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ARTICLE INFO ABSTRACT

Handling editor: B. Van der Bruggen The seafood industry generates large volumes of waste, responsible for serious environmental hazards and high
disposal costs. Bioconversion and biorefinery approaches offer effective management of seafood waste, preser-
ving valuable nutrients and supporting sustainable seafood production. Shrimp shells are a rich source of
polyunsaturated fatty acids and carotenoids, mainly astaxanthin (AST), whose recovery by means of green
strategies represents a challenging goal. In this work, the potential of equimolar binary mixtures of menthol and
alkanoic acids (ME:AA) as green solvents for AST recovery from shells of Aristaeomorpha foliacea (Risso, 1827)
shrimp has been explored, by evaluating both the yield and the stability of the extracted carotenoid. All tested
ME:AA exhibited high efficiency for fast AST extraction in mild conditions, while the mixtures containing acetic
(ME:C2) and decanoic (ME:C10) acids ensured the maximum stability of the pigment. HPLC analysis highlighted
a variety of extracted AST derivatives, mainly consisting of mono- and diesters of fatty acids with variable side
chains. Their overall amount allowed to identify mediterranean A. foliacea as a shrimp species particularly
capable of AST uptake and storage. ATR-FTIR measurements pointed out partial deprotonation of the alkanoic
acid component following the extraction process, in agreement with the alkalinity of the CaCOs-rich matrix.
Interestingly, the antioxidant capacity of the extracts exceeded the predicted one, based on the AST content,
suggesting the co-extraction of additional antioxidant compounds. Finally, a-cyclodextrin was successfully
employed as emulsifying agent to prepare stable ME:C10-in-water microemulsions, which drastically enhanced
the chemical stability of extracted AST under standard environmental conditions.
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1. Introduction

Current methods for management and disposal of waste/by-products
produced by the food processing industry are poorly sustainable and
often cause environmental concerns. The fishing industry is one of the
most impacting sectors due to the increase of global fish demand and the
constant growth of aquaculture production. Processing of fish products
has generated in recent decades the increase of by-products, composed
of heads, viscera, flesh portions, skin, bones, fins, shells and scales,
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which represent about 70 % of processed species [1,2] and are respon-
sible for significant environmental impact and high disposal costs.
However, the parts of marine organisms commonly discarded are a
nutritionally important source of high-value bio-compounds such as
minerals, lipids, omega-3 polyunsaturated fatty acids, amino acids,
collagen, peptides, chitin, enzymes, antioxidant substances and other
bioactive molecules suitable for biotechnological, pharmaceutical, nu-
traceutical and cosmetic applications [2-4]. Therefore, to avoid sub-
stantial loss of valuable compounds, better management strategies of
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fish by-products are a key point for the transition from a linear to a
circular economy model.

Within this context, the recovery of astaxanthin (AST), a carotenoid
abundantly present in crustacean by-products, such as shrimp, crawfish,
crab, and lobster shells [5], is an excellent opportunity for valorisation
of such residues with new, safe, and cost-effective methodologies. AST
(3,3-dihydroxy-,p’-carotene-4,4"-dione, Fig. 1A) is a reddish-orange
xanthophyll occurring in marine and aquatic organisms in its free or
esterified forms. In particular, in crustacean by-products AST occurs
mainly in form of mono- and diesters of fatty acids [6,7], which are less
susceptible to degradation processes, induced by high temperature,
oxygen or light, than unesterified astaxanthin [7]. In addition, AST ex-
ists in nature predominantly as a mixture of (all-E)-isomers composed of
two enantiomers (3R,3R- and 3S,3'S-AST) and a meso compound
(3R,3'S-AST), which, at high temperatures and under light and oxidative
conditions, can isomerize to Z configurations [8]. AST shows high
antioxidant activity [4,5,9] due to its capability to convert free radicals
into more stable products [8], reducing the oxidative stress and conse-
quently most of the age-related diseases such as atherosclerosis, meta-
bolic syndrome, osteoporosis, cancer, inflammatory arthritis, or
dementia [10,11]. Natural extracts with a high AST content represent
therefore a valuable secondary raw material for cosmetic, pharmaceu-
tical or food industries.

Numerous studies reported the extraction of AST from shrimp pro-
cessing waste using different organic solvents such as acetone, isopropyl
alcohol, methanol, hexane, ethyl acetate, ethyl methyl ketone, chloro-
form, petroleum ether or a combination of them [4,12]. However,
conventional extraction methods with these common organic solvents
often present important disadvantages including their impact on human
health and environment, low extraction yield and loss of bioactivity of
extracted compounds [4,13]. A more sustainable approach to recover
AST from crustaceans is the use of vegetable oils that offer good
extraction yields, great advantage in terms of safety and reduction of
carotenoids oxidation processes [14,15]. Nevertheless, the composition
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of vegetable oils is complex and highly variable, depending on their
origin, quality, and production methods, leading to high variability of
extraction efficiencies [16]. Moreover, vegetable oils present high vis-
cosities resulting in low effective diffusivity, longer extraction times and
higher energy inputs to ensure the proper mixing of the blend [17].
Usually, the extraction of carotenoids by oils is performed at high tem-
peratures to decrease their viscosity and improve the solvent flow
through the solid matrices. High temperature procedures present how-
ever the drawback to favor the decomposition of thermolabile com-
pounds [13].

To overcome the above-mentioned limitations of conventional sol-
vents of petrochemical origin and vegetable oils, eutectic solvents and
deep eutectic solvents (DESs) [18] represent a valid, green and sus-
tainable alternative for marine biomass processing. The suitable and
targeted selection of their components might indeed confer low toxicity,
environmental friendliness, low cost, easy manufacturing and good
biodegradability [19]. DESs are an emerging class of solvents composed
of mixtures of two or more hydrogen bond acceptor (HBA) compounds,
such as quaternary ammonium salts, and hydrogen bond donor (HBD)
compounds, consisting of organic molecular components such as urea,
carboxylic acids, polyols or amides, linked by intermolecular in-
teractions, as van der Waals interactions, hydrogen and/or ionic bonds
[20]. These compounds, mixed at a specific molar ratio, produce a liquid
phase with a melting point much lower than that one predicted based on
an ideal behavior. On the other hand, a melting point lower than that
one of each individual components in absence of negative deviations
from ideality indicates a eutectic mixture, rather than a DES [21]. Most
DESs, composed at least of one ionic species, are generally characterized
by hydrophilic properties and are classified as type I-IV according to
currently accepted nomenclature [22].

