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ABSTRACT

The present work was carried out in the Laboratory of Applied and Computational
Biocatalysis (LACB) of the University of Trieste. The research is part of a national project
(PRIN — MUR 2017) CARDIGAN (CARDoon valorisation by InteGrAted biorefinery),
which was focused on the integration of chemical and biotechnological methods for the
sustainable valorization of a typical biomass of marginal and semi-arid Italian territories: the
cardoon, scientifically known as Cynara cardunculus var. Altilis.

The first part of the PhD work is focused on the extraction and valorization of bioactive
molecules present in cardoon leaves (Chapter 2). The first activity undertaken was the
optimization of experimental conditions for the supercritical CO2 extraction (scCO2) applied
to the cardoon leaves. Secondly, the extracts were analysed by means of NMR and GC-MS
with the objective of identifying the most important bioactive molecules and compar ing
their abundance in extracts obtained with different extraction technologies, and from plants
harvested in different seasons. A group headed by Professor Cinzia Pezzella at the
University Federico Il of Naples provided the extracts obtained using the Naviglio®
technology and also by means of conventional batch extraction protocols with hot water. The
analysis indicated that the scCO2 method extracts preferentially hydrophobic components
whereas the Naviglio® technology allows us to obtain extracts rich in sesquiterpene lactones
(in particular cynaropicrin, a bioactive molecule with hepato-protectant activity). Based on
these results, a first manuscript was published on the application of cardoon leaves
extracts in the preparation of bio-based polymeric films formulated by the research group of
Dr Gabriella Santagata at the IPCB-CNR Centre of Pozzuoli. It was demonstrated that the
presence of cardoon leaves extracts increases the mechanical and barrier properties of the
bio-based films, making these new materials potentially applicable for extending the shelf-
life of food products or as mulching films (Manuscript A: Mirpoor et al.,, 2021
https://doi.org/10.1016/j.foodhyd.2021.107099).

The study of the properties of the cardoon extracts continued in collaboration with a
neurobiology research group at the University of Trieste. The different extracts, also
including four selected pure molecules identified within them, were tested for their effect
in rescuing neuronal development arrest in an in vitro model of Rett syndrome (RTT). The
results show that only the scCO2 cardoon leaves extract obtained from plants harvested in
spring was able to induce a significant rescue of neuronal atrophy in RTT neurons, while the
scCOz2 extract from an autumn harvest were active on wild type (WT) neurons. More
importantly, the extracts rich in cynaropicrin demonstrated a toxic effect on both WT and
RTT neurons.

(Manuscript B: Spennato et. al. 2022, https://doi.orq/10.3390/molecules27248772).

The second part of the project is focused on the valorization of cardoon seed oil through
enzymatic catalysis (Chapter 3). Epoxidized vegetable oils are important building blocks for
the preparation of chemical intermediates for the synthesis of biolubricants and plasticizers.
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The experimental activities included were initially the characterization of cardoon seed oil
by means of 'H NMR and '3C NMR. Spectra show that linoleic acid is the main component,
followed by oleic acid. The cardoon seed oil was hydrolyzed enzymatically by combining
the action of two enzymes, Lipase B from Candida antarctica (CaLB) and Lipase from
Thermomyces lanuginosus (TLL), either immobilized or native. This reaction was scaled up
to 2L of cardoon seed oil. Finally, the chemo-enzymatic epoxidation of unsaturated fatty
acids was performed using immobilized lipases. The advantages demonstrated by the
chemoenzymatic method over the conventional chemical processes include a higher
selectivity with low side products formation, mild reaction conditions, and no use of organic
solvents. The experimental protocols were optimized using pure oleic, linoleic, and linolenic
acids. To improve the environmental sustainability of the enzymatic process, a parallel study
was carried out by addressing the covalent immobilization of lipases on a renewable carrier
made by rice husk (Chapter 4). The study was intended to deliver some cost-effective, and
sustainable, alternatives to the commercial fossil-based organic carriers for enzyme
immobilization. The results of the study indicated that rice husk RH is a versatile natural
composite material that can be used for the covalent immobilization of lipases (Manuscript
C: Spennato et al., 2021 https://doi.org/10.1016/j.bioeco.2021.100008). Compared with
previous studies, the sustainability of the functionalization and immobilization protocols on
rice husk were improved. The laccase-TEMPO functionalization (oxidation) of rice husk was
performed with an optimized protocol that not only allows the reduction of the amount of
enzyme employed but also enables its recycling. The oxidation method has the advantage
of operating at pH values close to neutral, avoiding side reactions such as 3-eliminations in
cellulose that cause the depolarization of the polysaccharidic chain. Future studies will aim
to optimize the recycling of the laccase and will also aim to replace the TEMPO mediator
with bio-based renewable mediators. More importantly, lipases were directly immobilized
covalently on the oxidized rice husk without the use of spacers and toxic glutaraldehyde.
Data demonstrated a good stability and recyclability of TLL and CaLB covalently immobilized
on rice husk retaining >70% of activity after 10 cycles of hydrolysis. The results are
comparable to those obtained using commercial epoxy methacrylic resins, which are
expensive, fossil-based, and non-biodegradable. These biocatalysts immobilized on rice
husk, because of their stability and robustness, are applicable in various reaction media,
including aqueous systems and under mechanical stress. The CaLB immobilized on rice
husk, both chemically and enzymatically oxidized, was tested in the chemo-enzymatic
epoxidation of fatty acids and in the solvent-free polycondensation of bio-based monomers.
Within the context of the present polycondensation study, a review manuscript has been
written (Manuscript D: Todea et al., 2021, https://doi.org/10.3390/polym13234091).

The last part of this research is focused on the delignification of rice husk with the objective
of improving its accessibility to oxidizing reagents and enzymes, while decreasing the
hydrophobicity of this composite material. The results obtained so far indicate that the rice
husk increases water retention capacity, and decreases its density, while maintaining its tri-
dimensional structure and robustness. However, no significant improvement in terms of
protein loading and biocatalyst performance has been observed in the enzymes
immobilized on the delignified rice husk.


https://doi.org/10.1016/j.bioeco.2021.100008
https://doi.org/10.3390/polym13234091

CHAPTER 1
OBJECTIVES AND BACKGROUND

1.1 OBJECTIVES

The Bioeconomy concept focuses on the sustainable production and conversion of
renewable biomasses into a broad range of industrial products, materials, and energy. The
development of technologies for an efficient processing of biomass into a spectrum of
marketable bioproducts is essential for the setting-up of viable biorefineries. Biorefineries,
defined as the sustainable counterpart of the petroleum refineries, are believed to leverage
the turnabout from a linear to a circular “bio”-economy. The biorefinery is one of the main
enabling strategies of the circular bioeconomy as it allows the closing of the cycles of
biomass raw materials: reuse of forest, agricultural, and process and post-consumer
residues.

Chemistry, integrated with biotechnologies, is able to contribute to the development of
biorefineries, bio-based industry, and ultimately a sustainable and circular bioeconomy,
(“Review of the 2012 European Bioeconomy Strategy”, 13.11.2017) without entering into
conflict with the food supply chain (“Commission Notice — Guidelines for the feed use of
food no longer intended for human consumption,” 2018). An example of this comes from the
possibility of utilizing semi-arid or marginal land for the cultivation of oil plants that provide
the raw materials for the production of polymers, lubricating oils, components for cosmetics,
and herbicides. Several industrial applications have been already considered for cardoon
biomass, namely for pulp and paper production (Piscioneri et al., 2000), (Raccuia and Melilli,
2007) power generation and domestic heating. In Italy, Novamont and Versalis have
developed an important reindustrialization initiative, named MATRICA, which is focused on
the use of cardoon oil principally for producing glycerol, azelaic acid, pelargonic acid,
lubricants, and plasticizers.

This thesis is focused on the use and valorization of renewable raw materials and is part of
the CARDIGAN national project (PRIN 2017), that gathers research group of the University
of Naples, the University of Milan Bicocca and the CNR (Consiglio Nazionale delle Ricerche)
of Pozzuoli.

The CARDIGAN project aims at investigating new technologies for the valorisation of
cardoon feedstock by processing this biomass using chemical and biotechnological
approaches, so as to achieve new high-value materials and products with low environmental
impact. In the CARDIGAN project different parts of cardoon (seeds and leaves) are valorized
to obtain biolubricants, bioplasticizers, bioactive molecules, and biobased polymers for the
development of innovative packaging materials.



Two biomasses have been considered in the scope of this thesis research:

» cardoon (Cynara cardunculus var. Altilis) are herbaceous perennial plants, typical of
the Mediterranean basin, that can also grow  on marginal lands. Different parts of
cardoon (seeds and leaves) were valorized in order to obtain bioactive molecules and
biobased polymers for the development of innovative packaging materials (Chapter
2, manuscript A and B).

> rice husk, a lignocellulosic biomass that it is a waste available from rice processing,
which has been functionalized to obtain bio-composite materials suitable for replacing
fossil-based resins used for the immobilization of the enzymes applied in the
processing of the cardoon seed oil (Chapter 4, manuscript C Spennato et.al 2021).

This thesis also intends to boost the integration between chemistry and biotechnologies for
the benefit of a more sustainable modern chemical sector. Indeed, the percentage of
chemical production based on biotechnology is estimated to increase from less than 2% in
2005 to approximately a quarter of all chemical production by 2025. By 2030, the market
value of bio-based building blocks is expected to reach $ 3.2 billion (up from $700 million in
2013) and the production of bio-based polymers is expected to increase to $5.2 billion by
2030.

The project intends also to valorise bioactive ingredients (Chapter 2), including polyphenols
and other natural antioxidant molecules, which are widely used as additives in industries.
Notably, global demand for bioactive compounds in 2030 is expected to outstrip current EU
production capacities. Estimates surrounding the biochemical products sector converge to
indicate that chemicals produced using renewable resources are worth around €2.9 billion
(“Agenzia per la coesione territoriale”). However, bio-based chemicals and materials suffer
severe economic competition from fossil-based products that have been optimized over
decades of industrial experience. Therefore, there is a strong need for research directed at
optimizing the productivity and robustness of bioconversions to achieve cost-effective
productions.

Overall, this thesis reports new and different approaches, in order to contribute to the
achievement of the Green Deal objectives:

v Climate change mitigation. The synthetic processes using biotechnologies that
have very low GGH emissions, as compared to conventional chemical synthetic
routes. Moreover, the impact in terms of Natural Capital Impact is significantly
reduced due to the use of renewable carbon feedstock.

v Climate change adaptation. Cynara cardunculus has proven to be a resilient and
productive crop for the drylands of the Mediterranean area, and potentially
transferable to other areas for promoting a similar platform of multi-products
biorefineries.

v The sustainable use and protection of water and marine resources. The use of
supercritical COz2 for the extraction of bioactive molecules stops the need for the use
of organic solvents, reduces waste and the occurrence of corresponding effluents.
The use of a biomass typical of semiarid land allows us to minimize water usage.
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v The circular economy, including waste prevention and recycling. The full,
integrated valorization of cardoon biomass according to a cascade approach enables
the closing of the circularity scheme and the economic viability of new value chains
of bioeconomy, promoting new industrial and cross-sectoral synergies.

v Pollution prevention and control of air, water or land. Biocatalysts are highly
selective catalysts, enabling the reduction of waste and auxiliaries. Moreover, they
are very effective at mild conditions, enabling the saving of energy, GGH emission.

v The protection and restoration of biodiversity and ecosystems. The project also
indirectly promotes the development of the most fragile areas, such as rural and
coastal areas of the Mediterranean Basin, boosting the construction of new business
models respectful of ecosystems and biodiversity, but attractive for young
generations. The use of an autochthon plant, growth on marginal areas not suitable
for food-crop cultivation remarkably reduces the impact in terms of land use, but
rather prevents desertification and mitigates the current urgency due to soll
degradation and nutrient depletion.

1.2 BACKGROUND

1.2.1 Valorization of biomass

Biomass represents an attractive source for the production of fuels and chemicals due to its
versatility, renewable nature and low environmental impacts. Most biomass residues and
waste is a complex and variable mixture of molecules, and separation becomes a key issue.
Because the sources of biomass are so diverse, it is convenient to consider the chemistry
in terms of four source-independent categories: polysaccharides, lignin, triglycerides (from
fats and oils), and proteins (Tuck et al., 2012). Biomass represents an alternative source of
carbon for the production of materials and plastics, as it allows for an evolution of current
chemical industries, which use petroleum as a source of raw materials (Lola Domnina B.
Pestafno and Wilfredo I. José, 2018). Chemicals and Materials from renewable resources is
one of the prominent challenges for sustainable growth.

The development of technologies for an efficient processing of biomass into a spectrum of
marketable bioproducts is essential for the setting-up of viable biorefineries. Biorefineries,
defined as the sustainable counterpart of the petroleum refineries, are believed to leverage
the turnabout from linear to circular (bio)economy.

The multidisciplinary approach, where different technological expertise is combined, will
enable a more efficient use of natural resources, reducing the overall environmental impact,
according to the circular economy paradigm. In this scenario the Bioeconomy concept
focuses on the sustainable production and conversion of renewable biomasses into a broad
range of industrial products, materials, energy. The reduction of our dependency on the
limited fossil resources, of greenhouse gas emission and of waste generation are some of
the benefits of the bio-based productions.
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1.2.2 Cardoon as model biorefinery biomass

Fundamental for a right approach to sustainable growth is the proper choice of the
renewable raw materials. In this project Cardoon has been chosen as case-study due the
possibility to transform it into high-value materials and products with low environmental
impact, inserting itself into a logic of total integration within the Mediterranean basin.
Valorization of cardoon was carried out using catalysts, enzymes and bioprocesses
following the criteria of Green Chemistry. Cardoon is a model biorefinery biomass, holding
potential for the production of value-added products with a multidisciplinary approach:
separation science, biotechnology, catalysis, science and technology of materials are used
in this study. Diverse bio-based products are produced using different fractions of cardoon
as described in the following chapters such as biopolymers, bioactive molecules, bioplastics,
with final application in the field of packaging.

Cardoon biomass is also a rich source of valuable phytoconstituents, such as polyphenols
and terpenoids, with well-known nutraceutical and pharmaceutical properties (Silva et al.,
2022). Nutraceuticals or functional foods with antioxidant properties have recently been the
object of intensive investigation due to their capacity to act on the triad of conserved core
mechanisms underlying brain damage, which include oxidative stress, neurotrophic factors
deficiency, and inflammation (Adelusi et al., 2021). Most plant extracts and pure bioactive
ingredients typically show a polypharmacological profile, which today is considered more
efficacious in preventing or attenuating neurological diseases than drugs responding to the
‘one drug-one target” concept which prevailed in the pharma industry in the last decades
(Duran-Frigola et al., 2017). Despite that, the pharmacological mechanism of action of plant
extracts was disclosed only in few cases, and the molecular mechanisms underlying their
biological activity and the synergic action among the compounds of a phytochemical pool
are mostly unknown.

In addition, the use of non-edible vegetable oils has been attracting more attention in recent
years. Cardoon seed oil represents a non-edible alternative to soybean oil to obtain
biolubricants and bioplasticizers through epoxidation reaction (Turco et al., 2019). Non-
edible oils are not suitable for human food due to the presence of some toxic components in the oils
and they are expected to employ lands that are semi-arid. (Almasi et al., 2021).

1.2.3 Lignocellulosic biomass

Lignocellulosic biomass represents the largest reserve of organic matter on earth. It
constitutes the cell wall of plants and is composed of organic acids, salts, minerals and three
biopolymers: cellulose, hemicellulose, and lignin.
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a) OH b)

HO
OH

Figure 1.1 Chemical structure of a) cellulose, b) hemicellulose, c) lignin.

These three biopolymers are associated with each other forming a complex heterogeneous
matrix whose composition can vary according to the biomass it constitutes and the area in
which it is produced. Lignocellulosic materials are currently used for the production of bio-
based chemicals, such as substrates for fermentation or as a source of biofuels in
biorefineries (Tuck et al., 2012).

However, the concept of valorization of lignocellulosic biomass received an increasing
attention especially for its potential conversion into products with value-added. The present
project wants to respond to this challenge by converting a very inexpensive biomass, rice
husk, into a functional material applicable in the biotechnology sector as carrier for enzyme
immobilization as it is described in chapter 4 of this thesis.

In order to promote a wider uptake of immobilized enzymes for the production of high-
volume and low-cost sustainable products, new carriers and immobilization strategies are
needed and natural biopolymers from biomass represent attractive alternatives and on a
global scale (Cantone et al., 2013).

1.2.4 Biocatalysis and immobilized enzymes

The term biocatalysis is used to indicate the catalysis of any reaction by natural catalysts,
enzymes, or microorganisms, to perform chemical reactions. Biocatalysis is a
multidisciplinary sector involving molecular biology, biochemistry, organic chemistry, and
engineering, etc. (Narancic et al., 2015). The main advantages of biocatalysts are that: they
are biodegradable and non-toxic for humans and for the environment; their usage enables
working in a reasonable range of pressure and temperature conditions; and the use of
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metals and organic solvents can be avoided. Another important feature of enzymes is their
chemo-, regio-, and stereoselectivity; for this reason, they are often used for the synthesis
of chiral molecules (i.e., steroids). Biocatalysis also has some drawbacks. If recombinant
DNA technology paved the way to a broad availability of these catalysts, enzymes still
remain not so available and the procedure of process optimization represents a major
obstacle. Lastly, not every chemical reaction can be catalysed by known enzymes.

Immobilized enzymes are used in many sectors for the synthesis of pharmaceutical
compounds, fine chemicals (Sheldon, 2007), and food and cosmetic products (Kirk et al.,
2002). The use of immobilized enzymes, compared with using native enzymes, has several
advantages: first, using insoluble enzymes allows its recycling and easier recovery
separation from the reaction system, facilitating purification and avoiding product
contamination. Secondly, immobilization often improves the stability of the biocatalyst.
Immobilization, however, also has some limits relating to the cost of the immobilization
procedure and the reduction of the catalytic activity of the enzyme due to conformational or
covalent modifications. Finally, the use of immobilized enzymes often leads to variation of
the reaction kinetics and to diffusion limitations (Cantone et al., 2013).

Nevertheless, immobilized enzymes are not widely used in industrial processes because the
cost of the biocatalyst is not a critical factor in the planning of synthesis on an industrial
scale. The design of an immobilization protocol is a complex procedure. It must consider not
only the nature of the enzyme but also the chemical-physical characteristics of the solid
support on which it is immobilized. Immobilization procedures are often a compromise
between enzymatic activity recovered at the end of the process and the technological
advantage that the new enzymatic preparation can offer. Various immobilization techniques
are reported in literature. These can be classified according to the nature of the interaction
between the enzymes and solid support.

METHODS FOR THE IMMOBILIZATION OF ENZYMES

Physical entrapment Chemical interaction
Crosslinking Carrier-bond
enzymes
Gel Fibers Microincapsulation Physical

= CLEs adsorption
lonic bond

i CLECs
Metal bond

= CLEAs

Covalent
bond

Figure 1.2 Methods for the immobilization of enzymes. CLESs: cross-linked enzyme;
CLECs: cross-linked enzymes crystal; CLEASs: cross-linked enzyme aggregates.
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Immobilization can occur by entrapment of the enzyme in a polymer fiber or in a gel or by
encapsulation in a microcapsule formed by organic polymers (Betancor and Luckarift, 2008).
With this method, no direct bond is established between the enzyme and the support.
However, this method is limited to small molecules that can diffuse through the polymer
matrix and for this reason it is applied only to the confinement of whole cells.

When using a solid support, immobilization can occur through adsorption of enzymes onto
carriers via different types of interactions (Hanefeld et al., 2009). In most cases hydrophilic
amino acids residues prevail on the surface of enzymes and the generally hydrophilic
surface of enzymes can ensure adsorption via hydrogen bonds. In addition, enzymes may
be glycosylated, further increasing the hydrophilicity of the protein.

Therefore, they can easily form hydrogen bonds with silicates or cellulose based carriers.
Enzymes with a large lipophilic surface area will interact well with a hydrophobic organic
resin via van der Waals forces. Enzymes can also be immobilized on ion exchange resins
via ionic and strongly polar interactions, depending on the predominant charge on the
enzyme.

Covalent immobilization occurs when a bond is created between the functional groups of
the solid support and the side chains of amino acids exposed on the surface of enzymes. In
this case the immobilization process involves a preliminary physical adsorption of the protein
on the solid matrix followed by the formation of chemical bonds with the support. Generally,
the protein undergoes a multiple anchoring which further stabilizes the structure of the
protein. The formation of covalent bonds prevents the leaching of the protein during the
process but leads to a greater conformational stress of the protein.

Enzymes can be immobilized also without the use of solid carriers, using techniques relying
on crosslinking agents. The so-called CLEAs are crosslinked enzyme aggregates, and these
techniques allow concentration of a high enzymatic activity in the enzyme, reducing the cost
of using a carrier (Cao et al., 2003).

The choice of the support plays a key role in the immobilization process because their
chemical-physical properties (such as particle size and shape, pore size, surface area and
chemical nature of the matrix) influence the catalytic properties of the immobilized enzyme.
A material that can be used as a carrier for enzymatic immobilization must be chemically
inert, stable under operating conditions, and allow binding with the protein.

Different polymeric organic resins are available for immobilizations. They are produced in
the form of spheres, or beads, the matrix of which can be made up of different materials:
synthetic organic polymers obtained by polymerization of acrylic, methacrylic or styrene
monomers, functionalized in diverse ways according to their use. The matrix can also be
formed of natural water-insoluble polysaccharides such as cellulose, starch, agarose, and
chitosan; or proteins such as albumin and gelatin. Furthermore, the matrix can also be
formed by natural hydrogels or cryogels (Okano et al., 1990), inorganic solids including
silicates, alumina, or zeolites (Wang and Caruso, 2005).

The resins that are currently most readily available are those made by acrylic and styrene
polymers as they have been studied and optimized over the last twenty years. However, the
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use of these supports has been shown to have a significant environmental impact. For
example, it has been shown that in the production of immobilized enzymes the major source
of pollution (in terms of CO2 emissions, acidification, and eutrophication of water) is
represented by the production of methacrylic epoxy supports and the entire immobilization
process (DiCosimo et al., 2013).

SYNTHETIC POLYMERS BIOPOLYMERS
c‘> OH OH
n 0 o) o]
pﬁ; {amo} {a&%
NH, OH
n n n
Polystyrene Polyacrylate Chitosan Cellulose

Figure 1.3 Chemical structure of some organic polymers and biopolymers used as carriers
for enzymes.

Natural biopolymers from agricultural waste may represent attractive alternatives
corresponding to the pressing challenges of introducing the use of sustainable and
renewable carriers having low costs. In that respect, rice husk is investigated in this thesis
as a potential replacer of fossil-based organic resins. Rice husk (RH) is an agricultural waste
biomass and its production amounts to 120 million tons per year, mostly not valorised. In
the context of the circular economy, it is a perfect example of how, starting from waste, it is
possible to obtain a final resource with a very low environmental impact. It is a low density
yet highly robust composite material used like adsorbents or additives for construction
material (Corici et al., 2016). During the present research rice husk has been functionalized
and transformed in a support for enzyme covalent immobilization applicable in the
processing of non-edible vegetable oil (Cespugli et al., 2018).

1.2.5 Covalent immobilization of lipases

The biocatalysed reactions studied in this thesis were catalyzed by lipases, given the
focus of the research is on the processing of the cardoon seed oil.

Lipases (triacylglycerol acyl hydrolases, EC 3.1.1.3) catalyse the hydrolysis and the
synthesis of esters formed from glycerol and long-chain fatty acids. Lipases occur widely in
nature, but only microbial lipases are commercially significant and have enormous
applicative and industrial interest, both in the food and pharmaceutical, cosmetics and
biofuel sectors (Schmid et al., 2001). Lipases are serine hydrolases. The catalytic triad is
composed of serine, histidine and aspartic acid.
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Figure 1.4 The X-Ray crystallographic structure of lipase B from Candida antarctica
(PDB: 1TCA) with catalytic triad: Asp187, His224, Ser105.

The catalytic mechanism starts with the nucleophilic attack of oxygen on the sidechain of
serine to carbonyl on the ester moiety of the substrate. The tetrahedral intermediate
presents a negative charge stabilized by an H-bond interaction formed with the so-called
oxyanion hole. Conversely, the charge on the protonated histidine is stabilized by an H-bond
with the acid catalyst of the catalytic triad. Consequently, a proton transfer involving histidine
and the alkoxy of the ester is carried out, leading to the release of the alcohol with the
simultaneous formation of the acyl-enzyme intermediate. The acyl-enzyme intermediate is
then deacylated thanks to the reaction with a new nucleophile (i.e., water, alcohols, amines).
The histidine of the active site extracts a proton from the above-mentioned nucleophile and
the hydroxyl anion reacts with the acyl-enzyme carbonyl. A second tetrahedral intermediate
is formed and stabilized by the oxyanion hole. In the last step, the histidine loses a proton
that is accepted by the serine with the simultaneous release of the product and active site
environment regeneration (figure 1.5) (Jaeger et al., 1999).
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Figure 1.5 Catalytic mechanism of lipases.

They are known to be active even in anhydrous reaction media and their natural substrates
are triglycerides, molecules that are insoluble in water and highly hydrophobic. Therefore,
lipases by their nature do not operate in aqueous solutions but instead at the interface of
hydrophobic phases. Indeed, most of the lipases, when placed in the aqueous system, take
on an inactive "closed" conformation and need to be in contact with a hydrophobic phase to
assume the "open" and active conformation. It was found that the immobilization of lipases
carried out in an aqueous environment and hydrophobic supports leads to interactions
between the opening of the active site of the enzyme, the most hydrophobic area of the
enzyme, decreasing the accessibility of substrates to the catalytic site (Jaeger et al., 1999).

The difficulty of developing immobilization techniques for lipases is known. In literature and
in patents, immobilization protocols are reported which provide for the adsorption of lipase
on solid supports, and which normally lead to unsatisfactory immobilization yields. Instead,
there are very few examples of covalent lipase immobilization techniques and in most cases
the yields of immobilization are not reported as they are unsatisfactory.

Three different lipases are used in this work: lipase B from Candida Antarctica (CaLB), lipase
from Thermomyces lanuginosus (TLL), and Lipase from Rhizopus oryzae (ROL). These
lipases are widely employed in the food sector for the transesterification of oils and fats.

CalLB is a relatively thermostable lipase since it withstands up to 90°C in a non-aqueous
environment. This enzyme is employed in numerous industrial fields, due to its high
enantioselectivity, good thermal stability, wide range of substrates, and stability in various
organic solvents and ionic liquids (Trodler and Pleiss, 2008). The high activity of TLL
combined with its stability make it a good candidate for many applications in organic solvents
and aqueous mixtures, but also in solvent-free reactions (Basso et al., 2007; Ferrario et al.,
2011; Tangkam et al., 2008).
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CHAPTER 2
VALORIZATION OF CARDOON LEAVES EXTRACTS

21 SUMMARY

The first part of this PhD project was focused on the valorization of cardoon leaves. This
study uses Cynara cardunculus var. Altilis., a cultivated cardoon from the Asteraceae family,
a dicotyledonous herb abundant in the Mediterranean basin. Cardoon from the Asteraceae
family is a wild robust perennial plant, growing naturally in harsh habitats characterized by
high temperatures, salinity, and drought (Gironés-Vilaplana et al., 2012). It is well known
that leaves of the Cynara cardunculus contain different bioactive molecules with antioxidant
(Kuki¢ et al., 2008), anti-microbial (Scavo et al., 2019), and biological activity (Silva et al.,
2022). The first objective of the research was to compare different extraction methods of
bioactive molecules from the leaves and their valorization as antioxidant additives in plastic
formulations. Cardoons were collected in different harvest periods, from November 2019 to
November 2020, at Novamont S.p.A. plantation in Terni (ltaly). The leaves were lyophilized
and used for supercritical CO2 extractions (scCO2) (De Zordi et al., 2017). Several
experimental extraction protocols were evaluated: by changing pressure (130-225 bar),
temperature (35°C — 45°C), and the time of extraction (2 — 5 hours). The composition of the
extracts was compared with results obtained by the group at the University of Napoli
Federico Il using the Naviglio® extractor, based on a solid-liquid dynamic extraction (Naviglio
et al., 2019), and also with data obtained using conventional batch extraction protocols (with
hot water). These extracts were characterized by '"H NMR and GC-MS analysis. Using
scCOz it was possible to extract highly hydrophobic compounds like squalene and waxes.
Higher amounts of cynaropicrin, a sesquiterpene lactone, was identified in the extracts
obtained using Naviglio® technology. Based on this first set of experimental data obtained
by the team at Napoli University and our group, a first manuscript was published describing
the application of cardoon leaves extracts in the formulation and functional bio-based
polymeric films potentially applicable in extending the shelf-life of food products or as
mulching films. It was demonstrated that the presence of cardoon leaves extracts increases
the mechanical and barrier properties of the obtained materials (Manuscript A: Mirpoor et
al., 2022).

The investigation into the properties of extracts from cardoon leaves continued by
collaborating with a neurobiology research group based at the Department of Life Science
of the University of Trieste. The activity of the cardoon bioactive molecules in rescuing
neuronal development arrest was tested in an in vitro model of Rett syndrome (RTT) (Nerli
et al., 2020). In this case the same extraction methodologies (scCO2 and Naviglio®) were
compared using cardoon leaves from plants harvested at different maturity stages (spring
and autumn). The scCO2 hydrophobic extracts resulted in the richest in squalene, 303-
taraxerol, and lupeol. On the other hand, the Naviglio® extract showed the highest content
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of cynaropicrin, a molecule known for its hepato-protectant activity. Only the scCO2 cardoon
leaves extract obtained from plants harvested in spring was able to induce a significant
rescue of neuronal atrophy in RTT neurons, while the scCO2 extract from the autumn harvest
was shown to be active on wild type (WT) neurons. More importantly, the extracts rich in
cynaropicrin had a toxic effect on both WT and RTT neurons, thus indicating the importance
of an accurate dosage of bioactive compounds in natural extracts before their use
(Manuscript B: Spennato et al.,2022).

