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Abstract

In recent years, interest in developing green extraction methods for recovering bioactive compounds
from natural sources has grown significantly. This interest is driven both by the need to reduce the
environmental impact of traditional chemical processes and by the urgency to valorize by-products
and waste from the agri-food and industrial sectors, in line with the principles of green chemistry and
the circular bioeconomy.

In this context, the aim of this doctoral research was to develop and optimize analytical methods
based on new ‘“green” extraction techniques for the identification of bioactive molecules from plant
matrices. Attention was focused on phenolic compounds, flavonoids, and protein pigments present in
plant and microalgal sources.

The research focused on developing new sustainable extraction methods, using innovative and
environmentally friendly solvents such as Deep Eutectic Solvents (DESs) and their supramolecular
analogues (SUPRADESSs), which are considered among the most promising green solvents for
applications in analytical chemistry, pharmaceuticals, and nutraceuticals.

DESs are binary or ternary mixtures composed of a Hydrogen Bond Donor (HBD) and a Hydrogen
Bond Acceptor (HBA), which form deep eutectic mixtures through hydrogen bonding. These solvents
have unique characteristics, such as low vapor pressure, non-volatility, biodegradability, low toxicity,
and adjustable polarity, making them suitable for replacing traditional organic solvents. When both
components forming the DES are of natural origin, they are called Natural Deep Eutectic Solvents
(NADES:).

An initial research project focused on developing a “green” extraction method using DESs to extract
phenolic compounds and phycocyanin (PC) from Spirulina. Optimizing the extraction parameters—
including the solid/liquid ratio, temperature, and extraction time—allowed for maximizing the yield,
obtaining extracts with high content of both phenolic compounds and PC through a process
completely free of toxic organic solvents. Specifically, the optimized extraction procedure involved

the use of a betaine-glucose NADES under the following conditions: a matrix/solvent ratio of 1:20
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(w/w), a temperature of 50°C, and an extraction time of one hour. The developed procedure ensured
the recovery of phenolic compounds and PC equal to 11.77 = 1.23 mg of gallic acid equivalents
(GAE) and 27.56 + 2.46 mg per g of Spirulina powder, respectively. The PC in the NADES extract
showed a slower degradation compared to the aqueous extract. Finally, the phenolic compound profile
of the extract was determined by High Performance Liquid Chromatography (HPLC) coupled to mass
spectrometry (MS) analysis, which allowed us to identify four phenolic compounds and two organic
acids.

The second research line focused on the use of SUPRADES to extract poorly soluble phenolic
compounds, particularly quercetin. This flavonoid is of great interest due to its antioxidant, anti-
inflammatory and anti-cancer properties. SUPRADESs are a new class of supramolecular eutectic
solvents characterized by the presence of cyclodextrins (CDs). CDs are cyclic oligosaccharides
known for their ability to form inclusion complexes with various guest molecules, improving their
solubility, stability, and bioavailability.

The experiments conducted demonstrated that SUPRADES containing B-CD can be used as
extraction solvents, particularly for poorly water-soluble molecules such as quercetin. The extract
was analyzed using HPLC with a Diode Array Detector (DAD). However, to evaluate the extraction
capacity of these solvents, it is necessary to release the analyte from the SUPRADES. Various
solvents for analyte release were tested, and the use of ethanol (EtOH) as a release solvent proved to
be an ideal compromise between recovery efficiency (approximately 70%) and environmental
sustainability.

For both research projects, it was essential to work within a circular economy framework and in
accordance with the principles of green chemistry.

From a sustainability perspective, the entire proposed approach fully complies with the principles of

green chemistry, as it includes:

« the use of non-toxic and biodegradable solvents;



* the use of low process temperatures;

* the reduction of energy consumption and solvent volumes;

The evidence gathered during the PhD period confirms that DES and SUPRADES represent a valid
alternative to traditional organic solvents, combining analytical efficiency, selectivity, and
environmental sustainability. Furthermore, the ability of DES to stabilize complex bioactive
molecules, such as PC, offers the possibility to develop new formulations with extended shelf life,
applicable in the pharmaceutical and nutraceutical fields.

In conclusion, this research has contributed to the advancement of analytical chemistry by adhering
to the principles of green chemistry and developing innovative extraction strategies that can be
applied on an industrial scale.

Future developments may include extending these extraction methods to new classes of bioactive
molecules, further studies on the stability of SUPRADES-host molecule complexes, and the

application of these SUPRADES as extraction solvents for plant matrices.
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1. Bioactive molecules

Bioactive molecules are compounds of natural or synthetic origin that have a beneficial effect on the
health of living organisms. They are able to interact with biological systems and influence various
metabolic, physiological and cellular processes by activating or inhibiting enzymes, modulating
membrane receptors, regulating gene expression and influencing intracellular signalling pathways
[1].

These compounds are widespread in nature and can be found in plants, animals and microorganisms.
However, it is essential to differentiate between bioactive molecules and essential nutrients [2].
Essential nutrients, such as carbohydrates, proteins, lipids, vitamins and minerals, play a fundamental
role in survival and they must be taken in through food as the body does not produce them in sufficient
quantities. If these nutrients provide energy and ensure the proper functioning of vital processes,
bioactive molecules are not necessary for survival. However, the integration of these compounds into
dietary habits has been shown to have a positive effect on overall well-being, as they appear to play
a role in activating protective, adaptive, and preventive mechanisms against pathological conditions
[3].

Indeed, consuming these molecules through diet or specific supplements has been demonstrated to
help reduce the risk of developing chronic degenerative diseases [4].

Known biological activities include antioxidant, anti-inflammatory, antimicrobial,
immunomodulatory and cardioprotective effects. Some bioactive molecules have also demonstrated
neuroprotective and anticarcinogenic properties. Their properties depend on their chemical structure,
dosage and bioavailability [5].

Bioactive molecules found in plants can be classified into three main groups: alkaloids, terpenes and
phenolic compounds [6]. Alkaloids are characterized by the presence of nitrogen and an alkaline pH,
generally featuring a heterocyclic structure [7]. The most widely employed classification of alkaloids
is as follows: the first category comprises true alkaloids, including atropine, nicotine, and morphine;

secondly, the term "protoalkaloids" is defined as adrenaline and ephedrine; thirdly, the term
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"pseudoalkaloids" refers to caffeine, theobromine, and theacrine [8]. Alkaloids are commonly used
in therapy and pharmacology, as they possess various biological properties, including anti-
inflammatory, antidepressant, anticancer, antiviral, and antihypertensive activities, as well as
antimicrobial and antimalarial effects [9].

Another class of bioactive molecules found mainly in plants is terpenes. They can be classified into
different categories based on the number of carbon atoms and the presence of isoprene (IPR) units
[10].

The most prominent class of compounds within this category are carotenoids and oxocarotenoids
(xanthophylls), which are classified as tetraterpenes are comprised of 40 carbon atoms or eight [PR
units. Carotenoids, such as B-carotene, lutein, lycopene and zeaxanthin, are fat-soluble coloured
pigments found in vegetables and fruit, giving them a yellow, orange and even red colour [11].
Phenolic compounds are a large class of bioactive molecules mainly found in plants, characterized
by the presence of one or more aromatic rings linked to hydroxyl groups (-OH). These structures give
phenolic compounds strong antioxidant activity and the ability to interact with various biological
targets [12]. In fact, their structural diversity gives these compounds different biological effects. In
plants, they serve defense functions against environmental stress; in humans, they are associated with
the modulation of inflammatory processes, protection from oxidative stress, and support for
cardiovascular health. These effects make such compounds particularly relevant for nutraceuticals
[13].

In addition to producing bioactive molecules such as alkaloids, terpenes and phenolic compounds,
plants synthesise a wide range of secondary metabolites. Most of these compounds are not essential
for plant survival but play fundamental ecological roles, such as defence against pathogens, attraction
of pollinators and environmental adaptation, and can have significant effects on human health,
contributing both to the prevention and treatment of various diseases [14].

These metabolites include glucosinolates, saponins and pigments. Pigments can be divided into two

main groups: fat-soluble (see section on terpenes) and photosynthetic ones [15].
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Photosynthetic pigments are molecules that capture light energy and convert it into chemical energy
[16]. The main pigments are chlorophylls and carotenoids. The former ones absorb blue and red light
and reflect green light, while carotenoids (carotenes and xanthophylls) absorb other wavelengths and
protect against photo-oxidation. In some organisms, such as red algae and cyanobacteria, phycobilins
(phycocyanin (PC) and phycoerythrin) are also found [17].

They forward the energy of the harvested light to chlorophylls for photosynthesis. Therefore, they
serve as “secondary light harvesting pigments” [18]. Scientific interest in these pigments is constantly
growing thanks to their recognised biological activities with beneficial effects on human health [19].
PC is a phycobiliprotein (PBP) found mainly in Spirulina and other microalgae, and is considered a
bioactive molecule with several potential benefits for human health, like antioxidant, anti-

inflammatory, antimicrobial, antimelanogenic and anti-cancer properties [20].

1.1 Phenolic Compounds

Phenolic compounds represent the most widespread class of secondary metabolites in the plant
kingdom. They are mainly produced via the shikimate pathway from L-phenylalanine and L-tyrosine
and contain one or more hydroxyl groups directly attached to the aromatic ring. Secondary
metabolites originate from primary metabolites, such as carbohydrates, amino acids and lipids. They
serve protective functions both against ultraviolet (UV) rays and against pathogens such as viruses,
bacteria, and insects, and are responsible for the smell, color, and taste of plant products [21]. In
recent years, the multiple biological activities of phenolic compounds against various diseases and
disorders have received particular attention. The several health benefits of phenolic compounds
include anti-cancer, antithrombotic, antiulcer, antiarteriogenic, antiallergic, anti-inflammatory,
antioxidant, immunomodulatory, antimicrobial, cardioprotective, and analgesic effects [22].

Chemically, phenolic compounds can be classified according to the number of carbon atoms in their

molecules [23], as shown in Table 1.
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Structure Class
Ce simple phenolics
Ce-C1 phenolic acids and aldehydes
Co-C2 acetophenones and phenylacetic acids
Ce-C3 cinnamic acids, coumarins
Ci1s Flavonoids
C30 biflavonyls
Ce-C1-Cep, Ce-C2-Co benzophenones, xanthones, stilbenes
Ce,C10,C14 quinones
C18 betacyanins
Lignin polymers
Tannins oligomers or polymers

Table 1: Phenolic compounds classification according to literature [23]
Phenolic compounds can also be classified based on their origin, as synthetic or natural [24]. A more

detailed description is reported in Fig. 1.

Phenolic
compounds

[ Synthetic } [ Natural ]

[ Phenolic acids ] [ Flavonoids ] [ Stilbenes ] Coumarins ] [ Lignans ] [ Tannins ]
O__OH OH
A _O.
. s IS« sllle oW
seagiine o
HO
o OH

Fig. 1: Classification of phenolic compounds

i

Phenolic acids: The term “phenolic acids” generally describes phenolic compounds that have a
carboxylic acid group. Phenolic acids are one of the main classes of plant phenolic compounds and
are mainly divided into two subgroups: hydroxybenzoic acid (Fig.2) and hydroxycinnamic acid

(Fig.3) [25].
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Fig. 2: Hydroxybenzoic acid

OH
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Fig. 3: Hydroxycinnamic acid

Flavonoids: They belong to a class of low-molecular-weight phenolic compounds that are widely
distributed throughout the plant kingdom. Most floral pigments in angiosperm families belong to this
class. However, flavonoids are not found only in flowers, but also in all parts of the plants [26]. They
are known for their antioxidant, anti-inflammatory, antimutagenic, and anticancer properties. They
are also capable of modulating key cellular enzymatic functions. Flavonoids can be divided into
several subgroups depending on the carbon of the C ring to which the B ring is attached, the degree
of unsaturation, and the oxidation of the C ring. Flavonoids in which the B ring is attached at position
3 of the C ring are called isoflavones. Those in which ring B is bonded at position 4 are called
neoflavonoids, while those in which ring B is bonded at position 2 can be further divided into several
subgroups based on the structural characteristics of ring C. These subgroups are: flavones, flavonols,

flavanones, flavanonols, flavanols or catechins, anthocyanins and chalcones (see Fig. 4) [27].
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Stilbenes: Plants synthesize polyphenolic substances called stilbenes to defend themselves against
pathogens, bacterial and fungal proliferation, and to protect themselves from the harmful effects of
UV rays. They are characterized by a carbon skeleton of 1,2-diphenylethylene (C6—C2-C6),
consisting of an ethylene group at the center of two benzene rings [28]. Among stilbenes, the best
known compound is resveratrol, which is particularly valued for its anti-inflammatory medicinal

properties [29]. Resveratrol structure is reported in Fig. 5.
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Fig. 5: Classification of flavonoids

Coumarins: These are secondary metabolites that occur naturally in various plant families and
essential oils. The basic nucleus of coumarin corresponds to the compound benzo-a-pyron (2H-1-
benzopyran-2-one) (Fig. 6). Among the various therapeutic effects that have been identified, it has
been discovered that they have antimicrobial, antiarrhythmic, anti-HIV and antineoplastic activity

[30].

O O

Fig. 6: 2H-1-benzopyran-2-one structure

Lignans: They consist of two propylbenzene units linked by a 3, p bond [31]. Lignans can be
classified into eight structural subgroups based on how oxygen is incorporated and the cyclization
pattern. These subgroups include dibenzylbutyrolactol, dibenzocyclooctadiene,
dibenylbutyrolactone, dibenzylbutane, arylnaphthalene, aryltetralin, furan and furofuran (Fig. 7) [32].
Lignans, like most phenolic compounds, also exhibit various biological properties, including anti-
inflammatory, antioxidant, and anti-cancer activities. In addition, some studies have highlighted the

ability of these compounds to reduce the risk of cardiovascular diseases [33].
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Fig. 7: Classification of Lignans

Tannins: they have been defined as water-soluble phenolic compounds with a molecular weight
ranging from 500 to 3000 Da [34]. Indeed, tannins are to be classified into two distinct categories:
hydrolysable and non-hydrolysable (see Fig. 8). Hydrolysable tannins contain a central nucleus of
polyvalent alcohol such as glucose and hydroxyl groups, which are partially or totally esterified by
gallic acid (gallotannins) or hexahydroxyphenyl acid (ellagitannins). Condensed (non-hydrolysable)
tannins are structurally more complex than the hydrolysable ones; their complete structure has yet to
be determined. They are mainly polymerized products of flavan-3-ols and flavan-3,4-diols, or a
mixture of both of them [35].

From a nutritional point of view, tannins have been considered “antinutrients,” meaning they are
poorly utilized by the body. In fact, tannis form complexes with proteins, starch, and digestive
enzymes, leading to a reduction in the nutritional value of foods [36].

These compounds are still used in the pharmaceutical field due to their bactericidal properties. They
react irreversibly with proteins, forming complexes within bacterial membranes and neutralizing their
activity. Tannin-based drugs for the treatment of intestinal infections have been available on the

market for quite some time [37].
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1.2 Phycocyanin

PC is classified as a PBP, which is defined as a protein bound to a chromophore known as a
phycobilin. PBPs are water-soluble; in fact, they are not present within the membrane, but rather
cluster in structures called “phycobilisomes” (PBS). The core of PBS is composed of
allophycocyanin, while the rods are composed of PC and phycoerythrin (PE) [38], as shown in Fig 9.
PBS forward the energy of the harvested light to chlorophyll for photosynthesis. Therefore, they serve
as “secondary light harvesting pigments” [18].

The presence of PC has notably been observed in cyanobacteria and eukaryotic algae.

PC is classified into distinct categories, which are C-PC (obtained from cyanobacteria), R-PC
(obtained from red algae) and R-PCII (obtained from Synechococcus species) [39].

Structurally, PC consists of two polypeptide chains. The former is the alpha chain and it is composed
of 162 amino acids and one phycobilin, specifically phycocyanobilin. The other is the B one and is
composed of 172 amino acids and two phycocyanobilins. These monomers aggregate to form trimers

and hexamers. PC has a total molecular weight of approximately 220-230 kDa [40].
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Scientific interest in PC is constantly growing thanks to their recognised biological activities with
beneficial effects on human health [41]. As explained by Wu et al., PC shows great anti-inflammatory,
anti-platelet, anti-cancer, nephroprotective and hepatoprotective properties that may be explained, at

least in part, by its antioxidant activity [42].
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Fig. 9: PBS organization in Arthrospira platensis (Spirulina) [43]
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2.1 Green extraction techniques

The definition of green chemistry originated in the early 1990s [44] and is generally described as the
“design of chemical products and processes aimed at reducing or eliminating the use and generation
of hazardous substances” [45]. This definition has been adapted in relation to the green extraction of
bioactive molecules as follows: “Green extraction is based on the discovery and design of extraction
processes that reduce energy consumption, allow the use of alternative solvents and renewable natural
products, and ensure a safe, high-quality extract/product” [46]. In recent decades, a growing number
of researchers have adopted the term "green extraction" to describe an approach inspired by the
principles of green chemistry. Green extraction of natural products aims to develop processes that
minimize energy consumption and eliminate the use of toxic organic solvents, while still ensuring

high extraction yields, safety, and extract quality [47].

2.1.1 The six Principles of green extraction

To describe more precisely the green extraction techniques, Chemat, et al. [46], proposed six main
principles, that are reported below and represent innovative examples to follow.

- Principle 1: Innovation through the selection of varieties and the use of renewable plant resources.
- Principle 2: Use alternative solvents, primarily water or agro-solvents.

- Principle 3: Reduce energy consumption through energy recovery and innovative technologies.

- Principle 4: Produce co-products instead of waste through bio- and agro-refining industry.

- Principle 5: Reduce the number of unit operations and favour safe, robust and controlled processes.

- Principle 6: Aim for a non-denatured, biodegradable extract that is free from contaminants.

Adopting the principles of green extraction is a crucial step towards more sustainable and efficient
processes. The aim is to ensure the responsible use of natural resources and the production of high-

quality bioactive extracts.
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2.1.2 Extraction techniques for recovery of bioactive molecules

The interest in natural bioactive molecules is steadily increasing, as they find applications in

numerous fields, such as the food and nutraceutical industries, as well as the to the pharmaceutical

and cosmetic sectors. To obtain these compounds, it is essential to adopt extraction methods that

ensure their integrity and preserve their biological functionality [48].

Conventional techniques represent the most used methodologies for the recovery of bioactive

compounds from various matrices, including plant, animal, and microbial sources. They are based on

the principles of solubilization and mass transfer, generally using organic or aqueous solvents, but

equire a large volume of solvents and a long extraction time [49]. The conventional extraction

methods include [50]:

Maceration: The powdered plant is then permitted to soak in a suitable solvent in a closed
container at room temperature. In some cases, it may be necessary to periodically or
continuously agitate the preparation to enhance the extraction process. When the
concentration of metabolites in the extract and the plant material are equal, the extraction
ultimately occurs. Usually the solid material is re-extracted [51].

Percolation: it is a technique that works at room temperature. A percolator is made up of a
narrow and cone-shaped vessel open at both ends. The matrix is placed inside a thimble holder
and the solvent is allowed to percolate through it. The solvent extraction mixture is re-
circulated in the system using a pump [52].

Soxhlet extraction: the Soxhlet extractor consists of three parts, which are the percolator, the
thimble, and the siphon (Fig.10). The plant powder is placed in cellulose thimble in an
extraction chamber. A flask containing the chosen solvent is placed under the extractor and
connected to a condenser placed above. The solvent is subjected to an increase in temperature,
thereby initiating the process of evaporation. The vapors are then transported through a lateral

tube, ultimately reaching the condenser. There, they cool and fall back as a liquid into the
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chamber containing the sample. The chamber gradually fills with hot solvent, which
solubilizes the matrix compounds. After numerous cycles, the solvent in the flask gradually
becomes enriched with the extracted bioactive compounds. Finally, the solvent is removed by
evaporation or rotavaporation, leaving the dry residue of the extract [53]. It's a relatively
simple technique but consumes large amounts of solvents. It’s a lengthy process that requires

constant heating, with the risk of degradation for thermolabile molecules [54].

Condensator

Extractor

Siphon

Connection tube

Sample
(thimble)

Distillation flask

~

Heat spource

Fig. 10: Soxhlet extractor

Reflux extraction: is an analytical apparatus that works based on the principle of condensation,
as with the Soxhlet extraction. Unlike Soxhlet extraction, the matrix is directly immersed in
the solvent inside the extraction flask. The solvent evaporates, condenses, and falls back into
the same flask, without passing through a siphon system [55]. The sample is constantly in

contact with the same volume of boiling solvent (Fig.11).
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Fig. 11: Reflux

e Decoction: This procedure is suitable for extracting water-soluble, heatstable constituents.
The plant material is generally broken into small pieces and boiled with water. Then, the
extract is cooled, filtered and collected [56].

However, despite their effectiveness, conventional techniques have several limitations in terms of
sustainability, efficiency, and selectivity. The critical issues associated with traditional methods
include the use of large quantities of organic solvents, high energy consumption, and the risk of
degradation of thermolabile compounds. Moreover, due to the growing interest in safer and more
environmentally friendly processes, these drawbacks of conventional techniques have highlighted the
need for more modern and eco-compatible approaches, capable of maximizing extraction yield while
preserving natural resources [57].