The design of new hydrophobic eutectic mixtures based on non-ionic
substances, classified as type V DESs [23], has received particular
attention in last years. Terpenes have been described as good HBA
components to prepare sustainable, cheap and hydrophobic eutectic
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Fig. 1. A: Structure of all(E)-AST in the free (di-alcoholic) form. B: UV-Vis absorption spectra of a 5 pM solution of synthetic all(E)-AST in ME:C2 (blue trace) and of a
shrimp shell extract, diluted 5 times, obtained using the same solvent (orange trace). C: Extracted amounts of AST (as pg of free AST per gram of shrimp shell powder)
as a function of extraction time and for different ME:C2n (n = 1-5) solvents. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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mixtures to recover astaxanthin and other natural compounds from
marine wastes [19]. In recent studies, the good solvent properties of
various binary mixtures obtained from the combination of terpenes, as
HBA, and carboxylic acids, as HBD, [24,25] were also demonstrated.
The monoterpene menthol (ME), obtained from natural resources, is a
good candidate to prepare hydrophobic solvent mixtures due to its very
low solubility in water. Martins et al. [25] pointed out that the solid-
-liquid equilibrium (SLE) phase diagrams of mixtures composed of ME
and selected long-chain monocarboxylic acids, do not exhibit negative
deviations from thermodynamic ideality large enough to induce a sig-
nificant eutectic point depression and thus cannot be properly classified
as DESs. However, several mixtures of ME and carboxylic acids, which
are liquid at room temperature in a wide interval of HBD/HBA stoi-
chiometric ratios, are often described as hydrophobic DESs or natural
DESs (NADES) in the current literature [26-30], independently on the
availability of relevant SLE diagrams highlighting deviations from ide-
ality. Analogously, binary mixtures composed of ME and liquid car-
boxylic acids are currently labelled as DESs [24,31,32], although they
are used at operating temperatures higher than the melting point of the
HBD component and thus, in principle, could not even be considered
eutectic mixtures. These inconsistencies point out the urgency for a
stricter definition of DES and a desirable uniformity of literature
designations.

Leaving aside these terminology issues, the mixtures of ME with
carboxylic acids appear promising for AST recovery due to their low
viscosity [24,33], high hydrophobicity and the acidic character of the
HBD moiety. As reported by Villalobos-Castillejos et al. [34], the highest
stability of a water-dispersed AST oleoresin was indeed observed at pH
4, thus suggesting the suitability of organic acids as components of
solvent mixtures not only for AST extraction yield maximization, but
also for shelf-life enhancement purposes.

Hence, in the present research, a series of hydrophobic binary mix-
tures based on ME and different alkanoic acids (AAs) with variable alkyl
chain lengths are proposed as environmentally friendly solvents for the
extraction of AST from shells of the Mediterranean red shrimps Aris-
taeomorpha foliacea (Risso, 1827). Specifically, five different combina-
tions, obtained mixing ME and monocarboxylic acids with an even
number of carbon atoms varying from 2 to 10, were prepared and tested
for their ability to recover AST from the shrimp waste matrix. For the
reasons stated above, these mixtures are not referred as DESs in this
manuscript, although the current literature often uses this classification
for them. Moreover, the label “eutectic” has been used only for the
mixture containing decanoic acid, since this is the sole carboxylic acid
that is solid at room temperature.

The stability of extracted AST in menthol/alkanoic acid (ME:AA)
mixtures was also assessed with the aim to identify the combinations
best performing in terms of extraction efficiency and pigment protection
from degradative processes. Further information on the chemical
composition of extracts was gained by means of high-pressure liquid
chromatography (HPLC) and Fourier transform infrared (FTIR) spec-
troscopy analyses, while a standard decolorization assay was carried out
to assess their antioxidant capacity.

Unlike hydrophilic eutectic solvents which can dissolve in water
causing in most cases the precipitation, i.e. the separation, of extracted
substances by the so-called anti-solvent method [35], hydrophobic
eutectic mixtures are immiscible with water and very hard to be sepa-
rated from solubilized compounds [36,37]. Nevertheless, the natural
origin and the well-established biological activity of both ME and the
carboxylic acids adopted in this work [38-40] suggest the direct
employment of the entire ME:AA extracts as ingredients of specific
formulations. Previous investigations have indeed demonstrated that
terpene-based eutectic mixtures have the potential to inhibit prolifera-
tion of colorectal cancer cells as well as Gram-positive and Gram-
negative bacteria [30]. The authors conducted cytotoxicity and anti-
proliferative activity tests in the presence of fetal serum albumin, which
realistically promoted the dispersion of target hydrophobic samples.

Separation and Purification Technology 371 (2025) 133261

With the aim to develop astaxanthin-rich formulations intrinsically bio-
deliverable and, in addition, physically and chemically stable, we have
explored the possibility to achieve the dispersion of ME:AA mixtures and
relevant shrimp extracts in aqueous environment by using cyclodextrins
(CDs) as complexing agents. CDs are a well-known family of cyclic oli-
gosaccharides able not only to form stable supramolecular complexes
with hydrophobic species [41], but also to preserve the encapsulated
molecules from degradation processes [42]. CDs can stabilize oil-in-
water emulsions forming microcrystals of CD-oil inclusion complexes
[43,44]. Moreover, recent investigations have shown that they can be
successfully employed to prepare supramolecular DESs, acting as a
vehicle for the delivery of poorly soluble drugs [45]. Inspired by these
previous outcomes, we used a-cyclodextrin (a-CD), composed of six D-
glucopyranose units linked by a-(1-4) bonds, as an emulsifying agent to
prepare stable ME:AA-in-water emulsions, which were characterized not
only for their physical stability, chemical composition, and microscopic
structure, but also for their ability to preserve the chemical stability of
extracted astaxanthin.

2. Material and methods
2.1. Material

All-E astaxanthin ((all-E)-AST, for HPLC, > 97 %), L-menthol (ME,
for HPLC, 99.9 %), acetic acid (C2, 99-100 %), butyric acid (C4, > 99
%), hexanoic acid (C6, > 99 %), octanoic acid (C8, > 99 %), decanoic
acid (C10, > 98 %), acetone (for HPLC, 99.9 %), methanol (for HPLC, >
99.9 %), acetonitrile (for HPLC, > 99.9 %), ammonium acetate (for
HPLC, > 99 %), ethyl acetate (for HPLC, > 99.8 %), sodium hydroxide
(>98 %), hydrogen chloride (37 %), ethanol (96 %), potassium persul-
fate (> 99 %), 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, 98 %), 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid (Trolox, > 97 %), and 8-(diethylamino)-12H-
10-oxa-5-azatetraphen-12-one (Nile Red, NR, > 97 %) were purchased
from Sigma-Aldrich and used as received. Food grade a-CD (CAV-
AMAX® W6) was kindly provided by IMCD Italy SpA (Milano, Italy).
Ultra-pure water, purified by a Millipore Milli-Q system (resistivity: 18.2
MQ cm), was used to prepare aqueous solutions.

