN body)

1675 Fig. 8 Optimum concentration of essential oil inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. For pellet ingredients, gluten either
1676  consisting of wheat or corn, premixes consisting of vitamins and minerals. For proximate composition of the pellet, others consisting of carbohydrate (only for labelling
1677  without green colour), ash and fiber. NA = not available.
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1679

1680
1681
1682

Results

i . - i . Optimum o
Fish References Ingredients composition of pellet, % Proximate cc:mp. Nanoparticle ionc o 5 % e o 8
species of pellet, % = 92 9 5 oow o5 9 g
African catfish, Jewel etal. 2024 I znc 40 mglkg e e e e
C. gariepinus Behera et al., 2013 Iron 0.55 malkg ‘ ‘
Ashouri et al., 2015 Selenium 1 mg.kg o @
Common
carp, Soundhariya et al., 2023 Manganese| 60 mg/kg @
C. carpio
Ahmad et al., 2021 Chitosan | 0.5 mgrkg @
Indian carp )
. Popoola and behera, 2024
I rohita pi Silver 15 uglkg L BN
Mahavadiya et al., 2023 Zine |20 mgkg o0 @ o
Zahran et al., 2024 Zinc 30 mg/kg o o0
Abdel-Tawwab et al., 2022 Turmeric | 60 mg/kg @ [ ] ® e
Elabd et al., 2020 Spirulina | 2.5 mglkg LN J ®
@
2 Mabrouk et al., 2021 Spirdina | 10gkg | @ ® @
5]
= Bashar et al., 2021 Silica 2 mafkg [ BN o [ L
[¢]
o Moges et al., 2022 Selenium 1 mg/kg @ [ AN L ]
‘&
= Khalid et al., 2022 Selenium | 3 matkg ® 00 ®
@
z Elamawy et al., 2023 Phosphorus| 68 mglkg @ o
Khan et al., 2020 Iron mix | 60 mg/kg ® e
Aboseff et al.,, 2024 Chitosan | 0.2 gikg [ BN BN BN o
El-Naby et al,, 2019 Chitosan | 5 gikg ® 000 0
Ibrahim et al., 2021 Chitosan | 40 mg/kg [ BN L]
. Yanez-Lemuz et al., 2022 Selenium | 0.2 mg/kg ® e [ ]
Rainbow NA
trout Harsij et al., 2020 Selenium | 0.2 mglkg LB o
O. mykiss
Delavari et al., 2021 6 n4 4 6 Copper | 3.5 mglkg ]

Ingredients
Fish meal
ybean meal
hers protein sources
m meal
Wheat meal
Wheat bran
. Rice bran
B Other carbohydr
urces
H Fishoil
. Vegetable oil
Gluten
. Premixes
Proximate composition
Protein
Carbohydrate

. Fat

Others

Results

Indicated improve
compared to control
(without nanoparticles)

5 - Weight gain
Specific growth rate
: Feed conversion ratio

al morphometric
(goblet cell, vil
C : Protein content (
body)
ADC P: Apparent digestibility
coefficient of protein

Fig. 9 Optimum concentration of nanoparticles inserted in fish pellet of freshwater fish including catfish, carp, tilapia and trout. For pellet ingredients, other protein
sources consisting of poultry meal, mustard oil cake, groundnut oil cake, and casein, other carbohydrates sources including canola meal and alfafa meal, vegetable oil
commonly used soybean oil, gluten either consisting of wheat or corn, premixes consisting of vitamins and minerals. For proximate composition of the pellet, others

consisting of carbohydrate (only for labelling without green colour), ash and fiber. NA = not available.
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