2.2 INTRODUCTION

2.2.1 Botanical characteristics and distribution of cardoons

Cynara cardunculus L. is a Mediterranean plant belonging to the Asteraceae family. The
plants belonging to this species are commonly labelled with the generic name of ‘cardoon’
and are used for numerous food and phytopharmaceutical purposes, and to perform
combustion and pyrolysis (Gominho et al., 2018). They are characterized by the presence
of a group of thorny plants with showy flowers that belong to the Asteraceae family, the
same as the gerberas and lettuce (Curt et al., 2014).

The taxonomy of the species belonging to genus Cynara is not so simple, due to the
morphological similarities within Cynareae plants, which requires the use of distinctive, not
always evident, characteristics. The Cynara genus comprises the botanical varieties of C.
cardunculus L. that are diploid. The Asteraceae family includes the globe artichoke, the most
widespread species (Cynara cardunculus var. scolymus L.), the cultivated cardoon (Cynara
cardunculus L. var. altilis), and their ancestor the wild cardoon (var. sylvestris) (Portis et al.,
2005).

Cynara species are robust, herbaceous plants with a size ranging between 0.5 and 3
meters. Figure 2.1 shows the cultivation of Cynara cardunculus var. Altilis used in the
present study.
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Figure 2.1 Plantation of cultivated cardoon in Terni (Novamont Spa site).

Of the entire Italian production of artichoke and cardoon it has been estimated that about
89% of this is destined for fresh consumption; the percentage destined for export is very
low, while the remaining 11% of production is used in the processing industry (Fratianni et
al., 2007).

In Italy, the cultivation of the Cynara species is concentrated in the central and southern
regions given the C. cardunculus is well adapted to the Mediterranean climatic conditions
characterized by low precipitation (Fernandez et al., 2006). The plant grows at temperatures
in the range of 7—38°C and during dormancy periods it can survive at temperatures above
40°C and below 7°C (Curt et al., 2014). Regarding soil characteristics, it can survive at the
ranges of pH 5.0-8.6, and 4-10 dScm-’ soil salinity. It has been reported that cardoons can
grow at soil depths of 50-150 cm but deep soils are recommended due to the root
characteristics (Lag-Brotons et al., 2014). Cardoon shows great adaptability (Benlloch-
Gonzalez et al., 2005) in the presence of a water deficit and high salinity levels (Pagnotta et
al., 2017), these being characteristic of the Mediterranean sub-arid climate, where cardoon
realises its full production potential. The cycle of this plant is autumn—winter—spring, with a
vegetative stasis phase between spring and autumn. Given these characteristics, the
cardoon can withstand severe drought and high soil salinity (Benlloch-Gonzalez et al.,
2005), representing a potential alternative crop with beneficial effects regarding soll
properties, erodibility, biological and landscape diversity (Fernando et al., 2018).

The main cardoon crop by-products are leaves, stalks, seeds, and root, which are then
reused for biomass, oil (Encinar et al., 1999), biodiesel (Fernandez et al., 2006) and feed
production (lerna and Mauromicale, 2010). A recent study demonstrated the possibility of
using bioprocesses in the production of polyhydroxy butyrate (PHB) and medium-chain
length polyhydroxyalkanoates (mcl-PHA), starting, respectively, from root inulin and seed oll
(Turco et al., 2022). Leaves represent about 48% of the total biomass from cardoon
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cultivation, with an annual average of 10-20 t dm ha™! year' in Europe. (Fernandez et al.,
2006). A schematic representation of Cynara cardunculus is presented in figure 2.2.

Figure 2.2 Cynara cardunculus var. altilis.

2.2.2 Extraction methods applied to cardoon plants

Various literature reports different extraction techniques applied to cardoon leaves with the
objective of identifying their molecular content. Traditional methods used on plant materials
are distillation, solvent extraction, maceration, pressing, reflux extraction, and Soxhlet
extraction, using different organic and inorganic solvents, as well as water. Each technique
and solvent has advantages and disadvantages, such as long extraction times, high
temperatures required, solvent quantity required, and solvent toxicity. Most commonly,
phytochemical compounds are extracted with solvents such as ethanol or methanol in batch
systems (Zhang et al., 2018). Dichloromethane was used as the solvent in Soxhlet extraction
to obtain more lipophilic leaves extract from C. cardunculus L. var. altilis in which fatty acids
and sesquiterpene lactones were identified (Ramos et al., 2013). Nevertheless, classical
extraction procedures require long working times, use of toxic solvents, and high energy
consumption (Azmir et al.,, 2013). For this reason, non-conventional techniques were
introduced. Techniques such as ultrasound-assisted extraction (UAE), enzyme-assisted
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extraction (EAE), microwave-assisted extraction (MAE), and supercritical fluid extraction
(SFE) allow us to reduce the extraction time and the amount of solvent required, so as to
increase selectivity and decrease decomposition of thermolabile compounds (Azmir et al.,
2013).

In particular, SFE using carbon dioxide (scCO2) as solvent was widely used for extraction
from leaves. This technique was applied to Myrtus communis leaves, olive leaves, and
Salvia officinalis L. leaves in order to extract lipophilic compounds such as essential oils,
tocopherol, carnosic acid and carnosol (Ghasemi et al., 2011)(Pavi¢ et al., 2019). When
ethanol or methanol were added as cosolvents, polar molecules were additionally extracted.
Recently, scCO2 was used to increase the extraction yield of oil and pentacyclic triterpenes
from globe artichoke leaves (Dai et al., 2019). To  the best of our knowledge, scCO2 had
never been evaluated on C. cardunculus var. altilis leaves.

A valuable alternative to conventional and non-conventional extraction methods is the
Naviglio® technology, based on a rapid solid-liquid dynamic extraction (RSLDE) (Naviglio
et al., 2019). Using a suitable solvent at room temperature, a negative gradient pressure is
generated between the outlet and the inlet of a solid matrix. Initial equilibrium conditions are
then suddenly restored, inducing a “forced extraction” of the substances not chemically
bonded to the principal structure of the plant material. This technology results in a shorter
extraction time and preservation of molecule integrity. Naviglio® extractor was employed on
Stevia rebaudina leaves, to extract stevial glycosides. Using water as solvent, 1197.8 mg/L
rebaudioside A and 413.6 mg/L stevioside were recovered after only 20 minutes of
extraction, compared to the 90 minutes required with conventional maceration. Moreover,
using water and ethanol 60:40 v/v, extracts with strong antioxidant potential were obtained
from Cagnulari grape marc, with high polyphenol and anthocyanins contents (Posadino et
al., 2018).

2.2.3 Main organic compounds identified in cardoon and their biological effects

Traditionally C. cardunculus has been used for human consumption (Barbosa et al., 2020)
given its high nutritional value. Cardoons are also considered a source of bioactive
molecules due to nutraceutical and pharmaceutical properties (Silva et al., 2022).

Literature discusses the potential uses of the leaves of Cynara cardunculus L. var.altilis, due
to the presence of a wide range of organic compounds. They are known for their therapeutic
potential as a diuretic, hypocholesterolaemia (Ramos et al., 2017), cardiotonic, antidiabetic,
anti-hemorrhoidal agent (Barracosa et al., 2019), anti-inflammatory, anticancer, antioxidant,
hepatoprotective, hypolipidemic, and antidiabetic activity (Silva et al., 2022).

C. cardunculus L. var. altilis extracts from leaves are antioxidant and have antimicrobial

properties against bacteria and fungi (Ramos et al., 2013). Many studies focus on the

antioxidant properties of leaf extracts, showing that it is strictly related to the polyphenol

fraction. Polyphenols play an important role in growth, reproduction, and protection for the

cardoon plants (Beckman, 2000), and show that the conditions of cultivation may affect the

phenolic composition of cardoon extracts (Moglia et al., 2008). Studies also explore the
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effect of cardoon polyphenols in lipid metabolism, through the reduction of cholesterol and
endogenous triglyceride production (Barracosa et al., 2019).

Mainly polyphenols are hydroxycinnamic derivatives, such as mono- and di-caffeoylquinic
acids, and flavonoids (Barbosa et al., 2020), such as apigenin, luteolin (Pandino et al., 2011)
and silymarin, a complex of organic molecules, mostly present in the seeds of Carduus
marianus L., Asteraceae (Pandino et al., 2011). High content of these compounds confers
antibacterial properties (Barracosa et al., 2019).

From traditional medicine, the biologically polyphenolic components that are extracted from
the leaves of Cynara scolymus have been scientifically proven to be effective on pathologies
involving the biliary tract, on scurvy, and on anaemia. They facilitate digestion and have an
anti-atherosclerotic effect (Gebhardt, 1997). For these reasons they are used in the
complementary treatment to a high-calorie high-fat diet, with the aim of reducing the
undesirable effects of drugs taken by patients to control metabolic disorders (Ben Salem et
al., 2019).

The main lipophilic components are represented by pentacyclic triterpenes and
sesquiterpenes, known for their antioxidant activity (Ramos et al., 2017, 2013; Scavo et al.,
2019).

Pentacyclic triterpenes have also been identified as the main lipophilic constituents of C.
cardunculus L. var. altilis, although less present in these leaves, where they represent only
8% of total extracted compounds. On the other hand, fatty acids are reported to be mainly
concentrated in the leaves, especially the saturated ones obtained by using the Soxhlet
extraction method with dichloromethane (Ramos et al., 2013). Using this extraction method
squalene was also detected in C. cardunculus L. var. altilis, an intermediate terpene in the
biosynthesis of cholesterol and steroid hormones. Squalene is widely distributed in nature
(Huang et al., 2009). Experimental studies have shown that squalene can effectively inhibit
chemically induced skin, colon, and lung tumorigenesis in rodents (Auffray, 2007).

The phytotoxicity, cytotoxicity, antiviral activity, fungicidal activity and antimicrobial activity
are all attributable to the presence of sesquiterpene lactones (Barbosa et al., 2020;
Fernandez et al., 2006). In particular, cynaropicrin and grosheimin have previously been
identified in high amount in the globe artichoke (Cynara cardunculus var. scolymus)
(Eljounaidi et al., 2015;Rouphael et al., 2016). Cardoon leaf extracts are rich in cynaropicrin,
a sesquiterpene lactone (Ramos et al., 2017). Cynaropicrin was isolated from artichoke
(Cynara scolymus L.) in 1960 for the first time and was later also found in Cynara
cardunculus L. Cynaropicrin has important pharmacological uses Cynaropicrin: can
indirectly inhibit the hepatitis C virus, as evidenced by various scientific studies; it is
effective as an anti-inflammatory can control the activity of pro-inflammatory cytokines TNF-
a; and has high antioxidant power. Therefore, cynaropicrin, used as an adjunct to cancer
treatment therapy, could prevent the progression of liver cancer (Moujir et al., 2020).
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2.3 OBJECTIVES OF THE CHAPTER: EXPLOITATION OF THE
BIOACTIVE MOLECULES OF CARDOON

The valorization of biomolecules component in cardoon leaves extract was possible after
the set-up of suitable protocols for supercritical CO2 extraction (scCOz2) and the
characterization of the chemical components of the extracts, which was carried out also for
the extracts obtained at the University of Napoli Federico Il using different extraction
methods (Naviglio® and batch method).

The exploitation of the biological activity of the biomolecules contained in the cardoon leaves
extracts has been investigated in the present thesis according to two lines of research:

1) use as additives in the formulation of bio-plastics obtained from proteins extracted from
cardoon seeds, with the objective of improving mechanical and barrier features, as well as
antioxidant properties for food and agricultural applications. It was demonstrated that the
presence of cardoon leaves extracts increases the mechanical and barrier properties of the
obtained materials. These results are encouraged to pursue in the study of potential
application of these functional bio-plastics for the food sector with the aim of prolonging food
fresh and maintaining the water vapor permeability value as low as possible confirming the
potential of Cynara cardunculus as a biomass to be exploited within a circular biorefinery
scheme for the production of high value products (Manuscript A: Mirpoor et al., 2021);

2) tested for their neuroprotectant properties against neurodegenerative diseases in vitro
models of Rett syndrome (RTT). The rational of this approach stays on the observation that
many plant-derived medications typically have a polypharmacological profile with
antioxidant, anti-inflammatory and neurotrophic properties. The different extracts, but also
four selected pure molecules identified in them, were tested for their effect of in rescuing
neuronal development arrest in an in vitro model of Rett syndrome (RTT). Samples were
obtained from plants harvested at different maturity stages and extracted with two different
methodologies, Naviglio® and supercritical carbon dioxide (scCO2). While scCO2 extracts
more hydrophobic fractions, the Naviglio® method extracts phenolic compounds and less
hydrophobic components. Only the scCO2 cardoon leaves extract obtained from plants
harvested in spring induced a significant rescue of neuronal atrophy in RTT neurons, while
the scCO2 extract from autumn harvest resulted to be active on wild type (WT) neurons.
More importantly, the extracts rich in cynaropicrin demonstrated a toxic effect on both WT
and RTT neurons. This study indicates that it is crucial to design optimal extraction
procedures, both in terms of selection of harvesting period and extractive technologies, to
maximize the pharmacological potential of bioactive extracts. natural extracts consist of
complex mixtures whose composition depends upon the extraction methods employed
(Manuscript B, Spennato et al., 2022).
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24 MATERIALS AND METHODS

2.4.1 Extraction by means of supercritical CO2 of cardoon leaves and stalks

The cardoon plants (C. cardunculus var. altilis) used in these studies were kindly provided
by Novamont Spa (Novara, Italy) and were taken from plants cultivated in Terni in Spring
and Autumn 2020 and from an experiment of Sant’Angelo dei Lombardi (Avellino, Italy) in
Aprile 2019. Details regarding other chemicals are reported in the “Materials and methods”
sections of Manuscript A and Manuscript B.

The first set of scCOz2 extractions was performed on the plants collected in Autumn 2019 at
Terni plantation (Novamont Spa site).

Cardoons were pre-treated by separating leaves and stalks, which resulted in 9 kg of fresh
material. The material was cut by means of garden scissors in pieces of about 1 cm (leaves)
or 2 cm (stalks), which were temporarily stored under vacuum in plastic bags (about 200g
each) at -20°C. The material was dried by means of a first step of lyophilization for 48 h. The
treatment allowed to remove about 82-85% of water, calculated by weigh difference. A
second treatment in oven at 40°C for other 48 h was carried out that led to the removal of
further 0.5% of water, respect to the lyophilized samples. The dried samples were
temporarily stored under vacuum in plastic bags at +3°C.

Figure 2.3 Lyophilisation of cardoons.

6-8 g of dried leaves were loaded in a 100 mL extractor. The scO2 extraction system was
composed by a Separex SFE 20 unit (figure 2.4) (heated stainless-steel extractor 100-200
mL, laminating valve Tescom 304 26-1000, heated collecting chamber) connected to a liquid
CO:2 cylinder, a high-pressure pump Lewa EKM210V1 and an EL-FLOW Bronkhorst
flowmeter. Conditioning was performed for 30 min and then the extraction was started
turning on the pump with a carbon dioxide flowrate of 120 L h-" for 2 h at 45°C and 225 bar.
The extracts were collected by dissolving the oily mixture in diethyl ether (< 1 mL). The
extraction yields were 3.7 and 2.0 % (w w) in the case of Autumn and Spring harvested
plants respectively.

28



Figure 2.4 scCO; instrument used for the extraction.

The scCO:2 extraction instrument is composed by:

1. Laminating valve Tescom 26-1000

2. Liquid COz2 cylinder

3. Heated separator. Flowmeter

5. Stainless-steel extractor (100-200 mL) with electric heating band

6. Pump Lewa EKM210V1 for liquid CO2

2.4.2 Naviglio® extraction method (performed by a research group of University
Federico Il of Naples)

Filter bag (porosity of 100 um) was filled with 40 g of cut cardoon leaves and then it was
inserted into extraction chamber of Naviglio® extractor Lab. Model 500 cm3 capacity.
Extractions were conducted using 625 mL of anhydrous ethanol at room temperature at
pressure value of 9 bar, static phase 2 min: dynamic phase 2 min, with 12 s stop piston.
Liquid samples (10 mL) were collected at 2, 4, 8 and 24 h (Naviglio, 2003). The leaf extracts
(CLE) were kept at 4 -C until analysis. Ethanol was chosen as solvent for phenols extraction
as described in literature (Kukic et al., 2008; Pinelli et al., 2007; Scavo, Pandino, et al.,2019).

2.4.3 Batch method (performed by a research group of University Federico Il of
Naples)

40 g of cardoon leaves were placed in a batch at room temperature with constant shaking
while taking samples at the same times as extraction using Naviglio® extractor. Extracts
were filtered through a Whatman filter paper and supernatants were kept at 4°C until
analysis.

29



2.4.4 Characterization of extracts by '"H-NMR

The NMR analysis was performed by dissolving 10 mg of CLE in 0.7 mL of deuterated
chloroform. The "H NMR spectra were acquired at 25 °C by a Varian VNMRS 500 NMR
spectrometer (11.74 T) operating at 500 MHz for proton, using 256 scans, interleaved by
7.7 s, with 45° pulses, employing a spectral width of 8012.8 Hz over 32 K complex points.

2.4.5 Characterization of extracts by GC-MS

The sample was prepared by dissolving 1 mg of CLE in 1 mL of diethyl ether and GC-MS
analysis was carried out by a Shimazu GC-MS-QP2020 gas chromatograph. The gas
chromatograph was equipped with a 30 m x 0.25 mm fused-silica capillary column (SLB5ms)
coated with 0.25 um film of poly (5% phenyl, 95% dimethyl siloxane). The temperature was
monitored from 50 °C to 280 °C. The mass spectrometer was set to scan 33-700 m/ z.
Samples were injected (1 yL) with a splitting ratio 1:20 and the injector temperature was set
to 280 °C. The column oven was initially at 50 °C and was held for 2 min after the injection,
followed by temperature ramping at 8 °C/min up to 250 °C, and 250-280 °C at 3 °C/min.
The total run time was 63.33 min. Peaks were identified by comparing their mass spectra
with the NIST14s database.

2.4.6 Quantification of bioactive molecules

The bioactive molecules were quantified by GC-MS (Shimadzu GC-MS-QP2020).
Calibration curves were constructed by using commercial standards of cynaropicrin
squalene, taraxerol, lupeol and dodecane as internal standard. In following figures (2.5+2.8)
are reported the calibration curve of each bioactive molecules. The analysis was performed
on samples prepared by dissolving 0.7 mg of each CLE in 1 mL of diethyl ether. The
separation was obtained on a 30 m- 0.25 mm fused-silica capillary column (SLB5ms) coated
with a 0.25m film of poly(5% phenyl, 95% dimethyl siloxane). The mass spectrometer was
set to scan the m/z range 33—-700. Samples were injected (1 pL) with a splitting ratio 1:20
and the injector temperature was set to 280 °C. The column oven was initially set at 50 °C
and maintained for 2 min after the injection, followed by a temperature ramp (8°C/min) up to
250 °C followed by a second ramp (3°C/min) up to 280°C. The total analysis time was 63.33
min.
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Figure 2.5 Calibration curve of cynaropicrin obtained with GC-MS.
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Figure 2.6 Calibration curve of squalene obtained with GC-MS.
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Figure 2.7 Calibration curve of taraxerol obtained with GC-MS.
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Figure 2.8 Calibration curve of lupeol obtained with GC-MS.
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2.5 RESULTS AND DISCUSSIONS

2.5.1 Supercritical CO:2 extraction on leaves and stalks collected at Terni plantation
in different harvest periods

Table 2.1 explicates the experimental conditions, which were adapted from protocols
reported in a previous experimental study on cardoon (Alexandre et al., 2012) and the yields
obtained from the extractions of the dried vegetable samples, both stalks and leaves.

Table 2.1 Extraction using scCO2 from leaves and stalks collected in Autumn 2019.

# Sample Quantity loaded Pressure Temperature Time of Yield
into the extractor (bar) (°C) extraction (% ww)
(9) (h)
1  Stalks 10.45 130 35 2 <0.1
2  Stalks 9.83 225 45 2 <0.1
3 Leaves 6.78 225 45 2 <0.5
4 Leaves 7.49 130 35 2 1.0
5 Leaves 6.85 130 35 5 <0.5

The results indicate that the extraction yield values were very low. No extract was obtained
from the stalks, whereas 1% w w' was extracted from the leaves using experimental
conditions p=130 bar, T=35°C and time= 2 hours (entry #4 in table 2.1). In addition, the
extraction time does not appear to affect the extraction yield, since an extraction time of 5
hours did not increase the yield. On the basis of these preliminary results, the experimental
work was continued only on leaves and by processing cardoons collected in spring and
autumn 2020 from the same plantation.

Several scCO2 extraction conditions were tested starting from those of experiment #4.
Cardoon leaves extracts (CLEs) were obtained in different yield percentages as reported in
table 2.2.
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Table 2.2 Experimental conditions and yields of scCOz2 extractions from leaves collected in
spring and autumn 2020.

# Harvest Quantity loaded Pressure Temperature Time of Yield
into the (bar) (°C) extraction (% ww)
extractor (h)
(9)
6 9.77 130 35 2 0.47
7 9.86 225 45 2 0.63
g oPfing 10.08 225 45 2 1,02
(May2020) ' '
9 10.15 225 45 2 0.67
10 10.08 300 50 2 0,79
11 10.15 300 50 2 2
12 Autumn 10.06 225 45 2 4.5
(November
13 2020) 9.09 225 45 2 3.7

For spring leaves, the highest extraction yield was obtained with the experimental conditions
described in entry 11 of table 2.2 (300 bar, 50°C). In the case of leaves collected in autumn
2020 higher yields were obtained working at 225 bar, 45 °C for 2 hours (#12-13 in table 2.2).

Figure 2.9 shows the extracts from the spring harvest (a) and the autumn harvest (b).

R o « i

Figure 2.9 scCO: extracts obtained from leaves collected in spring and autumn of 2020
using a) spring extract obtained using as experimental conditions 300 bar and 50 °C; b)
autumn extracts obtained using 225 bar and 45°C.

2.5.2 Characterization of extracts obtained by scCO:

The different scCO2 extracts were characterized using '"H NMR spectroscopy and GC-MS
and the main results are reported here below.
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Autumn 2019 harvest at Novamont S.p.A. site
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Figure 2.10 "H-NMR (500 MHz, CDClI3) spectrum of extracts leaves collected in autumn
2019 (table 2.1, entry #4).

Figure 2.10 shows the "H-NMR spectrum of extracts from the leaves collected in autumn
2019. It was possible to identify sterols (8: 0.55 m, -CHa), triterpenes (&: 0.69 s, -CH2), fatty
acids (6: 0.85-0.93, m, -CHgs; 8:1.20-1.42 m; -CH: of alkyl chains; &: 1.6, m -CH2CH2COOH,;
0: 2.06, m -CH2-CH-CH-; &: 2.23 m -CH2COO0). Moreover, the typical signals of cynaropicrin
were identified (signals assignment in the figure 2.10 by the comparison with the signals of
the pure cynaropicrin reported in figure 2.11 taken from the work of Ha et al., 2003 (Ha et
al., 2003).
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Figure 2.11 Characteristic "TH NMR signals of cynaropicrin assigned on the basis of
literature data Ha et al., 2003 (Ha et al., 2003).
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Spring 2020 harvest at Novamont S.p.A. site
Figure 2.12 shows the 'H NMR spectrum of the extraction from leaves collected in spring

2020 (#11 table 2.2).
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Figure 2.12 "H-NMR (500 MHz, CDCI3) spectrum of extracts leaves collected in spring
2020 signals attributed to cynaropicrin (red) and signals to groshemin (blue), triterpenes
(green), fatty acid (grey): a) region 0.6-3.4ppm . 6: 0.54 m, -CH3 of sterols; 6: 0.69 s, -CH>
of triterpenes; &: 0.85-0.93, m, -CH3 of fatty acids 8:1.20-1.42 m; -CH: of alkyl chains; o:
1.6, m -CH2CH2COOH of fatty acids; 6: 2.06, m -CH>-CH-CH-; 6: 2.23 m -CH>COO and b)
region 3.6-6.4 ppm.

The spectrum in figure 2.12 is dominated by the presence of alkyl chain signals. In the

spectrum it is possible to see the signals of sterols (Forgo and Kdévér, 2004), phytosterols

(Suttiarporn et al., 2015) and triterpenes (green signals in figure 2.12) as taraxerol and lupeol

(Reynolds et al., 1986). Grey signals are attributed to: 12 as the region of -CHs of fatty acids

chains, 13 as the region of -CHs of the linoleic and linolenic acids chains, 14 as the region of
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-CHz related to alchilic chains, 15 as the region of -CH2CH2COOH of fatty acids, 16 as the
region of -CH2CH=CH, and 17 representing the -CH2COO (Ramos et al., 2013; Sobolev et
al., 2005).

Autumn 2020 harvest at Novamont S.p.A. site

Figure 2.13 shows the "H NMR spectrum of the extraction from leaves collected in autumn
2020 (#12 table 2.2).
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Figure 2.13 "H-NMR (500 MHz, CDCI3) spectrum of extracts leaves collected in autumn
2020: 6: 0.53 -CH3 of sterols; 6: 0.71 -CH: of triterpenes; &: 0.85-0.96 -CH3 of fatty acids;
0:1.30-1.22 -CH: of alkyl chains; &: 1.59 -CH.CH.COOH of fatty acids; 6: 2.16 -CH2-CH-
CH- of fatty acids; 6: 2.21 -CH2CQOO; 6:4.61-4.54 signals of lupeol; 6:4.65-4.67 signal of
taraxerol, 6:4.27, 4.48,4.94,5.14,6.33,6.22,5.95,5.61,5,49 typical signals of cynaropicrin.

In this extract, similarly to the extract from leaves collected in spring 2020 (figure 2.12), it
was possible to identify the presence of cynaropicrin, this is represented by the signals in
red. In this spectrum it was also possible to identify another interesting molecule: grosheimin
(red signals named “g”) (Adekenova et al., 2016). The signals marked in blue were attributed
to a further molecule present in the sample: the 11,13-dihydroxy-8-desoxigrosheimin, a
sesquiterpene lactone with a single double exocyclic bond. This was unexpected because
the compound had only been found in small quantities in cardoon extracts (Shimizu et al.,

1988). In figure 2.14 the structures of these three sesquiterpene lactones can be seen.
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a) b) ¢)

Figure 2.14 Structures of a) cynaropicrin; b) grosheimin; c) 11,13-dihydroxy-8-
desoxigrosheimin.

The best extracts of the leaves collected in spring and autumn 2020 (entry #11 and 12 of
table 2.2) were then characterized by means of GC-MS (figure 2.15).
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Figure 2.15 GC-MS chromatogram of extracts: a) harvest spring 2020), b) harvest autumn

2020: FA= fatty acids, AC= aromatic compounds, LCCA= long chain aliphatic alcohols, T=

triterpenes, SL= sesquiterpene lactones, ALC= alkanes with long chains, PT= pentacyclic
triterpenes.

The chromatograms are very complex but in the first part of the chromatogram it was
possible to identify fatty acids (FA), aromatic compounds (AC), and long chain aliphatic
alcohols (LCCA).

The GC-MS chromatogram indicates the presence of triterpenes (T), in particular squalene
that was difficult to identify only by '"H NMR, because its characteristic signals were covered
by other molecules.

At RT (retention time) 35 minutes was identified the sesquiterpene lactones as cynaropicrin
and grosheimin (SL).
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The last part of the chromatogram is characterised by the signals of alkanes with long chains
(ALC) and stearyl esters (STE) (Mathe et al.,2004;Ramos et al., 2013). There are also peaks
related to pentacyclic triterpenes (PT), and they are in agreement with the '"H NMR spectra
of figures 2.12 and 2.13 where it was possible to identify the signals related to lupeol and
taraxasterol, pentacyclic triterpenes molecules.

Spring 2019 harvest at Sant’Angelo field

The scCOz2 extraction was applied also to the leaves collected in spring 2019 from a different
plantation, namely an experimental field in Sant'‘Angelo (Avellino). The extraction was
performed at 225 bar, 45 °C for 2 hours of extraction. The yield of this extraction was 2% w
w!. Characterization of these extracts was performed by using '"H NMR spectroscopy (figure
2.16) and GC-MS (figure 2.17).
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Figure 2.16 "H NMR spectrum of extract from leaves collected from the Sant’Angelo field
in spring 2019.
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Figure 2.17 (reported above) "H-NMR (500 MHz, CDCI3) spectrum of extracts of leaves
collected in spring 2020 signals attributed to cynaropicrin (red) and signals to groshemin
(blue), triterpenes (green), fatty acid (grey): a) region 0.6-3.4ppm . 6: 0.54 m, -CHj3 of
sterols; 6: 0.69 s, -CH: of triterpenes; 6: 0.85-0.93, m, -CHj of fatty acids 6:1.20-1.42 m; -
CH: of alkyl chains; &: 1.6, m -CH2CH>COOH of fatty acids; 6: 2.06, m -CH>-CH-CH-; o:
2.23 m -CH2>COO and b) region 3.6-6.4 ppm.

