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Global population growth, climate change, and the reduced resilience capacity of ecosystems now require an increased use of renewable biological resources. Fish consumption and the popularity of seafood are rising due to their undeniable benefits for human health; however, this has led to an increase in the production of fish-processing waste. Most of this waste ends up in the sea or in landfills and poor valorized for the production of feed, causing not only disposal problems with negative environmental impacts, but also significant economic losses. From this perspective, the valorization of fish-processing waste through biotechnological procedures to produce high value-added compounds gives the bioeconomy a strategic role within the framework of the circular economy. Fish-processing by-products include a substantial amount of solid waste such as heads, bones, viscera, skin, fins, blood, intestines, and underutilized low-value fish, which are rich in nutrients, including proteins (essential amino acids, peptides), carotenoids, lipids, and long-chain omega-3 polyunsaturated fatty acids (PUFAs), polysaccharides (chitosan, chitin, glycosaminoglycans), vitamins, and minerals.This study aims to characterize fish viscera to analyze the high value-added compounds present in these by-products. Supercritical carbon dioxide extraction (CO₂–SFE) was investigated as an eco-friendly and safe technology for defatting the matrices, by modifying temperature, pressure, and time parameters. CO₂–SFE was tested at 350 bar and a temperature of 60 °C, with a solvent-to-biomass ratio ranging from 0.6 to 1.0 kg of CO₂ per kg of biomass. After extraction, the extracts and matrices were characterized to assess the potential use of the extracted compounds for human nutrition. Biomolecules of fundamental importance, such as proteins, carbohydrates, and lipids, were detected. The results highlighted that CO2-SFE can be employed as an efficient technology to obtain biomolecules of interest from fish-processing waste.
[bookmark: _Hlk219195446][bookmark: _Hlk219807494]1. Introduction
Fish consumption has grown considerably in recent years, mainly due to its essential contribution to food security and global nutrition, recognised by the United Nations 2030 Agenda for Sustainable Development Goals (SDG Target 12.3.) (Thirukumaran et al., 2022). The global fisheries production accounted for 185 million tonnes while the European production was estimated to be 17 million tonnes in 2024 (EUMOFA 2024). The generation of waste and by-products accounts for almost 75% of the body weight of fish, that are scales, skins, heads, viscera and bones which are commonly discarded as waste for use in feed production, composting, incineration or landfill (Usman et al., 2021). Fish viscera, which account for 12–18% of the total weight of fish, are currently underutilized, despite their complex composition of high value-added components, such as proteins (49–57% on dry weight), polysaccharides (1–7%) and lipids (7–20%), this last one contains eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), sources of omega-3, and (Abbey et al., 2017). These acids have a direct impact on human health, as they cannot be synthesized by the human body, and therefore their intake from external sources, such as fish oil, becomes important for reducing the risk of cardiovascular disease, mental illness (depression and Alzheimer's), blood clotting and helping to control inflammatory responses (Swanson et al.,2012).
The recovery of high value-added compounds, such as oil from fish waste, can be achieved both by traditional methods, such as solvent extraction, and by innovative and environmentally friendly methods, such as supercritical fluid extraction (Rubio-Rodriguez et al. 2012). Carbon dioxide in supercritical conditions (, T > 31° C and P > 73 atm, is considered a GRAS technology for extracting oils and bioactive compounds for food, pharmaceutical and industrial applications. It is also sustainably sourced and can be recycled and reused without leaving residues in food (Lopes et al., 2008).
Carbon dioxide in supercritical conditions (SCO2) (Temperature 31.1 °C, Pressure 7.38 MPa) combines gas transport properties and density as liquid. In this conditions SCO2 pass through soli matrices and maintain a powerful solvent power. Supercritical fluid extraction by using carbon dioxide (CO2-SFE) is considered a GRAS technology and it can performed at 25 - 35 MPa and 30-60 °C, for example, for extracting oils and bioactive compounds for food, pharmaceutical and industrial applications It is also sustainably sourced and can be recycled and reused without leaving residues in food (Lopes et al., 2008).
The aim of our work was to use supercritical carbon dioxide extraction to obtain oils from fish waste, offering a sustainable alternative to organic solvents considered toxic. In particular, we subjected mackerel viscera to CO2-SFE; two extraction tests were carried out under the same temperature and pressure conditions, but with different parameters in terms of test duration and the quantity of CO2 used as the extraction solvent. Following the tests, the extraction yield and the characteristics of the extract were evaluated.
2. Materials and methods 
2.1 Characterization of viscera and extracts
The methods used to characterize the matrices made it possible to determine the moisture and ash content, proteins, carbohydrates, total lipids and the composition of fatty acids (FAs).To determine the moisture content, ISO 712 was followed, which involves drying the sample in a ventilated oven at a controlled temperature (105 °C for at least 2 hours) until a constant mass is reached. Finally, UNI EN ISO 2171 was applied to determine the ash content. In this case, the sample is incinerated in a muffle furnace at 550 °C for at least 4 hours. 
Before determining the protein content, the sample had to be ground using a Retch PM 200 ball mill for 1 hour at 650 rpm. The matrix was then sieved to obtain a particle size of < 0.5. A sample quantity of between 0.5 and 1 g was used for the Kjeldahl analysis, which was performed in three stages according to the UNI EN ISO20483:2014 method. The protein content was estimated using a specific conversion factor of 6.25.
To determine carbohydrates, the phenol/sulphuric acid method was used (Myklestad 1972, Dubois (1956)), which allows the quantification of total carbohydrates through a colorimetric reaction measured by spectrophotometer. The procedure involves the development of a calibration curve with standard solutions of D(+) glucose at the following concentrations: 20, 40, 60, 80, 100 and 150 mg/l. The absorbance at 485 nm of the standard solutions and unknown samples was measured.
For the quantification of total lipids, ASE (Accelerated Solvent Extraction) was performed using hexane as the solvent at a temperature of 50°C and a pressure of 100 bar (Iovine et al., 2019). Before performing the ASE extraction, a pre-treatment process was necessary, which involved grinding with a Retch PM 200 ball mill for 30 min at 650 rpm. The amount of sample used for grinding was 3 g, to which 1 g of diatomaceous earth was added. Three extracts were obtained using ASE extraction, which were then subjected to the fatty acid methyl ester (FAME) identification procedure.
For the identification of fatty acid methyl esters (FAME), the UNI EN ISO 12966-4 protocol was used, which allows the determination of fatty acid methyl esters (FAME) by capillary gas chromatography (GC), after preparation of the FAME according to the previous parts of the standard methods.
2.2 Supercritical fluid extraction
Supercritical fluid extraction was carried out on a pilot scale, the LUWAR plant that is located inside the Technology Hall of the Casaccia research centre ENEA near Rome (Figure 1). The pilot plant has an extractor that can operate at up to 380 bar from 4°C to 50°C and two separators that operate from 60 to 350 bar and in the temperature range 10-60°C.
[image: ]
Figure 1. CO2-SFE Pilot Plant LUWAR

