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Abstract: Squid viscera, a byproduct of squid processing, contains oil rich in omega-3 fatty
acids (up to 10% by mass) and the antioxidant astaxanthin. However, its high free fatty
acid (FFA) content compromises stability. To address this, pilot-scale (200 L) enzymatic
re-esterification of squid oil using immobilized lipase (Lipozyme RMIM) was demonstrated,
resulting in high acylglyceride yields. The processed oil was analyzed for oxidation kinetics
and thermodynamics using Rancimat, fatty acid composition using GC, omega-3 fatty acid
positional distribution in the acylglyceride product using 3C NMR, and astaxanthin con-
tent. Lipase treatment reduced FFA levels from 44% to 4% and increased acylglycerides to
93% in squid oil. This reduction in FFA was accompanied by significantly increased stability
(0.06 to 18.9 h by Rancimat). The treated oil showed no loss in astaxanthin (194.1 pg/g) or
omega-3 fatty acids, including docosahexaenoic acid (DHA). DHA remaining predomi-
nantly at sn-2 indicated that the naturally occurring positional distribution of this omega-3
FFA was retained in the product. Lipase treatment significantly enhanced oxidative stability,
evidenced by improved thermodynamic parameters (E, 94.15 kJ /mol, AH 91.09 kJ/mol,
AS —12.6 ] /mol K) and extended shelf life (IPp5 74.42 days) compared to starting squid
oil and commercial fish/squid oils lacking astaxanthin. Thus, lipase treatment offers an
effective strategy for reducing FFA levels and producing oxidatively stable, astaxanthin-rich
acylglyceride squid oil with DHA retained at the nutritionally favored sn-2 position.
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1. Introduction

Squid cephalopods are an important marine food, while the non-edible parts, such as
viscera, are usually discarded [1]. Squid viscera contains high levels of anti-inflammatory
marine oils, particularly omega-3 fatty acids, such as docosahexaenoic acid (DHA) and eicos-
apentaenoic acid (EPA), which account for about 25% of the total lipid content [2]. EPA and
DHA have potent anti-inflammatory properties and are precursors to anti-inflammatory
mediators such as resolvins and protectins and have been shown to have cardiovascular
benefits, be important for normal brain development, and benefit a range of inflamma-
tory mediated conditions [3-5]. However, due to their polyunsaturated nature, omega-3
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fatty acids are susceptible to auto-oxidation and photosensitized oxidation [6]. The auto-
oxidation of these fatty acids leads to free radicals that continue to react during exponential
oxidation [7]. The primary products generated during oxidation are called hydroperoxides,
which are highly unstable and give rise to the formation of secondary oxidation prod-
ucts, such as ketones, aldehydes, hydrocarbons, alcohols, and acids [7-9]. In addition to
decreasing omega-3 levels in oil, oxidation causes the formation of sensory, unpleasant
aldehyde, making these oils taste bad even after relatively small levels of oxidation [10-12].
Squid viscera naturally contains a high level of free fatty acids, most likely due to lipase
activity in the gut [13], with high FFA oils being particularly susceptible to oxidation. Squid
viscera oil also contains highly colored astaxanthin, making normal colorimetric methods
for determining oxidation levels problematic [14].

Astaxanthin is a xanthophyll carotenoid that is found naturally in a variety of marine
species, such as shrimp, krill, salmon, squid, and crab, and is a powerful antioxidant [15-18]
that is used in aquaculture, cosmetics, food, feed, nutraceuticals, and pharmaceuticals.
Reports have suggested that astaxanthin has the ability to cross the blood-brain barrier,
thereby working to reduce free radical-induced neurotoxicity and memory loss, and its
anti-inflammatory properties indicate it has cardioprotective benefits and has wound-
healing, neuroprotective, hepatoprotective, and osteoprotective properties [18-21]. The
natural form of astaxanthin is normally esterified and has been observed to exhibit higher
bioactivity than synthetic astaxanthin [22-26]. Astaxanthin incorporated into omega-3-rich
products can provide synergistic antioxidative and anti-inflammatory benefits [27-29] and
also improve omega-3 oil storage stability [30-33].

The Rancimat technique offers accelerated oxidation analysis by measuring volatile
oxidation products through electrical conductivity, providing an induction period before
accelerated oxidation occurs. It can be used for the rapid determination of oxidative stability
and is particularly useful for oils where standard colorimetric methods for oxidation
products (peroxide value, PV and p-anisidine values, pAV) are not accurate, such as
colored oils or oils containing astaxanthin [34]. The Rancimat technique, including the
determination of kinetic and thermodynamic parameters to predict lipid oxidation, has
been applied to a range of oils, including vegetable oils [35-38] and fish oils [39-42],
but only a few studies have investigated non-fish seafood-derived omega-3 oils, such as
krill [43], shrimp [15], and squid oil. The current study aims to re-esterify squid visceral
oil at the pilot scale (200 L) in order to reduce the levels of free fatty acid content while
retaining astaxanthin by employing the in-house enzymatic method [44]. The processed
squid visceral oil was then subjected to accelerated oxidation using the Rancimat method
to investigate its oxidative stability toward developing this waste oil into a nutritional
oil that can be used for nutritional supplements or functional foods. Since there has
been no study that has reported kinetic and thermodynamic parameter determination for
enzymatically processed squid viscera-derived omega-3-rich oil, lipid oxidation parameters
are determined that further aid in understanding the oxidative stability of squid visceral
oil. An overview of the study is depicted in Figure 1. The stability of the ESO was then
compared with commercially available calamari and fish oil.

The results demonstrate that the reduced free fatty acid content of the oil, together
with the retention of natural astaxanthin, produces a more oxidatively stable squid viscera-
derived oil compared to other commercially available omega-3 oil sources.
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Figure 1. Lipid oxidation parameters of enzyme-processed squid oil using Rancimat.

2. Results and Discussion
2.1. Free Fatty Acid Content in Crude Squid Visceral Oil During Enzymatic Processing

The enzymatic processing of crude squid visceral oil was carried out at the pilot scale
using immobilized lipase. The crude squid visceral oil had an initial free fatty acid content
of 44 £ 0.39%, which was significantly reduced during the lipase treatment period, as
depicted in Figure 2. The free fatty acid content decreased steeply in the initial 9 h, followed
by a slow decline to a free fatty acid content of 4 & 0.5% between 24 h and 54 h. This
was attributed to the initial abundance of free fatty acid substrate available for the lipase,
resulting in a higher esterification rate during the initial 9 h. As the reaction progressed, the
concentration of free fatty acid substrate decreased, leading to a reduced esterification rate
beyond 9 h. These findings suggest that future batches of lipase treatment could be halted
after 24 h of processing to decrease the reaction time and improve the cost of production.

—0— Free Fatty Acid (%)

Free Fatty Acids (%)

0 6 12 18 24 30 36 42 48 54
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Figure 2. Free fatty acid reduction profile of lipase-processed squid visceral oil (ESO). Results are
presented as mean + SD.