The ™H NMR spectrum (figure 2.16) was comparable to the '"H NMR spectrum of the extracts
from the leaves taken from the Terni field in spring 2020 at the Novamont S.p.A. site (figure
2.12). The spectrum shows the presence of the -CHs of sterols and triterpenes, the -CHs of
the chains of fatty acids, and the -CHs of the chains of linoleic and linolenic acids (Sobolev
et al., 2005). It was possible to identify cynaropicrin, grosheimin and 11,13-dihydroxy-8-
desoxigrosheimin, like the samples analysed before (Adekenova et al., 2016). The presence
of these molecules was confirmed by the GC-MS chromatogram reported in figure 2.18.
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Figure 2.18 GC-MS chromatogram of CLE from Sant’Angelo plantation from spring

leaves 2019: FA= fatty acids, AC= aromatic compounds, LCCA= long chain aliphatic

alcohols, T= triterpenes, SL= sesquiterpene lactones, ALC= alkanes with long chains,
STE-= stearyl esters; PT= pentacyclic triterpenes.
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The chromatogram indicates the presence of fatty acids (FA), aromatic compound (AC), and
long chain aliphatic alcohols (LCCA). Moreover, the chromatogram also indicates the
presence of triterpenes (T). At RT = 35 minutes the chromatogram shows the presence of
sesquiterpene lactones, cynaropicrin and grosheimin. The last part of chromatogram is
characterised by signals of alkanes with long chains (ALC), stearyl esters (STE) (Mathe et
al., 2004; ‘Ramos et al., 2013) and pentacyclic triterpenes (lupeol and taraxerol), the
presence of which is also confirmed by 'H NMR analysis.

2.5.3 Characterization of extracts obtained using Naviglio® and batch methods

The results of scCOz2 extractions were compared with results obtained for the extracts from
the University of Naples, partner in the CARDIGAN project, using Naviglio® technology or
batch extraction methods. The details of the extraction procedures are reported in section
“Materials and Methods” in subsections 2.4.2 and 2.4.3. These two extraction methods were
applied to cardoon leaves collected in two different fields: the Novamont S.p.A. site and the
experimental field of Sant’Angelo. The raw material was collected in spring 2019 and spring
2020. The samples are summarized in the table 2.3.

Table 2.3 Characterized samples received from University of Naples.

Plantation Harvest Extraction Extraction
period method time
(h)
Sant’Angelo Spring 2019 Naviglio® 24
Sant’Angelo Spring 2019 Batch 24
Novamont Spa Spring 2020 Naviglio® 24
Novamont Spa Spring 2020 Batch 24

These extracts were characterized using '"H NMR and GC-MS. The analysis shows a clear
presence of cynaropicrin and fatty acids, in particular linoleic acid. We can see this in Figure
2.19 (a,b) which shows the "H NMR spectrum of cardoon extract obtained from leaves
collected in spring 2019 in the Sant’/Angelo field using Naviglio®.

In these extracts the signals of ethanol are also evident, due to the utilization of ethanol as
solvent for both Naviglio® and batch extraction methods. Another compound identified in
these extracts are pheophytins that are responsible of the extracts’ green colour (Sobolev
et al., 2005) (figure 2.20, a,c).
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Figure 2.19 "H NMR spectrum (500 MHz, CDClI3) of spring 2019 extracts from
Sant’Angelo field obtained by using Naviglio®. a) in the range of 0.4—2.4 ppm. Further
experimental details are given in the text. b) Signals of cynaropicrin in the range of 0.9-3.6
ppm; c) signals of cynaropicrin in the range of 3.5—6.5 ppm &: 2.43, dt; 2a 6: 1.09, ddd; 2b
0:2.07, dt; 36:4.62, tt; 5 6:2.84,dd; 6, 6:4.27,dd; 7 3.27, tt; 8 and 14b 6:5.17 ttt; 9a-b
0.2.25-2.45, dd; 13a 6:5.62,d; 13b, 6:6.25,d; 14a 6:4.96,d; 15a 6: 5.43,t; 15b 6:5.52,t; 3'a
0:5.9,m; 3'b 6:6.35, m.
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Figure 2.20. "H NMR spectrum (500 MHz, CDClI3) of a) Sant’Angelo spring 2019, batch; b)
Novamont spring 2020, Naviglio; ¢c) Novamont spring 2020, batch. Signals of cynaropicrin:
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0:5.62ppm,d; 13b, 8:6.25ppm,d; 14a 6:4.96ppm,d; 15a &: 5.43ppm,t; 16b 6:5.52ppm,t; 3'a
0:5.9ppm,m; 3' b 8:6.35ppm, m; 5:4.49 ppm signal of pheophytins; &: 3.7ppm signal of
ethanol.
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The GC-MS chromatograms corresponding to the four extracts are presented in figure 2.21
a-d.
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Figure 2.21 GC-MS chromatogram of the four extracts obtained at the University of
Naples using the Naviglio technology (a,c) and the batch method (b,d). Each colour zone
corresponds to a specific group of compounds: Blue=fatty acids, aromatic compounds,
and long chain aliphatic alcohols; green= triterpenes and pentacyclic triterpenes,
red=sesquiterpene lactones; brown=alkanes with long chains.

More details of the signals corresponding to the molecules present in the extracts can be
found in the GC-MS chromatogram (figure 2.22) of the extracts obtained by means of the
Naviglio® and using the leaves collected at the Sant’/Angelo plantation in spring 2019. This
sample was analyses in detail because it was used for the project related to the formulation
of functional bio-based films described in Manuscript A hereinafter (section 2.5.6.1).
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Figure 2.22 GC-MS chromatogram: FA= fatty acids, AC= aromatic compounds, LCCA=
long chain aliphatic alcohols, PT= pentacyclic triterpenes, T= triterpenes, SL=
sesquiterpene lactones, ALC= alkanes with long chains, STE= stearyl esters.

The GC-MS chromatogram provides qualitative information about the chemical composition
of the extract (Mathe et al., 2004 ). The sesquiterpene lactones, cynaropicrin and grosheimin,
can be identified at RT ranging from 35.61 to 37.25 minutes. The molecular formula of
cynaropicrin is C19H2206, while that of grosheimin is CisH18O4. It is not possible to
discriminate between the peaks related to each of the two molecules due to the similarities
in the molecular fragmentation for each of the two molecules with qualitative GC-MS
analysis.

Fatty acids (RT = 19.17 minutes), long-chain aliphatic alcohols (RT = from 19.50 to 22
minutes) and some aromatic compounds were also detected in traces. The signal at 31.26
minutes is ascribable to squalene, whereas the signals in the range 23.45-29.73 minutes
correspond to pentacyclic triterpenes. Finally, the signals of hydrophobic long chain alkanes
are visible at the range 40—42.5 minutes.

2.5.4 Characterization of extracts obtained after two subsequent extraction methods
(Novamont plantation, autumn 2019 and spring 2020)

The leaves collected at Novamont plantation in autumn 2019 and spring 2020 were also
extracted by combining a first scCOz2 extraction step and a subsequent step using Naviglio®
technology. The objective was to explore the possibility of extracting specific fractions of
bioactive molecules by using different extraction methods. In fact, the scCO2 method extracts
more hydrophobic molecules and in principle the residue is expected to contain mainly the
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less hydrophobic polyphenolic fraction, which can be efficiently extracted in the presence of
a polar organic solvent.

The extracts obtained after the two subsequent treatments were analysed by 'H NMR.
Figures 23a and 23b show the "H NMR spectra of the extracts obtained from the autumn
and spring harvest, respectively. They are very similar, with the predominant signals of
cynaropicrin (numbers in red in the figures); there are also traces of signals of grosheimin
(blue in figures). Other signals are related to fatty acid chains as reported in spectra in
section 2.5.2.
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Figure 2.23 "H NMR (500 MHz, CDCls) spectra of extracts obtained after the scOO: +
Naviglio® methods in sequence : a) autumn 2019 harvest, b) 2020 harvest ( Terni
plantation).

The application of the two complementary extraction methods allowed us to obtain a fraction
of bioactive molecules containing mainly sesquiterpene lactones, cynaropicrin in particular.

2.5.5 Semi-quantitative analysis of cynaropicrin in all extracts by TH NMR analysis

Due to the complexity of the chemical composition of the extracts obtained in this study, the
NMR signals are widely overlapped, making integration difficult and the quantification of
each molecule not feasible. Therefore, a first quantification was focused only on
cynaropicrin, a bioactive molecule with relevant pharmacological activities as reported in
section 2.2.3 (Mouijir et al., 2020). The cynaropicrin was clearly identified in the extract by
means of '"H NMR.
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Figure 2.24 Structure of cynaropicrin.

The quantification of cynaropicrin was accomplished by taking as a reference the '"H NMR
signal of -CH2 protons at 4' position (figure 2.24), having a theoretical integral value of 2.
Considering the integral value of all protons present in the spectrum in the range 0.5-6.5
ppm, the proton of cynaropicrin corresponds to the % of the protons present in the mixture
by applying the following equations:

22
% cynaropicrin = T x 100
t
Where 22 is the total number of protons of cynaropicrin and I is the theoretical integral value

of all protons in the range 6.5-0.5 ppm calculated as follows:

84.12x 2
Theoretical integral value (range 0.6 — 6.5 ppm) = W = 197.98
Where lexpTOT: experimental integral value of all protons in the range 0.5-6.5ppm

lexp: experimental integral value of the -CH2 protons at 4' position.

Figure 2.25 reports the histogram that represents the percentage of cynaropicrin in all
extracts considered in this study.
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Figure 2.25 Percentage of cynaropicrin in all cardoon leaves extracts. Samples 6-11
were obtained in different scCO2 extraction conditions: 6-7: 130 bar, 35°C; 8: 225 bar,
45°C; 9: 300 bar, 50°C; 10-11 225 bar, 45°C.

As can be seen from the histogram, sample 3 contains the largest amount of cynaropicrin
(29%). This sample was obtained with Naviglio® technology from leaves collected in spring
2020 from the plantation in Terni.

Among the scCO:2 extracts from the spring 2020 harvest, the higher extraction yield was
obtained using 225 bar and 45°C for two hours (column 8 in figure 2.24) with 9.5% of
cynaropicrin extracted. The extraction yield with scCO2 increased using the leaves of
autumn 2020, reaching 17% (column 11 in figure 2.24) under the same experimental
conditions (225 bar and 45°C).

When combining scCO2 extraction with subsequent Naviglio® technology a higher
cynaropicrin yield was obtained for the leaves collected in spring 2020 (respectively, 14%
and 5.75% in Figure 2.26).
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Figure 2.26 Percentage of cynaropicrin obtained by a combination of scCO: extraction
step and a subsequent Naviglio® technology in autumn 2019 and spring 2020. Green
parts of histogram are columns 6 and 9, respectively, of figure 2.24

2.5.6 Application of cardoon leaves extracts (CLEs) for the formulation and
functionalization of bio-based polymeric films

On the basis of the data obtained in the study of characterization of the cardoon leaves
extracts, two research projects were accomplished, having as objective the exploitation of
the biological properties of the bio-active molecules. A first project, in collaboration with two
research groups of the University Federico |l of Naples, addressed the application of
cardoon leaf extracts for the formulation and functionalization of bio-based polymeric films.
It was demonstrated that the presence of cardoon leaves extracts increases the mechanical
and barrier properties of the obtained materials as described in the publication reported
hereinafter (Manuscript A). The study employed the extract obtained using Naviglio®
technology from leaves collected from the Sant’Angelo plantation in spring 2019. The 'H
NMR characterization is reported in figure 2.18 and GC-MS characterization is reported in
Figure 2.20a in section 2.5.3 above.

The functional bio-based films of “Manuscript A” were formulated at the University of Naples
starting from proteins extracted from cardoon oil seed cakes. The extracts obtained by the
Naviglio® method were dried and resuspended in ethanol. This extract was added to the
cardoon-seed protein solution at different concentrations and the mixture was stirred for 1
hour. Glycerol was then added to obtain a final concentration of 50% (w/w protein) and the
solution was cast on plastic petri dishes and finally dried in an environmental chamber at
25°C and 45% relative humidity for 24 hours. The dried films were peeled off and conditioned
at 25 °C and 50% relative humidity, by saturated magnesium nitrate solution, for 24 hours
before the analyses.

The bio-based films were characterized in terms of zeta potential, particle size, contact
angle, along for their morphological and mechanical properties and antioxidant activity.
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It is notable that particle size of CPs (Cardoon Proteins) FFS (Film Forming Solution)
increased by the incorporation of higher concentrations of antioxidants in the FFS compared
to the control sample. These results could be attributed to the interactions between the CP
functional groups and the phenolic hydroxyl groups of antioxidants that formed larger CPs
polymers that increase the polydispersity index (PDI), that is an indicator of relative variance
in the particle size distribution.

> The protein surface charges were also affected by the addition of antioxidants and all
the FFSs were stable, with negative zeta potential higher than 28 mV showing the
high stability of solution. Zeta potential of CPs FFS decreased as a function of
increasing the concentration of antioxidants due to the participation of negative
functional groups of CPs in protein-polyphenols interaction and/or interactions
between the CPs surface and CLE (cardoon leaves extract) that can modify the
surface charge of the proteins.

» The contact angle of the different FFSs was measured and the results show that the
addition of increasing amounts of CLE significantly decreased the contact angle value
of the CP FFS in comparison to the control sample, thus indicating that the
hydrophobicity of CP FFS significantly increased in the presence of increasing CLE
concentrations.

» Thinner films were obtained by reducing the content of CPs until 70% and with a
concurrent increase in the CLE amount to 30%. Results indicated that the film
thickness slightly increased as a function of the CLE amount present in the film matrix,
probably due to the interaction of CLE component(s) with the CP polymeric chains,
via hydrogen bonding and hydrophobic forces. Polyphenols may lead to protein
crosslinking, thus, increasing the film thickness.

» The films functionalized with 15% CLE were slightly less flexible than the ones
prepared in the absence of the phenolic components showing a lower elongation at
break, however a significant increase in tensile strength and Young’s modulus was
observed as a result of CLE incorporation. The presence of CLE in the CP-based
films increased their opacity. The density of CP-based films significantly increased by
increasing CLE concentration, suggesting that the formation of hydrogen and
hydrophobic bonds between proteins and CLE components increased by increasing
CLE concentrations and led to a more compact film microstructure. The structural
morphology of the films prepared with CLE appeared more homogeneous,
continuous and smooth. On the other hand, the film prepared in the presence of 15%
CLE seems smoother and more compact than that cast with 30%.

> Film barrier properties. CP-based films containing 15% CLE exhibited water vapor
(WV) permeability values lower than those observed by testing CP films prepared in
CLE absence, while WV water vapor permeability was found to be significantly
increased with respect to control samples in the films obtained in the presence of
CLE double concentration (30%).

> Antioxidant activity. Data show that the films freshly manufactured in the absence
of CLE exhibited a marked antioxidant activity and that the addition of 30% CLE
improved this property since the observed scavenging activity against DPPH radical
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of the films increased from 30% to 60%. The antioxidant activity of all films remained
quite stable after 30 days at room temperature, suggesting their potential exploitation
as active packaging for shelf-life extension of foodstuffs. The materials functionalized
with the highest amount of CLE seem to be still endowed with the highest antioxidant
activity (45%) even after a period of 70 days, suggesting their possible application in
protecting some foods from the oxidation.

In conclusion, these results are encouraging for those interested in pursuing the study of
potential applications of these functional bio-plastics for the food sector with the aim of
prolonging food freshness and keeping the water vapor permeability value as low as
possible. Furthermore, a higher Oz barrier property is also important since oxygen causes,
for example, the rancidity of fatty acids. Therefore, the study confirmed the potential of
Cynara cardunculus as a biomass to be exploited within a circular biorefinery scheme for
the production of high value products.
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2.5.6.1. Manuscript A “A biorefinery approach for the conversion of Cynara cardunculus
biomass to active films”
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ARTICLEINFO ABSTRACT

Keywonds: Cardoon (Cynara cardunculus), an herbaceous perennial plant able to grow with high productivity in dry and hot
Cynara cardunculus regions, as well as in unproductive soils, was used as a biomass source for the production of both bioactive
Biorefinery

compounds derived from leaves and proteins extracted from seeds. Naviglio® technology was found as an
efficient method to obtain a cardoon leaf extract (CLE) characterized by high phenol content and oxygen
scavenging activity. On the other hand, cardoon proteins (CPs) were demonstrated to give iise to handleable
greenish films endowed with promising mechanical and barrier properties in the presence of glycerol used as
plasticizer. Hence, the CLE was used to functionalize the films that were further characterized. Film micro-
structure observed by SEM revealed a good compatibility among CPs and CLE, showing a uniform distribution of
the leaf extract components throughout the film network that reflected, in turn, an improvement in the me-
chanical and barrier properties of the obtained material. In addition, the CLE containing films exhibited higher
hydrophobicity, as indicated by the contact angle measurement and by the evaluation of water solubility and
swelling degree experiments. Finally, CLE-containing films showed a marked antioxidant activity, highlighting
the potential of Gynara cardunculus to be exploited as a biorefinery where different low-value renewable biomass
materials are turned in several higher value bio-based products.

Bio-plastics
Cardoon seed proteins
Phenalic compounds

temperatures, severe drought, and in infertile stony soils (Fernandez,
Curt, & Aguado, 2006), and, therefore, it is a very cheap and accessible
crop. Besides, cardoon is a pollinator-supporting industrial crop, so that
it is beneficial for the biodiversity. The high biomass productivity of
cardoon has been exploited for multiple purposes, ranging from tradi-
tional uses to industrial applications. Mauromicale, Sortino, Pesce,
Agnello, and Maurc (2014) studied the potental ability of cultivated
and wild cardoons to produce energy in terms of biomass, achenes, and
energy yield. The authors concluded that both cultivated and wild
cardoon are potential energy crops and improved the soil fertility
characteristics by increasing organic matter, total nitrogen, available
phosphorus, and exchangeable potassium content. The annual average
outcome of cultivated cardoon is 14.6 t/ha of dry biomass, 550 kg/ha of
achenes, and 275 Gj/ha yields, while for wild cardoon, the outcome is
7.4 t/ha of dry biomass, 240 kg/ha of achenes, and 138 Gj/ha of energy
yield. Cardoon has been popularly used by Greeks and Romans as food

1. Introduction

Cynara cardunculus L., commonly named cardoon, is a perennial
dicotyledonous plant widely distributed in the Mediterranean area that
grows naturally in harsh habitat conditions with high temperature,
elevated salinity and arid summer (Benlloch-Gonzdlez, Fournier, Ramos,
& Benlloch, 2005). This plant is part of the Asteraceae (or Compositae)
family, including the globe artichoke [var. scolymus (L.) Fioril, the
cultivated cardoon (var. altilis), and the wild cardoon [var. sylvestris
(Lamk) Fioril, considered to be their common ancestor (Pesce, Negri,
Bacenetti, & Mauromicale, 2017). Although native from the Mediter-
ranean area, cardoon has been spread to several other countries like the
United States of America, Mexico, Australia, and New Zealand
(https: //www.cabi.org/isc/datasheet/17584). Due to its natural
habitat, cardoon can grow in ash and poor conditions, with high
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Abbreviations

DPPH  2,2-diphenyl-1-picrylhydrazyl
ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
TPC total phenolic content

GAE gallic acid equivalent

CLE cardoon leaf extract

FFS film forming solution

CP cardoon protein

cocC cardoon oilseed cake

DW dry weight

FW fresh weight

TE Trolox equivalent

TS tensile strength

YM Young's modulus

EB elongation at breal

wv water vapor

and medicine and is part of the Mediterranean diet for the preparation of
several dishes. In fact, cardoon flowers are used in soups, stews and
salads (Fratianni, Tueci, Palma, Pepe, & Nazzaro, 2007), while the
leaves are known for their therapeutic potential as a diuretic, choleretic,
cardiotonic, antidiabetic and anti-hemorrhoidal agent (Ramos et al,
2017; Velez et al., 2012). Beside its application as functional food,
cardoon biomass has been used as lignocellulosic feedstock for biodiesel
and biomethane production (Pesce et al., 2017; Toscano, Sollima,
Genovese, Melilli, & Raccuia, 2016, pp. 429-4432). Nevertheless,
cardoon has been reported as a source of bioactive compounds such as
flavonoids, chlorogenic acids and anthocyanins, which have been used
for medicinal and cosmetic purposes (lema, Sortino, & Mauromicale,
2020; Lattanzio et al., 2009; Mandim et al., 2020; Petropoulos et al.,
2019). The environmental sustainability of this plant, together with its
bioactive components have made cardoon a recognised key multipur-
pose crop in biorefinery by processing all the non-edible parts to pro-
duce a variety of interesting compounds for potential application in
green chemistry (Gominho, Dolores, Lourengo, Fernandez, & Pereira,
2018; Pappalardo, Toscano, Puglia, Genovese, & Raccuia, 2020; Turco
et al., 2019). Thanks to its adaptability to dry regions, cardoon can be
considered a good candidate as a perennial field crop able to grow on
marginal lands, thus, it does not compete with food crops (Fagnano,
Impagliazzo, Mori, & Fiorentino, 2015). From cardoon seeds it is
possible to extract an oil characterized by a very nutritious profile, rich
in unsaturated fatty acids, adapted for the production of altemative
vegetable oils and herbal formulations for human censumption (Mir-
poor, Giosafatte, & Porta, 2021). The remaining by-produet after oil
extraction is a valuable source of fibers, proteins as well as of bioactive
compounds (Genovese et al., 2016). As far as the leaves, many studies
have focused on the antioxidant potential of their extracts, strictly
related to the polyphenol fraction, mainly composed of hydroxyein-
namic derivatives, such as mono- and dicaffeoylquinic acids, and fla-
vonoids, such as apigenin and luteolin (Dias et al, 2018; Falleh et al.,
2008; Pandino, Lombardo, Mauromicale, & Williamson, 2011; Scavo,
Pandino, et al., 2019). Recent studies (Barbosa et al., 2020) have indi-
cated that cardoon leaves are rich in several polyphenol compounds,
with several health benefits. As matter of fact, cardoon leaves contain
antimicrobial and antioxidant compounds that have been suggested for
use as natural additives for extending the shelf life of food products.
Moreover, as leaves are considered cardoon by-products, they can have
economic benefits if their natural antioxidants, with benefits to human
health, are extracted and applied in food packaging to increase shelf life.
Nevertheless, cardoon by-products and their potential for application in
food packaging is still not entirely known and it would be worthy to
investigate.
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Several protocols for the extraction of bicactive molecules from
cardoon leaves have been previously described; dried or fresh leaves are
mixed with a solvent (ethanol, methanol, acetone or alecholic solutions)
and incubated with shaking (Falleh et al., 2008; Fratianni et al., 2007;
Kuki¢ et al., 2008; Pandino et al., 2011). An alternative to these tradi-
tional extraction methods could be the use of the Naviglio® extractor,
based on a solid-liquid dynamic extraction. By using a suitable solvent,
the generation of a negative gradient pressure between the outlet and
the inlet of a solid matrix containing some extractable material, followed
by a sudden restoration of the initial equilibrium conditions, induces the
forced extraction of substances not chemically bonded to the principal
structure of which the solid is formed (Naviglio, 2003). This would
result in a shorter extraction time, higher extraction yields and preser-
vation of integrity of the components. Naviglio® extraction has already
been reported as an innovative technology for the recovery of phenolie
compounds from different types of solid matrixes, emerging as a greener
alternative to the latest solid-liquid extraction techniques (Naviglio,
Searano, Ciaravolo, & Gallo, 2019; Panzella et al., 2020; Scarano et al.,
2020). The Naviglio® extractor is scalable up to 400 L capacity, and is
economically feasible due to the following reasons: i) the total con-
sumption of this equipment, mainly related to the compressed air, is
very negligible, being about 50 W/h; ii) it does not require any increase
in temperature; i) the extraction method alternates static phase, where
the econsumption of energy is quite zero, to dynamic one in which con-
sumption reaches the maximum (about 100 W/h). Furthermore, many
studies have been done in recent years on binding and conjugating fla-
vonoids and polyphenols with proteins in order to improve the fune-
tionality of proteins as well as for developing active protein-based films
(Mirpoor, Hosseini, & Nekoei, 2017; Mirpoor, Hosseini, & Yousefi,
2017; Quan, Benjakul, Sae-leaw, Balange, & Magsood, 2019; Taghavi
Kevij, Salami, Mohammadian, & Khodadadi, 2020). Generally, bio-
polymers from agricultural sources are an interesting option for bio-
degradable/edible plastics production since agricultural industry
generates a high quantity of different by-products containing bio-
macromolecules, such as proteins and polysaccharides, considered good
candidates for the production of hydroeolloid bio-plasties. In fact, pro-
teins from soy and different legumes as well as several carbohydrates,
such as pectins, chitosan and starch are extensively used in this sector
(Giosafatto, Fusco, Al-Asmar, & Mariniello, 2020). However, despite the
huge worldwide production of these agricultural biomasses, they are
basically used for animal feeding and on a small amount for bio-plastie
production. In this respect, seed oilcakes might be considered valuable
by-products for biobased materials development as they are endowed
with high amount of fiber, polysaccharides and proteins that can be
further utilized. In this paper the phenols were extracted from Cynara
cardunculus leaves, comparing Naviglio® extractor and maceration
methods, using ethanol as solvent. The leaf extracts from both methods
were analysed in terms of phenolic content and antioxidant activity.
Further towards a development of a cardoon-based biorefinery, in the
present work for the first time the seed proteins obtained following the
oil removal were exploited for the production of novel bio-plastics
potentially able to become candidates for replacing a portion of the
petroleum-derived plasties highly pollutant for the environment. In this
scenario, it is worth to say that actually Novamont company (http
s:/ /agro.novamont.com/en/the-innovative-agricultural-system) is
trying to exploit cardoon biomass for the development of a biorefinery
for the production of low environmental impact bioproducts, even
though the company is not exploiting the proteins from cardoon seeds
for the manufacturing of bio-plastics. The bio-plastics obtained in this
study were then functionalized with cardoon leaf-derived extracts and
the obtained materials were finally characterized according to their
physico-chemical characteristics, such as mechanical, barrier, morpho-
logical and hydrophobicity features, as well as antioxidant properties by
evaluating film radical scavenging activity.
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2. Materials and methods
2.1. Materials

Ethanol (100%) was supplied by VWR International (Fontenay-sous-
Bois, France), 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) was purchased from AppliChem GmbH (Darmstadt, Germany).
Trolox was purchased from Sigma-Aldrich, Inc. (St. Louis, MO). N-
Hexane (99%) and Folin-Ciocalteau reagent were supplied by Carlo Erba
Reagents (Val de Reuil, France). Glycerol (GLY) (—99%) and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma Chemi-
cal Co. (USA). All other chemicals and reagents used were of analytical
grade.

Cardoon was recovered in April from a field experiment made in
Sant’Angelo dei Lombardi (Avellino, Italy), a hilly area about 700 m
above sea level, characterized by cold and rainy winters and low-fertility
soil. The soil was composed by 38.5% clay, 25% silt and 36.5% sand,
with a pH 8.1 and a content of 0.1% N and 1.3% organic matter
(Ottaiano et al., 2017). The leaves were separated from the fresh plants
and stored in vacuum sealed plastic bags at —20 °C. For extract prepa-
ration, cardoon leaves were thawed at room temperature and cut into 1
cm® pieces. Cardoon seeds were obtained from the same field.

2.2. Cardoon leaf extract preparation

A cardoon leaf extract (CLE) was obtained by filling a filter bag
(porosity 100 pm) with 40 g of cut cardoon leaves and then, by inserting
it into the Naviglio® extractor chamber (Lab. model 500 cm3 capacity).
Extraction was performed using 625 mL of 100% ethanol (96% v/v) at
room temperature and at pressure value of 9 bar (static phase 2 min;
dynamic phase 2 min, with 12 s stop piston). Liquid samples (10 mL)
were collected at 2, 4, 8 and 24 h. The CLE was kept at 4 °C until it was
analysed. Moreover, further 40 g of cut cardoon leaves were placed ina
bottle kept under dark conditions and subjected to maceration at room
temperature with constant shaking for the same times of extraction
carried out with Naviglio® extractor. The CLEs were filtered through a
Whatman filter paper and supernatants were kept at 4 °C until they were
analysed.

2.2.1. Naviglio® method

Filter bag (porosity of 100 pm) was filled with 40 g of cut cardoon
leaves and then it was inserted into extraction chamber of Naviglio®
extractor Lab. model 500 em® capacity. Extractions were conducted
using 625 mL of anhydrous ethanol at room temperature at pressure
value of 9 bar, static phase 2 min; dynamic phase 2 min, with 12 s stop
piston. Liquid samples (10 mL) were collected at 2, 4, 8 and 24 h
(Naviglio, 2003). The leaf extracts (CLE) were kept at 4 °C until analysis.
Ethanol was chosen as solvent for phenols extraction as described in
literature (Kulic et al., 2008; Pinelli et al., 2007; Scavo, Pandino, et al.,
2019).

2.2.2. Maceration method

40 g of cut cardoon leaves were used for the comparative analysis
with maceration, which was placed in a bottle kept under dark condi-
tions at room temperature with constant shaking. Samples were taken at
the same times as extraction using Naviglio® extractor. The CLE were
filtered through a Whatman filter paper and supernatants were kept at
4 °C until analysis.

2.3. Total phenolic content analysis

The total phenolic content (TPC) was determined using the Folin-
Ciocalteau reagent as previously deseribed (Siddiqui, Rauf, Latf, &
Mahmood, 2017) with small changes. The calibration curve was plotted
by mixing 100 pL of 10-250 pg/mL gallic acid solutions in ethanol with
500 pL of Folin-Ciocalteu reagent (diluted 10-fold with water) and
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allowed to stand at room temperature for 5 min. Then, 400 pL of 7.5%
w,/v NasCOj3 solution were added to the mixture and the absorbance was
measured after 30 min at 765 nm using UV-1600PC Spectrophotometer
(VWR, Leuven, Belgium). For CLEs, 100 pL of each sample were mixed
with the same reagent, as performed for constructing the calibration
curve and, after 3 h, the absorbance was measured to determine the total
CLE phenolic contents. The results were expressed as gallic acid equiv-
alents (GAE). All determinations were carried out in triplicate.

