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Abstract: Background: The use of conventional astaxanthin extraction methods, typically involving
organic solvents, leads to a heightened environmental impact. The aim of this study was to explore
the potential use of environmentally friendly extraction solvents, such as vegetable oils, for recovering
the shrimp by-product astaxanthin. Methods: Ultrasound-assisted extraction (UAE) in vegetable
oils, including olive oil (OO), sunflower oil (SO), and flaxseed oil (FO), was employed to extract
astaxanthin. The astaxanthin antioxidant activity was evaluated using an ABTS assay, and a mixture
of gum Arabic and soy lecithin was used to form coacervates to produce astaxanthin encapsulation.
Results: A by-product–vegetable oil ratio of 1:60, extraction time of 210 min, 60% amplitude of the
extraction process, and the use of OO as the extracting medium resulted in an astaxanthin yield
of 235 ± 4.07 µg astaxanthin/g by-products. The astaxanthin encapsulation efficiency on day 0
and astaxanthin recovery on day 1 were recorded at 66.6 ± 2.7% and 94.4 ± 4.6%, respectively.
Conclusions: The utilization of OO as an extraction solvent for astaxanthin from shrimp by-products
in UAE represents a novel and promising approach to reducing the environmental impact of shrimp
by-products. The effective astaxanthin encapsulation efficiency highlights its potential application in
food industries.

Keywords: shrimp by-products; astaxanthin; ultrasound-assisted extraction (UAE); olive oil (OO);
radical scavenging activity; accelerated study; encapsulation efficiency

1. Introduction

Shrimp, which is one of the primary subclasses of crustaceans, is available on the
market fresh or processed. The shrimp head, the carapace, and the shell are generated as
processing byproducts in both headless and peeled processed shrimp and may account for
up to 50–60% of total body weight [1,2]. These byproducts are a possible source of food
additives because the cephalothorax contains valuable bioactive components with high
contents of omega-3 polyunsaturated fatty acids (PUFAs), mostly docosahexaenoic and
eicosapentaenoic acids. These long-chain PUFAs are well-known for their great health
advantages [3]. Shrimp shells also contain protein, minerals, and carotenoids, such as
astaxanthin, which is a powerful antioxidant pigment [4]; therefore, they could contribute
added value to functional food products.

Astaxanthin (3,3′-dihydroxy-beta, beta-carotene-4,4′-dione, Figure 1) is a xanthophyll
carotenoid and is categorized as a lipophilic carotenoid.
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Figure 1. Chemical structure of astaxanthin. Astaxanthin has potent antioxidant ability and is the 
most abundant carotenoid in crustaceans (75–95% of total pigment), giving them their reddish-
orange color. Astaxanthin has a tenfold more potent antioxidant capacity than other carotenoids, 
such as zeaxanthin, lutein, and canthaxanthin, and 100 times increased antioxidant ability com-
pared with a-tocopherol (vitamin E) and ascorbic acid (vitamin C) [5–7] due to the presence of 
hydroxyl and ketonic functional groups in its structure [8,9]. 

Astaxanthin has a protective effect against oxidative damage via a variety of mecha-
nisms, including singlet oxygen neutralization, radical scavenging to prevent chain reac-
tions, membrane structure preservation via inhibition of lipid peroxidation, immune sys-
tem function enhancement, and gene expression regulation [10,11]. Among other health 
benefits, astaxanthin possesses anticancer activity, a protective effect against cardiovascu-
lar diseases, anti-diabetic capacity, and anti-inflammation ability [11,12]. 

Several methods can be used to extract astaxanthin, such as the conventional chemi-
cal method with organic solvents, the alkaline method, or maceration. Conventional ex-
traction methods are typically more time-consuming, require an increased amount of sol-
vent to enhance the extraction process, and result in chemical degradation [13,14]. Carot-
enoid components from crustaceans can also be extracted utilizing vegetable oils as sol-
vents [1,15–18]. Vegetable oils have the benefit of being an effective barrier to oxygen, 
which diminishes the oxidation process [15]. An alternative method of carotenoid com-
pound extraction from shrimp by-products is the combination of ultrasound-assisted ex-
traction (UAE) using novel green solvents, such as vegetable oils. UAE is a quick and ef-
fective method of extraction. The effect of acoustic cavitations generated within the sol-
vent by the passage of an ultrasonic wave is primarily responsible for the improved ex-
traction efficiency. This effect could be aĴributed to the mechanical impact of ultrasound 
on the food matrix due to the high shear force resulting from the cavitation bubbles of 
ultrasonic waves, increasing the contact area between the liquid and solid phase, and 
therefore permiĴing greater penetration of the solvent into the food tissue. Consequently, 
the solute diffuses rapidly from the solid phase to the solvent. As a result, UAE has been 
widely used in the extraction of different natural compounds [16,19,20]. 

As a highly unsaturated compound, astaxanthin is vulnerable to deterioration (oxi-
dation) in the presence of extremes in temperature, oxygen level, light, and pH. The deg-
radation of carotenoids affects the food’s nutritional value, color, and organoleptic quali-
ties, in addition to its loss of functional aĴributes [21]. Encapsulation may help to over-
come problems associated with the molecule’s degradation since it is a process by which 
molecules or materials are enclosed within a protective shell or coating, often referred to 
as a capsule or microcapsule. The encapsulation technique provides physical and chemi-
cal protection. The encapsulating shell acts as a physical barrier, shielding the encapsu-
lated molecules from external factors such as oxygen, moisture, light, and temperature 
variations. These environmental factors can cause degradation, chemical reactions, or loss 
of functionality in certain molecules. Encapsulation can also offer chemical protection by 
isolating the encapsulated molecules from reactive substances present in the surrounding 
environment. For example, encapsulating sensitive molecules can prevent their interac-
tion with other compounds, preserving their stability and effectiveness [22]. Various meth-
ods were researched to increase the application of AST in functional food products, such 
as structural modification; microencapsulation; and integration into liposomes, emul-
sions, and nanoemulsions. Carotenoids, PUFAs, and many other non-polar bioactive sub-
stances were demonstrated to have improved solubility and bioavailability when 

Figure 1. Chemical structure of astaxanthin. Astaxanthin has potent antioxidant ability and is the
most abundant carotenoid in crustaceans (75–95% of total pigment), giving them their reddish-orange
color. Astaxanthin has a tenfold more potent antioxidant capacity than other carotenoids, such as
zeaxanthin, lutein, and canthaxanthin, and 100 times increased antioxidant ability compared with
a-tocopherol (vitamin E) and ascorbic acid (vitamin C) [5–7] due to the presence of hydroxyl and
ketonic functional groups in its structure [8,9].