We determined the lipid class profile of squid visceral oil, including the content of
acylglycerides and fatty acid ethyl esters, both before and after lipase treatment. Nutritional
oils with a high acylglyceride content exhibit superior stability, sensory acceptance, and
bioavailability [45]. In contrast, elevated levels of fatty acid ethyl esters can hinder the
digestion and absorption of fatty acids [45] and are associated with an increased risk of
arrhythmia and atrial fibrillation [46]. The total acylglyceride content of squid visceral
oil increased significantly after lipase treatment from 53.20 £ 0.5% to 93.16 & 0.5%, while
the ethyl ester content remained consistently low, with values of 2.71 + 0.3% prior to
lipase treatment and 2.63 & 0.2% after lipase treatment. The final product squid visceral
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oil obtained after pilot-scale lipase treatment consisted of 20.8 & 1.2% triacylglycerides,
45.6 £ 2.0% diacylglycerides, and 26.8 & 2.9% monoacylglycerides. This lipid class profile
showed a similar trend to the results obtained during the laboratory-scale demonstration in
a previous study [44] and to the results reported for the de-acidification of vegetable oil [47].
These findings highlight the potential of immobilized lipase treatment for the large-scale
processing of crude squid visceral oil.

2.2. Fatty Acid Composition in Crude Squid Visceral Oil During Lipase Processing

The fatty acid composition of the squid o0il during enzymatic processing was deter-
mined using gas chromatography with a (GC)-flame ionization detector (FID). The results
are shown in Table 1.

Table 1. Fatty acid composition of squid visceral oil during lipase processing. The results are
presented as mean + SD. The columns not showing common lowercase subscript for each row of
fatty acid categories are significantly different (p < 0.05).

Fatty Acids (%)

Lipase-Processed Crude Squid Oil

(Average of Three Replicates) 0h 2h 10h 54h
Saturated fatty acids total 25.6 0.0 , 244 +0.1p 234+0.1. 229+ 04
Monounsaturated fatty acids total 269 +0.1, 274+0.1 275+ 0.0p 278 +0.1.
Eicosapentaenoic acid (EPA) 202+ 0.0, 202+ 0.0, 20.8 £ 0.0y 20.7 £ 0.1y
Docosahexaenoic acid (DHA) 20.8 £ 0.0, 209 +0.1, 214+ 0.0 213+0.1p
Omega-3 total 43.0+0.1, 431+01, 442 +0.0 44.1+02
Omega-6 total 45+00, 4.60 £ 0.0} 47+£00. 47 +£0.0.
Polyunsaturated fatty acids total 473+ 0.1, 475+ 0.2, 48.7+ 0.0 485+ 0.0 ¢

The results indicate that the fatty acid profile remains relatively stable throughout the
enzymatic processing, despite showing statistically significant differences at p-value < 0.05.
The average total omega-3 (43.0%), eicosapentaenoic acid (20.2%), and docosahexaenoic
acid (20.8%) content were higher than those achieved in a previous study [13].

2.3. Positional Distribution of Omega-3 Fatty Acids in Lipase-Treated Squid Visceral Oil

The bioavailability of omega-3 fatty acids is influenced by their positional distribution
within the acylglycerol, specifically between the sn-2 and sn-1,3 positions. Omega-3 fatty
acids in the sn-2 position exhibit higher bioavailability compared to those in the sn-1,3
positions [48]. Supplementation with EPA in the sn-2 position has been shown to enhance
the brain levels of EPA and DHA, offering a potential therapeutic approach for brain
and mental health conditions [49]. In this study, we utilized '3C NMR spectroscopy
to investigate the positional distribution of omega-3 fatty acids in the squid viscera oil
obtained after lipase treatment. The carbonyl region of the resulting 3*C NMR spectra was
specifically analyzed (Figure 3), as it encompasses the distribution of key omega-3 fatty
acids such as EPA and DHA [50,51].

As presented in Table 2, ETA is predominantly (>78%) positioned at the sn-1,3 locations,
whereas MUFA, DPA, and SDA exhibit a more randomized distribution, with 44-61%
located at the sn-1,3 positions and 38-56% at the sn-2 position. SFA is distributed at a
1:1 ratio over sn-2 and sn-1,3. EPA is preferentially distributed, with 72.5% at the sn-2
position and 27.5% at the sn-1 position. A similar preferential enrichment of EPA at the
sn-2 position has been observed in oils derived from tuna [52], shrimp [53], and squid [54],
as well as in lipase-treated salmon oil [55]. In contrast, DHA is predominantly found at
the sn-2 position, with 92.9% of the total DHA at sn-2 and only 7.1% at the sn-1,3 positions.
This predominant placement enhances its bioavailability and oxidative stability and is
consistent with the position of DHA in naturally acylglyceride marine oils. For example,
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DHA is predominantly located at the sn-2 position in the triacylglycerides (TAGs) of salmon,
mackerel, cod liver, and herring, while EPA tends to be more randomly distributed in these
oils, as well as in those derived from hoki [50].
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Figure 3. Carbonyl region of 3C NMR of lipase-treated squid visceral oil illustrating positional
distribution of fatty acids. Abbreviations: DHA (docosahexaenoic acid), EPA (eicosapentaenoic
acid), SDA (stearidonic acid), DPA (docosapentaenoic acid), ETA (eicosatetraenoic acid), MUFA
(monounsaturated fatty acids), and SFA (saturated fatty acids).

Table 2. Positional distribution of EPA and DHA within the acylglycerides of lipase-treated squid
visceral oils. @ Values represent the mean of three independent spectral analyses performed using 13C
NMR. Each spectrum was acquired with 12,000 scans to ensure accuracy.

Position Fatty Acid Molar Percentage (%) *
sn-2 EPA 175+ 1.0
DHA 120£0.1
SDA 13.7£12
DPA 16.8 +0.0
ETA 29405
MUFA 163+ 1.4
SFA 20.8 £0.7
sn-1,3 EPA 6.6 1.1
DHA 09+0.1
SDA 10.8 + 0.2
DPA 23.8 £0.4
ETA 10.5£0.0
MUFA 259 £21
SFA 21.4+£1.0

2.4. Rancimat Analysis, Lipid Oxidation Kinetics, and Shelf Life Prediction

The oxidative stability of the enzymatically converted squid visceral oil (ESO) studied
at four different temperatures was compared to that of commercial calamari oil (CCO) and
commercial fish oil (CFO), as shown in Figure 4a.
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Figure 4. (a) Induction period (IP) of the oils against temperature (CCO—commercial calamari
o0il; CFO—commercial fish oil; ESO—enzymatically re-esterified squid output oil); (b) kinetic rate
constant (k) of lipid oxidation of the CCO, CFO, and SE. Results are presented as mean + SD. The
bars not sharing common lowercase letters (labelled on the top of each bar) for each temperature in
(a) and each oil in (b) are significantly different (p < 0.05).