2.4. Antioxidant activity determination

2.4.1. ABTS radical cation decolourisation assay

ABTS activity was quantified in terms of percentage inhibition of the
ABTS"" radical cation by antioxidants in each sample. ABTS radical
cation (ABTS*!) was produced by reacting 7 mM ABTS stock solution
(dissolved in water) with 2.45 mM potassium persulfate and allowing
the mixture to stand in the dark at room temperature for 12-16 h before
use (Re et al, 1999). For the study of CLE phenolic compounds, the
ABTS"! solution was diluted with water to an absorbance of 0.70 at 734
nm. After addition of 1 mL of diluted ABTS"! solution to 10 yL of CLE,
the absorbance reading was taken exactly 1 min after the initial mixing
and up to 10 min using a UV-1600PC Spectrophotometer (VWR, Leuven,
Belgium). CLEs were diluted two-times prior the analysis and 10 pL of
ethanol in 1 mL of diluted ABTS"' solution was used as control. Inhibi-
tion of the ABTS" ' radical cation was expressed as Scavenging effect (S)
and calculated using the equation:

S (%) = 100 x (Ag — AAy (6)]

where A, is the absorbance of the control (containing all reagents except
the sample to be tested), and As is the absorbance of the tested sample.
All determinations were carried out in triplicate.

2.4.2. In vitro antioxidant and free radical scavenging activity

DPPH" radical scavenging activity was quantified in terms of per-
centage inhibition of a pre-formed free radical by antioxidants in each
sample. 0.005% (w/v) DPPH radical was prepared in methanol as pre-
viously deseribed (Iukic et al., 2008) with some modifications. For the
study of phenolic compounds, DPPH solution was diluted with methanol
to an absorbance of 0.70 at 517 nm 100 pL of CLE were mixed with 900
L of diluted DPPH solution, shaken and left for 30 min in the dark. CLEs
and film forming solutions (FFSs) were diluted two-times and 20-times,
respectively, prior the analysis. Absorbance was measured at 517 nm
using UV-1600PC Spectrophotometer (VWR, Leuven, Belgium); 1 mL
methanol was used as blank, while 100 pL of ethanol in 900 pL of DPPH
solution were used as control. Neutralisation of DPPH radical was
calculated using the equation:

S (%) = 100 x (Ao — AAg (2

where S is the Scavenging effect, A, is the absorbance of the control
(containing all reagents except the sample to be tested), and A, is the
absorbance of the tested sample. Results were compared with the ac-
tivity of 6-hydroxy-2,5,7,8-tettamethylchroman-2-carboxylic  acid
(Trolox). All determinations were carried out in triplicate.

For the evaluation of scavenging activity of film containing CLE,
0.005% (w,v) DPPH radical was prepared in methanol 10 mg of film
were incubated in 5 mL of DPPH solution, shaken and left for 30 min in
the dark. 5 mL of DPPH solution were used as control. Absorbance was
measured in a 6-wells plate at 517 nm using Benchmark Plus Microplate
Spectrophotometer (Bio-Rad Laboratories, Hercules, CA).

2.5. Characterization of cardoon leaf extract

The volatile triterpenes and sesquiterpenes, known for their antiox-
idant activity, were identified by GC-MS. The sample was prepared by
dissolving 1 mg of CLE obtained by Naviglio® method in 1 mL of diethyl
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ether and GC-MS analysis was carried out by a Shimazu gas chromato-
graph. The gas chromatograph was equipped with a 30 m x 0.25 mm
fused-silica capillary column (SLB5ms) coated with 0.25 pm film of poly
(5% phenyl, 95% dimethyl siloxane). The temperature was monitored
from 50 °C to 280 °C. The mass spectrometer was set to scan 33-700 m/
z. Samples were injected (1 pL) with a splitting ratio 1:20 and the
injector temperature was set to 280 °C. The column oven was initially at
50 °C and was held for 2 min after the injection, followed by tempera-
ture ramping at 8 °C/min up to 250 °C, and 250-280 °C at 3 °C/min. The
total run time was 63.33 min (Mathe, Culioli, Archier, & Vieillescazes,
2004).

The NMR analysis was performed in order to confirm the presence of
the bioactive molecules observed by GC-MS analysis (see section 3.2)
and for carrying out a semi-quantitative evaluation of the content of
cynaropicrin respect to the other components of the CLE (see section
3.2). The NMR analysis was performed by dissolving 10 mg of CLE in 0.7
mL of deuterated chloroform. Samples were analysed on a Varian
VNMRS 500 MHz NMR spectrometer at 500 MHz.

Finally, an aliquot of CLE was diluted in 70% ethanol and loaded on
Vivaspin® (3 kDa and 10 kDa cut-off) ultrafiltration devices in order to
determine the presence of high molecular weight molecules. The eluate
fraction was recovered and dried at 60 “C overnight and the dry weight
(DW) determined.

2.6. Extraction of cardoon seed proteins

Cardoon seeds were grinded at a speed of 1000 rpm for 3 min in a
Knife Mill Grindomix GM 200 (Grindomix GM200, Retsch GmbH, Haan,
Germany) and then defatted for 6 h by using a soxhlet apparatus (3:1, v/
w hexane:grinded seeds) and, finally, the obtained cardoon oilseed cake
(COC) was dried at 50 °C in an oven for 2 h. Isoelectric-precipitation
technique was used for extracting cardoon proteins (CPs) from COC,
according to Dapcevic-Hadnadev, Hadnadev, Lazaridou, Moschakis, and
Biliaderis (2018) with minor modifications. COC was suspended in
water at 1:10 ratio (w/v) and 1.0 N NaOH was added under constant
stirring to adjust the pH to 11. After 1 h of stirring, the suspension was
centrifuged for 15 min at 5000 rpm and the pH of the collected super-
natant was adjusted to 5.4 using 1.0 N HCL Then, the precipitate was
separated by another centrifugation at 5000g for 15 min and the ob-
tained pellet collected and dried in an environmental chamber at 25 °C
and 45% relative humidity. The protein content of the obtained CP
powder was determined by the Kjeldahl’s method (AACC, 2003) usinga
nitrogen conversion factor of 6.25.

2.7. Preparation of cardoon protein-based films

CP was dispersed in distilled water (2% w/v), the pH was adjusted to
12.0 by 1 N NaOH and the dispersion was stirred for 2 h at room tem-
perature for complete CP dissolution. The preliminary attempts to pro-
duce CP-based films have been carried out by using 200, 300 and 400 mg
of CPs added with different concentrations of GLY (10-50%, w,/w pro-
tein) as plasticizer, in order to find the optimum conditions for devel-
oping handleable films.

CLE obtained as described above by Naviglio® method was dried and
resuspended in ethanol up to get a final concentration of 16 mg/mL. This
extract was added to the CP solution at different concentrations and the
mixture was stirred for 1 h. GLY was then added to obtain a final con-
centration of 50% (w/w protein) and the solution was stirred for further
30 min. The prepared FFSs were cast on plastic petri dishes (8 cm
diameter) and finally dried in an environmental chamber at 25 °C and
45% relative humidity (RH) for 24 h. The dried films were peeled off and
conditioned at 25 °C and 50% RH, by saturated magnesium nitrate so-
lution, for 24 h before the analyses.
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2.8. Zeta potential, particle size and contact angle measurements

The effect of different concentrations of CPs, GLY and CLE on the
mean hydrodynamie diameter (particle size) and the electrie charge
(zeta potential) values of the FFSs, as well as of CPs diluted in alkaline
water (0.1 mg/mL, pH 12) by using 0.1 N NaOH, was measured by a
zetasizer (Nano-ZSP, Malvern, Worcestershire, UK) at 25 °C. The effect
of pH on both zeta potential and particle size of CP dissolved in water at
pH 12.0 was studied by transferring 1 mL solution into the autotitrator
and adjusting the pH to different values starting from pH 12.0 to pH 2.0
by adding 1.0, 0.1, and 0.01 N HCL. All measurements were performed
in triplicate.

Contact angle values of the FFSs prepared in the presence or absence
of CLE were determined using a homemade goniometer and parafilm
(Bemis Co., Inc., Neenah, WI, USA) stripes as hydrophobic surfaces. 10
L of each FFS were deposited on the surface of parafilm strip fixed on
the horizontal stage, and the images of each FFS drop were captured
using a fixed digital microscopic camera (PS Pro, China) at the moment
of contact of the drop with the surface (0 time) and after 30 s. Contact
angles between baseline of the FFS drops and the surfaces were then
measured using Image J software. Five measurements for each FFS was
reported as the average of its contact angle value.

2.9. Cardoon seed protein-based film characterization

2.9.1. Colour, opacity and density measurements

The colour parameters of CP-based films prepared in the absence or
presence of different concentrations of CLEs were measured using a
Mightex® HRS series compact CCD spectrometer HRS-VIS-025
(Mightex, Toronto, ON). All measurements were made at 5 random
positions of each film. The colour parameters, including L as well as “a”
and “b” values, indicate lightness/darkness (0-100), greenness/redness
(—60 to +60) and blueness/yellowness (—60 to +60), respectively, of
the materials tested. Total colour difference (AE) was determined by the
following equation:

2 -

AE. =/(L'~ LY +(@ — a +(b" -

by’ 3
where L* (99.94), a* (—1.07) and b* (3.74) were the colour parameter
values of the standard white tile (Bai et al., 2019).

Film opacity was evaluated by a spectrophotometer according to the
method deseribed by Taghavi Kevij et al. (2020). The film specimens (4
em x 1 cm) were attached to the cell and inserted into a spectropho-
tometer. The empty cell was used as a blank and the absorbance of each
film specimen was read at 600 nm. The opacity of the films was calcu-
lated as a ratio between the obtained absorbance value and the film
thickness (mm).

Density was determined according to the procedwe described by
Cruz-Diaz, Cobos, Fernandez-Valle, Diaz, and Cambero (2019) with
some modifications. The film samples (2 em x 2 em) were weighed, their
thickness measured at three random places and, finally, the dry matter
density was calculated as the ratio between the weight and volume of
each film (thickness x film surface area). All the analyses were carried
out in triplicate.

2.9.2. Fourier transform infrared (FTIR) spectroscopy

The interactions between CLE and CP in the film matrix were
investigated by recording the FT-IR spectra using FTIR Nicolet 5700
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Infrared spectra analysis was performed using the Omnie software in the
range of 4000-500 em™ ' with a spectral resolution of 2 em ™.

2.9.3. Scanning electron microscopy analyses

Film microstructure was examined by both surface and cross section
analysis using a field emission scanning electron microscope (FE-SEM,
FEI Nova NanoSEM450, Thermo Fisher, Scientific, MA, USA). In order to
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prepare the films for cross-sectional analysis, each sample was cryo-
fractured in liquid nitrogen, then coated with a thin layer of gold and
platinum using a vacuum sputter coater and, finally, observed at an
accelerating voltage of 5 kv.

2.9.4. Mechanical properties and thickness

Film thickness was measured from the average of the thickness
determined at five different locations of each film using an electronic
digital micrometer (IP65 Alpa Metrology Co., Pontoglio, Italy, sensi-
tivity 0.001 mm). Film tensile strength (TS), Young's modulus (YM) and
elongation at break (EB) were determined according to ASTM D852 - 18
(1997) method using an Instron universal testing instrument (Model
5543 A, Instron Engineering Corp., Norwood, MA, USA), with a 1000 N
load cell. The film strips (8 em x 1 cm) were fixed between two grips of
the instrument with an initial grip distance and crosshead speed of 40
mm and 5 mm/min, respectively.

2.9.5. Hydrophilicity properties

Film moisture content was evaluated by the method of Roy and Rhim
(2020) by weighing each film sample (2 em x 2 cm) before and after
drying in an oven at 105 °C for 24 h. Moisture content was caleulated as
the percentage of the film weight loss with respect to the initial weight of
the film.

Water solubility of the films was measured according to the pro-
cedure of Adilah, Jamilah, Noranizan, and Hanani (2018) with some
slight modifications. The initial weight (W of each film sample (2 cm x
2 em) was obtained by oven drying at 105 °C for 24 h. The dried films
were then immersed in 30 mL of distilled water and stirred in a shaker
incubator at 25 °C for 24 h. After that, the final weight (W) of the
samples were obtained by separating the non-soluble parts of the films
and drying in oven at 105 °C for another 24 h. Finally, water solubility
was caleulated using the following equation:

Water solubility (%) = [(W; - W) /W;] x 100 “@

Film swelling ratio was measured according to the method of Roy,
Rhim, and Jaiswal (2019). The initial weight (Wi) of each film sample (2
cm x 2 em) was measured and, then, the films were immersed in 30 mL
distilled water at 25 °C for 1 h. After that, the excess water was drained
with filter paper, the surface water of films was dried with an absorbent
paper and, finally, the films were weighed again (W,). Film swelling
ratio was calculated using the following equation:

Swelling ratio (%) = (W-W;) »x 100/Wi (5)

The surface wettability of film samples was studied using a home-
made water contact analyser. Each film strip was placed on the hori-
zontal stage and then made in contact with 10 pL of distilled water. The
image of the water drop was immediately captured using a fixed digital
microscopic camera (PS Pro, China). The contact angle between water
drop and the film surface was measured by an Image J software and five
measurements were performed to caleulate the average of the contact
angle value of each film sample.

2.9.6. Gas and water vapor permeability

Film permeability to WV water vapor, O, and CO, was measured in
duplicate for each film, according to the modified method ASTM D3985
- 05 (2010), ASTM F 2476-05 (2005), ASTM F1249-13, 2013 using a
MultiPerm instrument (ExtraSolutions s.r.l., Pisa, Italy). After condi-
tioning the film samples for 24 h at 50% RH, they were placed into the
aluminium masks and their exposed surface area was reduced to 5 cm”.

2.9.7. Statistical analysis

The experiments were always performed in triplicate and in a
completely randomized design. In order to determine the significant
difference between treatments, one-way analysis of variance (ANOVA)
and Duncan’s multiple range tests (p < 0.05) were done using the
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Statistical Package for the Social Sciences (SPSS19, SPSS Inc., Chicago,
IL, USA) software. Pearson correlation (r) to measure the strength of the
linear relationship between TPC and antioxidant activity were calcu-
lated using the same software.

3. Results and discussion

3.1. Cardoon leaf extract preparation and evaluation of phenol content
and antioxidant activity

CLE was obtained by two different methods: conventional macera-
tion and Naviglio® extraction. Both processes were carried out using
100% ethanol as solvent, collecting samples after 2, 4, 8 and 24 h. The
extracts were analysed and compared in terms of total phenol content
(TPC) using Folin-Ciocalteau assay. Naviglio® extracts were charac-
terised by a higher TPC than maceration extracts regardless the
extraction time (Fig. 1, A). In particular, Naviglio® CLE showed an in-
crease in the TPC over the time, from 86.8 = 3.5 mg GAE/L (corre-
sponding to 140 mg GAE/100 g (fresh weight FW) of leaves at 2 h to
147.2 + 4.4 mg GAE/L (corresponding to 230 mg GAE/100 g (FW fresh
weight) of leaves at 24 h.

These results are in agreement with TPC of leaves of several arti-
choke cultivars, ranging from 141.7 + 20.5 to 264.5 + 44.7 mg GAE/
100 g (FW fresh weight) of leaves extracted using hydro methanolic
solution (Rouphael et al., 2016). On the contrary, TPC did not change
significantly in leaf samples obtained by the maceration method at the
different extraction times. In particular, the highest value of TPC ob-
tained by maceration after 24 h was lower than that detected after 2 h by
Naviglio® extraction. Furthermore, no further increase in TPC was
observed over 24 h extraction by both methods.

It is worth noting that, by using Naviglio® extractor, the values of mg
GAE/L and mg/mL of extract showed a positive correlation with time
increase (r = 0.915), since an increase in TPC content was achieved by
prolonging the extraction time. In fact, the amount of GAE/g (dry weight
DW) in the extracts did not significantly change with the time (Fig. 1, B).
On the contrary, in the case of CLE obtained by maceration, no linear
correlation was determined between mg GAE/L and mg/mL (r = 0.067):
the highest amount of GAE/g (DW dry weight) was achieved after 2 h
and significantly decreased thereafter, indicating an increase of com-
ponents in the extracts other than phenols. Naviglio® extraction has
been recently applied reported as a green technology for the to the re-
covery of phenolic compounds from different sources types of solid
matrix (Naviglio et al.,, 2019; Panzella et al., 2020). Up to 69.9 + 7.3 mg
GAE/g of extract have been obtained from the flowering aerial parts of
Schizogyne sericea using both water and ethanol as solvents (Caprioli
et al., 2017), whereas Posadino et al. (2018) have reported the extrac-
tion of phenols from wine waste (Cagnulari Grape Marc) using water:
ethanol (60:40 v/v) as solvent with a recovering of 4000 mg/L + 0.05
TPC containing specific anthocyanins. Moreover, the extraction of
9210.4 + 45.8 mg GAE/L has been reported from crushed, dried and
shredded grapes using water as solvent (Gallo et al., 2019) and aqueous
vine shoot extracts, resulting into high phenolic content, have been
obtained by Naviglio® method (Sanchez-Gomez, Zalacain, Alonso, &
Salinas, 2014). Djeridane et al. (2006) reported that TPC in plants of
Asteraceae family was higher than that detected in several other plants
reported in literature, probably due to the ability to grow in harsh
habitat conditions. Polyphenols extraction from cardoon leaves has been
carried out by using different solvents such as ethanol, methanol or
hydroalcoholic mixtures (Barbosa et al., 2020). According to Ramos
etal. (2014), 22.6 GAE/g (DW dry weight) of extract were obtained from
C. cardunculus L. var. altilis using methanol/water/acetic acid
(49.5:49.5:1) after removing the lipophilic fraction. Similarly, 14.79 mg
GAE/g (DW dry weight) of extract were obtained by using methanol
(Falleh et al., 2008), and 50 mg GAE/g (DW dry weight) of extract were
obtained by subsequent extraction with ethanol (Kukic et al., 2003).
These differences in TPC reported in literature may be related to
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Fig. 1. A) Total phenolic content in cardoon leaves extracted by Naviglio® and maceration methods. CLE were analysed by using the Folin-Ciocalteau reagent.
Values with different small letters (a—e) are significantly different (Duncan’s multiple range tests, p < 0.05). B) Comparison of extraction efficiency of the two
methods. Gallic acid equivalent (GAE), dry weight (DW). Further experimental details are given in the text.

intrinsie factors, such as genetics, as well as extrinsic ones, including
geographical location, handling methodologies, storage, and extraction
procedures (Fratianni et al., 2007). In addition, the distribution of see-
ondary metabolites, such as polyphenols, may be dependent on the life
cycle stage of the plant (Del Bano et al., 2003). The values of GAE/g (DW
dry weight) detected in this work by using Naviglio® extractor fall
within the range reported in literature, demonstrating the applicability
of this methed to the cardoon leaves.

Antioxidant activity of samples collected at different extraction times
with both methods was evaluated using ABTS radical cation decolour-
isation and DPPH radical scavenging activity assays. Both methodolo-
gies are based on the reaction of the radicals (DPPH" and ABTS") with
the antioxidant molecules which can be determined by spectrophoto-
metric analysis (Dawidowicz, Wianowska, & Olszowy, 2012; Re et al.,
1999). ABTS assay is commonly used for both hydrophilic and hydro-
phobic antioxidants, whereas DPPH is more efficient for hydrophobic
systems as it is dissolved in organic solution (Bitencourt,

Favaro-Trindade, Sobral, & Carvalho, 2014; Floegel, Kim, Chung, Koo,
& Chun, 201 1). Regardless the assay method applied, Naviglio® extracts
showed higher scavenging activity than the samples obtained by
maceration (Fig. 2).

In particular, all the samples obtained by Naviglio® extractor dis-
played up to two and three fold the antioxidant activity with respect to
the samples obtained by maceration, measured with either DPPH or
ABTS assays, respectively. Furthermore, Naviglio® extract showed an
increasing antioxidant activity as the extraction time inereased, ranging
from 41.2% + 3.4 at 2 h of extraction to 64.5% + 0.4 at 24 h of
extraction using DPPH assay. These results reflect the same trend
observed for the TPC determination, since the antioxidant activity of
Naviglio® extract evaluated over the extraction time correlates with the
TPC measured in the extract, showing highly significant correlation
coefficients (r) (0.994 and 0.71) in both DPPH and ABTS assays. The
observed correlation between TPC and antioxidant activity supports the
hypothesis that this class of compounds directly contributes to the free

N NaviglioR BN Maceration

A 00 g '
3 80 ~ 80
£ =
= a —
= 60 b b :? 60
2 o E
= -
= 40 g 40
E ] . g ¢ |2
£ 2] < 20
0
Time (h) Time (h)
C Naviglio® Extraction Maceration Extraction
umol TE/ nmol TE/
Sample ng TE/g FW 100g FW ng TE/g FW 100g FW
2h 912.4 364.5 652.9 306.7
4h 1107.8 442.6 728.3 333.0
8h 1199.4 479.2 750.5 305.5
24 h 1401.9 560.1 676.0 3723

Fig. 2. Antioxidant activity of cardoon leaf extracts obtained by Naviglio® and maceration methods detected following DPPH (A) and ABTS (B) assays. Values with
different small letters (a—d) are significantly different (Duncan’s multiple range tests, p < 0.05)). Comparison of antioxidant activity of the extracts are expressed as

ratio of Trolox equivalents (TE) and fresh weight (FW) of extracts (C).
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radical scavenging activity of the extracts.

It is worthy to note that the extract obtained by maceration does not
follow the trend exhibited by the Naviglio® extract, showing an almost
constant scavenging activity over the time (Fig. 2), in agreement with
the TPC data. The antioxidant activity values measured in Naviglio CLEs
are consistent with those reported in literature for the extracts of leaves
of other species of Cynara genus. A radical scavenging activity in the
range of 28.7%-94% has been reported for Green Globe and Violet
artichoke (Cynara scolymus L.) varieties (Ben Salem et al., 2017; Biel,
Witkowicz, Piatkowska, & Podsiadlo, 2020). When referred to the Tro-
lox standard, the antioxidant activities of the samples obtained with
Naviglio® extractor were higher than those reported for methanolic
extracts of leaves from Cynara cardunculus var. ferocissina (Madeira
cardoon), expressed in the same way (176 pmol eq. Trolox/100 g)
(Gouveia & Castilho, 2012).

3.2. Characterization of cardoon leaf extract

The characterization of the components of the Naviglio® extracts at
24 hwas carried out by GC-MS and ' H NMR spectroscopy. The panel a)
of Fig. 3 shows a typical chromatogram of the extract, where the peaks
were identified by comparing their mass spectra with the NIST14s
database and with literature data (Mathe et al., 2004; Ramos et al.,
2013). The GC-MS chromatogram provides qualitative information on
the chemical composition of the CLE The volatile pentacyclic tri-
terpenes and sesquiterpenes, known for their antioxidant activity, are
the main families of lipophilic components previously identified in the
CLE (Ramos et al., 2013; Scavo, Rial, et al., 2019). In particular, cyn-
aropicrin (CjgH2206) and gmsheimin (Ci15H1504) (RT = 35.61-37.25
min) have been identified in higher amount in the leaves than in other
parts of cardoon and globe artichoke (Eljounaidi et al., 2015; Ramos
etal., 2013; Rouphael et al., 2016). Grosheimin has also been previously
reported in globe artichoke (Bernhard, 1952). Since the structures of the
two sesquiterpene lactones are similar, it was not possible to identify
their specific molecular fragmentation. Fatty acids (RT = 19.17 min),
long-chain aliphatic aleohols (RT = from 19.50 to 22 min) and some
aromatic compounds were also detected in traces. In particular, linoleic
acid was identified, as also confirmed by 'H NMR characterization
(Fig. 3, panel b) (Ramos et al., 2013; Sobolev, Brosio, Gianferri, & Segre,
2005). The signal at 31.26 min is aseribable to squalene, whereas the
signals corresponding to pentacyclic triterpenes fall in the range
23.45-29.73 min. Finally, the signals of hydrophobic long chain alkanes
is visible at the range 40-42.5 min. Pentacyclic triterpenes have been
identified as the main liphophilic constituents of C. cardunculus L. var.
altilis, although less present in the leaves, where they represent only 8%
of total detected compounds. On the other hand, fatty acids are reported
to be mainly concentrated in the leaves, especially the saturated ones
(Ramos et al., 2013). Furthermore, Rouphael et al. (2016) reported a
wide range of phenolic compounds, including flavenoeids, hydroxyein-
namic acids, tyrosols, and lignans, in the extracts of leaves of different
cultivars of artichoke. The characterization by 'H NMR spectroscopy
confirmed the presence of lupeol (Reynolds et al., 1986), and pheo-
phytins (Sobolev et al., 2005) (Fig. 3, panel b). The cynaropicrin, a well
known bioactive molecule endowed with antioxidant activity, was
clearly identified by means of '"H NMR in the extract, because of its
typical signals. A semi-quantitative evaluation of its content respect to
all other components was carried out because it was possible to integrate
the signals of cynaropicrin by taking as a reference the signal of -CH2
protons at 4' position, having a theoretical integral value of 2 and an
observed experimental integral value of 0.85. When considering that the
integral value of all protons present in the spectrum (range 0.5-6.5 ppm)
is 84.14, it results that the proton of cynaropicrin correspond to the 11%
of the protons present in the mixture (Fig. 3, panel ¢).

Finally, CLE was further analysed by ultrafiltration to determine the
average molecular weight of its components. No retention of high mo-
lecular weight molecules was determined after ultrafiltration with
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neither 10 kDa nor 3 kDa cut-off membranes, indicating that CLE con-
tained molecules smaller than 3 kDa.

3.3. Cardoon protein-based films

3.3.1. Zeta potential and particle size of film forming solutions

The data reported in Fig. 4 show that CPs were positively charged in
the acidic pH range, since the detected zeta potential was found to in-
crease from a value of about —40.00 mV at pH 12 to that of about —30
mV at pH 7.0 and 0 mV just under pH 4.0, indicating that the electro-
static repulsion pattern was gradually modified as a result of the gradual
deprotonation of carboxyl groups and protonation of the amino groups
of each CPs present in the sample. As far as the CP particle size, it also
varied, like zeta potential, as a funetion of pH. In fact, at pH < 5 high
molecular mass protein species were present in the solution, likely
because the isoelectric point of CPs was between pH 4 and 5 where the
zeta potential value was around 0 mV. CP zeta potential and particle size
were measured also in FFSs prepared at pH 12 by varying the concen-
trations of both proteins and GLY, used as plasticizer. All the FFSs tested
were quite stable, regardless of protein and GLY concentration, zeta
potential value fluctuating between —28 mV and —33 mV (Table 1).

As far as the particle size, it did not change by varying the GLY
content, but it significantly increased by enhancing CP concentration,
likely as a consequence of protein aggregation. However, the observed
size distribution in the range of 300400 nm is in agreement with pre-
vious results obtained with protein-based FFSs prepared by using other
oilcakes (Mirpoor et al., 2020, 2021).

3.3.2. Thickness and mechanical properties of cardoon protein-based films

FFSs previously analysed for the particle size and zeta potential have
been used for the preparation of bio-plasties by the casting method. It is
worthy to note that the minimum GLY concentration to obtain handle-
able films under the described experimental conditions was 30% (w/w
of CP), since the films cast in the absence or lower amount (10 and 20%)
of plasticizer were brittle and not able to be peeled off from the plates.
The handleable films were thus characterized for their thickness and
mechanical properties (e.g. tensile strength, elongation at break and
YMYoung's modulus) (Fig. 5).

As expected, the film thickness was found to increase by enhancing
CP concentration independently on GLY amount present in the FFSs.
Conversely, all the parameters characterising the mechanical properties
of the films changed by varying both CP and plasticizer concentrations.
In fact, TS tensile strength and YM Young’s modulus decreased whereas
EB elongation at break increased by enhancing GLY amounts at all the
CP concentrations used. On the other hand, the investigated mechanical
properties increased as function of CP amount. This effect was the result
of the well known capacity of the plasticizer to increase the free volume
and the polymer mobility by decreasing the attractive intermolecular
forces into the protein matrix. Porta, Di Pierro, Roviello, and Sabbah
(2017) also observed a similar effect for bitter vetch protein-based films
prepared with two different plasticizers, such as GLY and spermidine.
Sun et al. (2019) demonstrated that such phenomenon oeccurs also with
carbohydrate-based materials, since they reported that chitosan/starch
blended films had a greater extensibility when plasticizing components
were added. In conclusion, among the different films produced, the one
obtained from 400 mg of CP and 50% GLY was selected for the further
investigations, possessing the highest EB elongation at break (154.19 =
8.25) and acceptable TS tensile strength (1.69 + 0.33) and YM Young's
modulus (53.59 + 6.89) (Fig. 5).

3.3.3. Zeta potential, particle size, contact angle and antioxidant activity of
cardoon protein-based film forming solutions containing cardoon leaf extract

FFSs, prepared with 400 mg CPs and 50% GLY, were added with
different amounts of CLE in order to test their zeta potential, particle
size, contact angle and antioxidant activity as well as the properties of
the derived films. Regarding the particles, it should be mentioned that
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Fig. 4. Cardoon protein zeta potential and particle size measurements vs different pH values.