For this reason, more innovative extraction techniques are now used, as described below:

e Microwave Assisted Extraction (MAE): the MAE technique involves exposing a sample to
microwave energy, which causes alterations in the biomass cells. These alterations facilitate

the release and extraction of the desired compounds from the sample matrix [58]. Microwave
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devices consist of four main components, which are the magnetron, the waveguide, the
applicator (containing the sample), and the circulator. Two categories can be distinguished:
multimode or single-mode systems. The primary distinction between these two systems lies
in their ability to support multiple electromagnetic modes. The electromagnetic field
associated with the multimode system is distributed irregularly, exhibiting areas of various
intensity. On the other hand, the single-mode system supports a single electromagnetic mode.
In fact, the sample is exposed to a single magnetic field and it provides greater reproducibility
and uniformity of extraction. The advantage of using a multi-system is that it allows to process
more or larger samples, but with less uniform heating [59].

Ultrasound Assisted Extraction (UAE): UAE is based on the use of high-frequency sound
waves (typically ranging from 20 to 100 kHz) to facilitate the release of bioactive compounds
from a solid matrix into a solvent. Ultrasonic waves generate cycles of compression and
rarefaction in the liquid, forming cavitation microbubbles. The collapse of these bubbles
produces shockwaves, and particle collisions cause the rupture of the cellular structure,
facilitating mass transfer. This technique ensures an increase in both the extraction rate and
yield [60].

Supercritical Extraction (SC): SC is a green technique that exploits the unique properties of
supercritical fluids. Fluids in supercritical conditions combine the characteristics of both gases
and liquids. Like gases, they are characterized by low viscosity and high diffusivity, which
facilitates their permeation through solid matrices. Nevertheless, due to their high density—
comparable to that of liquids—they exhibit effective solubilization of target molecules. The
most commonly used fluid is CO.. [61]. Supercritical CO: is pumped through a tank
containing the matrix and extracts the target compounds. The bioactive compounds dissolve
in the fluid. The mixture is then depressurized and the CO- returns to the gaseous phase. The
extracted compounds precipitate and are collected in solvent-free form [62]. Using CO- as a
solvent offers several advantages: it is non-toxic, inexpensive, readily available, and has a
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relatively low critical point (31.1°C, 73.8 bar). Under these conditions, CO2 becomes an
excellent solvent for non-polar or slightly polar compounds (lipids, terpenes, essential oils).
To extract more polar compounds, modifying cosolvents, typically ethanol (EtOH) or water
are used to increase the fluid's polarity [63].

e Pressurized Liquid Extraction (PLE): PLE is an extraction method that works at high
temperatures and pressures using conventional solvents such as water and EtOH. The sample
is placed inside an extraction cell. Then, the cell is filled with the extraction solvent and
subjected to high pressure and temperatures. Under these conditions, the solvent exhibits
reduced viscosity and penetrates the solid matrix more easily. The increased diffusivity
accelerates mass transfer and an higher solubilization capacity for many bioactive compounds.
Thus, the extraction rate is improved and extraction time is reduced [64].

e Pulsed Electric Fields (PEFs): It is a non-thermal technique that works at low temperatures
and the release of bioactive compounds from biological matrices is caused by high-intensity
electrical impulses. The system is composed of a high-voltage pulse generator, treatment
chamber, fluid-handling system, and monitoring device. The sample, suspended in conductive
medium, e.g. water or buffer, is placed between two electrodes that generate high-intensity
pulses. These electric pulses cause membrane permeabilization (electroporation), allowing the
release of metabolites [65]. The main advantage of this technique is that, by not using heat, it
allows for better preservation of heat-sensitive components such as pigments. In fact, this

technique is used for the extraction of thermolabile pigments [66].

Innovative methods are replacing traditional methods, because they have several limitations: they

require large quantities of organic solvents (which are often toxic), very long extraction times, and in

some cases high temperatures that can degrade sensitive molecules [57].
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2.1.3 Green strategy for recovery of bioactive molecules

Innovative extraction techniques have become essential tools for implementing the principles of green
extraction, providing more efficient processes with a reduced environmental impact [67]. To comply
with the principles of green chemistry, it is crucial not only to replace toxic solvents and reagents but
also to adopt miniaturization approaches, as both strategies can be applied universally without the

need for costly or radical changes to laboratory infrastructure [68].

Miniaturization

The “green” approach to sample preparation also depends on the amount of matrix used and the
volumes of reagents employed, as these factors directly influence waste production. Although the
goal of “zero waste” is still far from being achieved in most analytical procedures, significant progress
has been made in recent years thanks to the miniaturization of individual process steps, especially in
sample preparation [69]. Miniaturized techniques also offer significant advantages in terms of
portability and automation, making them more versatile than traditional methods. In addition, they
are faster to use, which helps reduce operators' exposure to potentially hazardous substances [70].
However, the decision to use a miniaturized approach must be consistent with the purpose of the
analysis. In the case of contaminant detection, these techniques have proven to offer efficient
analytical results. On the contrary, when the objective is the quantitative extraction of compounds,
such as the recovery of bioactive molecules from food waste, miniaturization is not an adequate
solution. Miniaturized methods are divided into liquid-phase and solid-phase approaches. Among the
most widely used are: Dispersive Liquid-Liquid Microextraction (DLLME), Hollow Fiber Liquid
Phase Microextraction (HF-LPME), Solid Phase Microextraction (SPME), Stir Bar Sorptive
Extraction (SBSE), Microextraction By Packed Sorbent (MEPS), and Single Drop Microextraction
(SDME) [71]. Furthermore, although less widespread, the miniaturized Matrix Solid Phase
Dispersion (MSPD) method [72]. has also been successfully applied to the analysis of numerous

compounds, including secondary plant metabolites [73].
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Green solvents

Another fundamental aspect of green chemistry is the use of green solvents. These are solvents that
have one or more of the following properties: low or no volatility; non-flammability; no risk of
inhalation (i.e. they are non-toxic and non-carcinogenic); recyclability; and biodegradability [74].
Water is considered the most natural solvent, and many researchers regard it as the most
environmentally friendly in chemistry, from both experimental and industrial perspectives [67].

As an alternative, other solvents can be used, including micellar solvents, which are a convenient
option thanks to their negligible toxicity, volatility and flammability. Micellar media are based on the
formation of micelles through the addition of surfactants, amphiphilic molecules, to an aqueous
solution. Micellar systems are mainly used in food analysis for the extraction and purification of
proteins and enzymes, the simultaneous extraction of oils and proteins, and the development of
effective antioxidants [75]. Another category of green solvents is bio-based solvents. These solvents
can be classified according to the material they originate from: lignocellulose; sugars and starches;
proteins and oils; or other forest or food residues. Alternatively, they can be classified according to
the petrochemical solvent they are designed to replace. Bio-based solvents have proven particularly
effective in extracting biomolecules from food matrices, such as fatty acids from oilseeds [76],
caffeine from green tea leaves [77], and the peroxidase enzyme from bitter melon samples [78]. lonic
liquids (ILs) are generally defined as non-molecular solvents obtained by combining organic cations
and organic or inorganic anions. They have melting points below 100 °C. Due to their extremely low
vapour pressure, they are considered a greener alternative to traditional Volatile Organic Compounds
(VOCs) [79]. Extraction systems based on ILs are widely used for extracting carbohydrates [80],
organic acids (including lactic acid (LA) and polyketones) [81,82]. The disadvantages associated with
ILs (the use of various reagents, volatile organic solvents, and the generation of by-products and
waste) have stimulated the development and use of another class of solvents, Deep eutectic Solvents

(DESs), which are considered greener and very promising alternatives in the field of extraction [83].
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2.2 Green extraction solvents

2.2.1 Deep eutectic Solvents: DESs

The concept of “deep eutectic solvent” was first proposed by Abbott et al., in 2002 [84]. DESs are
classified as a new class of mixtures, liquid at room temperature, that exhibit interesting solvent
properties. DESs are a class of solvents formed by the interaction of two or more components,
resulting in a stable liquid mixture with melting points markedly lower than those of the individual
constituents [85].

They are composed of a Hydrogen Bond Acceptor (HBA) and a Hydrogen Bond Donor (HBD), which
interact through hydrogen-bond formation in an appropriate molar ratio [86].

When both components are primary metabolites, such as amino acids, organic acids, sugars, or
choline derivatives, they are referred to as Natural Deep Eutectic Solvents (NADESs) [87].

Fig. 12 shows the main constituents of DESs.
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Fig. 12: This table shows the main HBAs and HBDs
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In general, two main methods are employed for the synthesis of DESs: the heating method and the
grinding method. The heating method, which is the most widely used, involves mixing the
components and heating them to approximately 100 °C under continuous stirring until a
homogeneous liquid is obtained. Alternatively, the grinding method consists of mixing the
compounds at room temperature and grinding them in a mortar with a pestle until a clear liquid forms
[88].

Gutierrez et al. [89], introduced an alternative synthesis method that involves the freeze-drying of
aqueous solutions of the individual DES components. Separate aqueous solutions of the components
are then prepared. These solutions are frozen, freeze-dried, and clear viscous liquids is obtained.
However, water volumes detected in the freeze-dried mixture cannot be removed.

The formation of hydrogen bonds between the HBA and HBD components is central to the process,
regardless of the method used for DES synthesis, resulting in the formation of a deep eutectic mixture
[90]. The Fig.13 shows the formation of two different DESs from a combination of HBD and HBA.
The dotted lines represent the hydrogen bonds that form between the chloride anion (C17) of Choline

Chloride (ChCl) and the hydroxyl groups (-OH) of the donor molecules, such as Ethylene glycol (EG)

or Glycerol (Gly).
HBA HBD
o= Clremmee- HO
N&---
I N "on
Choline chloride (CC) Ethylene glycol (EG)
OH
N+__/- ----- CI- -------- HO\/K/OH
Glycerol (Gly)

Fig. 13: Shows the interaction between HBD and HBA in two different DES.
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The addition of water to this mixture is possible, but it requires some key considerations. Water can
act both as a HBA an HBD due to its high polarity. Therefore, it can interact with the DES
constituents. In fact, DES can be prepared using either the hydrated forms of their components, such
as salts or hydrated acids, or the non-hydrated forms. When eutectic solvents are formed without
hydrated components, water can be added and is assumed to become part of the solvent itself through
stronger intermolecular hydrogen-bond interactions [91].

In addition to being green and environmentally friendly, DESs show a great ability to tune their
composition and the nature of their components, resulting in mixtures with different physicochemical
properties. These characteristics directly influence the applicability of DESs and the extraction
efficiency across various extraction methods. These physicochemical properties depend on the
interactions between the HBA and HBD [92]. Therefore, the nature and molar ratio of these
components significantly influence the characteristics of the resulting mixtures.

As mentioned above, an eutectic mixture refers to a combination of two or more components that
melts at a temperature lower than that of the individual pure components. The Fig.14 shows a general
solid-liquid phase diagram of a binary mixture. Tm(A) and Tm(B) represent the melting temperatures
of the two compounds A and B, respectively. The eutectic point represents the composition, it also
represents the minimum melting temperature at which the melting curves of both compounds' melting
curves meet at this point [93].

Therefore, the components of DESs interact through hydrogen bonds, and these interactions
significantly lower the melting point compared to the pure components, resulting in a stable liquid at

room temperature [93, 94].
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Fig. 14: Solid-liquid phase diagram of a binary mixture [93]

According to Martins et al. [95], the term “deep eutectic solvent” should be applied exclusively to
mixtures with a melting point lower than the ideal eutectic temperature; otherwise, DESs could not
be defined as ‘deep’ and would not be distinguishable from other mixtures. The melting points of
most DESs generally range between —69 and 149 °C, but in all cases they are lower than 150 °C [92].
The nature and the molar ratio of the mixture components influence this characteristic. The
preparation method can also affect the freezing point value, but not the eutectic composition, which
must remain unchanged regardless of the method used [93].

In some articles, it has been observed that the lower the molecular weight of the HBD, the greater the
freezing-point depression [96]. Some studies have shown that DESs composed of the same HBA
exhibit variations in their melting points when different HBDs are employed [97].

Abbott et al. [94], synthesized several DESs using ChCl as the HBA and oxalic acid, malonic acid,
and succinic acid as HBDs, which exhibited eutectic temperatures of 34 °C, 10 °C, and 71 °C,
respectively. The authors attributed these differences to the distinct molecular structures of the HBDs.
Another important chemical-physical characteristic of DESs is represented by the viscosity. The

resistance of a liquid to deformation at a given rate is described by its viscosity. This means that a
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liquid flows easily when its viscosity is low. Higher viscosities, on the other hand, result in slower
fluid flow [98]. Most DESs exhibit high viscosity due to the presence of numerous hydrogen bonds,
as well as van der Waals and electrostatic interactions between their components. This characteristic
represents a drawback for the use of DESs as extraction solvents, as it limits mass transfer and reduces
extraction efficiency [99]. The viscosity of DESs is influenced by several factors, including the
choice of HBD; DESs with small-sized HBDs exhibit lower viscosity [100]. The HBA/HBD ratio
and the addition of water also significantly affect this parameter. Numerous studies have shown that
the addition of water to the mixture reduces its viscosity. Dai et al. [101], demonstrated that the
addition of water significantly reduced the viscosity of NADES; after adding 25% water (v/v) to
glucose—ChCl-water and 1,2-propanediol-ChCl-water mixtures.

In general, viscosity decreases with increasing temperature, as a consequence of the increased
molecular kinetic energy in the liquid and the reduction of the average intermolecular forces.
Therefore, preheating is a simple and effective technique that can be employed to reduce viscosity
prior to processing [102, 103].

In addition, the density of DESs depends also on the molar ratio and the combination of HBA and
HBD. Shahbaz et al. [104], demonstrated that in DESs composed of ChCl and citric acid, density
decreases with increasing amounts of ChCl.

Thanks to their easy preparation, low production costs, and low toxicity, DESs have attracted
considerable interest across numerous application fields. One of the most prominent areas is their use
as extraction solvents for bioactive compounds from natural matrices [ 105]. The extraction efficiency
of DESs arises from the ability to modulate their physicochemical properties by varying the nature
and molar ratio of the HBA and HBD. This flexibility allows the formation of mixtures with specific
characteristics, capable of solubilizing a wide range of primary and secondary metabolites, including
polyphenols, alkaloids, flavonoids, pigments, and proteins. Furthermore, DESs exhibit high
compatibility with biological matrices and the potential to replace toxic organic solvents, reducing

environmental impact and improving process safety [106].
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However, the practical application of this technique is sometimes limited by the high viscosity of
DES, which hinders the diffusion of solutes and reduces extraction efficiency [107]. As we
mentioned earlier, one way to reduce viscosity is to increase the temperature. However, the
applicability of this strategy involves higher energy consumption and depends on the thermal stability
of the target analytes, which may undergo thermal degradation [108]. Alternatively, the addition of
water to DESs represents an effective strategy to reduce viscosity, enhancing mass transfer and
improving extraction efficiency. Water also affects other physicochemical properties of DESs, such
as conductivity, polarity, and melting point. For these reasons, water content is a critical parameter to
control during the extraction method development [109]. However, an excessive amount of water can
compromise the DES structure by weakening the interactions between its components [110].
Another significant limitation of these mixtures as extraction solvents is the difficulty in recovering
the compounds extracted from eutectic mixture. DESs, due to their low vapor pressure, cannot be
removed by evaporation as is the case with organic solvents [111].

Della Posta et. Al. [112], reported the main strategies that can be employed for the recovery of
bioactive compounds from DESs: the use of macroporous resins, the anti-solvent method, Solid Phase
Extraction (SPE), the back exctracion method.

In 2013, Dai et al. [113], were the first group to attempt to evaluate a strategy for the recovery of
hydroxyaflor yellow A and cartormin. carthamin, and tri-p-coumaroylspermidine from C. tinctorius
(Asteraceae). L. (Asteraceae) from DES extracts using a macroporous resin.

The resins used for the recovery of analytes from DESs are porous solid materials capable of
selectively adsorbing the analytes present in the matrix. These resins can be differentiated based on
their polarity, chemical composition, specific surface area and pore diameter, characteristics that
determine their adsorption efficiency and selectivity. In the separation process, the solution
containing the DES and the analytes is passed through the column filled with the resin. The analytes
are retained on the surface of the adsorbent material by chemical or physical interactions, while the

DES passes through the resin and can be recovered later. Finally, the adsorbed analytes are eluted
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from the resin using an appropriate solvent, which allows them to be released and collected for
subsequent analytical steps [114].

The principle behind the anti-solvent method of recovering analytes from DESs is to add a large
quantity of water, which breaks the bond between the HBA and HBD, thereby causing the DES to
lose its properties and the desired compounds to precipitate. The anti-solvent used in the procedure
must selectively solubilize the DES components or target analytes. The most common used anti-
solvent is water. The first application of the anti-solvent method as a possible method to recover
bioactive molecules from DESs dates back to 2015 [115].

Several studies employing this method, generally considered simple and economical, have been
reported in the literature. [116, 117]. However, the efficiency of the process depends on several
factors, including the type of DES used, the nature of the solvent chosen, the volume and ratio of the
two phases, and the mixing time and intensity.

SPE involves the use of a cartridge containing a solid material. This material interacts with the
analytes present in a liquid sample. The SPE method is a sample pretreatment technique that is widely
used for the purification and isolation of analytes of interest.

Nam et al., e Jeong et al., apply the SPE method for the recovery of bioactive molecules from a DES
extract [115,118]. In both cases, the method guaranteed excellent recovery yields in percentage terms:
90-100%.

The back-extraction method uses a biphasic system solvent that can extract analytes using DES.
When the DES is diluted with a certain amount of water, the success of the back-extraction step
depends on the selection of a solvent that is immiscible with the aqueous phase.The solvent selected
as the back-extractant must be able to analyze the analytes of interest. For the first time, Xu et al.

[119], attempted to recover analytes of interest from a DES extract using a back-extraction method.

2.2.2 Supramolecular Deep eutectic Solvents: SUPRADESs

Supramolecular Deep eutectic Solvents (SUPRADESSs) represent an evolution of traditional DESs,

characterized by the integration of supramolecular interactions, such as multiple hydrogen bonds,
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n-1 interactions, and electrostatic interactions, within the solvent structure. This is a particular class
of DESs that incorporate cyclodextrins (CDs), host molecules capable of forming inclusion
complexes with different analytes [120].

The integration of the properties of DESs and CDs gives these systems high application potential in
industrial and laboratory settings, as confirmed by recent studies [121,122]. SUPRADESs are a
relatively recently discovered class of solvents; the first publications reporting their use date back to
2020 [120]. Consequently, the information currently available on their physicochemical properties
and potential applications is still limited. They certainly offer many of the advantages of traditional
DES, such as low toxicity, biodegradability and ease of preparation. Furthermore, they offer the
opportunity to develop “tailor-made” solvents thanks to the versatility of supramolecular interactions
[123].

The key component of a SUPRADES is the CD, an oligosaccharide composed of six (a-CD), seven

(B-CD), or eight (y-CD) D-glucopyranose units linked by a-(1-4) bonds [124]. (Fig. 15)
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CDs exhibit a typical truncated-cone structure with a hydrophilic outer surface and a hydrophobic
internal cavity, which enables the formation of inclusion complexes through non-covalent host—guest

interactions [126]. (Fig 16)
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Native CDs can be further modified by amination, esterification, or etherification reactions,
introducing additional functional groups such as methyl, ethyl, hydroxyl, hydroxypropyl,
carboxymethyl, or sulfobutylether. These modifications make it possible to obtain derivatives with

greater solubility, chemical stability and ability to form inclusion complexes than native CDs

[127,128].

The table 2 shows some characteristics of native CDs and their main derivatives: hydroxypropylated-
B- CDs (HP-B-CD), randomly methylated - CDs (RM-B-CD) sulfobutylether 3- CDs (SBE-B-CD).
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Charateristics and

properties Types of CDs

a-CD B-CD y-CD HP-B-CD RM-B-CD SBE-B-CD
Number 6 7 8 6 6 6 [129]
of glucopyranose
Molecular C36Hg0030 [CsH 190517 CysHggO40 CesH 11204, Cs4Ho4O35 Cy4oH70035 [129]
formula
Molecular weight 972 1135 1297 1540 1312 2163 [129]
(g/mol)
Internal diameter 4.7-5.3 6.0-6.5 7.5-8.3 [125]
&)
External diameter  14.6 15.4 17.5 [125]
&)
Volume of the 174 262 427 [125]
cavity (A)
Solubility in 130 18.4 249 >600 >500 >500 [125]
water at 25°C
(mg/mL)
pK at 25°C 12,33 12,20 12,08 [125]
HBD Count 18 21 24 21 9 21 [129]
HBA Count 30 35 40 42 35 35 [129]

Table 2: Characteristics of native CDs and their main derivatives

45



SUPRADES:Ss can be classified into binary and ternary systems [130]. (Fig. 17)

In binary SUPRADESSs, the two precursor components (HBA and HBD) are mixed in precise molar

ratios within a hermetically sealed vial. This mixture is then subjected to magnetic stirring at

controlled temperature for a specific period of time [84]. The final product is a clear, stable, and

homogeneous liquid at room temperature. In this system, CDs act as a HBA due to the presence of

O-glycosidic bonds on its outer surface, while possible HBDs include carboxylic acids, alcohols,

diols, and amides, similar to those used in conventional DESs [131].

