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Abstract: In recent years, the invasive Atlantic blue crab (Callinectes sapidus) has increased
its spread throughout the Mediterranean Sea, threatening native biodiversity and local
economies. This study aimed to valorize C. sapidus sampled in Sicily by utilizing its
exoskeleton as a source of chitosan, astaxanthin, and bio-phenolic compounds. These
biomolecules were evaluated for their reducing, radical scavenging, and antitumor activity.
The ferric ion reducing antioxidant power (FRAP) and the free radical scavenging activity
against radical 2,2-Diphenyl-1-picrylhydrazyl (DPPH) were significantly higher for chitosan
(3.16 ± 0.10 mg AAE/g and 8.1 ± 0.10 µmol TE/g). No significant differences were ob-
served among the tested biomolecules in their activity in scavenging the radical 2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Both bio-phenolic compounds and
astaxanthin exhibited dose-dependent cytotoxicity on CaCo-2 (IC50 = 12.47 and 18 µg/mL)
and HepG2 (IC50 = 10.25 and 1.26 µg/mL) cell lines, while only bio-phenols showed no
cytotoxic effect on differentiated CaCo-2 cells up to 20 µg/mL. These findings highlight
the value of blue crab by-products in supporting a circular economy, offering a sustainable
approach to managing this invasive species while providing bioactive compounds with
promising medical and nutraceutical applications.

Keywords: Atlantic blue crab; crustaceans; exoskeleton; chitosan; astaxanthin; polyphenols;
antitumor; antioxidant; reducing capacity; radical scavenger activity
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1. Introduction
The Atlantic blue crab, Callinectes sapidus (Rathbun, 1896), is a decapod crustacean

belonging to the Portunidae family, characterized as a eurythermal and euryhaline species
able to inhabit estuaries, lagoons, and coastal waters at depths of up to 90 m [1,2]. C. sapidus
is an opportunistic predator that feeds on a wide range of organisms and exhibits a high
level of fecundity, aggressive behavior, and excellent swimming abilities [3,4]. This species,
originally from the Western Atlantic Ocean, has rapidly expanded its distribution in recent
years [5]. In the Mediterranean Sea, it is considered an alien and invasive species, classified
among the 666 non-native species reported in the latest monitoring report by Zenetos and
Galanidi [6]. The first recorded sighting of C. sapidus in the Mediterranean Sea dates back
to 1949, with documented reports in the waters of the Northern Adriatic [7,8], probably
introduced via the ballast water of ships [2]. C. sapidus populations have since grown
steadily with a progressive expansion across the Mediterranean basin [9].

Key factors contributing to this spread include climate change, which has made the
Mediterranean waters increasingly hospitable to tropical and subtropical species [10] and
the intensification of maritime traffic, which likely facilitated additional introductions
of the species from its native range [11]. Today, thanks to its physiological traits, such
as its high level of tolerance to salinity and temperature fluctuations, the blue crab has
successfully established itself across almost the entire Mediterranean Sea [5,9]. Since 2023
an unprecedented spread of C. sapidus in the Northern Adriatic has posed a serious threat
to local ecosystems and severely compromised shellfish farms, particularly widespread in
this region, causing damage currently estimated to cost around 100 million EUR [12]. The
species has also been reported in abundance on the Sicilian coast, with initial reports dating
back to the 1970s [13] and with a notable increase in recent years [14]. On this island, the
species is distributed unevenly along the whole coastline [14] with an increase in sightings
around brackish coastal lagoons and river mouths [15–19].

Considering that C. sapidus is highly valued for human consumption in its native
range [9] and is known for the high nutritional quality of its meat [20–22], one of the main
strategies proposed to contain and monitor its spread in Italy is its utilization for food
purposes [9], as already implemented in other Mediterranean regions, such as Greece,
Turkey, and Tunisia [5,20,23]. To this end, in January 2024, C. sapidus was officially included
in the Italian list of fish species of commercial interest via a ministerial decree [24]. It is
important to note that the waste portion of the blue crab, primarily consisting of the ex-
oskeleton, accounts for up to 80–85% of the total weight [25,26]. This biomass when treated
as a by-product can be highly valorized through the extraction of bioactive molecules
with pharmaceutical and nutraceutical properties [27–31]. This approach is supported by
numerous studies investigating the bioactive potential of by-products from fish processing
and highlighting how these can become valuable sources for nutraceutical and pharma-
ceutical applications. Examples include gelatin and antioxidant peptides from skipjack
tuna (Katsuwonus pelamis) skins [32], gelatin from Siberian sturgeon (Acipenser baerii) carti-
lage [33], angiotensin-I-converting enzyme (ACE) inhibitory peptides from the collagen of
monkfish (Lophius litulon) swim bladders [34], and antioxidant peptides obtained from the
protein hydrolysates of skate cartilage (Raja porosa) [35] or of bluefin leatherjacket (Navodon
septentrionalis) skin [36].

The exoskeleton of crustaceans is known to be composed mainly of proteins (20–40%),
chitin (15–40%), minerals (20–50%), and small quantities of lipids and pigments, in varying
amounts depending on the species and season [31].