Table 1

Effect of different concentrations of cardeon proteins (CPs) and glyecerol (GLY)
on particle size and zeta potential on CP film forming solutions prepared at pH
12%

CPs GLY (% w/ Particle size (d. Zeta Potential PDI
(mg) w) nm} (mV)
200 30 312.7 + 3.7° —31.50+1.49% 044 £
0.03¢
40 300.2 = 3.5° ~3163=058% 043 =
0.02°
50 310.6 + 2.7° ~32.56 + 1.42¢ 0.42 +
0.02°
300 30 379.3 + 7.1° -2063+1.61% 052+
0.04%
40 379.0 £ 10.2° ~2070=0.85> 051 £
0.02"
50 381.8 + 16.5" ~2945+1.52% 053 +
0.08"
400 30 436.2 + 4.8% —28.51 + 0.40% 0.60 +
0.02*
40 435.0 + 6.3* -28.78 + 0.86° 0.61 =
0.04%
50 433.3 £ 5.9% —29.17 + 0.46 0.60 =
0.02*

 Different small letters (a—d) indicate significant differences among the values
reported in each column (Duncan’s multiple range tests, p < 0.05). Poly-
dispersion index (PDI). Further experimental details are given in text.

they consist of different kinds of proteins, some fibres and phenols
(coming from the seed oilcakes), glycerol used as plasticizer and finally,
as far as the activated FFSs, the CLE. From the performed experiments, it
is possible to note that particle size of CPs FFS increased by incorpora-
tion of higher concentration of antioxidant in the FFS compared to the
control sample, as reported in Table 2. These results could be attributed
to the interactions between the CP functional groups and the phenolic
hydroxyl groups of antioxidants that formed larger CPs polymers that
inerease the polydispersity index (PDI), that is an indicator of relative
variance in the particle size distribution. These results are in agreement
with a linear inecrease in polydispersity index. The protein surface
charges were also affected by the addition of antioxidants and all the
FFSs were stable with negative zeta potential higher than —28 mV shows
the high stability of solution (Bhattacharjee, 2016). As shown in Table 2,
zeta potential of CPs FFS decreased as a function of increasing the
concentration of antioxidants due to the participation of negative
functional groups of CPs in protein-polyphenols interaction and/or in-
teractions between the CPs surface and CLE that can modify the surface
charge of the proteins. The same results were reported for changing the
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surface charge of soy protein isolate and whey protein isolate based
films loaded by curcumin by Chen, Li, and Tang (2015) and Taghavi
Kevij et al. (2020), respectively.

The contact angle of the different FFSs was measured on parafilm,
the semi-transparent, flexible film composed of a proprietary blend of
waxes and polyolefins currently used in research laboratories. The re-
sults reported in Fig. 6 clearly show that the addition of increasing
amounts of CLE significantly decreased the contact angle value of the CP
FFS in comparison to the control sample, thus indicating that the hy-
drophobicity of CP FFS significantly increased in the presence of
increasing CLE concentrations (Fig. 6).

The higher hydrophobicity of the FFS prepared in the presence of
CLE might be dependent on the decrease in the number of free hydro-
philic groups of CPs involved in the interactions between protein and
CLE components (Fathi, Almasi, & Pirouzifard, 2019).

Furthermore, FFS antioxidant activity was preliminarily evaluated
using the DPPH radical scavenging activity assay with the aim of
choosing the right amount of CLE to graft in the CP-based films. CP
containing FFS had a marked antioxidant activity also in the absence of
CLE and, whereas the antioxidant activity of the samples added with an
amount of CLE up to 3% were at the same level of the control, it pro-
gressively increased in the presence of 5, 10, 15 and 30% (w/w) CLE
(Fig. 7). For this reason, CP-based films were manufactured by preparing
FFSs containing 15% and 30% CLE.

3.3.4. FT-IR spectra of CP-based films incorporated wit CLE

The FT-IR spectra of CP-based films incorporated or not with CLE are
shown in Fig. 8. The sharp peaks in the spectrum of neat CP-based film in
the range of 1649 em™ are attributed to the amide I (C=0 stretching
vibrations) and in the range of 1544 em™ to the amide 11 (N-H bending
with C-N groups stretching vibrations) are the regions that employed to
study the secondary structure properties of proteins (Mohammadian
et al., 2019). The FT-IR results of the films incorporated with different
amounts of CLE showed a significant shift in the position of these peaks
to the lower wavenumbers. These alterations in the peak positions could
be attributed to new molecular arrangement in the film matrix due to the
interactions between the polypeptide chain of the protein and CLE
molecules (Moghadam, Salami, Mohammadian, Khodadadi, &
Emam-Djomeh, 2020). Moreover, there are the characteristic peaks
around 2878 em™ and 3270 enr’? in the GP-based films, that correspond
to the aliphatic C-H stretching vibrations of CH; functional groups and
O-H stretching overlapping N-H stretching vibrations, respectively. The
incorporation of CLE in the CP-based films matrix caused a considerable
shift in the position of these peaks (Chentir et al., 2019; Taghavi Kevij
et al, 2020). A common peak observed in the spectra of all the
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Fig. 5. Effect of different amounts of cardoon proteins (CPs) on the thickness and mechanical properties of films prepared at pH 12 and containing different glycerol
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Further experimental details are given in the text.

Table 2

Effect of different concentrations of cardoon leaf extract (CLE) on Z-average and
zeta potential of cardoon proteins (400 mg) film forming solutions prepared at
pH 12 in the presence of 50% glycerol (GLY)".

CLE (9% w./w) Mean particle size (d.nm) Zeta potential (mV) PDI (%)

[} 411.00 + 8.20° 3435+ 141° 0.47 + 0.01°
15 441.4 + 10.08° -31.69 + 095" 0.52 + 0.03°
30 512,10 + 12.22° -28.84 + 112 0.58 + 0.02%

* Different small letters (a—d) indicate significant differences among the values
reported in each column (Duncan’s multiple range tests, p < 0.05). Poly-
dispersion index (PDI). Further experimental details are given in text.

investigated samples at around 1040 cm™ is related to OH group of
glycerol, indicating the incorporation of glycerol into the film matrix
(Moghadam et al., 2020).

3.3.5. Physicochemical, morphological and mechanical properties of
cardoon protein-based films containing cardoon leaf extract

Films containing different ratios of CP/CLE amounts were manu-
factured to investigate the effects of CLE on the formation of CP-based
materials. To this aim FFSs containing a constant presence of 400 mg
of total mass were prepared by increasing the percentage of CLE and
parallely decreasing the CP amount. The data reported in Table 3 indi-
cate that thinner films were obtained by reducing the content of CPs
until 70% and a concurrent inerease in the CLE amount to 30%.

At the same time the mechanical performance of the obtained ma-
terials was found to get worse having been observed a progressive

10
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decrease of all the parameters (TS, tensile strength, elongation at breal
EB and YM Young’s modulus). Therefore, these findings suggested to
test the influence of increasing CLE concentrations on the films manu-
factured with a constant CP amount (400 mg). Fig. 9 shows that the film
thickness slightly increased as a function of CLE amount present in the
film matrix, probably due to the interaction of CLE component(s) with
the CP polymeric chains, via

Hydrogen bonding and hydrophobic forces (Arciello et al, 2021). In
fact, polyphenols may lead to protein crosslinking, thus, increasing the
film thickness. These findings were consistent with the results of Hanani,
Yee, and Nor-Khaizura (2019) and Moghadam et al. (2020) who
observed the effects of pomegranate peel powder on fish gelatin and
mung bean protein films, respectively. In addition, both TS tensile
strength and YM Young's modulus of films containing 15% CLE were
found markedly increased, whereas only a lower, but significant,
reduction of the elongation at break EB value was detected in the films
prepared in the presence of the same amount of CLE compared to the
control samples. However, it should be noted that, by enhancing CLE
concentration to 30%, both FS tensile strength and ¥M Young's modulus
values decreased, whereas elongation at break EB slightly increased,
with respect to the values detected with films containing 15% CLE.
These findings suggest that hydrogen bonding and/or hydrophobic in-
teractions between some CLE components, possibly polyphenols, and CP
reactive groups might be responsible for the observed reinforcement of
the film network at lower CLE concentrations (Moghadam et al., 2020).
Conversely, higher amounts of CLE active molecules could reduce TS
tensile strength and increase the flexibility of the CP-based films due to
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Fig. 6. Images of drops on parafilm surface,
captured immediately (A) and after 30 s (B), and
contact angle (8) values of film forming solution
(FFS), containing cardoon protein (CP) and 50%
glycerol, prepared at pH 12 in the absence (1) or
presence of 15% (2) and 30% (3) of cardoon leaf
extract (CLE). Different small letters (a—c) indicate
significant differences among the values reported in
each column (Duncan’s multiple range tests, p <
0.05). Further experimental details are given in the
text.
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Fig. 7. Antioxidant activity of cardoon protein-based film forming solutions
containing different concentrations of cardoon leaf extract (CLE) determined by
DPPH assay. Values with different small letters (a—d) are significantly different
(Duncan's multiple range tests, p < 0.05). Further experimental details are
given in the text.

their possible plasticizing effects, as previously reported for bitter vetch
protein-based films added with different polyphenol containing extracts
(Arabestani, Kadivar, Shahedi, Goli, & Porta, 2016) or for whey protein-
and fish gelatin-based films in which curcumin and mango peel extracts
were, respectively, incorporated (Adilah et al., 2018; Taghavi Kevij
et al., 2020). The films functionalized with 15% CLE were slightly less
flexible than the ones prepared in the absence of the phenolic compo-
nents showing a lower elongation at break, however a significant in-
crease in tensile strength and Young's modulus was observed as a result
of CLE incorporation. The same observations were reported by Arciello

et al. (2021) who studied whey protein-based bio-plasties prepared with
the addition of phenolic extracts from Pecan nuts.

Furthermore, it is well known that color parameters and opacity of
the films play a key role in consumers’ willingness to choose packed food
products, and, in addition, these parametes can affect food quality,
specially for the foods that are sensitive to the light (Baek, Kim, & Song,
2018). As shown in Fig. 10 and inferred from the data reported in
Table 4, all the CP-based films had low L*, b* and a* values determining
a dark greenish-yellow color of the films. The presence of CLE in the
CP-based films increased their opacity and the a* and b* values by
increasing its concentrations. The higher a* and b* values of films ob-
tained in the presence of higher amount of CLE indicate that the films
were more close to green and yellow colors, compared to the control
film, probably due to the natural pigments present in CLE. Moreover,
also the lightness (L* value) of the film samples was reduced by
increasing CLE concentrations. The density of CP-based films signifi-
cantly increased by increasing CLE concentration, suggesting that the
formation of hydrogen and hydrophobic bonds between proteins and
CLE components inereased by inereasing CLE concentrations and led toa
more compact film microstructure. Similar behaviour has been previ-
ously reported by Riaz et al. (2018) who observed an increasing trend in
the density of chitosan-based films by inereasing its polyphenols
content.

As ar fas as the structural morphology, the films prepared in the
absence of CLE exhibited some irregularities and large pores in both
surface and matrix (Fig. 10, B]1 and C1), whereas the microstructural
images of the CLE containing films appeared more homogeneous,
continuous and smooth. On the other hand, the film prepared in the
presence of 15% CLE seems smoother and more compact than that cast
with 30% CLE especially in the cross-section where several holes, voids
and discontinuities are quite visible (Fig. 10, B2 and C2 and B3 and C3).
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Fig. 8. FT-IR spectra of films prepared in the absence (A) and the presence of 15% (B) and 30% (C) of cardoon leaf extract (CLE).

Table 3
Effect of different cardoon protein (CP)/cardoon leaf extract (CLE) ratios on the
thickness and mechanical properties of films prepared at pH 12°.

CP/CLE (% w/ TS (MPa) EB (96) YM (MPa) Thickness

w) (pm)

100 1.86 + 14121 + 6239 + 86.84 + 5.92%
023 6.14° 7.74°

90/10 1.64 = 132.83 + 56.47 + 77.31 + 5.47*
0.31* 5.27° 6.31%°

80420 120 = 107.62 = 4003 = 65.72 =
017" 7.41° 471" 6.28"

70/30 117 + 92,43 +6.08° 3415+ 49.32 + 4.88°
0.06" 5.73¢

2 Tensile strength (TS), elongation at break (EB), Young's module (YM).
Different small letters (a—) indicate significant differences among the values
reported in each column (Duncan's multiple range tests, p < 0.05). Further
experimental details are given in text.

3.3.6. Water resistance of cardoon protein-based films containing cardoon
leaf extract

The moisture content, solubility, swelling ratio and contact angle
values of CP-based films containing different amount of CLE are re-
ported in Fig. 11. It is well known that the moisture content of the
protein-based films is related to the free volume occupied by water
molecules that is in turn influenced by the conformation of the protein
and the number of exposed polar groups, and the consequent surface
polarity of the polymeric matrix (Saricaoglu & Turhan, 2020). The
CP-based films revealed a declining tendency for moisture content after
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incorporation of CLE components, probably due to their hydrophobic
properties that limited the water retention in the film matrix
(Emam-Djomeh, Moghaddam, & Yasini Ardakani, 2015; Saricaoglu &
Turhan, 2020). Similar results were obtained by Shams, Ebrahimi, &
Khodaiyan (2019) who studied the effects of the orange peel extract
added to nanocomposite films made with whey protein and gelatin. Also
the reduced tendency for water content of chitosan films observed after
incorporation of apple peel polyphenols (Riaz et al, 2018) seems in
agreement with the present results.

Furthermore, since both water solubility and swelling of the protein-
based films are considered as important factors for their possible ap-
plications, mainly in the humid enviroment (Batista, Araiijo, Peixoto
Joele, Silva, & Lourenco, 2019; Haghighi et al., 2019), also the effect of
CLE on these film features was analysed. The data reported in Fig. 11
clearly indicate that both water solubility and swelling ratio of the CLE
containing films significantly decreased in comparison with the control
CP films. In fact, the hydrophobic nature of several molecules present in
CLE might be responsible for the formation of a more compact protein
matrix able to maintain the integrity of the films upon their immersion
in water, as well as for the reduced interactions among protein and
water molecules.

In agreement with these results, Nur Hanani, Aelma Husna, Nurul
Syahida, Nor Khaizura, and Jamilah (2018) showed that the water sol-
ubility of gelatin/polyethylene bilayer films markedly improved after
their enrichment with different fruit peels.

Finally, it is well known that the contact angle is a valid indicator of
hydrophobicity of the film surface and that this parameter is affected by
different factors such as heterogeneity, surface roughness, particle and
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Fig. 9. Thickness and mechanical properties of cardoon protein-based films containing different concentrations of cardoon leaf extract (CLE). Values with different
small letters (a—c) are significantly different (Duncan’s multiple range tests, p < 0.05). Further experimental details are given in the text.
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Fig. 10. Images of films (A), prepared in the absence (1) and presence of either 15% (2) or 30% (3) of cardoon leaf extract, and of their SEM cross sections (B,
magnification 8000 x ) and surfaces (C, magnification 4000 » ). Further experimental details are given in the text.

pore size of the film matrix (Abdelhedi et al, 2018; Hebbar, Isloor, &
Ismail, 2017). As shown in Fig. 11, the incorporation of CLE into
CP-based films significantly increased their contact angle wvalues
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compared to those of control films. These findings suggest that the
presence of CLE components in the CP film matrix might increase the
smothness of the film swrface leading to an increase in the
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Table 4
Colour parameters, opacity and density of cardoon proteins-based films con-
taining different concentrations of cardoon leaf extracts (CLE).

CLE L a b AE Opacity Density

96, w/ (mm'j} {g/'cms)

w)

0 28.42 -2.25 13.82 72.22 14.89 + 119+
£087° 20100 £0.69° 154 017 0.01°

15 23.64 ~2.81 15.51 77.20 16.14 = 1.28
+1.03° 2007 +084" =108 035" 0.02"

30 20.44 -3.29 20.04 81.16 17.61 + 134+
+057°  +£0.15° +0.56° +1.12° 0.28 0.01*

“L, a and b values indicate lightness/darkness (0-100), greenness/redness (—60
to +60) and blueness/yellowness (—60 to +60), respectively; AE, total color
difference. Values with different small letters (a-c) are significantly different
(Duncan's multiple range tests, p < 0.05). Further experimental details are given
in the text.

hydrophobicity of their surface, as a consequence of the interactions
between CPs and CLE components able to decrease the number of pro-
tein hydrophilie groups. Inereasing of the surface hydrophobicity of
mung bean protein-based films enriched with pomegranate peel powder
was previously reported by Moghadam et al. (2020).

3.3.7. Film barrier properties of cardoon protein-based films containing
cardoon leaf extract

The resistance to water vapor (WV) permeation of CP-based films
prepared in the presence or absence of two different CLE concentrations
is reported in Table 5. CP-based films containing 15% CLE exhibited WV
water vapor permeability values lower than those observed by testing
CP films prepared in CLE absence, while WV water vapor permeability
was found significantly increased with respect to control samples in the
films obtained in the presence of CLE double concentration (30%). The
enhancement of WV water vapor barrier properties of films containing a
lower CLE amount could be attributed to the decrease of the free space
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Fig. 11. Moisture content, water solubility, swelling and contact angle of cardoon
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among the CP chains due to the formation of hydrogen bonds and/or
hydrophobic interactions among protein and CLE components that
could probably decrease the penetration and diffusion of WV water
vapor through the film matrix.

Conversely, the addition of higher amounts of CLE to the CP-based
FFS probably prevented an homogeneous distribution of the same
components in the film matrix, thus determining an opposite effect on
the WV water vapor permeability of the resulting films. In this regard,
Moghadam et al. (2020) reported that WV water vapor barrier proper-
ties of mung bean protein-based films increased in the presence of
pomegranate peel powder, whereas Adilah et al. (2018) did not observe
any significant change in WV water vapor permeability of the fish
gelatin films by adding increasing amounts of mango peel.

Furthermore, as shown in Table 5, even the permeabilities to both O,
and CO; of the CP films containing CLE were observed to significantly
decrease with respect to those of control films, probably as a conse-
quence of the lower number of pores observed by SEM in the film surface
and cross-section images (Fig. 10). More in particular, the interactions
between CP and CLE components might be responsible for the reduced
diffusion paths of the gas molecules through the film networks (Laufer,
Kirlland, Cain, & Grunlan, 2013). However, also the O, and CO,

Table 5
Water vapor (WV) and gas permeability of cardoon protein (CP)-based films
containing different concentrations of cardoon leaf extract (CLE)".

CLE (% w/w of CP) wv 0, €0y
(cm3 mmm 2d ' kPa’l)
[} 0.05 + 0.01* 2.24 + 0.01* 6.53 + 0.42%
15 0.02 + 0.01° 1.19 = 0.06" 1.89 +0.37"
0.08 + 0.01° 1.64 £ 0.08° 3.47 + 0.82°

® Different small letters (a—) indicate significant differences among the values
reported in each column (Duncan’s multiple range tests, p < 0.05). Further
experimental details are given in text.
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protein-based films containing different concentrations of cardoon leaf extract

(CLE). Values with different small letters (a—) are significantly different (Duncan's multiple range tests, p < 0.05). Further experimental details are given in the text.
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permeability values of CP films containing higher aumounts of CLE were
found to be higher than those containing 1596 CLE. Similar findings were
obtained by Galus and Kadzinska (2016) who reported an increase in gas
permeabilities by increasing almond and walnut oil concentrations in
the whey protein films. Therefore, also these data seem to reflect the
microstructure of the prepared films, since an increase in pores and
voids in the film network was observed in the films prepared with the
highest (30%) CLE concentration (Fig. 10, B3). Similar results were re-
ported by Bai et al. (2019) who studied the effects of different amounts
of quercetin on carboxymethyl chitosan based films. Nevertheless, it is
worthy to note that the behaviour in terms of barrier properties of the
films containing CLE is not far from that observed for another
protein-based bio-plastic, such as the one produced by using whey
proteins functionalized with a phenolic extract (30% w/w of proteins)
obtained from Pecan nutshell (Arciello et al., 2021). In fact, the authors
found out that the permeabilities towards water vapor and the two types
of gases performed by the whey protein film prepared with the extract
were found to be significantly lower compared to those of the unfunc-
tionalized one. The authors concluded that these results are useful for a
potential application of such bio-plastics in the food sector, since, to
keep food fresh, the water vapor permeability value should be main-
tained as low as possible. Furthermore, a higher O; barrier property is
also important since oxygen causes, for example, the rancidity of fatty
acids (Arciello et al., 2021).

3.3.8. Antioxidant activity of cardoon protein-based films containing
cardoon leaf extract

CP-based films containing CLE were tested for DPPH radical scav-
enging activity over time. Fig. 12 shows that the films freshly manu-
factured in the absence of CLE exhibited a marked antioxidant activity
and that the addition of 30% CLE improved this property since the
observed scavenging activity against DPPH radical of the films increased
form 30% up to 60%. The antioxidant activity of all films remained quite
stable after 30 days at room temperature, suggesting their potential
exploitation as active packaging for shelf life extension of foodstuffs.
Similar results were obtained by Moghadam et al. (2020) who deseribed
a range of scavenging activity from 14% to 65% for mung bean
protein-based films enriched with different amounts of pomegranate
peel powder, whilst Adilah et al. (2018) and Hanani et al. (2019) re-
ported an enhancement of the scavenging activity up to 89% and up to
72% for fish gelatin films added with mango kemel extract and pome-
granate peel powder, respectively. From Fig. 12 it also possible to note
that over a period of 70 days the antioxidant activity decreased roughly
of 25% for all the bio-plastics tested, likely because of the oxidation of
the phenolic compounds responsible of conferring the films with this
biological activity. Nevertheless, the materials functionalized with the
highest amount of CLE seem to be still endowed with the highest anti-
oxidant activity (45%) even after a period of 70 days, suggesting their
possible application in protecting some foods from the oxidation.

4. Conclusions

The objective of this paper was to valorise different Cynara cardun-
culus segments by extracting bio-based products useful for an integrated
application. A method for recovery of a functional cardoon leaf extract
(CLE) was set up and its composition analysis revealed the presence of
several low molecular weight molecules (such as two sesquiterpene
lactone, cynaropicrin and grosheimin) of potential attractiveness as
bioactive compounds. In addition, proteins extracted from cardoon
seeds were tested as raw material for producing, in the presence of
glycerol, manipulable bio-plastics endowed with promising mechanical
and barrier features, as well as antioxidant properties. Towards the
development of a Cynara cardunculus biorefinery, the obtained CLE was
added to the protein-based film forming solutions and the character-
ization of the derived films showed a significant improvement of all the
properties of the manufactured material. The CLE-containing films
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Fig. 12. Effect of different concentrations of cardoon leaf extract (CLE) on the
antioxidant activity of cardoon protein-based films measured by DPPH assay at
different times of storage. Values with different small letters (a—e) are signifi-
cantly different (Duncan’s multiple range tests, p < 0.05). Further experimental
details are given in the text.

appeared smoother and more homogenous, and showed also a higher
and lasting antioxidant activity that conferred a higher value to the
obtained bio-plastics. Therefore, all the presented data envisage Cynara
cardunculus as a potential biomass resource for the development of a
plant biorefinery devoted to the production of innovative bio-based
products according to the principles of the circular bio-economy. In
particular, the produced bio-plastics may be exploited for extending the
shelf-life of different kinds of foodstuffs due to the fact that, besides
showing good mechanical and barrier properties, they are endowed with
antioxidant features that are of a paramount importance for food pro-
tection. Nevertheless, a potential use of such biomaterials as mulching
sheets is also advisable.
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2.5.7 Evaluation of the neuroprotective effects of cardoon bioactive molecules

Nutraceuticals or functional foods with antioxidant properties have recently been the subject
of intensive investigation due to their capacity to act on the triad of conserved core
mechanisms underlying brain damage, which include: oxidative stress, neurotrophic factors
deficiency, and inflammation (Adelusi et al., 2021; Khadka et al., 2020).

Most plant extracts and pure bioactive ingredients typically have  a polypharmacological
profile, which today is considered more efficacious in preventing or attenuating neurological
diseases than drugs responding to the “one drug-one target” concept which prevailed in the
pharma industry in previous decades (Duran-Frigola et al., 2017; Youdim and Buccafusco,
2005).

Despite this, the pharmacological mechanism of the action of plant extracts was disclosed
only in few cases, and the molecular mechanisms underlying their biological activity and the
synergic action among the compounds of a phytochemical pool are mostly unknown.

The potential of polyphenols as neuroprotective agents against neurodegenerative diseases
(especially Alzheimer and Parkinson) and cerebral ischemia has been recently investigated,
demonstrating their beneficial effects thanks to their antioxidant properties and tissue
regenerative properties (Haddadi et al., 2020).

Other molecules contained in cardoon plants demonstrated neuroprotective properties, in
particular silymarin, an extract of Silybum marianum cardoon, containing a mixture of 3 main
substances (silibinin, silycristin and silydianin) and various minor components (Saller et al.,
2001). It is a flavonoid with a 1,4-dioxane ring containing a double bond between carbon 2
and carbon 3 in the benzopyran ring.
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Figure 2.27 Neuroprotective effects of silymarin.

The mechanism of silymarin is linked to its ability to reduce oxidative stress, to its anti-
inflammatory activity, to the ability to alter both the cellular apoptosis mechanism by
activating estrogenic receptors that have a neuroprotective effect when they are activated.
However, it has low solubility in water and, conversely, low bioavailability, making its
pharmacological use impracticable since only quantities between 23% and 47% of silymarin
reaches the systemic circulation after oral administration (Ullah and Khan, 2018).
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In light of the recent studies on the neuroprotective properties of various plant extracts and
cardoons in particular, this thesis has investigated the bioactive properties of different
extracts of cardoon leaves in rescuing neuronal development arrest in an in vitro model of
Rett syndrome (RTT). The rationale of this approach stems from the observation that many
plant-derived medications typically have a polypharmacological profile with antioxidant, anti-
inflammatory, and neurotrophic properties. Polypharmacological property, i.e., the ability of
a single drug to act on multiple targets, is considered potentially a more successful strategy
than drugs with a single target, especially in disorders with syndromic, polysymptomatic
characteristics. RTT is the second leading genetic cause of mental retardation in females
and is mainly caused by mutations in the X-linked MECP2 gene (Amir et al., 1999). RTT is
considered a paradigmatic brain disease as it presents the classical triad of core
mechanisms, comprising oxidative stress, neurotrophic factors deficiency, and inflammation
common in most neurodevelopmental and neurodegenerative diseases (Leoncini et al.,
2015). A major hallmark of RTT is brain atrophy with smaller and more closely packed
neurons having decreased dendritic complexity causing general neural network
malfunctioning (Bauman et al., 1995; Weng et al., 2011).

Clinically, RTT patients show developmental arrest, loss of speech and motor abilities,
seizures, breathing abnormalities, and behavioural problems including autism (Belichenko
et al., 1994; Fukuda et al., 2005; Kaufmann et al., 2000). Rett syndrome has been shown
to be reversible in transgenic mice (Guy et al., 2007) but clinical trials have had so far limited
success in reverting RTT (Clarke and Abdala Sheikh, 2018).

Neuronal atrophy can be reproduced in vitro, and figure 2.27 shows several examples of
neurons corresponding to specific neuronal diseases: autism spectrum disorder (ASD),
schizophrenia, Alzheimer’s disease, Fragile X syndrome, and Down syndrome.

Focusing on the Rett syndrome neuron, it is evident that it has fewer and shorter dendrites
(Kulkarni and Firestein, 2012).
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Figure 2.28 Neuronal atrophy is a common feature of several neuronal diseases.
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Development of neurons occurs in six stages as is shown in figure 2.29. At day 0.25 neurons
present lamellipodia. In the second stage at DIV 0.5 we can see minor processes that
became primary dendrites at the 3° stage (from DIV 1 to DIV 3). The primary dendrites
stabilize between DIV 4 and DIV 6, at the 4° stage of the development. Then there is a
characteristic dynamic phase with branch instability, so that dendrites grow and retract
dynamically until DIV 10-DIV15 that correspond to the last phase number 6, during which
there is the final maturation of WT neurons. This is the physiological outgrowth of WT
neurons.

In this scenario, RTT neurons show a delay in development starting from DIV 3 ending up
with an incomplete synaptic coupling at DIV 10-15, when neurons should reach the mature
morphology. Toward the 7 stages, from DIV 1 to DIV 21, we can see that at the level of the
DIV 6, DIV 11-12, and DIV 14 to DIV 16 there is a significant reduction in the RTT TDL in
respect to the WT. These DIV represent 3 different potential therapeutic windows in our in
vitro model for Rett syndrome.
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Figure 2.29 Stages of development of neurons.
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On the basis of the literature evidence, the evaluation of the effect of cardoon leaves extract
on wild mouse neurons was studied in collaboration with the neurobiology group of the
Department of Life Sciences at the University of Trieste.
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The extracts investigated in this study were obtained from plants harvested in spring and
autumn 2020 in Terni plantation and leaves were extracted either with scCO2 or with the
Naviglio® methods: scCO2Au, scCO2Sp (Table 2.2 section 2.5.1) and NaviglioSp (Table
2.3, section 2.5.3).

This shows that the harvest period and maturity stages have a relevant effect on the
chemical composition of extracts obtained from plant tissues. As already reported in the
literature for various plant species, early maturity coincides with the highest content of
phenolic compounds (Mandim et al., 2021).

This work was focused particularly on triterpenes and sesquiterpene lactones because of
their known biological activities. Attention was paid also to squalene, a triterpene that is an
intermediate in the cholesterol biosynthesis pathways, widely distributed in nature (Huang
et al., 2009). Several studies show that squalene can effectively inhibit chemically induced
skin, colon, and lung tumorigenesis in rodents (Auffray, 2007).

Taraxerol, a triterpene that has been isolated from several plant species, was considered
because of its various pharmacological properties already demonstrated, such as the
acetylcholinesterase (AChE) inhibition activity in vitro. Taraxerol also has anti-amnesic
activity that may hold significant therapeutic value in alleviating certain memory impairments
observed in Alzheimer disease (Berté et al., 2018).

