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Summary

Dry eye disease (DED), results from tear film instability, inflammation, ocular surface
damage and has significantly increased worldwide. Different risk factors are associated to this
disease including aging, climate change, use of contact lens, hormonal changes, use of electronic
screens, among others. The development of cures is highly essential for the treatment of DED.
Currently, the most common therapy is the use of artificial and biological tear substitutes that aim

for osmo-protection, lubrication and stabilization of the ocular surface.

Deep eutectic solvents (DES) have been widely investigated as an alternative approach
to the use of conventional extraction methods, as they are more eco-friendly and cheaper
comparing to conventional solvents. They are prepared by combining a hydrogen bond donor and
hydrogen bond acceptor near the eutectic temperature and at molar ratio and include lactic acid,
fructose, urea and terpenes (menthol, thymol, camphor, and borneol). The thermodynamic and
physicochemical properties of these solvents are evaluated in order to define these solvents as
“deep” eutectic mixtures. The simulation of the solid-liquid equilibrium phase diagram is done
using the Universal Functional Activity Coefficient function and the Conductor-like Screening
Model for Real Solvents software, which are compared to the real solid-liquid phase diagram of
the solvents obtained using differential scanning calorimetry. In addition, the physicochemical
properties are determined to assess the structure and the presence of hydrogen bonding and
compare the behavior of these solvents with the components used for their preparation and

confirm their behavior as a non-ideal mixture.

In this study, the extraction process was implemented using the prepared DES to extract
bioactive ingredients from the marine by-products: including codfish bones, mussels and tuna
vitreous humor. The obtained extracts were characterized to analyze their composition in proteins,
lipids, ash, hyaluronic acid and chondroitin sulfate. The results were compared to extracts
composition obtained using conventional methods that were prepared to confirm the viability of
the use of DES as alternative extracting solvents. Bioactivity studies were done to evaluate the
potential application of selected compounds in therapeutic formulations for the DED treatment. In
vitro testing on human corneal epithelial cell line and dry eye-associated microorganisms were
used. The cellular viability of the testing samples was studied on Caco-2 and human corneal cell

lines. Moreover, the reactive oxygen species scavenging capacity and the potential inflammatory
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response of the testing samples were assessed on human corneal epithelial cell line. Additionally,
antimicrobial properties of the samples against dry eye-associated gram-positive bacteria
(Staphylococcus aureus) and gram-negative bacteria (Pseudomonas aeruginosa) were evaluated
to furtherly study the use of the samples as preservatives that ensure a safe shelf life increase in

ophthalmic formulation.
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Sumario

A sindrome do olho seco resulta da instabilidade do filme lacrimal, inflamagao e de danos
provocados na superficie ocular e tem aumentado significativamente no mundo. Diferentes
fatores de risco estdo associados a essa doenca, incluindo o envelhecimento, mudangas
climaticas, uso de lentes, alteracbes hormonais, uso de écrans electrénicos entre outros fatores.
Atualmente, o tratamento mais comum consiste na utilizagdo de lagrimas artificiais que podem

garantir osmo-protecao, lubrificagado e estabilizagdo da superficie ocular.

Os DES tém sido estudados como alternativa aos solventes convencionais por serem
mais ecoldgicos e baratos. Sdo preparados combinando um dador e um aceitador de ligagao de
hidrogénio na temperatura eutéctica, como o acido latico, frutose, ureia e terpenos (mentol, timol,
canfora e borneol). As propriedades termodinamicas e fisico-quimicas dos DES sao avaliadas
para definir os solventes como “profundos”. Assim, a simulacdo do diagrama de fases de
equilibrio sdlido-liquido é feita usando a funcdo Universal Functional Activity Coefficient e o
software Conductor-like Screening Model for Real Solvents, e sdo comparados com o diagrama
de fase real sélido-liquido obtido quando se usa a calorimetria de varrimento diferencial. As
propriedades fisico-quimicas sdo estudadas para avaliar a estrutura e a presenca de ligagdes de
hidrogénio e comparar o comportamento desses solventes com os compostos puros que foram
utilizados para os preparar, e assim poder confirmar os seus comportamentos como misturas

nao ideais.

Neste trabalho foi implementado um processo para extragao de ingredientes bioativos a
partir de subprodutos marinhos: incluindo espinhas de bacalhau, mexilhdo e humor vitreo de
atum, usando os solventes eutéticos preparados com acido latico, frutose, uréia e terpenos
(mentol, timol, canfora e borneol). Os extratos foram caracterizados na sua composi¢ao em
proteinas, lipidos, cinzas, acido hialurbnico e sulfato de condroitina. Os resultados foram
comparados com a composicao dos extratos obtidos por métodos convencionais, para confirmar
a viabilidade do uso de DES como solventes de extracao alternativos. Foram feitos estudos da
bioatividade para avaliar o potencial de aplicacao dos compostos selecionados em formulagdes
terapéuticas para o tratamento da doenga dos olhos secos. Foram realizados testes in vitro com

células epiteliais da cérnea humana e com microrganismos associados aos olhos secos. A
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viabilidade das amostras foi analisada na linha celular Caco-2 e na linha de células epiteliais da
cérnea humana. A capacidade de eliminacdo de espécies reativas de oxigénio e a resposta
potencial inflamatdria foram estudadas nas células epiteliais da cornea humana. Além disso, as
propriedades antimicrobianas das amostras contra bactérias gram-positivas associadas ao olho
seco (Staphylococcus aureus) e bactérias gram-negativas (Pseudomonas aeruginosa) foram
estudadas para avaliar o seu uso como conservantes, garantindo um aumento seguro do tempo

de vida da formulacao oftalmica.
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Abstract

Deep eutectic solvents (DES) have been widely investigated as new alternatives to
conventional solvents as they are more eco-friendly and cheaper. They are prepared by
combining a hydrogen bond donor and hydrogen bond acceptor, near the eutectic temperature
and molar ratio. The thermodynamic behavior must be strongly non-ideal in order to define these
solvents as “deep” eutectic mixtures. The physicochemical characterization is essential to define
the structure and the chemical interactions and to obtain relevant properties for final purpose of
these solvents. DES can be used for different industrial, biomedical and pharmaceutical
applications. In the current study, DES are designed, prepared, and characterized experimentally
and theoretically. They are then applied for the extraction of bioactive ingredients from marine by-
products (codfish bones, mussels, and tuna vitreous humor), including hyaluronic acid (HA) and
chondroitin sulfate (CS). These two polysaccharides have been evaluated in diverse therapeutic
applications, including the dry eye disease (DED), a multifactorial disease resulting from tear film
instability, inflammation, and ocular surface damage. Hence, they are one of the most commonly
used natural compounds in DED artificial tears. Extensive research has already been published
regarding the efficient extraction of natural HA and CS from marine and terrestrial by-products at
a high yield and purity. In general, the vitreous humor is the main used source of HA, while the
cartilage is the most common source for CS. The developed methods differ in the extraction
conditions, enzymes and/or solvents used and the purification technique. In this work, DES were
used for the extraction of HA and CS from marine by-products for their potential application in
DED treatment. The extracts are then characterized chemically and in vitro to evaluate their

bioactivity for their potential therapeutic application in ocular therapy.

Keywords: Deep eutectic solvents; natural compounds; characterization; hyaluronic acid;
chondroitin sulfate; marine and terrestrial biomass; extraction techniques; dry eye disease; ocular

therapy.
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1. Development of sustainable processes

Nowadays, industries seek the development of green processes and technologies in all
applications. The design of chemical products and processes that do not involve hazardous
substances is highly increasing [1]. This led to significant advantages, including environmental
benefits and innovative approaches [2]. Some of the main trends that focus on the implementation
of green chemistry include the use of alternative solvents (such as ionic liquids and supercritical
fluids), the valorization of renewable feedstock (biomass), the development of new synthesis
pathways (photocatalytic reaction), among others [3]. Hence, these sustainable processes ensure

not only an environmental protection, but also provide economic advantages.

1.1. Deep eutectic solvents as novel alternative solvents

Deep eutectic solvents (DES) describe the systems formed of eutectic mixtures of two or
more components prepared by combining hydrogen bond acceptor (HBA) and hydrogen bond
donor (HBD) molecules [4]. Abbott et al. first described a novel eutectic solvent composed of
quaternary ammonium salts and urea having a lower melting point than the pure substances,
which is mainly due to the complexation an interactions involved in the system [5]. HBA can be
categorized into ionic compounds, such as tetraalkyl quaternary ammonium and phosphorous
salts, and non-ionic compounds, such as monoterpene ketones. Common HBD include alcohols,
glycols, carboxylic acids, and phenols [6]. Some of these compounds can act as both a HBD and
HBA, such as organic acids and monoterpenoids, as shown in Figure 1. The research focus on
the application of DES has remarkably increased in various fields for their use as alternatives to
conventional solvents and ionic liquids [7]. This is mainly due to the importance of implementing
low-cost and environmental-friendly processes, since the eutectic solvents have shown to have
promising and advantageous characteristics [8, 9]. They have similar physicochemical properties
in comparison to the ionic liquids, including high dissolution capacity, low vapor pressure and low
melting point [10, 11]. Nonetheless, the DES have shown additional advantages since their
compounds are remarkably cheaper, thermally stable, low- to non-toxic, more commonly
biodegradable and require no further purification stages [11, 12]. Therefore, their potential for

industrial production scale-up is bigger in comparison to ionic liquids.
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Figure 1: Some examples of deep eutectic solvents constituents of hydrogen bond donors and

acceptors [6].

DES are characterized by the eutectic point, an invariant isobaric point of the mixture,

comprising the molar ratio and a minimum melting temperature [13]. The eutectic point can be

identified using the solid-liquid equilibrium phase diagram of the system, through the intersection

of the melting curves of the compounds, as shown in Figure 2 [13, 14]. DES display different

characteristics of a thermal transition, depending on the compounds in the system, the molecular
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interactions and the cooling/heating rates. They generally undergo glass transition, which could
be common even under low cooling rates, such as 5 °C/min [13, 15]. Nonetheless, the interactions
and the molecular dynamics within the systems define the “deepness” of the DES in comparison
to other regular eutectic mixtures [14, 16]. The thermodynamic analysis can clarify their
interactions in the liquid phase and their behavior at specific molar ratio and temperature, to
understand what differentiates them from non-deep eutectic mixtures. DES can be characterized
using the solid-liquid equilibrium (SLE) phase diagram to study the ideal and real behavior of the
systems [17]. The melting properties of the pure components involved should be obtained in order
to evaluate the ideal solubility curve. The SLE phase diagrams can be computed using different
tools, such as COSMO-RS and PC-SAFT and a comparison between the predictions assuming
an ideal and real curve can be done to evaluate the systems [14]. Moreover, experimental studies
of the SLE phase diagram could be achieved to confirm the real behavior, predicted by the

simulation tools [18].

In general, the interactions of these systems are Van der Waals interactions and hydrogen
bonding, which leads to a significant melting point drop (Figure 2) [13, 19, 20]. This melting point
drop is due not only to charge delocalization between the components that enable the hydrogen
bond formation, but also to the lattice energies of the interacting compounds and the entropy
changes upon DES formation [5, 8, 21]. As it has been described by Abbott et al., the charge
transfer occurring between the individual compounds is the main reason for the significant melting
point depression of the eutectic system at a specific molar ratio [5]. Therefore, the stronger the

hydrogen bond in the system, the deeper the reduction in the melting point.

DES can be further characterized by analyzing their physical properties, including the
viscosity, density, refractive index, surface tension, miscibility and polarity [10, 18, 22, 23]. These
properties are highly dependent on the structure of the components in the system and their molar
ratio. Therefore, they have shown to be promising alternatives to molecular solvents due to their
advantageous tunability that allows the optimization of the yield, solubility, selectivity, toxicity,

bioactivity, stability, among others, depending on their application [24, 25].



Ideal

Real

Temperature

Molar fraction x

Figure 2: Schematic representation of binary phase solid-liquid equilibrium phase diagram of an

ideal eutectic mixture (blue line) and real eutectic mixture (red line).

Previous studies and ongoing research have shown the various applications of versatile
DES in many areas [13], as sustainability-oriented, pharmaceutical, biochemical and industrial
applications, as summarized in Table 1. One of the most important roles of DES is their
multifunctional role in solubilization, extraction and purification of high added-value products from
biomass [8, 26]. For instance, DES were efficiently applied in the pre-treatment of lignocellulosic
biomass. In these types of raw materials, cellulose represents the main component and the
skeleton part of the biomass and is encapsulated by lignin and hemicellulose by strong
intermolecular forces [27]. The pre-treatment of biomass using DES can efficiently and selectively
ensure the destruction of lignocellulose structure and the removal of hemicellulose and lignin, to
enhance the contact of cellulose with target chemical agents and enzymes [26, 27, 36-39, 28—
35]. Furthermore, DES were also employed in the solubilization of cellulose for its efficient
conversion into platform products, such as regenerated materials and cellulose derivatives of
esters, ethers, and grafted copolymers [10, 27, 40—42]. Other studies are focused on the use of

DES for the efficient extraction of different bioactive compounds from biomass, including proteins,
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phenolic compounds as flavonoids, pesticides and polymers such as pectin, inulin, k-
carrageanan, xylan, agar and agarose, chitin and chitosan, among others [9, 10, 51-60, 43, 61—
70, 44, 71, 45-50]. For instance, Vieira et al. compared the yield of extraction of phenolic
compounds from Juglans regia L. using different DES and a conventional method using ethanol.
According to their work, choline chloride:butyric acid resulted in a higher extraction yield in
comparison to the conventional method and other tested chlorine chloride-based DES [70].
Similar results were obtained by Zhuang et al. for the extraction of flavonoids from Platycladi
Cacumen using different combinations of DES. A greater yield was obtained using choline
chloride:laevulinic acid in comparison to other tested DES and a conventional method [72]. Chitin
was also extracted using DES from shrimp shells with a recovery yield higher than 85% using
choline chloride:lactic acid [71]. Furthermore, to ensure a high yield of the extraction using DES,
various techniques have been implemented, such as heating, stirring and the use of ultrasound
and microwave assistance [52, 73-75]. For instance, choline chloride- and betaine hydrochloride-
based DES were employed for the dissolution of a-chitin using conventional heating, microwave
irradiation and ultrasonication. The results demonstrated that the use of microwave and

ultrasonication decreased the time and temperature required for the process [76].

In addition, the use of DES in ecofriendly and purification processes is shown to be highly
efficient due to their chemical characteristics [77]. One of the main separation applications include
gas capture [78-87], desulfurization [22, 88—91], and metal separation processes [92—-95]. As
greenhouse gas pollution highly increased globally, the need for technologies of CO, and other
gases capture has also increased [96]. DES prove to be efficient alternative solvents for capturing
greenhouse gases, namely CO, and SO, [85-87]. This is mainly due to their low vapor pressure,
high stability, convenient biodegradability, which replace the need for the conventional adsorption
solvents, such as monoethanolamine and methyldiethanolamine, that exhibit a high vapor
pressure, high toxicity and partial degradation [87]. In addition, previous studies have shown that
the maximum capacity and absorption rate of the DES vary based on the type and molar ratio of

HBA and HBD components, as they lead to varying viscosity, density and surface tension [97].

Furthermore, the use of DES in pharmaceutical and biomedical applications has shown
increased attention [98]. They were proven to be efficient solvents for drug solubilization [99—

101]. One study demonstrated that the solubility of the local anesthetic drug lidocaine was



enhanced using selected DES, due to the involved intermolecular hydrogen bonding interactions
taking place between the drug and DES [100]. Additional research include the study of the protein
folding, stability and structure within DES [102—-108] and also their use in genomics to assess
controlled DNA folding [104, 106, 107]. Moreover, DES increased the stability of DNA-conjugated
activated esters, due to the strong binding of DES components with the chemical bases of DNA,
such as guanine, adenine and thymine [109]. Furthermore, in vitro and in vivo studies
demonstrated the potential therapeutic effects of DES [101, 110-115]. Hayyan et al. confirmed
that their cytotoxicity can differ based on variations of the HBA and HBD combination and their
corresponding molar ratio [110]. Further studies are important to reduce the toxicity effect of the
tunable DES to ensure their implementation in therapeutic applications in drugs and formulation.
Therefore, great attention has been paid to DES that are formed using natural metabolites (such
as organic acids, alcohols, sugars, and terpenes) for their use in therapeutic applications [7, 8,
116-118].

The need for greener methodologies in chemical synthesis has increased the need for
alternative solvents that can be adopted in various industrial processes and DES have been
widely proposed as ecofriendly alternatives in such applications [117, 119]. Various studies
focused on the use of DES in polymer synthesis, including polycondensation, electrochemical
polymerization, free-radical polymerization and ring-opening polymerization reactions [120-124].
For instance, DES-assisted synthesis of poly(octanediol-co-citrate) polyesters was done by the
incorporation of quaternary ammonium and phosphonium salts into the polymer network [125]
and the itaconic acid free-radical copolymerization was done by in situ crosslinking of DES for the
synthesis of hydrogels [126]. Furthermore, DES were also used in the synthesis of nanoparticles
[127-131]. Studies have also shown the use of arabic gum with DES to synthesize coated gold
nanoparticles and ultra-thin gold nano-sheets [132, 133]. Consequently, the high solubility of
metal oxides, solid halogens and small organic molecules have substantially enlarged the efficient
use of DES in the synthesis of highly functional nanomaterials, with improved chemical stability

and optical properties [131].

DES were also employed in metallurgy and electrodeposition, to produce a range of useful
tools through metal processing, dissolution and deposition [134-140]. Electrodeposition mainly

involves the formation of a metal coating on an electrode surface by the reduction of metal cations
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on the cathode using an electrical potential. This process allows the adjustment of surface
functionalities, including its corrosion, hardness, resistance, brightness, magnetism, among
others [141]. Hence, DES have shown a strong potential for their use in electrodeposition
applications due to their electrical conductivity in comparison to nonaqueous solvents [142]. An
example is the preparation of nickel metal coatings, through the dissolution of nickel chloride
dehydrate salts in DES, such as choline chloride:urea and choline chloride:ethylene glycol [143].
It was demonstrated that the morphology of nickel coatings obtained using DES baths differ from
aqueous plated nickel coatings, due to the differences in the process thermodynamics and
kinetics [144]. Furthermore, the use of DES in redox flow batteries [142, 145—148] and solar cells
[149-153] has been also increasingly studied. DES are promising solvents for use in renewable
energy storage in redox flow batteries, due to their strong thermal and electrochemical stability,
low viscosity at room temperature and high ionic conductivity [148]. A study showed that Li*
cations highly interact with the C=0 group of DES components, such as urea [148]. This
interaction demonstrates that DES does not react with the electrode surface of a lithium battery
and defines the cycling performance of lithium iron phosphate batteries [148, 154]. Moreover,
DES were widely applied in photovoltaic dye-sensitized solar cells, due to their efficient,
biodegradable and low-cost features. Nguyen et al. demonstrated that devices composed of
choline chloride: ethylene glycol, increase the short circuit current value, while the ones
composed of choline chloride:urea electrolytes improve the open circuit voltage values [155]. It
was also proven that the molecular structures and interactions of DES play an important role in
the enhancement of the open circuit voltage and short circuit current values [150, 151, 155].
Hence, these novel solvents widen the choices of electrolyte that can be used in the design of

dye-sensitized solar cells, for future low-cost and ecofriendly large-scale industrial production.
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Table 1: The different areas and applications of deep eutectic solvents.

Area

Applications

Reference

Biomass valorization

Pre-treatment and hydrolysis of biomass

[26, 27, 36-42,
28-35]

Extraction of phenolic compounds, proteins, pesticides,

[9, 10, 51-60, 43,

polysaccharides, among other bioactive compounds 61-70, 44, 71,
45-50]
Sustainability- Gas capture [78-87]
oriented and Desulfurization [22, 88-91]
purification Metal separation [92-99]
processes
Drug solubility [99-101]
Pharmaceutical and i
Controlled DNA folding [104, 106, 107]
biomedical
Protein folding and stability [102—-108]
processes
In vitro and in vivo bioactivities [101, 110-115]
. ) Polymerization [120-126]
Synthesis reactions
Nanoparticles synthesis [127-133]
Electrodeposition of metals [134—-140]
Power systems Redox flow batteries [142, 145-148]
Solar cells [149-153]

Consequently, DES are promising alternative solvents displaying continued progress in

different applications. Their physicochemical properties have been extensively studied and

tailored by changing the nature and molar ratios of the components. These solvents were

employed in broad areas of applications, and their status as green low-cost alternative

biodegradable solvents promoted their strong involvement in sustainable and therapeutic fields.

Further research is required to understand the structure, interactions and dynamics of these

systems to optimize their behavior, according to the target application.
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1.2. Valorization of residues

Biomass consists of organic matter obtained from living organisms. It is composed of
proteins, lipids and polysaccharides, which enables them to be employed as feedstock for new
products in green industries [156]. An example of biomass is the food wastes, which represent
residues that are obtained from edible biomass. They can be generated from different stages of
the food life cycle, starting from agriculture, manufacturing and processing to household
consumption [157, 158]. The worldwide food waste is estimated to be approximately 1.6 billion
tons globally [159]. A study calculated that 39% of food wastes takes place in the manufacturing
industry, 42% from households, 14% from food services sector, and 5% from distribution [157].
Moreover, it was shown that 88% of the total marine fish production (estimated to be 179 million
tons in 2018) is consumed by humans, and the rest is discarded [160]. Hence, both marine and
terrestrial wastes obtained from food wastes were largely investigated for their valorization in
significant industrial processes due to their low-cost abundance, safety and environmental

advantages [161].

It has been shown that one of the main approaches for reducing environmental damage
is through the application of a circular economy [162]. This topic is currently one of the most
targeted research focuses among scientists. Its main goal is the restoration of resources,
including residues, in applications of values for environmental and economical purposes. Hence,
when natural materials reach the end of their life cycle, they can be reused in beneficial
applications, including the isolation of bioactive molecules [162, 163]. Consequently, the high
amount of wastes produced by food industries, can be valorized through the implementation of

valorization processes.

Over the years, the use of both marine and terrestrial residues was evaluated in diverse
industrial technologies, including cosmetics, as pharmaceutically active ingredients, valuable
agro-chemicals and food and feed ingredients [3, 43, 156]. They have been widely employed as
a source for the isolation of natural bioactive compounds that are used as natural products in
pharmaceutical and cosmetic industries [164]. Hence, various techniques were developed for the
efficient extraction of valuable ingredients from biomass sources [165]. Many compounds used in
pharmaceutical applications were originally isolated from natural sources, including vitamin C,

salicylic acid, pilocarpine, taxol, quinine and different glycosaminoglycans [166—168]. Among

12



glycosaminoglycans hyaluronic acid (HA) and chondroitin sulfate (CS) are widely used in

pharmaceutical and medical applications.

1.3.  Hyaluronic acid and Chondroitin sulfate from marine and terrestrial sources:

extraction and purification methods

Glycosaminoglycans (GAGs) are linear polysaccharides formed of covalently linked
disaccharide units. Their disaccharide repeating unit components are an amino sugar
(hexoamines including D-glucosamine and D-galactosamine) and a uronic acid (p-glucuronic acid
and L-iduronic acid). They are present in mammalian tissues as gel-like materials, mainly on the
cell surfaces and the extracellular matrix. They include four main classes of compounds: HA and
CS, fucosylated chondroitin sulfate (FCS), heparin/heparan sulfate, dermatan sulfate and keratan
sulfate, as shown in Table 2 [169]. GAGs are generally bound covalently to a core protein to form
a proteoglycan presenting different physiological functions. They differ on the chain length,

linkage to the protein, extent of sulfation and proportion of the uronic acids, among others [170].