On the other hand, CDs can be added to an already formed DES mixture to form ternary

SUPRADESs. Their preparation is more complex than binary systems, since the simple mixing of

DESs with CDs usually does not result in the formation of a stable liquid at room temperature. The

addition of small amounts of water has been demonstrated to promote system organization by

facilitating the formation of a DES—CD hydrogen-bonding network. This phenomenon, in turn, has

been shown to lead to the stabilization of supramolecular structures [132].

The Fig. 17 shows some HBAs and HBDs used for the synthesis of binary and ternary SUPRADESs.
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The use of SUPRADESs as green solvents for the extraction of bioactive molecules is gaining
increasing attention, thanks to their ability to enhance yield, selectivity, and sustainability compared
to conventional solvents [134]. The extraction efficiency of SUPRADESs is strongly dependent on
their physicochemical properties [135].

An essential parameter to consider is the melting point: to be employed as liquid extraction solvents
at room temperature, their melting point must be below 25 °C. However, most SUPRADESs do not
meet this requirement due to the high melting points of CDs. To obtain binary systems with melting
points below 25 °C, it is therefore necessary to significantly reduce the CD content in the mixture
[136].

The decomposition temperature of SUPRADESS is a crucial parameter for assessing their suitability
for high-temperature processes, such as solvent regeneration. At elevated temperatures, the structure
of SUPRADESs may undergo phase changes and the hydrogen bonds and electrostatic interactions
between HBA, HBD, and CD may be disrupted. For binary SUPRADES, available data indicate
degradation temperatures ranging from 195 to 270 °C. Moreover, an increase in CD content tends to
raise the decomposition temperature due to the high thermal stability of CD and the strength of its
bonds with the HBD [131].

To achieve effective phase separation in an extraction process, it is essential that the SUPRADESs
density differs from that of the sample matrix, being either higher or lower. Generally, DESs exhibit
higher densities than water, ranging from 1.0 to 1.35 g/cm? at 20 °C, and most binary and ternary
SUPRADES:s fall within a similar range [93]. Increasing the CD content in SUPRADESs tends to
raise their density, whereas the addition of water can reduce it, but only in hydrophilic SUPRADESs
[137]. Moreover, a decrease in temperature lowers the kinetic energy of the molecules, leading to an
increase in density due to the reduction of the molar volume of the eutectic complexes [131].
SUPRADESs generally exhibit higher viscosities compared to DESs [85], primarily due to strong
hydrogen bonding between CDs and HBDs, the larger size of CD molecules, and reduced free

volumes (steric effect) [138]. Viscosity is influenced by the type and proportion of CD: in binary
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systems, it increases in the order a-CD < 3-CD <y-CD and rises significantly with higher CD content
[135]. The use of modified CDs or the addition of water in ternary SUPRADESs can markedly reduce
viscosity. Overall, viscosity is a critical parameter for SUPRADESs applications: low viscosity
facilitates solvent handling and reduces energy costs, whereas high viscosity can limit mass transfer
efficiency [133].

When selecting an extraction solvent, it is essential to consider its compatibility with the sample
matrix. SUPRADESs are generally hydrophilic due to the pronounced hygroscopic nature of CDs
[128]. Despite their hydrophobic internal cavity, non-covalent bonds are more easily formed with
other hydrophilic substances because of the hydrophilic properties of the CDs outer surface. However,
this characteristic imposes limitations on the application of SUPRADES for the extraction of
compounds from water or wastewater. The literature reports only a single study on hydrophobic
SUPRADESs, based on thymol:heptanoic acid (1:1) and its derivatives, showing that their
hydrophobicity can be tuned by adjusting the pH [139].

SUPRADESs offer remarkable versatility and find applications across various fields; they have
proven effective in fuel desulfurization, combining advanced extraction and catalytic capabilities
[140].

Numerous studies have highlighted that SUPRADESs exhibit significantly higher performance than
conventional solvents in the extraction of polyphenols. Polyphenols can act as HBDs and interact
with the HBA present in SUPRADESSs, potentially generating antagonistic effects [141]. This
phenomenon may arise from the fact that f-CD reduces the polyphenol-HBA interaction due to the
instauration of stronger bonds within the -CD/polyphenol inclusion complexes. At the same time,
B-CD enhances the solubility of less polar polyphenols by entrapping them, influencing the overall
extraction outcome [136]. Recent studies highlighted that SUPRADESs exhibit higher extraction

efficiency compared to conventional DESs [142].
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3. Techniques for bioactive molecules determination

The separation of bioactive compounds present in plant extracts is a crucial and complex step in the
identification, characterization and exploitation of analytes. This step is essential for understanding
the chemical composition of an extract and for correlating the presence of specific molecules with
their biological, antioxidant or pharmacological activities [143].

A wide range of chromatographic techniques are available for this purpose, differing in terms of
separation principle, efficiency, sensitivity and applicability. The most commonly used methods
include Thin Layer Chromatography (TLC) and its advanced, high-performance counterpart High
Performance Thin Layer Chromatography (HPTLC), as well as paper chromatography, column
chromatography, gas chromatography (GC), High Performance Liquid Chromatography (HPLC), and
the more recent Ultra High Performance Liquid Chromatography (UHPLC) [144].

Separation techniques enable individual analytes to be isolated and characterized, both qualitatively
and quantitatively. These techniques are essential for studying complex mixtures derived from plant
matrices. The most suitable technique is chosen based on the chemical nature of the compounds to be
analyzed (e.g. polarity, molecular weight, volatility and thermal stability), the complexity of the
matrix, and the analytical objectives set [143].

Among instrumental techniques, HPLC is the most widely used and well-established method for
separating and quantifying phenolic compounds. HPLC is generally performed using a reverse-
phase C18 column coupled with a Diode Array Detector (DAD), and sometimes a mass spectrometer
(MS) is also used to provide detailed structural information on the analytes [144].

The introduction of UHPLC, which uses columns packed with particles smaller than 3 pm in diameter
and pumps capable of sustaining higher pressures, has further improved the method's resolution,

reduced analysis times, and increased its sensitivity [145].

UV-Vis spectrophotometry is an analytical techniques, rapid, inexpensive and widely used tool for

determining the presence of classes of bioactive compounds, such as polyphenols and flavonoids. It
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is often used alongside specific colorimetric assays, including the Folin—Ciocalteu method to
determine total polyphenol content, the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay to evaluate
antioxidant activity and the Trolox Equivalent Antioxidant Capacity (TEAC) assay to quantify
antioxidant capacity equivalent to Trolox [146]. This spectrophotometric method can be used to
determine compounds that contain chromophore groups such as PC.

Further analytical insights can be obtained using advanced spectroscopic techniques, such as Fourier
Transform Infrared Spectroscopy (FTIR), which is useful for the functional identification of chemical
groups and for the qualitative evaluation of the overall molecular composition. This technique has
recently been used, for example, to identify tannic compounds in complex plant matrices, such as the
cobs of mutant sorghum lines [147].

Today, new analytical technologies combined with green chemistry allow us to obtain a detailed and
comprehensive analytical picture. This enables not only the precise identification and quantification
of bioactive compounds, but also the study of their biological properties, stability, and potential

applications in the food, nutraceutical, cosmetic, and pharmaceutical sectors [144].

3.1 High Pressure Liquid Chromatography (HPLC)

Liquid chromatography (LC) is a separation methodology based on molecular properties such as size,
shape, and charge. In particular, the discrimination of analytes is determined by their different
solubility between the stationary and the mobile phase. For this reason, it is important to know the
physical-chemical properties of the analytes, such as solubility, polarity, pKa and pH, before setting
up a chromatographic method [143].

In HPLC, the stationary phase is enclosed within a column, while a pump ensures the flow of the
mobile phase through it. The chemical compounds are detected by means of a detector that generates
a signal proportional to their respective concentrations, which is subsequently processed by a data
acquisition and analysis system through a dedicated software interface [144].

Depending on the nature of the mobile phases, LC techniques can be classified as Normal Phase (NP)

or Reversed Phase (RP) chromatography:
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e In NP-LC, the mobile phase is nonpolar, while the stationary phase exhibits polar
characteristics. Consequently, polar analytes are more strongly retained by the stationary
phase. An increase in the polarity of the solute molecules leads to a higher adsorption capacity,
resulting in longer elution times. Chemically modified silica, functionalized with groups such

as cyanopropyl, aminopropyl, or diol, is generally employed as the stationary phase [148].

e RP- LC is based on the principle of hydrophobic interaction and features a non-polar
stationary phase, typically composed of silica modified with alkyl groups (such as C18, C8,
or C4). The mobile phase is polar. Non-polar compounds interact more strongly with the
stationary phase and therefore exhibit longer retention times. Polar compounds interact less

with the stationary phase and elute more rapidly [148].

In most cases, these separations are performed in reverse phase using a C18 column with UV
detection. You can also choose between an isocratic or gradient method. Isocratic HPLC: the mobile
phase maintains a constant composition during the analysis. Gradient HPLC: the mobile phase
changes its composition over time (for example, by gradually increasing the percentage of organic
solvent in reverse phase) [148].

As shown in the schematic diagram (Fig.18), HPLC instrumentation includes a solvent reservoir,

pump, injector, column and detector.
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Solvent reservoir: Mobile phase contents are contained in a glass reservoir. The nature of the mobile
phase varies depending on the chromatographic mode used. In NP-LC the mobile phase is non-polar,
while the stationary phase is polar. Conversely, RP-LC, the mobile phase is polar, generally
consisting of mixtures of water and organic solvents such as MeOH or acetonitrile, and the stationary
phase is non-polar. Systems are often provided to remove dissolved gases in powder form from

solvents [148].

Pump: The role of the pump is to push the mobile phase through the LC aphy at a specific flow rate,
expressed in millilitres per minute (mL/min). Normal flow rates in HPLC are between 1 and 2
mL/min. Typical pumps can reach pressures between 6000 and 9000 psi (400 to 600 bar) [149].

Common used pumps are:

e Syringe pumps: these operate by pushing the mobile phase through the controlled movement
of a piston inside a precision syringe. The main advantage of this system is the absence of
pulses in the flow, which ensures a regular and precise delivery of the solvent. However, they

have a limited tank capacity.
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e Reciprocating pumps: these operate on the basis of the reciprocating movement of a piston
that cyclically fills and empties a pumping chamber. During this operation, small flow
pulsations are generated, which are dampened by dampers or pressure accumulators. The
advantages of reciprocating pumps are their reduced internal volume, high external pressures,
easy adaptability to gradient elutions and constant flow rates, which are largely independent
of column back pressure and solvent viscosity. Most commercially available chromatographs
use reciprocating pumps.

e Pneumatic pump: these use a compressible solvent reservoir, placed in a container pressurised
by compressed gas (such as nitrogen or air). The gas pressure pushes the mobile phase through
the system, ensuring a pulse-free flow and excellent stability. These pumps are simple,
economical and do not cause pulses; their disadvantages are limited capacity and outlet
pressure and the dependence of the pumping speed on the viscosity of the solvent, so they are

not suitable for gradient elution.

Injector: The most widely used method of introducing a sample in LC is based on the use of a
sampling loop. Interchangeable samplers are often available, allowing samples of various sizes,
between 5 and 500 pL. Many HPLC instruments contain an autosampler with an automatic injection

system that can continuously inject variable volumes [149].

Column: LC columns are generally made of stainless steel tubing, but glass or Tygon tubing can also
be used for pressures below 600 psi. Standard columns are between 10 and 30 cm long and have an
internal diameter of 2—5 mm. The packing materials consist of particles with a diameter between 3
and 10 um. The most common packing material is silica, prepared by agglomerating submicrometric
particles to obtain particles of uniform diameter. In addition to silica, the following are also used:
Alumina (Al2Os), Porous polymers, Ion exchange resins. It is important to note that the column is
divided into N sections, each of which has a stationary and mobile phase in equilibrium. Each of these
sections is defined as a theoretical plate. If the total length of the column is L, then the height
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equivalent to a theoretical plate (HETP) is: HETP = L/N. The efficiency of a column is expressed in
terms of the number of theoretical plates (N). The greater the number of theoretical plates, the greater
the column efficiency. A narrow peak corresponds to good chromatographic separation. According
to the above formula, the greater the number of theoretical plates, the smaller the theoretical plate

height and the greater the efficiency of the column [149].

Detector: After chromatographic separation, the analyte of interest is detected using appropriate
detectors. Among the commercially available detectors for LC are UV detectors, fluorescence
detectors, electrochemical detectors, refractive index (RI) detectors, and MS detectors. The choice of
detector depends on both the type of sample and the objectives of the analysis. In the case of
multicomponent analysis, the absorption spectra may be shifted to longer or shorter wavelengths

compared to the main compound [148].

3.2 Mass spectrometry

Mass spectrometry (MS) is an advanced analytical technique used to quantify target analytes and
identify unknown compounds within a sample. Typically, the MS detector is coupled with GC or LC
systems, resulting in GC/MS or LC/MS configurations, respectively [150].

It is a destructive method, as the molecule does not remain intact after analysis but is ionized and
fragmented into ions with different mass-to-charge ratios (m/z). The generated ions are separated
based on their m/z, and the detector measures their abundance, producing a mass spectrum in which
each peak corresponds to a specific component with a defined m/z ratio.

This technique facilitates the determination of molecular masses, both nominal and exact, and the
acquisition of fragmentation profiles specific to each compound [146].

A typical mass spectrometer is composed of three fundamental components: the ion source, the mass

analyzer, and the detector. (Fig. 19)
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Ion Source: This is the first part, which provides the analyte ionization [150]. The development of
many different ionization techniques has made it possible to convert almost any large, non-volatile,
and thermally labile compound into a gas-phase ion [151].

Ion sources can be categorized into two main types and can be classified as hard or soft. Hard ion
sources transfer such a high amount of energy to the molecule that it undergoes fragmentation directly
within the source. In contrast, soft sources provide only the amount of energy necessary to induce
ionization. The most commonly employed gas-phase sources are Electron Impact (EI) and Chemical
Ionization (CI). Among the desorption sources, Electrospray lonization (ESI), Atmospheric Pressure
Chemical Ionization (APCI), and Matrix Assisted Laser Desorption/lonization (MALDI) are
included. Among all of them, the only source classified as hard is EI. ESI represents the preferred
option for the analysis of polar compounds separated by LC, due to its very high sensitivity and its

ability to be easily integrated with HPLC systems [150].

Mass analyzer: The most common used analyzers are [150]:

e Quadrupole: as show in Fig.20, consists of four parallel metal rods arranged in square
configuration. Opposite rods are subjected to combined electric potentials: a Direct Current
(DC) voltage and a high-frequency Alternating Current (AC) voltage. lons entering the

quadrupole are influenced by the oscillating electric field generated by the rods, which affects
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their trajectories. Only ions with a specific m/z follow a stable path and reach the detector,
while ions with different m/z values become unstable, collide with the rods, and are removed.
By appropriately varying the DC and AC voltages, the quadrupole can scan a range of m/z
values, either selecting individual ions one at a time or allowing multiple ions to pass
simultaneously, depending on the operational mode, such as Selected Ion Monitoring (SIM)

or full scan.

Detector

Fig. 20: Rapresentation of a quadrupole mass analyzer

Ion trap: is a mass analyzer that traps and accumulates ions within a confined cavity. The ion
trap consists of three main electrodes: a central ring electrode, which surrounds the cavity where
ions are trapped, and two hemispherical electrodes (inlet and outlet) positioned on either side
of the ring electrode. Each of the lateral electrodes has a small central aperture that allows
controlled ion passage (Fig.21). The cavity defined by these three electrodes is referred to as
the ion trap. To generate a mass spectrum, the electric potential is varied so that ions are

sequentially ejected from the trap toward the detector according to increasing m/z.
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e Time Of Flight (TOF): It separates ions based on the time they take to travel a fixed distance.
This time depends on the ions’ m/z. Lighter ions travel faster than heavier ions when

accelerated with the same energy.

Detector: is the component of the MS responsible for recording ions converting their passage into a
measurable signal. It transforms the ions into electrical signals proportional to their abundance,
allowing the generation of the mass spectrum, in which each peak corresponds to an ion with a

specific m/z value [150].

3.3 Spectrophotometric assays

Spectrophotometric methods are based on the interaction between light and matter, relying on the

principle that molecules absorb electromagnetic radiation at specific wavelengths. The observed
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absorption is proportional to the concentration of the analyzed compound, thus allowing its
quantification.

The Folin-Ciocalteu assay is a widely used method for determining the Total Phenolic Content (TPC)
or antioxidant compounds in a sample [146]. The underlying principle is relatively straightforward:
phenolic compounds present in the sample reduce the Folin-Ciocalteu reagent, which consists of a
mixture of phosphomolybdate and phosphotungstate. The reaction occurs in a basic environment,
typically through the addition of sodium carbonate, leading to the formation of an intense blue
complex with a maximum absorption around 750 nm. Measuring the absorbance of the blue solution
using spectrophotometry allows estimation of the TPC. For quantitative analysis, the sample
absorbance is compared to a calibration curve constructed using a standard phenol, such as gallic
acid, and the results are expressed as Gallic Acid Equivalents (GAE) per gram of sample [146].

The literature contains numerous analytical assays that are based on spectrophotometric
measurement. TEAC is one of the most widely used methods for determining the antioxidant activity
of an extract. The method uses a UV-Vis spectrophotometer to measure the absorbance of a solution
containing the ABTSe radical+, generated by the oxidation of ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate)), a colourless substance that takes on a visible colour when in its
radical form as it absorbs characteristic wavelengths in the visible range. Adding antioxidant
molecules to the ABTSe+ radical solution can cause reduction of the radical to its colourless form via
hydrogen or electron transfer, resulting in discolouration of the mixture. This change is proportional
to the decrease in absorbance over time, measured at a specific wavelength (734 nm). The antioxidant
power is then expressed by comparing the obtained absorbance values with those measured for known
quantities of a reference antioxidant molecule, generally ascorbic acid or Trolox [152]. Other assays
reported in the literature for determining the antioxidant capacity of an extract include: Ferric
Reducing Antioxidant Power (FRAP), Oxygen Radical Absorbance Capacity (ORAC) and the DPPH

[152].
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4. Aims of the Ph.D. research project

The general aim of this doctoral project was to develop analytical methods based on green extraction
techniques for the determination of bioactive molecules in plant matrices. The study was prompted
by the increasing demand for environmentally friendly, efficient methods with a low environmental
impact that can replace traditional extraction processes, which often use toxic solvents and require
high energy consumption. These green methods must also be capable of preserving the integrity and

biological activity of the compounds of interest. Specifically, two research activities were carried out.

The first line of research focused on the development and optimization of a green extraction technique
for the extraction of phenolic compounds and PC from Spirulina, described in Chapter 5. In
particular, the most effective DES was identified, with the aim of obtaining an extract enriched in
both phenolic compounds and PC, characterized by high stability, greater purity, and prolonged
preservation of bioactivity. The optimization of the extraction procedure involved the systematic
evaluation of various parameters, including the choice of DES composition, the optimal water content
necessary to modulate viscosity and diffusivity, the biomass/solvent ratio, and the temperature and
duration of extraction. The extract obtained was characterized qualitatively and quantitatively using
analytical techniques such as HPLC-MS and spectrophotometric assays, for the determination of

phenolic compounds and PC, respectively.

The second line of research focused on the study of SUPRADES as extraction solvents for bioactive
molecules, described in Chapter 6. In particular, the interaction of SUPRADES with quercetin was
examined. SUPRADES are the evolution of DES thanks to the presence of CDs. Quercetin is a
flavonoid widely found in the plant kingdom, but with poor bioavailability due to its low water
solubility and rapid metabolic degradation. The use of SUPRADES therefore represents a promising
approach to overcoming these critical issues, thanks to the interaction between quercetin and B-CD,

allowing for more efficient and selective extraction of bioactive compounds and, at the same time,
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better preservation and biological availability. Initially, preliminary tests were conducted to evaluate
the main extraction parameters and verify the ability of SUPRADES to form stable complexes with

quercetin. The interaction between quercetin and SUPRADES was evaluated using HPLC-DAD.