Lupeol is a significant lupine-type triterpene isolated in plants, fungi, and animals. This
bioactive molecule has several biological effects: anticancer, antiprotozoal, chemo-
preventive, and anti-inflammatory properties (Gallo and Sarachine, 2009). The biological
relevance of cynaropicrin has been previously described and commented on (section 2.2.3).

A comparison of the three extracts is presented in figure 2.30 that reports the GC-MS
chromatograms of the three mixtures.
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Figure 2.30 GC-MS chromatograms of the three extracts from cardoon leaves obtained
using different extractive technologies: a) Autumn harvest with scCO2 (scCO2Au); b)
Spring harvest with sc CO2 (scCO2Sp); c) spring harvest using Naviglio® technology

(NaviglioSp). FA=fatty acids; LCAA= long-chain aliphatic alcohols; AC=aromatic
compounds; PT= pentacyclic triterpenes; T=triterpenes; SL= sesquiterpene lactone; LCA=
long chain alkanes.

The GC-MS analysis provides information on the chemical components, which were
identified by comparing the corresponding mass values with data available from the
NIST14s database and in the literature. Details about the characterization are available in
sections 2.5.2 and 2.5.3 (figure 2.12, 2.13 and 2.19b).

Table 2.4 reports the concentration of the bioactive molecules calculated using calibration
curves performed with GC-MS analysis.
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Table 2.4 Composition of the principal bioactive molecules in the three solutions of cardoon
leaf extracts.

Composition* Composition* Composition*

in in in
scCO2Au scCO2Sp NaviglioSp
(w w1) (w w1) (w w)
Cynaropicrin 0.040 0.020 0.230
Squalene 0.480 0.390 0.110
3R-Taraxerol 0.070 0.030 <0.001
Lupeol 0.090 0.050 0.010

* Composition expressed as w w-! of each bioactive molecule /1 mg of extract.

The extracts obtained using scCOz, specific for very hydrophobic molecules, are very rich
in squalene. The rest of the hydrophobic extracts are mainly composed of waxes and fatty
acids. There is an increased amount of squalene in the autumn extract compared to leaves
collected in spring. The spring extract obtained with the Naviglio® method, employing ethanol
as solvent, is the richest in cynaropicrin.

Notably, the scCO2 extract obtained from plants harvested in spring 2020 at the Terni
plantation was able to induce a significant rescue of neuronal atrophy in RTT neurons, while
the scCO2 extract from the autumn 2022 harvest was only active on WT neurons.

The study also employed single pure bioactive molecules for specific biological tests:
cynaropicrin, squalene, 3R-taraxerol and lupeol. Interestingly, when bioactive molecules
were tested individually, no positive effect was observed on the neurons. A significant
neurotoxic effect of cynaropicrin was evident at different concentrations, both when using
the complex extracts (Naviglio® spring) and when using the pure molecule.

The results here reported pave the way for further studies to explore the application of
cardoon extracts but, even more importantly, the present study demonstrates that the
effective exploitation of the pharmacological potential of cardoon extracts requires a careful
determination of their composition.
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Abstract: This study investigates the bioactive properties of different extracts of cardoon leaves in
rescuing neuronal development arrest in an in vitro model of Rett syndrome (RTT). Samples were
obtained from plants harvested at different maturity stages and extracted with two different method-
ologies, namely Navig]jco@ and supercritical carbon dioxide (scCO3). While scCO; extracts more
hydrophobic fractions, the Naviglio® method extracts phenolic compounds and less hydrophobic
components. Only the scCO; cardoon leaves extract obtained from plants harvested in spring induced
a significant rescue of neuronal atrophy in RTT neurons, while the scCO; extract from the autumn
harvest stimulated dendrite outgrowth in Wild-Type (WT) neurons. The scCO; extracts were the
richest in squalene, 3B-taraxerol and lupeol, with concentrations in autumn harvest doubling those in
spring harvest. The Naviglio® extract was rich in cynaropicrin and exerted a toxic effect at 20 uM
on both WT and RTT neurons. When cynaropicrin, squalene, lupeol and 38-taraxerol were tested
individually, no positive effect was observed, whereas a significant neurotoxicity of cynaropicrin
and lupeol was evident. In conclusion, cardoon leaves extracts with high content of hydrophobic
bioactive molecules and low cynaropicrin and lupeol concentrations have pharmacological potential
to stimulate neuronal development in RTT and WT neurons in vitro.

Keywords: cardoon leaves; plant extracts; bioactive molecules; Rett syndrome; bioeconomy;
supercritical carbon dioxide; Naviglio®

1. Introduction

Nutraceuticals or functional foods with antioxidant properties have recently been the
object of intensive investigation due to their capacity to act on the triad of conserved core
mechanisms underlying brain damage, which include oxidative stress, neurotrophic factors
deficiency and inflammation [1,2]. Most plant extracts and pure bioactive ingredients typi-
cally show a polypharmacological profile [3,4] but the molecular mechanisms underlying
their biological activity and the synergic action among the compounds of a phytochemical
pool are mostly unknown. More importantly, natural extracts consist of complex mixtures
whose composition depends upon the extraction methods employed [5]. Green tea polyphe-
nols, resveratrol (a non-flavonoid polyphenol of red grapes), and curcumin (a polyphenol
present in turmeric, Curcuma longa) are examples of such natural products. More recently,
Omega 3 supplements have also been considered for neurodevelopmental brain diseases [6].
Interestingly, Silymarin, which is a mixture of polyphenolic flavonelignan, isolated from
the seeds of Silybum marianum, has recently been introduced as supportive treatment for
Alzheimer’s and Parkinson’s neurodegenerative diseases [7].
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Cardoon (Cynara cardunculus L.), from the Asteraceae family, is a wild robust perennial
species native to the Mediterranean basin [5] and has been cultivated in this region since
ancient times with high productivity. It is naturally present in harsh habitat conditions
characterized by high temperature, salinity [9] and drought [10,11]; therefore, it represents
a valuable model of biomass for biorefinery development not competing for land dedicated
to food crops. Cardoon biomass already finds applications in pulp and paper production
and power generation, but it can also be valorized for the production of bioplastics, bio-
lubricants [12], biopesticides, and ingredients for the cosmetic sector. More recently, cardoon
biomass was used as sustainable feedstock for the production of polyhydroxyalkanoates
(PHAs) [13]. Finally, cardoon biomass is also a rich source of valuable phytoconstituents,
such as polyphenols and terpenocids, with well-known nutraceutical and pharmaceutical
properties [14]. The leaves are known for their therapeutic potential as a diuretic, choleretic,
cardiotonic, antidiabetic and anti-hemorrhoidal agent [5] as well as anti-inflammatory,
anticancer, antioxidant, hepatoprotective, hypolipidemic, and antidiabetic activity [14].

Recent studies have shown the antioxidant activity of leaves extracts is strictly related
to the polyphenol fraction [15,16]. In this respect, several extraction methods of bioactive
molecules from cardoon leaves were previously described. Generally, leaves (dry or fresh)
are mixed with different polar solvents, such as ethanol, methanol, acetone, or alcoholic
solutions, and incubated with shaking [17-19]. An alternative to these traditional extraction
methods was the use of the Na.vigljo® extractor, based on a solid-liquid dynamic extraction,
which allows the recovery of phenolic compounds from different types of solid matrixes, at
short extraction times, with high yields and easiness of scalability [20].

This study explores cardoon biomass as a source of bioactive ingredients for applica-
tionin the treatment of Rett syndrome (RTT), a paradigmatic neurodevelopmental disorder
that presents the classical triad of brain disease core mechanisms [21]. Even if RTT is a
rare genetic disease affecting 1:10.000 girls worldwide, it represents the second leading
genetic cause of mental retardation in females [21]. RTT is mainly caused by mutations
in the X-linked MeCP2 gene [21] and is characterized by delayed neuronal development,
leading to brain atrophy with smaller neurons having decreased complexity of neuronal
dendritic processes [22]. Clinically, RTT patients show developmental arrest, loss of speech
and motor abilities, seizures, breathing abnormalities, and behavioral problems includ-
ing autism [23-25]. More specifically, using an in vitro model of RTT based on primary
neurcnal hippocampal cultures from MeCP2 gene-deleted mice (MeCP2 /Y mice) [26,27],
we have analyzed the effect of different extracts of cardoon leaves obtained from plants
harvested at different maturity stages and extracted with two different methodologies,
namely the Naviglio® and the supercritical carbon dioxide (scCO,) extraction methods. The
characterization of the main components of the different extracts allowed for the correlation
of the observed beneficial or toxic biological responses to different composition profiles of
the extracts.

2. Results and Discussions
2.1. Characterization of Cardoon Leaves Extracts

While scCO, is specific for the extraction of very hydrophobic fractions, the Nz;wiglio®
method is effective in extracting phenolic compounds and less hydrophobic components
thanks to the action of polar solvents. More generally, supercritical fluids extraction (SFE)
has the main advantage of process flexibility and allows for the elimination of polluting
organic solvents, thereby avoiding expensive post-processing of the extracts for solvent
elimination [28].

The obtained samples of cardoon leaves extracts (CLEs) are labelled in the following
text as scCOy A, scCO,5p and NaviglioSp, where Au and Sp refer to leaves collected
in autumn and spring, respectively, and scCO> and Naviglio indicate the supercritical
CO; extraction and Naviglio® extraction technologies, respectively. The different CLEs
were characterized by Gas Chromatography-Mass Spectrometry (GC-MS) and Nuclear
Magnetic Resonance (H NMR) spectroscopy. Figure 1 reports a comparison of the GC-
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MS chromatograms of the extracts obtained using supercritical CO, from cardoon leaves
collected in spring (scCO25p) and autumn (scCO2Au) (Figure 1a,b). Moreover, the leaves
collected in spring were also extracted by means of Naviglio® methods (NaviglioSp).
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Figure 1. GC-MS chromatograms of the three extracts from cardoon leaves obtained using different
extractive technologies: (a) autumn harvest with supereritical CO; (seCOzAu); (b) spring harvest
with supercritical CO, (scCO,5p); (c) spring harvest using Naviglio® technology (NaviglioSp). FA
= fatty acids; LCAA = long-chain aliphatic alcohols; AC = aromatic compounds; PT = pentacyclic
triterpenes; T = triterpenes; SL= sesquiterpene lactone; LCA = long-chain alkanes.

The GC-MS analysis provides qualitative and quantitative information on the chemical
components, which were identified by comparing the corresponding mass values with data
available from the NIST14s database and the literature [29]. The predominant chemical
species are pentacyclic triterpenes and sesquiterpenes, volatile lipophilic molecules known
for their antioxidant activity [5,30]. Cynaropicrin and grosheimin (RT = 35.61-37.25 min)
are sesquiterpene lactones known for being present in the highest amount in cardoon
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leaves as compared to other parts of the plant [5,31,32]. The GC-MS chromatograms
(Figure 1) also indicate the presence of fatty acids (RT = 19.18 min), in particular linolenic
acid [33], long-chain aliphatic alcohols (RT = from 19.50 to 22 min) and traces of aromatic
compounds. Previous studies already indicated that fatty acids, especially saturated ones,
are mainly concentrated in the leaves [5]. The signal at RT = 31.26 min is ascribable to
squalene, whereas the signals corresponding to pentacyclic triterpenes fall in the range
23.45-29.73 min. Finally, the signals of hydrophobic long-chain alkanes are visible in the
range 40-42.5 min.

We then focused our attention on the four bicactive molecules reported in Table 1,
which are abundant in the extracts, although with quantitative differences that are ascrib-
able to the extractive methods (Figure 2). They are three triterpenes (squalene, taraxerol
and lupeol) and a sesquiterpene (cynaropicrin) known for their bioactivities, which are
relevant for the purpose of this investigation. The leaves extracts were analyzed by GC-MS
to evaluate the concentration of the four biomolecules (Table 1).

Table 1. Composition of the principal bioactive molecules in the three solutions of cardoon
leaves extracts.

Composition * in Composition * in Comp:;t:ition *
e e ity
Cynaropicrin 0.040 0.020 0.230
Squalene 0.480 0.390 0.110
38-Taraxerol 0.070 0.030 <0.001
Lupeol 0.090 0.050 0.010

* Composition expressed as w w™! of each bioactive molecule/1 mg of extract.
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Figure 2. Abundance % w w~! of each bioactive molecule measured by GC-MS. Data are the results
of triplicated analysis and standard deviations are reported.

Squalene is a triterpene that is an intermediate in cholesterol biosynthesis pathways,
widely distributed in nature [34]. Experimental studies have shown that squalene can
effectively inhibit chemically induced skin, colon, and lung tumorigenesis in rodents [35].
Taraxerol is a triterpene that has been isolated from several plant species, and its various
pharmacological properties have already been identified, such as the acetylcholinesterase
(AChE) inhibition activity in vitro. Taraxerol has anti-amnesic activity that may hold signif-
icant therapeutic value in alleviating certain memory impairments observed in Alzheimer
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disease [36]. Lupeol is a significant lupene-type triterpene isolated in plants, fungi, and the
whole animal kingdom. This bioactive molecule has several biological effects: anticancer,
antiprotozoal, chemo-preventive, and anti-inflammatory properties [37]. Cynaropicrin is a
sesquiterpene lactone that was isolated from artichoke (Cynara scolymus L.) in 1960 for the
first time and was also found later in Cynara cardunculus L. Cynaropicrin has important
pharmacological activities, such as antitumoral, anti-inflammatory, anti-trypanosome and
anti-hepatitis C virus properties, among many others [38].

Figure 2 shows the abundance in % w w1 of each bivactive molecule (% ww 1ie.,
the weight of the molecule of interest with respect to the total extract weight used for
GC-MS analysis).

The extracts obtained using supercritical CO;, specific for very hydrophobic molecules,
are very rich in squalene. The rest of the hydrophobic extracts is mainly composed by waxes
and fatty acids. Notably, there is an increased amount of squalene in the autumn extract
as compared to leaves collected in spring. The spring extract obtained with the Naviglio
method, employing ethanol as solvent, is the richest in cynaropicrin. The harvesting and
maturity stages are crucial in determining the chemical composition of natural products
obtained from plant tissues, with early maturity coinciding with the highest content of
phenolic compounds, as already reported for various plant species [39].

1

2.2. Characterization of Cardoon Leaves Extracts Using NMR Spectroscopy

Figure 3 reports, as an example, the 'H NMR spectrum of the extract obtained using
supercritical CO; extraction of the spring harvest (scCO,5p). The spectrum is dominated by
the strong signal of the CH; of alkyl chains. On the basis of the literature data, the following
signals can be recognized: -CHj of sterols (5: 0.54 ppm), -CH; of triterpenes (&: 0.69 ppm).
The signals of the fatty acids are visible in the range &: 0.85-0.93 ppm (-CHj3) and at
&: 1.6 ppm —-CH,CH,COOH, at &: 2.06, m -CH,-CH=CH-, and at 4: 2.23 m -CH,COOH,
besides weaker signals of sesquiterpene lactones and triterpenes can be observed [5].
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Figure 3. 'H NMR spectrum of the CLE scCO,Sp. 'H NMR (500 MHz, CDCly): & 0.54, -CHjy
of sterols; &: 0.69, —-CH> of triterpenes; &: 0.85-0.93, -CHj3 of alkyl chains; &: 1.20-1.42, -CH; of
alkyl chains; & 1.6, -CH>CH>COOH of fatty acids; & 2.06, -CH,-CH=CH-; &: 2.23 -CH,COO;
&: 3.5-6.5 alkene signals—compare also Figure 4.
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Figure 4. Details of the ' H-NMR spectrum of the CLE NaviglioSp. (a) Signals of cynaropicrin in the
range of 0-3.4 ppm; (b) Signals of cynaropicrin in the range of 3.5-6.5 ppm. 'H-NMR (500 MHz,
CDCly): 18: 243, dt; 2a &: 1.09, ddd; 2b &: 2.07, dt; 3 5: 4.62, tt; 55: 2.84, dd; 6, & 4.27, dd; 73.27, 1t; 8
and 14b &: 5.17, ttt; 9a-b &: 2.25-2.45, dd; 13a &: 5.62, d; 13b, & 6.25, d; 14a &: 4.96, d; 15a &: 543, t;

15b & 5.52, t; 3’2 &: 5.9, m; 3’b &: 6.35, m. * marks residual ethanol signals.

The 'H NMR spectrum of extracts obtained using supercritical CO5 from leaves

collected in autumn (scCO,Au) is available in SI (Figure S1 in SI).

The "H NMR spectrum of the CLEs obtained using the Naviglio® technology (Nav-
iglioSp) shows a significant presence of linolenic acid (5: 0.9 ppm) and cynaropicrin. In
addition, there are weak signals assignable to pheophytins, which give the characteristic
green color to these extracts (6: 449, -CH of pheophytins) [35]. Many signals of cynaropi-
crin, the most abundant sesquiterpene lactone, appear in the 6.5-3.5 ppm spectral region
shown in Figure 4. For sake of completeness, both the TH and '>*C NMR whole scale spectra

of all the extracts are reported in SI (Figures S1 and S2 in SI, respectively).
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2.3. Evaluation of Cardoon Leaves Extracts on Rett Syndrome In Vitro Model

We previously established an in vitro model of Rett syndrome (RTT) [27] based on
primary neuronal hippocampal cultures prepared using brains extracted from mice in
which the MeCP2 gene was deleted (MeCPZ/¥ mice) [26]. Starting from days-in-vitro 6
(DIV 6), cultured MeCP2/¥ neurons show atrophic morphology due to an arrest in neuronal
growth [27]. Here, we tested the efficacy of CLEs in rescuing RTT neuronal development
arrest using a miniaturized version of this assay optimized for reproducible and robust
drug screening in 96-well plate format [40].

In a first set of experiments, Wild-Type (WT) and MeCP2/Y (KO) neurons were
incubated for 3 days, from DIV 3 to DIV 6, with the three different cardoon extracts
(scCO,Sp, scCOAu and NaviglioSp) at two concentrations (5 uM and 20 uM) expressed
as a total mole concentration of the four considered bioactive molecules by considering a
weight-averaged molecular weight. High content imaging microscopy analysis based on
the NeuriteQuant software [31,40] (Figure 5A) was used to measure two morphological
parameters, i.e., the total dendritic length (TDL; sum of the extension of all dendrites of
a neuron in um) and the number of dendritic endpoints (EF, a measure of the number of
terminal branches of the dendrites of a neuron).

In WT neurons, the scCO; Au extract at 20 uM induced a significant increase of both
TDL (133% £+ 424 S.EM; p = 0.0339) and EP (162% =+ 53 S.E.M.; p = 0.0137) with respect
to WT DMSO control (TDL = 100% =+ 10.3 S.E.M.; EP = 100% =+ 9.4 S.E.M) (Figure 5B,D).
No significant effect was seen with the other extracts either at 5 or 20 uM concentrations
(Figure 5B-D) while the NaviglioSp extract at 20 uM induced a significant neuronal toxicity,
as indicated by the dramatic reduction in the morphological parameters and the number
of neurons remaining in culture after the treatment (Figure 5B-D; p = 0.0005 for TDL,
p = 0.0004 for EF, and p = 0.0154 for the number of neurons with respect to DMSO). In
KO neurons, only the scCO;5p extract at 5 uM showed a significant increase in TDL
(321% + 76 S.E.M; p = 0.0003) with respect to KO DMSO (TDL = 100% + 9.8 S.EM)
(Figure 5E,F), while the other extracts were ineffective (Figure 5E,F) and the NaviglioSp
extract at 20 uM induced a significant neurotoxicity (Figure 5E-G; p = 0.0028 for TDL,
p =0.0021 for EP, and p = 0.0094 for the number of neurons with respect to DMSO). In
conclusion, only the cardoon scCO,5Sp extract was able to induce a significant rescue of
neuronal atrophy in RTT neurons, while the scCO,Au extract resulted to be active on WT
neurons and the NaviglioSp was toxic on both WT and KO neurons.

In a second set of experiments, we tested the efficacy of individual pharmacologically
active ingredients present in the different cardoon extracts, namely cynaropicrin, squalene,
lupeol and taraxerol (Table 1). Each bioactive ingredient was incubated on WT and KO
hippocampal neurons for 3 days from DIV 6, at the concentration of 5 or 20 uM, and TDL
and EP were measured as experimental read-out (Figure 6A). No individual bicactive
compound was able to replicate the positive effect on TDL and EP observed with the
whole extracts of scCO,Sp and scCO2Au in KO or WT neurons (Figure 5B,C,E F). However,
we observed a significant neurotoxic effect of cynaropicrin at both 5 and 20 uM, and of
lupeol at the higher concentration of 20 uM (Figure 6B-G). In particular, cynaropicrin 5 uM
(p = 0.0039), and 20 uM (p = 0.0039) for WT TDL; cynaropicrin 5 uM (p = 0.0019), 20 uM
(p = 0.0019) for WT EP; cynaropicrin 5 uM (p = 0.0263) for the number of WT neurons;
cynaropicrin 20 uM (p = 0.0263) for the number of WT neurons; Squalene 5 uM (p = 0.0081),
20 uM (p = 0.0107) for WT EP; lupeol 20 uM (p = 0.0197) for WT TDL, (p = 0.0019) for WT
EP, (p = 0.0097) for the number of WT neurons; cynaropicrin 5 uM (p = 0.0044), 20 uM
(p = 0.0044) for KO TDL; cynaropicrin 5 uM (p = 0.0019), and 20 uM (p = 0.0019) for KO
EP; cynaropicrin 5 uM (p = 0.0148) for the number of KO neurons; cynaropicrin 20 uM
(p = 0.0148) for the number of KO neurons. Squalene 5 uM (p = 0.0001) for KO EF; lupeol
20 uM (p = 0.0044) for KO TDL, and p= 0.0019 for KO ET, p = 0.0148 for the number of
KO neurons. These results support the conclusion that single bioactive ingredients are not
sufficient to induce the positive effects of the whole extracts but are able to fully exert the
toxic effects.
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Figure 5. Treatments of neuronal cultures with cardoon extracts. (A) NeuriteQuant morphological
analysis of TDL and Endpoints of DIV 6 hippocampal WT neurons, plated at the density of 160 cells
mm~—2 (1 = 2). From left, WT neurons treated with DMSO 0.1% (control condition), scCO,Sp extract,
scCO,Au extract, NaviglioSp extract. First line represents neurons treated at the concentration of
5 uM (in DMSO 0.1%), second line at 20 uM (in DMSO 0.1%). Scale bar: 100 pm. (B,C) Quantitative
data of WT neurons, reporting the average TDL per neuron (um) and the average number of endpoints
per neuron. n = 22 images for a total of 2 independent biological replicates (cell cultures). (D) Number
of WT neurons per each condition. (EF) Quantitative data of MeCP2 KO neurons, reporting the
average TDL per neuron (um) and the average number of endpoints per neuron. n = 22 images for a
total of 2 independent biological replicates (cell cultures). (G) Number of MeCP2 KO neurons per
each condition. Kruskal-Wallis with Dunnett’s multiple comparisons test vs. DMSO conditions.

4 p <0.001, ** p < 0.01, *p < 0.05.
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Figure 6. Treatments of neuronal cultures with bicactive molecules. (A) NeuriteQuant morphological
analysis of TDL and Endpoints of WT hippocampal neurons at DIV 6 (n = 4). From left, WT neurons
treated with DMSO 0.1% (control condition), cynaropicrin, squalene, lupeol, taraxerol. First line
represents neurons treated at the concentration of 5 pM (in DMSQO 0.1%), second line at 20 uM (in
DMSO 0.1%). Scale bar: 100 pm. (B,C) Quantitative data of WT neurons, reporting the average TDL
per neuron (um) and the average number of endpoints per WT neuron n = 44 images for a total of
4 independent biological replicates (cell cultures). (D) Number of WT neurons per each condition.
(EF) Quantitative data of MeCP2 KO neurons, reporting the average TDL per neuron (pm) and
the average number of endpoints per neuron. n = 44 images for a total of 4 independent biological
replicates (cell cultures). (G) Number of MeCP2 KO neurons per each condition. Kruskal-Wallis with
Dunnett’s multiple comparisons test vs. DMSO conditions. **p < 0.001, **p < 0.01, * p < 0.05.

The use of primary neuronal cultures for screening large libraries of small molecules
is a standard in the pharmaceutical industry and has been widely described in the litera-
ture for in vitro models of neurodegenerative disorders such as Alzheimer’s, Parkinson's,
Huntington’s diseases, and Amiotrophic Lateral Sclerosis [41-43]. More recently, similar
approaches have also been undertaken for neurodevelopmental diseases such as Rett and
Fragile-X syndromes [44]. Major limitations with these in vitro models concern, first of all,
the mutation present in the mouse model used for neuronal cultures, which not necessarily
corresponds to the actual mutation present in the majority of patients. This is the case for
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instance of Rett syndrome in which multiple mutations exist (more than 100, with 8 being
the most frequent ones) leading to a variety of symptoms and disease severity [45]. In
addition, there is a wide debate concerning the developmental stage at which the drugs
screening should be carried out to obtain valuable results. Reasons of convenience have
suggested that we should carry out the majority of drug screenings at an early stage of
development, in order to obtain highly reproducible cultures within the shortest possible
time, leading to obvious economies in terms of time and people employed. However, the
necessity of an appropriate matching between drug screening and the onset of the most
important cellular defects and aberrant processes has to be taken into consideration. In
our case, we previously described in detail the various stages of development in vitro of a
neuron from mice deleted of the MecP2, mimicking Rett syndrome [27]. More specifically,
we showed that significant growth arrest in terms of reduced total dendritic length and
number of secondary dendrites can already be quantified at DIV 6, while synaptogenesis is
apparently normal at this stage, becoming clearly reduced at later stages, in particular from
DIV 9 onward [27]. Collectively, these previous studies indicate the suitability of the use
of primary in vitro cultures for drug screening. As regard to the effective bioavailability
of plant extracts in the brain, some information is available but some in vivo studies have
found rapid targeting into the brain upon oral or systemic delivery for flavonoids [46] and
other polyphenol metabolites [47].

Taraxerol, squalene and lupeol found in cardoon leaves extracts are synthesized in
plants through a common biosynthetic pathway called the mevalonate pathway, starting
from Acetyl-CoA as a primary source. Specifically, squalene is the primary precursor for the
synthesis of triterpenoids including taraxerol, and lupeol by taraxerol synthase [48]. Most
interestingly, in mammalian cells squalene is also the precursor of cholesterol through the
squalene epoxidase pathway, which is defective in Rett syndrome, leading to a significant
reduction in cholesterol availability in the brain [49]. Lupeol has shown neuroprotec-
tive properties in animal models of neurodegenerative disorders [50], traumatic brain
injury or ischemia [51,52] and, similar to taraxerol, also to have anti-inflammatory and
pro-neurotrophic actions in vitro [53,54]. Comparatively less information is available for
squalene, which was shown to counteract neuronal cell death in an in vitro model of
Alzheimer's-like injury [55]. Although in our experiments we used concentrations of
taraxerol, squalene and lupeol within a range comparable to the one used in the in vitro
studies cited above [53-55], we did not detect significant neuroprotective activity against
neurcdevelopmental deficits in our in vitro Rett syndrome model. Differences in cellular
models adopted, i.e., mouse hippocampal neurons in our study versus rat hypothalamic
or cortical neurons, or an immortalized cell line in the other studies, may provide a first
explanation for the different results obtained. On the other hand, our results suggest that
the coexistence of deficits in multiple metabolic pathways, which is typical of syndromic
disorders such as Rett syndrome, may require a coordinated polypharmacological ap-
proach against multiple targets, which may be achieved only with a complex mixture of
bioactive components.

3. Materials and Methods

Solvents, reagents, and standard solutions of bioactive molecules were purchased
from Merck KGaA, Darmstadt (Germany) and used as received if not otherwise specified.

Cardoon leaves were kindly provided by Novamont (Novara, Italy) and were taken
from the cultivation of Cynara cardunculus var. altilis in Terni in spring and autumn 2020.

3.1. Preparation of Leaves Samples

The cardoons were pre-treated by separating leaves from the stalks. Cardoon samples
were obtained from a biorefinery crop, which was harvested in large quantities in a precise
period of the year. Therefore, in this study we did not consider individual plants. It must
be underlined that in our previous study we demonstrated that the yield of extractions
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conducted on different samples and aliquots of the same batch of plants has an error of less
than 5% [16].

The material was cut by means of garden scissors in square pieces of about 1 cm,
which were temporarily stored under vacuum in plastic bags (about 200 g each) at —20°C.
The material used for scCO; extraction was dried by means of a first step of lyophilization
for 48 h. The treatment allowed us to remove about 82-85% of water, calculated by weight
difference. A second treatment in an oven at 40 °C for 48 h led to the removal of a further
0.5% of water, with respect to the lyophilized samples. The dried samples were temporarily
stored under vacuum in plastic bags at +3 °C before analysis.

Cardoon leaves addressed to the Naviglio® extractor were separated from the fresh
plants and stored in vacuum-sealed plastic bags (about 200 g each) at —20 °C. For extract
preparation, cardoon leaves were thawed at room temperature and cut into 1 cm pieces.

3.2. Extraction Methods

1. Supercritical CO; extraction: 6-8 g of dried leaves was loaded in a 100 mL extractor.
The scCO; extraction system [56] was composed by a Separex SFE 20 unit (heated
stainless-steel extractor 100-200 mL, laminating valve Tescom 26-1000, heated col-
lecting chamber) connected to a liquid CO; cylinder, a high-pressure pump Lewa
EKM210V1 and an EL-FLOW Bronkhorst flowmeter. Conditioning was performed
for 30 min and then the extraction was started by turning on the pump with a carbon
dioxide flowrate of 120 L h~1 for 2 h at 45 °C and 225 bar. The extracts were collected
by dissolving the oily mixture in diethyl ether (<1 mL). The extraction yields were
3.7 and 2.0 % (ww™") in the case of autumn- and spring-harvested plants, respectively.