For CO2-SFE technology, two extraction tests were performed under the same temperature and pressure conditions, but with different durations and ratio of CO2 (kg) on biomass (g) used as the extraction solvent (Table 1). 
Table 1: CO2-SFE experimental conditions
	TEST
	Temperature (°C)
	Pressure (bar)
	Time (min)
	QCO2 (Kg/min)
	mCO2/m biomass (kg/g)

	VI (I)
	60
	350
	180
	0.46
	0.6

	VI (II)
	60
	350
	300
	0.45
	1.0


Extraction yield was calculated following the equation 1:
Extraction yield (%) =                                                         (1)
3. Results and discussion
3.1 Mackerel Entrails characterization
Fish by-products have an average water content ranging from 50% to 80%, which varies depending on the type of by-product and seasonality. The ash content can vary from 2% to 22% on a dry weight basis (Caruso et al. 2020), in line with the value recorded in the viscera sample, which is 17.6% on a dry weight basis (Figure 2). The main component of the viscera is protein, which accounts for 78.8% of dry weight, with a lipid content of 3.3% of dry weight (Figure 2). 
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Figure 2: Mackerel entrails characterization (% on dry basis)
[bookmark: _Hlk219822640]The seasonality and diet of fish can strongly influence the lipid content, with variability ranging from 1.3 to 10.3%, as highlighted by Ferreira et al. (2020) on chub mackerel (Scomber colias).
Fatty acids (FAs) profile was detected among 37 compounds but only the detected was reported in table 2.
Table 2: Fatty acid profile of Mackerel entrails
	Fatty acid compounds
	% of total FAs