Both lines of research adhere to the principles of green chemistry, sharing the aim of developing safer,
more sustainable and highly efficient extraction processes. DES and SUPRADES are excellent
extraction solvents, providing a safe and sustainable alternative to traditional toxic organic solvents.
They therefore represent sustainable and highly versatile solutions, suitable for the development of
new processes in the nutraceutical, pharmaceutical, and cosmetic sectors, where the demand for safe,

efficient, and environmentally friendly methods is increasing.
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5. Deep Eutectic Solvents based green approach for bioactive molecules recovery

from Spirulina
5.1 Introduction
Spirulina is a unicellular, filamentous microalga that naturally thrives in highly alkaline
environments, especially in the salt lakes of Africa and Mexico, as well as in some freshwater
ecosystems [153]. To date, fifteen distinct species of Spirulina have been identified, with Arthrospira
maxima and Arthrospira platensis being the most extensively cultivated and studied due to their
remarkable nutritional and biochemical properties [154]. This cyanobacterium has attracted growing
scientific and commercial interest as a sustainable source of nutrients and bioactive molecules. Its
nutritional profile is exceptionally rich, featuring a protein content that can reach up to 70% of its dry
weight—considerably higher than that of many traditional plant and animal sources. In addition to
proteins, Spirulina contains substantial amounts of carbohydrates, lipids, vitamins, minerals,
pigments, enzymes, and a wide range of phenolic compounds [155].
Phenolic compounds are secondary metabolites characterized structurally by one or more hydroxyl
groups attached to aromatic benzene rings. They play a crucial role in the defense systems of algae,
acting as chemical protectants against biotic and abiotic stressors such as pathogen attacks and UV
radiation. Because of their ability to neutralize reactive oxygen species, phenolic compounds are
recognized as one of the most important classes of natural antioxidants [156]. Extraction of these
bioactive molecules from Spirulina is typically achieved using solvent-based techniques, including
UAE, MAE, and High Pressure Temperature Extraction (HPTE) [157]. Reported TPC values for
Spirulina vary widely, generally ranging between 0.2 and 15 mg of GAE per gram of sample [158].
This variability is influenced by factors such as the cultivation conditions, extraction method, and
solvent type used.
Beyond phenolics, Spirulina owes many of its biological and health-promoting effects to a class of
water-soluble pigment—protein complexes known as PBPs. Among them, PC is the predominant

form, accounting for approximately 20% of the organism’s dry weight [159]. PBPs are composed of

64



apoproteins covalently bound to linear tetrapyrrole chromophores called phycobilins. Based on their
spectral properties, PBPs are divided into four major types: PE, PC, phycoerythrocyanin (PEC), and
allophycocyanin (APC). In cyanobacteria such as Spirulina platensis, PBPs are organized into large
protein complexes known as PBS, which serve as accessory light-harvesting antennae during
photosynthesis [160].

A typical PBS consists of a central core, mainly composed of APC and linker proteins, surrounded
by rod-like structures formed by PE, PEC, and PC. However, in Spirulina platensis, the rods contain
only PC, reflecting a unique adaptation of its photosynthetic system [160]. PBPs are stabilized by
covalent linkages between cysteine residues of the apoprotein and phycobilin molecules. Four
principal types of phycobilins have been identified, each exhibiting distinct colors based on the
number of conjugated double bonds: phycocyanobilin (PCB, blue), phycoviolobilin (PVB, violet),

phycoerythrobilin (PEB, red), and phycourobilin (PUB, yellow) [161], as illustrated in Fig. 22.

PBPs
(Phycobiliproteins)
PC PE APC PEC
(Phycocyanin) (Phycoerythrin) (Allophycocyanin) (Phycoerythrocyanin)
Phycobilins
PCB PEB PVB
Phycocyanobilin Phycoerythrobilin Phycoviolobilin

Fig. 22 Classification of phycobiliproteins (PBPs) and their associated phycobilin chromophores.

PC is a blue-colored biliprotein composed of two types of polypeptide subunits: an a chain consisting

of 162 amino acids with a molecular weight ranging from 10 to 19 kDa, and a 3 chain composed of
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172 amino acids with a molecular weight between 14 and 21 kDa. The o subunit carries a single PCB
chromophore covalently attached to the cysteine residue at position 84, while the  subunit contains
two PCB molecules bound at cysteine residues 84 and 155. The a and 3 subunits associate to form an
af heterodimer, which further assembles symmetrically into trimers and subsequently into hexamers,
denoted as (af)s. In aqueous solutions, PC exists as a heterogeneous mixture of monomers, trimers,
hexamers, and higher-order oligomers, exhibiting molecular weights ranging approximately from 44
to 260 kDa [40]. This structural complexity contributes to its remarkable optical, antioxidant, and
anti-inflammatory properties, making PC one of the most valuable natural compounds derived from
Spirulina for applications in in food, pharmaceutical, and cosmetic industries.

Phycobilins are the chromophoric groups responsible for the absorption of light energy in the visible
spectrum, specifically between 500 and 650 nm. Among these pigments, PC exhibits a strong
absorption maximum at approximately 620 nm and a fluorescence emission peak at around 640 nm,
which make it highly effective in photosynthetic light harvesting and useful for a variety of
biotechnological applications [162].

Despite its numerous potential uses, the practical application of PC is often limited by challenges
associated with its extraction and stability. Conventional extraction techniques tend to yield extracts
with relatively low purity and limited pigment stability. Typically, PC is isolated through a Solid
Liquid Extraction (SLE) process using either water or phosphate buffer solutions as the solvent
medium. As it is known that Spirulina possesses a robust peptidoglycan-rich cell wall that impedes
intracellular release, cell disruption is an essential preliminary step. Common mechanical and
physical strategies include freezing—thawing cycles, bead milling, vigorous mixing, and high-shear
homogenization [163].

Among these, the freezing—thawing technique using water as the solvent is simple and widely
employed, but it usually produces crude extracts with purity ratios ranging from 0.07 to 0.4 [163].
Therefore, subsequent purification is required to achieve higher purity levels. Common downstream

methods include ion-exchange chromatography, purification through pH-gradient elution, or
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ultrafiltration systems capable of separating components based on molecular weight [164].
Depending on the final purity, PC can serve different applications: food-grade PC requires a purity
greater than 0.7, cosmetic-grade PC exceeds 1.5, and analytical-grade PC must reach a purity above
4.0 [165].

During extraction and handling, it is essential to consider the physicochemical sensitivity of PC. The
pigment is thermolabile, showing degradation at temperatures above 50 °C, and exhibits optimal
stability within a pH range of 5 to 8. Quantitative analyzes reported in the literature indicate that the
PC content in Spirulina can vary between 20 and 200 mg per g of dry biomass, depending on strain
type, cultivation conditions, and extraction parameters. These values are typically determined using
spectrophotometric methods based on the Bennett—Bogorad equation [163].

However, PC dissolved in water tends to be unstable over time, undergoing degradation and loss of
color intensity. Faieta et al. [166], demonstrated that the inclusion of saccharides in the extraction
medium enhances the stability of aqueous PC solutions. This effect is attributed to the ability of sugars
to form a hydrogen-bonding network around protein molecules, thus reducing conformational
changes and oxidative degradation. Consequently, the use of sugar-based or polyol-containing
solvents represents a promising strategy for improving PC stability.

In recent years, DESs has emerged as a sustainable alternative to traditional organic solvents. DESs
are composed of two or more components mixed at a specific molar ratio to form a eutectic mixture
through hydrogen bonding interactions. One component typically acts as a HBD—such as sugars,
organic acids, polyols, or amines—while the other functions as a HBA, most commonly a quaternary
ammonium salt [167]. When both components are of natural origin, the resulting mixture is termed a
NADES. The physicochemical properties of DESs, including their polarity, viscosity, and solvating
power, can be finely tuned by adjusting the molar ratio of their constituents and by controlling the
amount of water added to reduce viscosity.

DESs have been successfully applied for the extraction of a wide range of bioactive compounds,

including phenolic molecules, flavonoids, and alkaloids, due to their ability to dissolve both
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hydrophilic and moderately hydrophobic compounds [106]. Furthermore, several studies have
reported that DESs can act as biomass pre-treatment agents, weakening or partially disrupting the cell
wall structure of microalgae, which enhances mass transfer and facilitates the release of intracellular
compounds without the need for energy-intensive methods such as freeze—thaw cycles [168].

An additional and particularly attractive feature of NADES is their protein-stabilizing capability.
They are composed of osmolytes—such as betaine, trehalose, glycerol, and urea—naturally produced
by living organisms to counteract stress conditions like dehydration, freezing, and oxygen
deprivation, so NADES can provide a protective environment for sensitive biomolecules. Tian et al.
[169], demonstrated that a DES composed of trehalose and betaine effectively stabilized trypsin,
preventing its structural denaturation. In this system, trehalose acts as a glass-forming agent that
immobilizes proteins and limits their exposure to degradation, while betaine functions as an osmotic
stabilizer that maintains protein integrity.

The present work aimed to develop and optimize a rapid, efficient, and environmentally sustainable
extraction method for Spirulina, utilizing a NADES-based system. The aim was to produce an extract
enriched in both phenolic compounds and PC, exhibiting high stability, enhanced purity, and long-
term preservation of bioactivity. The adoption of NADES offers several advantages: it simplifies the
extraction process by eliminating the need for repetitive freeze—thaw cycles, minimizes solvent
toxicity, and provides intrinsic stabilization for sensitive proteins such as PC. Optimization of the
extraction procedure involved systematic evaluation of several parameters, including the choice of
NADES composition, the optimal water content needed to modulate viscosity and diffusivity, the
biomass-to-solvent ratio, and extraction temperature and duration. Through this approach, it becomes
possible to design a green, high-efficiency method capable of simultaneously recovering phenolic
compounds and PC from Spirulina powder—yielding a multifunctional extract suitable for

applications in the nutraceutical, cosmetic, and pharmaceutical industries.
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5.2 Materials and methods

5.2.1 Chemicals

ChCl, glucose, glycerol, betaine, and LA were obtained from Sigma-Aldrich (Milan, Italy). The
Folin—Ciocalteu reagent was also purchased from Sigma-Aldrich (Milan, Italy). HPLC-MS grade
water and formic acid (95-97%) were supplied by the same manufacturer. Acetonitrile (99.9%,

hypergrade for LC-MS) and gallic acid were procured from Merck KGaA (Darmstadt, Germany).

5.2.2 Samples

Spirulina powder was supplied by a nutraceutical company. Prior to the experimental procedures, the
powder was dried in an oven (Heraeus Scientific Instruments, Hanau, Germany) at 50 °C for one hour

to eliminate residual moisture.

5.2.3 NADES:s preparation

HBAs and HBDs were weighted according to the predetermined molar ratios and heated at 80 °C
until a homogeneous liquid mixture was obtained. Subsequently, 30% (v/v) of water was added to
each mixture to reduce viscosity, followed by vortex mixing to ensure complete homogenization. The
prepared NADES formulations were then stored at room temperature until use. The NADES
compositions tested as potential solvents for the extraction of phenolic compounds and PC from

Spirulina are listed in Table 3.

HBAs HBDs Molar ratio
w/w
Glucose Glycerol 1:2
Betaine Glucose 1:2
Betaine Lactic acid 1:2
ChCl Glucose 1:2
ChCl Glycerol 1:2
ChCl Lactic acid 1:2

Table 3: NADES components and molar ratios
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5.2.4 Extraction method

According to previous studies, the most effective method for disrupting the Spirulina cell wall is
through repeated freezing—thawing cycles [163]. However, in the present study, this approach was
not feasible due to the physicochemical properties of the NADESs used. When placed at -20 °C, the
NADES mixtures solidified and did not revert to their liquid state upon thawing. Instead, cell
disruption was achieved through the combined effect of ultrasonic treatment and the intrinsic
properties of the NADESs, which facilitate cell wall weakening and improve the extraction efficiency
of phenolic compounds and PC even without the use of freeze—thaw cycles [168]. For the extraction
process, 0.5 g of Spirulina powder was mixed with 7.35 mL of a NADES composed of betaine and
glucose in a 1:2 (w/w) molar ratio. The mixture was vortexed to ensure uniform dispersion and then
subjected to ultrasonic treatment in an ultrasonic bath (Elmasonic S30H, Elma Schmidbauer GmbH,
Singen, Germany) at 50 °C, operating at a frequency of 37 kHz and a thermal power of 200 W, for
one hour. Following sonication, the sample was centrifuged at 5000 rpm for 15 minutes, and the

resulting supernatant was collected as the extract.

5.2.5 Optimization of the extraction procedure

Optimization of the extraction process was conducted using a One Factor At A Time (OFAT)
experimental design, with the concentration of PC and the TPC serving as the main response
variables. Both parameters were quantified using spectrophotometric methods. Initially, a screening
phase was performed to evaluate six different NADESs formulations (as reported in Table 3) in order
to identify those providing the highest simultaneous extraction yields of PC and phenolic compounds.
Once the most promising NADES compositions were identified, their viscosity was further optimized
by testing two different water contents 30% and 40% (v/v), added to the solvent mixture.
Subsequently, the influence of the matrix-to-solvent ratio on extraction efficiency was investigated
by comparing two ratios: 1:20 and 1:30 (w/w). After determining the most effective NADES
formulation, optimal water content, and matrix-to-solvent ratio, the effects of extraction time and

temperature were explored. Extraction durations of 30 minutes, 1 hour, and 2 hours were tested, along
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with two operating temperatures, 25 °C and 50 °C, to identify the conditions that maximized the

recovery of both PC and phenolic compounds.

5.2.6 Determination of total phenolic content (TPC)

TPC of the extracts was quantified using the Folin—Ciocalteu colorimetric method. In an alkaline
environment, the Folin—Ciocalteu reagent undergoes reduction, resulting in the formation of blue-
colored anions whose intensity is proportional to the phenolic concentration. For the assay, 20 pL of
sample were mixed with 100 pL of Folin—Ciocalteu reagent and 1580 pL of distilled water. The
mixture was kept in the dark for 8 minutes to allow the initial reaction to occur. Subsequently, 300
uL of a sodium carbonate (Na-COs) aqueous solution at a concentration of 0.2 g/mL were added, and
the mixture was gently agitated for 2 hours under dark conditions to prevent photodegradation. The
absorbance of the resulting solution was measured at 765 nm using an Infinite M200 PRO Tecan
microplate spectrophotometer (Tecan Trading AG, Ménnedorf, Switzerland). Quantification was
performed through a calibration curve prepared with gallic acid as the reference standard, in a
concentration range of 0—2000 pg/mL. The TPC results were expressed as grams of g GAE per 100

grams of Spirulina powder.

5.2.7 Determination of PC

The PC content in the extracts was quantified spectrophotometrically following the Bennett-Bogorad
method. Measurements were performed using a UV-1800 UV—Vis spectrophotometer (Shimadzu,
Milan, Italy). The absorbance of each sample was recorded at three wavelengths: 620 nm, 650 nm,
and 280 nm, corresponding respectively to the highest absorption of PC, allophycocyanin, and TPC.
The concentration of PC was then calculated by applying the Bennett-Bogorad equation, which
ensures the correction of overlapping absorption among PBP, providing an accurate estimation of PC

content in the extract.

[Ag20 — 0.474(Ags0)]
5.34

[PC] =
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5.2.8 Purity determination of PC extract

Traditionally, the purification of PC extracts relies on labor-intensive and costly techniques such as
Ion Exchange Chromatography (IEC) and purification by pH-gradient elution [164]. In the present
study, an alternative and more straightforward approach was explored, involving the use of Amicon®
ultrafiltration cartridges to enhance the purity of the extract.

The purity of the obtained PC extract was evaluated spectrophotometrically. Specifically, the purity
index was calculated as the ratio of the absorbance measured at 620 nm (corresponding to the
characteristic absorption peak of PC) to the one measured at 280 nm (associated with total protein
content). This ratio provides a reliable indicator of extract purity, with higher values reflecting lower

contamination from other proteins or impurities.

. A
Purity = A6—2°
280

5.2.9 Evaluation of extract stability

Previous studies have indicated that sugars can enhance the stability of PC and that NADES are
capable of stabilizing protein structures [ 169]. To evaluate and corroborate these findings, the stability
of PC was assessed in both aqueous and NADES-based extracts. Both types of extracts were stored
at 4 °C in the dark, and the PC content was monitored daily over a period of two months using a
spectrophotometric assay. This approach allowed for a comparative analysis of the stabilizing effects

of NADES versus conventional aqueous solutions on PC over time.

5.2.10 HPLC-MS qualitative analysis

The phenolic compound profile of the extracts was analyzed using a Shimadzu Prominence LC-20A
liquid chromatograph (Shimadzu, Milan, Italy) equipped with dual LC-20 AD XR pumps, an
autoinjector (SIL-10ADvp), a column oven (CTO-20 AC), a degasser (DGU-20 A3), and coupled to
a DAD (SPD-M10Avp) and a single quadrupole mass spectrometer (LCMS-2010 EV, Shimadzu,
Tokyo, Japan) with an ESI interface. Data acquisition and analysis were performed using Shimadzu

LC Solution software, version 3.7 (Shimadzu, Tokyo, Japan). Separation was carried out on an
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Ascentis® Express 90 A F5 column (15 cm x 2.1 mm, 2.7 pm particle size; Merck KGaA, Darmstadt,
Germany) maintained at 35 °C. The mobile phase consisted of 0.1% (v/v) formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B), delivered at a constant flow rate of 0.2
mL/min. The injection volume was 2 puL, and the gradient program for phenolic separation was as
follows: 0 min, 5% B; 30 min, 35% B; 35 min, 100% B; 42 min, 100% B. Chromatograms were
monitored at 323 nm using the PDA detector with a spectral range of 200—400 nm.

MS data were acquired in negative ionization mode with the following parameters: nitrogen
nebulizing gas flow, 1.5 mL/min; dwell time, 1 s; m/z acquisition range, 100-800 m/z; scan rate,
1000 amu/s; detector voltage, 1.5 kV; interface temperature, 250 °C; CDL temperature, 300 °C;
heated block temperature, 300 °C; interface voltage, 3.50 kV; Q-array voltage, 0.0 V; and Q-array
RF, 150.0 V. This setup allowed for precise qualitative and quantitative analysis of phenolic

compounds in the Spirulina extracts.

5.3 Results

5.3.1 Selection of the extraction solvent for phenolic compounds and PC from Spirulina

Six NADESs were selected as potential extraction media for phenolic compounds and PC from
Spirulina powder: glucose—glycerol (1:2), betaine—glucose (1:2), betaine— LA (1:2), ChCl-glycerol
(1:2), ChCl-glucose (1:2), and ChCl- LA (1:2). Among these, glucose—glycerol and betaine— LA
NADESs had been previously tested for PC recovery from Spirulina, whereas the remaining
formulations have been widely reported in the literature as effective solvents for the extraction of
bioactive molecules from plant matrices [146]. The use of NADESs composed of naturally occurring
molecules found in plant biomass offers several advantages. In particular, NADES can stabilize
protein structures [169] and, as previously described, ensure the extraction to be performed without
freeze-thaw cycles, reducing the environmental impact of the process [168]. To select the most
suitable extraction solvent, all six NADESs were tested under standardized conditions: a matrix-to-
solvent ratio of 1:20 (w/w) and sonication in an ultrasonic bath at 50 °C for 1 hour. Following

sonication, the mixtures were centrifuged at 5000 rpm for 15 minutes, and the supernatants were
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collected as extracts. The extraction efficiency of the NADESs was compared to that of water, which
is traditionally used for phenolic and PC recovery from Spirulina. As illustrated in Fig.23, NADESs
generally followed a similar trend in their ability to extract both phenolic compounds and PC. The
lowest extraction yields for TPC and PC were observed with NADESs containing LA as the HBD.
The high acidity of these NADESs (pH = 2) caused partial degradation of PC and structural alterations
in phenolic compounds [170].