Fresh by-products of Mediterranean red shrimp (A. Foliacea),
composed of cephalothorax, shell, pleopods and tail, were obtained from
a local seafood processing company and stored at —20 °C until use.

2.2. ME:AA mixtures preparation

Five hydrophobic binary mixtures were prepared mixing suitable
amounts of each carboxylic acid (C2, C4, C6, C8, and C10) with ME. The
two compounds were mixed in a round-bottom flask at 1:1 M ratio and
maintained under continuous stirring at 60 °C until a liquid phase was
formed. The resulting solvents (ME:C2, ME:C4, ME:C6, ME:C8 and ME:
C10) were then cooled at room temperature and used for extraction
experiments.

2.3. Shrimp matrix pretreatment

Frozen shrimp by-products were separated from cephalothorax and
dried at 50 °C in a drying oven with fan assisted air circulation (Digi-
tronic — Selecta) for 3-4 h. The dried shells were manually crushed by
mortar and pestle and then homogenized and pulverized by a grinder
(Mixer Mill MM 400, Retsch). The resulting powder, with particle size in
the range 0.10-0.35 mm, was used immediately after preparation or
stored at —20 °C under vacuum for subsequent uses.

2.4. Astaxanthin extraction

One-step solid/liquid extractions of AST were carried out adding a
proper volume of ME:AA to a certain mass of shrimp powder to obtain
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specific solid/liquid ratios. The blends were stirred by a rotating mixer
for various stirring times in different experimental conditions. The
samples were then centrifuged for three minutes at 500 rcf (Mikro 120
centrifuge, Hettich) and the red/orange supernatants were collected for
analysis. All extraction experiments were performed in triplicate.

2.5. UV-Vis spectroscopic measurements and antioxidant capacity
assessment

UV-Vis absorption measurements were conducted by means of a
double beam Shimadzu UV-Vis spectrophotometer (model UV2600i/
2700i). Quartz cuvettes of 1 cm pathlength were employed.

The UV-visible spectra of all ME:AA extracts were acquired in the
range 350-700 nm at a resolution of 1 nm. AST concentration was
assessed by the Lambert-Beer law, reading the absorbance at the peak
wavelength (480 nm) and using an absorptivity of 118 + 4 mMem ™.
This extinction coefficient was preliminarily determined using standard
(all-E)-AST, as described in the Supplementary Material (Text S1 and
Table S1). The influence of esterification and geometric isomerism on
the AST extinction coefficient at the peak wavelength was considered
negligible.

The antioxidant activity of extracts was assessed as Trolox equivalent
antioxidant capacity (TEAC) using the ABTS decolorization assay, based
on the scavenging activity against the colored ABTS radical [46]. Stock
solutions of ABTS and potassium persulfate were mixed to obtain 7 mM
and 2.45 mM concentrations respectively. The sub-stoichiometric
amount of the oxidant species (persulfate) allows its complete con-
sumption and the partial conversion of ABTS into its radical form,
responsible for the dark blue-green color of the resulting solution. This
stock ABTS radical solution was kept in dark at room temperature for
12-16 h before use to achieve chemical and color stability. Then, it was
diluted in ethanol to reach a 0.7 absorbance value at 750 nm. All
decolorization measurements were performed in time course mode ac-
cording to the procedure described in a previous work [46]. Briefly, 50
uL of each standard or sample were added to 950 pL of ABTS radical
solution and the profile of the absorbance drop at 750 nm was recorded
for a 30 min time interval. To account for any instability of the colored
species during the measurement, a suitably diluted aliquot of the ABTS
radical solution was kept in the reference cuvette and the double beam
mode was adopted, so that any absorbance drop could be ascribed solely
to the sample (or standard) antioxidant action. Trolox standard solutions
in ethanol (90, 180, 360 uM) were prepared and used as antioxidant
standards to obtain the calibration curve, so that the antioxidant activity
of samples was given as micromoles of Trolox equivalents per liter (TE
pmol/L).

2.6. FTIR spectroscopic measurements

Mid-infrared spectra of pristine ME:AA mixtures and ME:AA extracts
were acquired with a Perkin Elmer Spectrum One FTIR spectrometer
equipped with a universal attenuated total reflectance (ATR) apparatus
(GladiATR, Pike technologies). The internal reflection element was a
single bounce diamond microprism with a diameter of 4 mm. For stan-
dard infrared absorption spectra, the background spectrum was
collected with the bare microcrystal and the sample spectrum was ac-
quired layering a drop (=20 pL) of either pristine ME:AA or the extract
onto the diamond surface. “Extract minus solvent” difference spectra
were recorded acquiring the spectrum of the extract against a back-
ground collected on the ME:AA solvent, obtaining traces equivalent to
the arithmetic difference between extract and solvent standard spectra.
For standard spectra 16 interferograms were acquired and averaged,
while for difference spectra 8 independent spectra of 16 interferograms
each were collected and averaged, thus reaching a suitable signal to

noise ratio. The resolution of all spectra was set at 4 cm™ L.
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2.7. HPLC analysis

The chromatographic profiles of extracts were obtained by an Agi-
lent 1100 Series HPLC System (Agilent Technologies, Palo Alto, CA)
consisting of an analytical Agilent Poroshell 120 SB C18 column (2.7 pm,
150 x 4.6 mm) fitted to a binary pump (model G1312A) and a solvent
degasser (model 1379A). Eluates were monitored with a 1,024-element
diode array detector (model G1315B), and the system was controlled
with Agilent ChemStation software for HPLC. The mobile phases were
methanol-acetonitrile-water 21:16.5:62.5, vol/vol/vol containing 10
mM ammonium acetate (A) and methanol-acetonitrile-ethyl acetate
50:20:30, vol/vol/vol (B). The solvent gradient program employed was
as follows: 0 min 20 % B; 0—6 min 70 % B; 6—24 min 100 % B; 24—36
min 100 % B. Flow rate was 1 mL/min. The injection volume was 10 pL.
Absorbance was registered by diode array at wavelength of 480 nm. This
method was adapted from the one reported by Graham and Bryant [47],
allowing for faster analysis thanks to the smaller particle size. AST de-
esterification was accomplished on the ethyl acetate extract by mixing
100 pL of extract with 400 uL of methanol containing 0.06 M NaOH to
obtain a solution at pH 10. After dark incubation in ice for 3 h, the so-
lution was neutralized with 100 uL of methanol containing 0.24 M HCI,
dried and redissolved in 500 uL of ethyl acetate for HPLC analysis.