Considerable research has been done to investigate the therapeutic and potential
applications of GAGs and they have been used in biomedical, cosmetic, veterinary, food and
pharmaceutical applications[171-174]. Hence, HA and CS have demonstrated biocompatible,
anti-inflammatory, biodegradable, non-immunogenic and non-toxic properties that have increased
their application in different fields (Highley, Prestwich, & Burdick, 2016; Schiraldi et al., 2010).
They have also been employed in tissue engineering as they have shown to promote cell growth
and differentiation [175]. As they are important components of the extra-cellular matrix of cells,
they have been incorporated in scaffold design to improve biocompatibility, tissue regeneration

and cell adhesion [176].

Recently, great attention has been given to the use of biomass, including animal wastes
and by-products, as a potential source for the isolation of both HA and CS. They have been
extracted from various tissues such as rooster and wattle combs, umbilical cords, swine, porcine
and bovine cartilage [177—-179]. They can be obtained with varying structure and characteristics,
such as the sugar composition and the extent of sulfation, depending on the method of extraction

and the species of origin [176, 180, 181]. Terrestrial and marine biomass such as animal residues,
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wastes and by-products have been extensively investigated in the past decades due to its long-
term economic and environmental benefits as it is the most abundant renewable resource. [182,
183]. It has been estimated that over 50% of the tissues of fish (head, fin, skin...) are discarded

as waste, which leads to problems in the waste management and highly affect the environment
[184].
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Table 2: Chemical structure of GAGs (Rn=H or SO3-) [185—-189].

Chemical structure of the
GAG disaccharide or trisaccharide Systematic name(s)
units
Hyaluronic - £ o o
_ mm D-GlIcA-B1-4-D-GalNAc-a1-4
acid " » noath,
Chondroitin | 0 oL ™
"mo o Its different systematic names are shown in Table 2
sulfate Ho ~ HootH,
Fucosylated - 00 %
O%" o— | Composed of GlcA, GalNAc and the fucose branch a-L-
chondroitin e o ° oH NHCOCH,
’ fucose, with different sulfation positions R.
sulfate I
R IdoA-GalNAc(4s)
Dermatan - q "
° ‘ o o— IdoA-(2s)-GalNAc(4s)
SUIfate FO = OR. NHCOCH
‘ ' IdoA-GalNAc(4s,6s)
Keratan ° i
R o ° D-Gal-31-4-D-GalNAc(6s)-81-3
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NHCOCH; ~
D-GIcA-B1-4-D-GIcNAc-a1-4
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15




Chapter |

1.3.1. Hyaluronic acid

HA is a polysaccharide formed of disaccharide repeating units comprised of N-acetyl-D-
glucosamine (GalNAc) and D-glucuronic acid (GIcA) [190]. It is the only GAG that is not sulfated
and not bound to proteins [191]. It is usually comprised of 100 to 20,000 repeating units and has
a molecular weight between 10° and 108 Da, in contrast the other GAGs which are smaller in size
[192, 193]. In the human body HA, is abundant in the intracellular matrix of connective tissues
(200-500 pg/g in the dermis), the umbilical cord (4100 ug/g) and in the fluid of space-filling tissues
such as the synovial fluid (1400-3600 ug/mL) and the vitreous humor (140-500 ug/mL) [194].

HA plays an essential role in tissue hydration and permeation and in the transport of
macromolecules between cells and invasive bacteria, due to its swelling property and its ability to
absorb a large amount of water molecules [195]. The structure and characteristics of HA, as well
its physicochemical and biological properties give it its valuable features such as biocompatibility,
viscoelasticity, lubricity and immunostimulatory. It has been employed in joint injections, ocular
surgeries, osteoarthritis treatment, plastic surgeries and skin treatments such as major burns and
anti-aging products [196, 197]. In the biomedical field, HA has been applied in tissue culture
scaffolds [198]. It has shown to be a potential compound in the development of tailored
nanocomposites by combining it with chitosan, for wound and chronic ulcer dressing, due to the
anti-bacterial properties [199-202]. Furthermore, it has been used in as dermal fillers and the

treatment of osteoarthritis, vascular diseases and in cancer progression [194, 203].

HA has been extracted from various mammalian and marine animals. The concentration,
purity and yield differ based on the source as well as the technique used. HA can also be produced
by microbial and chemical synthesis. It is biosynthesized using bacteria Streptococcus
zooepidemicus microbial fermentation [204]. Chemically assembled oligosaccharides include di-
to decasaccharides [205-207]. Its chemical synthesis has shown to be challenging due to
glycosylation and deprotection difficulties. In a method applied by Lu et al. [208] to obtain HA
decasaccharides, a high glycosylation yield was ensured by using the trichloroacetyl group as a
nitrogen protective group for the glucosamine groups, as well as by adding Lewis acid
trimethylsilyl triflate to inhibit trichloromethyl oxazoline formation. The process was done under

mild basic conditions to enable deprotection by the removal of base-labile protective functional
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groups. The design and preparation of biomaterials from HA, such as hyaluronic nanofibers, using

a green technology is a potential protecting and stabilizing agent with antitumor effects [209, 210].

1.3.2. Chondroitin sulfate

CS is a GAG formed by repeated disaccharide GalNAc and GIcA [190]. It has a shorter
chain than HA as it comprises 20 to 100 repeating units [211]. It is mainly present in the
extracellular matrix of tissues and plasma membranes [212]. This polymer has a significant
heterogeneity in the length and the structure that differs based on the different sulfate positions,
as shown in Table 3 [213, 214]. For example, in embryonic cartilage of the chicken, the sulfate
group is mainly present on the carbon 4 of hexosamine, and with growth, the formation of
chondroitin 6-sulfate increases [215]. It also displays variation in the molecular weight as it ranges

between 10* to10° Da depending on the source and the tissue [216].

CS is a major GAG of cartilage and its presence in the extracellular matrix of connective
tissue is highly essential as it provides elasticity in articular cartilage, inflammation, hemostasis,
cell development regulation, cell adhesion, differentiation and proliferation [217]. It has been
highly used in osteoarthritis treatment due to its anti-inflammatory action and its highly negative
surface charge, capable of hydrating tissues by absorbing water [218]. It is also used in tissue
engineering as CS hydrogels proved to accelerate wound healing [219]. Therefore, safe and pure

CS is required for clinical applications.

CS can been extracted from various terrestrial and marine animals, such as cartilage, fish
bones and fins [220-223]. Its concentration and composition differ based on the origin and it
varies between terrestrial and marine sources. For instance, CS from tracheal cartilage is mainly
constituted by CS-A, which structure is shown in Table 3, while CS-C and CS-D are the main
constituents of the shark cartilage [224]. Since the sulfation group may occur on different
positions, there exists a total of 16 different possible disaccharides [225]. The CS-B has a sulfated
positions 4 of N-acetylgalactosamine and 2 of glucuronic acid. Dermatan sulfate having a similar
structure with iduronic acid in the place of glucuronic acid (its epimer) at carbon position 5 [172].
Moreover, fucosylated CS is structurally distinct and is commonly extracted from the wall of sea
cucumber [226]. It is different from the mammalian chondroitin sulfates as it contains side chains

with O-sulfated fucosyl residues that are attached to the O-3 of the glucuronic acid unit [227, 228].
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CS has been synthesized and extracted using various techniques, but its synthesis is
challenging and complex due to the inclusion of specific sulfation patterns. Hence, chemical and
bio-synthesis techniques can be employed to obtain CS with a specific structure, molecular weight
and sulfation pattern. CS can also be produced by biological fermentation using fungi and

bacteria, such as Escherichia coli, Pasteurella multocida and Bacillus subtilis [217, 229, 230].

The chemical synthesis of CS oligosaccharides is time consuming as it requires many
steps. Various CS structures and chain length can be generated from a base disaccharide unit
which is converted to either a donor or an acceptor. Glycosylation reaction takes place followed
by a radical reduction of the N-trichloroacetyl group and oxidation of the para-methoxybenzylidene
group. Then the assembly of CS with different sulfation patterns takes place under specific

conditions and following a specific sequence of reactions [231].
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Table 3: CS classes and sulfation pattern.
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1.3.3. Extraction of hyaluronic acid and chondroitin sulfate
1.3.3.1. Sources

1.3.3.1.1. Marine biomass

Nowadays, the isolation of valuable compounds from marine sources is highly investigated
for many potential applications. Different approaches, including enzyme hydrolysis (EH), have
been developed for the recovery of different compounds, such as proteins and polysaccharides,

from marine plants and organisms [232].

HA and CS were extracted from marine sources to ensure the maximum exploitation of
marine wastes as they have shown to be a potential source for the extraction of valuable
compounds, as shown in Table 4 and Table 5. They can be extracted from different parts of the
organisms, such as cartilage, head, eyes, fins and skin [180]. One of the main sources used for
extraction is the cartilage, which is a tissue matrix composed mainly of collagen and a network of

proteoglycans containing GAGs, such as CS and HA [233].

CS is found in the cartilage of shark, catshark, skate, octopus, squid, blue shark and the
bones of monkfish, codfish, spiny dogfish, salmon, tuna and sturgeon [234—-236]. Higashi et al.
[237] showed that the whole fins of different shark species are a source of CS, including Isurus
oxyrinchus, Prionace glauca, Scyliorhinus torazame, Dasyatis akajei, Dalatias licha, Mitsukurina
owatoni. The structure and the sulfation pattern of CS differs between the marine sources based
on the repeating glucuronic acid and N- acetylated galactosamine unit, which can be sulfated on

carbon 4 and/or 6, and on the position 2 of glucuronic acid and 6 of galactosamine [238].

HA was extracted from various sources as shown in Table 5, including mollusc bivalve,

liver of stingray, and the vitreous humor of swordfish and shark.
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Table 4: Extraction techniques of CS from different marine sources.

Marine Extraction | Separation/purificati
Body part Yield Reference
Source method on method
Small- Head, Alcalase Ultrafiltration- 4.8% in head Blanco, Fraguas,
spotted skeleton (EH) diafiltration 3.3% in fins Sotelo, Pérez-
catshark and fins 1.5% in Martin, &
skeleton Vazquez, 2015
Blackmouth | Cartilage Alcalase Ultrafiltration- 3.5-3.7% of J. Vazquez et al.,
Catfish (EH) diafiltration wet weight 2018
cartilage
Sea Papain (EH) | Dialysis followed by FCS isolated Chen et al., 2011
cucumbers anion exchange from 4 sea
chromatography cucumbers (%
by weight)
P. graeffei
11.0%
H. vagabunda
6.3%
S. tremulus
7.0%
I. badionotus
9.9%
Monkfish, Bones Papain (EH) | Dialysis followed by (% wiw) in Maccari et al.,
codfish, anion exchange bones of: 2015
spiny chromatography Monkfish
dogfish and 0.34%
tuna Codfish
0.011%
Dogfish 0.28%
Tuna 0.023%
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Tilipa Papain (EH) | Dialysis Vasconcelos
Oliveira et al.,
2017
Zebrafish - Papain (EH) | Anion exchange 80% CS of the | Souza et al., 2007
chromatography total GAGs
extracted
CS-0 17.5%
CS-A 59.4%
CS-C 23.1%
Different Fins, head Alcalase Dialysis followed by gS. canicula Novoa-Carballal
fish species | and (EH) ultrafiltration- fins 3.9% etal., 2017
skeleton diafiltration S. canicula
head 5.8%
S. canicula
skeleton 1.9%
P. glauca head
12.1%
R. clavata
skeleton
13.7%
(w/w dry
cartilage)
Blue shark Cartilage Neutrase, Anion exchange Highest yield Xie et al., 2014
alcalase, chromatography using neutrase
papain, 88.4% of total
bromelain CS recovered
and acid
protease
(EH)
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Alcalase Ultrafiltration- 12.08% J. A. Vazquez,
(EH) diafiltration (w/w dry Blanco, Fraguas,
cartilage) Pastrana, &
Pérez-Martin,
2016
Fins Actinase Anion exchange Total GAG Higashi,
(EH) chromatography amount 44.9 Takeuchi, et al.,
mg/g dry 2015
weight
Chinese Cartilage Pepsin (EH) | Anion exchange 26.51% Zhao et al., 2013
sturgeon chromatography
Shortfin Alcalase Filtration through a 57% (w/v) S.-B. Kim et al.,
mako shark (EH) membrane of 3 kDa 2012
molecular-weight cut-
off
Fins Actinase Anion exchange Total GAG Higashi,
(EH) chromatography amount 7.71 Takeuchi, et al.,
mg/g dry 2015
weight
Ray Cartilage Papain (EH) | Dialysis 7.49% ray Garnjanagooncho
cartilage rn et al., 2007
Shark Fins Papain (EH) | Dialysis 15.05% Garnjanagooncho
rn et al., 2007
Skate Cartilage Alkaline Ultrafiltration- 41 g/L of Miguel A.
by-products | process diafiltration extracted CS Murado, Fraguas,
Montemayor,
Vazquez, &
Gonzalez, 2010
Cartilage Alcalase Protein removal by 47.44% (w/w) | Song et al., 2017
(EH) centrifugation
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Ethanol purification 23.3% Jeong, 2016
Papain (EH) | Ultrafiltration- 13 g/L of Lignot, Lahogue,
diafiltration extracted CS & Bourseau, 2003
Spotted Cartilage Papain (EH) | Anion exchange 1.5% weight of | Gargiulo,
dogfish chromatography CS ondry Lanzetta, Parrilli,
basis. & De Castro,
CS-08.3% 2009
CS-A 41%
CS-C 32%
CS-D 8.3%
Salmon Cartilage Actinase lon Exchange Total CS 24% | Takai & Kono,
(EH) chromatography (w/w) 2003
CS-0 11%
CS-A 28.4%
CS-C 52.8%
CS-E 7.8%
Bones Papain (EH) | Dialysis followed by 0.10% Maccari et al.,
anion exchange 2015
chromatography
Different Fins Actinase Anion exchange Total GAG Higashi,
shark (EH) chromatography amount (mg/g | Takeuchi, et al.,
species dry weight): 2015
Birdbreak
dogfish 12.2
Cloudy
catshark 11.7
Small tooth

sand tiger 9.85
Red stingray
43.8
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Frilled shark
16.6

Silver
Chimaera 22.0
Spotless

smooth-hound

39.8
Kitefin shark
8.46
Goblin shark
37.3
Squid Fins, arms, | Actinase Anion exchange CS (mg/gdry | Tamuraetal.,
skin, head, | (EH) chromatography tissue) 2009
eyes and Fin 2.973
mantle Arms 1.555
Skin 3.482
Head 2.475
Eyes 2.297
Mantle 0.021
Cornea Papain (EH) | lon exchange CS 5% (w/w) Karamanos,
chromatography CS-0 11% Manouras,
CS-A 49% Tsegenidis, &
CS-D 28% Antonopoulos,
CS-C 20% 1991
Carp Scales Actinase lon exchange 157.37 pg/mg | Sumi et al., 2002
(EH) chromatography
Thornback Alkaline Ultrafiltration- 15% w/w CS Miguel A. Murado
skate process diafiltration extracted et al., 2010

25




Chapter |

Sea shake Skins and Trypsin and | Dialysis followed by 10.1% sulfated | Bai et al., 2018
meat papain (EH) | ion exchange groups
chromatography
Octopus Actinase E Anion exchange 19.2% Higashi,
(EH) chromatography Okamoto, et al.,
2015
Table 5: Extraction techniques of HA from different marine sources.
Marine Body Extraction | Separation/purification )
Source parts method method Concentration Reference
Swordfish | Eyeballs | Alkaline Ultrafiltration-diafiltration | 0.055 g/L of M.A. Murado,
process and protein vitreous humor | Montemayor,
electrodeposition Cabo, Vazquez, &
Gonzalez, 2012
Shark Eyeballs | Alkaline Ultrafiltration-diafiltration | 0.3 g/L of M.A. Murado et
process and protein vitreous humor | al., 2012
electrodeposition
Mollusc Papain (EH) | Anion exchange 0.81 mg HA/g Volpi & Maccari,
bivalve chromatography dry weight of 2003
tissue
4.2 mg HA/g Kanchana,
dry weight of Arumugam, Giji,
tissue &
Balasubramanian,
2013
Stingray Liver Papain (EH) | Anion exchange 6.1 mg HA/g Sadhasivam,
chromatography dry weight of Muthuvel,
tissue
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Pachaiyappan, &
Thangavel, 2013

Tuna Eyeballs Actinase Dialysis Mizuno et al.,
(EH) 1991
Mycolysin Dialysis 0.42 g/L Amagai, Tashiro,
(EH) vitreous humor | & Ogawa, 2009

1.3.3.1.2. Terrestrial biomass

The generation of terrestrial by-products is highly increasing especially in slaughterhouses
and food industries. It has been estimated that the average of animal wastes is 275 kg of bovine
and 2.3 kg of pig per tons of total weight of killed animals, which accounts for 27.5% and 4% of
the animal weight, respectively [262]. In addition, poultry farms generate millions of tons of wastes
annually [263]. Therefore, terrestrial biomass and animal by-products have attracted great
attention for the isolation of valuable compounds including HA and CS, as shown in Table 6 and
Table 7.

HA was extracted from different animal sources such as rooster comb, the vitreous humor,
umbilical cord and synovial fluid. Some of the highest concentrations of extracted HA were found
in the rooster comb (39.8 g/kg), wattle tissue (17.9 g/kg) [264], and cattle, pig and sheep synovial
fluid (up to 40 g/L) [265]. It has also been extracted from the vitreous humor of different terrestrial
animals, such as pig, monkey and bovine [257, 266, 267]. The most investigated terrestrial source
of HA is the rooster comb [264, 268-271].

CS was extracted mainly from the cartilage of different animals, such as buffalo, antler,
sheep and crocodile [272—-275]. Moreover, results have shown a significant extraction yield of CS
from buffalo cartilages, including nasal, tracheal and joints, containing a high amount of CS
(around 60 mg/g) which has been isolated by enzymatic treatment. Therefore, different amounts
of CS, having specific structure and sulfation pattern, have been extracted based on the source

and the extraction method.
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Table 6. Extraction techniques of CS from different terrestrial sources.

Chapter |

Terrestri
Extraction | Separation/purificat
al Body parts . Yield Reference
Source method ion method
Crocodile | Cartilage Papain (EH) | Dialysis 14.84% Garnjanagoonch
orn et al., 2007
Buffalo Tracheal, Papain (EH) | Dialysis Tracheal 62.05 £ | Sundaresan et
nasal and 0.5 mg/g al., 2018
joint Nasal 60.47 +
cartilage 1.19 mg/g
Joint 60.76 + 0.38
mg/g
Bovine Nasal Papain (EH) | lon exchange 7.8% T Nakano et al.,
cartilage chromatography 2000
Chicken | Claw Papain (EH) | - 2.47% Dewanti
cartilage Widyaningsih et
al., 2016
Kneel Dialysis 14.08% Garnjanagoonch
orn et al., 2007
Kneel Alcalase - 40.09% Shin, You, An, &
cartilage (EH) Kang, 2006
Sheep Cartilage Use of Ethanol purification Recovery rate of | Zhujun et al.,
organic 7.6% 2008
solvents
Antler Cartilage Papain (EH) | Anion exchange 95.1% of total C.-T. Kimet al.,
chromatography uronic acid 2014
Pig Cartilage Papain (EH) | Tricloroacetic acid Li & Xiong, 2010
laryngeal deproteinization and

ion exchange

chromatography
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Table 7: Extraction techniques of HA from different terrestrial sources.

Terrestrial Body Extraction | Separation/purification )
Source parts method method Concentration Reference
Wattle Papain (EH) | Dialysis and cellulose 17.9 pg/ mg Takuo Nakano et
acetate electrophoresis al., 1994
Rooster Comb Pronase Chloroform treatment Yield > 90% Swann, 1968
(EH) and ion exchange with respect to
chromatography hexuronic acid
Use of Dialysis 1 mg/g of Kang et al., 2010
sodium frozen rooster
acetate comb
Use of Centrifugation Kulkarni et al.,
organic 2018
solvent and
sodium
acetate
Use of Chloroform treatment Boas, 1949
organic
solvent and
sodium
acetate
Papain (EH) | Dialysis and cellulose 39.8 ug/ mg Takuo Nakano et
acetate electrophoresis al., 1994
Chicken Comb Papain (EH) | Ethanol purification and | 15 g hexuronic | Rosa et al., 2012
centrifugation acid/mg dry
tissue
Bovine Eyes Use of Dialysis 469.9 pg/ mL Gherezghiher et
organic vitreous humor | al., 1987
sodium salt
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Synovial Use of Dialysis 250 mg/L Matsumura, De
fluid quaternary synovial fluid Salegui, Herp, &
ammonium Pigman, 1963
salt
Pig Eyes Ultrafiltration-diafiltration | 0.04 g/L M.A. Murado et
and protein vitreous humor | al., 2012
electrodeposition
Synovial Trypsin and | Chloroform treatment Cullis-Hill, 1989
fluid pronase (EH) | and filtration
Cattle Synovial Trypsin and | Chloroform treatment Cullis-Hill, 1989
fluid pronase (EH) | and filtration
Sheep Synovial Cullis-Hill, 1989
fluid
Owl Eyes Use of Chloroform treatment Balazs, 1977
monkey organic
solvents
Use of Dialysis 291.8 ug/ mL Gherezghiher et
organic vitreous humor | al., 1987
sodium salt
Eggshell Pepsin, - Using each Urgeova &
membrane trypsin and enzyme: Vulganova, 2016
papain (EH) Pepsin 38.79
mg HA/ g
eggshell
Papain 39.02
mg HA/ g
eggshell
Trypsin 44.82
mg HA/ g
eggshell
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Use of Silica gel and activated | 5.3 mg HA/ g Khanmohammadi,

isopropanol carbon purification eggshell Khoshfetrat,

and sodium Eskandarnezhad,

acetate Sani, & Ebrahimi,
2014

1.3.3.2. Methods of extraction

Various techniques were developed and optimized to extract HA and CS using detergents,
enzymes and/or solvents to breakdown the structure and isolate the GAGs from other
polysaccharide complexes present in the tissues [193]. In general, the methods are based on the
chemical hydrolysis of the tissue to ensure the disruption of the proteoglycan core, followed by

the elimination of proteins to recover the GAGs.

1.3.3.2.1. Digestion using enzymes

The most commonly used techniques for the isolation of GAGs involve the ED using
papain, trypsin, pepsin and pronase, as shown in the Tables 3-6. These enzymes have been
applied for the degradation of the tissue and the breakdown of the protein fractions to isolate the

undamaged HA and CS molecules.