Crude squid oil showed induction periods of less than 0.1 h at all studied temperatures,
which can be attributed to the high free fatty acid content (44%), making this oil very
susceptible to autooxidation (with an induction period of 0.06 & 0.01 h for FFA 44.5 4+ 0.4%
at 80 °C and 20 L/h air flow in Rancimat). Enzymatic re-esterification to convert most of
the free fatty acid to acylglyceride produced a more stable oil (ESO) at tested temperatures
(slightly higher at 100 °C), which was also more stable than CCO and CFO. Oil stability
decreased with temperature for all oils. After 54 h, FFA was 4.0 & 0.5% and the induction
period was 18.9 £ 0.1% h at 80 °C and 20 L/h air flow in the Rancimat. The induction
period changed from 0.06 to 18.9 h when FFA decreased from 44.5 to 4%, which illustrates
the importance of low FFA for squid oil stability.

Changes in the induction period (IP) were demonstrated using first-order kinetics.
The kinetic rate constant (k) increased as a function of temperature (80-110 °C) (p < 0.05),
which indicated an increased rate of oxidation with temperature (Figure 4b). The lipid
oxidation rate was in the order CCO > CFO > ESO. The lowest values for ‘k” were observed
for ESO at all tested temperatures, indicating greater thermo-oxidative stability compared
to CCO and CFO.

Another lipid oxidation kinetic parameter, the activation energy for lipid oxidation (E,),
showed substantial variation amongst the oils (p < 0.05) (Table 3). E, had a range between
94.15 to 116.95 kJ /mol, with a lower value for ESO than for CCO or CFO. E, indicates
the energy required for initial oxidation and correlates with the production of primary
oxidation products [39]. A lower E, value indicates a delayed onset of rancidity [36] and
confirms ESO is more stable than CCO and CFO.

The thermodynamic parameters of lipid oxidation, including activation enthalpies
(AH) and activation entropies (AS), are given in Table 3. The regression coefficients
(R? > 0.95) indicated good suitability to models describing how the temperature affects
lipid oxidation. Overall, the positive values of change in activation enthalpies indicate the
endothermic process requiring elevated energy to initiate the reaction. While activation
enthalpies (AH) and entropies (AS) indicated that the ESO and CFO shared closer rates
compared to CCO, ESO exhibited the slowest lipid oxidation. Nonetheless, the nega-
tive value of entropy couples with the positive activation enthalpy for ESO signals for a
non-spontaneous reaction. Unlike CCO and CFO, ESO showed a negative value of AS,
indicating the formation of an ordered activated complex desirable for improved oxidative
stability [35,36,56].
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Table 3. Kinetic and thermodynamic parameters of oils oxidation and shelf life (IP»5) prediction
using Rancimat. The columns not sharing a common lowercase subscript for each parameter are
significantly different (p < 0.05).

Parameters ESO *, CCOty, CFO *,

Arrhenius constant (A, h — 1) (457 +0.03) x 102, (4.11 +0.16) x 106, (452 +1.5) x 1013,
Activation e?garfb’i’]f/"r;ggid oxidation 94.15 + 0.04 116.95 + 0.04 , 99.76 + 0.95
Activation enthalpies (AH, k] /mol) 91.09 + 0.04 , 113.89 +0.04 96.7 +0.95
Activation entropies (AS, ] /mol K) —12.6 £ 0.05, 63.08 +0.34 5.96 +2.88 .
Temperature coefficient (Tpesr X 1072, K1) —8.36+0.0, —10.38 £ 0.0, —891+0.0.
Temperature acceleration factor (Qjo) 231+00, 282+ 0.0 244 +0.02 .
Shelf life (IPy5, days) ¥ 7442 +1.13, 5893 £1.7 7297 + 1.86

t Coefficient of determination > 0.99 and ¥ Coefficient of determination > 0.95.

The influence of heating on lipid oxidation can be expressed by a temperature acceler-
ation factor (Qjg) (Table 3) ranging between 2.31 and 2.82 in the current study, being the
maximum for CCO and the minimum for ESO. The lower value of Qqy for ESO indicates
a slower rate of oxidation with a 10 °C rise in temperature. Similarly, the temperature
coefficient (Toeff) with the minimum value for ESO, —8.36 x 102 K1, is also consistent
with slower oxidation for ESO compared to other oils.

The application of Rancimat enables the rapid determination of oxidative stability
at multiple temperatures, along with the application of Equation (3), which enables ex-
trapolation to other temperatures [36,56]. The shelf life of oils (Table 3) in the order
ESO > CFO > CCO (p < 0.05) was consistent with the kinetic parameters. The high shelf
life of the ESO could be attributed to stabilization by the natural presence of astaxanthin
antioxidant together with low levels of free fatty acids after enzymatic esterification [57].

2.5. Astaxanthin Content

The astaxanthin content in the dark-brown-colored ESO was found tobe 194.1 + 0.2 ug/g
of lipid, whereas no astaxanthin was detected in either CCO or CFO. Most fish oils do
not contain astaxanthin, and both CFO and CCO squid oil undergo bleaching during the
refining process. Bleaching is known to remove colored components, including astaxanthin.
Astaxanthin is a naturally occurring carotenoid with a potent antioxidant capacity 10 times
higher than -carotene and 300 times higher than o-tocopherol [30]. The astaxanthin
structure consists of two terminal six-membered rings with hydroxyl and carbonyl groups,
joined by a polyene chain with eleven conjugated carbon-carbon double bonds, which
endow it with exceptional capacity for scavenging reactive oxygen species (ROS) [58].
Therefore, astaxanthin contributes to the improvement of the oxidative stability of oils by
neutralizing free radicals and reactive oxygen species. Its incorporation into oils delays lipid
oxidation by scavenging free radicals, interrupting the chain reactions that lead to oxidative
degradation [32,59,60]. Furthermore, natural astaxanthin is widely utilized as a nutraceu-
tical approved by the United States Food and Drug Administration (USFDA) owing to
its diverse bioactivities, including antioxidant, anti-cancer, neuroprotective, cardioprotec-
tive, osteoprotective, hepatoprotective, anti-inflammatory, and anti-diabetic properties [19].
Therefore, astaxanthin-rich oils are used as specialty oils in nutraceutical applications [61].
Considering this, oil processing methods should aim to preserve natural astaxanthin to
enhance oil stability and leverage its associated health benefits. A notable commercial
example is krill oil, which undergoes processing methods that intentionally avoid bleaching
to preserve astaxanthin, resulting in a stable and high-nutritional-value oil [50]. This study
highlights the role of astaxanthin in improving the oxidative stability of oil. Our analysis of
oxidation kinetics and thermodynamics revealed that squid visceral oil containing astax-
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anthin exhibits a delayed onset of oxidation compared to commercial oils, CCO and CFO,
which lack astaxanthin. Thus, the astaxanthin-rich lipase-treated squid visceral oil (ESO)
obtained in this study demonstrates potential suitability for nutraceutical applications due
to both improved stability and health benefits associated with astaxanthin.

3. Materials and Methods
3.1. Materials

Crude squid visceral oil was procured from Mantzaris Fisheries, North Geelong,
Victoria, Australia. Immobilized Rhizomucor miehei lipase (Lipozym RMIM) was purchased
from Oppenheimer Pty Ltd., Victoria, Australia. Commercial calamari oil and commercial
fish oil were purchased from the market and used before their date of expiry. All other
chemicals used were of analytical grade unless otherwise specified.