2.8. Emulsion preparation and characterization

For emulsion preparation, either ME:C2 or ME:C10 solvents and
relevant extracts were mixed at 10 % (v/v) with an a-CD aqueous so-
lution (0.1 g/mL). Emulsification of the mixture was accomplished using
a Branson 250D digital sonifier equipped with a titanium microtip probe
operating at 20 kHz frequency and set at 100 W output power, with five
2 s pulses and 2 s pauses.

To assess the stability of the incorporated AST, 2 mL emulsion ali-
quots were transferred in a series of test tubes, stored at room temper-
ature in the dark, and processed at selected time intervals as follows: 4
mL of ethyl acetate were added to each tube, vortexed for 2 min and
centrifuged for 2 min at 10000 rpm. The upper organic phase, con-
taining AST, was transferred into a cuvette and the absorbance at 480
nm was measured to evaluate its concentration.

The microscopic appearance of the emulsion was assessed by
confocal microscopy using Nile Red at final concentration of 5 pg/mL to
stain the hydrophobic ME:AA droplets dispersed in the aqueous me-
dium. After 5 min incubation, the sample was cast on a glass slide,
covered with a coverslip and observed with a confocal microscope (LSM
5 Pascal, Carl Zeiss) using excitation wavelength of 543 nm and detec-
tion in the 560-615 nm range. Images were collected by using a 40X
objective and processed with ImageJ software.

To assess the chemical composition of microdroplets dispersed in the
continuous phase, the emulsion was subjected to centrifugation (500 rcf
x 5 min) and the two layered phases were separated and analyzed by
infrared spectroscopy.

3. Results and discussion
3.1. AST extraction efficiencies by ME:C2n (n = 1-5) mixtures

One-step solid-liquid extractions were first carried out in dark con-
ditions at 25 °C for all ME:C2n (n = 1-5) mixtures using a solid/liquid
ratio of 1/10 (g/mL). The blends were kept under continuous stirring for
different extraction times (10, 20, 30 and 60 min). Afterwards, the liquid
phases were separated by centrifugation and analyzed spectrophoto-
metrically. The UV-Vis spectrum of a representative extract, specifically
that one obtained with ME:C2, is shown in Fig. 1B, together with the
spectrum of standard (all-E)-AST dissolved in the same solvent. The
slight hypsochromic shift (from 486 nm to 480 nm) of the AST absorp-
tion band in the extract can be explained with the variety of AST com-
pounds in the shrimp matrix arising from fatty acylation of hydroxyl
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groups and/or Z-isomerism. Moreover, additional extracted compounds,
absorbing at lower wavelengths, contributed to the generation of an
absorption pattern not fully superimposable to that of pure (all-E)-AST.

Extracted AST amounts, as evaluated from visible absorption mea-
surements and given as mass of free AST per mass of shrimp shell
powder, are reported in Fig. 1C for all tested solvents as a function of
incubation time. For ME:C2n (n = 2-5) solvents the extracted AST
amount was constant in the investigated time interval, highlighting a
fast extraction process that was completed within the first 10 min. Only
in the case of ME:C2 the plateau value of extracted AST was reached
after 20 min of incubation time. In agreement with a kinetically favored
process, no substantial improvement of extraction efficiency was
observed at higher temperatures (data not shown). Based on these re-
sults, the standard extraction conditions for subsequent measurements
were set for all solvents at T = 25 °C and incubation time = 20 min. Sas
et al. [48] reported a density of 0.90 g cm ™3 at 25 °C for both ME:C8 and
ME:C10, while measured viscosities were 12.54 and 15.98 mPa s
respectively. Slightly higher density (0.98 g cm ™) and lower viscosity
(6.1 mPa s) were reported for ME:C2 although these data are relevant to
a 1:2 M ratio, rather than 1:1 as in this work [49]. Hence, though higher
than those of most conventional organic solvents, density and viscosity
of ME:AA mixtures proved to be suitably low to favor mass transport
phenomena and consequently to shorten the extraction times, in
agreement with the high extraction efficiencies observed.

Overall, all five ME:AA mixtures showed comparable extraction ef-
ficiencies with an average mass of extracted AST of about 190 pg/g, a
value well above most of those recently reported for a variety of shrimps
species, as listed in Table 1. In the same table, the extracting solvent as
well as operational conditions are also shown for each shrimp matrix.
Extraction yields of biomolecules should be interpreted and compared
with care since data might be affected by biomass freshness as well as by
processing and dehydration conditions. Nevertheless, our data advise
that A. foliacea can be recognized as a species highly capable of AST
uptake and storage. At the same time, the hydrophobic binary mixtures
here investigated proved to extract efficiently the carotenoids

Table 1
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accumulated in A. foliacea shells, with operational parameters milder
than those adopted in other studies, ensuring a clean, energy-saving,
rapid and thus sustainable extraction process that does not require
complex technologies and/or expensive reagents for the pretreatment of
the solid matrix. AST extraction efficiencies from A. foliacea by these
solvents were found comparable with those obtained by conventional
solvents such as acetone (182 pg/g) and ethyl acetate (173 pg/g). Hence,
ME:C2n (n = 1-5) mixtures represent a valid green alternative to these
volatile, flammable and more toxic chemicals.

3.2. AST stability in ME:C2n (n = 1-5) mixtures

AST may undergo oxidation, cleavage, E/Z isomerization and ag-
gregation. All these processes are modulated by specific environmental
conditions, such as temperature, oxygen availability and light, and are
typically accompanied by a change (both qualitative and quantitative)
of the visible absorption spectrum. Hence, monitoring the time course of
the absorbance of extracts at the peak wavelength (480 nm) in different
environmental conditions represents a simple yet effective way for
assessing the physico-chemical stability of AST pigment in all tested
solvents. In our case, it is likely that oxidation and cleavage processes,
rather than aggregation and isomerization, are mainly responsible for
absorbance changes of ME:C10 extracts over time. The slope of a graph
plotting the relative absorption intensity against time can be thus
considered a measure of AST degradation rate.

In dark conditions at 25 °C (Fig. 2A) for all solvents the absorbance
value at 480 nm was found to decrease with time at constant rate over a
4-day interval, thus exhibiting a pseudo zero-order kinetic profile. For
longer times the absorbance change decelerated, especially in the case of
ME:C2n (n = 1-4) mixtures, in agreement with concentration dependent
kinetics. In ME:C10 (green plot) the extracted AST was found to degrade
at the lowest rate, which was constant in all the time interval investi-
gated. Specifically, in this solvent ~50 % of initial peak absorbance
value was retained after 11 days ensuring therefore the highest stability
of dissolved AST.

Extraction yields of AST from shrimp shell wastes achieved using different solvents and specific experimental and operational conditions, as reported in this work and

in the recent literature.