Papain is one of the most commonly used enzymes to isolate HA and CS. In general, the
tissues were at first defatted using acetone, then treated with the enzyme. The mixture was then
boiled to denature the enzyme and the GAGs were precipitated using ethanol saturated with
sodium acetate [220]. This technique was applied with minor modifications for the extraction of
CS from various fish (tuna, codfish, monkfish, dogfish and salmon) [234], tilapia [241], buffalo
cartilages [272], skate cartilage [250], spotted dogdfish cartilage [251], squid cornea [254],
crocodile and ray cartilage, shark fin and chicken keel [233] and bovine nasal cartilage [273].
Moreover, CS was isolated from thornback skate (Raja clavata) by ED using papain combined
with chemical hydrolysis using an alkaline hydroalcoholic solution [247]. In addition, papain was
also employed to extract HA from mollusc bivalve, rooster and chicken combs and wattle [220,

264, 279]. In the isolation of HA from the terrestrial by-products, the tissues were defatted using
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ethanol followed by delipidation with chloroform and methanol, prior to the hydrolysis using
papain. This enzyme was also used with trypsin to isolate sulfated GAGs from sea snhake
(Lapemis curtus) [256] and in the hydrolysis of proteoglycans from hammerhead shark fins [283].
As shown in Table 3, sea cucumber has been used as a source of FCS, which was isolated based
on a method developed by Vieira et al. It is based on the enzymatic hydrolysis using papain in
the presence of EDTA and cysteine, followed by precipitation using cetylpyridinium chloride (CPC)
[226, 228].

A method developed by Sumi et al. [255] was applied on carp scales based on enzyme
hydrolysis using the protease actinase E followed by the elimination of polypeptides and the
precipitation of the GAGs from the aqueous solution by the application of dialysis and a cation-
exchange column for purification. This method is more time-consuming in comparison to the other
enzymatic methods as it requires heat treatment, dialysis and ion exchange separation. Digestion
using actinase E was also applied for the isolation of CS from salmon [252], diamond squid [253],
octopus [235], and the fins of several shark species such as blue shark, shortfin mako shark,
birdbreak dogfish, cloudy catshark, small tooth sand tiger, red stingray [237]. HA was also
extracted using actinase E from the vitreous humor of tuna fish eyes, followed by membrane

dialysis and CPC precipitation [260].

Another method applied by Blanco et al. is based on the enzymatic hydrolysis using the
endoprotease alcalase in a thermostatted reactor followed by alkaline proteolysis and purification
by ultrafiltration-difiltration. This technique was applied to isolate CS from small-spotted catshark
(Scyliorhinus canicula) [239] and blackmouth catshark (Galeus melastomus) [240]. In a study
done by Kim et al., alcalase and flavourzyme were used to purify CS from shortfin mako shark

(Isurus oxyrinchus) cartilage [246].

In another study, the use of different enzymes was investigated: neutrase, alcalase,
papain, bromelain and acid protease, for the extraction of CS from blue shark cartilage [236].
Moreover, alcalase has been employed in the hydrolysis of tissues for CS and HA extraction [248,
257]. CS was also isolated from chicken kneel cartilage by ultrasound treatment and alcalase
hydrolysis, and from Tilapia by-products using a combination of ultrasound-microwave followed
by protease hydrolysis [284, 285]. In contrast, CS was isolated from Chinese sturgeon (Acipenser

sinensis) cartilage by de-fatting using petroleum ether, then the study of different extraction
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conditions by hydrolysis using aqueous NaOH and acidic, neutral and alkaline proteases, papain,
pancreatin, and pepsin [245]. In another study, the enzymatic hydrolysis with three enzymes
(papain, pepsin and trypsin) was investigated on eggshell membranes to determine the optimum
temperature and pH conditions for the extraction of HA. The results have shown that trypsin is

more effective than papain and pepsin [281].

Other enzymes were employed for tissue digestion for HA and CS extraction, including
proteases, pronase and trypsin. For instance, HA was extracted from the vitreous humor of fish
eyes using a protease from Streptomyces griseus [261]. HA was isolated from human synovial
fluid of a patient with rheumatoid arthritis, using pronase in a phosphate buffer followed by dialysis
[286] and from rooster comb using pronase [268]. In addition, trypsin was used to isolate CS from
cartilage proteoglycans [287] and HA from animals synovial fluid [265]. Pepsin has also been
used for HA isolation [288].

1.3.3.2.2. Use of organic solvents and inorganic salts

The extraction of GAGs can be done using organic solvents and sodium salts, mainly
sodium acetate, as shown in Tables 3-6. The application of organic solvents is based on the
isolation of proteoglycans by the solubilization of the cell-matrix components (Chascall et al.,

1994) and it has been mainly used in the isolation of HA.

HA was extracted from rooster combs using organic solvents and sodium acetate. At first,
homogenization using acetone is done to de-fat the tissues, followed by the extraction using a
sodium acetate solution for several times. Chloroform and chloroform-amyl alcohol were then
used repeatedly to ensure protein removal. Dialysis was applied followed by the addition of the

sodium acetate solution and precipitation using ethanol [269-271].

HA was also isolated from the vitreous humor of owl monkey eyes [267]. At first, the blood
is removed from animal tissue to extract HA followed by the deproteinization of HA extract. Then,
treatment with chloroform is done to form a two-phase mixture to perform liquid-liquid extraction

for the purification of the system.

Furthermore, quaternary ammonium salts have shown the ability to form water-insoluble
molecules due to presence of long alkyl chains polyanions [290]. CPC is the most commonly used

in the extraction processes. In a study, HA was isolated from bovine synovial fluid using CPC by
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the formation of HA-CPC complex (Matsumura, De Salegui, Herp, & Pigman, 1963). The
precipitate was then washed with water, NaCl solution and ethanol followed by dialysis.
Additionally, HA was extracted from the vitreous humor of fish eyes using CPC to obtain a HA-
CPC complex which was dissociated by suspension in NaCl solution, followed by a treatment
using mycolysin and Tris-HCI buffer. This technique was showed to be effective when working

with the vitreous humor to obtain high yield and high molecular weight HA [261].

A method was based on the extraction of HA from eggshells by a treatment using acetic
acid followed by the use of a water-jacketed contactor placed on a magnetic stirrer that maximizes
HA extraction by contacting the eggshells with aliquots of acetic acid solution supplied using a
peristaltic pump. Precipitation of HA was done using isopropanol followed by centrifugation and

suspension in a sodium acetate solution [282].

1.3.3.3.  Purification methods

Various purification methods have been employed at the final stage of extraction to ensure
a higher purity of HA and CS. Ultrafiltration-diafiltration is highly applied method for purification
and it is a size-based separation to remove the impurities and concentrate the HA and CS in
solution [250, 291, 292]. For instance, purification of HA isolated from the vitreous humor of
swordfish and shark [257] was done using a plate polysulfone membranes with a molecular weight
cut-off at 100, 300 and 675 kDa. Protein electrodeposition was performed at a current between
two platinum electrodes of 10 to 40 mA and HA is obtained with a purity higher than 99.5%. In
addition, this technique was applied in the purification of CS extracted from skate cartilage [250]
and HA obtained from fermentation [292]. Moreover, it was also employed for a selective
purification and protein permeation in the extraction process of CS from catshark (Scyliorhinus
canicula) head, skeleton and fins and from blue shark (Prionace glauca) head wastes using
polyethersulfone membrane of 30 kDa cut-off for the catshark and 30 and 100 kDa cut-off for the
blue shark [239, 244].

Additional purification techniques include dialysis and ion exchange. Dialysis has also
been used for HA and CS purification from impurities in solution. For instance, it has been used
as a final step for the purification of HA extracted from fish eyes [261], CS from pig laryngeal
cartilage [278] and buffalo cartilages [272]. On the other hand, anion exchange chromatography

has been employed for protein separation and purification [226, 234, 242]. Furthermore, ion
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exchange resins such as silica gel, alumina and activated carbon, are also employed for the
purification of CS and HA [249, 292]. Silica gel has been employed to improve the purity of CS
extraction [293]. It has been shown that alumina is an effective adsorbent of endotoxins as it
removed 99% of endotoxins and 88% of proteins. Furthermore, activated carbon and silica gel
were used to remove impurities in the HA extraction from eggshells [282]. In a study, different
activated carbons were tested (Darco KB-B, Norit CN1, Norit C Extra USP, Norit A Supra EUR...)
for the removal of high molecular weight proteins from HA obtained by fermentation, for its further
application to biomaterials. Results show that Norit CN1 has the highest removal percentage of

proteins with 97% and a 90% removal of endotoxins [292].

1.3.3.4. Methodology and matrices comparison

Various methods were applied in the extraction of HA and CS using enzymes, solvents or
other treatment compounds for an efficient isolation at a high purity. Nevertheless, these methods
are expensive for large scale extractions, as they could require lyophilization of the raw materials
and the final product, enzyme proteolysis, ultrafiltration-diafiltration, among other techniques
[168]. In addition, the purity of the final product is challenging at an industrial scale and depends
on the technique applied. In fact, some animal sources contain a relatively low amounts of the
GAGs, mainly HA, and may not be feasible for industrial applications [217, 239]. For instance,
fermentation processes of HA using mutants of C streptococci and Lancerfield group A are more
commonly applied in industries using to replace HA from natural sources [196]. They have been
applied in batch, fed-batch and continuous operations [294]. The culture process has been
optimized to obtain the most suitable medium, pH, aeration and agitation conditions, bioreactor
type, lysozyme or hyaluronidase added [295-297]. For CS, industrial scale biotechnological
production processes have not been applied, which could be mainly due to the low yields of the
pathogenic microorganisms cultivation [217]. The production of CS for commercial use is obtained
from terrestrial and marine by-products of bovine, chicken, porcine, skate, shark, cartilaginous
and bony fish, or a mix of these sources to obtain a CS with mixed properties [298]. However, the
final CS product may present contaminants and biological effects, and may lack a controlled

structure and reproducibility and a consistent grade of purity [299].

Hence, the extraction methods present different advantages and disadvantages when

taking into account the cost, yield and environmental impact. In general, the economically feasible
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methods yield to a lower purity in contrast to the methods with a higher purity that require more
steps and a larger amount of reagents and thus are more time-consuming. For instance, the use
of enzymes is expensive and a significant amount is require to hydrolyze the tissues. It is also
challenging as it requires a specific buffer and treatment conditions for 24h for the hydrolysis
process. Moreover, a heat treatment is needed to de-nature the enzyme. For instance, an amount
of 60 mg of papain is required for each 1g of de-fatted tissue to treat [234]. A CS yield of 0.011-
0.34% (w/w of different fish bones), 14.84% (dry weight of crocodile cartilage) and 15.05% (dry
weight of shark fins) were obtained when applying this enzyme in the extraction process [233,
234]. In contrast, organic solvents such as chloroform and methanol were used prior to the
application of papain for the extraction of HA from chicken combs for the separation of proteins
and lipids [279]. Chloroform was also used without the use of enzyme, as a solvent in the
extraction of HA from rooster combs [270, 271]. This method was employed as an alternative to
the use of enzymes and hence eliminates the heating step required for enzyme denaturation.
Even though chloroform is a cheaper alternative for the enzymes, it is a toxic compound and thus
has a negative environmental impact. On the other hand, the enzyme alcalase was less
commonly applied and it showed a significant CS vyield of 57% (w/v) from shortfin mako shark
[246], 23.3% and 47.44% (w/w) from skate cartilage [248, 249], 40.09% from chicken kneel
cartilage [277] and 1.9 to 12.1% (w/w dry cartilage) from different fish by-products [243].
Furthermore, the application of the enzymatic digestion using actinase E showed a yield of CS of
24% (w/w) from salmon cartilage [252], 41.2% (w/w) from shortfin mako shark [237] and 19.2%
from octopus [235]. The application of ultrafiltration-diafiltration was done to ensure a high purity
of HA and CS. This method is done as a final step or to eliminate the use of solvents (such as
ethanol, chloroform, sodium acetate solution...) or ion exchange separation in the final stage.
However, it requires the use of a membrane filter with specific pore size, a pump and a pressure
sensor. A yield of 12.08% of CS (w/w dry blue shark cartilage) [244] was obtained, 0.055, 0.3 and
0.04 g/L of HA from the vitreous humor of swordfish, shark and pig, respectively [257].

The amount of HA extracted from vitreous humor of marine animals (55 mg/L in swordfish,
300 mg/L in shark [257] and 420 mg/L in tuna [261] is shown to be higher than that of terrestrial
sources (250 mg/L in bovine [280] synovial fluid , 0.47 mg/Land 0.29 mg/L in vitreous humor in
bovine and monkey [266] and 40 mg/L in pig [257]).
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On the other hand, CS was extensively extracted from the cartilage of marine and
terrestrial animals. For instance, the yield is shown to be 14.84% (dry weight) from crocodile
cartilage [233], 2.4% from chicken claw cartilage [276] in contrast to 26.51% from Chinese
sturgeon cartilage [245] and 24% from salmon cartilage [252]. Therefore, the extraction methods
differ in the cost, environmental impact, yield of HA/CS and the level of purity obtained. The yields
obtained not only depend on the enzyme used, but also on the following purification steps and

the source of marine and terrestrial by-products.

1.3.3.5. Conclusion

Nowadays, the amount of generated terrestrial and marine wastes has significantly
increased. The use of the by-products in the extraction of valuable biopolymers has received a
great attention in the last decade for various applications. For instance, HA and CS are essential
bioactive compounds which have been used in several biomedical and pharmaceutical
applications and extensive research was done to ensure their efficient isolation at a high yield and
purity. Different marine and terrestrial animal contain a significant amount of GAGs which require
specific techniques to separate them and isolate HA and CS. In general, the cartilage is the most
commonly used source for CS, while the vitreous humor is mainly used as a source of HA. The
methods were based on the general steps of tissue hydrolysis, impurities (such as proteins)
removal and purification of HA and CS. They differ in the amount of HA and CS recovered by
using the specific enzymes and/or solvents, and also the source of biomass used. The most
commonly applied method is the enzymatic digestion using papain, which has been shown to be
efficient for the isolation of GAGs. This leads to specific yield, molecular weight and sulfation
pattern of the isolated HA and CS. The optimization of the current extraction methods, as well as
the development of novel techniques, is highly essential to ensure the efficient isolation of the
target bioactive polymers at high purity using a low-cost, green and less time-consuming

technique.

These extracted bioactive compounds can be potentially studied for their use in

therapeutical applications, such as the dry eye disease (DED).
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2. Dry eye disease

Dry eye disease (DED) is a multifactorial disease resulting from tear film instability,
inflammation and ocular surface damage, leading to symptoms of visual impairment, pain and
discomfort [300, 301]. Its core etiology involves a vicious cycle: the tear film instability and
hyperosmolarity activate pro-inflammatory interleukins and chemokines production, leading to
cornea and conjunctiva damage and the loss of the tear film homeostasis [301]. The tear film
plays an important role in the lubrication, nutrition, wound healing and immunological defense of
the eye [302]. Its instability is at the basis of the disease and the starting point of inflammation. In
addition, the loss of its homeostasis promotes ocular surface inflammation and damage,
hyperosmolarity and neurosensory abnormalities [302, 303]. Furthermore, the alteration of the
tear film can be attributed to the chronic blockage of the Meibomian glands, shown in Figure 3,
that induces inflammation, eye irritation and ocular surface disease [304—-306]. This DED
pathological process causes alterations in the ocular surface morphology and it also stimulates
ocular oxidative stress [307]. This leads to reactive oxygen species production and antioxidant
enzymes decrement, thus creating a physiological imbalance between antioxidative enzymes and
the reactive oxygen species [308]. Moreover, the chronic inflammation induces a goblet cell loss
and the apoptotic process at the conjunctival and corneal level [309]. In patients suffering from
Sjoégren syndrome, a systemic autoimmune disease which targets the lacrimal and salivary
glands, the tear production is significantly reduced, which promotes chronic dry eye [310]. In this
disease, the glandular inflammation and the malfunction of acinar epithelial cells induces the
apoptosis of acinar cell mass [310, 311]. Consequently, the alteration of the ocular surface by
apoptosis, along with the hyperosmolar environment, stimulate the corneal nerve fibers and the

lacrimal gland, leading to blinking, burning sensation and other DED symptoms [309, 312].
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Meibomian
Glands

Figure 3: Meibomian glands of the eyelids in which a chronic blockage leads to alteration of the

tear film and inflammation.

Different risk factors are associated to this disease including aging, climate change, dry
environment, use of contact lens, hormonal changes (particularly for menopausal and
postmenopausal women), use of electronic screens, among others [313—315]. It has been shown
to be gender dependent as its prevalence is 70% higher in women than men and becoming more
significant with age. This is mainly due to sex-specific autosomal factors and sex steroids [315—
317]. In addition, the DED is more common in office environments that include intense computer
use and air conditioning [318]. These factors lead to aqueous-deficient dry eye with reduced
secretion of tear fluid with increased tear fluid evaporation. These DED pathogenic mechanisms
do not have to be mutually exclusive; nevertheless, many patients display a combination of both
[315].

The multifactorial etiology of DED made its diagnosis more challenging, which leads to an
increased need for efficient diagnostic tools. The tools could be classified according to the
parameter to be measured, such as the tear film stability, osmolarity, composition and volume,
among other parameters [319]. More accurate diagnosis is reached when the results obtained
combine more than one parameter tested. Nevertheless, the diagnosis that relies only on the
symptoms of the patient is shown to be inadequate. This is mainly due to the fact that the
symptoms of the DED are similar to ones shown in other ocular diseases, such as allergic or
cicatricial conjunctivitis, and filamentary or neurotrophic keratitis [320], in addition to the
discordance between the signs and the symptoms of the DED as only 57% of symptomatic

patients present objective signs [321, 322]. Hence, several diagnostic tools are available and they

39



Chapter |

differ based on their sensitivity and specificity depending on the patient’s disease severity, specific
characteristics, among different other factors [301, 322]. At first, a questionnaire can be
implemented to do a screening and grading of the patient’s symptoms [322]. Based on the results,
if the patient displays positive symptoms score, the less invasive tests can be done to assess the
homeostatic markers, which include tear osmolarity, ocular surface staining, and tear breakup
time [319, 322]. Following the results of any of the tests, if homeostatic markers are found in either
eye, further tests that are more invasive can be done. These include tear volume assessment and
meibography, which confirm the severity of the disease and its sub-classification for its proper
treatment [322].

Current therapies for the DED are limited due to variation in the dry-eye diagnostic
parameters. In general, most therapies aim to decrease inflammation and enhance different
components in the tear film [312]. Table 8 displays some of the treatments that can be used for
the management of the DED according to the Tear Film & Ocular Surface Society Dry Eye
Workshop (TFOS DEWS) Il Management and Therapy Report [323]. Currently, the most common
therapy is the use of artificial and biological tear substitutes that aim for osmo-protection,
lubrication and stabilization of the ocular surface [312, 324]. They have been applied for tear
production and stimulation in order to alleviate ocular surface pain and discomfort. Artificial tears
can be comprised of HA, CS, polyvinyl alcohol, polyethylene glycol, polyacrylic acid,
polyvinylpyrrolidone, dextran, carboxymethyl cellulose, hydroxypropyl methylcellulose, and
hydroxypropyl-guar [323, 325-327]. These ingredients are shown to enhance the tear viscosity
and increase the tear film thickness. For instance, HA and CS were proven to play a vital role in
tissue hydration, permeation viscoelasticity, lubricity and immune-stimulation [195]. Furthermore,
biological tears can be formed from autologous, allogenic and umbilical cord serum, mucolytics
and TRPV1 receptor antagonists [322, 325, 326, 328-330]. One of the techniques used for tear
conservation is punctal occlusion, in which the tear drainage system is blocked to preserve the
natural tears on the ocular surface [331]. Moisture chamber spectacles and humidifying devices
that are placed locally can be used to slow the tear evaporation and enhance humidity or local air
quality, by minimizing the presence of airflow over the ocular surface [332, 333]. Topical
secretagogues, including aqueous and mucin secretagogues, have shown to stimulate secretion
in the ocular surface, leading to improved film stability [334, 335]. Oral secretagogues, such as

the cholinergic agonists cevimeline and pilocarpine, are used mainly for tear stimulation for
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patients suffering from the Sjogren syndrome associated to the DED [336, 337]. Androgens and
insulin-like growth factor 1 have shown to simulate lipid secretion in vitro of meibomian gland cells
[338]. Another technique to induce tear secretion is through nasolacrimal reflex stimulation.
Through this therapeutic strategy, the nervous system is stimulated through mechanical or

chemical methodology in order to upregulate the tear production [339].

Different therapies are attributed to the meibomian gland dysfunction, such as lubricants,
warm compresses, thermal pulsation, intense pulsed light therapy, intraductal probing and
debridement scaling [323, 340-345]. The treatments aim to decrease the obstruction from the
terminal duct and ductal system of the meibomian glands in the management of meibomian gland
dysfunction, and they have shown to successfully improve the signs of the patients [306, 314,
323].

Other therapies focus on the use of anti-inflammatory agents for the management of the
DED. Glucocorticoids, including corticosteroids have shown to be efficient in the management of
inflammatory DED [346]. For instance, the use of topical methylprednisolone leads to the
suppression of inflammatory cytokine and the activation of mitogen-activated kinase [347]. In
addition, sex steroids, such as androgens, estrogens and progestins have shown improvements
in the ocular surface tissue regulation [348]. However, these glucocorticoids present side effects,
including cataracts, ocular hypertension, opportunistic infections, among others [349]. Non-
glucocorticoid immunomodulators have also been used for their anti-inflammatory effect in the
management of the DED. These include cyclosporine A, pranoprofen, ketorolac, diclofenac,
indomethacin, lubricin, among others [350-354]. Furthermore, the lymphocyte function-
associated antigen-1 (LFA-1) integrin with its cognate ligand intercellular adhesion molecule-1
(ICAM-1) can interact with ocular cells to decrease inflammation. Lifitegrast is an LFA-1
antagonist which blocks the ICAM-1 binding to LFA-1, and inhibits T cell mediated inflammation
in DED. Hence, it is shown to be efficient in the improvement of DED signs and symptoms [355—
358].

In many cases, the patient suffering from DED undergoes treatment by surgical
approaches. For instance, tarsorrhaphy (partial suture of the eyelids) can help decrease tear
evaporation and ocular surface desiccation [359]. Additional DED therapies can be also linked to

dietary modification as nutritional supplementation, such as omega-3 and -6 fatty acids, and
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vitamin D, have proven to improve DED symptoms [360, 361]. Moreover, the modification of the
unfavorable ambient conditions (low humidity, high/low air temperature, high air movement,
smoke), as well as the limitation of digital device use and contact lens wear, have proven to
enhance tear stability and decrease its evaporation. Hence, the modification of these external
factors must be implemented in parallel to any prescribed treatment for DED patients in order to

ensure a suitable, efficient and helpful therapy.

Table 8: Current proposed DED treatments according to different therapeutic aims.