Astaxanthin has a protective effect against oxidative damage via a variety of mech-
anisms, including singlet oxygen neutralization, radical scavenging to prevent chain re-
actions, membrane structure preservation via inhibition of lipid peroxidation, immune
system function enhancement, and gene expression regulation [10,11]. Among other health
benefits, astaxanthin possesses anticancer activity, a protective effect against cardiovascular
diseases, anti-diabetic capacity, and anti-inflammation ability [11,12].

Several methods can be used to extract astaxanthin, such as the conventional chemical
method with organic solvents, the alkaline method, or maceration. Conventional extraction
methods are typically more time-consuming, require an increased amount of solvent to
enhance the extraction process, and result in chemical degradation [13,14]. Carotenoid com-
ponents from crustaceans can also be extracted utilizing vegetable oils as solvents [1,15–18].
Vegetable oils have the benefit of being an effective barrier to oxygen, which diminishes the
oxidation process [15]. An alternative method of carotenoid compound extraction from
shrimp by-products is the combination of ultrasound-assisted extraction (UAE) using novel
green solvents, such as vegetable oils. UAE is a quick and effective method of extraction.
The effect of acoustic cavitations generated within the solvent by the passage of an ultra-
sonic wave is primarily responsible for the improved extraction efficiency. This effect could
be attributed to the mechanical impact of ultrasound on the food matrix due to the high
shear force resulting from the cavitation bubbles of ultrasonic waves, increasing the contact
area between the liquid and solid phase, and therefore permitting greater penetration of
the solvent into the food tissue. Consequently, the solute diffuses rapidly from the solid
phase to the solvent. As a result, UAE has been widely used in the extraction of different
natural compounds [16,19,20].

As a highly unsaturated compound, astaxanthin is vulnerable to deterioration (ox-
idation) in the presence of extremes in temperature, oxygen level, light, and pH. The
degradation of carotenoids affects the food’s nutritional value, color, and organoleptic
qualities, in addition to its loss of functional attributes [21]. Encapsulation may help to
overcome problems associated with the molecule’s degradation since it is a process by
which molecules or materials are enclosed within a protective shell or coating, often re-
ferred to as a capsule or microcapsule. The encapsulation technique provides physical and
chemical protection. The encapsulating shell acts as a physical barrier, shielding the encap-
sulated molecules from external factors such as oxygen, moisture, light, and temperature
variations. These environmental factors can cause degradation, chemical reactions, or loss
of functionality in certain molecules. Encapsulation can also offer chemical protection by
isolating the encapsulated molecules from reactive substances present in the surrounding
environment. For example, encapsulating sensitive molecules can prevent their interaction
with other compounds, preserving their stability and effectiveness [22]. Various methods
were researched to increase the application of AST in functional food products, such as
structural modification; microencapsulation; and integration into liposomes, emulsions,
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and nanoemulsions. Carotenoids, PUFAs, and many other non-polar bioactive substances
were demonstrated to have improved solubility and bioavailability when delivered via
emulsion-based delivery systems [23–25]. The encapsulation process in this investigation
followed the methods outlined by Gallardo et al. [26]. Specifically, gum Arabic was em-
ployed as the only wall material for encapsulating vegetable oil since the results of this
study show a notable encapsulation efficiency of 90.5%.

The objective of the study was to explore the potential application of environmen-
tally friendly extraction solvents, specifically edible vegetable oils, such as olive oil (OO),
sunflower oil (SO), and flaxseed oil (FO), for the recovery of astaxanthin from shrimp
by-products. Additionally, this study aimed to assess the encapsulation efficiency of the
extracted astaxanthin. The obtained results could enhance the growing knowledge of
eco-friendly extraction methods, particularly highlighting the potential significance of
OO, which is a green solvent that has received limited attention in terms of extracting
astaxanthin from shrimp by-products.

2. Results and Discussion
2.1. Fatty Acids Composition of Shrimp By-Product Total Lipids (TLs)

The fatty acids composition of shrimp by-product total lipids (TLs) is presented in
Table 1. A representative chromatogram of shrimp by-product TLs using gas chromatogra-
phy with a flame ionization detector (GC-FID) is presented in Figure 2.
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Figure 2. Representative chromatogram of shrimp by-product total lipids (TLs) using gas chromatog-
raphy with a flame ionization detector (GC-FID).

The distribution of shrimp by-product TLs was found to be saturated fatty acids (SFAs)
(1.3622 g SFAs/kg shrimp by-products) > PUFAs (1.3485 g PUFAs/kg shrimp by-products) >
monounsaturated fatty acids (MUFAs) (1.2428 g MUFAs/kg shrimp by-products) (Table 1).

The SFAs of shrimp by-product TLs were mainly comprised of palmitic acid (16:0)
(1.0362 g 16:0/kg shrimp by-products) and stearic acid (18:0) (0.2134 g 18:0/kg shrimp
by-products), while MUFAs exhibited elevated amounts of oleic acid (18:1 cisω-9) (0.7983
g 18:1 cis ω-9/kg shrimp by-products) (Table 1). These findings are in agreement with
the existing literature since shrimp oil derived from processed by-products contained
a substantial quantity of C16:0 (15.73% (nmol/nmol)) and C18:0 (2.42% (nmol/nmol)),
while the MUFAs contained mainly C18:1 cis ω-9 (21.33% (nmol/nmol)) [27]. Likewise,
the oil obtained from by-products of deep-sea shrimp was found to encompass a notable
concentration of SFAs. Specifically, palmitic acid (C16:0) constituted a substantial portion
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at 27.27 ± 0.68%, while among the MUFAs, oleic acid (C18:1) emerged as the predominant
component with the highest prevalence, accounting for 15.81 ± 0.62% [28].

Table 1. Fatty acids composition of shrimp by-product TLs (means ± SD, n = 6) expressed in g of
fatty acids per kg of shrimp by-products.

Fatty Acid g/kg of Shrimp By-Products

Myristic acid 14:0 0.1126 ± 0.0066
Palmitic acid 16:0 1.0362 ± 0.0391
Stearic acid 18:0 0.2134 ± 0.0119

Palmitoleic acid 16:1 (ω-7) 0.2195 ± 0.0085
Oleic acid 18:1 cis (ω-9) 0.7983 ± 0.0312

Elaidic acid 18:1 trans (ω-9) 0.2250 ± 0.0125
Linoleic acid 18:2 (ω-6) 0.1300 ± 0.0074

Eicosapentaenoic acid 20:5 (ω-3) 0.6768 ± 0.0364
Docosahexaenoic acid 22:6 (ω-3) 0.5418 ± 0.0320

Total SFAs 1.3622 ± 0.0809
Total MUFAs 1.2428 ± 0.0727

Totalω-3 PUFAs 1.2186 ± 0.0481
Totalω-6 PUFAs 0.1300 ± 0.0520

ω-3/ω-6 9.3718 ± 0.0006
SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids.