Shrimp species Solvent Temperature Extraction Operational conditions AST extraction Reference
({9) time yield
(min) (ng/8)
Aristaeomorpha ME:C2 25 20 mechanical stirring 199 + 14 this study
foliacea ME:C4 203 +12
(Risso, 1827) ME:C6 199 +3
ME:C8 189 + 2
ME:C10 182+ 4
Solenocera choprai supercritical CO,-ethanol 50 not specified supercritical fluid extraction 30.26 + 0.06 [50]
(Nataraj, 1945)
not specified ethanol 95 % not specified 10 (for 3 neutral protease pretreatment — 134.20 [51]
times) ultrasound assisted extraction
Penaeus petroleum ether:acetone:water 28 14 ultrasound assisted extraction 50.78 + 0.15 [52]
semisulcatus (15:75:10)
(Haan, 1844)
Pandalus borealis hexane:acetone (2:3) not specified 360 Soxhlet extraction method 187.76 [53]
(Krgyer, 1838) ethanol 95 % 50 20 (for 3 ultrasound assisted extraction 43.7 [54]
times)
Penaeus vannamei ethyl acetate 30 120 pretreatment for protein removal 101.3 + 5.4 [55]
(Boone, 1931) ethanol and 5 % choline chloride: not specified 10 ultrasound assisted extraction 32.71 £ 0.72 [56]
glycerol (1:2)
acetone not specified 1 ultrasound assisted extraction 114 + 0.4 [57]
menthol:miristic acid (8:1) 60 120 mechanical stirring 30 [30]
Penaeus monodon choline chloride:lactic acid (1:2) not specified 30 ultrasound assisted extraction 68.98 + 1.22 [58]
(Fabricius, 1798)
Parapenaeus ethyl esters of total fatty acids 70 150 enzymatic pretreatment for protein 160.06 + 8.91 [59]
longirostris obtained from crude viscera oil hydrolysis
(Lucas, 1846) olive oil room 210 ultrasound assisted extraction 235 + 4 [15]
temperature
not specified L-lysine:citric acid (1:2) 40 45 acid decalcification pretreatment — 112.80 [60]

ultrasound assisted extraction
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Fig. 2. A: Time course of the relative absorption intensity at 480 nm of the shrimp shell extracts obtained with various ME:C2n (n = 1-5) solvents kept at 25 °C in the
dark. B: Time course of the relative absorption intensity at 480 nm of the shrimp shell extracts obtained with various ME:C2n (n = 1-5) solvents kept at 60 °C in the
dark. C: Time course of the relative absorption intensity at 480 nm of the shrimp shell extracts obtained with various ME:C2n (n = 1-5) solvents kept in the light

at 25 °C.

When the AST-rich extracts were placed in a thermostatic bath at
60 °C the pigment stability was drastically reduced in all solvents
(Fig. 2B). For ME:C2 a 30-fold increase of AST degradation rate was
observed in the zero-order kinetics regime, with 11 % degraded AST per
hour at 60 °C against 8 % degraded AST per day at 25 °C. White light (48
W, 1800 Ix) similarly favored AST physico-chemical modification,
although to a minor extent (Fig. 2C). The initial rate of AST degradation
increased 3 times in the case of ME:C2 (23 % degraded AST per day
under illumination against 8 % per day in dark).

Comparing the results achieved, ME:C10 was found to ensure the
highest stability of extracted AST in the three experimental conditions
tested, followed by ME:C2.

To assess the actual performances of ME:AA mixtures with respect to
conventional solvents, another set of AST degradation kinetics experi-
ments (Supplementary Material, Fig. S1) was conducted using ME:C10
and acetone as solvents. Moreover, a pure carboxylic acid, namely C2,
which is liquid at room temperature, was also tested in the same set of
experiments, to assess the performances of the sole alkanoic acid
component in terms of AST extraction and protection from degradation.
The AST degradation kinetics profiles for acetone pointed out a much
more rapid degradation of extracted AST, which was completely
degraded after 8 days at 25 °C in the dark and after 2 days at the same
temperature in the light. Moreover, at 60 °C in the dark, only 20 % of the
original absorption of AST extracted in acetone was retained after 4 h.
C2 proved to achieve good extraction yields (208 pg/g) comparable to
those of ME:AA and to exert a protective effect towards extracted AST
slightly lower (in dark conditions) or comparable (under light) to that
one of ME:C10. This result suggests that the acidic component of the ME:
AA mixtures might be responsible for the enhancement of AST stability
in these solvents in line with previous investigations highlighting the
protective effect of acidic pH on AST dispersed in aqueous environment
[3].

Given the best performances of ME:C2 and ME:C10 in terms of AST
stabilization, these two mixtures were further examined aiming to better
characterize the extraction process and the extracted material.

3.3. Effect of solid-liquid ratio on AST extraction yield by ME:C2 and
ME:C10

The dependence of AST extraction efficiency on the solid/liquid ratio

was evaluated operating with ME:C2 and ME:C10 solvents at 25 °C and
20 min extraction time. One-step extractions were performed using the
same volume (1 mL) of solvent and gradually increasing the shrimp
powder mass, from 0.05 to 0.20 g, with solid/liquid ratios ranging from
1/20 to 1/5 (g/mL). Ratios higher than 1/5 could not be investigated
since not adequate to guarantee the entire wetting of the solid matrix
and achieve subsequent phase separation. The results, shown in Fig. 3A,
highlighted for both mixtures the independence of extracted AST
amounts on solid/liquid ratio, suggesting that AST concentrations in the
extracts were well below the solubility limit. To confirm this hypothesis,
solubility measurements were carried out with standard (all-E)-AST
(Table 2). In ME:C2 and ME:C10 solvents the concentrations of (all-E)-
AST in equilibrium with the solid at 25 °C were found 0.71 mM and 0.47
mM respectively, comparable to those reported for acetone and
dimethyl sulfoxide [61]. These solubility values widely exceed the
concentrations of AST in ME:C2 and ME:C10 shrimp shell extracts, ob-
tained at the highest solid/liquid ratio (59 pM and 56 pM respectively).
However, among the solid/liquid ratios tested, the 1/10 ratio can be
considered the most suitable one, since it represents a fair compromise
between solvent consumption and ease of handling in blending, centri-
fugation and supernatant recovery steps.

The effect of repeated extractions was also assessed, adding specific
volumes of fresh solvents (either ME:C2 or ME:C10) to the shrimp shell
powder resulting from the first extraction. AST amounts arising from the
second-step extraction were found much lower or fully negligible, as in
the case of ME:C10 (Fig. 3B), further highlighting the high efficiency of
these mixtures in a single-step AST extraction process.