Aim Treatment Reference
Tear replacement Artificial and biological tear substitutes [323—-330]
Punctal occlusion [331]
Tear conservation
Moisture chamber spectacles and humidifiers [332, 333]
Topical and oral secretagogues [334, 335]
Tear stimulation Androgens and insulin-like growth factor 1 [336—338]
Nasolacrimal reflex stimulation [339]
Ocular lubricants [327, 345, 362]
Warm compresses [344]
Meibomian gland .
_ Thermal pulsation [343]
dysfunction :
Intense pulsed light [340, 363]
therapy
Intraductal probing [342]
Debridement scaling [341]
- Glucocorticoids and non-glucocorticoid [346, 348, 350—
Anti-inflammatory )
immunomodulators 354, 364]
therapy
Lifitegrast [355-358]

Recent studies have shown that the use of natural compounds improves the symptoms of
the DED [315, 365]. Many compounds used in pharmaceutical applications were originally
isolated from natural sources, such as plants and biomass [166]. Medicinal plant extracts have

been used in the DED management as they have shown to decrease inflammation and
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osmolarity, enhance tear film stability and tear production [366]. These include flavonoid
compounds extracted from Buddleja officinalis, apricot kernel extract from Prunus armeniaca, goji
berry extract from Lycium barbarum, standardized ethanol extract from Rhynchosia volubili,
among others [367-370]. Another study shown that the topical application of mixed medicinal
plant extracts, such as Schizonepeta tenuifolia, Angelica dahurica, and Rehmannia glutinosa
Liboschitz, contributed to alleviate DED due to their antioxidant effect [371, 372]. Several eye
drops containing natural compounds have been employed for the improvement of DED
symptoms. For instance, one study showed that eye drops made from natural extracts enhanced
antioxidant proteins expression level [373]. Another work showed that eye drops composed of
natural extracts containing musk, bee venom, and deer antlers restored the tear mucin layer and
the damaged ocular surface and also increased tear film volume in DED animal models [374].
Moreover, the use of an eye drop containing Plantago ovata mucilage was shown to improve the
tear film break-up time in DED patients [375]. Therefore, the application of natural compounds in
the management of DED is shown to be significantly increasing during the last years, due to their

provenly potent therapeutic effects.

Glycosaminoglycans are one of the most commonly used natural compounds in DED
artificial tears, including HA and CS. They are hydrophilic molecules with significant functions in
the body as they play an important role in the hydration and the elastoviscosity of tissues [174,
175]. They have shown non-immunogenic and biocompatible effects that increased its application
in the pharmaceutical and medical fields. Previous studies have proven that HA eye drops have
a better performance than non-HA eye drops, including artificial tears and normal saline [326,
376]. Moreover, the topical application of HA and CS display significant improvement in the
corneal epithelial barrier in patients suffering from the DED [377, 378]. Hence, these molecules
were increasingly studied in the last years and were combined with different compounds for DED
ophthalmic formulations. The presence of lipids in eye drops can help to restore the disturbance
in tear composition. The tear lipid layer is composed of phospholipids, cholesterol, triglycerides
and free fatty acids produced by the meibomian glands [379, 380]. This layer is essential for tear
film stability as it forms a hydrophobic boundary between the aqueous and gaseous tear film and
prevents rapid evaporation of the tears. Hence, to obtain comparable physiological composition
of the tear film, the presence of lipids along with the aqueous and mucin layers is essential [381].

A study has proven that both HA and CS-containing eye drops significantly improved tear
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production in DED patients [326, 327, 378]. Another study also confirmed the efficacy of mineral
oil and HA combination in eye drops for DED management [382]. Furthermore, protein variations
in tears are also observed in DED patients, including patients with Sjorgen’s syndrome [383, 384].
Tears of dry eye patients have significantly lower levels of lactoferrin, lipocalin-1 and lipophilin A
and C, and higher levels of serum albumin [385]. A study show that the use of selenium-binding
lactoferrin is efficient in the treatment of the dry eye, leading to reduction of oxidative stress and
prevention of corneal damage [386]. Further bioactive compounds were used in eye drop
formulations to enhance DED symptoms of patients, including cationic emulsion of polyvinyl
alcohol and povidone, povidone—iodine nanoemulsion, carboxymethyl cellulose, hydroxypropyl-

guar, and among others [387-389].

Different eye drops having versatile bioactive ingredients have been studied for an efficient
treatment of the DED. Further studies must be done to ensure an efficient topical application of
eye drops at an optimal composition of glycosaminoglycans, proteins, lipids, among other

bioactive ingredients, depending on the symptoms and the condition of the patient.

3. Objective of the work

The main objective of this work was to implement an alternative procedure to extract
bioactive ingredients as HA and CS from marine by-products (codfish bones, mussels, tuna
vitreous humor) for their potential application in DED treatment. These extracts must be
characterized chemically and in vitro to evaluate their bioactivity. The biocompatibility studies can

prove their potential therapeutic application as natural ingredients in ocular therapy.

The chapters of this thesis are therefore arranged according to this sequence of steps in

order to complete the objectives of the research work.
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Abstract

The characterization of eutectic solvent systems is performed to describe their solid-liquid
phase transitions. Physical characterization is done experimentally for all solvent systems to
evaluate the density, viscosity, surface tension and refractive index. For the terpene-based
solvent systems, the values are compared to computed correlations for deep eutectic solvents
(DES) to show that the average relative deviation percentage is 19.1, 12.0 and 1.4% for the
density, surface tension and refractive index, respectively. The chemical interactions are analyzed
using FTIR and NMR to study the intermolecular hydrogen bonding in the systems. The
thermodynamic parameters, including the degradation, glass transition and crystallization
temperatures, are measured using DSC and TGA. Based on these data, the solid-liquid
equilibrium phase diagrams are calculated for the ideal case and predictions are made using the
semi-predictive UNIFAC and the predictive COSMO-RS models, the latter with two different
parametrization levels. For each system, the ideal, experimental and predicted eutectic points are
obtained. The deviation from ideality is studied and it is shown that the systems could be
considered DES.

Keywords: Deep eutectic solvents; natural compounds; physical characterization; simulation;

equilibrium phase diagram; chemical interactions

1. Introduction

DES have been widely investigated as new alternatives and analogues to ionic liquids. In
many cases, they are more eco-friendly and cheaper alternatives to ionic liquids and conventional
solvents. They are prepared by combining a hydrogen bond donor and hydrogen bond acceptor
near the eutectic point (eutectic temperature and molar ratio) at a temperature above the melting
temperature of the homogenous mixture formed. The resulting system should have a considerably
lower melting point compared to its ideal eutectic and the melting point of its individual constituents
[5, 10, 96] as they are characterized by the presence of hydrogen bonding and strong non-ideal

attractive interactions [117, 390].
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The use of non-toxic compounds has been highly investigated for the preparation of DES.
Terpenes are produced by living organisms, including bacteria, fungi, algae and plants. They
comprehend a chemical space of approximately 30,000 secondary metabolites that are divided
into isoprene units and differ in the role and structure. The monoterpenes (C1o, 2 isoprene units)
and sesquiterpenes (C1s, 3 isoprene units) are the more volatile groups and are formed in
vegetation [391, 392]. Monoterpenes include menthol, thymol, linalool, borneol, eucalyptol,
camphor, 1,8-cineole, a-pinene, limonene and citral. They are found in essential oils of different
plants, such as mentha, thyme, lemon, juniper, lavender, eucalyptus, marjoram, rosemary, pine,
salvi and geranium among others [393]. This class of compounds have been widely used in
pharmaceutical applications for the development of drugs due to their bioactive properties. For
instance, menthol and borneol have been employed in ocular applications, including the dry eye
disease [344, 394-396]. Thymol has been employed as skin permeation enhancer of the drug
meloxicam [397]. Furthermore, ibuprofen has been combined with terpene eutectic systems to

increase its transdermal permeation [398].

In order to check whether the mixture in question is a DES, the thermodynamic behavior
should be strongly non-ideal. For this test, the simulation of the solid-liquid equilibrium (SLE)
phase diagram of the two solids is done. An eutectic mixture can be considered “deep” when the
real eutectic temperature is significantly lower than the ideal one (Tg, reai < T, ideal) [8, 399, 400]. In
this work, eutectic mixtures are prepared by combining four terpenes shown in Table 9, to prepare
the eutectic systems menthol:borneol (Men:Bor), thymol:borneol (Thy:Bor), menthol:camphor
(Men:Cam) and thymol:camphor (Thy:Cam). The physical properties such as melting
temperature, viscosity and density are obtained experimentally. The refractive index and surface
tension are computed using empirical correlations developed to estimate the properties of the
eutectic mixtures [401, 402]. Furthermore, the thermodynamic properties are obtained to calculate
the SLE phase diagram, from which the eutectic molar composition and temperature can be
determined. In addition, the chemical properties of the prepared DES are studied to assess the
structure and the presence of hydrogen bonding. The SLE phase diagrams are calculated using
the UNlIversal Functional Activity Coefficient (UNIFAC) [403] and the Conductor-like Screening
Model for Real Solvents (COSMO-RS) [404, 405].
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Table 9: Chemical structure of the compounds used in DES preparation.

Compound Chemical structure
Menthol
OH
Thymol
OH
Borneol
OH
Camphor h
0
0O
Lactic acid |
OH
OH
CHOH
0
Fructose HO
CH,OH
OH

Urea
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2. Materials and Methods

2.1. Materials

The chemicals used were the following: DL-menthol (CAS [89-78-1], 295 %), D-fructose
(CAS: 57-48-7), urea (CAS: 57-13-6), DL-camphor (CAS [76-22-2], 296 %)) from Sigma-Aldrich
(St. Louis, MO, USA), DL-lactic acid (aqueous solution, 85.0-90.0 %, CAS: 50-21-5), thymol (CAS
[89-83-8], 298 %) and L-borneol (CAS [464-45-9], 297 %)) from Alfa Aesar (Haverhill, MA, USA).
Deuterated dimethyl sulfoxide (DMSO, CAS [67-68-5]) and chloroform (CDCls, CAS [865-49-6])
and tetramethylsilane (TMS, CAS [75-76-3]) used in NMR experiments was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Eutectic mixtures preparation
To prepare the eutectic mixtures, the pure terpene components were mixed at the chosen
concentration, magnetically stirred and heated to 80 °C for around 15 min until a homogenous

transparent liquid system is obtained.

2.3. Analysis of the physical properties

The viscosity and density of the terpene-based mixtures close to the eutectic point were
obtained using an Anton Paar viscometer (SVM 3001, Graz Austria) in a range of temperatures
between 293 and 323 K. The temperature reproducibility was 0.03 K. The measurements were
performed in triplicates for each sample. The lactic acid-based mixtures were prepared based on
the literature [75, 406—408]. Their viscosity was studied using a rheometer (MCR 102, Anton
Paar). The equipment was fitted with a parallel plate geometry (PP50-61752) with a gap of 0.8
mm and a constant shear rate of 10 s was used. At first, the samples were pre-equilibrated at
50 °C, then a temperature scan was done from 50 to 20 °C at a 1 °C /min cooling rate. The density
was obtained by measuring the mass of 1 mL of the systems at 25 °C.

To measure the surface tension, a tensiometer (KSV Sigma 702) and Du Noly ring
method were employed. The measurements were done at a temperature of 298 K in a thermostat
bath (Lab Companion RM0525G). Three replicates were done for each mixture close to the
eutectic point. An Abbe refractometer was used to determine the refractive index of the eutectic

mixtures using natural light.
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The surface tension (o) and refractive index (np) were estimated using empirical models
that had been proposed as universal approximations to estimate these properties for the eutectic
systems [401, 402], according to Eq. (1) and (2).

+108.9

—50.3]> 1.132M T

o, =393.4In(p) — 5.3 X 10 %wPc — 3.72 x 1072T, In (pz [VC + 2 Vo
P In (ﬁ)
2

w 25.89w
np =5.17 X 107203 — 11.625m +2.27 x 1073P, + 1.3668 +

My is the molecular weight (g/mol), T is the temperature (K) and w, P, V. and T, are the acentric
factor, critical pressure, volume and temperature, respectively, and p. is the density (g/mL) and

was computed based on Eq. (3) [409].
pL = —1.13 X 107°T2 4 2.566 x 1073T, + 0.2376w%?21! — 4,67 x 10™*V, — 4.64 X 107*T

The critical properties parameters of the compounds were obtained based on the Modified
Lydersen and Joback-Reid model [410, 411], as shown in Egs. (4) to (14).

Tb,i =198.2K + Z nATbM,i

Ty,

Te; =
“0.5703 4+ 1.0121 K~ ¥ nATyy; — 1K 2(X nATpm)?

My, ; % (1 bar? mol

[0.2573 bar + Y, nPy;]?

Pc,i =

Ve = 6.75cm3 + Z nAVy

(- 8K0T - 43K) ( P. )_(TC—43K)O ( P. )
LT T.—Ty)(0.7T. — 43K) “8\1.01325 bar ) ~ (T.—-Ty) ©\1.01325 bar

+1 ( Fe ) 1
°8\1.01325 bar

Ty is the normal boiling temperature (K), T¢;, P.;and V;; are the critical temperature (K), pressure
(bar) and molar volume (cm?mol) of the component i, n is the number of each functional group in

the compound, M, is the molecular weight of compound i (g/mol), and wj; is the acentric factor.
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ATemi, ATumi, APy and AV are the contribution to the critical properties in the modified Lydersen-
Joback-Reid method of compound i and they were computed based on the chemical groups

present in each compound, according to the data in Table 10 [410, 411].
The critical properties of the eutectic mixtures were obtained based on the Lee-Kesler

mixing rules [412]:

Teij= |Tei XTe;

1 Y3 Y
Vc,ij = 5(‘/::,i + I/::J' )3

Vem = ¥iVei + 2yiyiVeij + ¥iVe,

__1 2170.25 0.25 2770.25
Tem = 3a7s WiVei™Teij + 2viyiVeii Teij + ¥iVe i Te, )

V3
RTer

Pem = (0.2905 — 0.085wy,)

cm
Wm = Yiw; + Yjwj

Tcjand V. are the critical temperature (K) and volume (cm®mol) of the compounds i and j. y; and

y; are the molar ratio of compounds i and j, respectively, in the eutectic mixture. R is the gas

constant (83.14 cm3-bar/g mole-K). Tem, Pcm and Vem are the critical temperature (K), pressure

(bar) and molar volume (cm3mol) of the eutectic mixtures and are used to compute the theoretical

physical properties (density, surface tension and refractive index) of the eutectic mixtures.
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Table 10: The contribution to the critical properties in the modified Lydersen-Joback-Reid

method.
Groups ATom (K) ATu(K) APy (bar) AV
(cm3/mol)
“CH3 23.58 0.0275 0.3031 66.81
_CH2- 22.88 0.0159 0.2165 57.11
>CH- 21.74 0.0002 0.114 45.7
>C< 18.18 -0.0206 0.0539 21.78
_CH2 24.96 0.017 0.2493 60.37
_CH- 18.25 0.0182 0.1866 49.92
C< 24.14 -0.0003 0.0832 34.9
C- 26.15 -0.0029 0.0934 33.85
=CH 0 0.0078 0.1429 43.97
=C- 0 0.0078 0.1429 43.97
o _OH (alcohol) 92.88 0.0723 0.1343 30.4
£ O- 22.42 0.0051 0.13 15.61
E >C=0 94.97 0.0247 0.2341 69.76
= _CHO 72.24 0.0294 0.3128 77.46
_COOH 169.06 0.0853 0.4537 88.6
-COO- 81.1 0.0377 0.4139 84.76
HCOO- 0 0.036 0.4752 97.77
-0 (others) 10,5 0.0273 0.2042 44.03
_NH2 73.23 0.0364 0.1692 49.1
SNH 50.17 0.0119 0.0322 78.96
>N- 11.74 -0.0028 0.0304 26.7
N- 74.6 0.0172 0.1541 45.54
CN 125.66 0.0506 0.3697 89.32
NO2 152.54 0.0448 0.4529 123.62
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-F -0.03 0.0228 0.2912 31.47
-Cl 38.13 0.0188 0.3738 62.08
-Br 66.86 0.0124 0.5799 76.6
-l 93.84 0.0148 0.9174 100.79
-CH2- 27.15 0.0116 0.1982 51.64
>CH- 21.78 0.0081 0.1773 30.56
-CH- 26.73 0.0114 0.1693 42.55
>C< 21.32 -0.018 0.0139 17.62
g, -C< 31.01 0.0051 0.0955 31.28
é -O- 31.22 0.0138 0.1371 17.41
g -OH (phenol) 76.34 0.0291 0.0493 -17.44
>C=0 94.97 0.0343 0.2751 59.32
>NH 52.82 0.0244 0.0724 27.61
>N- 0 0.0063 0.0538 2517
-N- 57.55 -0.0011 0.0559 42.15

The errors were obtained to assess the accuracy of the models used to compute the
physical parameters in comparison to the experimental results. The errors were calculated using
Eq. (15) and (16) to get the relative deviation (RD%) and the average relative deviation (ARD%),

respectively.

RD% = 100(le - pexpi)
pexpi
ARD% = Z | PLi— pexpl
pexpl
24, Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy (FTIR) (Class 1 Laser Product Nicolet 6100, San

Jose, CA) was used to assess the structure of the pure compounds as well as the prepared
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eutectic mixtures. FTIR absorption spectra were recorded with 4 cm' resolution and with 40 scans

of the sample in the range 4000 to 600 cm™".

2.5. 'H-NMR analysis

NEO500 spectrometer, Bruker, Rheinstetten, Germany, coupled to a temperature probe
(BTO2000) was used to analyze the pure terpenes and the prepared eutectic mixtures. For the
pure compounds, 5 mg of the solids were solved in 650 pL of CDClI3; with TMS in the NMR tube.
Before acquisition, the samples were equilibrated for 15 min using a Thermocouple-T to adjust
and monitor the temperature. Proton chemical shifts were calibrated in reference to TMS (0 ppm).
To analyze the eutectic solvent systems, DMSO was placed in a sealed capillary tube inside the
NMR tube containing 300 uL of the solvent systems, to avoid the interference of DMSO in the
hydrogen bonding in the systems. Equilibration was done for 15 min to ensure the required
temperature, and the samples were locked using the frequency of the DMSO (2.8 ppm). The
spectra were recorded at 298 to 323 K for the pure compounds and 298 to 313 K for the eutectic
systems, with an increment of 5 K. For both pure compounds and eutectic systems, the spectra

were obtained at 500 MHz with a 30° pulse angle, 4.5 s pulse delay, and 16 scans.

2.6. TGA and DSC analysis

The thermal degradation temperatures were determined using thermogravimetric analyzer
TGA (TA instrument model TGA Q50). Samples were placed in the crucible under nitrogen
atmosphere (flow rate of 50 mL/min) and heated up to 773 K at a rate of 2 K/min.

The thermodynamic properties were obtained using differential scanning calorimetry
(DSC) (TA Instrument model DSC Q200) under anhydrous high-purity nitrogen at 50 mL/min.
Samples were sealed in aluminum pans. For borneol and camphor, the temperature was cooled
to 193 K, then heated from 193 to 503 K, cooled to 193 K and heated back to 503 K at a rate of
6 K/min. For thymol, menthol, the same cycles and cooling rate was applied with the cooling and
heating temperatures of 193 and 333 K, respectively. The computed parameters were determined
in the second reheating cycle.

To obtain the experimental SLE, the eutectic mixtures at different molar ratios were
studied on DSC by cooling with a rate of 6 K/min conducted until 193 K. A heating cycle was done

until a temperature that was approximately 10 K higher than the liquidus temperature of the
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sample. The sample was then cooled back to 193 K and reheated to the same temperature as in

the first cycle. The DSC measurements were obtained in the third cycle.

2.7. SLE phase diagram calculation

The SLE phase diagram of the terpene-based solvent systems was plotted using COSMO-
RS and MATLAB in order to obtain the suitable range of the components molar ratio and the
operating temperature at which these solvents could act as DES.

The shown SLE phase diagrams were based on the following simplified thermodynamic
relation Eq. (17), in which the less relevant change in calorific capacity (AC,) was neglected [413,
414]:

AH T
1“(XiLYiL)=R—{'<T—f—1> (17)

where x}* and y} are the molar ratio and the activity coefficient of component i, respectively. AH
is the enthalpy of fusion (J/mol), R is the gas constant (8.314 J/mol-K), T and T; are the
temperature of the system and the melting temperature (K) of a pure component, respectively.
The SLE simulation was done using two software applications: MATLAB and COSMOthermX19.
The use of the two models was compared to the ideal SLE in which the activity coefficient was

equal to unity.

2.7.1. UNIFAC function computations

UNIFAC is based on the fragmentation of the molecules into their functional groups to let
these groups interact with each other to calculate the activity coefficient y& [415-417]. It was
computed as a function of the combinatorial and residual activity coefficients y¢ and yR,

respectively as shown in Eq. (18).

In(y) = In(y{) + In(y{) (18)

The combinatorial activity coefficient depends on the size and spatial conformation of the
molecules present in the system. On the other hand, the residual activity coefficient accounts for
the energetic interactions obtained using the group activity coefficients of both the mixture and

the pure substances [415, 418].
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The coefficient yic was computed based on the Flory-Huggins expression and the

Staverman-Guggenheim correction term [413, 419], as shown in Eq. 19:

lnyic=1—]i+ln]i—5qi(ln%+1—%) (19)

where the quantity J;, the molecule volume and surface area fractions ¢; and 6;, respectively were

computed as following:

Ji=4 (20)

§ =2 (21)
Xiqi

LT (22)

where @i and r;are the molecular surface area and volume, respectively, and they were obtained

as shown in Eq. 23 and 24:
=X vR 23
qi = ZVk k (23)

=20 (24)

where v, corresponds to the number of subgroups of type k in the component i, R« and Q are the
subgroup parameters defined as the Van der Waals group volumes and surface areas,
respectively. These values were obtained from a database (Dortmund Data Bank) [420]. The
lactic acid-based systems were not evaluated as the functional groups present in the systems
were not all available in the database of Dortmund Data Bank and the simulation of the ideal and

real curves using the UNIFAC function was not applicable.
On the other hand, the coefficient yR was computed based on the Eq. 25:
InyR = 3,0 —Inr®
Yi =XV (nl—Inl:”) (25)

where [ and Fk(i) are the group activity coefficients of the subgroup k in the mixture and in the

pure substance i/, respectively and they can be computed using Eq. 26 by calculating the sums

over all the different groups:
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In i = Qu[1 = InEm OmPmi) = Eim gkt (26)

n @nlpnm

where wm and On, correspond to the group interaction parameter and the area fraction of the group
m, respectively. They were computed based on Eq. 27 and 28. ©,, was obtained similarly to the
©; factor calculated in the combinatorial coefficient.

_ XmQm (27)

m oy XnQn

where X, corresponds to the molar fraction of the group m in the mixture and can be obtained as

shown in Eq. 28:

%) Vi %
X, =-2m-J 28
m Zj Zn Vr(ll)xj ( )

The group interaction parameter ym depends on the temperature of the system and it was

given according to Eq. 29:

Y = exp(—"20) (29)

The parameter amn is the binary group interaction parameter and it does not depend on
the temperature and it is not symmetric [416]. Therefore, amn has a different value than anm. These
binary interaction parameters were obtained by fitting a wide range of experimental phase
equilibrium data [420].

An own implementation of UNIFAC (on MATLAB 2019a) was used in this work. The
parameters of UNIFAC were published by Hansen et al. (1991), Gmehling et al. (1993) and Oracz
et al. (1996) [420—422].