Within the group of PUFAs, shrimp by-product TLs exhibited highω-3 PUFA content,
with eicosapentaenoic acid (EPA, 20:5ω-3) being the most prevalent at 0.6768 g EPA per
kg of shrimp by-products, followed by docosahexaenoic acid (DHA, 22:6 ω-3) at 0.5418
g DHA per kg of shrimp by-products, whereas there was a small amount ofω-6 PUFAs,
with linoleic acid (C18:2 ω-6) being the most abundant (0.1300 g C18:2 ω-6/kg shrimp
by-products) (Table 1). Similar data were obtained from other researchers, as shrimp oil
derived from processed by-products exhibited a high concentration of ω-3 PUFAs, with
21% EPA (C20:5 ω-3) and 13.89% DHA (C22:6 ω-3), and a small content of ω-6 PUFAs,
with 1.96% C18:2ω-6 [27].

Moreover, Sánchez-Camargo et al. [27] observed increased amounts of EPA and DHA
in lipids extracted from red-spotted shrimp residue when using ethanol as a co-solvent [29].
More specifically, the researchers observed an improved extraction efficacy of EPA (from
5.91% to 11.48%) and DHA (from 4.29% to 12.24%) when using 15% ethanol as a co-
solvent [29].

Similarly, Aneesh et al. [28] identified DHA (22:6, n-3) as a significant PUFA that was
predominant in the extracted oil from shrimp in substantial proportions.

2.2. Radical Scavenging Activity of Shrimp By-Product TLs

The evaluation of shrimp by-product TLs’ radical scavenging activity using 2,2′-
azinobis-(3-ethylbenzothiazoline-6-sulphonate) radical (ABTS·+) scavenging, 1,1-diphenyl-
2-picrylhydrazyl (DPPH·) radical scavenging, ferric reducing antioxidant power (FRAP),
and cupric ions (Cu2+) reducing power (Cuprac) assays is presented in Table 2.

Table 2. Antioxidant activities of shrimp by-product TLs (mean ± SD, n = 3) expressed in nmol of
Trolox per mg of TL.

Assay nmol Trolox/mg TL

ABTS 81.2 ± 0.77 a

CUPRAC 37.0 ± 1.58 b

FRAP 1.81 ± 0.13 c

DPPH 0.39 ± 0.01 c

a,b,c: different letters indicate significantly different values among different assays (p < 0.05), according to a
one-way ANOVA.
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The ABTS assay was found to yield the highest (ANOVA and Dunnett test, p < 0.05)
antioxidant capacity of 81.2 ± 0.77 nmol trolox/mg of shrimp by-product TLs, followed by
the CUPRAC, FRAP, and DPPH assays, with capacities equal to 37.0± 1.58, 1.81 ± 0.13, and
0.39 ± 0.01 nmol trolox/mg of shrimp by-product TLs, respectively. These results highlight
the diverse antioxidant properties of the sample in different chemical environments, along
with the ability to scavenge free radicals and exhibit antioxidant properties. These antioxi-
dant properties of shrimp by-product TLs could be attributed to the carotenoid pigment
content, especially astaxanthin, which is a bioactive compound with potent antioxidant
activity and more effective radical scavenging activity than vitamin C and vitamin E [30–32].

2.3. Impact of Different Parameters on the Shrimp By-Product Astaxanthin UAE Efficiency

Astaxanthin UAE was performed at room temperature. The study focused on several
crucial parameters, including the ratio of the shrimp by-product to vegetable oil, the
duration of extraction, the amplitude of the extraction process, and the utilization of three
different vegetable oils (OO, SO, and FO) as solvents for extraction. The values of the
components under investigation, as well as the results gained from the trials conducted,
are presented in Tables 3–6.

Table 3. Astaxanthin UAE yields at different by-product–SO ratios (w/v) (mean± SD, n = 3) expressed
in µg astaxanthin/g by-products.

By-Product–SO Ratio (w/v) (µg Astaxanthin/g By-Products)

1:10 44.7 ± 1.33 a

1:20 45.8 ± 1.68 a

1:40 49.0 ± 2.43 a

1:60 67.3 ± 2.81 b

1:80 51.2 ± 3.86 a

SO: sunflower oil; a,b: different letters indicate significantly different values between different by-product–SO
ratios (p < 0.05) according to a one-way ANOVA.

Table 4. Astaxanthin UAE yield at different extraction times (mean ± SD, n = 3) expressed in µg
astaxanthin/g by-products.

Extraction Time (min) (µg Astaxanthin/g By-Products)

60 52.7 ± 3.57 a

120 74.5 ± 5.26 b

210 155 ± 3.83 c

240 74.0 ± 3.29 b

a,b,c: different letters indicate significantly different values between different extraction times (p < 0.05) according
to a one-way ANOVA.

Table 5. Astaxanthin UAE yields at different amplitudes (mean ± SD, n = 3) expressed in µg
astaxanthin/g by-products.

Amplitude (µg Astaxanthin/g By-Products)

40% 104.9 ± 4.2 a

60% 133.0 ± 4.57 b

100% 67.3 ± 2.81 c

a,b,c: different letters indicate significantly different values between different amplitudes (p < 0.05) according to a
one-way ANOVA.

Table 6. Astaxanthin UAE yield using different vegetable oils as extraction solvents (mean ± SD,
n = 3) expressed in µg astaxanthin/g by-products.

Vegetable Oil (µg Astaxanthin/g By-Products)

SO 90.2 ± 5.87 a

FO 117 ± 4.45 b

OO 235 ± 4.07 c

SO: sunflower oil, FO: flaxseed oil, OO: olive oil; a,b,c: different letters indicate significantly different values
between different vegetable oils (p < 0.05) according to a one-way ANOVA.
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2.3.1. Impact of By-Product–Vegetable Oil Ratio on the Astaxanthin UAE Efficiency

Table 3 shows the impact of the by-product–SO ratio on the astaxanthin UAE yield.
The experiment involved a systematic variation in the shrimp by-product–vegetable oil
ratio, ranging from 1:10 to 1:80. Additionally, the extraction process lasted for 30 min, with
a consistent amplitude of 100%.

The highest yield (67.3 ± 2.81 µg astaxanthin/g by-products) (ANOVA and Dunnett
test, p < 0.05) was obtained at a ratio of 1:60, whereas the lowest yield (44.7 ± 1.33 µg
astaxanthin/g by-products) was observed at a ratio of 1:10 (Table 3). Additionally, the
astaxanthin yields obtained at 1:10, 1:20, 1:40, and 1:80 by-product–vegetable oil ratios were
found to exhibit no significant differences (Table 3).