2. Na'srigr,lio® method: Filter bags (porosity of 100 wmn) were filled with 40 g of cut car-
doon leaves and then inserted into the extraction chamber of the Naviglio® extractor
(500 cm? capacity). Extractions were conducted using 625 mL of anhydrous ethanol at
25 “C (9 bar, static phase 2 min; dynamic phase 2 min, with 12 s stop piston). Liquid
samples were collected at 24 h. The extraction yield was 4.8 % (w w~1). The cardoon
leaf extracts (CLE) were stored at 4 °C until analysis. Ethanol was chosen as a solvent
for phenols extraction, as described in the literature [16].

3.3. Characterization of Extracts by Means of NMR

The 'H and 3C NMR analysis was performed by dissolving 10 mg of CLE in 0.7 mL
of deuterated chloroform. The NMR spectra were acquired at 25 °C by a Varian VNMRS
500 NMR spectrometer (11.74 T) operating at 500 MHz for proton and 125 MHz for carbon,
using 256 scans for proton and 16000 scans for carbon, interleaved by 7.7 s for proton and
2.05 s for carbon, with 45° pulses, employing a spectral width of 8012.8 Hz for proton and
31250 Hz for carbon over 32 K complex points. The signals were assigned according to the
literature [5,57].

3.4. Quantification of Cynaropicrin, Squalene, Taraxerol and Lupeol

The bioactive molecules were quantified by GC-MS (Shimadzu GC-MS-QP2020). Cali-
bration curves were constructed by using commercial standards of cynaropicrin
(SI, Figure S4), squalene (SI, Figure S5), taraxerol (SI, Figure 56) and lupeol (SI, Figure S7)
and dodecane as internal standard. The analysis was performed on samples prepared by
dissolving 0.7 mg of each CLE in 1 mL of diethyl ether. The separation was obtained on a
30 m x 0.25 mm fused-silica capillary column (SLB5ms) coated with a 0.25 um film of
poly (5% phenyl, 95% dimethyl siloxane). The mass spectrometer was set to scan the m/z
range 33-700. Samples were injected (1 pL) with a splitting ratio 1:20 and the injector
temperature was set to 280 °C. The column oven was initially set at 50 °C and main-
tained for 2 min after the injection, followed by a temperature ramp (8 °C min~1) up to
250 °C followed by a second ramp (3 "C min~1) up to 280 "C. The total analysis time was
63.33 min [29].
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3.5. Mice Strain and Genotyping

The animal use was approved by the Italian Ministry of Health (authorization n.
693 /2021-PR issued on Sept. 6th, 2019), in conformity with the Italian legislation D.Lgs
116/92. Animals were housed under standard conditions, in ventilated cages, ina12/12h
light/dark cycle with food and water ad libitum. Wild-Type (WT) C57BL/6 male mice
(Charles River Laboratories, Calco, LC, Italy) were crossed with C57BL/6 female het-
erozygous for the deletion of exon 3 and 4 in MeCP2 genel [26]; MeCP2~ 7+, B6.129P2(C)-
Mecp2tm1.1Bird /], stock: 003890, Jackson Laboratories, Bar Harbor, Maine) to obtain
Wild-Type (MeCP2*/¥, WT) and Knock-Out (MeCP2~/¥, KO) male mice.

The mice genotype was determined using DINA extracted from tails using KAPA Express
kit (EXPEXTKB; Roche). Polymerase Chain Reaction (PCR) was performed using KAPA2G
Fast DNA polymerase with the following primers: 5'- AAATTGGGTTACACCGCTGA-3'
(Common Forward 9875, Jackson Laboratory), 5-CTGTATCCTTGGGTCAAGCTG-3' (Wild-
Type Reverse oIMR7172, Jackson Laboratory), 5'- CCACCTAGCCTGCCTGTACT-3' (Mu-
tant Reverse 9877, Jackson Laboratory). PCR reaction was performed in a final volume of
25 uL set as follows: initial denaturation at 95 °C for 3 min then, 95 °C for 20 s, 58 °C for
205,72 °C for 20 s (35 cycles) and final elongation at 72 °C for 2 min.

3.6. Culture of Hippocampal Primary Neurons (HPN)

Primary hippocampal neuronal cultures were prepared from PO and P1 male mice,
both Wild-Type (MeCP2+/¥, WT) and Knock-Out (MeCP2 /Y, KO), according to Baj et al.,
2014 [27]. In brief, mice were sacrificed by decapitation, hippocampi were extracted (under
bright field microscope) and collected in cold Hank’s balanced salt solution HBSS (sodium
bicarbonate (NaHCO3) 4.2 mM, Hank’s salt powder 0.952%, HEPES 12 mM, D-Glucose,
200 uM kynurenic acid, BSA, magnesium sulphate (Mg5Q,), Sigma, St. Louis, MO, USA).
The tissue digestion was performed by adding 0.25% Trypsin (Euroclone, Milan, Ttaly) for
8 min at 37 °C. The enzymatic digestion was blocked with 1.5 mL of Dulbecco’s Modified
Eagle Medium high glucose (DMEM, Euroclone, Milan, Italy), supplemented with 10% Fetal
Bovine Serum (FBS, Euroclone, Milan, Italy) and penicillin-streptomycin (P/S, Euroclone,
Milan, Italy). The tissue was centrifugated at 800 rpm for 5 min at room temperature
(25 °C) and then resuspended with 1 mL of DMEM + 10% FBS and mechanically triturated.
Cells were counted with the dye exclusion method using Trypan Blue (Sigma) in the
Burker chamber (Eppendorf), obtaining 800,000-900,000 cells from each mouse. Cells were
plated in 96 MW plates (Sarstedt, Niimbrecht, Germany), previously treated with 0.2%
Poly-L-Ornithine (PORN, Sigma) to allow the attachment of cells. Cells were seeded at the
density of 160 cell mm? and were grown at 37 °C and 5% CO; in Neurobasal (Invitrogen,
Waltham, MA, USA) supplemented with 2% B-27 (Invitrogen), 1 mM L-glutamine and
1% penicillin-streptomycin. Cell medium was changed at DIV 3 including Cytosine -D-
arabinofuranoside (Ara-C, Sigma) at the final concentration of 2.5 uM to inhibit proliferation
of non-neuronal cells. Cells were maintained in culture until DIV 6 (Figure 7).

In-vitro model

_-
Div: 3 ]
:'_ X S
000000 AraC IF Image acquisition
Drug treatments NeuriteQuant analysis

Figure 7. Workflow for phenotypic screening. Primary hippocampal neurons were plated at DIV 0 in
96 multi-well, and at DIV 3 were added D-Arabinofuranoside (ARA-C, Sigma) and treatments with
extracts or bioactive molecules. Neurons were fixed in PFA 4% at DIV 6 and immunofluorescence (IF)
was performed with anti-MAP?2 (red), and anti-NeuN (green). Images were acquired using Nikon
Eclipse Ti-E epifluorescence live imaging microscope equipped with Nikon DS-Qi2 camera, using
10 objective. Eleven random fields (3.0 x 3.0) per well were acquired and analyzed individually.
Total Dendritic Length (TDL) and the number of Endpoints per neuron (EP) were measured with
NeuriteQuant software, implemented as a plugin of Image] [58].
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3.7. Treatments

Treatments with extracts or bioactive molecules were performed for 3 days, from DIV
3 to DIV 6 (Figure 7). The extracts scCO;Au, scCO,Sp and NaviglioSp were tested at
concentrations 5 uM and 20 uM obtained as follows: a 5 mM solution in 100% DMSO was
firstly diluted 1:100 and then 1:10 to reach a 5 uM solution of extract in culture medium
containing ultimately, upon dilution, 0.1% of DMSO. The same dilution steps were applied
to the 20 mM solution to reach a final 20 uM concentration (n = 22 images for a total of
2 independent biological replicates).

The same concentrations were used to test the single bioactive molecules: cynaropi-
crin (Cyn), squalene (Squ), lupeol (Lup) and taraxerol (Trx) (n = 22 images for a total of
4 independent biological replicates). In a previous study, we provided evidence that the
number of neurons per mm? and the average TDL in cultures treated with DMSO 0.1% are
not significantly different with respect to the untreated condition [40]. Thus, DMSO 0.1%
represents the control condition of each treatment.

3.8. Immunofluorescence

Hippocampal primary cultures were fixed at DIV 6 using 4% Paraformaldehyde (PFA,
Sigma) in PBS 1x for 15minutes at room temperature, then washed with PBS 1x and
permeabilized using PBS-Triton 0.1% for 15 minutes. In order to avoid unspecific bindings,
the blocking solution was added with PBS-Triton 0,1% and 2% Bovine Serum Albumin (BSA,
Sigma) for 15 min. Primary antibodies (Table 2) were specific to detect the Microtubule-
associated protein 2 (MAP2), an abundant microtubule-associated protein implicated
in the formation and outgrowth of neuronal processes (dendrites and axons), and to
detect Neuronal nuclei (NeulN), present specifically in the nuclei of mature neurons [50,59].
Primary antibodies were diluted in blocking solution and cells were incubated for 1:30 h at
room temperature in a dark humified chamber and oscillated in a rocker. Cells were washed
with PBS1x (5 min/wash) and then incubated with the secondary antibodies anti-rabbit
IgG Alexa Fluor568 (Invitrogen, A10042) and anti-mouse IgG Alexa Fluor488 (Invitrogen,
A11001) for 1:30 h at room temperature, in a dark humified chamber and on a rocker. Both
secondary antibodies were diluted 1:1000. Cells were washed with PBS-Triton 0.1% and
then with PBS 1x (5 min/wash) and incubated with Hoechst 33342 (10 mg ml~!, Sigma) at
the dilution 1:1000 (final concentration 10 g ml~!) in PBS1x for 7 min. Then, Hoechst was
washed with PBS1x.

Table 2. Primary antibodies used.

Primary Antibody Species Dilution Company Code
Anti-MAP2 Rabbit 1:500 Genetex GTX50810
Anti-NeuN Mouse 1:500 LS-Bio LS-C312122-100

3.9. Image Acquisition

Images were acquired at the Nikon Eclipse Ti-E epifluorescence live imaging mi-
croscope equipped with a motorized stage and a Nikon DS-Qi2 camera (CMOS sensor,
16.25-megapixel, 14 bit gray levels). Acquisitions were performed using the software Nis-
Elements 4.60 with the module “JOBS” for automated imaging. Per single well, 11 random
images (3.0 x 3.0 fields) were acquired using the 10x objective. Image size was 14 bit-
1636 x 1088 pixels, which corresponds to 1.440 mm x 0.957 mm. The number of seeded
neuronal and non-neuronal cells were respectively obtained by automatic counting of
NeuN-positive neurons and Hoechst-positive cells with the “Objective-analyser” plugin
for Nis-Element 4.60. Image acquisition parameters: 900 ms of exposure time for MAP2, 2 s
of exposure time for NeuN, 20 ms of exposure time for Hoechst, filters at 1.

88



Molecules 2022, 27, B772

140f 17

3.10. NeuriteQuant Morphological Analysis

Each image was analyzed individually with the NeuriteQuant open-source software,
which is able to perform the fast and accurate analysis of a large set of images [44]. For
each image, the following parameters were measured:

1.  Total Dendritic Length: sum of the length of all the dendrites present in one image;
2. Number of Endpoints per neuron: number of terminal points counted at the end of
visible dendritic staining (MAP2).

The analysis is highly sensitive and independent from signal intensity, allowing the
detection of both neurites characterized by a strong signal or by a weaker signal intensity.
In order to perform the analysis, four parameters have to be set:

1.  Neurite detection width: 12;

2. Neurite detection threshold: 8;

3. Neurite clean-up threshold: 170;

4 Neuronal cell body detection: 300.

Before starting the morphological analysis with NeuriteQuant, we used the Enhance
Local Contrast (CLAHE) plugin of Image] to enhance the immunofluorescence signal to
obtain a better contrast of the image.

3.11. Statistical Analysis

All the statistical data analysis and data representation were performed on Prism
8.0 software (Graphpad), while data organization was performed using Microsoft Excel
2018 (build 14326.20508) (Office). All data were checked using the Shapiro-Wilk normality
test. One-way ANOVA for multiple comparisons to compare more than two groups was
performed when data were normally distributed. When data were not normally distributed,
the statistical difference was calculated using the Kruskal-Wallis test comparing more than
two groups. Outlier detection was performed using Grubb’s test with GraphPad software.

4. Conclusions

The demonstration that the reactivation of the MECP2 gene in a mouse model can
rescue large part of the Rett syndrome-like phenotypes has revealed that the disease is
reversible, paving the way towards the search for new treatments [58,60]. Recent studies
have discovered that lipid metabolism is perturbed in the brain and in the liver of mouse
models of Rett syndrome, and this deficit, and other general symptoms of the disease, were
rescued by regulating the cholesterol synthesis pathway either genetically or pharmaco-
logically [45,49]. Hence, it is very intriguing that the scCO; hydrophobic extracts are rich
in squalene, one of the intermediates of cholesterol synthesis, even though in our exper-
iments pure squalene was not sufficient to revert dendritic atrophy in vitro, suggesting
that the whole extract provides a better neuroprotective effect than single molecules. In
conclusion, the significant rescue of the aberrant phenotype of RTT neurons obtained with
the hydrophobic scCO; extract of leaves from Cynara cardunculus var altilis harvested in
spring warrants further studies to characterize in detail the composition of the extracts and
further investigate the mechanism of action in Rett syndrome. Overall, this study indicates
that it is crucial to design optimal extraction procedures, both in terms of selection of
harvesting period and extractive technologies, to maximize the pharmacological potential
of bioactive extracts.
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2.6 CONCLUSIONS

The objective of this part of the thesis was the valorization of cardoon leaves extracts
(CLEs). The first activity was the characterization of extracts obtained with different
extraction methods (scCO2, Naviglio® technology and batch) from plants harvested in
various harvest seasons (from spring 2019 to autumn 2020) and in different plantations
(Sant’Angelo and Navamont S.p.A. fields).

Using "H NMR and GC-MS analysis the composition of scCO2 extracts in comparison to
Naviglio® and batch extracts was determined, with particular attention to cynaropicrin
content. The extracts from Naviglio® technology are characterized by the presence of fatty
acid and a good percentage of cynaropicrin. However, with the Naviglio® technology it was
possible to extract only cynaropicrin, as sesquiterpene lactone. Differently, with the batch
method it was possible to extract another sesquiterpene lactone: the grosheimin. From all
the data, the content of cynaropicrin is higher in the samples from the Terni plantation than
the Sant’Angelo plantation. Even if by scCOz2 the extraction of cynaropicrin is less efficient,
it was possible to extract another sesquiterpene lactone: the 11,13-dihydroxy-8-
desoxigrosheimin. By this extraction method waxes were also extracted. In fact, the signals
of waxes in GC-MS chromatograms are more evident in scCO2 CLEs than in Naviglio® and
batch CLEs. In all the samples it was possible to see, both with NMR and GC-MS analysis,
the presence of fatty acids and other triterpenes, such as squalene, or pentacyclic terpenes,
such as lupeol.

The obtained CLEs were used for two types of applications. Firstly, CLEs were used to
functionalize the films made by cardoon proteins (CPs) and the characterization of the
derived films showed a significant improvement of all the properties of the manufactured
material. A good compatibility between Cardoon Proteins (CPs) and CLE was observed.
Moreover, CLE improved mechanical and barrier properties of the materials and conferred
higher antioxidant activity.

Secondly, the bioactive properties of different extracts of cardoon leaves in rescuing
neuronal development arrest in an in vitro model of Rett syndrome (RTT) was investigated.
While scCO2 cardoon leaves extracts are very hydrophobic fractions, the Naviglio® method
is effective in extracting phenolic compounds and less hydrophobic components thanks to
the action of polar solvents. Only the scCO2 cardoon leaves extract obtained from plants
harvested in spring was able to induce a significant rescue of neuronal atrophy in RTT
neurons, while the scCO2 extract from Autumn harvest was active on WT neurons.

The scCO2 hydrophobic extracts are the richest in squalene, 3[3-taraxerol, and lupeol. On
the other hand, the Naviglio® extract is rich in cynaropicrin, and exerts a toxic effect on both
WT and RTT neurons. Interestingly, when bioactive molecules cynaropicrin, squalene,
lupeol, and taraxerol were tested individually, no positive effect was observed whereas a
significant neurotoxic effect of cynaropicrin was evident at different concentrations of the
pure molecule but also in the case of the extracts. In conclusion, the composition of cardoon
extracts should be carefully determined in order to exploit their different pharmacological
potential towards neurological diseases.
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CHAPTER 3
ENZYMATIC PROCESSING OF CARDOON SEED OIL

3.1 SUMMARY

Epoxidized fatty acids are precursors of bio-based and biodegradable biolubricants. The
third part of this PhD project is focused on the biocatalysed synthesis of these products
starting from Cynara cardunculus seed oil. The study addressed the problem related to the
large percentage of the million tons of lubricants consumed in the world yearly that end up
in the environment through leakages and human mistakes (Zainal et al., 2018), thus
polluting water, soil, and air (Garcés et al., 2011).

Different epoxidized unsaturated fatty acids were prepared by exploiting enzymatic catalysis
and working under mild and sustainable solvent-free conditions. The experimental work
started with the characterization of the seed oil followed by the enzymatic hydrolysis of the
oil catalysed by the combined action of two lipases endowed with different regioselectivity:
lipase B from Candida antarctica (CaLB) and lipase from Thermomyces lanuginosus (TLL).
The reaction was scaled up to 2L of cardoon seed oil and led to a mixture of fatty acids.

The chemo-enzymatic epoxidation was performed in the presence of hydrogen peroxide
and lipase CaLB, without any solvent. The process was optimized using pure samples of
oleic, linoleic, and linolenic acids. The method allowed the complete epoxidation of the
unsaturated fatty acids while avoiding the side reactions typical of the chemical epoxidation
procedures. Different formulations of the immobilized lipase were tested in order to identify
the optimal experimental conditions.
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3.2 INTRODUCTION

About 50% of the lubricants sold and used in the world are dispersed into the environment.
These products are mainly based on mineral oils of fossil origin that have poor
biodegradability and relevant environmental impact (Almasi et al., 2021). The agroforestry
and maritime sectors are today very interested in the use of bio-based lubricants from plant
oil, possibly biodegradable, given the pressure that the European Union exerts in terms of
environmental sustainability (Directorate-General for Environment). The research of
agricultural machinery manufacturers in various countries is therefore focusing on new
lubricants and production of hydraulic fluids derived from vegetable oils, which are
biodegradable and have low toxicity. The global biolubricants market has already exceeded
2 billion dollars (2016) and significant growth is expected, thanks to the growing
environmental awareness of consumers and the spread of stringent regulations on the
subject. According to the MRFR (Market Research Future) analysis, the biolubricants
market is expected to reach $3.98 billion by the end of 2025 with a robust compound annual
growth rate of 7.1%. A significant role for the expansion of the market is played by the
development of regulatory frameworks to support biolubricants, as happened in the US
(NextChem-Ecosistemi Foundation).

Vegetable oils are not suitable for direct use whereas epoxidized vegetable oils are
important building blocks for the preparation of chemical intermediates that are used as
biolubricants (Panchal et al., 2017; Syahir et al., 2017). Companies such as Shell and British
Petroleum already produce commercial biolubricants based on non-edible plant oils for the
development of biodegradable railway track grease (Zainal et al., 2018).

3.2.1 Properties of biolubricants

Any material that reduces friction between two contacting surfaces can work as lubricant
(Igbal, 2014). Any material that derives from a bio-based raw material and has lubricant
characteristics can be considered a bio-lubricant (Salimon et al., 2010). To be a good
lubricant, a material should have high viscosity, high flash point, good corrosion resistance,
low pour point, and high oxidation stability (Zainal et al., 2018).

Compared to petrol-based lubricants, vegetable oils possess excellent lubricant
properties: their flash point is generally higher as is their viscosity index and lubricity, they
have low evaporative loss and good metal adherence, they show low friction and wear
characteristics, besides being biodegradable, renewable, and non-toxic for human health
and environment (Ashraful et al., 2014; Panchal et al., 2017; Soni and Agarwal, 2014).

However, they have substandard thermo-oxidative and hydrolytic stability, low temperature
characteristics, and, depending on the feedstock, they can be very expensive (Luna et al.,
2011; Salimon et al., 2010; Zainal et al., 2018). Their low oxidative and hydrolytic stability
leads to product polymerization and degradation, increasing the viscosity and thus
negatively affecting product performance. Untreated oils composed of unsaturated fatty
acids oxidize rapidly and turn thick due to polymerization processes (Salimon et al., 2010).
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Moreover, vegetable oils tend to form macro-crystalline structures at low temperatures, due
to uniform stacking of the “bend” triglycerides backbones (Erhan et al., 2006). These
disadvantages can be overcome by chemical modifications, mainly on the reactive double
bond (Salih et al., 2011) of the alkyl chains and the hydrogen on the B -CH- of the glycerol
backbone (Syahir et al., 2017; Zainal et al., 2018).

Concerning viscosity, oils with alkyl chains 2C18 possess better lubricant characteristics
than short alkyl chains oils because the viscosity increases with the increasing of the chain
length. Furthermore, viscosity is influenced by the presence of double bonds: one double
bond increases the viscosity, while two or more double bonds decrease it (Knothe and
Steidley, 2005). Nevertheless, a high number of long alkyl chains leads to poor low
temperature characteristics, just as a high number of unsaturated alkyl chains leads to poor
oxidation stability (Erhan et al.,, 2006; Fox and Stachowiak, 2007). Therefore,
monounsaturated fatty acids, such as oleic and palmitoleic acids have a good balance
between viscosity and oxidative stability (McNutt and He, 2016).

Commonly used oils are sunflower oil, especially high oleic sunflower oil that shows better
oxidation stability, rapeseed oil, canola oil, soybean oil, palm oil, jatropha oil, and castor oil
(the latter is the only source of C18:1-OH alkyl chains) (Zainal et al., 2018).

3.2.2 Chemical modifications of vegetable oils

Plant oils are prone to different chemical modifications such as transesterification, estolides
formation, double bond hydrogenation and epoxidation, subsequent ring opening, and finally
acylation of the resulting -OH groups (Pinto et al., 2013):(Salimon et al., 2012).
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Figure 3.1 Chemical modifications of triglycerides of vegetable oil.

During transesterification (figure 3.1 route A) the glycerol backbone is replaced by polyols
without B-hydrogens, such as neopentyl glycol (NPG) and trimethylolpropane (TMP).
Esterifications include the transformation of fatty acids into esters with long-chain alcohols
to obtain biolubricants (Salih et al., 2011). These reactions require mineral acids as catalysts
(HCI, H2S04, p-toluensulfonic acid) which have the disadvantage of being highly corrosive.
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Alternatives are represented by ion-exchange resins or oxides such as Al203, ZrOz2, TiOz2,
Nb20s, Ta20s5, WO3, and zeolites (Nor et al., 2020). The use of solid catalysts for
esterification/transesterification processes gives advantages such as higher yields, lower
temperature and shorter reaction times (Lye et al., 2020).

The other modifications of plant oils are the hydrogenation of multiple double bonds (figure
3.1, route B). This process is important in the oil and fat oleochemical industries due the
possibilities of modifying physical characteristics and increasing oxidation stability (Wagner
et al., 2001). Vegetable oils contain multiple unsaturated fatty acids, such as oleic, linoleic,
and linolenic acids. In particular, the presence of linoleic and linolenic acids impairs stability
even if they are present in very small quantities. By selective hydrogenation, the easily
oxidizable compounds are transformed into more stable components and this process
allows the use of these products as biolubricants (Ahmed et al., 2015). Industrial
hydrogenation process used catalysts like nickel deposited on silica support (Jovanovic et
al., 1998), copper (Ravasio et al., 2002), or copper chromite (Rieke et al., 1997). These
types of catalysts require above 150°C reaction temperature and high hydrogen pressure.

The double bonds of unsaturated fatty acids can undergo an oligomerization reaction
between two or more fatty acid molecules attached to the residual alkyls. Estolides are
oligomers that are formed when one fatty acid links to the site of unsaturation of another
fatty acid to form oligomeric esters (figure 3.1, route C). The secondary ester linkages
formed are more stable toward hydrolysis than triacylglycerols and have better physical
properties for use as food-grade biolubricants (Afifah et al., 2019). Oligomerization is
performed using catalysts such as layered aluminosilicate or montmorillonite at 210-250°C
(Biermann et al., 2011).

Epoxidation is an important method of modifying unsaturation at -C=C- bonds to obtain food-
grade biolubricants with optimal pour point, high oxidative stability, higher adsorption to
metal surfaces, higher viscosity, and better lubricity with high viscosity index (Abdullah et
al., 2016). Epoxidation is performed using peroxy acids, dioxiranes, or peracids as peroxide
sources. Solid catalysts are also used, such as acidic ion exchange resins or transition
metal-based catalysts (TiO2/SiO2, NbVO/SiOz2, polyoxometalates, sulfated/SnO2) (Somidi et
al., 2014). The epoxidized oils products need to be modified to improve their
physicochemical and lubrication properties via esterification reactions or by alkylation,
acylation, acyloxylation, amino alkylation, co-oligomerization, hydro-aminomethylation, or
hydroformylation.

3.2.3 Chemo-enzymatic epoxidation of vegetable oils

As described above, epoxidation improves the oxidative stability and lubricity of plant oils
and their derivatives. Enzymatic epoxidation is a greener alternative to chemical epoxidation
and can be used to overcome some disadvantages of the chemical process: low selectivity,
formation of acidic by-products, low conversion yield, the use of unstable and explosive
phenoxyacids, and the high temperatures of the processes.
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In the enzymatic step, the formation of stable peroxy acids takes place in situ by means of
the enzymatically catalyzed reaction of H202 with the carboxylic group of free fatty acids,
allowing for a significant suppression of side reactions. Then, the in situ formed peroxy acids
spontaneously react with the C=C yielding the epoxide. Lipases (triacylglycerol acyl
hydrolases, EC 3.1.1.3) are the enzymes commonly used for catalysing the first step of the
reaction (Aouf et al., 2014).

Lipases have a catalytic site with a His-Ser-Asp catalytic triad. The His accepts the Ser
hydroxyl proton, which is then activated for the nucleophilic attack on the carbonyl group of
the fatty acid substrate. A tetrahedral intermediate is formed, stabilized by interactions of the
oxyanion hole, found in all lipases. In the presence of H202 a peroxyacid is finally released,
and the enzyme can restart its catalytic cycle. The C=C bonds of triglycerides and fatty acids
are then epoxidized by the peroxyacid through the Prilezhaev epoxidation mechanism for
alkenes (figure 3.2) (Zainal et al., 2018).
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Figure 3.2 Reaction mechanism of the enzymatic formation of peroxyacids and the
subsequent epoxidation of the C=C bonds.

The scientific literature reports various examples of epoxidation of soybean oil in the
presence of hydrogen peroxide and oleic acid in toluene using as biocatalyst a
commercially immobilized CaLB, named Novozyme 435. A 90% conversion of double bonds
in oxirane rings was reached after 12 hours with at least 4.0% w/w catalyst, up to 25% mol
oleic acid, and at least 1:1 molar ratio between double bonds and H202 (Vi¢ek and Petrovic,
2006). The ratio between the double bonds and the hydrogen peroxide molecules is the
most critical parameter: in the enzymatic epoxidation of Lallemantia iberica seed oil a ratio
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up to 1:2 was used, in the presence of 5mol% oleic acid to avoid epoxy mono and
diglycerides formation (Aouf et al., 2014;'Haitz et al., 2018). The higher the ratio, the faster
the reaction, but the presence of the peroxide causes inactivation of the enzyme (Orellana-
Coca et al., 2005).

Epoxidized jatropha oil and epoxidized soybean oil showed higher kinematic viscosity at
40°C but lower viscosity index and higher pour point, when compared with the non-
epoxidized starting materials (Siniawski et al., 2011). Subsequent opening of the oxirane
group, instead, leads to lubricants with ideal characteristics but with higher commercial price
(Syahir et al., 2017). In fact, branching introduction increases the oxidation stability and
decreases the pour point.

3.2.3.1 Cardoon seed oil

Cardoon (Cynara cardunculus L.) seed oil has been attracting an increasing interest in Italy
for the bio-plastic industry (Torres et al., 2011). Cynara cardunculus fruits are cypselae,
usually indicated as cardoon seeds (Gominho et al., 2018) that gives oil with yields in the
range of 14.5-32.4% dry matter mass fraction, depending on the extraction method (Raccuia
and Melilli, 2007). This oil has a fatty acid profile like sunflower oil, with 11% palmitic, 4%
stearic, 25% oleic, and 60% linoleic fatty acids, making it similar to common sunflower oil
(Fernandez et al., 2006). Therefore, cardoon seed oil can be considered an interesting and
sustainable alternative to this edible oil for biorefineries purposes. Study of the composition
of cardoon seed oil was performed by the company that provided the cardoons (Dr.
Ciancolini at Novamont S.P.A.) and the composition is reported in Table 3.1 below.

Table 3.1 Cardoon seed oil composition % w w-'.