Chitin is one of the most abundant polysaccharides in nature, composed of N-acetyl-
D-glucosamine units linked together by β-1,4 glycosidic bonds [37]. Although non-toxic,
biocompatible, and biodegradable due to its insolubility in most common solvents, this
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polymer is difficult to use [38,39]. This limitation can be overcome through the deacety-
lation of its N-acetyl groups to obtain chitosan [40]. This polysaccharide has applications
in various fields, including wastewater treatment [41], agriculture [42], the food indus-
try [43], and especially in the pharmaceutical and biomedical field, in which it is widely
valued for its antimicrobial, antifungal, anti-oxidant, anti-inflammatory, and anticancer
activities [44,45]. Another biomolecule of considerable interest that can be extracted from
the exoskeletons of crustaceans is astaxanthin [46]. This carotenoid is one of the most
powerful natural antioxidants [47–49]. This molecule shows anti-cancer efficacy against
various types of cancer, such as those of the mouth, bladder, colon, and hepatocellular car-
cinoma [50]. It is widely used in nutraceutical and cosmetic products, available in the form
of capsules, soft gels, tablets, powder, biomass, cream, energy drinks, oil, and extract [46].
Additionally, both the Food and Drug Administration and the European Commission have
approved the use of astaxanthin as a food additive in animal feed and fish food [51–53].
Crustacean exoskeletons also contain another class of molecules known for their notable
antioxidant properties: phenolic compounds. These compounds are categorized based on
their structure into phenolic acids, stilbenes, and flavonoids (including flavanols, flavones,
flavanones, isoflavones, flavan-3-ols, and anthocyanins) [54]. Besides being potent antiox-
idants, these compounds exhibit a wide range of biological activities, such as antitumor,
anti-inflammatory, antihypertensive, antidiabetic, antimicrobial, antiviral, algicidal, an-
tifungal, and insecticidal effects [55,56]. While phenolic compounds have been studied
predominantly in plants, recent research has been exploring the phenolic composition of
aquatic organisms, particularly crustaceans [57,58].

This study aimed to extract chitosan, astaxanthin, and bio-phenolic compounds from
the exoskeletons of C. sapidus captured in Sicily, evaluating their yield, quality, reducing
capacity, and scavenging activity. The cytotoxic effects of the astaxanthin and polyphenol
extracts were also assessed on human cancer and differentiated cell lines cultured in vitro.
These findings could contribute to strategies for managing the spread of C. sapidus. In
addition to the use of its meat for food, valorizing its exoskeletons as a source of bioactive
molecules with pharmaceutical potential may help contain the spread of this species while
mitigating its environmental impact.

2. Results
2.1. Exoskeleton Yield and Humidity

The specimens in this study had an average total weight of 173.5 ± 36.9 g and an
average exoskeleton weight of 60.7 ± 8.4 g. The dry exoskeleton powder was obtained
with a yield of 14.4 ± 0.4%. The exoskeletons showed a percent humidity of 61.0 ± 1.7%.

2.2. Chitosan Characterization

During chitosan preparation, the chitin average yield was 15.66 ± 1.25%, and that
of the chitosan was 10.71 ± 0.48% before purification and 7.93 ± 0.34% after purification.
The chitosan spectrum, obtained using a Fourier transform infrared (FT-IR) spectroscopy
analysis, is shown in Figure 1 and revealed characteristic peaks corresponding to chitosan
functional groups.

The peaks at 3438 cm−1 were related to the stretching of O-H and N-H bonds, whereas
the peaks at 2919 and 2880 cm−1 were attributed to the stretching of C-H bonds. The
absorption at 1647 cm−1 corresponds to the amide I band (the stretching of the C=O group),
while the peak at 1593 cm−1 is related to the amide II band (the bending of the N-H bonds
of NH2 and CONHR groups). The bands at 1420, 1386, and 1322 cm−1 are attributed to the
bending of the C-H bonds of the CH3, CH2, and CH groups, respectively. The absorption at
1260 cm−1 is associated with the stretching vibrations of the C-N bonds, whereas the peaks
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at 1156 and 1082 cm−1 are attributable to the stretching of the C-O-C bonds (the glycosidic
bond and bond between anomeric C1 and O in the pyranose ring). The peak at 1031 cm−1

is characteristic of the stretching vibrations of the C-OH bonds, and the band at 898 cm−1

is associated with the wagging of the chitosan saccharide skeleton. The calculated degree
of acetylation (DA%) of the extracted chitosan was 10.8%, resulting in a DDA% of 89.2%.
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Figure 1. FT-IR spectrum of chitosan obtained from C. sapidus exoskeleton.

2.3. Astaxanthin Identification and Quantification

The chromatogram of ethanolic extracts of C. sapidus exoskeleton powder displayed a
peak with a retention time of 13.58 min, which can reasonably be attributed to astaxanthin.

The tandem mass spectrometry (MS/MS) spectrum of precursor ions at 597.3938 (m/z),
with the formula C40H52O4, acquired under the same experimental conditions as those
reported for astaxanthin in the publicly available MZCloud database, showed a fragmenta-
tion pattern that was superimposable on the reference spectrum (Figure 2). An analysis by
UPLC-HRMS confirmed the presence of astaxanthin in the ethanolic extract with a yield of
52.0 ± 6.0 µg/g of the exoskeleton powder of C. sapidus.
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2.4. Polyphenol Compounds’ Identification and Quantification

The total phenolic content (TPC) evaluated in the phenolic extract of the exoskeleton
of C. sapidus was 3.4 ± 0.9 mg GAE/g.

The bioactive phenolic compounds identified using the ultra-high performance liquid
chromatography tandem mass spectrometry (UPLC–MS) analysis are summarized in
Table 1. Mandelic acid was detected in the highest concentration, while coumaric acid,
ferulic acid, rutin, trans-hydroxycinnamic acid, and luteolin were present in lower amounts.
Gentisic acid was also identified, albeit in concentrations below the limit of quantification.