2.7.2. COSMO-RS simulation

COSMO-RS was also used to calculate the SLE phase diagrams. It relies on quantum
chemistry and statistical thermodynamics in order to predict the properties of the target fluid
mixtures from first principles [405, 423]. The activity coefficient was calculated by taking into
consideration the surface charge of the molecules, computed based on quantum chemistry
instead of the chemical groups present in the molecules. This allows for a much more predictive

application of the model straight from the structure of the molecules [424]. The conformers of the
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terpene used were generated using COSMOconf software (version 3.0). The COSMOthermX19
parameterization was applied at the BP-TZVP and BP-TZVPD-FINE levels.

3. Results and Discussion

3.1. Physical properties of the eutectic systems

In order to compute the theoretical physical parameters, the critical properties of the
eutectic systems are shown in Table 11 and Table 12. The physical parameters obtained both
theoretically and experimentally for a temperature of 298 K are shown in Table 13. The viscosity
and density are an important physical property required for the design and optimization of various
chemical processes employing the solvents, such as heat exchangers, separation units and
agitation equipment, among others [425, 426]. The binary system Men:Bor (128.07 mPa/s) was
shown to be more viscous than the other terpene-based systems, followed by Thy:Bor (45.47
mPa-s). Thus, the eutectic solvents with borneol in the system have a higher viscosity than those
with camphor. The lactic acid-based solvent systems are much more viscous than the terpene-
based systems. The viscosity was shown to be 746.70 and 732.91 mPa/s for Lac:Fru and Lac:Ur,
respectively at room temperature (25 °C). At the extraction temperature of 50 °C, this value
decreased to 113.40 and 187.93 mPa/s for Lac:Fru and Lac:Ur, respectively, which would be

more favorable in extraction processes.

Moreover, the density highly depends on the structure of the components of the system
[23]. It is essential to determine this parameter in extraction processes as it affects the kinetic rate
and the driving force between the solvent and the solid particles [22, 427]. The difference in the
densities between each combination of DES is affected by the molecular organization and packing
within the system [7]. The values were obtained experimentally and were shown to be between
0.9152 t0 0.9717 g/mL for the terpene-based systems. The density of the lactic acid-based solvent
systems was shown to be 1.2 g/mL. Therefore, they are much denser than terpene-based solvent
systems. The RD% was shown to lie between 17.3 to 22.65 %, as shown in Table 14. The ARD%
of the density computed using the proposed model was 20.07%. Based on the previous works,
the values of the RD% for the density were shown to be similar as the values range from -13 to

22 % [409]. In contrast, the ARD% obtained based on the current study of the four eutectic
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systems was higher than the one shown in previous work, which can be explained by the fact that

in the previous work, the model was applied to DES that are mainly based on quaternary

ammonium salts [409].

Table 11: Critical properties of the pure compounds.

Compound | ATym, ATy, APy i AV, P Ve,i
i (K) ® | man) | emimon | L T oy | emiimon |
Menthol 315.61 | 0.1709 | 2.1991 47529 |513.81 | 719.56 | 25.90 | 482.04 | 0.509
Borneol 29295 | 0.1185 | 1.7583 | 403.71 |491.15| 726.35 | 37.97 | 41046 | 0.404
Thymol 327.19 | 0.1514 | 1.8910 | 414.21 | 525.39 | 749.90 | 32.55 | 420.96 | 0.511
Camphor | 311.58 | 0.1237 | 1.9841 480.47 | 509.78 | 749.46 | 30.30 | 487.22 | 0.342
Lactic acid | 303.77 | 0.2033 | 1.0777 | 235.73 | 501.97 | 683.20 | 50.54 | 242.48 1.025
Fructose | 642.89 | 0.4233 | 1.7634 428.9 841.09 | 1026.30 | 44.12 | 435.65 2.219
Urea 241.43 | 0.0975 | 0.5725 | 167.96 | 439.63 | 666.64 | 87.22 174.71 0.596
Table 12: Critical properties of the eutectic mixtures.
Eutectic Vem
mixture izj | (cm*mol) Tem (K) Fen (bar) W
Men:Bor 460.16 721.39 32.57 0.48
Men:Cam 484.11 731.46 31.77 0.44
Thy:Bor 425.98 740.58 35.45 0.53
Thy:Cam 453.69 749.49 34.92 0.43
Lac:Fru 272.67 738.19 41.89 1.23
Lac:Ur 228.33 679.47 52.12 0.94

The surface tension is a physical property that describes the inclination of a fluid, which

defines its minimal surface area. It plays a vital role in the permeability of the solvent and the

design of processes. Its value increases with the decrease of the temperature and the kinetic

molecular energy of the liquid [402, 428]. It was shown to be in the range of 29.04 to 31.75 mN/m
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for the terpene-based solvent systems. The computed values are shown to be similar to the
experimental values, as the RD% values ranging from -20.96 to 18.59 %. These values were in
correlation with previous works which showed that most of the investigated systems had a surface
tension value lower than 50 mN/m [402]. Furthermore, the values were shown to be 44.62 and
43.96 mN/m for Lac:Fru and Lac:Ur, respectively. These results were higher than those of the
terpene-based solvent systems, but were comparable to those found in the literature as the
surface tensions of choline chloride:phenylacetic acid (1:2 in molar mass) and 1-butyl-3-methyl-
imidazolium tetrafluoroborate had been reported to be 41.86 and 44.81 mN/m, respectively [5,
429]. The ARD% value was shown to be much higher (66.88 %) for the study of surface tension
than for the other parameters. This is mainly due to the high difference between the theoretical
and experimental values of the lactic acid-based solvent systems. Hence, the employed models

are more accurate for the study of terpene-based solvent systems.

The refractive index of the eutectic solvent systems had been investigated as a useful tool
to identify compounds, assess the purities of substances and verify the concentrations of mixtures
[24, 430]. It is a fundamental parameter to measure the electronic polarizability of a molecule and
understand the intermolecular interactions and the behavior in solutions [431]. For the lactic acid-
based solvent systems, the values were shown to be 1.4590 and 1.4368 for Lac:Fru and Lac:Ur,
respectively. The refractive index values of the terpene-based eutectic mixtures were shown to
be in the range of 1.4635 to 1.5105, which were in accordance with previous studies [401], and
were similar to the estimated values using the models as the RD% for this parameter was the
lowest, ranging from -2.05 to 3.53 % and the ARD% value was 1.72 %. Thus, based on the results
obtained for the study of the 4 terpene eutectic mixtures, the proposed models were mostly fit for
the computation of the refractive index, as a lower ARD% was obtained in comparison to the other

properties.
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Table 13: Experimental and theoretical properties of the eutectic systems.

Experimental Theoretical
Eutectic Viscosity | Density | Surface |Refractive| Density | Surface |Refractive
M. (g/mol) Nexp Pexp (g/ML)| tension |index np exp pL (9/mL) | tension | index np
systems (mPals) Oexp (MN/mM) oL (mN/m)
Men:Bor 155.66 128.07+ | 0.9152+ | 29.04 1.4670 1.1116 25.37 1.4708
(7:3) 0.24 0.0005 0.03 0.0005
Men:Cam 154,65 19.23+ | 09178+ | 2941+ 1.4635 + 1.1063 23.25 1.4671
(3:2) 0.01 0.0001 0.08 0.0008
Thy:Bor 151.43 4563+ | 09716+ | 31.75% 1.5105 1.1500 29.19 1.4795
(7:3) 0.20 0.0001 0.01 0.0002
Thy:Cam 15123 2110+ | 09675+ | 30.35% 1.4970 1.1350 32.25 1.4731
(1:1) 0.02 0.0001 0.06 0.0003
Lac:Fru 105.39 746.70+ | 1.2540+ | 4462 1.4590 +
(5:1) 16.37 0.0011 0.07 0.0009 1.5490 119.92 1.5026
Lac:Ur 84.08 73291+ | 1.2390+ | 4396+ 1.4368 +
(4:1) 9.61 0.0009 0.03 0.0006 1.4993 126.56 1.4956
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Table 14: Error parameters RD% and ARD%.

Relative average deviation percent RD%
Men:Bor| Men:Cam | Thy:Bor | Thy:Cam [Lac:Fru| Lac:Ur Average relative deviation ARD%
Density p 21.5 20.5 18.4 17.3 22.65 | 20.09 20.07
Surface tension
-12.7 -21.0 -8.1 6.3 167.4 | 185.9 66.88
o
Refractive index
0.26 0.25 -2.05 -1.59 2.67 3.53 1.72
Np
3.2. FTIR and 'H NMR analysis

The eutectic mixtures and the pure components used to prepare them were analyzed
using FTIR to assess their chemical structure, as shown in Figure 4. Menthol, thymol and borneol
are terpene alcohols and exhibited an O-H stretching vibration at 3270, 3170 and 3300 cm™,
respectively. In contrast, camphor displayed a strong absorption band at 1739 cm', which is a
characteristic of ketones having a C=0 stretching vibration. Furthermore, symmetrical and
asymmetrical —CH> stretching vibrations correspond to the bands at 2958 and 2867 cm™,
respectively. These bands were superimposed upon the O-H stretching. These terpene
molecules present a hydrogen bond between the oxygen atoms and the hydroxyl groups. The
O-H stretching vibration peaks shifted to higher wavenumbers in comparison to the pure
compounds due to the hydrogen bonding that took place through the O—H groups [432]. For the
lactic acid-based solvent systems, the spectra of the prepared solvents exhibited similar
absorption profiles to those of the pure components, with lactic acid having the dominant vibrating
peaks in solvent systems as it has a higher molar ratio (5:1 and 4:1 of Lac:Fru and Lac:Ur,
respectively). A strong absorption band was observed in lactic acid and the solvents at 1718 cm™,
which was a relative to the C=0 stretching vibration present in the lactic acid. In contrast, the
broad absorption peak at 3361 cm™ corresponded to the O—H bond in a carboxylic acid of the

pure lactic acid and in the prepared solvents. This stretching bond was also visible in the spectra
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of fructose at 3394 cm™. It can be observed in both systems Lac:Ur and Lac:Fru that the
wavenumber of the O-H stretching bands shifted in comparison to the pure compounds as
hydrogen bonding occurred. Moreover, the peaks 1050 and 976 cm™' were relative to the strong
absorption of the C-O stretching bands. For urea, the bands at 1460, 1589 and 1672 cm™’
represent the C—N, N-H and C=0 stretching vibrations, respectively [433, 434]. The N-H and
C=0 peaks were shifted to higher wavenumbers in Lac:Ur to 1628 and 1714 cm™', respectively,

due to hydrogen bonding that took place.

Furthermore, the eutectic mixtures and the pure components were analyzed using 'H-
NMR. The temperatures measured lied between 298 to 323 K at an increment of 5 K to study the
chemical shifts that take place due to the H-bonded protons for the inter- and intramolecular bonds
[98, 435]. It had been shown that as the temperature of the sample is increased, a decrease in
the intermolecular bonding takes place, which led to an upfield shift of the H-bonded protons
[436], as shown in Figure 5. A temperature coefficient (Tcoeff) Was obtained to study the magnitude
of the shift and the type of H-bonding associated. This coefficient was calculated as the slope of
the linear correlation of the chemical shifts (&) as a function of the temperature, as shown in Figure
6. In nonpolar solvents, a Tcoerf Value more negative than -0.005 ppm/K indicates intermolecular
H-bonding takes place, while a Teert value less negative than -0.003 ppm/K indicates
intramolecular H-bonding [437]. In Figure 5, the upfield shift of each —OH functional group was
present in each system as the temperature increased. Figure 6 and Table 15 show that the Tceerr
values obtained for each system range between -0.0212 to -0.012 ppm/K, suggesting an
intermolecular H-bond is happening. As for the pure terpenes, an upfield shift of the —OH
functional group was also observed when the temperature is increased. However, the extent of
the chemical shift was lower than that observed in the eutectic systems, as Tcoef ranged between
-0.004 to -0.009 ppm/K, as shown in Table 15. Thus, the molecular interaction taking place in the
pure compounds differed from that in the eutectic systems. This suggests that significant
hydrogen bonding occurs between two different molecules, hence the eutectic systems do not

behave as an ideal mixture.
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Figure 4: FTIR spectra of the pure compounds and the eutectic systems.

67



Men:Bor
323K
T S
e A
e .
303K Jﬁ al f\
mc A
L T T L}
50 4.0 3.0 20
[ppm]
Thy:Bor

323K M

A

)
318K M J‘{ A

313K LM

308 K

303 K LM ,dh‘ ,
T

208K

4.0 3.5 3.0 2.5 2.0

LacFru

JJ\L T
I

|

313K A Jo
308 K

ft

/\
303K _ M
28K —

7 5 5 7 3

Chapter Il

Men:Cam

323K H A
318K “ PN

313K i

F o
308K A y N
303K K . A
208K K i A
r T T T 1
4.0 3.5 3.0 2.5 2.0
[ppm]
Thy:Cam
323K 4 }'LL
318K . A
313K " A
308K ” ﬂL
303K . A
298 K . J“\
) T T T 1
4.0 3.5 3.0 2.5 2.0
[ppm]
Lac:Ur
323K /N J‘ A
f"\
I\
318K/ L AL
aak |_ ) A
T AN N S
ik /N [ 1
28K 7N ﬂ A
6 5 7 3 2
[ppm]

Figure 5: Magnified "H-NMR spectra of the eutectic systems as a function of temperature.
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Figure 6: Plot of the chemical shifts (6) of the OH protons as a function of temperature for (a)

terpene-based and (b) lactic acid-based eutectic system.

Table 15: The temperature coefficient Teqerf Of €ach pure compound and eutectic systems.

Compound Teoeff
Menthol -0.005
Borneol -0.004
Thymol -0.006

Camphor -0.005
Lactic acid -0.008
Fructose -0.009
Urea -0.009
Men:Bor -0.021
Men:Cam -0.019
Thy:Bor -0.012
Thy:Cam -0.017
Lac:Fru -0.015
Lac:Ur -0.010
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3.3. TGA and DSC analysis

The thermodynamic properties of the pure compounds studied were measured in order to
calculate the SLE phase diagram. Table 16 displays the values obtained using DSC that were
used for the SLE phase diagram calculations. The degradation temperature Td of the DES was
obtained using TGA to assess the limit of the heating temperature of the eutectic systems using
DSC. The glass transition (Tg) and crystallization temperatures (T), and the enthalpy of
crystallization (AH¢r) were obtained for each eutectic solvent system at a molar ratio closest to the
eutectic point, as shown in Table 17. Crystallization was affected by the molecular nature of the
substances, and the kinetics of the cooling process [17, 438]. For instance, during crystallization
at low temperatures, inefficient crystal packing could form and in order to build a crystal lattice,
molecules must adapt a proper conformation which could be hindered at low temperatures [438—
440]. Hence, an attraction between unlike molecules as well as the inefficient packing in the
crystal structure led to the formation of the glassy states. Consequently, in the studied eutectic
systems, the formation of the glassy state at a low temperature occurs due to a strong negative
deviation from ideality as a result of an interaction between unlike molecules [438].Based on the
results obtained using DSC, the thermal transition behavior of the eutectic systems can be
described by cooling to a glass state at low temperature. The Ty is obtained for each system and
upon heating, crystallization took place and a T was recorded above the Tg, as shown in Table
17. Similar behavior was observed in another study when assessing the thermodynamic behavior

of eutectic solvent systems [438, 441].
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Table 16: Melting temperature (T;), enthalpy of fusion (AH;) of the pure compounds.

Component Ts (K) AH; (kJ/mol)

Menthol 309.72 13.62
Thymol 324.31 18.54
Borneol 481.33 7.23
Camphor 452.41 6.32
Lactic acid 289.90 14.70
Fructose 466.41 22.77
Urea 405.15 10.34

Table 17: Experimental data of the degradation temperature (Tq), the crystallization temperature

(Te), enthalpy of crystallization (AH.;) and the glass transition temperature (Tg) of the eutectic

systems.

Eutectic system T4 (K) Ter (K) AH.: (J/g) T, (K)
Men:Bor (7:3) 366.02 254.08 21.17 223.03
Men:Cam (3:2) 358.29 239.92 28.60 196.98
Thy:Bor (7:3) 355.04 284.64 0.098 21517
Thy:Cam (1:1) 370.74 260.69 0.077 194.23
Lac:Fru (5:1) 339.45 231.98 0.696 189.15
Lac:Ur (4:1) 308.30 223.42 0.164 171.76
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3.4. SLE phase diagram simulation

The SLE phase diagrams were obtained based on Eq. 6. The values of T; and AHs for the
pure components that were used to simulate the systems are shown in Table 16. For the real
systems, the diagrams were computed using the COSMO-RS and UNIFAC models, as shown in
Figure 7 along with results of DSC experiments. As previously mentioned, the SLE phase diagram
was not computed for the lactic acid-based DES as the models were not applicable to the
compounds involved in these systems. Assuming that the calculations were acceptably accurate
[390], from these plots, the eutectic temperatures and molar ratios at the eutectic point can be
estimated (Table 18).

For the menthol-based solvent systems, a negative deviation from ideality was also
observed in the SLE diagrams obtained using the models and also from the experiments. The
UNIFAC and COSMO-RS models estimated the behavior to be comparable to the ideal eutectic.
For instance, the activity coefficient ranged from 1 to 1.01 and from 1.02 to 1.16 for Men:Bor
based on the UNIFAC and COSMO-RS (TZVPD-FINE) models, respectively. As menthol is a
terpene alcohol with the —OH group attached to a cyclic ring and the components are a mixture
of terpene alcohols having similar functional groups, the predicted activity coefficient is close to
ideality. Thus, the ideal eutectic temperatures of Men:Bor and Men:Cam (289.8 and 284.7 K
respectively), were very close to the predicted real eutectic temperatures (289.8 to 290.7 K and
283.4 to 288.1 K for Men:Bor and Men:Cam, respectively). The models did not predict the extent
of the negative deviation from ideality observed in the experiment. For Men:Bor, a lower negative
deviation was observed in comparison to Men:Cam and the thymol-based systems.
Consequently, for the Men:Bor system, it cannot be confirmed that the behavior had such clear
negative deviation from ideality as Men:Cam. The results were comparable to those obtained in
another study, where a negative deviation is observed between the ideal and the experimental

SLE measurements for the DES menthol:ibuprofen [14].

For the thymol-based solvent systems, the eutectic temperatures obtained experimentally
and using the models were lower than the ideal ones. For Thy:Bor, the estimated real eutectic
temperatures were 274.4, 293.2 and 300.8 K obtained using COSMO-RS (TZVP and TZVPD-
FINE levels) and UNIFAC, respectively, which were lower than the ideal one (309.6 K). A similar
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behavior was observed for Thy:Cam as a negative deviation was shown from ideality (300.1 K)
to the estimated real behavior (from 166.2 to 281.7 K). The experimental SLE measurements
displayed a significant negative deviation from ideality, which was also correctly predicted by the

models. Thus, these systems could be considered as DES.

By comparing the estimated real SLE using the models, it can be shown that the COSMO
RS model predicts eutectic points further away from ideality than the UNIFAC model, and a higher
deviation was observed in the COSMO-RS parametrization level TZVP than that of the TZVPD-
FINE level. Moreover, the plots of the thymol-based solvent systems showed that the models
estimated a deviation of the eutectic concentration. For example for Thy:Bor, the ideal eutectic
concentration was 0.72 while the estimated value by the models was 0.65, 0.52 and 0.58 for
UNIFAC, COSMO-RS (TZVP and TZVPD-FINE levels), respectively. This showed that the
structural interaction was not fully described by the models and that additional effects may be

taking place.
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Figure 7: Measured solid-liquid equilibrium phase diagrams of the terpene-based solvent

systems.

74



Table 18: Ideal and predicted real eutectic temperature and molar ratio of the solvent systems.

COSMO-RS (TZVPD-
Ideal UNIFAC COSMO-RS (TZVP)
FINE)
. Te, zvPD-FINE
Eutectic Tk, ideal (K) Xe,ideal | Te uniFac (K)| Xe unikac | Te 1zve (K) | X T2vp XE, TZVPD-FINE
systems (K)
128.07 £ 0.9152 + 1.4670
Men:Bor 155.66 29.04 £ 0.03 1.1116 25.37 1.4708
0.24 0.0005 0.0005
0.9178 1.4635 +
Men:Cam 154.65 |19.23 £ 0.01 29.41 £0.08 1.1063 23.25 1.4671
0.0001 0.0008
0.9716 1.5105
Thy:Bor 15143 |45.63+£0.20 31.75 1+ 0.01 1.1500 29.19 1.4795
0.0001 0.0002
0.9675 + 1.4970 +
Thy:Cam 151.23 (2110 +£0.02 30.35 £ 0.06 1.1350 32.25 1.4731
0.0001 0.0003

4. Conclusions

The characterization

of the four different terpene-based eutectic solvent systems was

done to obtain their physicochemical properties. The density, surface tension and refractive index

were computed experimentally and compared to models proposed in the literature for each

eutectic system. The accuracy of the models was studied using the RD% for each solvent system,

which ranged from 17.3 to 21.5 % for the density, from -21.0 to 6.3 % for the surface tension and

from -2.05 to 0.26 % for the refractive index. Furthermore, the chemical structure and interactions

were analyzed on the basis of FTIR and "H-NMR measurements to confirm the presence of the

intermolecular hydrogen bonding in the eutectic systems. The thermodynamic properties, such

as the enthalpy of crystallization, the degradation, glass transition and crystallization temperatures

were measured using TGA and DSC. From these obtained values, the SLE phase diagram of the

eutectic mixtures was studied using UNIFAC and COSMO-RS with two different parametrization
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levels. From the curves, the eutectic temperature and molar concentration was estimated for each
system and the deviation from ideality was studied to assess the behavior of the systems checking
if they behave as DES. The UNIFAC and COSMO-RS models predicted comparable but not
completely accurate curves in comparison to the experimental data. They showed similar results
without any of the models capturing the trends better than the other in all studied cases. However,
optimization of the models is needed to improve the prediction of the interaction in the systems.
The difference in the chemical interactions between the pure compounds and the eutectic
systems, observed experimentally for terpene- and lactic acid-based systems, and analyzed by
simulation for terpene-based systems, proved that in fact the systems did not act as an ideal
mixture due to the presence of significant hydrogen bonding, which confirmed their behavior as

possible DES candidates.
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Abstract

Deep eutectic solvents (DES) were used to extract bioactive compounds from marine by-
products: codfish bones (CB), mussel meat (MM) and tuna vitreous humor (TVH). DES were
prepared using natural components, including selected terpenes (menthol, thymol, borneol,
camphor), lactic acid (Lac), fructose (Fru) and urea (Ur). The yield obtained using lactic acid-
based DES was significantly higher than that using terpene-based DES. Hence, the extracts
obtained using lactic acid-based DES were characterized to define their composition in hyaluronic
acid (HA), chondroitin sulfate (CS), proteins, lipids and ash. Results demonstrated that the
extracts composition highly differed, depending not only on the DES used, but also on the
structure and composition of the raw material used. Proteins were the main components of these
extracts, mostly in extracts obtained from MM. The extracts obtained from all raw materials also
contained ash and lipids. HA was mainly extracted from TVH using both Lac:Ur and Lac:Fru. The
HA and CS contents in the extracts obtained using the conventional method is shown to be higher
than the yield of DES extraction, as this method has a higher capacity in hydrolyzing the tissues

to isolate the target compounds

Keywords: marine by-products, natural bioactive ingredients, deep eutectic solvents, alternative

solvents, extraction process, chemical characterization.