	Butyric acid
	0.54

	Lauric acid
	0.22

	Myristic acid
	6.33

	Palmitic acid
	40.3

	Pentadecanoic acid
	1.83

	Heptadecanoic acid
	2.06

	Stearic acid
	13.8

	Cis-10-Pentadecenoic Acid
	0.27

	Palmitoleic acid
	8.05

	Oleic acid
	19.8

	Myristoleic acid
	0.22

	Nervonic acid
	3.60

	Linolenic acid
	1.15

	EPA (cis-5,8,11,14,17-Eicosapentaenoic acid)	
	1.88

	TOTAL Fatty acids 
	100

	FAs of lipids %
	50.7

	% SFAs
	65.1

	%MUFAs
	31.9

	% PUFAs
	3.02























It was observed that saturated fatty acids (SFAs) are the most abundant (65.1%) of the total FAs and palmitic acid is by far the most abundant (40.3%), as already observed by other authors (Lopez-Puebla et al., 2025).
The other most abundant FAs are oleic acid (19.8%), which belongs to the MUFAs. Among the PUFAs, which make up 3.02%, the only two compounds detected are EPA (1.88%) and linolenic acid (1.15%). The percentage of EPA and PUFAs is in line with the percentages detected by other authors (Lopez-Puebla et al., 2025).
3.2 Supercritical fluid extraction yield and extracted biomass
As shown in Table 3, The increase of time extraction (from 180 min to 300 min) and the ratio CO2-tobiomass (0.6 to 1.0 Kg CO2/g biomass) resulted in an enhancement of extraction yield, which more than doubled (2.4% to 5.1%, respectively VI (I) and VI (II)).The composition of the obtained extracts was 76% of lipids on dry basis and 24% of proteins in the extract VI (I) after 180 minutes of extraction and 0.6 Kg CO2/g biomass (Table 3). While, the extract VI (II)was composed of 45% of lipids, 51 % of proteins and 2.1% of carbohydrates on dry basis. Although only two extraction tests were carried out by a pilot plant, the two extractions exhibit different characteristics in terms of yield, and extract composition. The varying extraction yields and characteristics of the extract may depend on several factors, including the CO₂:biomass ratio, the solubility of the oil in supercritical CO₂, and the internal mass transfer resistance, as previously discussed by Rubio-Rodriguez et al. (2012). Under the conditions tested at 1.0 kg CO2/g biomass, the increased flow of solvent increased the solubility of the oil in Sc-CO2 and reduced the internal mass transfer resistance. This phenomenon is also explained by the higher presence of proteins in the extract (Table 3) and the higher recovery of lipids (80.6%) these conditions (Table 4). In addition, the absence of ash in the extracts confirms the high selectivity of Sc-CO₂ toward non-polar compounds, as previously reported by others authors (Reverchon & De Marco 2006).
Table 3: CO2-SFE extracts yield and characterization
	TEST
	 Yield (%)
	
	Protein %
	Lipids (%)
	Carbohydrates %

	VI (I)
	2.4
	
	24
	76
	-

	VI (II)
	5.1
	
	51
	45
	2.1


At the same time, FAs recovery increased from 88.6% to 97.4% in the two tested conditions (Table 4). 
Table 4: Lipids and FAs recovery of CO2-SFE extracts 
	TEST
	VI (I)
	VI (II) 

	Lipids recovery %
	71.3
	80.6

	Of which FAMEs
	63.0
	61.3

	FAs recovery (%)
	88.6
	97.4


Fatty acids profile (Table 5) showed that SFAs remained the most abundant in both extracts (around 65.3% of total FAs). The percentage of PUFAs increased slowly in the extracts VI (II) (3.13%) where the highest FAs recovery was reached. 
Table 5: Fatty acid profile of Mackerel entrails extracts 
	% of total FAs
	VI (I)
	VI (II)

	Butyric acid
	0.31
	0.43

	Lauric acid
	0.25
	0.23

	Myristic acid
	6.54
	6.35

	Palmitic acid
	40.3
	40.2

	Pentadecanoic acid
	1.83
	1.83

	Heptadecanoic acid
	2.14
	2.09

	Stearic acid
	13.9
	13.9

	Cis-10-Pentadecenoic Acid
	0.17
	0.23

	Palmitoleic acid
	7.86
	8.00

	Oleic acid
	19.7
	19.7

	Myristoleic acid
	0.18
	0.23

	Nervonic acid
	4.06
	3.69

	Linolenic acid
	1.29
	1.18

	EPA (cis-5,8,11,14,17-Eicosapentaenoic acid)	
	1.40
	1.93

	TOTAL Fatty acids 
	100
	100

	% SFAs
	65.3
	65.0

	%MUFAs
	32.0
	31.9

	% PUFAs
	2.69
	3.13




















In the same extract, the percentage of linolenic acid decreased to 1.18%. Palmitic acid and oleic acid are the most abundant fatty acids in the two extracts, as observed by other authors (Roy et al., 2022), followed by stearic acid, palmitoleic myristic acid. Notably, the relative proportion of FAMEs remains nearly constant, suggesting that process intensification improves extraction completeness rather than altering lipid class selectivity (Sahena et al., 2009).
The extraction yield obtained in this study is lower than obtained by Sahena et al. (2010) at 60°C, 350 bar and 5 hours at  flow of 2ml/min of CO2, which was 9.2% for the Mackerel entrails, and by Roy et al. (2021) at 45°C, 250 bar for 3 hours, which obtained a yield of 23% from 60 g of biomass. However, it was observed that increasing the CO2  flow rate from 3.23 g/min to 4.56 g/min resulted in a 40-50% increase in yield, as observed in this study, compared to the amount of CO2 per amount of biomass (Jamalluddin et al., 2022). This confirms that the increase in solvent (Sc-CO₂) relative to the biomass was one of the key factors driving the increase in extraction yield and lipid recovery in this study. 
Overall, the findings highlight an important synergy between extraction yield and selectivity since tested conditions maximized lipid recovery and extraction yield but reduce selectivity toward neutral lipids by promoting co-extraction of proteins. This balance is a key aspect for process design and extraction conditions can be exploited to selectively valorise different biomass fractions.
4. Conclusions	
The tests verified that, under the two operating conditions in blocked fluid dynamic conditions, the increase in CO2 in the investigation range, while increasing lipid recovery, also decreased the purity of lipid species, allowing the extraction of secondary compounds such as proteins, which increased from 24% to 51%. This phenomenon allows the operating conditions to be adapted to maximise the purity of lipids and fatty acids while avoiding the extraction of secondary species at the expense of purity.
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