Table 1. Bio-phenolic compounds detected in C. sapidus exoskeleton.

Bio-Phenol Calibration Equation Concentration (mg/100 mL)

Coumaric acid Y = −10,089 + 6127X 0.20
Ferulic acid Y = 1614 + 1181X 0.12

Gentisic acid Y = −58,051.4 + 3441.27X <LOD
Luteolin Y = −1577 + 10,979X 0.02

Mandelic acid Y = −25,181.1 + 488.34X 1.08
Rutin Y = −61,324.9 + 2962.87X 0.09

Trans-OH-Cynnamic acid Y = −121.915 + 6685.59X 0.08

2.5. Reducing Capacity and Radical Scavenging Activity

The reducing capacity and radical scavenging activity are summarized in Figure 3.
In the FRAP assay (Figure 3A), a significantly higher reducing capacity value was ob-
served for chitosan (3.16 ± 0.10 mg AAE/g) compared to both the astaxanthin extract
(2.59 ± 0.51 mg AAE/g) and the phenolic extract (0.45 ± 0.07 mg AAE/g). In the DPPH
test (Figure 3B), chitosan showed an activity of 8.1 ± 0.10 µmol TE/g, which was signifi-
cantly higher than that of the astaxanthin extract and the phenol extract, which exhibited
1.12 ± 0.08 and 1.43 ± 0.18 µmol TE/g, respectively. No significant changes were observed
in any of the samples following the ABTS assay (Figure 3C); however, a slightly higher
level of activity was found in the astaxanthin extract (3.08 ± 0.28 µmol TE/g) than the
chitosan (2.67 ± 0.51 µmol TE/g) and phenolic extracts (2.37 ± 0.11 µmol TE/g).
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2.6. In Vitro Cytotoxic Activity on Human Cancer and Differentiated Cells

The cytotoxic effects of both the astaxanthin and polyphenolic extracts on HepG2 hep-
atocarcinoma and CaCo-2 colorectal cancer and differentiated cells were examined using
an MTT assay. Figure 4A shows that the polyphenolic extract induced a comparable dose-
dependent decrease in viability in both cell lines, with mean IC50 values of 10.25 µg/mL
(HepG2) and 12.47 µg/mL (CaCo-2). Interestingly, the polyphenols failed to exert a promi-
nent cytotoxic effect on the differentiated CaCo-2 cells up to a concentration of 20 µg/mL,
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thereby suggesting their potential for the development of novel specific treatment agents
against colon cancer. On the other hand, HepG2 cells were much more sensitive than
CaCo-2 cells to the action of astaxanthin after exposure for 24 h, with mean IC50 values of
1.26 µg/mL (HepG2) vs. 18 µg/mL (CaCo-2). Astaxanthin also exerted a dose-dependent
cytotoxic effect on differentiated CaCo-2 cells with a mean IC50 of 13.3 µg/mL (Figure 4B).
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3. Discussion
The Atlantic blue crab (C. sapidus), present in the Mediterranean for over 70 years [2,8],

has undergone an unprecedented numerical expansion in Italy since 2023 [12]. To manage its
invasion in affected areas and prevent its spread to regions not yet severely afflicted, innovative
strategies are required. In addition to its use for human consumption, the exoskeleton of
C. sapidus could be a valuable resource for the extraction of bioactive molecules [27,28,59–62].
In this study, exoskeletons of C. sapidus collected in Sicily were used to obtain bioactive
molecules, such as chitosan, astaxanthin, and bio-phenolic compounds. Their yield, quality,
reducing capacity, radical scavenging activity, and in vitro antitumor potential were evaluated.
The exoskeleton, a significant non-edible portion, accounted for 37% of the total animal weight.
The exoskeleton was processed into a dry powder with a yield of 14 ± 0.4%. Using a chemical
extraction method on this powder, both chitin and chitosan were successfully extracted, chitin
was obtained with a yield of 15.66 ± 1.25%, and chitosan was produced through subsequent
alkaline deacetylation with a yield of 10.71 ± 0.48%. The lower chitosan yield compared
to chitin is partially explained by the replacement of N-acetyl groups with amino groups
during the deacetylation process [63]. To obtain extremely pure chitosan suitable for potential
biomedical applications [64], an additional purification step was implemented, resulting in a
final purified chitosan yield of 7.93 ± 0.34%. The chitin and chitosan yields from C. sapidus
collected in Sicily were slightly higher than those reported by Metin et al. [65] and Kaya
et al. [66] for C. sapidus regarding the Köyceğiz lagoon (Muğla, Turkey) and İskenderun
(Antakya, Turkey), respectively. These studies reported chitin yields of 10.83% and 12.1% and
unpurified chitosan yields of 7.47% and 9.2%.

The chitosan we extracted was characterized using Fourier transform infrared (FTIR)
spectroscopy, determining a degree of deacetylation (DDA) of 89.2%. This value exceeds
those reported by Metin et al. [65] and Kaya et al. [66], who recorded DDAs of 77% and
82.5%, respectively. The DDA is significantly influenced by the chitin extraction method
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and conditions used during the deacetylation process, including alkali concentration,
temperature, and reaction time [38]. This parameter is crucial, as it directly affects the
physicochemical properties and biological activities of chitosan [67]. Higher DDA values
are particularly desirable, as they enhance the biocompatibility of chitosan [68]. The
chitosan obtained in this study, with a DDA of 89.2%, falls well within the recommended
range for medical applications, which is between 85% and 95% [64,69].