Betaine—glucose, betaine—glycerol, and ChCl-glucose NADESs demonstrated comparable efficiency
in extracting phenolic compounds, yielding TPC values in line with those reported in the literature
for organic solvent-based extractions [171]. Water showed reasonable phenolic compound extraction
but was less effective for PC, particularly in the absence of freeze—thaw cycles necessary to disrupt
the cell wall. Among the tested solvents, sugar-based NADESs provided the highest PC extraction
efficiency, likely due to the stabilizing effect of sugars on PC structure. However, ChCl—glucose
NADES exhibited poor reproducibility for phenolic compound extraction. Considering both
extraction efficiency and reproducibility, betaine—glucose NADES was identified as the most suitable
solvent, combining high yields for PC with reliable phenolic compound recovery. Consequently, it

was selected for further optimization in subsequent experiments.
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Fig. 23: TPC (a) and PC concentration (b) obtained using tested NADESs. One-way analysis of variance
(ANOVA) followed by Tukey s test was performed to define statistically significant differences. Different
letters mean statistically significant differences among results

5.3.2 Percentage of water to be added to the DES

DESs are generally characterized by high viscosity, which can negatively impact extraction efficiency
and reproducibility. One common strategy to mitigate this issue is the addition of water to the DES.
The high viscosity of betaine—glucose NADES has been previously reported in the literature [172],
making water addition a critical parameter for optimization. To determine the optimal water content,
two SLEs were conducted at 50 °C for 1 hour using betaine—glucose NADES (1:2 molar ratio)

supplemented with either 30% or 40% (v/v) water. Lower water percentages (<30%) were not tested,
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as the NADES remained excessively viscous and prevented effective separation between the
Spirulina matrix and the solvent. Water concentrations above 40% were avoided because at
approximately 50% water content, the DES structure begins to collapse, leading to a marked reduction
in extraction efficiency. As shown in Fig. 24, the highest recovery of both TPC and PC was achieved
with betaine—glucose NADES containing 30% (v/v) water. These findings are consistent with
previous reports in which betaine—glucose NADES was employed as an effective solvent for the
extraction of bioactive compounds from plant materials [146]. Accordingly, all subsequent extraction
optimization experiments were carried out using betaine—glucose DES supplemented with 30% water

as the extraction solvent.
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Fig. 24: TPC (a) and PC concentration (b) obtained considering different percentages of water to be added
to the NADES. One-way analysis of variance (ANOVA) followed by Tukey s test was performed to define
statistically significant differences. Different letters mean statistically significant differences among results
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5.3.3 Selection of matrix-to-solvent ratio

Extraction of PC and phenolic compounds from Spirulina typically requires relatively high matrix-
to-solvent ratios to ensure effective solubilization of the target compounds. Lower ratios often result
in poor separation between the Spirulina biomass and the solvent. In this study, two matrix-to-solvent
ratios, 1:20 and 1:30 (w/w), were evaluated. For each extraction, 0.5 g of Spirulina powder was mixed
with the corresponding amount of betaine—glucose NADES containing 30% water, according to the
selected ratios. The mixtures were sonicated in an ultrasonic bath (Elmasonic S30H, Elma
Schmidbauer GmbH, Singen, Germany) for 1 hour at 50 °C. As illustrated in Fig. 25, no significant
differences in TPC or PC content were observed between the two tested ratios. Considering that the
1:20 (w/w) ratio requires a smaller volume of extraction solvent while achieving comparable yields,

it was selected for all subsequent optimization experiments.
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Fig. 25: TPC (a) and PC concentration (b) obtained by considering different quantities of matrix-to-solvent
ratio. One-way analysis of variance (ANOVA) followed by Tukey s test was performed to define statistically
significant differences. Different letters mean statistically significant differences among results.
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5.3.4 Extraction temperature and time optimization

The efficiency of analyte extraction from Spirulina is strongly influenced by both the temperature
and the duration of the extraction process. In general, longer extraction times are expected to increase
yield, as the solvent has more opportunity to penetrate the biomass and solubilize target compounds
[173]. Similarly, higher temperatures can enhance extraction by improving solvent diffusivity and
mass transfer; however, excessive heat may lead to degradation of sensitive molecules such as PC
and phenolic compounds [163]. To determine the optimal extraction temperature, two experiments
were conducted using betaine—glucose NADES supplemented with 30% water as the solvent,
maintaining a matrix-to-solvent ratio of 1:20 (w/w). In both cases, 0.5 g of Spirulina powder was
mixed with the appropriate amount of NADES and sonicated in an ultrasonic bath for 1 hour at either
25 °C or 50 °C. As shown in Fig. 26, extraction yields for both TPC and PC were significantly higher
at 50 °C. This improvement can be attributed to enhanced mass transfer of the solvent into the biomass
at elevated temperatures, which facilitates the release of bioactive compounds. Once the optimal
temperature was established at 50 °C, the effect of extraction time was investigated. Using the same
solvent system and conditions, three different sonication durations—30 minutes, 1 hour, and 2
hours—were tested. As presented in Fig. 27, no statistically significant differences were observed in
TPC across the different extraction times. In contrast, PC content increased when extending the
extraction time from 30 minutes to 1 hour, after which a plateau was reached, showing no further
improvement with a 2 hour extraction. Based on these results, an extraction temperature of 50 °C
combined with a duration of 1 hour was selected as the optimal condition. This balance ensures
efficient recovery of both PC and phenolic compounds while minimizing the risk of thermal
degradation and avoiding unnecessarily prolonged processing times, improving the overall efficiency

and reproducibility of the extraction method.
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Fig. 26: TPC (a) and PC (b) concentration obtained by considering extraction temperatures at 25°C and
50°C. One-way analysis of variance (ANOVA) followed by Tukey s test was performed to define statistically
significant differences. Different letters mean statistical statistically significant differences among results.
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Fig. 27: TPC and PC concentration obtained by testing the extraction at different times. One-way analysis of
variance (ANOVA) followed by Tukey's test was performed to define statistically significant differences.
Different letters mean statistically significant differences among results

5.3.5 Purity of the extract

An extract enriched in both phenolic compounds and PC was prepared under the previously optimized
conditions. Specifically, 0.5 g of Spirulina powder was mixed with 7.35 mL of betaine—glucose
NADES at a 1:2 molar ratio. The mixture was vortexed to ensure homogeneity and then placed in an
ultrasonic bath at 50 °C, operating at a frequency of 37 kHz and a thermal power of 200 W, for 1
hour. After sonication, the samples were centrifuged at 5000 rpm for 15 minutes, and the supernatant
was collected as the extract. The initial purity of the extract was 0.2. To enhance the purity of PC, the
extract was subjected to ultrafiltration using Amicon® Ultra-15 centrifugal filters with a 100 kDa

molecular weight cut-off. Subsequent analysis demonstrated that this filtration step effectively
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increased the PC purity from approximately 0.2 to 0.5, as illustrated in Fig. 28 The use of Amicon®
Ultra-15 centrifugal filters represents an innovative and successful approach for improving the purity
of PC in NADES-based extracts, offering a simple and efficient alternative to more complex and

time-consuming purification techniques.

0,6 b

620nm/280nm
L
w

before purification after purification

Fig. 28: Extract purity before and after centrifugation with Amicon Ultra-15. One-way analysis of variance
(ANOVA) followed by Tukey s test was performed to define statistically significant differences. Different
letters mean statistically significant differences among results

5.3.6 Stability of extract

The PC stability in the extract obtained using betaine—glucose NADES under optimized conditions
was evaluated and compared with that of a PC extract prepared in water. Both extracts were analyzed
daily over a 60 days period using the spectrophotometric method described in Section 2.7 [166], and
PC concentrations were determined accordingly.

The absorbance data collected during the 60 days storage period demonstrated that PC exhibited
significantly higher stability in the NADES-based extract compared to the aqueous extract. As
illustrated in Fig. 29, a gradual decrease in PC concentration was observed in both extracts over time.
However, after 60 days, PC content in the water extract had decreased by approximately 53%,
whereas the NADES extract showed a much smaller reduction of only 20%. These results indicate
that betaine—glucose NADES is an effective solvent for obtaining a PC-enriched extract with
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improved long-term stability. The stabilizing effect is likely associated with the osmoprotective role
of betaine, which helps prevent protein degradation, while glucose may function similarly to
trehalose, providing additional protection against structural denaturation. Although the precise
mechanisms by which NADES stabilize proteins remain unclear, these findings support the
hypothesis that NADES components—naturally occurring in biomass—can enhance protein stability
through their inherent roles as osmolytes [169].

The optimized extraction procedure enabled the efficient recovery of both phenolic compounds and
PC from Spirulina powder. Under the selected conditions—using betaine—glucose NADES
supplemented with 30% water as the extraction solvent, a matrix-to-solvent ratio of 1:20 (w/w), an
extraction temperature of 50 °C, and a sonication time of 1 hour—the yield of phenolic compounds
was 11.77 £ 1.23 mg GAE per gram of Spirulina powder, while the PC content reached 27.56 + 2.46
mg per gram of biomass. The resulting extract demonstrated enhanced stability of PC over time and
a purity index of 0.5, indicating a significant reduction in contamination from other proteins or matrix
components. By employing betaine—glucose NADES, the proposed method avoids the need for
energy-intensive and environmentally demanding freeze—thaw cycles typically required to disrupt the
microalgal cell wall. Furthermore, the sugar and NADES osmolyte composition contributes to the
stabilization of PC, helping maintain its structure and functionality during storage. Overall, this
approach represents an effective and sustainable strategy for the simultaneous extraction of phenolic
compounds and PC from Spirulina. It produces an enriched extract with high bioactive content and
improved stability, while reducing environmental impact and simplifying the extraction process

compared to traditional methods that rely on organic solvents or repeated freeze—thaw treatment.
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Fig. 29: Figures show the concentrations of PC in the water extract (a) and in DES extract (b) at 30- and 60-
days intervals. One-way analysis of variance (ANOVA) followed by Tukey s test was performed to define
statistically significant differences. Different letters mean statistically significant differences among results.

5.3.7 HPLC/ESI-MS qualitative analysis

Spirulina is recognized as a rich source of phenolic compounds, including caffeic acid, chlorogenic
acid, salicylic acid, quinic acid, gallic acid, and catechin [174]. To tentatively identify the phenolic
compounds present in Spirulina powder, the extract obtained under the optimized extraction
conditions was analyzed using the HPLC-PDA/ESI-MS method described in Section 5.2.10. The
analysis allowed for the tentative identification of four phenolic compounds—caffeic acid, quercetin,
rosmarinic acid, and chlorogenic acid—as well as two organic acids, citric acid and succinic acid,
which are known for their potential therapeutic activities. The identification was based on the
detection of the deprotonated molecular ions [M-H] ™ in the mass spectra. The chromatogram, shown
in Fig. 30, was extracted at a wavelength of 323 nm to highlight the phenolic signals. Each peak in

the chromatogram corresponds to an analyte listed in Table 4, which provides the identification
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number, compound name, retention time (tr), and m/z [M-H] values. It is important to note that the
identified compounds mainly represent the most abundant or detectable species under the adopted
experimental conditions. In particular, both the NADES-based extraction procedure and the analytical
technique employed may have influenced the observed profile. The extraction system may selectively
favor specific classes of compounds, while the use of HPLC coupled with a single quadrupole mass
spectrometer may not provide sufficient sensitivity and resolution for the identification of compounds
present at low concentrations. Therefore, the limited number of identified compounds does not
necessarily reflect the full chemical composition of the sample. The application of high-resolution
mass spectrometry techniques could enable the identification of additional metabolites, including
those present in trace amounts. In agreement with the literature, Spirulina exhibits a broader phenolic
profile, including compounds such as gallic acid, salicylic acid, catechins, and other phenolic
derivatives, which were not detected in the present study, likely due to methodological limitations or
matrix effects. These results nevertheless confirm that the optimized NADES-based extraction
method is effective in recovering a variety of bioactive phenolic and organic compounds from

Spirulina, further supporting its potential as a source of nutraceutical ingredients.

Peak m/z
number Analyte ® 1 MeH
1 Citric acid 2.6 191
2 Caffeic acid 39 179
3 Succinic acid 9.5 117
4 Quercitrin 11.1 447
5 Rosmarinic acid | 21.1 359
6 Chlorogenic acid | 34.7 353

Table 4: Identification number (given in accordance with the elution order), name, tR and m/z ion of phenolic
compounds and organic acids identified in the Spirulina extract.

84



20052
700

6004

N R T T T T T T T T T Y T T T D R |
5.0 10.0 150 20.0 250 30.0 350 40.0 45.0 min

Fig. 30: HPLC-PDA phenolic compounds chromatogram (wavelength at 323 nm) of Spirulina extract. Peak
number refer to Table 4

5.4 Conclusion

The developed and optimized extraction procedure represents an innovative, rapid, and
environmentally friendly alternative to conventional methods for recovering phenolic compounds and
PC from Spirulina. This approach is the first to successfully target the simultaneous extraction of both
phenolic compounds and PC, providing an extract enriched in bioactive molecules suitable for
applications in nutraceutical and cosmeceutical industries. The study confirmed the remarkable
efficiency of NADESs in extracting phenolic compounds, achieving yields that surpass those obtained
with traditional organic solvents. Beyond enhancing extraction efficiency, NADESs improve the
permeability of the microalgal cell membrane, eliminating the need for labor-intensive freeze—thaw
cycles typically required to release PC. This feature makes the method not only faster but also more
sustainable and environmentally responsible. For applications in nutraceuticals, it is crucial to obtain
a PC extract free from contaminating proteins. In this context, the use of Amicon® Ultra-15
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centrifugal filters proved to be a highly effective and practical strategy for increasing the purity of
PC, offering a simple and reproducible alternative to more complex purification techniques.
Furthermore, the combination of betaine and glucose in the NADES contributes to the long-term
stabilization of PC, thanks to the osmoprotective properties of betaine and the potential protein-
stabilizing effect of glucose. As a result, the optimized method produces a bioactive extract with high
purity, enhanced stability, and a rich content of both phenolic compounds and PC. This makes it a
powerful and versatile approach for the development of functional ingredients and products in the
fields of nutraceuticals, cosmeceuticals, and beyond, where the preservation of bioactivity and

structural integrity of compounds is essential.
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6. Supramolecular deep eutectic solvents (SUPRADESSs) as extraction media for

bioactive molecules from plant matrices

6.1 Introduction

Phenolic compounds represent one of the largest and most important classes of secondary metabolites
produced by plants. These molecules, characterized by the presence of one or more aromatic rings
with hydroxyl groups, are widely distributed throughout the plant kingdom and play a crucial role in
both plant physiology and interactions with the surrounding environment [12].

From a chemical standpoint, phenolic compounds are distinguished by their benzene ring-based
structure, which confers specific physicochemical properties, such as the ability to form hydrogen
bonds and participate in redox reactions. This structure underpins the fundamental role of phenolic
compounds in protecting plants from various forms of oxidative and environmental stress [175].
The diversity of phenolic compounds is extensive, encompassing numerous subclasses, each with
distinct characteristics. These subclasses include phenolic acids, flavonoids, tannins, and lignins.
Phenolic acids, including caffeic and ferulic acid, have been identified as key components in the
reinforcement of cell walls, thereby contributing to mechanical strength and defense against
pathogens [22]. Flavonoids, one of the most extensively studied families, contribute to the
pigmentation of flowers, fruits, and leaves, facilitating ecological processes such as pollination and
seed dispersal. Tannins are high-molecular weight polyphenols that act as chemical deterrents against
herbivores due to their ability to bind proteins and reduce digestibility. Lastly, lignins are phenolic
polymers that confer rigidity and impermeability to cell walls, supporting the development of woody
tissues [176].

The functions of phenolic compounds in plants are essential for survival. They participate in defense
mechanisms against biotic stress, such as infections by pathogens and herbivore attacks, as well as
abiotic stress, including exposure to UV radiation, drought, and salinity. They exhibit antioxidant

properties, as they can neutralize free radicals generated under stress conditions, protecting plant cells
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from oxidative damage. Moreover, phenolic compounds contribute in regulating plant growth and
development through interactions with hormones. They also influence ecological interactions by
promoting symbiotic relationships with beneficial microorganisms, such as mycorrhizal fungi and
rhizosphere bacteria [175].

Beyond their role in plant physiology, phenolic compounds are of great interest for their impact on
human health. Several studies have highlighted their antioxidant, anti-inflammatory, antimicrobial,
and potentially anticancer properties. For this reason, these compounds are gaining increasing
importance in the fields of nutraceuticals and pharmacology [177]. Their ability to modulate oxidative
and inflammatory processes in the human body positions them as key components in the prevention
of chronic and degenerative diseases [178].

Quercetin is one of the most abundant and extensively studied flavonoids in plants, belonging to the
flavonol subclass. Chemically, it is a polyphenol with a three-ring structure and multiple hydroxyl
groups that determine its chemical and biological properties. (Fig. 31) Its molecular formula is

CisH1007, and its structure allows quercetin to act as an effective antioxidant [179].

OH
OH

HO O

OH
OH O

Fig. 31: Quercetin structure

Quercetin is present in many plants, particularly in fruits, vegetables, leaves, and seeds. Rich dietary
sources include apples, onions, green tea, citrus fruits, berries, and grapes. It is well known for its
ability to neutralize free radicals, protecting cells from oxidative damage [180].

Biologically, quercetin performs multiple functions. In addition to its potent antioxidant activity, it
exhibits anti-inflammatory, antiviral, antibacterial, and anticarcer properties. Numerous in vitro and
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in vivo studies have demonstrated its potential to inhibit inflammatory pathways, modulate immune
responses, and interfere with abnormal cell proliferation [181].

In the nutraceutical and pharmacological fields, quercetin is being studied for its beneficial effects in
the prevention and treatment of chronic diseases such as cardiovascular disorders, diabetes,
neurodegenerative diseases, and certain types of cancer. Its ability to improve endothelial functions,
reduce hypertension, and regulate glucose levels in blood highlight its value for human health [182].
Despite its numerous potential benefits, quercetin’s bioavailability in the human body is relatively
low, due to its poor water solubility (logP:1.5) and rapid metabolism. As a result, research is also
focused on the development of innovative formulations to enhance its absorption and therapeutic
efficacy. One effective strategy involves encapsulation in CDs, a family of cyclic oligosaccharides
derived from starch [183].

CDs are cone-shaped molecules composed of glucose units linked together to form a ring with a
hydrophobic internal cavity and a hydrophilic external surface. This structure enables CDs to host
hydrophobic or poorly water-soluble molecules, such as quercetin, by forming inclusion complexes.
The encapsulation of quercetin within CDs improves its aqueous solubility while simultaneously
protecting it from chemical and metabolic degradation [184]. Additionally, this technique enhances
the molecule’s thermal and photochemical stability, making it more resistant during storage and
administration [185].

From a pharmacokinetic perspective, quercetin-CD complexes facilitate intestinal absorption and
controlled release, improving bioavailability and therapeutic efficacy. Multiple studies have shown
that the oral administration of CD-quercetin complexes increases the phenol’s concentration in
plasma, ensuring more pronounced biological effects with lower doses [186].

Beyond improving bioavailability, CD encapsulation may also reduce gastrointestinal side effects
and enhance tolerability, making this technology particularly attractive for the development of

quercetin-based dietary supplements and pharmaceutical products [187,188].
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SUPRADESs, as previously discussed in Paragraph 2.2.2, are innovative solvents characterized by
the presence of CDs, which confer unique supramolecular properties. These properties enable
SUPRADESs to form inclusion complexes with hydrophobic or poorly soluble molecules. This
capability makes SUPRADESs highly effective as extraction solvents, improving both selectivity and
efficiency in the recovery of bioactive compounds [189].

They are particularly suited for extracting natural substances such as flavonoids and alkaloids, often
found in complex matrices such as plants or agro-industrial residues. In addition to enhancing the
solubilization of these compounds, the inclusion of CDs also protects them from chemical and
oxidative degradation during the extraction process, ensuring greater stability and preserving their
functional and therapeutic properties [189].

Numerous studies in the literature have highlighted the SUPRADESs potential as effective extraction
solvents. For instance, Huang et al. [190], tested various SUPRADES-based formulations for
extracting phenolic compounds from tea, achieving promising results.

The high extraction efficiency of SUPRADESSs is largely attributed to their extensive hydrogen
bonding network, which facilitates interaction with polyphenols and enhances their solubility. In this
way, SUPRADESs have proven to be versatile and powerful tools for the extraction of bioactive
molecules from natural matrices [190].

Zhang et al. [191], developed and optimized an innovative method for extracting flavonoids from
Scutellariae Radix using SUPRADESSs. Specifically, they tested various DES-based formulations
enriched with both native and modified CDs. Among the tested formulations, the one composed of
DMBA and OA with the addition of 5.5% B-CD proved to be the most effective. The presence of
CDs facilitated host—guest interactions with flavonoids, significantly improving extraction yield
compared to conventional DESs.

SUPRADESs have shown promising developments in the field of analytical applications, serving
versatile roles not only as extraction solvents but also as desorption agents, sorbent materials, phase

modifiers, and chiral selectors. Table 5 lists several types of SUPRADESs along with their respective
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applications, highlighting the diversity and effectiveness of these systems in various analytical

contexts [133].

Method

UA-SLE

SA-SLE

SA-SLE

UA-SLE

UA-SLE

UA-SLE

VA-SLE

SUPRADESSs

1.5 % w/v
B-CD in L-
LA/ammonium
acetate (7:1)

1.0 % w/v
HP-£-CD in
glycerol/
sodium
acetate (6:1)

0.7 % w/v
p-CD in L-
LA/ammonium
acetate (7:1)

3 % wiw
HP-B-CD in
ChCl/malic acid
(1:1)

B-CD/LA (1:1)

HP-B-CD/L-LA
(1:5)

5.5 % wiw B-
CD in
DMBA/OA
(1:2)

Table 5: Applications of SUPRADESs in analytical studies

Sample

Medicinal
plants
(thyme,
oregano,
Greek sage,
and sage

Moringa
oleifera
leaves

Olive leaf

Chokeberry
fruits

Bayberry

White tea

Scutellarie
Radix

Analyte

Polyphenols

Polyphenols

Polyphenols

Anthocyanins

Polyphenols

Polyphenols

Flavonoids

Analytical
instrument

UV-Vis

Uv-Vis and
LC-DAD-MS

HPLC-DAD

Uv-Vis

Uv-Vis

HPLC-UV

Results
Extraction
yield

62.0-117.5 mg
CAE/g

66.3 0.5 mg
GAE/g

113.7 mg
CAE/g

N.R.

28913 mg
GAE/g

111423 mg
GAE/g

158 mg/g

Refs.