These results suggest that a rather balanced ratio of by-product–vegetable oil con-
tributed to a higher astaxanthin extraction yield. These observations align with the findings
in the existing literature. According to Pok et al. [17], they observed an astaxanthin ex-
traction yield from crab of 50 ± 5 µg/g of crab, which is comparatively lower than the
one obtained in the current study, by employing soybean oil as a solvent, along with a
rather excessive oil-to-crab ratio of 140 mL/g. Furthermore, in the study of Sachindra
and Mahendrakar [15], the yield of extracted carotenoids from shrimp waste using SO
as a solvent under optimized conditions, including a rather low oil-to-waste ratio of 2:1,
was found to be less than half (27.56 µg/g of shrimp waste) in comparison with the one
obtained in the present study at a ratio of 1:60.

2.3.2. Impact of Extraction Time on the Astaxanthin UAE Efficiency
Table 4 Presents the Impact of Extraction Duration on Astaxanthin UAE Efficiency

The extraction process was conducted with an amplitude of 100% and a shrimp
by-product–SO ratio of 1:60.

Longer extraction times generally resulted in higher astaxanthin extraction yields.
The maximum yield (155 ± 3.83 µg astaxanthin/g by-products) (ANOVA and Dunnett
test, p < 0.05) was achieved at 210 min, followed by 120 and 240 min with astaxanthin
yields of 74.5 ± 5.26 µg/g and 74.0 ± 3.29 µg/g, respectively (Table 4). However, the yield
significantly dropped to 74.0 ± 3.29 µg astaxanthin/g by-products at 60 min (Table 4).

Such results indicate that sufficient extraction time is necessary for efficient astaxanthin
recovery. The literature supports the fact that sufficient extraction time is indispensable for
achieving efficient astaxanthin recovery, as evidenced by successful astaxanthin extraction
from shrimp waste using SO as a solvent under optimized conditions, which involved a
heating time of 150 min to attain the maximum extraction efficiency [15]. Similarly, the
utilization of soybean oil for astaxanthin extraction from crab oil, following optimized
conditions that involved a 170 min duration [17], and from shrimp residues through 160 min
extraction process at room temperature [1] yielded the maximum astaxanthin content.

2.3.3. Impact of Amplitude on Astaxanthin UAE Efficiency

Table 5 displays the impact of amplitude on the astaxanthin UAE yield. The extraction
procedure was carried out over a duration of 210 min and with the shrimp by-product–SO
ratio set to 1:60.

An amplitude of 60% led to the highest yield of 133.0 ± 4.57 µg astaxanthin/g by-
products (ANOVA and Dunnett test, p < 0.05), while a 40% amplitude resulted in a yield
of 104.9 ± 4.2 µg astaxanthin/g by-products (Table 5). However, using a 100% amplitude
significantly decreased the astaxanthin yield to 67.3 ± 2.81 µg astaxanthin/g by-products
(Table 5). These findings suggest that an amplitude of 60% holds significant implications for
an effective UAE process, underlining the fact that moderate amplitudes are more suitable
for astaxanthin extraction compared with lower or higher amplitudes.

Sharayei et al. [33] used an ultrasonic amplitude of 23.6% for astaxanthin extraction,
and Prayitno et al. [16], who utilized 40% amplitude for extracting astaxanthin from
cincalok, further complement and support the findings of the current study. According to
the obtained results, an amplitude of 60% seems to strike a balance, efficiently breaking



Mar. Drugs 2023, 21, 467 7 of 17

down the shrimp by-products to release astaxanthin while avoiding potential adverse
effects from excessive energy input. Lower amplitudes might not provide sufficient energy
to effectively disrupt the cell structures and release astaxanthin, resulting in lower yields.
On the other hand, higher amplitudes might lead to excessive energy input, causing
potential degradation of astaxanthin molecules and leading to reduced yield. Moreover, the
amplitude’s influence on astaxanthin extraction can be attributed to the physical properties
of the sample and the solvent’s interaction with ultrasonic waves.

2.3.4. Impact of Vegetable Oil Solvent on the Astaxanthin UAE Efficiency

Table 6 compares the astaxanthin UAE yields using different vegetable oils as ex-
traction solvents. The extraction process was conducted for 210 min, utilizing a shrimp
by-product–vegetable oil ratio established at 1:60, along with an amplitude of 60%.

OO exhibited the highest efficiency, resulting in a yield of 235 ± 4.07 µg astaxanthin/g
by-products (ANOVA and Dunnett test, p < 0.05) (Table 6). FO followed with a yield of
117 ± 4.45 µg astaxanthin/g by-products (Table 6). In contrast, SO resulted in a significantly
lower yield of 90.2 ± 5.87 µg astaxanthin/g by-products (Table 6). This implies that the
choice of solvent significantly impacted the astaxanthin extraction efficiency.

According to the current study, OO stood out as a green and sustainable extraction
solvent, exhibiting remarkable efficacy in improving the shrimp by-product astaxanthin
UAE yield. The obtained results demonstrated that using OO as the extraction solvent
resulted in the highest astaxanthin UAE efficiency compared with SO and FO. The green
nature of OO makes it an environmentally friendly choice, aligning with the growing
demand for sustainable extraction processes. Its high lipid content and unique composition
likely facilitate enhanced astaxanthin solubility, leading to a more efficient extraction. As
a result, incorporating OO as the extraction solvent holds great promise in maximizing
astaxanthin yields while minimizing the environmental impact, making it a preferred
choice for future applications in the food and nutraceutical industries.

In summary, the acquired findings show that the extraction conditions significantly
affected the yield of shrimp by-product astaxanthin. Based on the results provided, a
by-product–vegetable oil ratio of 1:60, extraction time of 210 min, 60% amplitude, and the
utilization of OO as the extracting medium, a significant astaxanthin yield of 235 ± 4.07 µg
astaxanthin/g by-products was produced.

2.4. UAE Yield of the Shrimp By-Product Astaxanthin Using Three Different Plant
Oils—Accelerated Stability Study

Three different plant oils, namely, OO, SO, and FO, were examined as possible solvents
to maximize the shrimp by-product astaxanthin UAE yield. The extraction procedure’s
outcomes are displayed in Table 7.

The astaxanthin extraction efficiency depends on the plant oil used as the extraction
solvent. The astaxanthin yield was found to be significantly increased (ANOVA and
Duncan test, p < 0.05) when using OO as the extraction solvent during UAE (94.4 ± 1.01 µg
astaxanthin/g by-products) compared with SO (70.1 ± 1.39 µg astaxanthin/g by-products)
and FO (72.2 ± 1.52 µg astaxanthin/g by-products) on day 0. The same trend was observed
during the accelerated stability test on subsequent days, indicating the sustained efficacy
of OO as an extraction medium (Table 7).

The increased astaxanthin extraction yield observed when using OO may be attributed
to its high oleic acid content, along with the endogenous amphiphilic content [34].