Another biomolecule of known commercial interest, present in the exoskeleton of
C. sapidus, is astaxanthin [70,71]. In the current study, using an ultrasound-assisted solvent
extraction technique, 52.0 ± 6.0 µg of astaxanthin per gram of dry exoskeleton powder
was obtained from C. sapidus captured in Sicily. This astaxanthin yield was higher than
the yields of other studies conducted on C. sapidus using traditional solvent extraction
methods [59,72,73] and slightly lower than the yields obtained using enzymatic [59] or en-
zymatic/chemical [72] pretreatments. The amount of extractable astaxanthin is related not
only to the amount of carotenoids in the raw material, an extremely variable parameter in
crustaceans [74,75], but also to the extraction technique. Indeed, it has been demonstrated
that demineralization processes [72], enzymatic proteolysis [59,72], and saponification [73]
can significantly influence the amount of astaxanthin extracted. Ultrasound-assisted ex-
traction techniques have been reported as effective methods to optimize the extraction of
bioactive molecules from both plant and animal matrices [76,77]. Ultrasonic-wave-induced
cavitation generates matrix fragmentation, increasing the contact area between solvent and
solid particles, thus improving extraction efficiency [78,79]. This technique reduces energy
consumption, extraction times, and the amount of solvent required [79,80].

In addition to proteins, chitin, minerals, lipids, and pigments, a class of secondary
metabolites with significant antioxidant activity are found in the exoskeleton of crustaceans:
phenolic compounds [57,58,81,82]. This class of biomolecules has attracted the interest
of the food, nutraceutical, pharmaceutical, and cosmetics industries thanks to their prop-
erties [58]. In this study, for the first time, the bio-phenolic compounds present in the
exoskeleton of C. sapidus were qualitatively and quantitatively characterized, and their
reducing capacity, scavenging, and antitumor activities in vitro were evaluated. Seven bio-
phenolic compounds were identified, six of which were within the limit of quantification
(LOQ), including mandelic acid, found to be present in the highest concentration. This
compound is an aromatic alpha hydroxy acid that possesses interesting antioxidant and
antimicrobial properties. It is also widely used in cosmetic products due to its exfoliating
and antibacterial properties, which are useful for treating acne [83]. The total phenol
content (TPC) of the extract in our study was measured as 3.4 ± 0.9 mg GAE/g using
the Folin–Ciocalteu reaction. This was higher than the findings of Onodenalore et al. [57]
on ethanolic extracts of Pandalus borealis, slightly lower than those of Maia et al. [81] on
ethanolic extracts of exoskeletons of Palaemon serratus and Palaemon varians, and lower than
the TPC obtained by Pereira et al. [58] on aqueous and ethanolic extracts of the exoskeletons
of Litopenaeus vannamei and of Ucides cordatus. The observed differences in TPC values
may be attributed to several variables known to influence the phenolic content in the
exoskeletons of crustaceans. These include factors such as species, geographic location,
collection period, and extraction method, all of which can significantly affect the TPC value
in phenolic extracts from crustaceans [58,81].

Our results demonstrated that all the tested molecules exhibited significant activity,
both in terms of reducing capacity and radical scavenging activity. In particular, chitosan
showed significantly higher FRAP and DPPH values than the other biomolecules and also
noteworthy ABTS•+ radical reduction activity. Chitosan’s antioxidant activity primarily
arises from its hydroxyl (-OH) and amino (-NH2) groups [84]. The high levels of reducing
and radical scavenging activity, as observed in the present study, are consistent with
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chitosan’s high DDA value; in fact, chitosan antioxidant activity has been shown to increase
with a higher degree of deacetylation [85]. Previous studies have investigated the radical
scavenging activity of chitosan obtained from the exoskeleton of C. sapidus using DPPH and
ABTS assays, expressing the results in terms of radical formation inhibition rates [65,66].
Although our results are not explicitly framed in these terms, comparisons with Trolox,
employed as a reference standard, reveal a strong alignment with findings reported in the
literature. This consistency not only validates our data but also highlights their relevance
and robustness within the context of established antioxidant evaluation methodologies,
further supporting the scientific credibility of our approach.

The astaxanthin extract showed significantly higher levels of radical scavenging ac-
tivity in ABTS assay than the other biomolecules. Furthermore, our results demonstrated
good reducing and radical scavenging activities in FRAP and DPPH assays. These findings
are consistent with those of Abd El-Ghany et al. [59], who previously reported excellent
antioxidant activity in scavenging DPPH or ABTS free radicals by astaxanthin extracted
from C. sapidus. These findings are also consistent with previous reports regarding astax-
anthin antioxidant activity [48,49,86–88]. Its antioxidant capacity is attributed to a central
polyene chain capable of donating electrons, together with keto (C=O) and hydroxyl (-OH)
end groups that can donate hydrogen atoms [89].

The phenolic extract also demonstrated good scavenging activity in the DPPH and
ABTS assays, showing comparable activity levels to astaxanthin in the DPPH assay and to
both molecules in the ABTS assay, though it exhibited a lower capacity to reduce ferric ions
compared to other biomolecules in the FRAP assay. Our data compared favorably with
those of Maia et al. [81], who assessed the reducing capacity of phenolic extracts from P. ser-
ratus and P. varians. Our results showed superior radical scavenging activity in the DPPH
assay but slightly lower activity levels in the ABTS and FRAP assays. Phenolic compounds
owe their antioxidant activity primarily to hydroxyl groups, which, by donating hydrogen
atoms to the free radicals, prevent their propagation phase [90].