3.4. Chromatographic profiles of ME:C2 and ME:C10 extracts

As already discussed in paragraph 3.1, AST concentration in ME:C2
and ME:C10 extracts, assessed by visible spectrophotometry, refers to a
mixture of compounds containing AST chromophores, including mono-
and diesters of a variety of fatty acids. It is indeed well known that the di-
alcoholic (free) form of AST in shrimp biomass represents only a minor
fraction of the overall content [62]. Given the contribution of fatty acids,
the actual mass of extracted AST compounds is therefore bigger than
that one arising from absorbance readings and absorptivity and molar
mass of free (all-E)-AST. Moreover, although AST occurs in shrimps
mainly in the (all-E)-isomeric form, a certain amount of AST Z-isomers in
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Fig. 3. A: Effect of the ratio between the shrimp shell powder mass and the volume of extracting solvent on the AST extraction efficiency for ME:C2 and ME:C10
solvents. B: AST extracted amounts arising from the first and second extraction with ME:C2 and ME:C10 solvents using the same solid/liquid ratio (1:10).

Table 2
AST concentrations in ME:C2 and ME:C10 as arising from solubility measure-
ments at 25 °C and from extraction tests at 25 °C.

Solvent Solid/liquid ratio
ME:C2 MEclo  &™D
Synthetic (all-E)-AST solubility 0.71 + 0.47 + -
at 25°C 0.03 0.03
(mM)
AST concentration in extracts 59 + 2 56 + 2 1:5
(M) 30.3 + 26.1 + 1:10
0.2 0.8
149 + 13.6 + 1:20
0.8 0.2

the extracts is expected [63].

To assess the relative contribution of free and esterified AST in ME:
C2 and ME:C10 extracts, as well as the relative amounts of all-E and Z-
isomers in the free form, the chromatographic profiles of both extracts
and reference samples were recorded. As arises from Fig. 4, the chro-
matograms relevant to ME:C10 and ME:C2 extracts (green and orange
profiles respectively) are substantially the same, indicating analogous
relative concentrations of AST compounds in the two cases. According to
the standard AST profile (purple), the free form of (all-E)-isomer pre-
sents the shortest retention time and accounts for less than 10 % of the
overall xanthophyll content in ME:C2 and ME:C10 extracts. Very weak
peaks at slightly higher retention times indicate negligible amounts of
(92)- and (13Z)-isomers in the free form [64], while the subsequent
numerous peaks highlight the wide variety of AST monoesters and di-
esters contained in the mixtures. Two main groups of signals with
similar intensity patterns could be identified in the 22-27 min and
27-33 min retention time intervals, ascribable to AST monoesters and
diesters respectively. Indeed, previous chromatographic profiles of
shrimp extracts reported analogous main peaks [65], which were
assigned to fatty acid side chains with lengths ranging between 16 and
22 carbon atoms and with up to 6 unsaturations. Alkaline hydrolysis to
convert monoesters and diesters into fatty acid carboxylate salts and free
AST was not feasible in the investigated mixtures due to the carboxylic
acid components, which react with NaOH, thus modifying the physico-
chemical properties of the solvent itself and inducing AST degradation
by heat release. On the other side, the conventional solvent ethyl acetate
proved to extract a pool of AST compounds (black profile) quantitatively
and qualitatively analogous to that obtained with ME:C10 and ME:C2.
The effect of de-esterification on the chromatographic profile of
A. foliacea shells extract was therefore assessed in this solvent (blue
profile) and confirmed the assignment of peaks at high retention times to
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Fig. 4. Reverse phase HPLC profiles relevant to standard AST and shrimp shell
extracts (see labels). AST concentrations in the injected samples were the
following: 20 pM for standard (all-E)-AST solution, 40 pM in ME:C2 extract, 40
pM in ME:C10 extract, 45 pM in ethyl acetate extract, and 40 pM in the de-
esterified ethyl acetate extract.

AST mono- and diesters. The alkaline treatment caused indeed the full
disappearance of signals in the 27-33 min retention time window, due to
diesters, while chromatographic peaks ascribable to monoesters were
still detectable, likely due to uncomplete de-esterification of a little
portion of diesters. Simultaneously, the increase of signals imputable to
free AST was observed. Specifically, besides the most intense signal at
13 min retention time arising from free (all-E)-AST, the signals relevant
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to 9Z and 13Z-isomers, at 14 and 15 min respectively, were also well
evident and can be referred not only to the presence of esters of AST Z-
isomers in the original mixture, but also to unwanted isomerization
processes favored by the alkaline treatment.

3.5. Antioxidant capacity of ME:C2 and ME:C10 extracts

The antioxidant capacity of AST-rich extracts obtained with ME:C2
and ME:C10 solvents was assessed by the ABTS decolorization assay
carried out in time course mode.

Vitamin E, Trolox and the so-called Trolox-like antioxidants show
fast ABTS® neutralization kinetics, resulting in square-wave decoloriza-
tion profiles, while carotenoids present more complex ABTS® neutrali-
zation kinetics, with slower but long-lasting decolorization reactions
[46]. Consequently, the TEAC value of carotenoids is strictly dependent
on the decolorization reading time, which is irrelevant for Trolox and
Trolox-like antioxidants. The traces reported in Fig. 5A, showing the
decolorization profiles for Trolox, standard (all-E)-AST and A. foliacea
shrimp shells extracts, confirmed this behavior. For standard AST and
extracts, the absorbance drop at 750 nm did not reach a constant value
even after 30 min from sample addition. Nevertheless, at 30 min the