Moreover, on day 1, the astaxanthin extraction efficiency was found to be significantly
elevated when using FO (66.1 ± 1.26 µg astaxanthin/g by-products) as the extraction sol-
vent compared with SO (55.7± 1.0 µg astaxanthin/g by-products), while during the second,
third, and fourth days of the accelerated study, FO and SO were found to exhibit similar
trends, with decreasing astaxanthin content over time. The elevated astaxanthin extraction
yield observed using FO on day 1 could be attributed to the fact that FO is characterized
by decreased viscosity compared with SO [35]. Low solvent viscosity is usually related to
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higher solvent penetration into the matrix by enabling ultrasonic wave distribution and
cavitation bubble formation, resulting in improved extraction efficiency [36].

Table 7. Shrimp by-product astaxanthin UAE yield expressed in µg astaxanthin/g by-products and
accelerated stability using three different plant oils as solvents (mean ± SD, n = 3).

Sample µg Astaxanthin/g
By-Products

% Astaxanthin
Recovery % Astaxanthin Loss

Day 0
OO 94.4 ± 1.01 a n.d. n.d.
SO 70.1 ± 1.39 b n.d. n.d.
FO 72.2 ± 1.52 c n.d. n.d.

Day 1
OO 92.3 ± 1.01 a 99.4 ± 4.6 a 0.60 ± 0.00 a

SO 55.7 ± 1.0 d 79.5 ± 3.7 b 20.5 ± 1.02 b

FO 66.1 ± 1.26 e 91.5 ± 3.7 c 8.5 ± 0.39 c

Day 2
OO 88.5 ± 1.13 f 96.4 ± 4.2 a,d 3.60 ± 0.18 d

SO 53.6 ± 0.96 d 76.5 ± 3.9 d,e,f 23.5 ± 0.94 e

FO 55.6 ± 1.0 d 77.0 ± 3.3 e 23.0 ± 1.17 e

Day 3
OO 84.3 ± 0.93 g 91.8 ± 3.4 a,d 8.20 ± 0.39 f

SO 48.7 ± 1.09 h 69.5 ± 3.6 f,g,h 30.5 ± 1.32 g

FO 48.7 ± 0.96 h 67.4 ± 2.8 g,i 32.6 ± 1.70 g

Day 4
OO 80.6 ± 0.96 i 88.0 ± 4.0 d,j 12.0 ± 0.68 h

SO 45.3 ± 0.84 j 64.6 ± 3.3 h,k,l 35.4 ± 1.69 i

FO 45.9 ± 0.96 j 63.6 ± 3.4 i,k 36.4 ± 1.60 i

Day 5
OO 75.7 ± 0.97 k 84.1 ± 4.1 d,j 15.9 ± 0.83 j

SO 42.5 ± 0.73 l 60.6 ± 2.5 h,l 39.4 ± 2.10 k

FO n.d. n.d. n.d.

Day 6
OO 69.9 ± 1.06 m 80.3 ± 4.3 j 19.7 ± 0.92 l

SO 41.8 ± 0.60 l 59.6 ± 2.8 l 40.4 ± 2.11 k

FO n.d. n.d. n.d.
OO: olive oil, SO: sunflower oil, FO: flaxseed oil, n.d.: not detectable. a–m: different letters within a column indicate
significantly different values between different pairs (p < 0.05) according to a two-way ANOVA with the type of
vegetable oil and days being the two independent variables.

Astaxanthin recovery using all three extraction solvents (OO, SO, and FO) was found
to gradually decrease during the acceleration stability test, though it was maintained at a
considerably high percentage when using OO on day six (80.3 ± 4.3%) (Table 7).

The level of PUFAs in triglycerides present in vegetable oils [34], along with the fact
that astaxanthin, a lipophilic pigment, is characterized by increased solubility in oil [12]
make vegetable oils, such as OO, FO, and SO potential, alternative green extraction solvents
for recovering natural pigments, replacing organic solvents, and minimizing environmental
impacts [18]. Another advantage of vegetable oils is that they can act as an oxygen barrier
that protects the extracted astaxanthin from oxidation and therefore prolongs the shelf-
life [15].

The usage of OO as an extraction solvent for astaxanthin from shrimp by-products
in UAE highlights for the first time the potential use of OO as a green and effective
solvent for astaxanthin UAE from shrimp by-products, offering promising prospects for
sustainable and efficient extraction processes in the food industries. The utilization of
OO not only enhances astaxanthin recovery but also adds value to shrimp by-product
utilization, contributing to the circular economy and reducing the environmental impact.

OO has also been used to recover astaxanthin from encysted Haematococcus culture
through the direct extraction process. The evaluation of OO, soybean oil, corn oil, and
grapeseed oil for the recovery of astaxanthin from encysted Haematococcus culture indicates
that OO exerts a higher extraction yield than other plant oils [37].

Sachindra and Mahendrakar [15] used different vegetable oils, such as SO, soya oil,
and coconut oil, for the recovery of astaxanthin from shrimp waste. SO was found to exert
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the highest astaxanthin yield (26.3 ± 2.31 µg/g waste) [15], a result which is approximately
3 times lower compared with the respective result of the present study; the astaxanthin
yield using SO during UAE on day 0 was 70.1 ± 1.39 µg astaxanthin/g shrimp by-product
(Table 7). Similarly, recent research involving the utilization of SO for extracting astaxanthin
from crab exhibited that under optimized conditions, including a ratio of 60 mL/g for
oil to crab, along with an extraction time of 161 min, yielded 31 ± 3 µg astaxanthin/g of
crab dry matter [17], which is more than two times lower than the corresponding outcome
of the present investigation; the astaxanthin yield using SO during UAE on day 0 was
70.1 ± 1.39 µg astaxanthin/g shrimp by-product (Table 7). This large difference regarding
astaxanthin extraction efficiency may be attributed to the implementation of UAE, by which
ultrasonic waves create a cavitation effect, resulting in cell disruption, facilitating solvent
penetration into the matrix, and therefore, improving the extraction efficiency.

Likewise, previously reported data revealed that FO and SO exhibited astaxanthin
recovery from shrimp wastes up to 4.89 µg astaxanthin/g waste and 3.70 µg astaxanthin/g
waste, respectively [38], results which are significantly lower compared with the respective
result of the present study; the astaxanthin yield was 72.2 ± 1.52 µg astaxanthin/g shrimp
by-product when using FO and 70.1 ± 1.39 µg astaxanthin/g shrimp by-product when
using SO during UAE on day 0 (Table 7). Such variation was due to UAE, underlying the
effectiveness of this extraction method.

2.5. Radical Scavenging Activity of the Shrimp By-Product Astaxanthin Obtained Using UAE in
Three Different Plant Oils as Extraction Solvents

The antioxidant capacity of the astaxanthin obtained from the UAE of shrimp by-
products using three different plant oils as extraction solvents over six days was evaluated
using ABTS radical cation scavenging activity and was expressed as the concentration
that scavenged 50% of the ABTS radical cation (IC50). Table 8 summarizes the findings as
determined by the ABTS assay.

