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Abstract
To investigate the vitamin content in an AnchoisOil sample stored at − 20 °C under N2 for more than four years, we have 
developed a new HPLC method for simultaneous identification and quantification of vitamins in anchovy fish oil that is 
efficient and applicable in practice. Coupled to full retention of the original visual appearance (orange color and transpar-
ency), the relatively high concentrations of lipid-soluble vitamin Q (coenzyme Q10) and vitamin A (retinol) in AnchoisOil 
extracted with d-limonene from European anchovy fillet leftovers more than four years after extraction point to remark-
able chemical stability of this marine oil. These findings further support the practical use of the “LimoFish” process to 
extract valued fish oil from the leftovers of the world’s most caught fish species.
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Highlights

•	 This work aims at studying the stability of AnchoisOil investigating the vitamin content in an AnchoisOil sample stored 
at  − 20 °C under N2 for more than four years.

•	 We have developed a new HPLC method for simultaneous identification and quantification of vitamins in anchovy 
fish oil that is efficient and applicable in practice.

•	 AnchoisOil extracted with d-limonene from European anchovy fillet leftovers after more than four years of storage 
retains its color, transparency and high concentration of vitamins Q and A.

•	 These findings further support the practical use of the “LimoFish” process to extract valued fish oil from the leftovers 
of the world’s most caught fish species.
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1  Introduction

Widely carried out on industrial scale to obtain omega-3 enriched food supplements [1], the extraction of fish oil relies 
on many different marine species, including oily blue fish and, more recently, also krill [2]. The process is followed by 
extensive refining of the extracted oil and generally affords fish oil enriched in long chain polyunsaturated fatty acids 
(PUFAs) docosahexaenoic acid (DHA, C22:6n-3) and eicosapentaenoic acid (EPA, C20:5n-3) in ethyl ester form, rather than 
in the natural triglyceride form [1]. Determining a truly global “hidden hunger” [3], diets prevalent in most industrialized 
countries since several decades are poor in anti-inflammatory DHA and EPA omega-3 (or n-3) abundant in fish oil. The 
latter “hunger” significantly contributes to overfishing, with even krill now being threatened by overfishing aimed at 
omega-3 food supplement production [2].

Plentiful research has been devoted in the last two decades to replace the current, unsustainable fish oil production 
routes with circular economy processes from seafood processing by-products [4], preferably using greener, intensified 
processes [5]. Recent estimates suggest that a combined optimization strategy of omega-3 production (supply) based 
on replacement of marine species with others that have the highest omega-3 content, direct wild fish consumption, and 
improved by-product utilization might increase the availability of fish oil by 50% (reaching 630 kt y−1) [6].

Amid the new circular economy extraction routes reported so far [4], the “LimoFish” process using biobased d-limonene 
as extraction solvent shifts the fish oil production from fish to fish processing waste employing a health beneficial and 
environmentally friendly solvent that is nearly entirely recovered after biowaste defatting [7]. First applied to European 
anchovy (Engraulis encrasicolus) fillet leftovers, the process is economically and technically viable [8]. The method, further-
more, closes the fishing material cycle for anchovy fishing because the solid residue of anchovy fillet leftovers extracted 
with antibacterial limonene [9], is an highly effective organic fertilizer dubbed “AnchoisFert” [10].

These discoveries hold significant potential to dramatically increase the sustainability of anchovy fishing, omega-3 
lipid and fertilizer production. Anchovy indeed is by far the most caught fish species in the world amounting to 11% of 
the world’s total landings [11].

Rapidly perishable leftovers of salted anchovy fillets (after evisceration, blood and other organic matter are spread 
over the surface, activating the peroxidase of blood leucocytes in the presence of NaCl and oxygen) [12], indeed, are 
generally dealt with by anchovy fillet manufacturers as biowaste. Disposal of biowaste bears relatively high economic 
cost (€400/t), but the high economic value of salted anchovy fillets (sold for instance in Italy at €60–70/kg) largely allows 
producers to bear said costs. In brief, an abundant potential source of fish oil and fertilizer of exceptional quality is gener-
ally used, at best, as feed for compost fertilizer and biogas production.

Another major issue affecting current fish oil refining for omega-3 food supplement production is that refining removes 
lipid-soluble marine polyphenols and valued vitamins that protect the omega-3 lipids from quick oxidation, leading 
manufacturers to add expensive natural antioxidants such as tocopherols or olive biophenols [13]. Besides n-3 PUFAs 
and oleic acid in natural triglyceride form [7], AnchoisOil contains also the three isomers of vitamin D (cholecalciferol, 
calcidiol, and calcitriol) in relatively good amount (81.5 μg/kg) [14]. Anchovy oil, however, contains also other fat-soluble 
vitamins that impart the oil its distinctive orange color. As recently shown by South Korea’s scholars using Japanese 
anchovies (Engraulis japonicus), said vitamins are vitamin A, vitamin E and vitamin Q (coenzyme CoQ10) [15]. This work 
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aims at studying the stability of AnchoisOil by investigating the vitamin content in a AnchoisOil sample kept under N2 
stored at  − 20 °C for more than four years. To achieve this aim, we developed a novel HPLC method for the simultaneous 
identification and quantification of vitamins in anchovy fish oil.