1. Introduction

The total mass of marine generated by-products was estimated to be approximately 20
million tons globally [442]. These wastes are generally discarded on land or in the sea and they
can lead to the contamination of the coastal water [443]. Marine by-products were largely
investigated for their valorization and use in industrial applications due to abundance, low-cost
and environmental advantages [161]. Therefore, their use as a source for the isolation of bioactive
compounds has great advantages as nowadays the integration of natural products in
pharmaceutical and cosmetic industries has remarkably increased, as their biological activity and

structural properties may differ from the synthetic molecules [164, 444]. Many compounds used
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in pharmaceutical applications were originally isolated from natural sources, such as plants and
biomass [166]. For example, vitamin C was obtained from citrus, salicylic acid from Willow Bark,
taxol from Yew Bark, pilocarpine from Pilocarpus microphyllus leaves and quinine from Cinchona
Bark, among many others [167]. Natural proteins obtained from plant and animal sources have
been used in drug and gene delivery systems, including hydrogels, nanocarriers and
nanoparticles [445, 446]. Moreover, natural lipids were also used in cosmetics, pharmaceuticals,
and nutritional supplements. They include oils obtained from plants and animals, natural fats,
waxes, and phospholipids [447]. For instance, natural retinoids, carotenoids, and tocopherols
were employed in medicinal applications due to their antioxidant properties [448—-450].
Glycosaminoglycans, including hyaluronic acid (HA) and chondroitin sulfate (CS), are highly
employed compounds in pharmaceutical and medical applications. They are natural hydrophilic
polysaccharides with valuable therapeutic properties as they play an important role in the
hydration and the elastoviscosity of tissues [174, 175]. They display non-immunogenic and
biocompatible effects that increase their application in diverse formulations. Their isolation from
natural terrestrial and marine sources has been extensively studied, as they present great
advantages for their industrial application [165, 174, 451]. These include animal cartilage, fish
bones (such as codfish, spiny dogfish, salmon, and tuna), animal eyeballs and invertebrate
species, such as squid and mollusc bivalve [165, 220, 234, 240]. Hence, a considerable amount
of the inedible parts of fish by-products is discarded globally from processing industries, which
includes skin, trimmings, heads, fins, and viscera [160, 442]. Marine by-products are mainly used
as a source of several bioactive compounds, such as proteins (collagen and gelatin), fatty acids,
minerals (calcium phosphate and hydroxyapatite), enzymes (pepsin, collagenases, trypsin and
chymotrypsin) [452].

Deep eutectic solvents (DES) were widely employed as alternative solvents to isolate
bioactive compounds [117]. DES are green solvents used in several applications as they present
promising advantageous characteristics due to their low-cost, low- to non-toxicity and
biodegradability for environmental-friendly processes [7, 8, 13]. They are defined as novel eutectic
mixtures having a lower melting point than the pure substances used to prepare them, which is
caused by the complexation of the hydrogen bond acceptor and hydrogen bond donor molecules
in the system [453]. They present a wide combination of compounds for their preparation at a

diverse tunability [131, 434]. This has allowed the optimization of the processes that employ these
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solvents to enhance the yield, solubility, and selectivity, among different physicochemical
properties of interest, depending on the application [24, 25]. Previous studies have shown the
potential uses of versatile DES in various applications [13], including the pre-treatment,
purification, extraction, recovery and preparation of materials from natural sources [10, 36, 454].
For instance, they demonstrated to be potential novel solvents in the extraction of bioactive
compounds, including proteins, carbohydrate polymers, phenolic compounds, flavonoids, and
fatty acids, among others [49, 64, 65, 455].

In this work, the selected by-products as a source of bioactive molecules were codfish
bones (CB), mussel meat (MM) and tuna vitreous humor (TVH). These materials are abundantly
discarded in fishery processing industries, either because they are not edible, or not safe for
human consumption [456—458]. Hence, various methods were developed for the efficient
extraction of valuable ingredients from biomass sources [165]. Terpene- and lactic acid-based
DES were prepared in order to be used for the isolation of extracts from marine raw material as
a potential technique to obtain bioactive natural compounds, including proteins, lipids and
minerals. The extraction using these novel solvents is compared to conventional methods used
for the extraction of the mentioned compounds, to evaluate their viability as an alternative

extraction approach.

2. Materials and methods

2.1. Materials

Codfish bones were kindly donated from Pascoal & Filhos (Nazaré, Portugal), mussels
from Testa & Cunhas (Nazaré, Portugal), and tuna eyes from Tunipex (Faro, Portugal). Tuna eyes
were kept frozen until cut, to separate the vitreous humor from the eyeball.

The chemical reagents used for the extraction process were the following: DL-lactic acid
(aqueous solution, 85.0-90.0 %, CAS: 50-21-5), thymol (CAS [89-83-8], 298 %) and L-borneol
(CAS [464-45-9], 297 %)) from Alfa Aesar, MA, USA. DL-menthol (CAS [89-78-1], 295 %), DL-
camphor (CAS [76-22-2], 296 %)), D-fructose (CAS: 57-48-7), urea (CAS: 57-13-6), chondroitin
disaccharide (di-6S) sodium salt (CAS: 136144-56-4), chondroitin disaccharide (di-4S) sodium
salt (CAS: 136132-72-4), Chondroitinase ABC from Proteus vulgaris (CAS: 9024-13-9), and
Papain from papaya latex (210 units/mg protein, CAS: 9001-73-4) were obtained from Sigma-
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Aldrich, MA, USA. Hyaluronic acid disaccharide (di-HA, CAS: 149368-06-9) from Santa Cruz
Biotechnology, Inc., Dallas, Texas, USA.

The reagents used in NaDES and extracts characterization were the following: 2,2-
Dimethyl-2-silapentane-5-sulfonate (DSS, CAS: 2039-96-5), deuterium oxide (D.O, CAS: 7789-
20-0), chloroform (CAS: 67-66-3), hydrochloric acid (= 37 %, CAS: 7647-01-0), sodium chloride
(CAS: 7647-14-5), disodium hydrogen phosphate (CAS: 7558-79-4), sodium tetraborate (99 %,
CAS: 1330-43-4), Trizma® base (= 99.9 %, CAS: 77-86-1), glycine (= 99 %, CAS: 56-40-6),
sodium dodecyl sulfate (= 99 %, CAS: 151-121-3), Folin & Ciocalteu's Phenol Reagent (2N, CAS:
12111-13-6) were obtained from Sigma-Aldrich, MA, USA. Methanol (= 99.8 %, CAS: 67-56-1)
from Carlo Erba Reagents, Val de Reuil, France. Sodium phosphate (96 %, CAS: 7601-54-9)
from Aldrich, MA, USA. Sodium hydroxide (98%, pellets, CAS: 1310-73-2) from Acros Organics,
Geel, Belgium. The reagents used to prepare the complex-forming reagent of Lowry’s method are
the following: sodium carbonate (anhydrous, CAS: 497-19-8) from Panreac, Barcelona, Spain.
Copper(ll) sulfate pentahydrate (> 99 %, CAS: 7758-99-8) from Acros Organics, Geel, Belgium.
Potassium sodium tartrate tetrahydrate (= 99 %, CAS: 6381-59-5) and bovine serum albumin (2
96 %, CAS: 9048-46-8) from Sigma-Aldrich, MA, USA.

2.2. DES preparation

The DES were prepared by mixing and heating (at 80 °C) for 15 minutes to ensure the
formation of a homogenous liquid. The compounds were combined at specific molar ratio (Table
19), based on the literature for lactic acid-based DES [75, 406—408], and based on the studies
done in Chapter Il for the terpene-based DES.

Table 19: Molar ratio of the prepared deep eutectic systems (DES).

DES Molar ratio
Men:Bor 7:3
Thy:Cam 1:1

Lac:Fru 5:1
Lac:Ur 4:1
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2.3. Extraction process

All three raw materials were freeze-dried and codfish bones were ground to a particle size
less than 1 mm. The scheme of the extraction process is shown in Figure 8. Briefly, the raw
materials were mixed with the DES at a component mass ratio of 1:100 of raw materials:DES and
stirred for 24 h at 50 °C. To collect the dissolved extracts in the solvents, the mixture was first
centrifuged at 6000 rpm for 15 min at 45 °C to separate the undissolved particles and collect the
supernatant. These supernatants represent the samples of the soluble fractions (SF) of the raw
materials in Lac:Fru (SFiacr) and in Lac:Ur (SFiacur). Extract precipitation was done by the
addition of 3 volumes of ethanol. The precipitate was then collected by centrifugation at 6000 rpm

for 15 min at 45 °C and the samples represent the precipitated extracts (PE): PEac.rrv and PEac.ur.

Codfish Mussel Tuna vitreous Ethanol
bones meat humor

. . Centrifugation
E Centrifugation ‘:
24 h,50°C g s drylng
+ - i .
= ks
Discarded non-soluble o Supernatant
A Precipitate

fraction

DES Soluble Fraction of TVH Precipitated Extract
Deep Eutectic Solvents (DES)

PE .o /PE
SFLackru / SFLacur Lac:Fru Lac:lir
DES c.rru / DES ocur

Figure 8: Scheme of the extraction process.

2.4. Biomass characterization

Biomass was characterized in terms of HA, CS, protein, lipids and ash content. The lipids
were extracted based on the Bligh & Dyer technique [459], in order to quantify them. The proteins
were extracted according to a previously described method with slight modifications [460, 461],
briefly 1 g of freeze-dried raw material was suspended in 100 mL of ultrapure Milli-Q water. Ultra-
sonication was then done for 2 h, and the sample was stirred at 4 °C overnight using a magnetic
stirrer plate. The solution was then centrifuged at 4500 rpm for 30 min and the supernatant was
collected and stored at 4 °C. The pellet fraction was re-suspended in 20 mL of Milli-Q water and

subjected again to ultrasonication and stirring as described above. The sample was then
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centrifuged, and the supernatant was pooled together with the initial supernatant and mixed with
80 % (w/v) of ammonium sulfate saturation and stirred at 4 °C during 1 h. Centrifugation was done
to precipitate and collect the protein fraction. Following this, the precipitates were dialyzed at 4 °C
for 24 h against Milli-Q water using a 10 kDa molecular weight cut-off dialysis tubing (Snake
Skin™ Dialysis Tubing, Fischer Scientific, USA). The total protein content was analyzed according
to the Lowry method [462]. It is a biochemical calorimetric assay used to determine the total
amount of protein in a solution [462]. In brief, a complex-forming reagent was prepared according
to a previously reported procedure [463]. An amount of 0.2 mL of the testing samples was added
to 1 mL of freshly prepared complex-forming reagent. They were then vortexed and left at room
temperature for 10 min; 0.1 mL of Folin reagent (1 N) was then added and vortexed. The mixture
was kept protected from light at room temperature for 30 min and the absorbance was obtained
at 750 nm (GENESYS™ 10S UV-Vis Spectrophotometer, Boston, MA, USA). The experiments

were done in duplicate.

The ash content of the samples was determined by placing them in crucibles and heating
them in a high-temperature muffle furnace (Nabertherm, Germany) type LT 15/13, provided with

a C450 Controller. The muffle furnace was run for 4 h at a temperature of 550 °C.

HA and CS were quantified in the raw materials. For CB and MM, papain was used for the
enzymatic hydrolysis of the raw materials [234]. Briefly, 5 g of raw materials were solubilized in
50 mL acetone to ensure the de-fatting of the tissue. They were then centrifuged and dried at 50
°C for 24 h. Then 1 g of raw material was solubilized in 10 mL of 100 mM sodium acetate buffer
(pH 5.5) containing 5 mM EDTA and 5 mM cysteine. 60 mg of the enzyme papain was then added
and stirred at 60 °C. After 24 h, the solution was boiled to de-nature the enzyme during 10 min.
Centrifugation at 6000 rpm at 30 °C for 15 min was done and ethanol saturated with sodium
acetate were added to the supernatant at a volume 3 times the volume of the supernatant. The
precipitate was then recovered by centrifugation and dried at 50 °C for 6 h. To extract HA from
the freeze-dried TVH, the raw material was dissolved in distilled water at 25 °C for 3 h to ensure
the dissolution of the aqueous fraction of the vitreous humor, which includes the HA. The samples
were then hydrolyzed enzymatically to quantify HA and CS using high-performance liquid
chromatography (HPLC, Waters Alliance 2695 HPLC System, Waters Chromatography, Milford,
MA) and capillary electrophoresis (CE) (P/ACE MDQ Capillary Electrophoresis System, Beckman
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Coulter, CA, USA). The long chain biopolymers were hydrolyzed into their disaccharide unit using
the enzyme Chondroitinase ABC. The hydrolysis was done by treating 40 ug of the sample with
25 mU of chondroitinase ABC in a 1 mM sodium phosphate buffer at pH =7 at 37 °C for 3 h [464].
The sample was then boiled for 1 min to block the enzyme. HA and CS analyzed disaccharide

units are shown in Table 20.

As the HA disaccharide di-HA (D-glucuronic acid and N-acetyl-D-glucosamine) and the
CS non-sulfated disaccharide di-Os (GIcAB1-3GalNAc) have a similar chemical structure with a
hydroxyl group being axial for di-Os and equatorial di-HA, they were quantified using CE. The CE
was equipped with an uncoated fused-silica capillary tube (85 cm, Sciex, ref. 338472) and UV
detection was performed at 230 nm. The buffer was prepared using 40 mM disodium hydrogen
phosphate, 10 mM sodium tetraborate and 40 mM sodium dodecyl sulfate at a pH of 9 adjusted
using 1 M HCI and 1 M NaOH. The detection limit was found to be 3 pg/mL for both di-Os and di-
HA.

The two CS disaccharides sulfated at different positions di-4s (GIcAB1-3GalNAc(4s)) and
di-6s (GIcAB1-3GalNAc(6s)) were quantified using HPLC by the application of an isocratic
separation (0.05 M NaCl pH 4) for 5 min. A linear gradient was then applied from 5 to 25 min (0.05
to 1.2 M NaCl pH 4), followed by 10 min of isocratic separation (0.05 M NaCl pH 4). The flow rate
was set at 1.2 mL/min. The calibration curve was obtained using the di-4s and di-6s standards at
concentrations ranging from 2.5 to 40 yg/mL with two-fold serial dilutions. The HPLC limit of
detection was found to be 0.125 ug/mL for di-4s and 0.25 ug/mL for di-6s. Experiments were done

in triplicate and the HPLC analysis in duplicate.
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Table 20: The chemical structure of hyaluronic acid and chondroitin sulfate disaccharides.

Disaccharide Chemical structure of the
Biopolymer . . Systematic name
name disaccharide

Hyaluronic - 80, ™o
y di-HA mm D-GIcA-B1-4-D-GalNAc-a1-4
acl H HCOCH;

030,

di-0s \mm GIcAB1-3GalNAC
coo’ OH

Chondroitin ) - 9 0
tat di-4s © o o— GlcAB1-3GalNAc(4s)
sulfate Ho

H HCOCH,

di-6s \omomo GIcAB1-3GalNAc(6s)

2.5. Extracts characterization

The total protein content in the extracts was determined according to Lowry’s method [45].
The experiments were done in duplicates. Lipids, ash, HA and CS were quantified according to
the method shown in section 2.4. The molecular weight of the proteins in the extracts samples
was determined using SDS—-PAGE, carried out using 7.5% Mini-PROTEAN ® TGX™ Precast
Gels (Bio-Rad). The Laemmli running buffer was prepared using 25 mM Tris, 190 mM glycine and
0.1 % sodium dodecyl sulfate. Coomassie blue (Bio-Rad) was used as the staining material and
Precision Plus Protein™ Dual Xtra Prestained Protein Standards (Bio-Rad) as the standard. The

run was carried out according to the manufacturer’s instructions.

3. Results and Discussion
3.1. Extraction yield

The extraction was done using two different types of DES: lipophilic terpene-based and
hydrophilic lactic acid-based DES. The extraction yield using each solvent is shown in Table 21.

Based on these results, it can be concluded that the yield of the extracts obtained using the
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terpene-based DES ranges from 0.6 to 1.9 % (w/w), while it ranges from 9.1 to 22.5 % (w/w) for
extracts obtained using lactic acid-based DES. Hence, the latter were able to extract a higher
percentage of bioactive compounds from the raw material and the extracts composition was
analyzed. In addition, as the compounds used for the lactic acid-based DES are hydrophilic, they

have a higher tendency in isolating target hydrophilic compounds, including HA and CS.

Table 21: Extraction yield % (mg extract/ 100 mg raw material) using terpene- and lactic acid-

based DES.
Terpene-based DES Lactic acid-based DES
Men:Bor Thy:Cam Lac:Fru Lac:Ur
Codfish bones 0.6+0.2 1.6+£0.7 91+13 10.7£2.1
Mussels 1.3+£0.6 1.5+0.1 19.3+1.8 225+19
Tuna vitreous humor 14+04 1.9+11 13.1+£1.7 15.3+1.6

3.2, Extracts characterization

The chemical composition in HA, CS, lipids, proteins, and ash per 100 mg extract is
displayed in Figure 9 and their yield per 100 mg raw material is shown in Table 22. According to
the results, proteins present the highest content in the obtained extracts. For CB, proteins
percentage is 53.12 and 57.63 % of the extracts (corresponding to 5.07 and 6.70 mg proteins/
100 mg raw materials) using Lac:Fru and Lac:Ur, respectively. A much higher ash content was
determined from this raw material in comparison to lipids. The amount of HA and CS in the
extracts obtained using DES were lower than the detection limit. Their content in CB was 0.26 mg
HA + CS/ 100 mg raw material. According to the results, Lac:Ur was shown to be most suitable
for the extraction of proteins from CB, as it was able to extract around 1/6 of the total proteins
from this raw material. Furthermore, when comparing the extracts content with the raw material
composition (Table 5), it can be concluded that the bones contain mainly ash (54.35 %), followed
by proteins (38.59 %). Previous studies demonstrated that 81.09 to 84.88 % of proteins was
present in fish bones [465], and 39.43 and 58.01 % of ash and proteins, respectively [466]. These
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results vary depending on different factors that can contribute to the variation in chemical
composition of these raw materials, such as the local of capture, season, nutrient intake, among
others. In addition, it is generally possible to find leftover of meat and proteins with the bones, as
when the meat is separated for commercial use, there could be some meat that remains with the

discarded bones.

In the extracts obtained from MM, a higher percentage of proteins was obtained in
comparison to the extracts obtained from the other raw materials, with a value of 66.11 and 75.20
mg/ 100 mg extract using Lac:Fru and Lac:Ur, respectively. The characterization of this raw
material showed that it was mainly composed of proteins (51.32 %), followed by ash (17.57 %)
and lipids (15.41 %). As previously discussed also the chemical composition of this raw material
is highly variant based on seasonal and geographical factors [467]. For this raw material, Lac:Ur
was also the more suitable DES to extract the highest yield of protein, as it isolated around 1/3 of
the total protein present in MM. In addition, the HA and CS content in the isolated extracts was
0.32 and 0.43 ug HA and CS/ 100 mg of mussels using Lac:Fru and Lac:Ur, respectively. The HA
and CS content in the extracts obtained using the conventional method is shown to be higher than
the yield of DES extraction. Since this method involves the use of an enzyme and more organic
solvents, it could lead to a higher capacity in hydrolyzing the tissues to isolate the target

compounds [234].

90



(A) Extracts obtained using Lac:Fru (B) Extracts obtained using Lac:Ur

Codfish bones:

Mussel meat:

Tuna vitreous
humor:

Figure 9: Percentage composition (mg/ 100 mg extract) of lipids, proteins, ash and hyaluronic
acid (HA) in the extracts obtained from the raw materials using natural deep eutectic solvents

Lactic acid:Fructose (Lac:Fru), Lactic acid:Urea (Lac:Ur).
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The extracts obtained from TVH were composed of 50 % proteins in the extracts using
both DES, equivalent to 5.16 and 7.43 mg protein/ 100 mg tuna vitreous humor using Lac:Fru and
Lac:Ur, respectively. Hence, these DES were able to extract around half of the total proteins
present in TVH. Consequently, Lac:Ur had the highest capacity to extract proteins from all raw
materials used. In addition, the ash content was shown to be 27.98 and 29.03 % of the extracts
using Lac:Fru and Lac:Ur, respectively, which are higher than the amount of lipids isolated in
these extracts. The HA content was 1.99 and 1.06 % (3.3 and 2.1 ug HA/ 100 mg of tuna vitreous
humor) using Lac:Fru and Lac:Ur, respectively. These values are higher than those of the extracts
obtained from the remaining raw materials. The characterization of the TVH showed that it was
mainly composed of ash (62.26 %), followed by proteins (14.31 %), lipids (8.06 %), and HA (8.62
%). By comparing these results to previous studies, it can be concluded that the composition
varied as the amounts were 50.78, 30.89, 7.32 and 10.99 % of ash, protein, lipids, and HA,
respectively [468, 469]. For all raw materials, the extracts isolated using both DES contained other
remaining compounds, which could include additional carbohydrate polymers and

polysaccharides isolated using DES [8, 10, 64].
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Table 22: Concentration (mg/ 100 mg raw material) of HA, CS, lipids, proteins, and ash in the

extracts obtained from the raw materials using Lac:Fru and Lac:Ur.

Raw materials

PELac:Fru PELac:ur o
characterization
Z (HA+CS) <d. I <d.l. 0.26 £ 0.04
CB Lipids 0.14 £ 0.03 0.18 £ 0.03 2.60 £ 0.95
Proteins 5.07 £ 0.02 6.70 £ 0.14 38.59 +4.17
Ash 1.87 £ 0.04 2.63+0.27 54.35+0.24
Z (HA+CS) 0.00032 + 0.00003 | 0.00043 + 0.00004 1.33+0.19
Lipids 0.82+0.15 1.08 £ 0.03 15.41 +2.09
MM Proteins 13.99+0.43 18.21 £ 0.36 51.32+2.78
Ash 0.83+0.25 1.17 £ 0.39 17.57 £ 0.50
HA 0.0033 £ 0.0017 0.0021 £ 0.0005 8.62 £ 0.63
TVH Lipids 0.52 + 0.06 0.59 £ 0.14 8.06 £ 1.42
Proteins 5.16 £ 0.15 7.43+0.25 14.31 £ 1.62
Ash 3.94 +0.22 4.77 £0.33 62.26 + 0.46

SDS-PAGE analysis was performed to evaluate the distribution of the molecular weight of

the proteins extracted from all raw materials using Lac:Fru and Lac:Ur, as shown in Figure 10. By

comparing the results to the reference protein standard, it can be seen that none of the extracts

is rich in any particular molecular weight proteins, as all extracts contain a varying and unspecific

molecular weight distribution of protein from 2 to 250 kDa. This could be due to their hydrolysis

during the extraction process at 50 °C during a long period of 24 hours. Hence, as a conclusion,

the lactic acid-based DES efficiently extracted bioactive compounds with varying composition,

depending on the raw material and DES used, and their bioactivity will be further analyzed to

confirm their safety in potential therapeutic applications.
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Reference protein

standard

CB

MM

TVH

PELac:Fru

I:’ELac:Ur

PELac:Fru

I:)ELac:Ur

PELac:Fru

I:)ELac:Ur

Figure 10: SDS-PAGE analysis of extracts obtained from each raw material using Lac:Fru and

Lac:Ur, compared to reference protein standard.