Table 8. Radical scavenging activity of the shrimp by-product astaxanthin using three different plant
oils as extraction solvents (as mean ± SD, n = 3) expressed as the concentration that scavenged 50%
of the ABTS radical cation (IC50).

IC50 (µg Astaxanthin)

Day OO SO FO

0 2.2 ± 0.03 a 1.60 ± 0.02 f 13.4 ± 0.27 k

1 2.8 ± 0.19 b 1.97 ± 0.08 g n.d.
2 2.5 ± 0.12 a,b 3.87 ± 0.23 h n.d.
3 3.2 ± 0.11 c 2.73 ± 0.11 i n.d.
4 4.4 ± 0.20 d 2.99 ± 0.05 i n.d.
5 3.3 ± 0.16 c 2.86 ± 0.09 i n.d.
6 3.7 ± 0.09 e 10.1 ± 0.24 j n.d.

OO: olive oil, SO: sunflower oil, FO: flaxseed oil; IC50: concentration that scavenged 50% of the ABTS radical
cation; for each measurement, a blank sample that was the corresponding amount of solvent (OO, SO, or FO)
was used. n.d.: not detectable; a–k: different letters indicate significantly different values between different
pairs (p < 0.05) according to a two-way ANOVA with the type of vegetable oil and different days being the two
independent variables.

According to Table 8, the astaxanthin obtained using both OO and SO was found to
exhibit low IC50 values on day 0, with 2.2± 0.03 and 1.60± 0.02 µg astaxanthin, respectively,
while astaxanthin recovered using FO was found to exert an elevated IC50 value on day 0
(13.4 ± 0.27 µg astaxanthin) (Table 8).

At this point, it should be mentioned that the lower the IC50 value, the stronger the
antioxidant capacity a sample exerts. Therefore, astaxanthin extracted using SO, as a
green extraction solvent, during UAE was found to exert more potent radical scavenging
activity (1.60 ± 0.02 µg astaxanthin) compared with astaxanthin extracted using OO as a
green extraction solvent (2.2 ± 0.03 µg astaxanthin) (Table 8). These findings may appear
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counterintuitive, as OO is known for its high antioxidant content and health-promoting
properties. However, it should be noted that the radical scavenging ability of astaxanthin
can be influenced by various factors, including its interaction with other components in
the extraction solvent. Therefore, the enhanced radical scavenging capacity of astaxanthin
extracted using SO could be attributed to the increased PUFA content of SO, mainly
consisting of linoleic acid (18:2, ω-6), compared with OO [39] in combination with the
synergistic interaction between such PUFAs and astaxanthin in terms of radical scavenging
activity [12].

The results obtained from the accelerated stability test revealed noteworthy findings
regarding the antioxidant activity of astaxanthin extracted using different green solvents.
Throughout the experiment, astaxanthin obtained using SO as extraction solvent demon-
strated consistently higher radical scavenging capacity on days 0, 1, 3, 4, and 5 compared
with astaxanthin recovered using OO (Table 8), indicating that SO was found to be more
effective in preserving the potent antioxidant properties of astaxanthin.

However, it is worth noting that on days 2 and 6, the antioxidant activity of astaxanthin
extracted with OO was temporarily found to exert more potent radical scavenging activity
than that of the SO-extracted astaxanthin. These results suggest that while SO was found
to be a more powerful solvent for preserving astaxanthin’s radical scavenging capacity
overall, there may be unique properties of OO that contribute to temporary enhancements
in antioxidant activity at specific time points during the accelerated stability test.

The enhanced activity of SO can also be attributed to the increased vitamin E content
present in SO compared with OO [40]. Vitamin E plays a crucial role in exerting a protective
effect against astaxanthin auto-oxidation, acting as a potent antioxidant within biologi-
cal systems. Astaxanthin, which is a carotenoid pigment with remarkable antioxidant
properties that are mainly attributed to the conjugated double bonds that act as electron
donors to stabilize free radicals [12], can undergo auto-oxidation when exposed to various
environmental stressors, such as oxygen, leading to the formation of various auto-oxidation
products [41].

However, when vitamin E is present, it serves as a sacrificial antioxidant, donating
electrons to neutralize these free radicals and preventing them from attacking other cellular
components. This synergistic interaction between vitamin E and astaxanthin ensures a
reinforced defense against oxidative damage, making them valuable components of a
protective diet [42].

Overall, these findings indicate that although SO exhibits superior efficacy as a solvent
for preserving astaxanthin’s radical scavenging capability on the whole, there might be
distinct characteristics of OO that contribute to improvements in antioxidant activity at
particular time intervals during the accelerated stability assessment.

2.6. Astaxanthin Encapsulation Efficiency—Accelerated Stability Study

The diameter of the particles was determined to be 15.8 ± 3.8 µm and the moisture of
the encapsulated material was 2.5 ± 0.4%.

The encapsulation efficiency (% E.E) indicates the percentage of shrimp by-product
astaxanthin generated using the UAE method and OO as the extraction solvent that was
successfully encapsulated, whereas the % astaxanthin recovery represents the percentage of
astaxanthin recovered after the encapsulation process. Both the encapsulation efficiency (%
E.E) and astaxanthin recovery provide valuable insights into the stability and effectiveness
of the encapsulation process over the course of the study. On day 0, the astaxanthin
encapsulation efficiency was notably high at 66.6 ± 2.7% (ANOVA and Dunnett test,
p < 0.05) (Table 9), indicating that a substantial amount of astaxanthin was successfully
encapsulated within the delivery system (mixture of gum Arabic and soy lecithin). The
astaxanthin recovery on day 1 was found to be impressively high at 94.4 ± 4.6% (ANOVA
and Dunnett test, p < 0.05) (Table 9), indicating that the majority of the encapsulated
astaxanthin was successfully recovered after the encapsulation process.
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Table 9. Astaxanthin encapsulation efficiency (% E. E.) and accelerated stability of the encapsulated
astaxanthin (as mean ± SD, n = 3).

% E. E. % Astaxanthin Recovery

Day 0 66.6 ± 2.7 a -
Day 1 62.9 ± 2.6 a,b 94.4 ± 4.6 a

Day 2 56.5 ± 2.8 b 84.9 ± 4.3 a,b

Day 3 52.6 ± 3.1 b,c,e 78.9 ± 3.9 b,c

Day 4 48.0 ± 2.3 e,f 72.1 ± 2.9 c,d

Day 5 42.0 ± 1.8 f 63.0 ± 2.4 d

Day 6 28.9 ± 1.6 g 43.4 ± 2.2 e

% E.E.: encapsulation efficiency. a–g: different letters within a column indicate significantly different values
between different days (p < 0.05) according to a one-way ANOVA.