0.14 sample or standard injection (all-E)-AST 250 uM
Trolox 90 uM
0.0 1 Trolox 180 pM
s Trolox 360 pM
= -0.14 —— ME:C2 extract
z —— ME:C10 extract
S 021 ~——
<
< 034
0.4
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pristine ME:C10
—— ME:C10 extract
—— ME:C10 extract minus pristine ME:C10 B
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4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Fig. 5. A: ABTS. decolorization profiles recorded for standard antioxidant
Trolox solutions in ME:C2 at various concentrations (90 pM, 180 pM and 360
pM), (all-E)-AST solution in ME:C2 (250 pM), ME:C2 and ME:C10 extracts from
A. foliacea shrimp shells. B: ATR-FTIR spectra of ME:C10 solvent (black trace)
and ME:C10 extract (green trace) from A. foliacea shrimp shells. The blue trace
was obtained acquiring the spectrum of the extract against a background
collected on the pristine ME:C10 solvent, thus being equivalent to the arith-
metic difference between green and black trace. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)
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slope of the kinetic curves was sufficiently low to ensure a good
repeatability of relevant AA values. The decolorization extent at 30 min
was thus counted for antioxidant activity assessment. The TEAC3pmin
value for standard (all-E)-AST was found 1.3 TE mol/mol. Known this
value, a prediction of TEAC3gmin of shrimp shells extracts could be done
based on the AST concentration assessed spectrophotometrically.
Table 3 lists experimental and predicted TEAC3gnin values of both ME:
C2 and ME:C10 extracts, highlighting that their actual antioxidant ca-
pacity significantly exceeds the predicted one. This finding suggests that
about 70 % of the observed antioxidant capacity is due to additional
bioactive molecules co-extracted with AST, in agreement with the
presence of further classes of antioxidants in shrimp biomass, such as
tocopherols [12] and polyphenols [66]. Nevertheless, the occurrence of
multiple forms of AST in the extracts, such as monoesters and diesters,
might be partially responsible for the discrepancy among predicted and
experimental TEAC values. Yang et al. [65] showed indeed that AST
esters with polyunsaturated fatty acids (PUFA), exhibit higher antioxi-
dant capacity. On the other side, Kobayashi and Sakamoto [67]
demonstrated that the singlet oxygen quenching ability, assessed by a
lipid photooxidation assay, was different for free and ester AST forms,
depending on the hydrophobicity of the solvent employed. Therefore,
the predicted antioxidant activity of extracts, based on their AST chro-
mophore concentration and the TEAC3pmi, value of free (all-E)-AST,
represents only a rough estimate of the real contribution of AST com-
pounds to the overall TEAC3qpy, of the mixtures.

Based on these outcomes, we can conclude that ME:C2 and ME:C10
allow an efficient recovery of AST from shrimp shells, resulting in AST-
rich extracts showing an antioxidant capacity superior to that of a so-
lution containing an equivalent concentration of AST chromophores in
the form of (all-E)-AST alone.

3.6. ATR-FTIR spectroscopy

Due to its intrinsic low sensitivity, FTIR spectroscopy is suitable to
assess the major chemical components of a sample mixture, while it is
usually unable to detect signals from minor constituents. This limit
represents an advantage when the modification of bulk chemical
composition of a complex sample has to be assessed [68]. Hence, ATR-
FTIR spectroscopy was employed to verify both the capability of the
binary mixtures under investigation to extract detectable (i.e. bulk)
amounts of shrimp shells components, such as phospholipids, acylgly-
cerols, peptides or polysaccharides, and the ability of the shrimp matrix
to modify the intermolecular organization of the solvent.

The mid-infrared spectra of both ME:C10 solvent and its A. foliacea
shells extract (1:10 solid/liquid ratio) are shown in Fig. 5B in black and
green respectively. They exhibit the specific absorption pattern of both
decanoic acid and menthol moieties, reported in Fig. S2 of the Supple-
mentary Material), and at first glance they appear very similar to each
other. Nevertheless, the difference spectrum (blue trace) highlights the
selective decrease in the extract spectrum of the C=0 stretching vibra-
tion at 1710 cm™! (appearing as a negative band), suggesting that the
interaction of ME:C10 with the shrimp shells matrix induces the
deprotonation of the decanoic acid carboxylic group. The simultaneous
appearance of two positive signals ascribable to antisymmetric and
symmetric stretching of carboxylate at 1548 cm™' and 1394 cm™!
further confirms the deprotonation event occurring into the mixture
during the extraction process. However, the deprotonation of a

Table 3
AST concentrations and experimental and predicted TEAC3omin Values relevant
to shrimp shell extracts obtained by ME:C2 and ME:C10 solvents.

Solvent [AST] TEAC30 min Predicted TEAC30 min
(pM) (TE pmol/L) (TE pmol/L)

ME:C2 36 +1 129+ 6 47 £ 8

ME:C10 30+1 132+ 6 36+7
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carboxylic group is expected to produce an infrared absorption pattern
in difference mode with a relatively more intense contribution by the
carboxylate form, as reported for model carboxylic acids [69]. This
finding might be explained with a role played by calcium carbonate from
shrimp shells in promoting the deprotonation of some decanoic acid,
with formation of calcium decanoate, which in turn partially pre-
cipitates and is removed with the pellet after the centrifugation step. The
relative intensity of the negative C=0 signal in the difference spectrum
(Fig. 5B, blue trace) with respect to that of the C=0 signal in the spec-
trum of ME:C10 mixture (Fig. 5B, black trace) indicates a fraction of
around 7 % of decanoic acid undergoing deprotonation in the mixture.
The additional weak signals detectable in the difference spectrum can be
mainly ascribed to the rearrangement of menthol/decanoic acid mole-
cules following the deprotonation-induced change of their molar ratio.
Besides this minor solvent modification, ATR-FTIR analysis allows to
rule out the massive extraction of bulk shrimp shell components by ME:
C10, highlighting good selectivity towards AST compounds extraction.
Hydrophobic compounds coextracted with astaxanthin could be
partially responsible for the weak positive bands in the difference
spectrum, but the intensities observed are compatible with concentra-
tions below 5 %. On the other hand, the contribution of extracted AST to
the absorption of mid-infrared light is fully negligible due to its micro-
molar concentration (26.1 pM, equivalent to ~15 ppm, see Table 2).

Separation and Purification Technology 371 (2025) 133261
3.7. a-CD stabilized emulsions

Emulsions based on ME:AA mixtures have already been investigated
to enhance the solubility, stability and antioxidant activity of purified
carotenoids. Specifically, microemulsions composed of either ME:C2 or
ME:C8 and Tween 80 aqueous solutions have been prepared and used as
carriers for lutein and AST, resulting in half-life of several weeks and
improved DPPH scavenging capacity with respect to organic solvents
[70]. On the other hand, the use of emulsifying agents not only
biocompatible and food-grade, but also possessing intrinsic health-
promoting properties, is of great importance for the development of
novel functional food products. In this regard, a-CD, classified as dietary
fiber and hence generally recognized as safe (GRAS), can trap guest
molecules within its internal cavity, with potential beneficial effects
such as solubilizing and stabilizing active compounds, increasing their
bioavailability and decreasing their undesirable side effects, such as
masking unpleasant flavors [71]. The positive effects of a-CD on blood
lipids and weight loss in both obese and nonobese healthy individuals
have been recently demonstrated [72]. Interestingly, CDs are widely
employed as stabilizers of oil-in-water emulsions thanks to favorable
interactions of the cavity of one or more CD molecules with the oil fatty
acid side chains with lengths in the range C4-C18 [73].