4. Conclusions

DES were prepared for the extraction of bioactive compounds as a novel green technique

for marine waste valorization. They were prepared using natural compounds: Men, Thy, Borm,

Cam, Lac, Fru, and Ur. The use of DES has different advantages to the use of conventional

extraction methods, including the elimination of enzymes and/or organic solvents, decrease of

process time and cost. A higher yield was obtained from the extraction process using lactic acid-

based DES in comparison to terpene-based DES. Proteins were shown to be the main

components of these extracts. In general, lactic acid-based DES have a higher capacity to isolate

proteins, as the extracts contained up to half of the total proteins present in all raw materials. The

amounts differed based on the raw materials used, as the extraction from bones had the lowest
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yields due to their dense structure. Extracts obtained from all raw materials were composed of
both ash and lipids. HA was mainly extracted from the tuna vitreous humor using both DES, at a
very low concentration yield in comparison to the conventional extraction methods. Furthermore,
the extracted ash and lipids amounts using both Lac:Fru and Lac:Ur were low in comparison to
the amounts of ash present in the raw materials. As for HA and CS, the isolated amounts are
negligeable, as the conventional method extractions demonstrated a higher content in these
biopolymers in comparison to the extracts. In addition, the extracts composition highly differs,
depending not only on the DES used, but also on the structure and composition of the raw material
used. Further biocompatibility studies will be performed to evaluate the use of the compounds

obtained from the extraction process in potential therapeutic applications.
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Abstract

Deep eutectic solvents (DES) were used to extract bioactive compounds from codfish
bones (CB), mussel meat (MM), and tuna vitreous humor (TVH) for its potential application in the
management of dry eye disease. The DES, the soluble fraction of the raw material in DES (SF)
and the precipitated extracts (PE) were evaluated to assess their biocompatibility. Preliminary
studies were done on Caco-2 cell line, and the results showed that TVH soluble fraction in DES
was the most viable to the cells. Hence, this raw material was selected for further studies on
human corneal epithelial (HCE) cell line. Oxygen radical absorbance capacity (ORAC) assay was
done to chemically assess the antioxidant effect of the compounds. In vitro experiments on human
corneal epithelial cell line and the effect on dry eye-associated microorganisms were performed.
The influence of the samples on the HCE viability, their intracellular reactive oxygen species
(ROS) scavenging capacity and inflammatory response, and antimicrobial properties were
studied. According to the results, all samples displayed an antioxidant effect using chemical and
cell-based studies, which was significantly higher for PE in comparison to SF. Most of the tested
samples did not induce an inflammatory response in cells, which confirmed the safety in
ophthalmic formulations. In addition, the DES and SF proved to be efficient against the studied
bacterial strains, while PE did not show an antimicrobial effect. Hence, both DES, SF at defined

concentrations could be used as potential compounds in dry eye disease management.

Keywords: food waste valorization, natural hyaluronic acid, deep eutectic solvents, ocular

therapy, antioxidant, anti-inflammatory, antimicrobial.

1. Introduction

Nowadays, the trend of seeking ingredients from natural sources is on the rise as
companies are more committed to a sustainable development of green products [1]. The use of
marine by-products as a source of natural ingredients has attracted a great attention due to
abundance, low-cost, safety and environmental benefit [2]. The total mass of world marine
obtained from fisheries and aquaculture was estimated to be 170.9 million tons in 2016 in contrast

to 151.2 million tons of human consumption [3]. Thus, a significant amount of marine wastes is
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generated annually, which are commonly dis-carded on land or in the sea and they contaminate
the coastal water and air [4]. There-fore, their use as a source for the extraction of natural
compounds has great advantages in waste valorization and natural ingredients isolation. The
Food and Agricultural Organization refers to food waste as the disposal of inedible food fractions
along the entire food production and distribution chain [5]. Some of these wastes were classified
as avoidable food waste, depending on the causes that lead to its generation and that could be
prevented. Hence, the use of the inedible food wastes as a source of bioactive molecules for drug

formulation is of high value with environmental and therapeutical benefits.

There have been various techniques for the efficient extraction of materials from biomass
sources, including the use of novel deep eutectic solvents (DES) [6]. These solvents are formed
by combining hydrogen bond donor and acceptor molecules, and are characterized by having a
melting point lower than that of the compounds used to prepare them [7]. They have shown to be
promising molecular solvents due to their advantageous tunability, that allows the optimization of
their solubilizing capacity, viscosity, among other different physicochemical properties of interest
depending on their application [8, 9]. Previous studies and ongoing research have shown various
potential use of versatile combinations of DES in pharmaceutical, biochemical and other industrial
applications [10]. One of the most important roles of DES is their multifunctional role in

solubilization, extraction, purification, and production of valuable products from biomass [11, 12].

In this work, DES were prepared using lactic acid, fructose and urea for the extraction of
hyaluronic acid (HA) from the marine raw material codfish bones (CB), mussel meat (MM), and
tuna vitreous humor (TVH). The use of DES replaces the time consuming and/or toxic
conventional methods to extract natural HA. Various techniques have been applied for the
extraction of HA from natural sources, such as terrestrial and marine biomass [6, 13, 14].
Preliminary HA solubility studies were done with different combinations of natural DES previously
described in the literature [406, 408, 470]. Lactic acid-based systems were the most promising in
dissolving HA. Therefore, DES were prepared by combining lactic acid with fructose and urea as
they are natural, low-cost, and non-toxic compounds that have been applied in several drug
formulations and therapeutical applications [471-473]. Lactic acid is a carboxylic acid widely
employed in formulations due to its biobased and biodegradable features and was already

described to enhance the stability and the shelf life of Miconazole eye drops [473—-475]. On the

100



other hand, fructose is a naturally occurring monosaccharide that has been used in the food and
pharmaceutical industries. It has been employed as an excipient in drug formulations due to its
safety [472, 476]. Also, it was shown to be present in the eye, mainly in the aqueous humor and
the stroma, obtained by the sorbitol pathway in the lens [477, 478]. Additionally, urea is an
endogenous metabolite used in drug formulations for the treatment of skin and ocular diseases,
hyponatremia, malignancy, among others [471, 479-481]. It is a compound formed in ocular tissues
and is an important constituent of the tear fluid, as lower urea levels are observed in the tear film
of patients with dry eye [482, 483]. Considering the relevance and applicability of these
compounds, two distinct DES were prepared in this work combining lactic acid with either fructose
or urea (Lac:Fru and Lac:Ur, respectively). DES were used for the extraction of HA from the raw
material, a natural marine by-product that is abundantly discarded. This method could not only
ensure the use of natural HA for a therapeutic purpose, but also implement the valorization of the
discarded raw material in a green and low-cost process using DES. HA is a highly valuable
biopolymer that has shown increased use in pharmaceutical formulations, namely in tear
formulations for dry eye treatment [364]. It is a hydrophilic molecule with an important role in
preserving the hydration and the elastoviscosity of tissues, such as the vitreous humor and the
synovial fluid, and in lubricating numerous moving parts, such as the muscles and the joints [15].
Its non-immunogenic and biocompatible effects have significantly increased its application in the
pharmaceutical and medical fields, including joint injections, osteoarthritis treatment, ocular
therapy, plastic surgeries and skin treatments [16]. In recent years, HA has been increasingly
used in formulations for patients suffering from the dry eye disease, as it has shown to improve
the corneal epithelial barrier and the tear film stability [17-20]. Dry eye is a highly prevalent
inflammatory disease in which ocular surface epithelia and the tear film are altered, leading to
visual impairment, discomfort, eye dryness, burning and pain [1-3]. Tear production stimulation
and tear replacement agents have been used for symptom’s relief, including the HA-based
artificial tears, which re-store the homeostasis of the tear film [18, 24]. In this work, DES and HA-
containing samples were evaluated on Caco-2 cell line to obtain preliminary results regarding
their biocompatibility. Following that, these compounds were tested on human corneal epithelial
cells to study their potential use in ophthalmic formulations for the treatment of the dry eye
disease. In addition, the antimicrobial effect of the samples was tested using dry eye-associated

bacterial species, such as Staphylococcus aureus and Pseudomonas aeruginosa to assess
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whether the samples may also reduce the bacterial growth, which would be helpful in the

management of dry eye cases prone to infections.

2. Materials and methods

21. Materials

The reagents used in the extraction and chemical characterization processes were the
following: ethanol absolute (= 99.9 %, CAS: 64-17-5, Carlo Erba Reagents, Val de Reuil, France),
hyaluronic acid disaccharide (di-HA, CAS: 149368-06-9, Santa Cruz Bio-technology, Inc., Dallas,
Texas, USA), DL-lactic acid (aqueous solution, 85.0 — 90.0 %, CAS: 50-21-5, Alfa Aesar, MA,
USA), sodium phosphate (96 %, CAS: 7601-54-9, Aldrich, MA, USA. The reagents D-fructose
(CAS: 57-48-7), urea (CAS: 57-13-6), Chondroitinase ABC from Proteus vulgaris (CAS: 9024-13-
9) and sodium chloride (= 99 %, CAS: 7647-14-5) were obtained from Sigma (MA, USA).

The reagents used in cellular viability, antioxidant and anti-inflammatory studies were the
following: non-essential amino acids (NEAA) and penicillin-streptomycin (PenStrep) were
purchased from Invitrogen (Gibco, Paisley, UK). PrestoBlue® Cell Viability Reagent (Molecular
Probes®) was obtained from Life Technologies (Oregon, USA). penicillin-streptomycin, insulin
(CAS: 11061-68-0), epidermal growth factor (EGF, E9644, CAS: 62253-63-8), phosphate
buffered saline (PBS), benzalkonium chloride (CAS: 8001-54-5), phenazine methosulfate (PMS,
CAS: 299-11-6), fluorescein sodium salt (CAS: 518-47-8), and 2,2-azobis(2-
methylpropionamidine) dihydrochloride (AAPH, CAS: 2997-92-4) were obtained from Sigma (MA,
USA). Dulbecco’s Modified Eagle Medium (DMEM)/F-12 + GlutaMAX-I, fetal bovine serum (FBS),
tetrazolium salt (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, XTT,
CAS: 298-96-4), the BCA protein kit, and DMEM/F12 without phenol red were obtained from
Thermo Fischer Scientific (MA, USA). Cell permeant 2’,7’-dichlorodihydrofluorescein diacetate
(H-DCF-DA) dye (CAS: 4091-99-0) was obtained from Merck Life Sciences (Germany). Tumor
necrosis factor-a (TNF-a, CAS: 94948-59-1) and the IL-6 (REF 950.030.192) and IL-10 (REF
950.060.192) ELISA kits (Diaclone) were obtained from bi-oNOVA cientifica, S. L. (Madrid,
Spain). (£)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) was obtained from

Fluka (Buchs, Swizterland).
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The reagents used in the microbial studies were the following: cation-adjusted Mueller
Hinton broth (CAMHB) was obtained from BD (Sparks, USA), trypticase soy agar (TSA) and
trypticase soy broth (TSB) were obtained from VWR (PA, USA). Gram-positive bacteria
Staphylococcus aureus ATCC 6538 and gram-negative bacteria Pseudomonas aeruginosa
ATCC 9027 were selected for the antimicrobial susceptibility testing assays. Two commercially
available eye drops were used: HYABAK®, with 0.15 % HA (Théa Pharmaceuticals, France), and
Clorocil eye drop, with 8 mg/mL chloramphenicol (Edol Laboratory, Portugal).

2.2. Samples preparation
The raw material tuna eyes were kindly donated from Tunipex, Faro, Portugal. They were
kept frozen and cut to separate the tuna vitreous humor (TVH) part from the eyeball. The frozen

vitreous humor was then freeze-dried and kept stored at -20°C until needed.

The DES were prepared by combining the natural components under heating at 80 °C and
stirring for 30 min until a homogeneous liquid system was obtained, as explained in Chapter II.
The systems prepared were lactic acid:fructose (Lac:Fru) and latic acid:urea (Lac:Ur) at a molar

ratio of (5:1) and (4:1), respectively.

The extraction process is then performed as has been described in Chapter lll, section
2.3. The PE samples obtained from the extraction using DES were submitted to enzyme
hydrolysis before quantification using high-performance liquid chromatography (HPLC) for

quantification, as described in Chapter Ill section 2.5.

2.3. Bioactivity studies

2.3.1. Cellular viability

The two lactic acid-based DES and their corresponding SF and PE testing samples were
first evaluated in vitro on non-differentiated and confluent Caco-2 cells. This cell line was
employed as it displays characteristics with crypt enterocytes and has been widely implemented
as a model to evaluate the effect of compounds on the intestinal function [484, 485]. The
cytotoxicity of the samples was analyzed to study the potential use of the compounds in future

therapeutic applications. The biocompatibility of the extracts was assessed by comparing the
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cellular viability of NaDES with the SF samples, prior to the extract precipitation. The precipitated

extracts were not evaluated due to their limited solubility in biocompatible solvents.

The assay was performed as has been previously reported with minor modifications [486].
In brief, the cells were seeded at a density of 2x10* cells per well of a 96-well plate. The medium
(DMEM + 10% FBS, 1% PenStrep and 1% NEAA) was changed every 3 day and following 7 days
of culture, the cells were confluent and were incubated for 24 h with the extracts at different
concentrations diluted using the culture medium (DMEM + 0.5% FBS + 1% NEAA). In control
wells, the cells were incubated with the culture medium only. After incubation, the medium was
discarded, and the cellular viability was assessed using the reagent PrestoBlue® following the
manufacturer protocol. The fluorescence was recorded using a FL 800 microplate fluorescence
reader (BioTek Instruments, Winooski, VT, USA). Results were computed in terms of the
percentage of cellular viability as a function of the control. The half maximal inhibitory
concentration (ICso) is a widely employed measure of the potency and efficacy of bioactive
ingredients for pharmacological studies. It indicates the concentration required to inhibit by half
the cytotoxicity of the compounds. It was assessed using the dose—response curves fit on
GraphPad Prism software (Graph-Pad Software, Inc., La Jolla, CA). All the experiments were

done in triplicate with at least two independent assays.

Following this preliminary study, the compounds were tested in vitro on HCE cell line [28].
The HCE cell line was cultured in DMEM/F-12 + GlutaMAX-I supplemented with 10 % fetal bovine
serum, 10 ng/mL of EGF, 5 pug/mL of insulin, 100 U/mL of penicillin, and 100 pg/mL of
streptomycin. The cells were kept in a 5 % CO2 atmosphere at 37 °C. The cellular viability was
assessed using the XTT-based colorimetric assay. HCE cells were seeded in 96-well plates,
starting with the 38th cell passage, and grown to 90 % of pre-confluence. After 24 h, the cells
were maintained in a non-supplemented and serum-free medium for an-other 24 h. A stock
solution of each compound was prepared in pure cell culture medium and filtered using sterile 0.2
pum filters. The prepared stock solution concentration was 12 mg/mL for the DES samples and 4
mg/mL for the SF and PE samples. Serial dilutions of the tested compounds were done in the
plates. The cells with the treatments were kept for 24 h at 37 °C. Cells that were treated with the
culture medium were used as the negative control, and cells treated with benzalkonium chloride

(0.005% wl/v dissolved in culture medium) were used as the positive control. To perform the XTT
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colorimetric assay, 100 pL of DMEM/F12 without phenol red was added to each well, followed by
a 25 L of XTT and PMS mixture prepared prior to its use by adding 10 pL of PMS to the 1 mg/mL
XTT solution. Incubation was done at 37 °C for 3 h. The absorbance was then assessed using a
UV/Vis microplate multireader at 450 nm and 620 nm (SpectraMax M5; Molecular Devices,
Sunnyvale, CA, USA). The experiments were done in triplicate for each condition. The percentage
of viable cells in the treated cells in comparison to the control was computed using the following

equation:

Abs sample - Abs sample
% cell viability = 450 nm P 620 nm P x 100
Abs s nm control - Absg,o nm control

2.3.2. Antioxidant effect

The antioxidant effect of the compounds was analyzed using the H,DCF-DA dye to
measure intracellular reactive oxygen species (ROS) levels in UV-B radiation exposed cells. This
non-fluorescent dye diffuses in the cells and is cleaved into H.DCF that is further oxidized to
fluorescent DCF by the ROS. The HCE cells were cultured in 24-well plates and grown to 90 %
of pre-confluence. They were then maintained in a medium that is serum- and supplement-free
for 24 h at 37 °C. The cells were then pre-treated with the compounds for 1 h at 37 °C at specific
concentrations selected based on the results obtained from the results of section 3.5.1. After pre-
treatment, the supernatant was discarded and 500 uL of 10 uM dye was added to the cells, which
were further incubated for another 30 min at 37 °C. The supernatant was discarded, and the cells
were treated with the same treatments as in the pre-treatment step. They were then exposed to
8-W UV-B light for 15 sec, with the lamps located 3 cm below the cells, at 302 nm excitation peak
and 7.15 mW/cm2 UV-B radiation power density (Bio-Rad, Inc., Hercules, CA, USA). The cells
were then incubated for 1 h at 37 °C. The control cells were kept in incubation without UV-B light
stimulation. The fluorescence was obtained using a spectrophotometer at 488 nm/ 522 nm
(SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). The obtained data were normalized
to the corresponding total protein content in the adherent cells using the BCA protein assay Kkit.

The experiments were done in triplicate and the sample treatments were performed in duplicate.

Oxygen radical absorbance capacity (ORAC) assay was done to evaluate chemically the

antioxidant effect of the samples. It was done based on a procedure previously reported [487]
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and modified to adapt to FL 800 microplate fluorescence reader (BioTek Instruments, Winooski,
VT, USA) [488]. Through this procedure, the evaluation of the antioxidant species capacity in the
protection of the disodium fluorescein (FL) from the oxidation was done. The oxidation was
catalyzed by peroxyl radicals that were generated from @ 2',2’-azobis(2-
amidinopropane)dihydrochloride (AAPH). In brief, the samples were diluted in 75 mM PBS at pH
= 7, and were mixed with 1.5x10-7 mM of FL in a final volume of 175 pL in total. The mixtures
were then placed in a 96-well black microplate at 37 °C. The reaction was initiated by the addition
of 25 yL AAPH to each well. The fluorescence that was emitted by the FL reduced form was
measured using the microplate fluorescent reader and recorded every 1 min at an excitation
wavelength of 485 nm and an emission wavelength of 530 nm during 40 min. The PBS was used
as the blank, and the control standards were prepared using 10, 20, 30, 40, and 50 ymol/L of
Trolox. Samples were analyzed at least in duplicates. The values of ORAC were expressed as
Trolox equivalents antioxidant capacity (umol TEAC/L) and were calculated by computing a

regression equation between the concentration of Trolox and the area under the FL curve.

2.3.3. Evaluation of the potential inflammatory response

The potential inflammatory effect of extracted compounds on corneal epithelial cells was
evaluated in vitro measuring cytokine/chemokine secretion after HCE cells stimulation using TNF-
a. Similarly to previous studies, HCE cells were cultured in 24-well plates and grown to 90 % of
pre-confluence, then maintained in a serum- and supplement-free medium for 24 h at 37 °C. The
cells were then pre-treated for 2 h at 37 °C with the compounds at specific concentrations.
Following this, TNF-a at a concentration of 25 ng/mL was added to the cells for 24 h. Cell
supernatants were collected after 24 h, and interleukins IL-6 and IL-10 production quantified with
human interleukins (IL-6 and IL-10) ELISA kits according to manufacturer’s instructions.
Interleukins’ concentration in each well was normalized to total protein content determined by the
BCA protein assay kit. The experiments were done in triplicate and the samples were performed

in duplicate.
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2.3.4. Statistical analysis

The statistical analysis of the biocompatibility studies on the HCE cell line was analyzed
using the SPSS software package (SPSS version 15.0 for Windows; SPSS, Inc., Chicago, IL,
USA). Results were expressed as mean * standard error of the mean (SEM). One-way analysis
of variance (ANOVA) with Tukey’s post hoc test or Games-Howell test was used for intergroup
comparisons. P values < 0.05 were considered statistically significant. GraphPad Prism software

(GraphPad Software, Inc., La Jolla, CA) was used for the figures plotting.

2.3.5. Antimicrobial activity

The antimicrobial activity studies of the compounds were carried out using S. aureus and
P. aeruginosa. The stock solutions of the DES, SF and PE testing samples were prepared by
dissolving the samples at specific concentrations (shown in Table 23) in CAMHB. All samples
were filter sterilized using 0.2 um filters. The antimicrobial activity of the samples was compared
to two commercially available eye-drops: an HA-based eye drop (HA-ED) used for ocular
hydration and relief, containing 0.15 % HA, and the antibiotic chloramphenicol-based eye drop
(CHL-ED) used to combat ocular infection, containing 8 mg/mL chloramphenicol.

The assay was performed based on the broth microdilution method according to the CLSI
MOQ7-A10 guidelines [489]. In brief, the bacterial suspensions were diluted using CAMHB and the
optical density was standardized at 600 nm using Ultrospec 2100 pro (Biochrom, USA) to obtain
a density equivalent to the 0.5 McFarland’s standard. Standardized bacterial suspension (50 yL)
were used to inoculate a 96-well microtiter plate wells containing 50 L of a two-fold dilution series
range of the testing sample, achieving a final bacterial density per well of 108 CFU/mL. The plates
were incubated at a temperature of 37 °C for 16 — 20 h. Culture medium without any added
compounds was used as a negative control, and bacterial culture without the addition of any agent
was used as the positive control. The well having the lowest concentration with no visible bacterial
growth observed corresponds to the minimum inhibitory concentration (MIC). In addition, the
minimum bactericidal concentration (MBC) was determined by plating 100 yL from the wells with
no growth on a TSA medium and incubating for 16 — 24 h at 37 °C. The MBC can be defined as
the lowest concentration that killed at least 99.9 % of the bacteria over the period of the assay

and is complementary to the MIC. Results of the MIC and MBC were expressed as the median
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value obtained for each of the three replicates. A test was performed using a two-fold serial

dilution of the samples with the addition of sterile medium to ensure their sterility.

Table 23: Concentration of the compounds in the samples studied for antimicrobial analysis.