Similar outcomes on the encapsulation performance were reported by Xie et al. [41],
who encapsulated astaxanthin-enriched camelina oil extract when emulsified using a
mixture of egg albumin (EA) and gum Arabic (GA), both with and without tannic acid
cross-linking. The entrapment efficiency of astaxanthin in the stabilized emulsions using
EA/GA was observed to be around 70%. However, it is noteworthy that approximately
30% of astaxanthin was lost during the emulsion preparation process. The authors at-
tributed this loss to oxidation that likely occurred during the two steps of homogenization
involved in the emulsification process. The homogenization steps might have generated
free radicals, leading to a 20% loss of astaxanthin [43]. Gomez-Estaca et al. [42] reported
the encapsulation of shrimp waste astaxanthin in gelatin and cashew gum coacervates,
achieving an encapsulation efficiency of 59.9% [44].

Moreover, the acquired results revealed that even on the fifth day during the ac-
celerated stability study, both the % E.E of astaxanthin and the % astaxanthin recovery
exerted elevated values (Table 9), signifying the continued effectiveness and stability of
the encapsulation process. However, it is essential to acknowledge the overall gradual
decline in both parameters over time, indicating the potential need for further optimization
in the formulation and storage conditions to ensure prolonged stability and enhanced
encapsulation efficiency.

3. Materials and Methods
3.1. Materials

All reagents and solvents were of analytical grade and purchased from Merck (Darmstadt,
Germany). Gum Arabic (GA) was obtained from Sosa Ingredients (Moià, Catalonia, Spain).
OO and SO were purchased from a local supermarket in Myrina, Lemnos, while FO was
purchased from a local bioproduct market in Athens, Greece.

3.2. Sample Collection and Preparation

Shrimp (Penaeus longirostris) by-products (head, shell, and tail) were obtained from a
local fish market (Myrina, Lemnos), washed with distilled water, and then dried using a
food dryer (24 h at 70 ◦C) as previously reported [45]. Dry shrimp by-product samples were
processed for one minute in a laboratory grinder IKA A 10 basic (IKA Works, Wilmington,
DE, USA) in order to produce a sample of fine powder.

3.3. Isolation of Shrimp By-Product Total Lipids (TLs)

The extraction of total lipids (TLs) was carried out following the method of Bligh-
Dyer [46]. Briefly, a known amount of shrimp by-product fine powder (2 g) was added to
an appropriate amount of chloroform/methanol/water 1:2:0.8 v/v/v solution. The mixture
was well agitated. Chloroform and water were added to the mixture in the separatory
funnel to achieve phase separation, resulting in a final chloroform/methanol/water ratio
of 1/1/0.9 v/v/v. The chloroform phase (lower phase) was evaporated to dryness using
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nitrogen gas in order to obtain the TLs. The lipids were weighed and redissolved in 5 mL
chloroform:methanol 1:1 v/v and stored at −20 ◦C until used for the fatty acid analysis.

3.4. Fatty Acid Analysis of Shrimp By-Product TLs

Fatty acid methyl esters of shrimp by-product TLs were prepared using a solution
0.5 M KOH in CH3OH (KOH–CH3OH method), as previously described by Nasopoulou
et al. [47]. The formed FA methyl esters (FAMEs) were extracted with hexane and analyzed
using the internal standard method as previously stated [48] with slight modifications.

The fatty acid analysis was performed using a Shimadzu CLASS-VP (GC-17A) (Kyoto,
Japan) gas chromatograph equipped with a split/splitless injector and flame ionization
detector.

Separation of the fatty acid methyl esters was achieved on an Agilent J&W DB-23
fused silica capillary column (60 m × 0.251 mm i.d., 0.25 µm; Agilent, Santa Clara, CA,
USA). The temperature program used started at 150 ◦C and remained there for 5 min, and
then the temperature increased at a rate of 2 ◦C/min until 215 ◦C, where it remained for
8 min.

3.5. Radical Scavenging Activity

2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonate) radical (ABTS·+) scavenging, 1,1-
diphenyl-2-picrylhydrazyl (DPPH·) radical scavenging, ferric reducing antioxidant power
(FRAP), and cupric ion (Cu2+) reducing power (Cuprac) assays were conducted by utilizing
the technique described by Michalaki et al. [49]. In each measurement, a blank sample that
was the corresponding amount of solvent (OO, SO, or FO) was used. Each sample was
examined in triplicate. The results are expressed as Trolox equivalents in nmol per mg of
shrimp by-product total lipids for all antioxidant tests. In addition, the antioxidant activity
of astaxanthin obtained using UAE in different green extraction solvents is expressed in
micrograms of astaxanthin.

3.6. Study of the Impact of the By-Product–Vegetable Oil Ratio, Extraction Time, Amplitude, and
Vegetable Oil Solvents on Shrimp By-Products Astaxanthin UAE Efficiency

The UAE of shrimp by-product astaxanthin was carried out at room temperature via
a series of experiments. The study focused on many crucial characteristics, namely, the
ratio of shrimp by-product to vegetable oil, extraction time, amplitude, and the choice of
different vegetable oils as solvents for extraction. The shrimp by-product–vegetable oil
ratio was systematically varied from 1:10 to 1:80, while the extraction time was examined
across a range of 60 min to 240 min. The amplitude of the extraction process was assessed
at three different levels: 40%, 60%, and 100%. To comprehensively explore the impact of
different extraction solvents, three distinct vegetable oils, namely, OO, SO, and FO, were
employed. The objective of these tests was a high level of astaxanthin extraction while also
ensuring an environmentally sustainable and energy-efficient extraction process.

3.7. UAE of the Shrimp By-Product Astaxanthin in Different Vegetable Oils

The UAE was carried out using an ultrasonic processor VCX-750 equipped with a
sealed converter (Sonics & Materials, Inc., Newtown, CT, USA) with an ultrasound power
of 750 W and a frequency of 37 KHz.

Vegetable oils OO, SO, and FO were used as alternative extraction solvents. The
powder of the shrimp by-products was accurately weighed, placed in capped tubes in a
ratio of 1:60 (g/mL of oil), and homogenized with an appropriate amount of solvents. After
wetting the material, the tubes with the suspensions were immersed into a cup horn with a
1.000 mL maximum volume in the ultrasonic device and irradiated for the predetermined
extraction time. After the ultrasonic extraction, the sample was centrifuged at 20,000× g
for 20 min and the supernatant was collected. The extracts were measured using a Lambda
25 spectrophotometer (Perkin Elmer, Norwalk, CT, USA).
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3.8. Yield of Carotenoids in Different Vegetable Oils

To determine the carotenoid yield, the total carotenoid content, specifically astaxanthin,
in each vegetable oil was measured spectrophotometrically [50]. A blank measurement
was taken for each vegetable oil to account for the background absorption. The carotenoid
yield was then calculated using the Lambert–Beer equation, incorporating the respective
extinction coefficients for each vegetable oil. The extinction coefficients used were 50,988 for
OO, 50,429 for SO, and 50,477 for FO. These extinction coefficients were obtained through
the construction of astaxanthin standard curves for each vegetable oil, allowing for accurate
quantification of the astaxanthin content in the samples.