3.2. Lipase Processing of Crude Squid Visceral Oil

The crude squid visceral oil was processed using an immobilized enzyme lipase, as
previously described in laboratory-scale studies [44]. In the present study, the pilot-scale
processing of crude squid visceral oil was undertaken. A custom-built pilot scale reactor
(200 L) was loaded with crude squid oil and glycerol at a ratio of 3:1, with a known
amount of immobilized enzyme and molecular sieves at the bottom of the reactor. The
reactor contents were pumped from top to bottom. The reactor contents were recirculated
at 500 mL/min, held at 50 °C, and stirred at 500 rpm. Processed samples were taken
intermittently up to 54 h to check the free fatty acid (FFA) content of the enzyme-processed
squid visceral output oil (ESO).

3.3. Free Fatty Acid Content (%) and Other Lipid Classes by Capillary Chromatography with a
Flame Ionisation Detector (Iatroscan)

The oil samples were analyzed using capillary chromatography connected to a flame
ionization detector (Iatroscan MK-6, Iatron Laboratories Inc., Tokyo, Japan) with the three
replicates of the samples, as previously reported [62], with slight modifications. The
instrument was set at an air flow rate of 2 L/min, a hydrogen flow rate of 160 mL/min, and
a scanning speed of 0.5 min/scan. The oil samples were then spotted onto the precleaned
chromarods and developed in a tank containing a solvent mixture of heptane:diethyl
ether:acetic acid (30:8.5:0.1, v/v/v) for 22 min and analyzed in an latroscan. The FFA
percentage content and other lipid classes were determined by integration using SIC-480 11
software Version 1.0.

3.4. Analysis of Fatty Acid Composition Using Gas Chromatography with a Flame lonisation
Detector (GC-FID)

The fatty acids in the oil samples were converted to methyl esters before analy-
sis using gas chromatography. The method of analysis required 10 mg of oil samples
dissolved in 1 mL of toluene, followed by the addition of 0.2 mL of internal standard
(5 ng/uL methyl nonadecanoate (Sigma—Aldrich, Melbourne, Australia) in toluene) and
0.2mL (1 ng/uL 2,6-di-tert-butyl-4-methylphenol (butylated hydroxytoluene; BHT, Sigma-—
Aldrich) in toluene) as the antioxidant in each of the oil samples. Then, 2 mL of acidic
methanol (prepared by adding 1 mL of acetyl chloride (Sigma-Aldrich) dropwise to 10 mL
of methanol on ice) was added to each of the samples, mixed well, and incubated overnight
at 50 °C in a sealed tube. The mixture in each of the tubes was cooled, and 5 mL of sodium
chloride solution (5% m/v) was added. The fatty acid methyl esters were extracted twice
with 5 mL of heptane, and the heptane layer was washed with 5 mL of potassium bicarbon-
ate solution (2% m/v). The heptane layer was then dried over sodium sulfate, followed by
rotary evaporation to remove hexane, and the samples were then taken for analysis [59,62].
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The samples were analyzed using a previously reported method [63] with minor
modifications. An Agilent 6890 gas chromatograph (GC) with a flame ionization detector
(FID) (Agilent, Mulgrave, Australia), equipped with a BPX70 SGE column (30 m length
x 0.25 mm column ID x 0.25 um film thickness; Supelco, Sigma—Aldrich, Melbourne,
Australia), was used to analyze the samples. The oven was set to run at a rate of 4 °C/min
from 140 °C (5 min hold) to 220 °C (5 min hold) for a total run period of 30 min. Then,
1 pL of the sample solution was injected with a split ratio of 50:1 (injector temperature,
250 °C). Helium was employed as the carrier gas with a constant flow of 1.5 mL/min.
The detector gases were 30 mL/min hydrogen, 400 mL/min air, and 30 mL/min nitrogen.
ChemStation B.04.03 software was used to integrate the peak areas, which were corrected
using theoretical relative FID response factors.

3.5. Positional Distribution of Omega-3 Fatty Acids in Lipase-Treated Squid Visceral Oil by
13C-Nuclear Magnetic Resonance (NMR)

13C NMR analysis was performed to determine the positional distribution of omega-3
fatty acids in lipase-treated squid visceral oil by following the previous method [64]. An oil
sample (250 mg £ 0.01 mg) was dissolved in deuterated chloroform (600 pL) and transferred
into an NMR tube (5 mm) for analysis. The 13C NMR spectra were acquired using a Bruker
400 MHz instrument (Bruker, Avance III HD, Billerica, MA, USA), employing the following
acquisition conditions: 12,000 scans, a spectral width of 238 ppm, and an acquisition time
of 1.36 s. The DHA (C22:6 sn-2) peak was assigned at 172.0497 ppm, with other peaks in the
carbonyl region referenced to the DHA sn-2 spectra [50]. The quantification of fatty acids
in the carbonyl region was performed based on the area percentage of fatty acids obtained
from the integrator response of the NMR spectra using TopSpin (version 4.3.0, Bruker).

3.6. Rancimat Test and Lipid Oxidation Kinetics

The oil samples were exposed at higher temperatures (80 °C, 90 °C, 110 °C, and 110 °C)
in a saturated air flow of 20 L/h using Rancimat (743 model, Metrohm, Switzerland). The
stability of the oil samples was expressed as an induction period (IP) in hours.

A kinetic rate constant (k) for lipid oxidation was assessed as an inverse of the in-
duction period (k = 1/IP, h~!). The activation energies (E,, k] /mol) and frequency fac-
tors (A, h™1) for lipid oxidation in the oil samples were determined using the Arrhenius
Equation (1), as shown below:

In(k) = In(A) — (Ea/RT), 1)

where k is the kinetic rate constant (h~!) and R is the molar gas constant (8.314 J/mol K).
The activation enthalpies (AH) and entropies (AS) of lipid oxidation in the oil samples were
calculated using the activated complex theory (Equation (2)), as shown below:

In (k/T) = In (kg /h) + (AS/R) — (AH/RT), )

where kg is the Boltzmann constant (1.380 x 102 J/K) and h is the Planck’s con-
stant (6.63 x 10734 Js). AH and AS were determined using the slope and intercept of
Equation (2) [11].

3.7. Prediction of Shelf Life

The shelf life of the oil samples was predicted by plotting the natural logarithm of the
induction period (IP) against the absolute temperature (K) using Equation (3):

In(IP)=a(T) +b, 3)
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where ‘a’ represents slope and ‘b’ indicates the intercept of Equation (3). The slope was
used for the determination of the temperature coefficients (Tcoefr., K1). The temperature
acceleration factor (Q;p number) was calculated using the ratio of the induction period (IP)
at Tand T + 10. The semi-logarithmic plots were extrapolated for calculating the shelf life
at 25 °C.

3.8. Astaxanthin Quantification

Astaxanthin quantification (ug/g of lipid) in the oil samples was carried out using the
method by Takeungwongtrakul and Benjakul [65], with minor modifications. A 0.3% (w/v)
of the oil sample was mixed with petroleum ether and incubated at room temperature for
30 min. After appropriate dilution, the absorbance of the sample was measured at 468 nm
using a Cary series UV-Vis spectrophotometer (Agilent Technologies, Mulgrave, Australia).