[141]

[192]

[193]

[194]

[195]

[190]

[191]

The project therefore aimed to extract quercetin using SUPRADESs. The working hypothesis

underlying the study was that the formation of an inclusion complex between quercetin and CDs

could improve the solubility and stability of the molecule, as well as reduce its metabolic rate,
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resulting in an increase in overall bioavailability. Quercetin is a flavonoid widely found in the plant
kingdom, but its application in nutraceuticals and pharmaceuticals is limited by its low water
solubility and rapid metabolic degradation. The use of SUPRADES therefore represents a promising
approach to overcoming these critical issues, allowing for more efficient and selective extraction of
bioactive compounds and, at the same time, their better preservation and biological availability.
Before applying the methodology to actual plant matrices, preliminary tests were conducted under
controlled laboratory conditions to evaluate the main extraction parameters and to verify the ability
of SUPRADES to form stable complexes with quercetin. These initial tests made it possible to
optimize the operating conditions and confirm the validity of the proposed approach, laying the

foundations for the application of the method to real samples of plant origin.

6.2 Materials and methods

6.2.1 Chemicals

ChCl, Urea, B-CD, levulinc acid, quercetin standard, methanol (MeOH) and EtOH (HPLC grade),
Phosphate buffer prepared from sodium dihydrogen phosphate (NaH-PO.) and disodium hydrogen
phosphate (Na2HPOs4), hexan, Isoamyl acetate (reagent grade 98%) were supplied by Sigma-Aldrich
(Milan, Italy). Water (HPLC-MS grade) and formic acid (95-97 %) were purchased by Sigma-
Aldrich (Milan, Italy). Acetonitrile (99.9 %) hypergrade for LC-MS and gallic acid were supplied by

Merck KGaA (Darmstadt, Germany).

6.2.2 Samples

Preliminary tests were carried out on standard quercetin solutions to evaluate the extraction efficiency
of SUPRADES:Ss in controlled conditions prior to proceeding with complex plant matrices.
Solutions with a known concentration (100 pg/mL) of quercetin in MeOH and isoamyl acetate were

prepared from the standard solution of quercetin in dimethyl sulfoxide (DMSO) (10.000 pg/mL).
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6.2.3 SUPRADES:s preparation

Two types of SUPRADESs were prepared: B-CD-levulinic acid (1:27 molar) and ChCl—urea (1:2) +
2% B-CD.

The B-CD and levulinic acid were weighed in the indicated molar proportions and mixed at 60 °C
under magnetic stirring for one hour, until a homogeneous and transparent liquid was obtained.

To prepare the ternary SUPRADES, DES was first produced consisting of ChCl and urea in a molar
ratio of 1:2. The two components, weighed appropriately, were heated to 80°C until a homogeneous
liquid was obtained. Subsequently, 2% (w/w) B-CD was added and the mixture was kept at 60°C for
about 1 hour to obtain the final SUPRADES.

The systems obtained were characterized by FTIR spectroscopy to verify the formation of hydrogen

bonds typical of DESs and the stability of the supramolecular system.

6.2.4 Absorption experiments

Two different SUPRADESs were tested; one consisting of f-CD-levulinic acid (1:27) and the other
of ChCl-Urea + 2% B-CD—to evaluate their effectiveness in recovering quercetin from a standard
solution (100 pg/mL).

For the SUPRADES formed by B-CD-levulinic acid, 1000 pL of this SUPRADES were added to 500
uL of a quercetin standard solution (100 pg/mL) prepared in MeOH.

The absorption capacity of SUPRADES formed by ChCl-Urea + 2% [-CD was evaluated by mixing
1000 pL of SUPRADES with 500 pL of a standard solution of quercetin (100 pg/mL) prepared in
isopentyl acetate.

It was necessary to change the solvent of the standard in order to ensure its immiscibility with
SUPRADES, thus allowing the formation of two separate phases. In fact, for both experiments, after
shaking for 5 minutes, the system separated into two phases: a lower phase represented by
SUPRADES, which should retain quercetin, and an upper phase represented by the solvent of the

standard solution. The upper phase was collected and analyzed by HPLC.
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Once the most effective SUPRADES was identified, three versions of this SUPRADES were tested
to evaluate their quercetin absorption capacity: one containing 1% CD, one with 2% CD, and one
consisting of pure DES without CDs.

After selecting the SUPRADES with the best absorption ability, different volume of quercetin

standard solution- volume of SUPRADES ratios were tested:

e 500 pL of quercetin standard (100 pg/mL) + 1000 pL. of SUPRADES (1:2)
e 500 pL of quercetin standard (100 pg/mL) + 500 uL of SUPRADES (1:1)

e 1000 puL of quercetin standard (100 pg/mL) + 500 pL. of SUPRADES (2:1)

6.2.5 Optimization of quercetin release from SUPRADES

To estimate the actual recovery of quercetin from the standard solution using SUPRADES, an HPLC
analysis of the extract was performed. However, when the SUPRADES containing quercetin was
injected, no signal was detected. Assuming that quercetin was indeed contained within the CDs, it
was necessary to break the quercetin—-CD complex to release the quercetin. Since the complex is
stabilized by hydrogen bonds, van der Waals forces, and hydrophobic interactions, these forces had
to be overcome to free the molecule. Hexane and a phosphate buffer at pH 7 were tested as potential
solvents to break the quercetin—3-CD complex. A volume of 500 pL of the two solvents was added
to the recovered SUPRADES. The mixtures were stirred for 30 minutes, then the solvents that should
have contained quercetin were collected and analyzed by HPLC.

Since the results were not satisfactory, it was decided to first test a mixture of phosphate buffer and
MeOH, and then MeOH alone.

After identifying the most efficient solvent (MeOH) for quercetin release, both the SUPRADES
volume-solvent volume ratio the contact time were optimized. Specifically, the SUPRADES volume
was kept constant at 500 pL, while solvent volumes of 1 mL and 2 mL were tested. Once the most

effective solvent volume was selected, the contact time between the SUPRADES and the chosen
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solvent was optimized. Three conditions were tested: 30, 60, and 90 minutes, in order to identify the
optimal conditions for maximizing quercetin release.
To increase the environmental sustainability of the process EtOH was tested as green solvent to

replace the organic one, while maintaining the optimized conditions.

6.2.6 Evaluation of CDs efficiency

After optimizing the absorption and release procedure, another test was performed to evaluate the
efficiency of the CDs. Three versions of the optimized SUPRADES were tested to evaluate their
ability to absorb quercetin: one containing 1% CD, one containing 2% CD, and one composed of pure

DES without CD.

6.2.7 HPLC analysis

Quercetin determination was performed through; Shimadzu Prominence LC-20A chromatograph
(Shimadzu, Milan, Italy) was used, equipped with two pumps (LC-20 AD XR), an autoinjector (SIL-
10ADvp), a column furnace (CTO-20 AC), a degasser (DGU-20 A3) and coupled with a DAD (SPD-
M10Avp). Shimadzu LC solution Ver. 3.7 (Shimadzu, Tokyo, Japan) program was selected. The

column selected for analysis was an Ascentis® C18 (15cm x 4.6 mm x 3 pm) (Merck KGaA,

Darmstadt, Germany). The analytes were eluted with a constant flow of 1 mL min— 1 with a column
temperature of 40°C. The mobile phase was composed by an acidified aqueous solution with 0.1 %
(v/v) formic acid (A) and acetonitrile acidified with 0.1 % formic acid (B). The injected volume was
2 pL and the gradient used for the separation of the phenolic compounds was: t0’ =10 % B; t20°=100

%B; t25’=100 % B

6.3 Results

6.3.1 Absorption experiments

SUPRADESs B-CD-levulinic acid (1:27) and ChCl-Urea + 2% B-CD were tested as extraction
solvents to evaluate their ability to recover quercetin from a standard quercetin solution (100 pg/mL).

Extraction with 500 pL of quercetin standard (100 pg/mL) and 1000 pL of SUPRADES (B-CD-
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levulinic acid) showed a theoretical recovery of 50% quercetin. Meanwhile, the extraction performed
with SUPRADES composed of ChCl-Urea + 2% B-CD showed a theoretical recovery of 100% for

quercetin. Fig. 32 clearly shows that the most efficient SUPRADES is ChCl-Urea + 2% B-CD.
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Fig. 32: Theoretical recovery of quercetin using two different types of SUPRADES: p-CD-levulinic acid
(1:27) and ChCl-Urea + 2% p-CD

The most efficient SUPRADES were selected for subsequent testing. In particular, the following
ratios between the volume of the quercetin standard solution and the volume of SUPRADES were

tested:

e 500 puL of quercetin standard (100 ug/mL) + 1000 uLL of SUPRADES (1:2)
e 500 puL of quercetin standard (100 pg/mL) + 500 pL of SUPRADES (1:1)

e 1000 pL of quercetin standard (100 pg/mL) + 500 uL. of SUPRADES (2:1).

As can be seen in Fig. 33, the extraction performed with SUPRADES consisting of ChCl-Urea + 2%
B-CD showed a theoretical quercetin recovery of 100% with both a 1:1 and a 1:2 ratio, while with a
2:1 ratio (1000 pL of quercetin and 500 pL of SUPRADES) the recovery dropped to 31%. Based on

these results, the 1:1 ratio was selected as the most effective.
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Fig. 33: The figure shows the theoretical recovery percentages of the experiments conducted at different
quercetin: ChCl-Urea + 2% [-CD ratios.

6.3.2 Optimization of quercetin release from SUPRADESs

To optimize the release of quercetin from SUPRADES, different solvents were tested: hexane,
phosphate buffer at pH 7, phosphate buffer at pH 7 combined with MeOH, and only MeOH.
Considering that this complex is stabilized by hydrogen bonds, van der Waals interactions, and
hydrophobic interactions, several strategies were developed to overcome these intermolecular forces.
First, hexane was used, selected for its ability to disrupt hydrophobic interactions. In parallel, a
phosphate buffer at pH 7 was employed, chosen for its potential to interfere with hydrogen bonds.
However, neither the addition of 500 puL of hexane nor the use of 500 puL of phosphate buffer at pH
7 allowed a detectable release of quercetin.

Based on these results, a new strategy was therefore developed, based on the combination of
phosphate buffer and MeOH, with the aim of combining the effect of a polar solvent with that of an
organic co-solvent capable of reducing hydrophobic interactions. This treatment allowed the release
of approximately 30% of the quercetin. To evaluate the role of the buffer, pure MeOH was then tested
(1 mL of MeOH added to 500 uL. of SUPRADES containing quercetin), resulting in an 80% release.
(Fig. 34) This indicated that the buffer was not necessary; therefore, MeOH was selected as the

solvent for quercetin release.

98



100

% recovery
T )
(e -] [e)

o

N
(e

(e

phosfate buffer + MeOH MeOH

Fig. 34: The Figure shows the percentage of quercetin released from SUPRADES using phosphate buffer +
MeOH and only MeOH.

Subsequently, both the SUPRADES volume and the solvent volume ratio, as was well as the contact
time, were optimized. Specifically, the SUPRADES volume was kept constant at 500 uL, while
solvent volumes of 1 mL and 2 mL were tested. As shown in the Fig. 35, increasing the MeOH volume
up to 2 mL did not improve quercetin recovery; therefore, | mL was chosen as the optimal volume.
While extending the contact time (30, 60 or 90 minutes) led to a decrease in release, probably due to
the re-encapsulation of quercetin in the B-CD cavity (Fig. 36), for this reason, the best time is 30

minutes.
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Fig. 35: The figure shows the percentage release of quercetin from SUPRADES using 1 mL of MeOH and 2
mL of MeOH.
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Fig. 36: The graph shows the percentage of quercetin released from SUPRADES by increasing the contact
time between SUPRADES and MeOH.

Since MeOH is toxic and not considered a “green” solvent, EtOH was tested as a safer alternative.
Keeping the previously optimized conditions, EtOH was used as the release solvent. In practice,
adding 1 mL of EtOH to 500 pL of the SUPRADES—quercetin complex, followed by shaking for 30
minutes and HPLC-PDA analysis, allowed 70% of the quercetin to be released (Fig. 37). Although
the release efficiency with EtOH is slightly lower than with MeOH, EtOH was still preferred

because it is non-toxic and therefore safer.
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Fig. 37: The figure shows the percentage of quercetin released from SUPRADES using MeOH and EtOH.
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6.3.3 Evaluation of CDs efficiency

The optimized procedure can be described as follows: SUPRADES composed of ChCl-Urea + 2%
B-CD was used a 1:1 v/v ratio with the quercetin standard solution. Subsequently, the addition of 1
mL of ethanol to SUPRADES, followed by 30 minutes of stirring, resulted a 70% release of quercetin.
To evaluate the actual efficiency of CDs, and maintaining the optimized conditions, three tests were
then performed using: SUPRADES containing 1% CD, SUPRADES containing 2% CD, and DES
without CDs. The results confirmed the importance of CDs. In fact, as can be seen from the Fig. 38,

we obtain a greater release using SUPRADES with 2% CD.
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Fig. 38: Percentage of quercetin released using the SUPRADES made of ChCI-Urea with 1% -CD, 2% p-
CD, and without p-CD (pure DES).

6.4 Conclusion

The study demonstrated that SUPRADES containing B-CD are highly effective systems for the
extraction of poorly soluble bioactive molecules, such as quercetin. In particular, using the
SUPRADES composed of ChCl-Urea + 2% B-CD appears that almost all quercetin can be recovered
from the standard solution. However, the complex formed is not detectable by HPLC analysis. For

this reason, it was important to optimize a method for releasing quercetin from the complex so that it
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could be quantified. The use of EtOH as the release solvent showed a good compromise between
efficiency (70%) and environmental sustainability. The next stages of the research involve applying
the optimized method to natural matrices rich in quercetin, such as onion skins, capers, and Ginkgo
biloba leaves, to verify its effectiveness under real operating conditions. Further objectives include
evaluating the stability of the quercetin—3-CD complex over time and investigating the potential
applications of SUPRADES in the nutraceutical and pharmaceutical sectors, where the use of

sustainable technologies and environmentally friendly processes is an emerging priority.
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7. Conclusion

Research has shown that both DES and SUPRADES are excellent alternatives to traditional solvents
for extracting bioactive molecules from plant matrices. Both projects were developed in line with the
principles of green chemistry, with the aim of reducing the environmental impact of extraction
processes while improving their efficiency, selectivity, and compatibility with nutraceutical,

cosmetic, and pharmaceutical applications.

In particular, the first project, “Deep Eutectic Solvents based green approach for bioactive molecules
recovery from Spirulina,” demonstrated that DES are excellent extraction solvents for both phenolic
compounds and PC, with yields superior to those obtained with traditional organic solvents.

The result was an extract of high PC purity. Furthermore, the combination of betaine and glucose in
NADES helps to stabilise PC in the long term, thanks to betaine's osmoprotective properties and
glucose's potential to stabilize proteins.

Consequently, the optimized method produces a highly pure, stable extract with a rich content of both
phenolic compounds and PC. A subsequent study could focus on the use of such an optimized extract
for the development of products in the nutraceutical and cosmeceutical fields, where preserving the

bioactivity and structural integrity of the compounds is essential.

The second line of research highlighted how SUPRADES, obtained by integrating $-CD into DES
matrices, have a remarkable ability to extract poorly soluble molecules such as quercetin. The
formation of inclusion complexes between CDs and target compounds demonstrates the potential of
these supramolecular systems as new tools for the purification and valorization of secondary
metabolites of natural origin. Using the SUPRADES composed of ChCl-Urea + 2% B-CD, it appears
that almost all of the quercetin in the standard solution can be recovered. However, the formed
complex is not detectable by HPLC analysis. Therefore, it was important to optimize a method of

releasing quercetin from the complex for quantification. Using EtOH as the release solvent achieved
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a good balance between efficiency (70%) and environmental sustainability. This result confirms the
feasibility of incorporating SUPRADES into 'green' extraction and purification processes, thereby

reducing the ecological impact.

Overall, the results obtained suggest that DES and SUPRADES are a genuinely environmentally
friendly alternative to conventional solvents, offering advantages in terms of efficiency, safety,
sustainability and reusability. This work therefore contributes to progress in green analytical
chemistry, providing a solid foundation for future developments in the sustainable extraction of
bioactive compounds from natural sources.

Looking ahead, a particularly promising goal is to apply SUPRADES to the extraction of quercetin
directly from plant matrices. This approach would not only yield an extract rich in quercetin, but also
promote its encapsulation in situ within the CD already present in the SUPRADES system. Such a
strategy could significantly increase the bioavailability of the molecule, overcoming the known

limitations associated with its poor solubility and rapid metabolic degradation.

105



Bibliography

10.

11.

12.

13.

14.

Galanakis, C. M. (Ed.). (2021). Nutraceutical and functional food components: Effects of
innovative processing techniques. Academic Press.

Rohida, B. (2025). The Classification of Plant Bioactive Compounds, their Structure and
Applications in Daily Life.

. Aruwa, C. E., Amoo, S. O., & Kudanga, T. (2018). Opuntia (Cactaceae) plant compounds,

biological activities and prospects—A comprehensive review. Food Research International,
112, 328-344.

Samtiya, M., Aluko, R. E., Dhewa, T., & Moreno-Rojas, J. M. (2021). Potential health
benefits of plant food-derived bioactive components: An overview. Foods, 10(4), 839.

[5] Kussmann, M., Abe Cunha, D. H., & Berciano, S. (2023). Bioactive compounds for human
and planetary health. Frontiers in Nutrition, 10, 1193848.

Antolak, H., & Kregiel, D. (2017). Food preservatives from plants. IntechOpen: London, UK,
45-85.

Leete, E. (1972). The biosynthesis of alkaloids. Specialist Periodic Reports, Biosynthesis, 7,
102-223.

Ullah, N., Abbas, A., Ullah, S., Igbal, S., & Badshah, A. (2016). Comparative Study of
Alkaloids in Selected Medicinal Plants of Mansehra District. International Journal of Basic
Medical Sciences and Pharmacy (IJBMSP), 6(1).

de Sousa Falcao, H., Leite, J. A., Barbosa-Filho, J. M., de Athayde-Filho, P. F., de Oliveira
Chaves, M. C., Moura, M. D., ... & Batista, L. M. (2008). Gastric and duodenal antiulcer
activity of alkaloids: a review. Molecules, 13(12), 3198-3223.

Mabou, F. D., & Yossa, [. B. N. (2021). TERPENES: Structural classification and biological
activities. /OSR J Pharm Biol Sci, 16, 25-40.

Charles, D. J. (2012). Antioxidant properties of spices, herbs and other sources. Springer
Science & Business Media.

Nardini, M. (2023). An overview of bioactive phenolic molecules and antioxidant properties
of beer: emerging trends. Molecules, 28(7), 3221.

Sun, W., & Shahrajabian, M. H. (2023). Therapeutic potential of phenolic compounds in
medicinal plants—Natural health products for human health. Molecules, 28(4), 1845.
Bergonzi, M. C., Heard, C. M., & Garcia-Pardo, J. (2022). Bioactive molecules from plants:

discovery and pharmaceutical applications. Pharmaceutics, 14(10), 2116.

106



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Swami, S. B., Ghgare, S. N., Swami, S. S., Shinde, K. J., Kalse, S. B., & Pardeshi, I. L. (2020).
Natural pigments from plant sources: A review. The Pharma Innovation Journal, 9(10), 566-
574.

Zahra, N., Hafeez, M. B., Ghaffar, A., Kausar, A., Al Zeidi, M., Siddique, K. H., & Farooq,
M. (2023). Plant photosynthesis under heat stress: Effects and management. Environmental
and Experimental Botany, 206, 105178.

Simkin, A. J., Kapoor, L., Doss, C. G. P., Hofmann, T. A., Lawson, T., & Ramamoorthy, S.
(2022). The role of photosynthesis related pigments in light harvesting, photoprotection and
enhancement of photosynthetic yield in planta. Photosynthesis Research, 152(1), 23-42.
Koller, M., Muhr, A., & Braunegg, G. (2014). Microalgae as versatile cellular factories for
valued products. Algal research, 6, 52-63.

El-Din, N. G. S., Hafez, M. S. A. E., EI-Wahab, M. G. A., & Ibrahim, H. A. (2024). Biological
activities of derived pigments and polyphenols from the newly recorded alga Phyllymenia
gibbesii. Scientific Reports, 14(1), 21284.

Dranseikiené, D., Bal¢itinaité-Murziené, G., Karosiené, J., Morudov, D., Juodziukyniené, N.,
Hudz, N., ... & Savickiené, N. (2022). Cyano-phycocyanin: Mechanisms of action on human
skin and future perspectives in medicine. Plants, 11(9), 1249.

Kumar, N., & Goel, N. (2019). Phenolic acids: Natural versatile molecules with promising
therapeutic applications. Biotechnology reports, 24, €00370.

Zhang, Y., Cai, P., Cheng, G., & Zhang, Y. (2022). A brief review of phenolic compounds
identified from plants: Their extraction, analysis, and biological activity. Natural product
communications, 17(1), 1934578X211069721.

Baxter, H., Puri, B., Harborne, J. B., Hall, A., & Moss, G. P. (1998). Phytochemical
dictionary: a handbook of bioactive compounds from plants. CRC press.

Pinto, T., & Vilela, A. (2021). Healthy drinks with lovely colors: Phenolic compounds as
constituents of functional beverages. Beverages, 7(1), 12.

Clifford, M. N. (1999). Chlorogenic acids and other cinnamates—nature, occurrence and
dietary burden. Journal of the Science of Food and Agriculture, 79(3), 362-372.