Cytotoxic assays on HepG2 and CaCo-2 cells demonstrated that both astaxanthin
and the polyphenolic preparation from C. sapidus were able to decrease cell viability in a
dose-response manner. Moreover, the polyphenols were not cytotoxic on differentiated
CaCo-2 cells, representing an added value in possible future applications of the preparation.
Consistent with our results, data from Messina et al. [91] and Tan et al. [92] showed the anti-
proliferative effect of astaxanthin from Parapeneus longirostris and Haematococcus pluvialis on
HepG2 cells. This effect is ascribable to the apoptosis-promoting effects of c-Jun and c-Fos
down-regulation and p53 up-regulation, as well as the activation of reactive oxygen species.
The viability of CaCo-2 cells was also proven to be reduced by astaxanthin extracted from
Xanthophyllomyces dendrorhous [93]. Various components found in the polyphenolic extract
may be responsible for this cytotoxic effect. Literature reports have demonstrated the
reduction in viability, impairment of the cell cycle, and promotion of apoptosis induced by
ferulic acid and p-coumaric acid on HepG2 and CaCo-2 cells [94–97]. Gentisic-acid-rich
extracts, rutin, and luteolin were found to exert a cytotoxic effect on the cell lines under
study, in some cases via the stimulation of autophagy [98–101].

4. Materials and Methods
4.1. Samples and Exoskeleton Powder Production

In the summer of 2023, 60 adult individuals of C. sapidus were collected in the San
Teodoro area (near the Stagnone of Marsala), located on the western coast of Sicily. The
specimens were transported whilst alive to the STEBICEF Department (University of
Palermo), where they were euthanized using thermal shock (−20 ◦C for 10 min), weighed,
and dissected to collect the exoskeleton. The exoskeletons were weighed, washed with



Mar. Drugs 2025, 23, 45 9 of 19

distilled water, and subsequently dried in an oven at 60 ◦C for 18 h. The dried sample was
then ground and sieved to obtain a fine powder with homogeneous particle size.

The exoskeleton powder yield was obtained using the following formula:

Powder yield % =
Powder weight × 100

Total weight o f animals
(1)

The humidity percentage of the exoskeleton was obtained using the following formula:

Humidity % = 100 −
(

dry weight × 100
wet weight

)
(2)

where dry weight refers to the weight of the exoskeletons after reaching constant weight
over time following oven drying, and wet weight refers to the weight of the exoskeletons
before the drying phase.

4.2. Chitosan Preparation and Characterization

Chitosan was obtained from the exoskeleton powder using a modified version of the
protocol used by Mauro et al. [102]. This protocol includes three key steps for chitin extraction
(deproteinization, demineralization, and decolorization), followed by chitin deacetylation to
obtain chitosan. To optimize the yield and quality of the final products, the reaction conditions
in terms of temperature, time, and reagent concentrations were modified.

To remove the protein fraction, the exoskeleton powder was suspended in a 3% NaOH
solution with gentle continuous stirring for 2 h (1:10 w/v) at 70 ◦C. The solution was then
cooled to room temperature and centrifuged. The pellet was washed three times with
distilled water and dried for 18 h in an oven at 60 ◦C. During demineralization, the dried
deproteinized powder was suspended in a 1 M HCl solution (1:15 w/v) for 1 h at room
temperature; the suspension was then centrifuged and the pellet rinsed three times and
dried. This phase was then followed by decolorization: the powder was treated with a 2.5%
NaClO solution (1:10 w/v) for 30 min at room temperature and chitin was obtained. To
produce chitosan, the chitin was deacetylated using a 50% NaOH solution (1:15 w/v) and
stirred gently and continuously for 48 h at 100 ◦C. The suspension was then cooled at room
temperature and centrifuged, and the resulting solid residue was washed with distilled
water until a neutral pH was achieved. After drying at 60 ◦C for 18 h, the resulting chitosan
was purified by dispersing the dry powder in a 0.5 M acetic acid solution (1:100 w/v) and
stirring vigorously for 24 h at room temperature. The dispersion was filtered, and the
filtrate was adjusted to pH of 8 using 10% (w/w) NaOH to obtain purified chitosan. The
suspension was centrifuged at 4000 rpm for 10 min at room temperature, and the resulting
pellet was collected and washed three times with an ethanol/water solution (70/30). Finally,
the purified chitosan was dried, weighed, and stored for subsequent assays.

The final yield of chitin and chitosan was calculated using the following equation:

Yield % =
Dry product weight × 100

Exoskeleton powder weight
(3)

The IR spectrum of chitosan was recorded using a Jasco FT/IR 420 (Jasco, Easton, MD,
USA) infrared spectrometer. The sample was prepared with KBr and the spectrum was
measured in the range of 4000–300 cm−1. Transmittance (T) values at 1320 and 1420 cm−1,
converted to absorbance (A) values, were used to calculate the percentage degree of
acetylation (DA) of chitosan, using the following equation [103]:

DA% =
[(A1320/A1420)− 0.3822]

0.03133
(4)
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Subsequently, the percentage degree of deacetylation (DDA) of chitosan was calculated
using the following equation:

DDA% = 100 − DA% (5)

4.3. Astaxanthin Extraction

An ultrasonic-assisted solvent extraction method was used to extract astaxanthin
from the exoskeleton powder using a modified version of the protocols developed by Hu
et al. [104] and Sharayei et al. [105]. The exoskeleton powder was suspended in absolute
ethanol at a 1:4 ratio (w/v). The suspension was stirred gently for 1 h at room temperature
and then sonicated on ice using a VC505 ultrasonic generator (Sonics & Materials Inc.,
Newtown, CT, USA) operating at a frequency of 20 kHz and a power output of 300 W
for 30 min. The suspension was then centrifuged at 2000× g for 10 min at 4 ◦C, and the
supernatant was collected and filtered. Subsequent extractions were performed until the
solvent became colorless, with three repetitions in total. All steps were performed in
the dark.