3.9. Statistical Analysis

The experiments were performed in duplicate (Rancimat, GC-FID, and NMR) or tripli-
cate (all other tests) with data expressed as mean values + standard deviation. Statistically
significant differences between the datasets were evaluated (p < 0.05) using analysis of
variance (ANOVA) carried out with the help of Minitab (Release 21.4.2. for Microsoft
Windows) and Microsoft Excel software 2016. All graphs were drawn with Microsoft Excel
software 2016.

4. Conclusions

An immobilized lipase-based process was successfully used at the pilot scale (200 L) to
reduce the naturally occurring high levels of free fatty acid in squid visceral oil to produce
acylglyceride-rich squid oil. The produced acylglyceride squid oil was rich in astaxanthin
and the omega-3 fatty acids EPA and DHA, with EPA preferentially distributed at the sn-2
position and DHA predominantly retained at the naturally occurring sn-2 position, which
generally improved bioavailability and stability. Since traditional colorimetric methods (PV
and PAV methods) are not accurate for colored oils, including those containing astaxanthin,
the Rancimat method was applied for investigating the oxidative stability of the squid
visceral oil, which was compared with two commercial omega-3-rich oils. The kinetic
and thermodynamic oxidation parameters were determined from the Rancimat data. The
enzymatically processed high-acylglyceride product oil exhibited a much slower oxidation
rate compared to the unprocessed input oil, commercial fish 0il, and commercial calamari
oil. This enhanced stability was attributed to both the retention of natural astaxanthin and
lower FFA levels in the oil following enzymatic processing.

Some limitations of the current method include (a) challenges in obtaining high levels
of triacylglyceride versus mono- and diacylglycerides and (b) difficulty in determining oil
quality due to the presence of astaxanthin, which is colored and interferes with the standard
PV and PAV colorimetric testing. For (a), it is necessary to remove water as it forms during
the reaction to drive the reaction forward, since it is an equilibrium reaction. This is done
using a high vacuum but becomes more challenging as the scale increases. Furthermore,
the reaction requires the oil and water to remain in an emulsion during contact with the
enzyme bed, which is more challenging as the scale increases. The presence of astaxanthin
means that Rancimat is a better method for measuring stability than standard colorimetric
methods. New and improved methods for detecting low levels of oxidation in colored oils
are required for astaxanthin-containing oils.

Overall, this investigation shows that squid visceral oil can be converted to a relatively
stable, low free fatty acid oil containing high natural levels of the antioxidant astaxanthin
and omega-3 fatty acids, with retention of DHA positional distribution. The lower FFA
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and high astaxanthin and omega-3 levels, together with the high stability and natural
DHA positional distribution retained at sn-2, make this oil an excellent nutritional oil with
potential in nutritional supplements or functional foods.

Author Contributions: Conceptualization, A.J., B.H. and C.J.B.; methodology, A.].; analysis, A.].;
investigation, A.].; resources, M.S. and C.J.B.; data curation, A.].; writing—original draft preparation,
Al., B.H. and C].B.; writing—review and editing, A.J, B.H., M.S. and C.J.B.; supervision, B.H., M.S.
and C.J.B.; project administration, B.H., M.S. and C.J.B.; funding acquisition, M.S. and C.J.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Australian Research Council Industrial Transformation
Training Centre for Green Chemistry in Manufacturing project number 1C190100034.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be provided upon request.

Acknowledgments: This work was supported by the Centre for Sustainable Bioproducts, Deakin
University, Australia. Asavari Joshi acknowledges a PhD scholarship from the ARC Industrial
Transformation Training Centre for Green Chemistry in Manufacturing at Deakin University.

Conflicts of Interest: Author Moninder Sachar was employed by the company Australian Omega
Qils Pty Ltd. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Moovendhan, M.; Seedevi, P.; Vairamani, S.; Shanmugam, A. Exploring the chemical composition and anticancer potential of oil
from squid (Loligo duvauceli) liver waste from fish processing industry. Waste Biomass Valorization 2019, 10, 2967-2973. [CrossRef]

2. Cho, S.-Y,; Joo, D.-S.; Choi, H.-G.; Nara, E.; Miyashita, K. Oxidative stability of lipids from squid tissues. Fish. Sci. 2001, 67,
738-743. [CrossRef]

3.  Kaushik, P.; Dowling, K.; Barrow, C.J.; Adhikari, B. Microencapsulation of omega-3 fatty acids: A review of microencapsulation
and characterization methods. J. Funct. Foods 2015, 19, 868-881. [CrossRef]

4.  Jain, P; Mandal, S.; Minhas, A.K.; Puri, M.; Barrow, C.J. Concentrating omega-3 fatty acids in Nannochloropsis oceanica oil by
using enzyme immobilized nano-silica systems. J. Clean. Prod. 2023, 406, 137030. [CrossRef]

5. Xuan, J.; Xia, Q.; Tu, Y;; Luo, T.; Mao, Q.; Han, Z; Barrow, C.J.; Liu, S.; Wang, B. Effect of enzymatically produced tuna oil
acylglycerol on the characteristics of gelatin O/W emulsion during microencapsulation using complex coacervation. LWT 2023,
190, 115580. [CrossRef]

6. Wang, J.; Han, L.; Wang, D.; Sun, Y.; Huang, J.; Shahidi, F. Stability and stabilization of omega-3 oils: A review. Trends Food Sci.
Technol. 2021, 118, 17-35. [CrossRef]

7. Jacobsen, C.; Garcia-Moreno, PJ.; Yesiltas, B.; Serensen, A.-D.M. Lipid oxidation and traditional methods for evaluation. In
Omega-3 Delivery Systems; Elsevier: Amsterdam, The Netherlands, 2021; pp. 183-200.

8. Albert, B.B.; Cameron-Smith, D.; Hofman, P.L.; Cutfield, W.S. Oxidation of marine omega-3 supplements and human health.
BioMed Res. Int. 2013, 2013, 464921. [CrossRef] [PubMed]

9. Du, Q.; Zhou, L.; Li, M,; Lyu, F; Liu, J.; Ding, Y. Omega-3 polyunsaturated fatty acid encapsulation system: Physical and oxidative
stability, and medical applications. Food Front. 2022, 3, 239-255. [CrossRef]

10. Kolanowski, W.; Jaworska, D.; Weifibrodt, J. Importance of instrumental and sensory analysis in the assessment of oxidative
deterioration of omega-3 long-chain polyunsaturated fatty acid-rich foods. J. Sci. Food Agric. 2007, 87, 181-191. [CrossRef]

11.  Nogueira, M.S.; Scolaro, B.; Milne, G.L.; Castro, I.A. Oxidation products from omega-3 and omega-6 fatty acids during a simulated
shelf life of edible oils. LWT 2019, 101, 113-122. [CrossRef]

12.  Yenipazar, H.; Sahin-Yesilcubuk, N. Effect of packaging and encapsulation on the oxidative and sensory stability of omega-3
supplements. Food Sci. Nutr. 2023, 11, 1426-1440. [CrossRef] [PubMed]