3.9. Encapsulation Process
3.9.1. Preparation of Microcapsules

Oil-in-water (O/W) emulsions were prepared using gum Arabic as the wall material,
while soy lecithin was used as an emulsifier. The encapsulating agent (48 g) was dissolved
in deionized water (112 mL) with constant stirring at room temperature (25 ◦C) for 2 h.
The solution was left at 8 ◦C overnight to ensure total hydration. Subsequently, 12 mL
of OO with astaxanthin extract and 1.7 g of soy lecithin were added to the wall material.
Then, the mixture was homogenized at 16,000× g for 8 min at room temperature using a
homogenizer (Unidrive X1000D Homogenizer, CAT Scientific, Paso Robles, CA, USA) with
a 17 mm diameter shaft (Ingenieurbuero CAT, M. Zipper GmbH, Ballrechten-Dottingen,
Germany). The emulsions were then transferred to a deep freezer (−80 ◦C) for 24 h, and
freeze drying was carried out utilizing a BK-FD10PT freeze dryer (Biobase Biodustry Co.,
Ltd., Jinan, China) for 48 h. To produce a fine encapsulated powder, the dried material
was shattered in an IKA A 10 basic lab grinder (IKA Works, Wilmington, DE, USA). The
moisture content of the samples was calculated from the weight loss after heating 30 g of
the sample in triplicate in a drying oven (Binder GmbH, ED 115, Tuttlingen, Germany) at
105 ◦C for 24 h.

3.9.2. Encapsulation Efficiency (E.E.)

Determination of the encapsulation efficiency (% E.E.) of shrimp by-product astax-
anthin in microcapsules involved acid hydrolysis and solvent extraction, as described by
Gallardo et al. [26]. Briefly, one gram of powder was carefully placed in a glass tube and
10 mL of 9.5 mol/L hydrochloric acid was slowly added. The tubes were put in a 70 ◦C
water bath for 30 min. After cooling to 25 ◦C, 25 mL of ethyl and petroleum ether were
added to the tubes. After that, the tubes were vigorously shaken for one minute and then
the ether solution supernatant was filtered. The remaining aqueous phase was extracted
twice with 15 mL of ethyl and petroleum ether. The solvent was then evaporated using a
rotary evaporator (LabTech, Inc. Hapkinton, MA, USA). The oil was then used to quantify
astaxanthin (see Section 3.8). For carotenoids in non-encapsulated oil, 4 g of microcapsule
powder was drip-washed in 75 milliliters of ethyl ether for 15 min at 25 ◦C. Three ethyl
ether rinses of the powder residue on a Whatman No. 1 filter paper filtered the suspension.
The solvent was dried and rotary evaporated to obtain the surface oil mass, where the
non-encapsulated astaxanthin was quantified (see Section 3.8).

The encapsulation efficiency (EE%) was calculated using the following equation:

EE% =

(
TAsx−NEAsx

TAsx

)
× 100

where TAsx is the total astaxanthin content and NEAsx is the non-encapsulated astaxanthin
content.

3.9.3. Particle Size Analysis and Moisture Content

Particles of the sample were observed with a BA210E microscope and Moticam 3.0 MP
at 40× objective magnification (Motic Spain SL, Barcelona, Spain). The sample was placed
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on glass slides and covered with a coverslip. The particle analysis was performed using
Image J version 1.53t (National Institutes of Health, Bethesda, MD, USA). The counting
area of each optical image was randomly selected, and the diameters of 300 particles were
measured. The results were expressed as the mean value ± standard deviation.

3.10. Accelerated Stability Study

An accelerated stability study aims to examine the vulnerability to oxidation, which
involves subjecting the samples to an accelerated oxidation test under controlled and
standardized conditions. The samples of extracted astaxanthin using three vegetable oils,
the three vegetable oils as blank samples, the encapsulated astaxanthin extracted using
OO, and the encapsulated OO as a blank were carefully sealed and placed in an oven set at
65 ◦C for a total duration of six days. At regular intervals of 24 h, samples were extracted
for analysis as described in Section 3.9.2. This accelerated oxidation test was established in
prior research to simulate the effects of long-term storage at room temperature. Specifically,
one day under accelerated test conditions is considered equivalent to one month of storage
at room temperature [51].

3.11. Statistical Analysis

Statistical analysis was conducted using the SPSS®® computer program (SPSS Statisti-
cal Software, Inc., version 29, Chicago, IL, USA). A one-way analysis of variance (ANOVA)
with Dunnett’s t-test was used for one independent variable and a two-way analysis of
variance (ANOVA) with Duncan’s post hoc test was employed to assess the differences
between two independent variables in order to compare the differences between the means
of different groups, e.g., different vegetable oils and different days. The level of significance
was set at p < 0.05, indicating that any observed differences with a probability of occurrence
of less than 5% were considered statistically significant.

4. Conclusions

A balanced by-product–vegetable oil ratio, longer extraction time, and moderate
amplitude were found to enhance the astaxanthin extraction efficiency. Furthermore,
the choice of vegetable oil solvent significantly impacted the yield, with OO exhibiting
the highest astaxanthin extraction efficiency. OO utilization as a green and sustainable
extraction solvent for astaxanthin derived from shrimp by-products in UAE represents for
the first time a noteworthy and innovative approach for various applications in the food
and nutraceutical industries, where astaxanthin’s potent antioxidant and health-promoting
properties can be harnessed to create functional and value-added products.

Astaxanthin, which was obtained via UAE using SO as a solvent, displayed notable
efficacy in scavenging radicals. Although OO is known for its abundant antioxidants, the
utilization of SO in the UAE process seemed to amplify astaxanthin’s capacity for radical
scavenging, likely owing to its content of PUFAs and alpha-tocopherol. Nevertheless,
additional investigation is required to gain a comprehensive understanding of the factors
that contributed to these divergent outcomes.

Moreover, a delivery system comprising a mixture of gum Arabic and soy lecithin
demonstrated successful encapsulation of astaxanthin extracted using OO, along with
effective astaxanthin recovery within the accelerated stability test, offering promising
prospects for utilizing this delivery system in food and nutraceuticals industries, and
therefore, to enhance the bioavailability and potential health benefits of astaxanthin.

Overall, this study contributes to the growing knowledge of green extraction methods,
underlining the utilization of OO as a green extraction solvent, offering valuable insights
for the development of antioxidant-enriched products, the promotion of sustainable and
eco-friendly extraction and encapsulation practices, and contributing at the same time to
the growing efforts in sustainable waste utilization.
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