We therefore investigated the ability of both ME:C2 and ME:C10 to
form stable ME:AA-in-water emulsions once dispersed in a-CD aqueous
solutions. Emulsification was first attempted using an Ultra-Turrax
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Fig. 6. A, B: Pictures of the microemulsions prepared by dispersing pristine ME:C2 (A) and ME:C10 (B) in a 0.1 g/L a-CD aqueous solution and observed after 1 h
resting time. C: Picture of the microemulsion prepared with the A. foliacea shell ME:C10 extract and the a-CD aqueous solution. D: Time course profile of the relative
absorption intensity at 480 nm of the organic phase resulting from ethyl acetate addition to the emulsion of picture C (see paragraph for details). E: Fluorescence
micrographs acquired on the microemulsion of picture C. Nile red dye was employed to stain the hydrophobic ME:C10 phase. Scale bar = 5 pm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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homogenizer operating at 10 k rpm for 3 min, but the dispersion process
was not successful. Conversely, using a probe sonicator, as described in
the experimental section, a fluid emulsion was obtained in the case of
ME:C10 (Fig. 6B), which was physically stable as no sign of phase sep-
aration was observed for several days of storage at room temperature. A
complete phase separation was observed instead with ME:C2 (Fig. 6A),
confirming that the methyl side chain of the acetic acid is too short for
effective complexation within the a-CD cavity.

The shrimp shell ME:C10 extract prepared at 1:10 solid/liquid ratio
was likewise successfully emulsified with water (Fig. 6C) under the same
conditions used for the pristine ME:C10. Also in this case, the dispersed
system was fluid and no phase separation was observed after several
days of storage in the dark at room temperature. In addition, to study the
stability of the incorporated AST in the same standard conditions, the
xanthophyll concentration was evaluated spectrophotometrically over
time. The relevant time course profile of absorbance at 480 nm is shown
in Fig. 6D, highlighting that no more than 20 % of the original AST
content in the ME:C10-in-water emulsion was degraded after 21 days. As
already shown in Fig. 2A, about 50 % AST degradation was instead
observed in ME:C10 after 11 days, pointing out the excellent stabiliza-
tion effect of the prepared emulsion.

Furthermore, the emulsion was observed by confocal microscopy to
assess the shape and size of the microdomains of the eutectic mixture
phase. As arises from relevant micrographs (Fig. 6E), the hydrophobic
ME:C10 phase, stained with Nile Red fluorescent dye, appears distrib-
uted in spherical droplets, with an average diameter of 1.1 £+ 0.3 pm,
average area of 0.7 + 0.3 pm? and a circularity of 0.90 + 0.03, con-
firming that the dispersed system here described is indeed a ME:C10-in-
water microemulsion. To investigate the composition of continuous and
dispersed phases, the pristine ME:C10-in-water microemulsion was
subjected to centrifugation. The resulting upper liquid was homoge-
neous, while the lower layer was micro-heterogeneous, presenting solid
microparticles dispersed in the denser aqueous medium. Relevant ATR-
FTIR spectra are shown in the Supplementary material together with
reference traces of ME and C10. The spectrum of the upper phase
(Fig. S2, trace c¢) was consistent with a ME:C10 mixture with a lower C10
content compared to the starting one (see Fig. 5B, trace b). On the other
hand, the analysis of the solid material deposited on the ATR crystal
after dehydration of the lower aqueous layer (Fig. S3, trace c) revealed
the spectroscopic features of C10 complexed with a-CD. The formation
of C10/a-CD inclusion complexes was indeed demonstrated by the
strong bathochromic shift of the absorption band due to the stretching
vibration of C10 C=0 bonds (Vmax = 1558 em™ ) interacting with the
host a-CD. The same spectroscopic feature was observed dissolving the
solid C10 in a a-CD solution (Fig. S3, trace a). The vibration of C10
carboxylic group falls at 1695 cm ™" in the pure solid compound (Fig. 52,
trace a) and at 1694 cm™! when just precipitated from an aqueous so-
lution (Fig. S3, trace b). On the contrary, a hypsochromic shift of the
same band was pointed out (Vypax = 1708 cm 1) in the eutectic mixture
(Fig. S2, trace c). No differences were observed in the C10 content of the
original ME:C10 mixture when the liquid was vigorously stirred with
distilled water and centrifuged (Fig. S2, trace d), highlighting the key
role of a-CD in promoting C10 transfer from the eutectic mixture to the
aqueous phase. These outcomes are in line with the high stability of
C10/a-CD complexes, whose structure is characterized by head-to-head
dimers of two cyclodextrin rings hosting the aliphatic chain of one
molecule of C10, as demonstrated by crystallographic data [74]. Hence,
the host-guest interaction with a-CD not only favors the transfer of C10
to the aqueous phase and the consequent menthol enrichment of the
eutectic mixture, but likely plays a key role in stabilizing ME:C10
droplets in the hydrophilic environment. This finding is in line with the
well-known ability of a-CD to promote the formation of Pickering
emulsions [75].
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4. Conclusions

The shells of Aristaeomorpha foliacea were identified as a rich source
of AST, mainly occurring in the form of mono- and diesters. Aiming at
developing a low-cost and eco-friendly process for AST recovery from
this seafood industry by-product, the hydrophobic solvents composed of
menthol/alkanoic acids binary mixtures proved to possess very inter-
esting properties for efficient and fast AST extraction in mild operational
conditions. The length of alkanoic acid side chain affected poorly the
AST extraction efficiencies, which were in the range 182-203 pg/g,
while a more pronounced influence of the side chain was observed on
the stability of the extracted carotenoid. Specifically, ME:C10 guaran-
teed the highest chemical stability of extracted AST, followed by ME:C2.
The deeper characterization of these two hydrophobic mixtures as sol-
vents for shrimp shells outlined their excellent affinity towards xan-
thophylls, confirmed by synthetic (all-E)-AST solubility measurements
(0.71 and 0.47 mM for ME:C2 and ME:C10 respectively), and their
ability to co-extract additional bioactive compounds, likely responsible
for antioxidant capacities, 3-fold superior to the ones predicted on the
basis of the AST content. ATR-FTIR measurements, conducted in dif-
ference mode, highlighted the slight modification of the ME:C10
composition following the extraction process, mainly consisting in some
loss of the alkanoic acid moiety, because of deprotonation and alkanoate
precipitation. The calcium carbonate content of the shrimp shell matrix
is likely responsible for this phenomenon. Unlike ME:C2, ME:C10 was
found to form stable microemulsions with water using o-CD as an
emulsifying agent. ME:C10-in-water emulsions were stabilized by the
formation of solid microparticles of a-CD/decanoic acid inclusion
complexes as revealed by infrared spectroscopy. Interestingly, these
Pickering emulsions showed a strong protective effect on extracted AST,
widely extending its shelf life to more than 20 days. These results
encourage further investigations aimed at assessing the biocompatibility
and bioactivity of AST-rich MEC10-in-water emulsions and pave the way
for the development of stable formulations, suitable for applications in
the field of pharmaceutics and/or cosmetics.
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