Astaxanthin Determination by UPLC-HRMS (Ultra-Performance Liquid Chromatography–
High Resolution Mass Spectrometry)

UPLC-HRMS analysis of the ethanolic extracts derived from exoskeleton powder was
performed using a UPLC Ultimate 3000 RS (Dionex, Sunnyvale, CA, USA) connected to
an HRMS system -Orbitrap Exploris 120, ( ThermoFisher, San Josè, CA, USA). Chromato-
graphic separation was achieved using a Hypersil Gold (ThermoFisher, San Josè, CA, USA)
column (50 × 2.1 mm, 1.9 µm) held at 30 ◦C. The LC method used the following mobile
phases: (A) purified water (LC–MS grade, Sigma-Aldrich, Darmstadt, Germany) with
0.1% formic acid (LC–MS grade, Sigma-Aldrich, Darmstadt, Germany) and (B) acetonitrile
(LC–MS grade, Sigma-Aldrich, Darmstadt, Germany). The injection volume of the sample
was 10 µL.

The flow rate was set to 300 µL/min. The gradient program proceeded as follows:
0–8.0 min, 60% B; 8.0–13.0 min, linear increase to 100% B; 13.0–17.0 min, hold at 100% B;
17.0–17.01 min, linear decrease back to 60% B; and 17.1–20 min, held at 60% B. The mass
spectrometer employed a heated electrospray ionization (HESI) source operating in positive
ion mode. Mass spectrometry conditions included the following: HESI (+), spray voltage
set to 3500 V, auxiliary gas pressure at 50 a.u., capillary temperature of 350 ◦C, sheath gas
pressure at 50 psi, and S-Lens RF level of 70.00 V. Full MS-SIM experiments were conducted
under these settings: SIM microscans set at 1, resolution at 17.500, AGC target of 5 × 106,
maximum IT of 200 ms, scan range of 500 to 700 m/z, and profile spectrum data type. For
targeted SIM: runtime 0 to 20 min with positive polarity; general inclusion enabled; SIM
microscans set to 1; resolution at 60.000; AGC target 5 × 106; maximum IT of 200 ms; MSX
count of 1; and an isolation window of 1.0 m/z. In MS/MS spectra, precursor ion was set at
597.3938 (m/z), formula was C40H52O4, collision gas was N2, resolution was 15.000, AGC
target was standard, isolation window was 4.0 m/z, and collision energy (%) was set at
10, 25, and 35 Volts. An external calibration method was used to obtain a quantification of
astaxanthin in ethanolic extracts. Astaxanthin standard solutions (>70%, from Blakeslea
Trispora, Sigma Aldrich) were prepared at concentrations of 1000 ppb, 500 ppb, 100 ppb,
and 10 ppb in ethanol. The equation of calibration curve was Y = 2.85 × 104x − 5.95 × 105,
with a linearity correlation coefficient (R2) equal to 0.99.

Prior to analysis using the UPLC-HRMS instrument, each sample was prepared using
0.45 µm (13 mm) CLARIFY-PTFE filters (Phenomenex, Torrance, California, USA) and
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diluted with methanol at a rate of 1:100. The concentration of the recovered astaxanthin
was expressed as µg/g exoskeleton powder.

4.4. Phenolic Compounds’ Extraction

Phenolic compounds were extracted by suspending 1 g of C. sapidus exoskeleton pow-
der in 80% (v/v) methanol solution at a 1:4 (w/v) ratio. The process was carried out in the
dark at room temperature, stirring continuously for 1 h. The suspension was then sonicated
at 40 ◦C for 30 min in an ultrasonic water bath and centrifuged at 3700× g for 10 min. A
second extraction cycle was carried out on the solid residue and the supernatants were
filtered using 0.45 µm filters (Millipore, Billerica, MA, USA) through a Büchner funnel. The
resulting hydromethanolic extract was stored at −20 ◦C for further analysis.

4.4.1. Total Phenol Content (TPC)

Total phenol content (TPC) was determined using the Folin–Ciocalteu reaction. This
involves reducing phosphotungstic–phosphomolybdic acid (Folin–Ciocalteu’s reagent) to
form blue reaction products in an alkaline solution [106]. To conduct this analysis, the
solvent in the hydromethanolic extract was evaporated with a rotary evaporator, and the
resulting residue was freeze-dried to eliminate residual water. The dried samples were
reconstituted in appropriate volumes of 5 mM phosphate-buffered saline (PBS) at pH of
7.4 before being used in the experimental analysis following [107]. Aliquots of samples
(10–100 µL) were diluted with water to a final volume of 100 µL and mixed with 100 µL of
Folin–Ciocalteu reagent (Sigma-Aldrich, Saint Louis, MO, USA) for 5 min, before adding
3 mL of 2% sodium carbonate. The reaction mixture was incubated at room temperature
in the dark for 1 h, and absorbance was measured at 700 nm using a Beckman DU640
spectrophotometer (Beckman, Milan, Italy) against a blank without samples. Quantification
was based on a standard curve of gallic acid (10–100 µg/mL), and results are expressed as
gallic acid equivalents (GAE, mg per g of sample).