Havsteen, B. H. (2002). The biochemistry and medical significance of the
flavonoids. Pharmacology & therapeutics, 96(2-3), 67-202.

Panche, A. N., Diwan, A. D., & Chandra, S. R. (2016). Flavonoids: an overview. Journal of
nutritional science, 5, €47.

Nagumo, M., Ninomiya, M., Oshima, N., Itoh, T., Tanaka, K., Nishina, A., & Koketsu, M.

(2019). Comparative analysis of stilbene and benzofuran neolignan derivatives as

107



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

acetylcholinesterase ~ inhibitors ~ with  neuroprotective =~ and  anti-inflammatory
activities. Bioorganic & Medicinal Chemistry Letters, 29(17), 2475-2479.

Al-Khayri, J. M., Mascarenhas, R., Harish, H. M., Gowda, Y., Lakshmaiah, V. V., Nagella,
P., ... & Rezk, A. A. S. (2023). Stilbenes, a versatile class of natural metabolites for
inflammation—an overview. Molecules, 28(9), 3786.

Flores-Morales, V., Villasana-Ruiz, A. P., Garza-Veloz, 1., Gonzilez-Delgado, S., &
Martinez-Fierro, M. L. (2023). Therapeutic effects of coumarins with different substitution
patterns. Molecules, 28(5), 2413.

Pan, J. Y., Chen, S. L., Yang, M. H., Wu, J., Sinkkonen, J., & Zou, K. (2009). An update on
lignans: natural products and synthesis. Natural Product Reports, 26(10), 1251-1292.
Rodriguez-Garcia, C., Sdnchez-Quesada, C., Toledo, E., Delgado-Rodriguez, M., & Gaforio,
J. J. (2019). Naturally lignan-rich foods: a dietary tool for health
promotion?. Molecules, 24(5), 917.

Peterson, J., Dwyer, J., Adlercreutz, H., Scalbert, A., Jacques, P., & McCullough, M. L.
(2010). Dietary lignans: physiology and potential for cardiovascular disease risk
reduction. Nutrition reviews, 68(10), 571-603.

Govindarajan, R. K., Revathi, S., Rameshkumar, N., Krishnan, M., & Kayalvizhi, N. (2016).
Microbial tannase: current perspectives and biotechnological advances. Biocatalysis and
agricultural biotechnology, 6, 168-175.

Chung, K. T., Wong, T. Y., Wei, C. L., Huang, Y. W., & Lin, Y. (1998). Tannins and human
health: a review. Critical reviews in food science and nutrition, 38(6), 421-464.

Price, M. L., Hagerman, A. E., & Butler, L. G. (1981). Tannin in sorghum grain: effect of
cooking on chemical assays and on antinutritional properties in rats.

Pizzi, A. (2019). Tannins: Prospectives and actual industrial applications. Biomolecules, 9(8),
344.

Fernandez-Rojas, B., Hernandez-Juarez, J., & Pedraza-Chaverri, J. (2014). Nutraceutical
properties of phycocyanin. Journal of functional foods, 11, 375-392.

Kuddus, M., Singh, P., Thomas, G., & Ali, A. (2015). Production of C-phycocyanin and its
potential applications. Biotechnology of bioactive compounds: Sources and applications, 283-
299.

Berns, D. S., & MacColl, R. (1989). Phycocyanin in physical chemical studies. Chemical
Reviews, 89(4), 807-825.

108



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

de Jesus Raposo, M. F., De Morais, A. M. B., & De Morais, R. M. S. C. (2015). Marine
polysaccharides from algae with potential biomedical applications. Marine drugs, 13(5),
2967-3028.

Wu, H. L., Wang, G. H., Xiang, W. Z., Li, T., & He, H. (2016). Stability and antioxidant
activity of food-grade phycocyanin isolated from Spirulina platensis. International journal of
food properties, 19(10), 2349-2362.

Vernes, L., Granvillain, P., Chemat, F., & Vian, M. (2015). Phycocyanin from Arthrospira
platensis. Production, extraction and analysis. Current Biotechnology, 4(4), 481-491.

Koel, M., & Kaljurand, M. (2019). Green analytical chemistry 2nd Edition. Royal society of
Chemistry.

Anastas, P. T., & Warner, J. C. (2000). Green chemistry: theory and practice. Oxford
university press.

Chemat, F., Vian, M. A., & Cravotto, G. (2012). Green extraction of natural products: Concept
and principles. International journal of molecular sciences, 13(7), 8615-8627.

Mati¢, M., Stupar, A., Pezo, L., Ili¢, N. D., Misan, A., Tesli¢, N., ... & Mandi¢, A. (2024).
Eco-Friendly Extraction: A green approach to maximizing bioactive extraction from pumpkin
(Curcubita moschata L.). Food Chemistry: X, 22, 101290.

Ali, A., Wei, S., Liu, Z., Fan, X., Sun, Q., Xia, Q., ... & Deng, C. (2021). Non-thermal
processing technologies for the recovery of bioactive compounds from marine by-
products. Lwt, 147, 111549.

Versi¢ Bratincevi¢, M., Kovaci¢, R., Popovi¢, M., Radman, S., & Generali¢ Mekini¢, 1.
(2023). Comparison of conventional and green extraction techniques for the isolation of
phenolic antioxidants from sea fennel. Processes, 11(7), 2172.

Dasgupta, D. G. D. S. (2023). A comprehensive review of conventional and non-conventional
solvent extraction techniques. Journal of Pharmacognosy and Phytochemistry, 12(3), 202-
211.

Cuji¢, N., Savikin, K., Jankovi¢, T., Pljevljakusié, D., Zduni¢, G., & Ibri¢, S. (2016).
Optimization of polyphenols extraction from dried chokeberry using maceration as traditional
technique. Food chemistry, 194, 135-142.

Singh, J. (2008). Maceration, percolation and infusion techniques for the extraction of

medicinal and aromatic plants. Extraction technologies for medicinal and aromatic plants, 67,

32-35.

109



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

De Castro, M. L., & Garcia-Ayuso, L. E. (1998). Soxhlet extraction of solid materials: an
outdated technique with a promising innovative future. Analytica chimica acta, 369(1-2), 1-
10.

Azmir, J., Zaidul, I. S. M., Rahman, M. M., Sharif, K. M., Mohamed, A., Sahena, F., ... &
Omar, A. K. (2013). Techniques for extraction of bioactive compounds from plant materials:
A review. Journal of food engineering, 117(4), 426-436.

Chen, S. J. (1984). REFLUX CONDENSATION AND OPERATING LIMITS OF THE TWO-
PHASE CLOSED THERMOSYPHON (WAVINESS, NON-CONDENSABLES, FLOODING).
University of California, Berkeley.

Tandon, S., & Rane, S. (2008). Decoction and hot continuous extraction
techniques. Extraction technologies for medicinal and aromatic plants, 93, 12-18.
Azwanida, N. N. (2015). A review on the extraction methods use in medicinal plants,
principle, strength and limitation. Med aromat plants, 4(196), 2167-0412.

Lopez-Salazar, H., Camacho-Diaz, B. H., Ocampo, M. A., & Jiménez-Aparicio, A. R. (2023).
Microwave-assisted  extraction of  functional compounds from plants: A
Review. BioResources, 18(3), 6614.

Gomez, L., Tiwari, B., & Garcia-Vaquero, M. (2020). Emerging extraction techniques:
Microwave-assisted extraction. In Sustainable seaweed technologies (pp. 207-224). Elsevier.
Liu, Y., Liu, X,, Cui, Y., & Yuan, W. (2022). Ultrasound for microalgal cell disruption and
product extraction: A review. Ultrasonics Sonochemistry, 87, 106054.

Chen, M., Wen, S. S., Wang, R, Ren, Q. X., Guo, C. W, Li, P., & Gao, W. (2022). Advanced
development of  supercritical  fluid  chromatography in  herbal = medicine
analysis. Molecules, 27(13), 4159.

Ahmad, T., Masoodi, F. A., Rather, S. A., Wani, S. M., & Gull, A. (2019). Supercritical fluid
extraction: A review. J. Biol. Chem. Chron, 5(1), 114-122.

Raventds, M., Duarte, S., & Alarcon, R. (2002). Application and possibilities of supercritical
CO2 extraction in food processing industry: an overview. Food Science and Technology
International, 8(5), 269-284.

Mandal, S. C., Mandal, V., & Das, A. K. (2015). Essentials of botanical extraction: Principles
and applications. Academic press.

Bocker, R., & Silva, E. K. (2022). Pulsed electric field assisted extraction of natural food

pigments and colorings from plant matrices. Food Chemistry: X, 15, 100398.

110



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Taha, A., Casanova, F., Simonis, P., Stankevi¢, V., Gomaa, M. A., & Stirké, A. (2022). Pulsed
electric field: Fundamentals and effects on the structural and techno-functional properties of
dairy and plant proteins. Foods, 11(11), 1556.

Martins, R., Barbosa, A., Advinha, B., Sales, H., Pontes, R., & Nunes, J. (2023). Green
extraction techniques of bioactive compounds: a state-of-the-art review. Processes, 11(8),
2255.

Marrubini, G., Dugheri, S., Cappelli, G., Arcangeli, G., Mucci, N., Appelblad, P., ... &
Speltini, A. (2020). Experimental designs for solid-phase microextraction method
development in bioanalysis: A review. Analytica Chimica Acta, 1119, 77-100.

Pena-Pereira, F., Bendicho, C., Pavlovi¢, D. M., Martin-Esteban, A., Diaz-Alvarez, M., Pan,
Y., ... & Psillakis, E. (2021). Miniaturized analytical methods for determination of
environmental contaminants of emerging concern—A review. Analytica chimica acta, 1158,
238108.

Lopez-Lorente, A. 1., Pena-Pereira, F., Pedersen-Bjergaard, S., Zuin, V. G., Ozkan, S. A., &
Psillakis, E. (2022). The ten principles of green sample preparation. 7rAC Trends in
Analytical Chemistry, 148, 116530.

Martins, R. O., de Aratjo, G. L., de Freitas, C. S., Silva, A. R., Simas, R. C., Vaz, B. G., &
Chaves, A. R. (2021). Miniaturized sample preparation techniques and ambient mass
spectrometry as approaches for food residue analysis. Journal of Chromatography A, 1640,
461949.

Tu, X., & Chen, W. (2018). A review on the recent progress in matrix solid phase
dispersion. Molecules, 23(11), 2767.

Peng, L. Q., Li, Q., Chang, Y. X., An, M., Yang, R., Tan, Z., ... & Hu, S. S. (2016).
Determination of natural phenols in olive fruits by chitosan assisted matrix solid-phase
dispersion microextraction and ultrahigh performance liquid chromatography with
quadrupole time-of-flight tandem mass spectrometry. Journal of Chromatography A, 1456,
68-76.

Winterton, N. (2021). The green solvent: A critical perspective. Clean technologies and
environmental policy, 23(9), 2499-2522.

Sun, X., & Bandara, N. (2019). Applications of reverse micelles technique in food science: A
comprehensive review. Trends in Food Science & Technology, 91, 106-115.

Bertouche, S., Tomao, V., Hellal, A., Boutekedjiret, C., & Chemat, F. (2013). First approach
on edible oil determination in oilseeds products using alpha-pinene. Journal of Essential Oil

Research, 25(6), 439-443.

111



77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

87.

88.

Bermejo, D. V., Mendiola, J. A., Ibanez, E., Reglero, G., & Fornari, T. (2015). Pressurized
liquid extraction of caffeine and catechins from green tea leaves using ethyl lactate, water and
ethyl lactate+ water mixtures. Food and bioproducts processing, 96, 106-112.

Panadare, D. C., & Rathod, V. K. (2017). Extraction of peroxidase from bitter gourd
(Momordica charantia) by three phase partitioning with dimethyl carbonate (DMC) as organic
phase. Process biochemistry, 61, 195-201.

Tang, B., Bi, W., Tian, M., & Row, K. H. (2012). Application of ionic liquid for extraction
and separation of bioactive compounds from plants. Journal of Chromatography B, 904, 1-
21.

Liu, Q., Janssen, M. H., van Rantwijk, F., & Sheldon, R. A. (2005). Room-temperature ionic
liquids that dissolve carbohydrates in high concentrations. Green Chemistry, 7(1), 39-42.
Matsumoto, M., Mochiduki, K., Fukunishi, K., & Kondo, K. (2004). Extraction of organic
acids using imidazolium-based ionic liquids and their toxicity to Lactobacillus
rhamnosus. Separation and Purification Technology, 40(1), 97-101.

Cull, S. G., Holbrey, J. D., Vargas-Mora, V., Seddon, K. R., & Lye, G. J. (2000). Room-
temperature ionic liquids as replacements for organic solvents in multiphase bioprocess
operations. Biotechnology and bioengineering, 69(2), 227-233.

Chemat, F., Abert Vian, M., Ravi, H. K., Khadhraoui, B., Hilali, S., Perino, S., & Fabiano
Tixier, A. S. (2019). Review of alternative solvents for green extraction of food and natural
products: Panorama, principles, applications and prospects. Molecules, 24(16), 3007.
Abbott, A. P., Capper, G., Davies, D. L., Rasheed, R. K., & Tambyrajah, V. (2003). Novel
solvent properties of choline chloride/urea mixtures. Chemical communications, (1), 70-71.
Smith, E. L., Abbott, A. P., & Ryder, K. S. (2014). Deep eutectic solvents (DESs) and their
applications. Chemical reviews, 114(21), 11060-11082.

El Achkar, T., Fourmentin, S., & Greige-Gerges, H. (2019). Deep eutectic solvents: An
overview on their interactions with water and biochemical compounds. Journal of Molecular
Liquids, 288, 111028.

Choi, Y. H., van Spronsen, J., Dai, Y., Verberne, M., Hollmann, F., Arends, [. W., ... &
Verpoorte, R. (2011). Are natural deep eutectic solvents the missing link in understanding
cellular metabolism and physiology?. Plant physiology, 156(4), 1701-1705.

Florindo, C., Oliveira, F. S., Rebelo, L. P. N., Fernandes, A. M., & Marrucho, I. M. (2014).
Insights into the synthesis and properties of deep eutectic solvents based on cholinium

chloride and carboxylic acids. ACS Sustainable Chemistry & Engineering, 2(10), 2416-2425.

112



&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Gutiérrez, M. C., Ferrer, M. L., Mateo, C. R., & del Monte, F. (2009). Freeze-drying of
aqueous solutions of deep eutectic solvents: a suitable approach to deep eutectic suspensions
of self-assembled structures. Langmuir, 25(10), 5509-5515.

Mr, M. B. S., Mr, V. S. K., Chaudhary, M., & Singh, P. (2021). A mini review on synthesis,
properties and applications of deep eutectic solvents. Journal of the Indian Chemical
Society, 98(11), 100210.

Francisco, M., van den Bruinhorst, A., & Kroon, M. C. (2013). Low-transition-temperature
mixtures (LTTMs): A new generation of designer solvents. Angewandte Chemie international
edition, 52(11), 3074-3085.

Zhang, Q., Vigier, K. D. O., Royer, S., & Jérome, F. (2012). Deep eutectic solvents: syntheses,
properties and applications. Chemical Society Reviews, 41(21), 7108-7146.

El Achkar, T., Greige-Gerges, H., & Fourmentin, S. (2021). Basics and properties of deep
eutectic solvents: a review. Environmental chemistry letters, 19(4), 3397-3408.

Abbott, A. P., Boothby, D., Capper, G., Davies, D. L., & Rasheed, R. K. (2004). Deep eutectic
solvents formed between choline chloride and carboxylic acids: versatile alternatives to ionic
liquids. Journal of the American Chemical Society, 126(29), 9142-9147.

Martins, M. A., Pinho, S. P., & Coutinho, J. A. (2019). Insights into the nature of eutectic and
deep eutectic mixtures. Journal of Solution Chemistry, 48(7), 962-982.

Abbott, A. P., Capper, G., Davies, D. L., & Rasheed, R. K. (2004). Ionic liquid analogues
formed from hydrated metal salts. Chemistry—A European Journal, 10(15), 3769-3774.
Nedaei, M., Zarei, A. R., & Ghorbanian, S. A. (2018). Development of a new emulsification
microextraction method based on solidification of settled organic drop: application of a novel
ultra-hydrophobic tailor-made deep eutectic solvent. New Journal of Chemistry, 42(15),
12520-12529.

Bakhtyari, A., Haghbakhsh, R., Duarte, A. R. C., & Raeissi, S. (2020). A simple model for
the viscosities of deep eutectic solvents. Fluid Phase Equilibria, 521, 112662.

SU,H.Z., YIN,J. M., LIU, Q. S., & LI, C. P. (2015). Properties of four deep eutectic solvents:
density, electrical conductivity, dynamic viscosity and refractive index. Acta Physico-
Chimica Sinica, 31(8), 1468-1473.

Tang, W., An, Y., & Row, K. H. (2021). Emerging applications of (micro) extraction
phase from hydrophilic to hydrophobic deep eutectic solvents: opportunities and trends. 7rAC
Trends in Analytical Chemistry, 136, 116187.

113



101. Dai, Y., Van Spronsen, J., Witkamp, G. J., Verpoorte, R., & Choi, Y. H. (2013).
Natural deep eutectic solvents as new potential media for green technology. Analytica chimica
acta, 766, 61-68.

102. Hayyan, A., Mjalli, F. S.; AlNashef, I. M., Al-Wahaibi, T., Al-Wahaibi, Y. M., &
Hashim, M. A. (2012). Fruit sugar-based deep eutectic solvents and their physical
properties. Thermochimica Acta, 541, 70-75.

103. Ibrahim, R. K., Hayyan, M., AlSaadi, M. A., Ibrahim, S., Hayyan, A., & Hashim, M.
A. (2019). Physical properties of ethylene glycol-based deep eutectic solvents. Journal of
Molecular Liquids, 276, 794-800.

104. Shahbaz, K., Mjalli, F. S., Hashim, M. A., & AlNashef, I. M. (2011). Prediction of
deep eutectic solvents densities at different temperatures. Thermochimica acta, 515(1-2), 67-
72.

105. Florindo, C., Branco, L. C., & Marrucho, I. M. (2019). Quest for green-solvent design:
from hydrophilic to hydrophobic (deep) eutectic solvents. ChemSusChem, 12(8), 1549-1559.

106. Cunha, S. C., & Fernandes, J. O. (2018). Extraction techniques with deep eutectic
solvents. TrAC Trends in Analytical Chemistry, 105, 225-239.

107. Affat, S. (2024). A review of deep eutectic solvents (DESs), Preparation,
Classification, Physicochemical properties, Advantages and disadvantages. University of Thi-
Qar Journal of Science, 11(1), 167-175.

108. Hikmawanti, N. P. E., Ramadon, D., Jantan, I., & Mun’im, A. (2021). Natural deep
eutectic solvents (NADES): Phytochemical extraction performance enhancer for
pharmaceutical and nutraceutical product development. Plants, 10(10), 2091.

109. Pandey, A., & Pandey, S. (2014). Solvatochromic probe behavior within choline
chloride-based deep eutectic solvents: effect of temperature and water. The Journal of
Physical Chemistry B, 118(50), 14652-14661.

110. Dai, Y., Witkamp, G. J., Verpoorte, R., & Choi, Y. H. (2015). Tailoring properties of
natural deep eutectic solvents with water to facilitate their applications. Food chemistry, 187,
14-19.

111. Cheng, H., & Qi, Z. (2021). Applications of deep eutectic solvents for hard-to-separate
liquid systems. Separation and Purification Technology, 274, 119027.

112. Della Posta, S., Gallo, V., Gentili, A., & Fanali, C. (2022). Strategies for the recovery
of bioactive molecules from deep eutectic solvents extracts. 7rAC Trends in Analytical

Chemistry, 157, 116798.

114



113. Dai, Y., Witkamp, G. J., Verpoorte, R., & Choi, Y. H. (2013). Natural deep eutectic
solvents as a new extraction media for phenolic metabolites in Carthamus tinctorius
L. Analytical chemistry, 85(13), 6272-6278.

114. Liao, Y., Chen, F., Tang, H., Dessie, W., & Qin, Z. (2024). Combination of a Deep
eutectic solvent and macroporous resin for green recovery of iridoids, chlorogenic acid, and
flavonoids from eucommia ulmoides leaves. Molecules, 29(3), 737.

115. Nam, M. W., Zhao, J., Lee, M. S., Jeong, J. H., & Lee, J. (2015). Enhanced extraction
of bioactive natural products using tailor-made deep eutectic solvents: application to
flavonoid extraction from Flos sophorae. Green Chemistry, 17(3), 1718-1727.

116. Huang, Y., Feng, F., Jiang, J., Qiao, Y., Wu, T., Voglmeir, J., & Chen, Z. G. (2017).
Green and efficient extraction of rutin from tartary buckwheat hull by using natural deep
eutectic solvents. Food Chemistry, 221, 1400-1405.

117. Zhou, P., Wang, X., Liu, P., Huang, J., Wang, C., Pan, M., & Kuang, Z. (2018).
Enhanced phenolic compounds extraction from Morus alba L. leaves by deep eutectic solvents
combined with ultrasonic-assisted extraction. Industrial Crops and Products, 120, 147-154.