Composition of the stock solution
Hyaluronic
[Lactic [Hy
[Fructose] | [Urea] [Extract] acid in [[Chloramphenicol]
Sample a acid]
(mg/mL) extract]
(mg/mL) |(mg/mL) g (mg/mL)
(mg/mL)
(ng/mL)
Lac:Fru 22.86 9.14 — — — —
Lac:Ur 27.43 — 4.57 — — —
SFLacFru 22.80 9.12 — 0.08 10.72 —
SFLacur 27.34 — 4.56 0.10 6.15 —
PELac:Fru - - - 2.00 0.30 —_—
IDELac:Ur — — — 2.00 0.15 —
HA-ED ® — — — — 1.50 —
CHL-ED® — — — — — 0.50

3. Results and Discussion

3.1.  Cellular viability
The biocompatibility studies of DES and SF samples obtained from CB, MM and TVH
were evaluated and compared to study the potential therapeutic effect of the samples. PE were

not tested due to limited solubility of the samples in the testing medium. The study was done in
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the Caco-2 cell line as it has been shown to be considered an accepted model for biocompatibility
evaluation [484, 490, 491]. Previous studies showed that the undifferentiated Caco-2 cell line has
a higher sensitivity to the compounds that were tested in comparison to differentiated cells.
Hence, this line can be considered as one of the most conservative models for characterization
of hazards [491]. The ICs results of the study done using this cell line was evaluated for extracts
obtained from codfish bones, mussel meat, and tuna vitreous humor, as shown in Figure 11.
Results showed that the ICs value of Lac:Fru (6.39 mg/mL) was significantly lower than that of
the SFiacrn for for MM and TVH (8.92 and 12.74 mg/mL, respectively). Therefore, Lac:Fru was
shown to be significantly less biocompatible than SF4c.rw due to lower ICso values. As for Lac:Ur,
the ICsp value (5.68 mg/mL) was comparable to that of the SFiac.urof CB and MM (5.61 and 5.90
mg/mL, respectively) and lower than that of SF_4c.ur of tuna vitreous humor (8.30 mg/mL). Hence,
SFLac.ur Of these raw materials were viable to the cells but did not show any significant increase of
the biocompatibility of Lac:Ur. Therefore, the cellular viability differed based on the raw material
from which the soluble fraction was dissolved, with TVH being the most viable. Hence, this raw

material was selected for further studies on HCE cell line.
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Figure 11: Half inhibitory concentration (ICso) values on Caco-2 cell line of DES and SF testing
samples of extracts obtained using the raw materials CB, MM and TVH.
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The effect of each testing sample of the extraction process from TVH on cell viability of
HCE cells was studied at different concentrations, as shown in Figure 12. Measurement of cell
viability enabled the quantification of live cells numbers after treatment with the samples, which
was expressed as a percentage relative to the control. The concentrations with 90 % of cell
viability or higher (shown in dark grey bars in Figure 12) were considered within an acceptable
range [48, 49]. These concentrations with higher or equal to 90 % viability were the ones selected
for the antioxidant and inflammatory responses. The highest viable concentration for both DES
was shown to be 1 mg/mL, and they displayed a higher value than that of the SF and PE samples.
In addition, the SF samples had a higher or same concentration values in comparison to the PE
samples. For instance, the highest viable concentration for SF ac.rru Wwas 0.75 mg/mL, greater than
that of the PELacrru (0.5 mg/mL). In contrast, SFiac.ur and PELac.ur had the same highest viable

concentration of 0.5 mg/mL.
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Figure 12: Cellular viability (%) of HCE cell line after treatment with the testing samples. The

concentrations with 90 % of cell viability or higher are shown in dark grey bars (*P < 0.05, **P <
0.01, ***P < 0.001).
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3.2. Antioxidant effect

The antioxidant effect of the samples was evaluated to analyze their potential use in
ophthalmic therapy. Previous studies have demonstrated that HA-containing eye drops could
decrease oxidative stress and inflammation, which consequently improves dry eye symptoms
[50]. DES and SF samples were first analyzed using the ORAC assay to assess their antioxidant
effect chemically. PE were not tested due to limited solubility in the testing medium. Based on
the results in Table 24, the TEAC concentration of Lac:Fru and Lac:Ur was shown to be 0.47 and
0.30 umol/mL, respectively. In contrast, the TEAC concentration of SFiac.rrv and SFiac.ur ranged
from 0.59 to 1.45 ymol/mL and 1.42 to 2.11 ymol/mL, respectively. Therefore, the dissolved
fractions of the raw materials in both Lac:Fru and Lac:Ur enhanced the antioxidant effect of DES.

This proves that the SF samples contain bioactive ingredients that enhance the antioxidant effect.

Table 24: The concentration of Trolox equivalents antioxidant capacity (TEAC) of DES and SF

samples for extracts obtained using codfish bones, mussel meat and tuna vitreous humor.

Concentration
Sample
TEAC (pmol/mL)
Lac:Fru 0.47 £0.20
DES
Lac:Ur 0.30+0.16
Codfish bones 1.42 £ 0.37
SFLackru Mussels 2.11+0.25
Tuna vitreous humor 1.54 +0.26
Codfish bones 0.59+0.26
SFLacur Mussels 1.45+0.35
Tuna vitreous humor 1.18+0.18
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An antioxidant effect is observed when the production of intracellular ROS after an
external stimulus (UV-B radiation) decreases in comparison to a control upon treatment with a
given sample on HCE cell line. For most tested samples, a positive antioxidant effect was
observed as the production of ROS by HCE cells was decreased in their presence. The ROS
production in UV stimulated cells was significantly higher than in non-UV stimulated cells (P <
0.001) in the testing samples, as shown in Figure 13. For the Lac:Fru, the production of ROS in
the highest tested concentration (1 mg/mL) significantly decreased in comparison to the control.
No antioxidant effect was observed for the studied doses of Lac:Ur. A significant decrease in ROS
production was observed for SF ac.rv and SFac.urin comparison to the control at concentrations
of 0.5 and 0.75 mg/mL for SFiacFru, and 0.25 and 0.5 mg/mL for SFac.ur. Furthermore, PELacFr
and PE_.cur showed antioxidant capacity at different tested concentrations, including low
concentrations of 0.062 and 0.125 mg/mL for PEiacr and PEiac.ur, respectively. Hence, the
precipitation of the bioactive ingredients extracted from TVH display a significant antioxidant

property.

To compare the antioxidant effect between the testing samples, the percentage of
detected ROS was quantified in comparison to the control (Figure 14). A higher significant
decrease was shown for the PE_ac.rry Sample in comparison to SFiacr. Therefore, the PE acrr

samples are most promising compounds having a higher significant antioxidant effect.

113



40
= 304 t+
@
8 I :{ = 44 *
e +4++
o 55 —{ +++
S 20 A ) Y
w
x
»
(o]
& 10
= T 3T T 4
0 T L] T L] T L
(-) CTRL 0.125 0250 0.500 0.750 1.000
[Lac:Fru] (mg/mL)
40 +++
}: +++
- EREY s *
+++
+++
= 304 » 4
3
2
e
=]
Z 204
3
w
e
0
&
10=
* 2 3 ¥ & =
0 T L T T T T T
(=) CTRL 0.062 0125 0250 0.500 0.750
[SFLac:Fru] (M@imL)
40_
4+
U = "
= 30+ 1 : +4+ ik
B i E s —
° + e+
g i +44
9 o
5 204
'S
E
n
Q
404
< ¢
- K3 i ol &

T T T T T T
(-)CTRL 0.031 0.062 0125 0250 0.500

[PEpac:Frul (mg/mL)

ROS (RFU/ug protein)

ROS (RFU/ug protein)

Chapter IV

¢ Exposedto UV
¢ Non-exposed to UV

40+
s
= 30- e T 5%
® E PS o+
[ ot
s 1 T e
: b
5 204 4 4
o el
[
w
Q
o 40
® % K3 < < <=
0 T T T T T T T
(=) CTRL 0.125 0.250 0.500 0.750 1.000

[Lac:Ur] (mg/mL)

40 +++ Gy
E K
*
L2 T bt ¥
304 +
- 3
20
104 73
- & 3 % ko3 &
T T T T T T T
(<) CTRL 0.031 0.062 0.125 0.250 0.500
[SFLacurd (mg/mL)
40
o
E T +H+ *
304 i }: PP *%
I Ht et
* ¥
20+
104 3
s 5 & o5 o

o
0

] T T T T 1
(=) CTRL 0.031 0.062 0.125 0.250 0.500
[PELac:ued (Mg/mL)

Figure 13: Antioxidant effect of each sample in the human corneal epithelial cell line. *P

< 0.05, **P < 0.01, ***P < 0.001 in comparison to UV-stimulated control cells; +++P <

0.001 in comparison to non-UV-stimulated cells.
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Figure 14: Percentage of ROS in comparison to the control (represented in the dashed line) for
the samples of the extraction process obtained (a) using Lac:Fru, and (b) Lac:Ur. *P < 0.05, **P
< 0.01, ***P < 0.001 in comparison to UV-stimulated control cells. # P < 0.05, ## P < 0.01, # # #

P < 0.001 in comparison between the compounds and different doses.
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3.3. Evaluation of potential inflammatory response

Previous studies have demonstrated that low molecular weight HA has pro-inflammatory
properties [51, 52]. The evaluation of a potential inflammatory response induced by our samples
in the corneal cells was done by measuring interleukins IL-6 and IL-10 levels in cell culture
supernatants both in basal, unstimulated and stimulated cells following an inflammatory stimulus
(TNF-a treatment for 24 h). We selected those interleukins considering their reported level
alterations in dry eye [53]. When an inflammatory process takes place, IL-10 is secreted as an
anti-inflammatory response. IL-6, a pro-inflammatory cytokine, is detected when cell inflammation
occurs. As expected, TNF-a-exposed cells secreted significatively IL-6 levels, but not IL-10 levels
compared to that of control unexposed cells. The tested compounds did not influence the IL-10
secretion, as it was not detected in any sample Figure 15. In addition, none of the compounds
tested significantly increased basal IL-6 secretion by the cells, except for the case of SF acrFw at
0.5 mg/mL (Figure 16). Therefore, all the other doses and compounds did not exhibit a pro-
inflammatory behavior in our experimental conditions. Hence, this could potentially prove that
these testing samples are safe ingredients for ocular drug formulations without eliciting a pro-

inflammatory response.
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Figure 16: Effect of each compound on TNF-a-induced cells by analyzing IL-6 cytokine release.

Negative values of IL-6 concentrations are considered experimental deviations due to

equipment variation. **P < 0.01 in comparison to TNF-a-stimulated control cells; +P < 0.05, ++P
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3.4. Antimicrobial activity

Dry eye disease caused by tear deficiency or excessive tear evaporation conditions is
often associated with ocular surface conditions, such as meibomian gland dysfunction, anterior
blepharitis, keratitis, among others. These conditions lead to modifications in the ocular surface
in the type and concentration of bacteria, including S. aureus and P. aeruginosa [54]. Hence, the
antimicrobial potential of the samples was tested against these two bacterial species to assess if
the samples inhibit bacterial growth for dry eyes that are prone to infections. In addition, an
antimicrobial activity could lead to the use of the samples as preservatives to ensure a safe shelf
life increase of the formulation. The concentrations of the testing samples were analyzed with a
two-fold dilution series, having a range of 0.03 to 16 mg of sample/mL for DES and SF, and 0.002
to 1 mg of sample/mL for PE. For the PE samples, the highest assessed concentration was lower,
due to the limited solubility of the extract in the medium. The testing samples were compared to
two commercially available eye drops: HA-ED and CHL-ED. The MIC and MBC median values
against S. aureus and P. aeruginosa are shown in Table 25, including the values for the three

replicates.

It was possible to observe that SF samples presented a similar range of MIC and MBC
values in comparison to DES. Hence, the presence of the TVH soluble fraction in DES did not
improve remarkably its antimicrobial effect. A decreased antimicrobial activity was detected for
the PE testing samples towards both bacteria, since MIC and MBC values were higher than those
of the DES and SF samples. In that case, these values were above 500 uL for PE sample/mL,
the highest concentration tested, corresponding to 148 and 76 ug HA/mL for PE ac.rrvand PE_ac.ur,
respectively. These results suggest that DES testing samples are indeed the most promising
compounds to be used for antimicrobial effect against the two selected bacterial strains, as their
MIC and MBC values ranged from 4 to 16 mg/mL. Previous studies demonstrated that lactic acid,
fructose, and urea were shown to have an antimicrobial effect. For instance, lactic acid was
proven to be an effective compound for the treatment of both S. aureus and P. aeruginosa [55].
Similarly, fructose was proven to enhance the efficiency of antibiotics in the treatment S. aureus,
and its administration in an adjunctive therapy treated P. aeruginosa infection [56, 57]. Urea also
displayed an antibacterial effect mainly on S. aureus growth [58]. Furthermore, the DES
combinations used in this study could be used as potential preservatives in the formulation as the

lactic acid has shown to increase the shelf life of the eye drop [39]. This would eliminate the need
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for single use formulations without artificial preservatives. Moreover, the presence of urea could
contribute to improvements for dry eye patients, as it was proven to promote the formation of the
lipid layer in the tear film [46, 47]. Fructose is a natural non-toxic compound present in the corneal
epithelium, at a concentration gradient to the aqueous humor and to the stroma and could be
used for ocular applications when used within safe concentrations [41, 42, 59]. Furthermore,
based on the results, DES seem to be pleiotropic, as they affect several processes at once and
not just one single target in the cells [492]. Hence, it is more difficult for bacteria to mutate with

the presence of DES and to have resistance to that antimicrobial compound.

Regarding the tested commercial eye drops, it was observed that the HA-based
commercial eye drops did not show an antimicrobial activity against the microorganisms studied.
This result is expected since the function of this product is not anti-infective, as HA does not act
as antimicrobial agent and is mainly efficient to maintain ocular hydration and comfort [18, 60].
On the other hand, the ophthalmic anti-infective commercial product composed by
chloramphenicol had shown to be more efficient against the microorganisms identified in dry eye

patients as it is a well-known antimicrobial agent that validates the assays performed.
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Table 25: Determination of the minimum inhibitory concentration (MIC) and the minimum

bactericidal concentration (MBC) for the testing samples against dry eye-associated bacteria S.

aureus and P. aeruginosa @.

MiC Sample composition at MIC value Sample composition at MBC value
o (uL of MBC (uL of
arge .
5 tg ~ | Sample | testing | [DES] (HA] (nglmL) [CHL] testing [DES] HA] (nglmL) [CHL]
acteria ng/m ng/m
sample/m| (mg/mL) g (mg/mL) [sample/mL) o\ aimi) g (mg/mL)
L)
125 250
4 8
Lac:Fru | 125/ 125 — — (500/ 250/ — —
@/4]4) (16/818)
125) 250)
250 500
8 16
Lac:Ur | 250/ 250/ — — (250/ 500/ — —
(8/8/8) (8/16/16)
250) 500)
250 250 2.30
8 2.30 8
SFiecfru |(250/ 250/ — (250/ 500/ (2.30/ 2.30/ —
(8/8/8) | (22.7/22.7122.7) (8/16/8)
S. aureus 250) 250) 2.30)
250 500 2.70
4 0.67 16
SFracur |(250/ 250/ — (250/ 500/ (2.70/ 2.70/ —
(4/4/4) | (0.67/0.67/0.67) (8/16/16)
250) 500) 2.70)
> 500 > 148000
> 148000 > 500
PE (>500/ _ _ _ (>148000/ _
Lac:Fry (>148000/ >148000/ (>500/ >500/
>500/ >148000/
>148000) >500)
>500) >148000)
PELacur | > 500 — > 76000 — > 500 — > 76000 —

121




Chapter IV

(>500/ (>76000/ >76000/ (>500/ >500/, (>76000/
>500/ >76000) >500) >76000/
>500) >76000)
> 500
> 500 >0.75
(+500/ >0.75
HA-ED — —  |(>500/>500/ (0.75/ 0.75/ -
>500/ (0.75/ 0.75/ 0.75)
>500) 0.75)
>500)
7.8 31.25 250
CHL-ED| 0.98 — — (7.8/15.6/ |(62.5/31.25/| - (313/ 250/
7.8) 31.25) 250)
125
4 4
Lac:Fru (125/ 125/ — — 125 — —
(4/414) (4/814)
125)
125
4 4
Lac:Ur | 125/ 125/ — — 125 - -
(41414) (47414)
125)
250 2.70
8 2.70 8
P. SFLacru | (125/ 250/ — 250 (2.70/ 2.70/ —
asruginosa 250) (4/818) | (2.70/2.70/ 2.70) (8/818) 2.70)
125 1.30
4 0.67 8
SFLacur (125/ 125/ — 250 (0.67/ 1.30/ T
(4/4/4) | (0.67/0.67/0.67) (4/818)
125) 1.30)
> 500 > 148000
> 148000 > 500
PE (>500/ (>148000/
Lac:Fru — (>148000/ >148000/ —  |(>500/>500/ =
>500/ >148000/
>148000) >500)
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> 500 > 76000
> 76000 > 500
Lac:Ur — (>76000/ >76000/ —  |(>500/>500/ =
>500/ >76000/
>76000) >500)
> 500
> 500 >0.75
(>500/ > 075
HA-ED — —  |(>500/>500/ @ (0.75/ 0.75/ —
>500/ (0.75/ 0.75/ 0.75)
>500) 0.75)
>500)
15.63 15.63
125 125
7.8/ 15.63/
CHL-ED| ( — — (62.5/125/| — — (125/ 250/
15.63/ 31.25/
125) 125)
15.63) 15.63)

a@ Cells shaded in grey present the concentration with three different runs shown between parentheses of
the DES, HA and CHL in the testing samples, corresponding to the MIC and MBC values obtained.

4. Conclusions

The current work presents a process that contributes to the valorization of the inedible
food waste. A green technique was applied to obtain a HA from the raw materials using lactic
acid-based DES for the valorization of industrial by-products. The DES, SF and PE testing
samples were tested in vitro to evaluate their biocompatibility. Preliminary studies were done on
Caco-2 cell line, and the results differed based on the raw material from which the soluble fraction
was dissolved, with TVH being the most viable. Hence, this raw material was selected for further
studies on HCE cell line. A range of concentrations of the samples were studied to analyze the
antioxidant and anti-inflammatory response on HCE cell line. Antioxidant effect was observed
chemically and in cell-based assays for all tested samples. A higher antioxidant effect was
observed for the PE acru Sample in comparison to the SFiacry Sample, showing a significant
decrease of the ROS in comparison to the control. All testing samples did not display a pro- nor

anti-inflammatory response, based on the studied IL-10 and IL-6 levels, except for SFac.rru testing
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sample at 0.5 mg/mL that significantly increased IL-6 secretion. Furthermore, DES and SF
samples showed antimicrobial activity against dry eye-associated bacteria S. aureus and P.
aeruginosa. In conclusion, DES and SF samples seem to be the most promising samples and
they could be used in ophthalmic therapeutic applications due to their antioxidant and
antimicrobial activities. Consequently, the precipitation of the extracts from DES would not be
necessary in order to obtain bioactive ingredients, which could reduce processing cost and time

for future applications.
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Deep eutectic solvents (DES) have been investigated as novel alternatives to conventional
solvents. In this work, they were used to extract bioactive compounds from marine biomass
(codfish bones -CB-, mussel meat -MM-, and tuna vitreous humor -TVH-) for their potential

application in dry eye disease (DED) treatment.

. DES were prepared using a hydrogen bond donor and acceptor, including lactic acid,
fructose, urea and terpenes (menthol, thymol, camphor, and borneol). Their
thermodynamic behavior was evaluated, as it should demonstrate that the solvents are
strongly non-ideal to define them as “deep” eutectic mixtures. Hence, the simulation of the
solid-liquid equilibrium (SLE) phase diagram was done using the UNIFAC function and the
COSMO-RS software, which were compared to the real SLE phase diagram of the
systems obtained using Differential scanning calorimetry (DSC). The simulation was done
for each combination of systems and was not applicable to lactic acid-based solvent.
Simulation results for terpene-based solvent systems confirmed negative deviation from
ideality experimentally and theoretically for most systems, which showed that they could
be defined as DES. In addition, the physicochemical properties were obtained
experimentally and theoretically to assess the structure and confirm the presence of
hydrogen bonding. These properties were compared to those of the pure components
used for their preparation, which further confirmed their behavior as a non-ideal mixture.
Error parameters were computed to confirm the accuracy of the proposed models.
According to the results, these models need further optimization to minimize the error and
ensure their reliable use for the theoretical characterization of different combinations of
DES.

° The extraction process was then implemented using terpene- and lactic acid-based
systems for the isolation of bioactive ingredients from marine by-products: CB, MM and
TVH. When the DES were mixed with each marine biomass, a soluble fraction (SF) of the
raw materials in the DES was obtained. An anti-solvent was then used to obtain
precipitated extracts (PE) from the samples, and the extraction yield was calculated to
define the more suitable DES for a higher yield of bioactive ingredients. Lactic acid-based
DES had a significantly higher yield in comparison to the terpene-based DES, which were

selected for further characterization and bio-assay studies. The obtained extracts were
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analyzed to identify their composition in proteins, lipids, ash, hyaluronic acid (HA) and
chondroitin sulfate (CS). Proteins and lipids were mainly present in extracts obtained from
MM, while ash content was the highest in the extracts obtained from CD. HA was mostly
obtained from the TVH. As proteins were shown to be the main constituent of all isolated
extracts, deeper analysis of the protein quality must be done, including the amino acid
profile. Moreover, other isolated compounds in the extracts remained undefined. Further
analysis must be done to evaluate the compounds that could be isolated in these samples,
in order to ensure complete characterization of these extracts. The analysis of the
molecular weight of hyaluronic acid must be done for its use in industrial applications. In
addition, the optimization of the extraction process is essential to evaluate the most

suitable extraction conditions, process time and components ratios.

Bioactivity studies were performed to evaluate the potential application of selected
compounds in therapeutic formulations for the DED treatment. The testing samples
include DES, SF and PE samples to compare their biocompatibility. Preliminary
cytotoxicity studies on Caco-2 cell line shown that the presence of the SF of the raw
materials in DES decreased the toxicity of DES. Therefore, the soluble ingredients
improved the biocompatibility of DES on this cell line. Further studies on HCE cell line and
dry eye-associated microorganisms were performed. The influence of the testing samples
on the viability of the cells, their intracellular ROS scavenging capacity and potential
inflammatory response were studied in UV and TNF-a stimulated cells, respectively.
Additionally, antimicrobial properties of the samples against dry eye-associated gram-
positive bacteria (Staphylococcus aureus) and gram-negative bacteria (Pseudomonas
aeruginosa) were evaluated to furtherly study the use of the samples as preservatives that
ensure a safe shelf life increase in ophthalmic formulation. According to the results, all
samples displayed an antioxidant effect within the tested concentrations, which was
significantly higher for PE in comparison to SF. Most of the tested samples did not induce
an inflammatory response in cells, which confirms the safety in ophthalmic formulations.
In addition, the DES and SF proved to be efficient against the studied bacterial strains,
while PE did not show an antimicrobial effect. Hence, both DES, SF at defined

concentrations could be potentially used in DED management. However, further studies
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must be done for their application in this ophthalmic therapy. These include in vivo and
preclinical studies, prior to their evaluation in clinical studies, such as small animal models

to assess the immunogenicity and for safety and risk assessment.

The preliminary extract characterization and bio-assay studies of the compounds obtained
from the extraction process defined their composition and confirmed their safety for potential use
in DED management. However, further analyses must be conducted to determine their detailed
composition, characteristics and therapeutic effect, to be able to potentially commercialize these
bioactive compounds. These additional studies should also focus on the verification if SF and PE
samples have a significantly higher therapeutic effect for DED treatment in comparison to DES
samples. If DES display a higher viability in comparison to the other samples, this would mean
that the extracted bioactive ingredients are not as strongly beneficial as the DES. In addition, as
these DES have been studied in diverse cosmetic and pharmaceutical applications, it could be
expected that they have a significant bioactivity. In such cases, the DES could be prepared and
studied for this application, without the need for the bioactive compounds extraction. Moreover, it
is highly important to note that the studies will differ depending on the target application. For
instance, the isolated bioactive compounds could be tested for their use in pharmaceutical and
biomedical applications due to their potential healing effects. Hence, these compounds are not

only limited to DED treatment and could also be analyzed for additional therapeutical applications.
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