2 � Materials and methods

2.1 � AnchoisOil extraction and storage

A fresh sample of AnchoisOil was extracted from anchovy fillet leftovers kindly donated by a anchovy fillet manufacturer 
based in Sicily (Agostino Recca Conserve Alimentari Srl, Sciacca, Italy) using the procedure previously described [7]. The 
anchovies were caught in the Strait of Sicily. A AnchoisOil sample extracted in 2019 (AnchoisOil 2019 in the Supplemen-
tary Information files) stored at -20 °C under a N2 atmosphere for more than four years was also analyzed.

2.2 � HPLC method

The analysis of liposoluble vitamins (vitamin A, E, D and Q) in all AnchoisOil samples was carried out using High-Perfor-
mance Liquid Chromatography with Diode Array Detection (HPLC–DAD). The HPLC system utilized was an Agilent 1260 
Infinity (Agilent Technologies, Palo Alto, USA) equipped with a Binary Pump G1312C, a Diode Array Detector G7115A, and 
a column oven G1316A. Chromatographic separation was successfully achieved using a Chromolith Performance RP-18e 
100 mm × 4.6 mm column (Merck KGaA, Darmstadt, Germany) kept at 30 °C throughout the analysis. Prior to analysis, 
200 µL of each sample was supplemented with 100 µL of 2-propanol and subsequently filtered through a 0.45 µm PTFE 
filter to ensure sample purity.

The injection volume was 20 µL and the mobile phase consisted of MilliQ water (solvent A) and a mixture of acetonitrile 
and 2-propanol in a 50:50 ratio (solvent B), both supplemented with 0.1% (v/v) trifluoroacetic acid (TFA). Solvents were 
purchased from Sigma Aldrich (Milan, Italy), TFA was supplied from VWR International (Milan, Italy). The flow rate was 
set to 1.5 mL/min, and the DAD was configured to cover a wavelength range from 200 to 800 nm.

Chromatographic elution was programmed as follows: an initial isocratic condition of A:B = 80:20 for the first 2 min, 
followed by a gradient from 2 to 42 min from A:B = 80:20 to A:B = 10:90. Subsequently, isocratic elution was maintained 
at A:B = 10:90 from 42 to 45 min, with a final gradient from 45 to 50 min returning to the initial run condition.

Coenzyme Q10 ((2,3 dimethoxy-5 methyl-6-decaprenyl benzoquinone, purity, 98%), vitamin A (retinol, purity, 97.5%), 
vitamin D3 (cholecalciferol, purity, 98%), and vitamin E (α-tocopherol, purity, 96%) were purchased from Sigma Aldrich (today 
Merck Life Science, Milan, Italy). Retention times for the analytes were as follows: coenzyme Q10 at 16.74 min, vitamin A 
(retinol) at 28.30 min, vitamin D3 (cholecalciferol) at 38.53 min, and vitamin E (tocopherol) at 39.16 min. To enable vitamin 
quantification, accurate calibration curves were measured for both coenzyme Q10 and vitamin A. For coenzyme Q10, λmax 
was 275 nm (linearity range: 0.1375–13.75 µg/mL, regression equation: Area = 23.992 + 59.34 × [µg mL−1], R = 0.999). For vita-
min A, λmax was 325 nm (linearity range: 0.1–10 µg/mL, regression equation: Area = 20.132 + 90.762 × [mg mL−1], R = 0.998). 
Quantification data are expressed as µg of each analyte in 100 g of the respective oil and reported as means of nine meas-
urements (n = 9) ± SE.

Additional materials of chromatograms (Figure S1: HPLC chromatogram recorded with diode array detector at 275 nm 
of AnchoisOil 2019 (A) and vitamins standard (B); Figure S2: Chromatogram recorded at 265 nm of AnchoisOil 2019 (A) and 
vitamins standard (B); Figure S3: Chromatogram recorded at 298 nm of AnchoisOil 2019 (A) and vitamins standard (B); Figure 
S4:. Chromatogram recorded at 325 nm of AnchoisOil 2019 (A) and vitamins standard (B)).

3 � Results and discussion

Figure 1a shows samples of AnchoisOil aged for more than 4 years. Figure 1b shows a fresh AnchoisOil sample, using the 
same procedure (see Supplementary Information) extracted from heads and tails of anchovies purchased at a fishery store 
in Palermo, Sicily, in June 2022. In both cases, the amount of limonene residual in AnchoisOil after solvent removal under 
reduced pressure at 90 °C was ~ 8 wt%.