4.4.2. Phenolic Compounds’ Determination by UPLC-HESI-MS

Bio-phenols in hydromethanolic extract of C. sapidus exoskeleton powder were identi-
fied following a modified version of the protocol developed by Indelicato et al. [108], with
an optimized UPLC/MS-MS method developed for this study. Analysis was conducted on
a Dionex (Sunnyvale, CA, USA) Ultimate 3000 system linked to a ThermoFisher TSQ Quan-
tiva triple-stage quadrupole mass spectrometer (ThermoFisher, San Josè, CA, USA). Chro-
matographic separation employed a C18 reversed-phase Hypersil GOLD (ThermoFisher,
San Josè, CA, USA) analytical column (2.1 × 50 mm, 1.9 µm particle size) maintained
at 30 ◦C, with an injection volume of 5 µL. The separation gradient used mobile-phase
(A)—purified water with 0.1% formic acid (LC-MS grade, Sigma-Aldrich, Saint Louis, MO,
USA); and-mobile phase (B)—methanol (LC-MS grade, Sigma-Aldrich, Saint Louis, MO,
USA) with a constant flow rate of 300 µL/min. The gradient profile was as follows: 0–2 min,
5% B; 2–10 min, linear rise to 70% B; 10–12 min, linear increase to 100% B; 12–17 min, hold
at 100% B; 17.0–17.1 min, linear reduction to 1% B; and 17.1–19 min, hold at 1% B. The
mass spectrometer was equipped with a heated electrospray ionization (HESI) source and
operated in negative ion mode, tuned with 1 ppm standard solutions of each analyte in
methanol. Key mass spectrometry settings were as follows: HESI operating in negative
ion mode, spray voltage at 2500 V, auxiliary gas pressure of 10 a.u., sheath gas at 50 psi,
sweep gas at 1 a.u., ion transfer tube at 325 ◦C, vaporizer temperature at 350 ◦C, and dwell
time at 100 ms. Q1 resolution set to 1 Da and Q3 resolution to 0.4 Da, with CID gas (Ar) at
2.0 mTorr. Selected reaction monitoring (SRM) targeted deprotonated ions for each polyphe-
nol ([M-H]-), with specific SRM transitions detailed in Table 2. Quantification was achieved
by integrating the peak areas of monitored transitions and the following pure standards
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for each compound: apigenin 7-glucoside, apigenin, quercetin, gallic acid, l-mandelic acid,
chlorogenic acid, hydroxycinnamic acid, kaempferol, caffeic acid, vanillic acid, catechin,
rutin, coumaric acid, syringic acid, gentisic acid, ferulic acid, luteonin, and resveratrol.

Table 2. UPLC-MS parameters and limit of quantification for phenolic compounds identified in
hydromethanolic extracts of C. sapidus.

Precursor Ion
(m/z) [M-H]−

Product Ion
(m/z)

Collision
Energy (V)

RF Lens
(V)

Gallic Acid 169 79 24 101
169 125 14 101

Vanillic Acid 177 123 20 105
177 152 20 105

Ferulic Acid 193 134 15 99
193 178 13 99

Chlorogenic Acid 353 179 45 180
353 191 45 180

Catechin 289 203 20 147
289 245 15 147

Mandelic Acid 151 77 18 65
151 107 10 65

Gentisic Acid 153 108 22 90
153 109 14 90

Syringic Acid 197 153 12 100
197 182 14 100

Caffeic Acid 179 107 25 101
179 135 16 103

Trans-OH-Cynnamic 163 93 31 90
163 119 14 90

Rutin 609 271 60 299
609 300 38 299

Resveratrol 227 143 27 156
227 185 20 156

Apigenin-7Glu 433 269 20 123
433 271 20 123

Quercetin 301 151 18 166
301 179 21 166

Kaempferol 285 202 20 195
285 239 29 195

Hydroxytyrosol 153 95 21 97
153 123 14 97

Cumaric Acid 163 93 31 91
163 119 13 91

Luteolin 285 133 35 187
285 175 26 187

Apigenin 269 117 35 178
269 151 25 178

Phenolic compound quantification was performed using an external calibration ap-
proach. A methanolic solution containing 5 ppm of each standard was prepared, followed
by a series of additional calibration solutions of 1 ppm, 500 ppb, 250 ppb, 100 ppb, and
50 ppb for each analyte. The linearity correlation coefficient (R2) was 0.99. Data were ana-
lyzed using the Quan/Qual Browser and Trace Finder (Thermo Fisher Scientific), and each
point on the calibration graph corresponded to the average of three independent injections.

4.5. Reducing Capacity and Radical Scavenging Test
4.5.1. Sample Preparation

For the FRAP, DPPH, and ABTS assays, chitosan was solubilized in 2 M acetic acid to
obtain a 2% (w/v) solution; the ethanolic extract of astaxanthin was used as is, and the dry
residue of phenolic extract was resuspended in 1 mL of 5 mM phosphate-buffered saline
(PBS) at pH of 7.4.
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4.5.2. Reducing Capacity Test

The ferric ion reducing antioxidant power (FRAP) assay was performed following
Saxena et al.’s method [109], with minor modifications. Samples were diluted in 1 mL
of 0.2 M phosphate buffer (pH 6.6) and mixed with 1 mL of 1% potassium ferricyanide.
The resulting blend was then incubated at 50 ◦C for 20 min before adding 1 mL of 10%
trichloroacetic acid and combining thoroughly with a vortex mixer. This solution was then
centrifuged for 10 min at 1000× g, and a 0.5 mL portion of the supernatant was combined
with 0.5 mL of distilled water and 0.1 mL of 0.1% FeCl3 solution. Absorbance was measured
at 700 nm. Ascorbic acid (0–100 µg/mL) was used as a reference compound, and results
are expressed in milligrams of ascorbic acid equivalents (AAE) per 1 g of sample.