13. Li, D.; Liu, P.; Wang, W.; Yang, B.; Ou, S.; Wang, Y. An efficient upgrading approach to produce n-3 polyunsaturated fatty
acids-rich edible grade oil from high-acid squid visceral oil. Biochem. Eng. J. 2017, 127, 167-174. [CrossRef]

14. Lin, C.-C.; Hwang, L.S. A comparison of the effects of various purification treatments on the oxidative stability of squid visceral

oil. J. Am. Oil Chem. Soc. 2002, 79, 489-494. [CrossRef]


https://doi.org/10.1007/s12649-018-0304-z
https://doi.org/10.1046/j.1444-2906.2001.00314.x
https://doi.org/10.1016/j.jff.2014.06.029
https://doi.org/10.1016/j.jclepro.2023.137030
https://doi.org/10.1016/j.lwt.2023.115580
https://doi.org/10.1016/j.tifs.2021.09.018
https://doi.org/10.1155/2013/464921
https://www.ncbi.nlm.nih.gov/pubmed/23738326
https://doi.org/10.1002/fft2.134
https://doi.org/10.1002/jsfa.2733
https://doi.org/10.1016/j.lwt.2018.11.044
https://doi.org/10.1002/fsn3.3182
https://www.ncbi.nlm.nih.gov/pubmed/36911843
https://doi.org/10.1016/j.bej.2017.05.014
https://doi.org/10.1007/s11746-002-0510-x

Mar. Drugs 2025, 23, 21 12 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Scurria, A.; Fabiano Tixier, A.-S.; Lino, C.; Pagliaro, M.; D’ Agostino, F; Avellone, G.; Chemat, F,; Ciriminna, R. High yields of
shrimp oil rich in omega-3 and natural astaxanthin from shrimp waste. ACS Omega 2020, 5, 17500-17505. [CrossRef]

Phadtare, I.; Vaidya, H.; Hawboldt, K.; Cheema, S.K. Shrimp oil extracted from shrimp processing by-product is a rich source of
omega-3 fatty acids and astaxanthin-esters, and reveals potential anti-adipogenic effects in 3T3-L1 adipocytes. Mar. Drugs 2021,
19, 259. [CrossRef] [PubMed]

Calvo, N.S.; Reynoso, C.M.; Resnik, S.; Cortés-Jacinto, E.; Collins, P. Thermal stability of astaxanthin in oils for its use in fish food
technology. Anim. Feed Sci. Technol. 2020, 270, 114668. [CrossRef]

Barros, M.P; Poppe, S.C.; Bondan, E.F. Neuroprotective properties of the marine carotenoid astaxanthin and omega-3 fatty acids,
and perspectives for the natural combination of both in krill oil. Nutrients 2014, 6, 1293-1317. [CrossRef]

Aneesh, P; Ajeeshkumar, K.; Lekshmi, R.K.; Anandan, R.; Ravishankar, C.; Mathew, S. Bioactivities of astaxanthin from natural
sources, augmenting its biomedical potential: A review. Trends Food Sci. Technol. 2022, 125, 81-90. [CrossRef]

Aneesh, P; Anandan, R.; Kumar, L.R.; Ajeeshkumar, K.; Kumar, K.A.; Mathew, S. A step to shell biorefinery—Extraction of
astaxanthin-rich oil, protein, chitin, and chitosan from shrimp processing waste. Biomass Convers. Biorefinery 2023, 13, 205-214.
[CrossRef]

Rajasekaran, B.; Gulzar, S.; Gopalrajan, S.; Karunanithi, M.; Benjakul, S. Omega-3 Enriched Fish and Shellfish Oils: Extraction,
Preservation, and Health Benefits. In Fish Waste to Valuable Products; Springer: Berlin/Heidelberg, Germany, 2024; pp. 195-229.
Tizkar, B.; Seidavi, A.; Ponce-Palafox, ].T.; Pourashoor, P. The effect of astaxanthin on resistance of juvenile prawns Macrobrachium
nipponense (Decapoda: Palaemonidae) to physical and chemical stress. Rev. Biol. Ia Trop. 2014, 62, 1331-1341. [CrossRef]
[PubMed]

Dhankhar, J.; Kadian, S.S.; Sharma, A. Astaxanthin: A potential carotenoid. Int. J. Pharm. Sci. Res. 2012, 3, 1246.

Miki, W. Biological functions and activities of animal carotenoids. Pure Appl. Chem. 1991, 63, 141-146. [CrossRef]

Yamashita, E. Let astaxanthin be thy medicine. PharmaNutrition 2015, 3, 115-122. [CrossRef]

Nishida, Y.; Berg, P.C.; Shakersain, B.; Hecht, K.; Takikawa, A.; Tao, R.; Kakuta, Y.; Uragami, C.; Hashimoto, H.; Misawa, N.
Astaxanthin: Past, present, and future. Mar. Drugs 2023, 21, 514. [CrossRef] [PubMed]

Saw, C.L.L.; Yang, A.Y,; Guo, Y.; Kong, A.-N.T. Astaxanthin and omega-3 fatty acids individually and in combination protect
against oxidative stress via the Nrf2-ARE pathway. Food Chem. Toxicol. 2013, 62, 869-875. [CrossRef] [PubMed]

Jiang, X.; Pan, K.; Yang, Y.; Shu-Chien, A.C.; Wu, X. Dietary DHA oil supplementation promotes ovarian development and
astaxanthin deposition during the ovarian maturation of Chinese mitten crab Eriocheir sinensis. Aquac. Nutr. 2022, 2022, 9997317.
[CrossRef]

Zhang, L.; Zhang, R.; Jiang, X.; Wu, X.; Wang, X. Dietary supplementation with synthetic astaxanthin and DHA interactively
regulates physiological metabolism to improve the color and odor quality of ovaries in adult female Eriocheir sinensis. Food
Chem. 2024, 430, 137020. [CrossRef] [PubMed]

Wang, H.; He, W.; Dansou, D.M.; Zhang, H.; Nugroho, R.D.; Tang, C.; Guo, X.; Yu, Y.; Zhao, Q.; Qin, Y. Astaxanthin improved the
storage stability of docosahexaenoic acid-enriched eggs by inhibiting oxidation of non-esterified poly-unsaturated fatty acids.
Food Chem. 2022, 381, 132256. [CrossRef]

Spotti, M.L.; Acosta, C.A.; Carrara, C.R.; Fioramonti, S.A. Influence of storage temperature and natural antioxidants addition on
chia oil nutraceutical blends shelf life. Eur. J. Lipid Sci. Technol. 2024, 126, 2300179. [CrossRef]

Espinaco, B.Y.; Niizawa, I.; Marino, F,; Zorrilla, S.E.; Sihufe, G.A. Storage stability of chia (Salvia hispanica L.) oil incorporated with
astaxanthin. J. Food Process. Preserv. 2021, 45, €15184. [CrossRef]

Colletti, A.; Cravotto, G.; Citi, V.; Martelli, A.; Testai, L.; Cicero, A.F. Advances in technologies for highly active omega-3 fatty
acids from krill oil: Clinical applications. Mar. Drugs 2021, 19, 306. [CrossRef] [PubMed]