118. Jeong, K. M., Lee, M. S., Nam, M. W., Zhao, J.,Jin, Y., Lee, D. K, ... & Lee, J. (2015).
Tailoring and recycling of deep eutectic solvents as sustainable and efficient extraction
media. Journal of Chromatography A, 1424, 10-17.

119. Xu, M., Ran, L., Chen, N., Fan, X., Ren, D., & Yi, L. (2019). Polarity-dependent
extraction of flavonoids from citrus peel waste using a tailor-made deep eutectic solvent. Food
Chemistry, 297, 124970.

120. El Achkar, T., Moufawad, T., Ruellan, S., Landy, D., Greige-Gerges, H., &
Fourmentin, S. (2020). Cyclodextrins: from solute to  solvent. Chemical
communications, 56(23), 3385-3388.

121. Guo, H,, Li, L., Xu, X., Zeng, M., Chai, S., Wu, L., & Li, H. (2022). Semi-solid
superprotonic supramolecular polymer electrolytes based on deep eutectic solvents and
polyoxometalates. Angewandte Chemie, 134(44), €202210695.

122. Li, B., Guo, S., Chen, Y., Li, X, Qin, Y., & Xu, Y. (2024). Net hydrogen bond
interaction driven supramolecular deep eutectic solvent formation: the case of
cyclodextrins. Journal of Molecular Liquids, 412, 125880.

123. Gui, C., Villarim, P., Lei, Z., & Fourmentin, S. (2024). VOC absorption in
supramolecular deep eutectic solvents: Experiment and molecular dynamic studies. Chemical

Engineering Journal, 481, 148708.

115



124. Crini, G. (2014). A history of cyclodextrins. Chemical reviews, 114(21), 10940-
10975.

125. Dhiman, P., & Bhatia, M. (2020). Pharmaceutical applications of cyclodextrins and
their derivatives. Journal of Inclusion Phenomena and Macrocyclic Chemistry, 98(3), 171-
186.

126. Di Pietro, M. E., Colombo Dugoni, G., Ferro, M., Mannu, A., Castiglione, F., Costa
Gomes, M., ... & Mele, A. (2019). Do cyclodextrins encapsulate volatiles in deep eutectic
systems?. ACS Sustainable Chemistry & Engineering, 7(20), 17397-17405.

127. Del Valle, E. M. (2004). Cyclodextrins and their uses: a review. Process
biochemistry, 39(9), 1033-1046.
128. Nicolaescu, O. E., Belu, 1., Mocanu, A. G., Manda, V. C., Rau, G., Pirvu, A. S., ... &

Ciocilteu, M. V. (2025). Cyclodextrins: Enhancing Drug Delivery, Solubility and
Bioavailability for Modern Therapeutics. Pharmaceutics, 17(3), 288.

129. Lachowicz, M., Stanczak, A., & Kotodziejczyk, M. (2020). Characteristic of
cyclodextrins: Their role and use in the pharmaceutical technology. Current drug
targets, 21(14), 1495-1510.

130. Zhang, J., Yao, L., Li, S., Li, S., Wu, Y., Li, Z., & Qiu, H. (2023). Green materials
with promising applications: cyclodextrin-based deep eutectic supramolecular
polymers. Green Chemistry, 25(11), 4180-4195.

131. El Achkar, T., Moura, L., Moufawad, T., Ruellan, S., Panda, S., Longuemart, S., ... &
Fourmentin, S. (2020). New generation of supramolecular mixtures: Characterization and
solubilization studies. International Journal of Pharmaceutics, 584, 119443.

132. Zhang, L., & Wang, J. (2025). Natural deep eutectic solvent-based supramolecular
solvent/equilibrium solution for the extraction of gingerols from ginger. Microchemical
Journal, 114597.

133. Chen, J., & Lee, J. (2025). Supramolecular deep eutectic solvents applied in analytical
studies: A review. Journal of Chromatography A, 466007.

134. Cai, Z. H., Wang, J. D., Liu, L., Ruan, L. D, Gu, Q., Yan, X. Y, ... & Fu, Y. J. (2023).
A green and designable natural deep eutectic solvent-based supramolecular solvents system:
efficient extraction and enrichment for phytochemicals. Chemical Engineering Journal, 457,
141333.

135. Makos-Chetstowska, P., Stupek, E., Fourmentin, S., & Gebicki, J. (2025).
Supramolecular deep eutectic solvents in extraction processes: a review. Environmental

Chemistry Letters, 23(1), 41-65.

116



136. Gatiatulin, A. K., Grishin, I. A., Buzyurov, A. V., Mukhametzyanov, T. A., Ziganshin,
M. A., & Gorbatchuk, V. V. (2022). Determination of melting parameters of cyclodextrins
using fast scanning calorimetry. International Journal of Molecular Sciences, 23(21), 13120.

137. Makos, P., Stupek, E., & Gebicki, J. (2020). Hydrophobic deep eutectic solvents in
microextraction techniques—A review. Microchemical journal, 152, 104384.

138. Makos-Chetstowska, P., Kaykhaii, M., Plotka-Wasylka, J., & de la Guardia, M.
(2022). Magnetic deep eutectic solvents—Fundamentals and applications. Journal of
Molecular Liquids, 365, 120158.

139. Zhang, J., Li, S., Yao, L., Han, Y., Chen, K., Qian, M., ... & Lin, H. (2024).
Cyclodextrin-based ternary supramolecular deep eutectic solvents for efficient extraction and
analysis of trace quinolones and sulfonamides in wastewater by adjusting pH. Analytica
Chimica Acta, 1311, 342714.

140. Guan, S., Li, Z., Xu, B., Wu, J., Wang, N, Zhang, J., ... & Li, K. (2022). Cyclodextrin-
based deep eutectic solvents for efficient extractive and oxidative desulfurization under room
temperature. Chemical Engineering Journal, 441, 136022.

141. Georgantzi, C., Lioliou, A. E., Paterakis, N., & Makris, D. P. (2017). Combination of
lactic acid-based deep eutectic solvents (DES) with B-cyclodextrin: Performance screening
using ultrasound-assisted extraction of polyphenols from selected native Greek medicinal
plants. Agronomy, 7(3), 54.

142. Pietrangeli, G., Della Posta, S., D'Alessandro, E., Giannitelli, S. M., Trombetta, M.,
Maggi, C., ... & Fanali, C. (2025). Sustainable Supramolecular Deep Eutectic Solvents based
extraction for bioactive phenolic compounds recovery from olive pomace. Advances in
Sample Preparation, 13, 100166.

143. Raks, V., Al-Suod, H., & Buszewski, B. (2018). Isolation, separation, and
preconcentration of biologically active compounds from plant matrices by extraction
techniques. Chromatographia, 81(2), 189-202.

144. Ingle, K. P., Deshmukh, A. G., Padole, D. A., Dudhare, M. S., Moharil, M. P., &
Khelurkar, V. C. (2017). Phytochemicals: Extraction methods, identification and detection of
bioactive compounds from plant extracts. Journal of Pharmacognosy and

Phytochemistry, 6(1), 32-36.

145. Dong, M. W., & Zhang, K. (2014). Ultra-high-pressure liquid chromatography
(UHPLC) in method development. TrAC Trends in Analytical Chemistry, 63, 21-30.
146. Della Posta, S., Gallo, V., Ascrizzi, A. M., Gentili, A., De Gara, L., Dugo, L., & Fanali,

C. (2023). Development of a green ultrasound-assisted procedure for the extraction of

117



phenolic compounds from avocado peel with deep eutectic solvents. Green Analytical
Chemistry, 7, 100083.

147. Wahyono, T., Astuti, D. A., Gede Wiryawan, L. K., Sugoro, 1., & Jayanegara, A. (2019,
June). Fourier transform mid-infrared (FTIR) spectroscopy to identify tannin compounds in
the panicle of sorghum mutant lines. In IOP Conference Series: Materials Science and

Engineering (Vol. 546, No. 4, p. 042045). IOP Publishing.

148. Vidushi, Y., Meenakshi, B., & Bharkatiya, M. B. (2017). A review on HPLC method
development and validation. Res J Life Sci, Bioinform, Pharm Chem Sci, 2(6), 178.
149. Schieppati, D., Patience, N. A., Campisi, S., & Patience, G. S. (2021). Experimental

methods in chemical engineering: High performance liquid chromatography—HPLC. The
Canadian Journal of Chemical Engineering, 99(8), 1663-1682.

150. El-Aneed, A., Cohen, A., & Banoub, J. (2009). Mass spectrometry, review of the
basics: electrospray, MALDI, and commonly used mass analyzers. Applied spectroscopy
reviews, 44(3), 210-230.

151. Kassel, D. B. (2001). Combinatorial chemistry and mass spectrometry in the 21st
century drug discovery laboratory. Chemical Reviews, 101(2), 255-268.

152. Fanali, C., Della Posta, S., Vilmercati, A., Dugo, L., Russo, M., Petitti, T., ... & De
Gara, L. (2018). Extraction, analysis, and antioxidant activity evaluation of phenolic
compounds in different Italian extra-virgin olive oils. Molecules, 23(12), 3249.

153. Khan, Z., Bhadouria, P., & Bisen, P. S. (2005). Nutritional and therapeutic potential
of Spirulina. Current pharmaceutical biotechnology, 6(5), 373-379.

154. Maddiboyina, B., Vanamamalai, H. K., Roy, H., Ramaiah, N., Gandhi, S., Kavisri, M.,
& Moovendhan, M. (2023). Food and drug industry applications of microalgae Spirulina
platensis: A review. Journal of basic microbiology, 63(6), 573-583.

155. Bortolini, D. G., Maciel, G. M., Fernandes, 1. D. A. A., Pedro, A. C., Rubio, F. T. V.,
Branco, 1. G., & Haminiuk, C. W. 1. (2022). Functional properties of bioactive compounds
from Spirulina spp.: Current status and future trends. Food Chemistry: Molecular Sciences, 5,
100134.

156. Andrade, L. M., Andrade, C. J., Dias, M., Nascimento, C., & Mendes, M. A. (2018).
Chlorella and spirulina microalgae as sources of functional foods. Nutraceuticals, and Food
Supplements, 6(1), 45-58.

157. Amin, G. H., Al-Gendy, A. A., Yassin, M. E. A., & Abdel-Motteleb, A. (2009). Effect
of Spirulina platensis extract on growth, phenolic compounds and antioxidant activities of

Sisymbrium irio callus and cell suspension cultures. Aust. J. Basic Appl. Sci, 3,2097-2110.

118



158. Finamore, A., Palmery, M., Bensehaila, S., & Peluso, 1. (2017). Antioxidant,
immunomodulating, and microbial-modulating activities of the sustainable and ecofriendly
spirulina. Oxidative medicine and cellular longevity, 2017(1), 3247528.

159. Fernandes, R., Campos, J., Serra, M., Fidalgo, J., Almeida, H., Casas, A., ... & Barros,
A. 1. (2023). Exploring the benefits of phycocyanin: From Spirulina cultivation to its
widespread applications. Pharmaceuticals, 16(4), 592.

160. Dagnino-Leone, J., Figueroa, C. P., Castafieda, M. L., Youlton, A. D., Vallejos-
Almirall, A., Agurto-Muioz, A., ... & Agurto-Mufioz, C. (2022). Phycobiliproteins: Structural
aspects, functional characteristics, and biotechnological perspectives. Computational and
Structural Biotechnology Journal, 20, 1506-1527.

161. Mysliwa-Kurdziel, B., & Solymosi, K. (2017). Phycobilins and phycobiliproteins used
in food industry and medicine. Mini reviews in medicinal chemistry, 17(13), 1173-1193.

162. Gantar, M., Simovi¢, D., Djilas, S., Gonzalez, W. W., & Miksovska, J. (2012).
Isolation, characterization and antioxidative activity of C-phycocyanin from Limnothrix sp.
strain 37-2-1. Journal of biotechnology, 159(1-2), 21-26.

163. Jaeschke, D. P., Teixeira, I. R., Marczak, L. D. F., & Mercali, G. D. (2021).
Phycocyanin from Spirulina: A review of extraction methods and stability. Food Research
International, 143, 110314.

164. de Amarante, M. C. A., Braga, A. R. C., Sala, L., Moraes, C. C., & Kalil, S. J. (2020).
Design strategies for C-phycocyanin purification: Process influence on purity
grade. Separation and Purification Technology, 252, 117453.

165. Patil, G., Chethana, S., Sridevi, A. S., & Raghavarao, K. S. M. S. (2006). Method to
obtain C-phycocyanin of high purity. Journal of chromatography A, 1127(1-2), 76-81.

166. Faieta, M., Neri, L., Sacchetti, G., Di Michele, A., & Pittia, P. (2020). Role of
saccharides on thermal stability of phycocyanin in aqueous solutions. Food Research
International, 132, 109093.

167. Rachiero, G. P., Berton, P., & Shamshina, J. (2022). Deep eutectic solvents: alternative
solvents for biomass-based waste valorization. Molecules, 27(19), 6606.

168. Kalhor, P., & Ghandi, K. (2019). Deep eutectic solvents for pretreatment, extraction,
and catalysis of biomass and food waste. Molecules, 24(22), 4012.

169. Tian, Y., Zhu, M., Hu, T., & Liu, C. (2023). Natural deep eutectic solvent—A novel
green solvent for protein stabilization. International  Journal of  Biological

Macromolecules, 247, 125477.

119



170. Chaiklahan, R., Chirasuwan, N., & Bunnag, B. (2012). Stability of phycocyanin
extracted from Spirulina sp.: Influence of temperature, pH and preservatives. Process
Biochemistry, 47(4), 659-664.

171. Zhou, J., Wang, M., Carrillo, C., Zhu, Z., Brncic, M., Berrada, H., & Barba, F. J.
(2021). Impact of pressurized liquid extraction and pH on protein yield, changes in molecular
size distribution and antioxidant compounds recovery from spirulina. Foods, 10(9), 2153.

172. Pinelo, M., Rubilar, M., Jerez, M., Sineiro, J., & Nuiez, M. J. (2005). Effect of solvent,
temperature, and solvent-to-solid ratio on the total phenolic content and antiradical activity of
extracts from different components of grape pomace. Journal of agricultural and food
chemistry, 53(6), 2111-2117.

173. Nipornram, S., Tochampa, W., Rattanatraiwong, P., & Singanusong, R. (2018).
Optimization of low power ultrasound-assisted extraction of phenolic compounds from
mandarin (Citrus reticulata Blanco cv. Sainampueng) peel. Food chemistry, 241, 338-345.

174. de Souza, T. D., Prietto, L., de Souza, M. M., & Furlong, E. B. (2015). Profile,
antioxidant potential, and applicability of phenolic compounds extracted from Spirulina

platensis. African journal of biotechnology, 14(41), 2903-29009.

175. Zeb, A. (2020). Concept, mechanism, and applications of phenolic antioxidants in
foods. Journal of Food Biochemistry, 44(9), e13394.
176. Xu, M., Rao, J., & Chen, B. (2020). Phenolic compounds in germinated cereal and

pulse seeds: Classification, transformation, and metabolic process. Critical reviews in food

science and nutrition, 60(5), 740-759.

177. CHEN, C. W., & HO, C. T. (1995). Antioxidant properties of polyphenols extracted
from green and black teas. Journal of food lipids, 2(1), 35-46.
178. Rahman, M. M., Rahaman, M. S., Islam, M. R., Rahman, F., Mithi, F. M., Algahtani,

T., ... & Uddin, M. S. (2021). Role of phenolic compounds in human disease: current
knowledge and future prospects. Molecules, 27(1), 233.

179. Alizadeh, S. R., & Ebrahimzadeh, M. A. (2022). Quercetin derivatives: Drug design,
development, and biological activities, a review. European journal of medicinal

chemistry, 229, 114068.

180. Singh, P., Arif, Y., Bajguz, A., & Hayat, S. (2021). The role of quercetin in
plants. Plant Physiology and Biochemistry, 166, 10-19.
181. Qi, W., Qi, W., Xiong, D., & Long, M. (2022). Quercetin: its antioxidant mechanism,

antibacterial properties and potential application in prevention and control of

toxipathy. Molecules, 27(19), 6545.

120



182. Chiang, M. C., Tsai, T. Y., & Wang, C. J. (2023). The potential benefits of quercetin
for brain health: a review of anti-inflammatory and  neuroprotective
mechanisms. International journal of molecular sciences, 24(7), 6328.

183. Liu, L., Barber, E., Kellow, N. J., & Williamson, G. (2025). Improving quercetin
bioavailability: A systematic review and meta-analysis of human intervention studies. Food
chemistry, 143630.

184. Zheng, Y., Haworth, 1. S., Zuo, Z., Chow, M. S., & Chow, A. H. (2005).
Physicochemical = and  structural  characterization = of  quercetin-B-cyclodextrin
complexes. Journal of pharmaceutical sciences, 94(5), 1079-10809.

185. Basaran, E. B. R. U., Oztiirk, A. A., Senel, B., Demirel, M., & Sarica, S. (2022).
Quercetin, rutin and quercetin-rutin incorporated hydroxypropyl B-cyclodextrin inclusion
complexes. European journal of pharmaceutical sciences, 172, 106153.

186. Wangsawangrung, N., Choipang, C., Chaiarwut, S., Ekabutr, P., Suwantong, O.,
Chuysinuan, P., ... & Supaphol, P. (2022). Quercetin/Hydroxypropyl-p-Cyclodextrin
inclusion complex-loaded hydrogels for accelerated wound healing. Gels, 8(9), 573.

187. Aytac, Z., Kusku, S. L., Durgun, E., & Uyar, T. (2016). Quercetin/B-cyclodextrin
inclusion complex embedded nanofibres: Slow release and high solubility. Food
chemistry, 197, 864-871.

188. Cai, R,, Yuan, Y., Cui, L., Wang, Z., & Yue, T. (2018). Cyclodextrin-assisted
extraction of phenolic compounds: Current research and future prospects. Trends in Food
Science & Technology, 79, 19-27.

189. Hai, X., Shi, F., Zhu, Y., Ma, L., Wang, L., Yin, J., ... & Gao, Y. (2023). Development
of magnetic dispersive micro-solid phase extraction of four phenolic compounds from food
samples based on magnetic chitosan nanoparticles and a deep eutectic supramolecular
solvent. Food Chemistry, 410, 135338.

190. Huang, D., Chen, L., Chen, X., Huang, X., Yang, Y., Liu, J., ... & Li, H. (2025).
Supramolecular deep eutectic solvents as green media for efficient extraction of tea
polyphenols and its application in bio-active film. Food Chemistry, 465, 141904.

191. Zhang, Y., Li, H., Hai, X., Guo, X., & Di, X. (2024). Designing green and recyclable
switchable supramolecular deep eutectic solvents for efficient extraction of flavonoids from
Scutellariae Radix and mechanism exploration. Journal of Chromatography A, 1730, 465084.

192. Karageorgou, 1., Grigorakis, S., Lalas, S., Mourtzinos, 1., & Makris, D. P. (2018).

Incorporation of 2-hydroxypropyl B-cyclodextrin in a biomolecule-based low-transition

121



temperature mixture (LTTM) boosts efficiency of polyphenol extraction from Moringa
oleifera Lam leaves. Journal of applied research on medicinal and aromatic plants, 9, 62-69.

193. Chakroun, D., Grigorakis, S., Loupassaki, S., & Makris, D. P. (2021). Enhanced-
performance extraction of olive (Olea europaea) leaf polyphenols using L-lactic
acid/ammonium acetate deep eutectic solvent combined with B-cyclodextrin: Screening,
optimisation, temperature effects and stability. Biomass Conversion and Biorefinery, 11(4),
1125-1136.

194. Jovanovi¢, M. S., Krgovi¢, N., Radan, M., Cuji¢-Nikoli¢, N., Mudri¢, J., Lazarevi¢,
Z., & Savikin, K. (2023). Natural deep eutectic solvents combined with cyclodextrins: A novel
strategy for chokeberry anthocyanins extraction. Food Chemistry, 405, 134816.

195. Shi, F., Hai, X., Zhu, Y., Ma, L., Wang, L., Yin, J., ... & Gao, Y. (2023). Ultrasonic
assisted extraction of polyphenols from bayberry by deep eutectic supramolecular polymer

and its application in bio-active film. Ultrasonics Sonochemistry, 92, 106283.

122



List of papers and congress

Della Posta, S., Cute, E., De Gara, L., & Fanali, C. (2025). Deep Eutectic Solvents based green
approach for bioactive molecules recovery from Spirulina. Journal of Chromatography A, 1743,
465695.

Fanali, C., Cute, E., Gentili, A., Guarino, M. P. L., & Fanali, S. (2025). Nano-liquid
chromatography and electromigration techniques applied to the analysis of dietary supplements. A

review. Journal of Pharmaceutical and Biomedical Analysis Open, 100093.

XXVIII Congresso Nazionale della Societd Chimica Italiana (SCI 2024) “Development and

optimization of analytical method for the extraction of polyphenols and phycocyanin from Spirulina

followed by HPLC-MS analysis” (poster presentation)

123