4.5.3. Radical Scavenging Activity Assay

2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) radical cation was
prepared following Re et al.’s method [110]. Stock solutions were prepared with 7.0 mM
ABTS diazonium salt and 140 mM potassium persulfate in water. The working solution was
made by combining 1 mL of ABTS solution and 18 µL of potassium persulfate and allowing
reaction to occur at 25 ◦C for 18 h in the dark. A 900 µL aliquot of the resulting solution
was then diluted with 100 µL of phosphate saline buffer (PBS) to achieve an absorbance of
0.700 at 734 nm. Portions of appropriately diluted sample (100 µL) were mixed with 900 µL
of the ABTS•+ solution and allowed to react for 15 min in the dark. The absorbance was
then measured at 734 nm.

The free radical scavenging activity of 2,2-Diphenyl-1-picrylhydrazyl (DPPH•) was
assessed using the method described by Brand-Williams et al. [111]. Aliquots (100 µL)
of appropriately diluted samples were mixed with 900 µL of DPPH• ethanol solution
(1 × 10−4 mol/L), and absorbance was measured at 515 nm following 30 min incubation
at room temperature in the dark. The ABTS•+ and DPPH• radical scavenging activities of
the samples were compared to Trolox, a water-soluble analog of vitamin E, with results
expressed as µmol of Trolox equivalents (TE) per g of sample.

4.6. Cell Toxicity Assay

The cytotoxicity of astaxanthin and polyphenol extracts on tumoral and differen-
tiated cells was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
bromide (MTT) assays for cellular viability analysis, as already reported [112]. HepG2 liver
cancer cells and CaCo-2 colon cancer cells taken from laboratory stocks were grown in
glutamine-containing Dulbecco’s Modified Eagle Medium (DMEM) (GibcoTM, Fisher Sci-
entific, Segrate, Italy) supplemented with 10% heat-inactivated fetal bovine serum (Sigma)
and antibiotics (100 U/mL penicillin and 100 g/mL streptomycin; Capricorn Scientific
GmbH, Ebsdorfergrund, Germany) at 37 ◦C under 5% CO2 in humidified air. In addi-
tion to cancerous CaCo-2 cells, cultures of the same cells spontaneously differentiated in
enterocytes were prepared according to Cicio et al. [113] and tested in parallel. Cells in
exponential growth were seeded at a concentration of 8000/well (HepG2) and 12000/well
(CaCo-2) in 96-well plates, left to adhere overnight and cultured in control conditions or
exposed to varying concentrations of either astaxanthin or polyphenol extract for 24 h.
After the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT;
Merck, Milano, Italy) and cell solubilization, the optical density of the dissolved formazan
was probed at 550 nm. Cell viabilities were expressed as a relative percentage compared to
the controls.

The half maximal inhibitory concentrations (IC50) for astaxanthin and polyphenol
extract were quantitated using the ED50 PLUS V1.0 software available online at https:
//www.sciencegateway.org/protocols/cellbio/drug/data/ed50v10.xls (accessed on 10 Octo-

https://www.sciencegateway.org/protocols/cellbio/drug/data/ed50v10.xls
https://www.sciencegateway.org/protocols/cellbio/drug/data/ed50v10.xls
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ber 2024). The astaxanthin extract was prepared by evaporating the extraction solvent under
reduced pressure using a rotary evaporator. The dry residue was resuspended in a known
volume of absolute ethanol to obtain an astaxanthin solution of 2 mg/mL. The polyphenol
extract was prepared as described previously (see Section 4.5.1). Both extracts were filtered
under a laminar flow hood using a 0.22 µm membrane filter (Millex®, Merck Millipore,
Darmstadt, Germany).

4.7. Statistical Analysis

The experiments were conducted in triplicate (n ≥ 3), and the results are presented as
mean values ± standard deviation (SD) or standard error of the mean (s.e.m). One-way
analysis of variance (ANOVA) followed by Tukey’s test, with a significance level set at
p < 0.05, was used to determine significant differences.

5. Conclusions
Bioactive molecules, including chitosan, astaxanthin, and polyphenols, with multiple

applications in various sectors, were extracted from the exoskeleton of C. sapidus captured
in Sicily. These compounds have demonstrated significant radical scavenging activity,
reducing capacity, and anticancer properties, highlighting their potential not only in the
nutraceutical field but also in pharmaceuticals and biotechnology. In particular, chitosan
and astaxanthin, known for their ability to combat oxidative stress, could be used in
various fields ranging from cosmetics to regenerative medicine. Likewise, polyphenolic
compounds extracted from the exoskeleton of C. sapidus exhibit antioxidant activity and
could find applications in dietary supplements or as natural additives in a range of products.
The antitumor effect shown in vitro by astaxanthin and phenolic preparation warrant
further investigation into their potential role in cancer treatment. These findings not only
emphasize the importance of the species in the context of human consumption but also
suggest that the use of this invasive species for the extraction of bioactive molecules could
provide an innovative solution to control its spread. In addition to creating new sectors of
employment and economic value, this practice would reduce the environmental impact
caused by the uncontrolled proliferation of C. sapidus in Mediterranean waters.
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