Symoniuk, E.; Lapifiska, A.; Ratusz, K.; Wroniak, M. Influence of the Rancimat Apparatus Operating Parameters on Oxidative
Stability Determination of Cold-Pressed Camelina and Hemp Seed Oil. Eur. J. Lipid Sci. Technol. 2023, 125, 2200062. [CrossRef]
Giilmez, O.; Sahin, S. Evaluation of oxidative stability in hazelnut oil treated with several antioxidants: Kinetics and thermody-
namics studies. LWT 2019, 111, 478-483. [CrossRef]

Ghosh, M.; Upadhyay, R.; Mahato, D.K.; Mishra, H.N. Kinetics of lipid oxidation in omega fatty acids rich blends of sunflower
and sesame oils using Rancimat. Food Chem. 2019, 272, 471-477. [CrossRef] [PubMed]

Farhoosh, R.; Niazmand, R.; Rezaei, M.; Sarabi, M. Kinetic parameter determination of vegetable oil oxidation under Rancimat
test conditions. Eur. J. Lipid Sci. Technol. 2008, 110, 587-592. [CrossRef]

Farhoosh, R.; Hoseini-Yazdi, S.Z. Evolution of oxidative values during kinetic studies on olive oil oxidation in the Rancimat test.
J. Am. Oil Chem. Soc. 2014, 91, 281-293. [CrossRef]

Yang, K.-M.; Chiang, P.-Y. Variation quality and kinetic parameter of commercial n-3 PUFA-rich oil during oxidation via Rancimat.
Mar. Drugs 2017, 15, 97. [CrossRef]

Méndez, E.; Sanhueza, J.; Speisky, H.; Valenzuela, A. Validation of the Rancimat test for the assessment of the relative stability of
fish oils. J. Am. Oil Chem. Soc. 1996, 73, 1033-1037. [CrossRef]


https://doi.org/10.1021/acsomega.0c01978
https://doi.org/10.3390/md19050259
https://www.ncbi.nlm.nih.gov/pubmed/33946320
https://doi.org/10.1016/j.anifeedsci.2020.114668
https://doi.org/10.3390/nu6031293
https://doi.org/10.1016/j.tifs.2022.05.004
https://doi.org/10.1007/s13399-020-01074-5
https://doi.org/10.15517/rbt.v62i4.13057
https://www.ncbi.nlm.nih.gov/pubmed/25720170
https://doi.org/10.1351/pac199163010141
https://doi.org/10.1016/j.phanu.2015.09.001
https://doi.org/10.3390/md21100514
https://www.ncbi.nlm.nih.gov/pubmed/37888449
https://doi.org/10.1016/j.fct.2013.10.023
https://www.ncbi.nlm.nih.gov/pubmed/24157545
https://doi.org/10.1155/2022/9997317
https://doi.org/10.1016/j.foodchem.2023.137020
https://www.ncbi.nlm.nih.gov/pubmed/37544156
https://doi.org/10.1016/j.foodchem.2022.132256
https://doi.org/10.1002/ejlt.202300179
https://doi.org/10.1111/jfpp.15184
https://doi.org/10.3390/md19060306
https://www.ncbi.nlm.nih.gov/pubmed/34073184
https://doi.org/10.1002/ejlt.202200062
https://doi.org/10.1016/j.lwt.2019.05.077
https://doi.org/10.1016/j.foodchem.2018.08.072
https://www.ncbi.nlm.nih.gov/pubmed/30309570
https://doi.org/10.1002/ejlt.200800004
https://doi.org/10.1007/s11746-013-2368-z
https://doi.org/10.3390/md15040097
https://doi.org/10.1007/BF02523412

Mar. Drugs 2025, 23, 21 13 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

Pazhouhanmehr, S.; Farhoosh, R.; Sharif, A.; Kenari, R.E. Oxidation kinetics of common Kilka (Clupeonella cultiventris caspia) oil
in presence of bene oils” unsaponifiable matter. Food Chem. 2016, 190, 748-754. [CrossRef] [PubMed]

Yesilsu, A.F.; Ozyurt, G. Oxidative stability of microencapsulated fish oil with rosemary, thyme and laurel extracts: A kinetic
assessment. . Food Eng. 2019, 240, 171-182. [CrossRef]

Shen, Y.; Guo, C.; Lu, T,; Ding, X.-Y.; Zhao, M.-T.; Zhang, M.; Liu, H.-L.; Song, L.; Zhou, D.-Y. Effects of gallic acid alkyl esters and
their combinations with other antioxidants on oxidative stability of DHA algae oil. Food Res. Int. 2021, 143, 110280. [CrossRef]
[PubMed]

Haque, M.A.; Akanbi, T.O.; Holland, B.J.; Sachar, M.; Barrow, C.J. Sustainable Enzymatic Production of Omega-3 Oil from Squid
Viscera. Sustainability 2024, 16, 4243. [CrossRef]

Yang, Z.; Jin, W.; Cheng, X.; Dong, Z.; Chang, M.; Wang, X. Enzymatic enrichment of n-3 polyunsaturated fatty acid glycerides by
selective hydrolysis. Food Chem. 2021, 346, 128743. [CrossRef] [PubMed]

Yan, J.; Liu, M,; Yang, D.; Zhang, Y.; An, F. Efficacy and safety of omega-3 fatty acids in the prevention of cardiovascular disease:
A systematic review and meta-analysis. Cardiovasc. Drugs Ther. 2024, 38, 799-817. [CrossRef]

von der Haar, D.; Stabler, A.; Wichmann, R.; Schweiggert-Weisz, U. Enzymatic esterification of free fatty acids in vegetable oils
utilizing different immobilized lipases. Biotechnol. Lett. 2015, 37, 169-174. [CrossRef]

Zhang, H.; Zhao, H.; Zhang, Y.; Shen, Y.; Su, H.; Jin, ].; Jin, Q.; Wang, X. Characterization of Positional Distribution of Fatty Acids
and Triacylglycerol Molecular Compositions of Marine Fish Oils Rich in Omega-3 Polyunsaturated Fatty Acids. BioMed Res. Int.
2018, 2018, 3529682. [CrossRef] [PubMed]

Yalagala, P.R; Sugasini, D.; Dasarathi, S.; Pahan, K.; Subbaiah, P.V. Dietary lysophosphatidylcholine-EPA enriches both EPA and
DHA in the brain: Potential treatment for depression [S]. J. Lipid Res. 2019, 60, 566-578. [CrossRef] [PubMed]

Tengku-Rozaina, T.M.; Birch, E.J. Positional distribution of fatty acids on hoki and tuna oil triglycerides by pancreatic lipase and
13C NMR analysis. Eur. J. Lipid Sci. Technol. 2014, 116, 272-281. [CrossRef]

Akanbi, T.O.; Barrow, C.J. Lipase-catalysed incorporation of EPA into emu oil: Formation and characterisation of new structured
lipids. J. Funct. Foods 2015, 19, 801-809. [CrossRef]

Lee-Chang, K.J.; Taylor, M.C.; Drummond, G.; Mulder, R.J.; Mansour, M.P.,; Brock, M.; Nichols, P.D. Docosahexaenoic acid is
naturally concentrated at the sn-2 position in triacylglycerols of the Australian thraustochytrid Aurantiochytrium sp. strain TC 20.
Mar. Drugs 2021, 19, 382. [CrossRef] [PubMed]