The bright color and transparency of AnchoiOil after more than 4 years storage (Fig. 1a) suggest limited degradation of 
the oil’s orange-colored vitamin Q and vitamin A upon prolonged (> 4 years) storage. The visual appearance of both aged 
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and fresh AnchoisOil oils, furthermore, is nearly identical to that of the anchovy oil extracted from Engraulis japonicus with 
supercritical CO2 [15].

The 3D plot derived from the HPLC analysis of the aged AnchoisOil sample in Fig. 2 vividly illustrates the extractive power 
of d-limonene, a broad-scope green solvent for the extraction of natural products [16].

The outcomes of the HPLC analyses for vitamins A and Q in the > 4 year old AnchoisOil sample were, respectively, 113.4 
(± 4.1) � g/100 g and 1015 (± 19.1) �g/100 g (each value is the average of HPLC measurements repeated 9 times). Vitamins 
D and E were not detected.

A first result of the analyses is that vitamin A degrades during storage of anchovy fillet leftovers for one year. Indeed, using 
ultra-high performance liquid chromatography (UHPLC) combined with heated electrospray ionisation mass spectrometry 
(HESI-MS) analytical technique, we could not detect neither vitamin A (all-trans-retinol) nor vitamin E (α-tocopherol) in a 
AnchoisOil sample extracted from a one year old sample of frozen fillet leftovers [14]. A second outcome is that limonene is 
particularly effective in extracting vitamin A from fresh fillet leftovers since its amount (113.4 �g/100 g) in AnchoisOil obtained 
from Engraulis encrasicolus, even after > 4 four year storage was nearly five times higher than in anchovy oil extracted from 
Engraulis japonicus with supercritical CO2 (22.51 μg/100 g) or with n-hexane (21.92 μg/100 g) [15].

On the other hand, the anchovy oil extracted from Engraulis japonicus using hexane at 40 °C contains δ-tocopherol in 
plentiful amount (< 9,000 �g/100 g) [15]. The absence of vitamin E in the aged AnchoisOil suggests that tocopherols, that 
dissolve in limonene under reflux (at ~ 176 °C) [17], are either not effectively extracted by limonene at low temperatures 
used in the LimoFish process; or that vitamin E degrades after prolonged storage of the oil.

Similar degradation after said prolonged storage may have concerned vitamin D3 detected in the oil obtained from 
anchovy fillet leftovers aged one year [14], but not detected in the aged AnchoisOil via the HPLC method developed 
for this work.

Finally, the concentration of vitamin Q (ubiquinone or coenzyme Q10) in the aged AnchoisOil extracted with 
limonene from Engraulis encrasicolus fillet leftovers, exceeding 1015 �g/100 g, is high and slightly lower than the 
amount (1260 �g/100 g) found in anchovy oil extracted from Engraulis japonicus wtih n-hexane [15]. This may be due 
both the excellent solubility of CoQ10 in limonene [18], as well as to the fact that extraction from anchovy leftovers 
takes place from regions of the anchovy (such as the head and viscera) particularly rich in this electron carrier involved 
in mitochondrial energy production and synthesis. Widely used as an adjunctive therapy in cardiovascular and neu-
rodegenerative diseases and mitochondrial myopathies [19], ubiquinone is the active nutraceutical ingredient in a 
large number of food supplements.

4 � Conclusions

In conclusion, coupled to full retention of the original visual appearance (orange color and transparency), the relatively 
high concentration of lipid-soluble vitamin Q (coenzyme Q10) and vitamin A in AnchoisOil extracted with d-limonene 
from European anchovy fillet leftovers more than four years after extraction point to remarkable stability of this marine 
oil (stored under nitrogen at -20 °C).

Comparing oils extracted with non-toxic CO2, n-hexane and a commercial anchovy oil, Park and co-workers lately 
found that the anchovy oil extracted with scCO2 had a 1.23 higher brightness value compared to the dark colored 
oil conventionally extracted with n-hexane at 40˚C [15]. The team concluded that fish oil extracted with sc-CO2 is 
“expected to be used as a functional material, which could lead to economic benefits through the high valorization 
of anchovies” [15]. Though using a non-toxic and entirely recyclable solvent such as supercritical CO2, extraction with 
scCO2 requires substantially higher capital and operating expenditure costs than extraction with d-limonene at low 
temperature [20].

Combined with the present findings, the lack of vitamin A detected in AnchoisOil extracted from leftovers aged for 
one year at − 20 °C [14], suggests that for practical applications the extraction of best AnchoisOil will take place from 
freshly obtained fillet leftovers, and thus preferably directly at the anchovy fillet manufacturing company, as required 
by bioeconomy productions at marine biorefineries [21].
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Fig. 1   a AnchoisOil samples 
after more than four years 
storage under N2 at  − 20 °C; b 
freshly extracted AnchoisOil

Fig. 2.   3D HPLC plot after 
injection of a AnchoisOil 
sample after > 4 year storage 
under N2 at − 20 °C. Range 
from 200 nm (violet) to 
500 nm (red)
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