Ando, Y.; Samoto, H.; Murayama, Y. Positional distribution of DHA and EPA in triacyl-sn-glycerols (TAG) of Artemia franciscana
nauplii enriched with fish oils ethyl esters and TAG. Aquaculture 2004, 233, 321-335. [CrossRef]

Ikeda, I; Yoshida, H.; Tomooka, M.; Yosef, A.; Imaizumi, K.; Tsuji, H.; Seto, A. Effects of long-term feeding of marine oils with
different positional distribution of eicosapentaenoic and docosahexaenoic acids on lipid metabolism, eicosanoid production, and
platelet aggregation in hypercholesterolemic rats. Lipids 1998, 33, 897-904. [CrossRef]

Dovale-Rosabal, G.; Rodriguez, A.; Espinosa, A.; Barriga, A.; Aubourg, S.P. Synthesis of EPA-and DHA-enriched structured
acylglycerols at the sn-2 position starting from commercial salmon oil by enzymatic lipase catalysis under supercritical conditions.
Molecules 2021, 26, 3094. [CrossRef] [PubMed]

Upadhyay, R.; Mishra, H.N. Multivariate optimization of a synergistic blend of oleoresin sage (Salvia officinalis L.) and ascorbyl
palmitate to stabilize sunflower oil. J. Food Sci. Technol. 2016, 53, 1919-1928. [CrossRef]

Roy, V.C.; Getachew, A.T.; Cho, Y.-J; Park, J.-S.; Chun, B.-S. Recovery and bio-potentialities of astaxanthin-rich oil from shrimp
(Penaeus monodon) waste and mackerel (Scomberomous niphonius) skin using concurrent supercritical CO, extraction. J. Supercrit.
Fluids 2020, 159, 104773. [CrossRef]

Liu, X.; Luo, Q.; Rakariyatham, K.; Cao, Y.; Goulette, T.; Liu, X.; Xiao, H. Antioxidation and anti-ageing activities of different
stereoisomeric astaxanthin in vitro and in vivo. J. Funct. Foods 2016, 25, 50-61. [CrossRef]

Akanbi, T.O.; Adcock, ].L.; Barrow, C.J. Selective concentration of EPA and DHA using Thermomyces lanuginosus lipase is due to
fatty acid selectivity and not regioselectivity. Food Chem. 2013, 138, 615-620. [CrossRef] [PubMed]

Wang, L.; Yang, B.; Yan, B.; Yao, X. Supercritical fluid extraction of astaxanthin from Haematococcus pluvialis and its antioxidant
potential in sunflower oil. Innov. Food Sci. Emerg. Technol. 2012, 13, 120-127. [CrossRef]

Hernandez, E.M. Specialty oils: Functional and nutraceutical properties. Funct. Diet. Lipids 2016, 69-101. [CrossRef]
Thyagarajan, T. Fermentation of Omega-3 and Carotenoid Producing Marine Microorganisms. Ph.D. Dissertation, Deakin
University, Geelong, Australia, 2015.

Ackman, R.G. The gas chromatograph in practical analyses of common and uncommon fatty acids for the 21st century. Anal.
Chim. Acta 2002, 465, 175-192. [CrossRef]


https://doi.org/10.1016/j.foodchem.2015.05.100
https://www.ncbi.nlm.nih.gov/pubmed/26213034
https://doi.org/10.1016/j.jfoodeng.2018.07.021
https://doi.org/10.1016/j.foodres.2021.110280
https://www.ncbi.nlm.nih.gov/pubmed/33992380
https://doi.org/10.3390/su16104243
https://doi.org/10.1016/j.foodchem.2020.128743
https://www.ncbi.nlm.nih.gov/pubmed/33419584
https://doi.org/10.1007/s10557-022-07379-z
https://doi.org/10.1007/s10529-014-1668-1
https://doi.org/10.1155/2018/3529682
https://www.ncbi.nlm.nih.gov/pubmed/30112380
https://doi.org/10.1194/jlr.M090464
https://www.ncbi.nlm.nih.gov/pubmed/30530735
https://doi.org/10.1002/ejlt.201300357
https://doi.org/10.1016/j.jff.2014.11.010
https://doi.org/10.3390/md19070382
https://www.ncbi.nlm.nih.gov/pubmed/34356807
https://doi.org/10.1016/j.aquaculture.2003.08.013
https://doi.org/10.1007/s11745-998-0286-7
https://doi.org/10.3390/molecules26113094
https://www.ncbi.nlm.nih.gov/pubmed/34067234
https://doi.org/10.1007/s13197-015-2157-9
https://doi.org/10.1016/j.supflu.2020.104773
https://doi.org/10.1016/j.jff.2016.05.009
https://doi.org/10.1016/j.foodchem.2012.11.007
https://www.ncbi.nlm.nih.gov/pubmed/23265531
https://doi.org/10.1016/j.ifset.2011.09.004
https://doi.org/10.1016/B978-1-78242-247-1.00004-1
https://doi.org/10.1016/S0003-2670(02)00098-3

Mar. Drugs 2025, 23, 21 14 of 14

64. Ahmmed, M.K.,; Ahmmed, F; Stewart, I.; Carne, A.; Tian, H.S.; Bekhit, A.E.-D.A. Omega-3 phospholipids in Pacific blue mackerel
(Scomber australasicus) processing by-products. Food Chem. 2021, 353, 129451. [CrossRef] [PubMed]

65. Takeungwongtrakul, S.; Benjakul, S. Astaxanthin degradation and lipid oxidation of Pacific white shrimp oil: Kinetics study and
stability as affected by storage conditions. Int. Aquat. Res. 2016, 8, 15-27. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodchem.2021.129451
https://www.ncbi.nlm.nih.gov/pubmed/33714118
https://doi.org/10.1007/s40071-015-0120-z

	Introduction 
	Results and Discussion 
	Free Fatty Acid Content in Crude Squid Visceral Oil During Enzymatic Processing 
	Fatty Acid Composition in Crude Squid Visceral Oil During Lipase Processing 
	Positional Distribution of Omega-3 Fatty Acids in Lipase-Treated Squid Visceral Oil 
	Rancimat Analysis, Lipid Oxidation Kinetics, and Shelf Life Prediction 
	Astaxanthin Content 

	Materials and Methods 
	Materials 
	Lipase Processing of Crude Squid Visceral Oil 
	Free Fatty Acid Content (%) and Other Lipid Classes by Capillary Chromatography with a Flame Ionisation Detector (Iatroscan) 
	Analysis of Fatty Acid Composition Using Gas Chromatography with a Flame Ionisation Detector (GC-FID) 
	Positional Distribution of Omega-3 Fatty Acids in Lipase-Treated Squid Visceral Oil by 13C-Nuclear Magnetic Resonance (NMR) 
	Rancimat Test and Lipid Oxidation Kinetics 
	Prediction of Shelf Life 
	Astaxanthin Quantification 
	Statistical Analysis 

	Conclusions 
	References