Cardoon seed oil

Saturated (%) 14,98
Oleic acid (%) 22,72
Tot mufa (%) 22,99

Linoleic acid (%) 61,95
Tot pufa (%) 62,02

Palmitic and stearic acids are saturated, while oleic and linoleic are unsaturated w9 and w6
fatty acids, respectively. Previous studies reported the chemical epoxidation of cardoon
seed oil using y-alumina as heterogeneous solid catalyst in the presence of different
solvents to obtain plasticizers used in biodegradable films made by poly(lactic acid) and
thermoplastic starch (Tesser et al., 2020; Turco et al., 2019).
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3.3 OBJECTIVES OF THE CHAPTER: VALORIZATION OF CARDOON
SEED OIL THROUGH ENZYMATIC CATALYSIS

This chapter was focused on the valorization of Cardoon seed oil through enzymatic
catalysis.

Firstly, cardoon seed oil was hydrolysed enzymatically. The aim was to obtain a complete
hydrolysis of cardoon seed oil using mild reaction conditions. For this reason, a combination
of native and immobilized lipases was tested. It was demonstrated that using Lipase B from
Candida antarctica (CaLB) and Lipase from Thermomyces lanuginosus (TLL) a complete
hydrolysis of cardoon seed oil was achieved. This reaction was scaled up to 2L of cardoon
seed oll.

Secondly, a chemo-enzymatic epoxidation of unsaturated fatty acids was performed using
immobilized lipases in a solvent-less process.

Epoxidized vegetable oils are important building blocks for the preparation of chemical
intermediates for the synthesis of biolubricants and plasticizers. Epoxidation improves the
oxidative stability and lubricity of plant oils and their derivatives. Enzymatic epoxidation is a
greener alternative to chemical epoxidation and can be used to overcome some
disadvantages of the chemical process: low selectivity, formation of acidic by-products, low
conversion yield, the use of unstable and explosive phenoxyacids and the high temperatures
of the processes.

The epoxidation of pure fatty acids was accomplished, and the conditions optimized.

The 'H NMR and GC-MS characterization demonstrate the complete conversion of the
unsaturated fatty acids into the respective epoxidized products. The process was developed
in solvent-less conditions at mild temperatures using an immobilized enzyme which enable
an easy work-up and isolated yields >98%.

The following step of the research was focused on the processing of the hydrolysed oil, but
it is not included in the present thesis because of confidentiality reasons.
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3.4 MATERIALS AND METHODS

Materials

Solvents, reagents, and standard solutions of bioactive molecules were purchased from
Merck KGaA, Darmstadt (Germany) and used as received if not otherwise specified.

TLL Lipolase 100L #091MI832V was from Sigma-Aldrich, a solution with specific activity of
3176TBU/g.

For the epoxidation study three immobilized enzymes were used. CalLB adsorbed on
octadodecyl methacrylic resins (Resindion, Binasco Italy) was from SPRIN Spa (specific
activity of 414 TBU/g dry and 884 TBU/g dry, respectively). Novozyme 435 from Novozymes
(DK) has a specific activity of 1998 U/gdary, CaLB immobilized on rice husk has a specific
activity of 150 U/gary, according to the tributyrin hydrolysis assay. Cardoon seed oil was
kindly provided by Novamont (Novara, Italy).

3.4.1 Characterization of cardoon seed oil: "H and *C NMR analysis

20 mg sample were diluted in 700 yL CDCIls. The NMR spectra were acquired at 25 °C by a
Varian VNMRS 392 500 NMR spectrometer (11.74 T) operating at 500 MHz for proton and
125 MHz for carbon, using 256 scans for proton and 16000 scans for carbon, interleaved by
7.7 s for proton and 2.05 s for carbon, with 45° pulses, employing a spectral width of 8012.8
Hz for proton and 31250 Hz for carbon over 32 K complex points.

3.4.2 Hydrolysis of 200 mL of cardoon seed oil

200 mL of cardoon seed oil (161.63g) were placed in a 2 L glass beaker with 200 mL of 50
mM PBS buffer at pH 8.0. The ratio oil:buffer was 1:1 (v/v). The biphasic mixture was stirred
at 200 rpm on a temperature controlled orbital shaker at 35°C for 10 min. Then 80 g of CaLB
(Lipozyme CalLB Novozyme adsorbed on Sepabeads EC-OD/S, 884.40 TBU/gary) were
added to the emulsion to start the reaction. The pH of the reaction was controlled constantly
and eventually adjusted with NaOH 0.5 M. After 40 hours, further 40 g of immobilized CalLB
were added. After 46 hours 10 mL of native TLL Lipolase 100L (Sigma #091MI1832V, 3176
TBU/g wet) were added. The reaction was carried on for 72 hours until complete triglycerides
hydrolysis.

Workup: HCI 2N was added to reach pH 1. The mixture was centrifuged for 10 mins at 24°C
in a 50 mL plastic tubes. During centrifugation, a thin layer of coagulated native lipase (the
enzyme was used protein formed at the interface oil/water and it was removed. The
hydrophobic phase was recovered and kept at 4°C for two days to promote the separation
of residual water. The solid mixture was then melted at 35°C and washed with 150 mL H20.
The two phases were separated with the aid of a second centrifugation step. Some residual
fatty acids were recovered by washing the immobilized enzyme with 150 mL n-hexane,
filtering the solution and then removing the hexane on rotary evaporator.
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After the workup 103.58 g of product were obtained and further 14.41 g of fatty acids were
recovered from the washing of the immobilized enzyme. In total 117.99 g of product was
recovered. The recovered yield was 73%.

TLC analysis (figure 3.3) shows the presence of pure fatty acids in both the product and the
oil recovered from the enzyme rinsing.
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Figure 3.3 TLC analysis scale-up reaction: 1- Standard Fatty Acid C=C (oleic acid), 2-
Cardoon Seed QOil, 3-Buffer after reaction, 4- Washing solution (..), 5- Free Fatty Acids
Product, 6- Oil recovered from enzyme wash

3.4.3 Scale-up of hydrolysis starting from 2 L of cardoon seed oil

2 L of cardoon seed oil were placed in 5 L glass beakers with 2 L PBS buffer 50 mM (sodium-
phosphate buffered saline) at pH 8.0. The ratio oil:buffer was 1:1. The liquid was mixed at
130 rpm an incubator at 35°C for 10 min. Then 40mL TLL Lipolase 100L (Sigma
#091M1832V, 3176 TBU/g wet) and 600 g CalLB (Lipozyme CaLB Novozyme adsorbed on
Sepabeads EC-OD/S, 884.40 TBU/gdry) were added. The pH of the reaction was controlled
constantly and eventually adjusted with NaOH 0.5 M. After 75 hours the reaction appeared
incomplete from the TLC analysis and 400 g of CaLB and 40 mL of TLL were added to the
reaction mixture. The reaction was carried out for 92 hours until complete triglycerides
hydrolysis as indicated by the TLC reported in the figure below.

The workup procedure was similar to the one described in section 3.3.2, except the volumes
of the water and solvent used in the washing steps, which were modified according to the
scale of the reaction. At the end of the workup about 1400 mL of pure free fatty acids were
obtained (yield ~ 70%)

3.4.4 TLC analysis

Mobile phase was 98:16 n-hexane: ethyl acetate. 1 yL sample was diluted in 19 yL mobile
phase, then 0.5 pL were spotted on 20x20 cm silica gel TLC plate (Supelco). Plates were
developed with a solution of potassium permanganate/ potassium hydroxide 1.25/0.5% wi/w.
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3.4.5 Characterization of hydrolysed cardoon seed oil using "H NMR

20 mg sample were diluted in 700 yL CDCIs. 'H NMR samples were collected on a Varian
VNMRS 500 at 500 MHz.

3.4.6 Chemoenzymatic epoxidation of fatty acids

A certain amount of biocatalyst and fatty acids were mixed in a round flask of 25 mL for 15
minutes at 50°C. After this time, the required amount of H202 was added to the reaction into
small aliquots. Since the oleic acid has a melting point of 16°C and the 9,10-epoxistearic
acid (the product) of 60°C, the reactions were performed at 50°C in a water bath. The
activities of the biocatalysts are: Novozyme 435 1998 U/gary, CaLB SOD 884.40 U/gary, and
CaLB immobilized on rice husk 150 U/gadry, according to the tributyrin hydrolysis assay. In
the following table are reported the amounts used in each experiment.

The workup of the reaction was the same in all experiments: at the end of the reaction the
product was extracted using dichloromethane (3 times x 20 mL DCM). Then, the organic
phase was recovered and dried with sodium sulphate and the mixture was kept under stirring
for 30 minutes. Sodium sulphate was filtered on a Buchner funnel with filter paper, and the
DCM was evaporated with rotavapor, keeping the temperature below 40°C to avoid oxirane
rings opening.

3.4.7 Characterization of epoxidized product using "H NMR and GC-MS analysis

The products of the reactions were characterized by 'TH NMR. The samples were prepared
dissolving 10 mg of product into 700 pL of CDCls. Samples were analyzed on a Varian
400MHz.

The derivation of compounds was performed by using Bis(trimethylsilyltrifluoroacetamide
(BSTFA) according with protocols reported in literature (Todea et al., 2015).

The GC-MS samples were prepared by dissolving 1 mg of compound in 1 mL of toluene.
GC-MS analysis was carried out in a Shimazu gas chromatograph. The gas chromatograph
was equipped with a 30 m x 0.25 mm fused-silica capillary column (SLB5ms) coated with
0.25 pm film of poly(5% phenyl,95% dimethyl siloxane). The temperature was monitored
from 100°C to 300°C.
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3.5 RESULTS AND DISCUSSIONS

3.5.1 Characterization of cardoon seed oil

A detailed characterization of the cardoon seed oil was performed by NMR spectroscopy.
'H and '3C NMR analysis are widely used to characterize composition of natural oils
because different “regions” of triglycerides, diglycerides, monoglycerides and fatty acids
resonate at different frequencies. It is possible to distinguish five different characteristics
“groups”: the glycerol backbone, the carbonyl group, the aliphatic chain, the olefinic group,
and the terminal methyl group (figure 3.4).

bcglcylf:gﬁ!e Aliphatic chains CH,
0
Sn-1 /\/\/\/\/\/\/\/\/\ Saturated fatty acid
Sn-2 Eo/(’)\/\/\/\/ \/\/\/\/ Oleic acid
Sn-3 o)\/\/\/\/ \/ S\ Linoleic acid
Carbonyl Olefins  Olefins
groups

Figure 3.4 Cardoon oil triglyceride structure (supposed). The glycerol backbone is
highlighted in green, the carbonyl groups in blue, the aliphatic chains in pink, the olefins in
orange and the terminal methyl group in grey.

These groups have signals at very specific frequencies, making it possible to distinguish
between mono-, di- and triglycerides and types of fatty acids. Table 3.2 shows the classical
chemical shifts for 'TH NMR and *C NMR of natural oil lipidic components (Lopes et al.,
2016).

Table 3.2 VValues (ppm) of the different groups composing natural oil mono-, di-, triglycerides
and fatty acids for 'TH NMR and *C NMR analysis, t=triplet, m= multiplet.

Signals TH NMR chemical shifts 13C NMR chemical shifts
(ppm) (ppm)
Glycerol backbone 3.65-5.27 (1) 60-80
Carbonyl group / 172-174
Aliphatic chain 1.19-1.42 (m) 15-35
Olefins 5.28-5.46 (m) 125-135
Methyl group 0.88-0.97 14

From 'H NMR analysis (figure 3.5) it was possible to deduce that the cardoon seed oil is
mainly a triglycerides mixture, with a very low amount of mono- or diglycerides.
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Figure 3.5 '"H NMR analysis of cardoon seed oil. The detailed discussion is reported in the
main text.

Protons of the glycerol backbone resonate at 3.65-5.27 ppm whereas the signals at 4.30
ppm and 4.15 ppm are ascribable to the double doublets attributable to glycerol backbone
protons in Sn-1 and Sn-3 position of triglycerides. Triglycerides glycerol backbone protons
in Sn-2 position are visible as multiplets at 5.27 ppm. Signals at 3.81 ppm and 3.85 ppm
indicate the presence of monoglycerides, even if in a small amount.

The signals of the terminal methyl group provide information on the unsaturation: saturated,
w-7 and w-9 monounsaturated fatty acids at lower ppm, immediately followed by w-6
polyunsaturated fatty acids, while w-3 polyunsaturated fatty acids resonate at higher ppm.
Presence of unsaturated fatty acids is confirmed by the signals of double bond protons
visible as multiplets at 5.30-5.42 ppm. Polyunsaturated fatty acid (linoleic acid) presence is
further confirmed by the signals at 2.75-2.80 ppm, caused by protons on the carbons
between two of the double bonds. Monounsaturated fatty acid presence is confirmed by the
signals at 2.00-2.10 ppm caused by protons on carbons adjacent to a single double bond.
Fatty acids Ca and Cp are visible at 2.75-2.8 ppm and 1.55-1.65 ppm, respectively. Aliphatic
chains are visible in the range 1.25-1.39 ppm.

Figure 3.6 shows the COSY and TOCSY spectra of cardoon seed oil, displaying proton
correlations in the molecules composing the mixture. Figure 3.7 reports the DOSY analysis
and its Bayesian transformation (Hoeting et al., 2002), from which we can deduce that the
mixture is composed mainly by one species or rather by different species with a highly similar
structure.
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Figure 3.6 COSY NMR(A) and TOCSY NMR (B) cardoon seed oil analysis that show
proton correlations of the components in the mixture.
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Figure 3.7 DOSY NMR analysis of cardoon seed oil (A) and Bayesian DOSY transform
(B). It is visible that mixture is composed by different species with a highly similar
structure.

The carbon of carbonyl ester group between fatty acids and glycerol backbone in mono-, di-
and triglycerides are clearly visible in '3C NMR spectra (figure 3.8) and resonate differently
(Khallouki et al., 2008).
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Figure 3.8 '3C NMR analysis of cardoon seed oil.

The range 22-35 ppm reports the signals of fatty acids aliphatic chains. The terminal methyl
group is visible at 14 ppm. Glycerol carbon signals are visible in the range 62-77 ppm, in
which the DCCls signal falls. The presence of unsaturated fatty acids is confirmed by double
bond signals in the olefinic region between 127 ppm and 131 ppm. The most important
information about cardoon seed oil components regioselectivity was obtained by the
carbonyl region (figure 3.9). In this region it is possible to distinguish between esters bonds
found in Sn-1,3, and Sn-2 positions.
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Figure 3.9 Carbonyl region of '*C NMR cardoon seed oil analysis. S= saturated fatty acid,
O= oleic acid, L= linoleic acid.
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Carbonyls in Sn-1,3 positions resonate at higher ppm than those in Sn-2 position, typically
separated by about 0.4 ppm (Khallouki et al., 2008). Saturated fatty acids resonate at higher
ppm than monounsaturated, the last immediately followed by polyunsaturated fatty acids. In
the cardoon oil '3C NMR spectrum, the carbonyl signals of Sn-1,3 saturated fatty acids are
visible at 173.30 ppm. The Sn-1,3 oleic acid signal is visible at 173.26 ppm whereas the Sn-
1,3 linoleic acid appears at 173. 25 ppm. Finally, the Sn-2 oleic signals are at 172.85 ppm
and the Sn-2 linoleic acid signals at 172.84 ppm. No presence of Sn-2 saturated fatty acids
was detected, as expected from the literature (Shahunja et al., 2021).

Figure 3.9 shows the fit, marked in orange, with the sum of five gaussians with the function:

f=axexp(—(x—x0)?/c?

All signals were considered with the same width. Therefore, the area is proportional to the
parameter a. Table 3.3 reports all a and area % values.

Table 3.3 Chemical shifts (ppm) of carbonyls in '3C analysis of cardoon seed oil, with
corresponding a parameters and area % values.
Shift a Area
(ppm) %
Sn-1,3 saturated acid 173.30 55.9 15

Sn-1,3 oleic acid 173.26 62.55 17

Sn-1,3 linoleic acid 173.25 12156 33
Sn-2 oleic acid 172.85 37.25 10

Sn-2 linoleic acid 172.84 9114 25

Saturated fatty acids (stearic, palmitic and a very small amount of eicosanoic acid) are
present in Sn-1 and Sn-3 positions. However, it is possible to observe in the same positions
unsaturated fatty acids (oleic, linoleic, and a very small amount of vaccenic acid). Cardoon
seed oil has a high content of linoleic acid, followed by a high content of oleic acid. These
are all found in Sn-1, Sn-2, and Sn-3 positions, it thus being impossible to identify a preferred
position for linoleic and oleic acids.

From analysis of the olefinic region (figure 3.10A) it is possible to identify signals of double
bonds, in the range of 127.8-128.1 ppm for polyunsaturated fatty acids, and 129.6-130.2
ppm for monounsaturated fatty acids. Signals of double bond carbons bonded to aliphatic
chains in polyunsaturated fatty acids are visible in the same region of monounsaturated fatty
acids double bonds.

Analysis of the glycerol carbons region (figure 3.10B) confirms predominance of triglycerides
in the sample. Typically, Sn-2 and Sn-1,3 signals have a shift difference of about 7 ppm; in
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our sample they are found at 62 ppm and 69 ppm respectively. Low signals at 65.1 ppm and
68.3 ppm indicate little 1,3-diacylglycerol presence. At 77.08 the CDCls signal is visible.

Monounsaturated Polyunsaturated
Sn-1,3
triglyceride
' I DCCl, Sn-2 9y
"""" triglyceride
| ‘l 1,3-diacylglycerol
| } || , ‘ A
| I | ] | . //' \
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Figure 3.10 Olefinic (A) and glycerol carbon (B) regions of cardoon seed oil *C NMR
analysis.

Figure 3.11 shows HSQC and HMBC spectra of cardoon seed oil, displaying proton-carbon
correlations in the molecules composing the sample.

| H Ik M
<‘;“

Figure 3.11 HSQC and HMBC analysis of cardoon seed oil.

Being the composition comparable to sunflower oil, we supposed also that the fatty acids
distribution on the glycerol backbone might be similar. In sunflower oil, saturated fatty acids,
such as palmitic or stearic acids, are mainly found in Sn-1,3 positions (16:0 Sn-1>Sn-
3>>>8n-2; 18:0 Sn-3>Sn-1>>>8n-2), oleic acid is found mainly at the Sn-3 position (Sn-
3>Sn-1,Sn-2), and linoleic acid is found in all positions with a preference for the Sn-2 position
(Sn-2>Sn-1>Sn-3). It must be underlined that, since oleic and linoleic acids are the main
components of sunflower oil and they seem not to have a marked regioselectivity, these two
fatty acids are found in practically all positions (Shahunja et al., 2021).
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3.5.2 Enzymatic hydrolysis of cardoon seed oil

Cardoon seed oil was hydrolysed using lipases (EC 3.1.1.3, triacylglycerol hydrolases), able
to catalyse the hydrolysis leading to glycerol and free fatty acids (figure 3.12). Different
formulations of lipases from Thermomyces lanuginosus (TLL) and Candida antarctica
(CaLB) were selected. While CaLB has regioselectivity for the sn-1,3 positions, TLL is non
regioselective (Cao et al., 1996). Therefore, the combination of these two enzymes allowed
complete cardoon oil hydrolysis with no unreacted mono-, di- or triglycerides.

»», Lipases
(TLL and
CalLB)

2 > H,0 2 2
O)W/\W\/\/\/ 2 OH HO/O\/W\/QW/\/ Oleic acid
EO/(.)\/\/\/\/S\;/H:\(S\/\ T=35”C’ OH HO/C)\/\/\/\/Q:\/Q_M\/\ Linoleic acid
P Y i T g OH HO S S S Linolenic acid

Cardoon oil triglyceride Glycerol Free Falty Acids

Figure 3.12 Reaction scheme of lipases triglyceride hydrolysis into Free Fatty Acids and
glycerol pH 8.

The reaction was carried out on the scale of 200mL and 2L of oil. From the reaction on 2L
scale 1400 mL of pure free fatty acids were obtained (recovered yield ~ 70%).

Samples were analysed via "H-NMR to verify the absence of glycerol and ester bonds in the
final product. All the products from the two different experiments showed no signals
attributable to glycerol, mono- di- or triglycerides and ester bonds, confirming complete
hydrolysis. Figure 3.13 shows the spectrum of the 2L scale experiment, highlighting the
absence of the glyceride backbone and the presence of the intact double bonds in the
unsaturated fatty acids.
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Figure 3.13 "H-NMR (500 MHz) of final hydrolysed product obtained from the reaction on
2L scale.
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Figure 3.14 shows the superimposition of the products obtained from the reactions on 200
mL and 2L, which were compared to the spectrum of the pure cardoon seed oil, confirming
the same free fatty acids composition and glycerol absence in both samples.

Cardoon
seed oil

g A i i

Hydrolysed
cardoon seed oil (200mL)

1 A JJJ\_L’JWL

Hydrolysed
cardoon seed oil (2 L)

A L

4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
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Figure 3.14 Superimposition and comparison of '"H-NMR spectra from pure cardoon oil
(blue) to hydrolysis on 200 mL (green) and on 2L (red)- Triglycerides glycerol backbone
signals are highlighted in light blue.

The "H-NMR analysis confirms complete cardoon oil hydrolysis. In the region between 3 and
5.20 ppm all the signals related to glycerol backbones are absent. In fact, the glycerol
backbone of triglycerides would resonate at 4.45,4.20 ppm for C1 and C3, and 5.15 ppm for
C2. Similarly, diglycerides would give signals at 4.45, 4.20 ppm, and 4.64ppm, and 3.90,
3.65 ppm for C1, C2 and C3, respectively, with an additional singlet at 3.65 ppm for the OH,
if the hydrolysis had happened in Sn-2 or Sn-3 positions. In the case of hydrolysis at Sn-2
position, the diglycerides signals should be found at 4.36, 4.11 ppm for C1 and C3, and 4.41
ppm for C2, with -OH singlet at 3.58 ppm. Monoglycerides, signals would be 4.36, 4.11 ppm
for C1, 3.90 ppm for C2 and 3.81, 3.56 ppm for C3, with two OH singlets at 3.58 ppm and
3.65 ppm, in the case of fatty acids bound to position 1 or 3, or 3.59 ppm for C1 and C3, and
4.13 ppm for C2, with two -OH singlets at 3.65 ppm, in case of fatty acids bound to position
2. Presence of glycerol in the sample would be visible with signals at 3.50 ppm for C1 and
C3, and 3.39 ppm for C2, with -OH singlets at 3.65 ppm for position 1 and 3 and 3.58 ppm
for position 2.

In the range 5.25-5.44 ppm the signals of double bonds in oleic, linoleic, and linolenic acids
are clearly visible, confirming that the protocol did not affect the double bond. The triplet of
the carbon atom vicinal to Ca can be seen at 2.30 ppm. The multiplet related to the carbon
vicinal to the 9,10 C=C, expected at is not visible, that should be present at 2.18 ppm, is not
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visible, while the signals of the carbons in between 9,10 C=C and 12,13 C=C, or 12,13 C=C
and 15,16 C=C are present at 2.63 ppm.

The multiplet at 2.0 ppm is related to the carbon atom near the terminal methylene of
linolenic acid, whereas the methylene signals of oleic and linoleic acids are visible at 0.88
ppm and 0.90 ppm. The methylene signal of linolenic acid is covered by the signals of the
aliphatic chains of oleic, linoleic, and linolenic acids.

The signal around 1.6 ppm was not assigned. In fact, free fatty acids have a multiplet at 1.52
ppm, while fatty acids bound to glycerol have multiplet at 1.64 ppm. Given the absence of
other glycerol backbone signals, it is possible that this peak value is caused by a small shift
in the '"H NMR spectrum.

3.5.3 Chemoenzymatic epoxidation of unsaturated fatty acids in solvent-less
conditions

The chemo-enzymatic epoxidation was initially performed for pure unsaturated fatty acids in
order to acquire information necessary to optimize the reaction conditions for the epoxidation
of the fatty acid mixture obtained from the hydrolysis of the cardoon seed oil.

Table 3.4 reports experimental conditions and results obtained in the epoxidation of all the
fatty acids. The reactions were performed on a 2 g scale of fatty acids at 50°C by changing
biocatalysts Novozyme 435, CaLB SOD and CaLB covalently immobilized on rice husk, and
their amount (from 225 to 450 U g-'), and the time of reactions (from 2 to 3 hours) in order
to obtain the complete conversion of -CH=CH-group of fatty acids into epoxy products. The
conversions were calculated by '"H NMR. The products were also characterized by GC-MS.
More details are reported below.

Table 3.4 Experimental conditions for the epoxidation of pure oleic, linoleic, and linolenic
fatty acids. Reactions were performed on 2g scale at 50°C.

Exp Substrate Biocatalys Amount of Molar ratio Reactio Conversion*

t enzyme between n time (%)
(U/gsubstrate) -CH=CH- (h)
group and
H20:2
1  Oleic acid Novozyme 225 1:2 2 Complete
435 (99)
2 Oleic acid Novozyme 225 1:2 3 Complete
435 (99)
3 Oleicacid CalLB SOD 225 1:2 2 26
4  Oleicacid CalLB SOD 225 1:2 3 23
5 Oleicacid CalLB-RH 225 1:2 2 19
6 Oleicacid CalLB-RH 225 1:2 3 26
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7 Linoleic  Novozyme 225 1:2 2 96

acid 435

8 Linoleic  Novozyme 450 1:2 2 95
acid 435

9 Linolenic  Novozyme 450 1:2 3 98
acid 435

*Determined by '"H NMR
Exp 1-6 H202 was added in 5 aliquots every 15 minutes.
Exp 7.9 H202 was added in 10 aliquots every 10 minutes.

Executing the reaction in a short time frame is crucial in order to avoid the spontaneous
opening of the epoxy rings and the deactivation of the enzyme exposed to hydrogen
peroxide. In that respect, the higher specific activity of Novozymes 435 might be an
advantage since the carrier accommodates a much larger amount of protein in a smaller
volume and it looks like this factor is beneficial for the preservation of the enzyme activity.
Based on the results obtained within oleic acid epoxidation only the Novozymes 435 was
employed in the epoxidation of linoleic and linolenic acids.

The epoxidation of the fatty acids was monitored by 'H NMR analysis, following the
appearance of a multiplet at 2.90 ppm, generated by the oxiranic protons of the produced
epoxy-product, and the disappearance of the multiplet at 5.34 ppm related to the - protons
correspondent to the double bond of the fatty acids.

The following equation was used to calculate the conversion into the product:
I

x 100
Iy + 1,

% conversion of 9,10 — epoxistearic acid =

la = integration value of the signals of the protons correspondent to the double-bond

Ib = integration value of the signals protons correspondent to the group

3.5.3.1 Epoxidation of oleic acid in solvent-less system

Figure 3.15 shows the '"H NMR spectrum of the 9,10-epoxistearic acid obtained by the
chemo-enzymatic epoxidation of oleic acid after 2 hours reaction time, where the complete
disappearance of protons correspondent to the double bond and the presence of the
multiplet correspondent to the protons of the oxirane group can be observed. The complete
conversion of oleic acid in the reaction conditions shown in exp1 table 3.4 was also
confirmed by the GC-MS analysis (figure 3.16).

119



|
| | \
- _,‘ (S )

- . v ' e - v ] v ' e
64 62 6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 1.6 14 12 10 08 06 04 02 00
1 (ppm)

Figure 3.15 "H NMR spectrum of the product of the epoxidation reaction of oleic acid
catalysed by Novozyme 435 in 2h. 6=0.89 ppm, -CH3 (A); 6=1.36ppm -CH>- of chain,
0=1.63ppm -CH>- (D); 6:2,64ppm -CH>- (C); 6:2.90ppm -CH- (D).
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Figure 3.16 GC-MS chromatograms of a) oleic acid b) reaction mixture after 2 h in which
is evident the complete conversion into epoxy product (9,10-epoxistearic acid).

Figure 3.17 shows 'H NMR spectra of the products resulting from epoxidation of oleic by
using CaLB SOD. It's evident that there is the presence of a double bond at 5.4ppm and the
signals of oxiranic protons at 2.90 ppm is slightly visible with a conversion of 26% after 2
(figure 3.17a)hours and 23% after 3 hours (figure 3.17b).
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Figure 3.17 '"H NMR spectra of the reaction mixtures of the epoxidation of oleic acid with
CalLB SOD a) after 2 h; b) after 3h. The multiplet at 5.34 ppm related to the protons
corresponding to the double bond is still visible whereas the signal at 2.90 ppm (oxiranic
protons) is slightly visible.

These results were also corroborated by GC-MS analysis reported in figure 3.18. It is
possible to see that in the reaction mixture there is the presence of a signal of oleic acid as
well as the signals of the epoxidized product.
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Figure 3.18 GC-MS chromatograms of a) oleic acid; b) reaction mixture after 2 h; c)
reaction mixture after 3 h. The reaction conditions are reported in table 3.4 (exp3-4).

Figure 3.19 shows the "H NMR spectra of epoxidation of oleic acid in 2 and 3 hours using,
as the biocatalyst, CaLB covalently immobilized on rice husk.

Using this biocatalyst, it is also evident by NMR that there is the presence of a double bond
at 5.4ppm and the signals of oxiranic protons at 2.90 ppm is slightly visible with a conversion

of 19% after 2 hours (figure 3.19a)

and 26% after 3 hours (figure 3.19b). These results

were also confirmed by GC-MS analysis in which is possible to see the presence of oleic
acid in both reaction mixtures (figure 3.20).
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Figure 3.19 "H NMR spectra of the reaction mixtures of the epoxidation of oleic acid
with CaLB immobilized on rice husk: a) after 2 h; b) after 3h. The multiplet at 5.34 ppm
related to the protons corresponding to the double bond is still visible whereas the
signal at 2.90 ppm (oxiranic protons) is slightly visible.
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Figure 3.20 GC-MS chromatogram of a) oleci acid, b) reaction mixture after 2 h; c)
reaction mixture after 3 h. The reaction conditions are reported in table 3.4 (exp5-6).

It is evident that the two formulations CaLB SOD and CalLB-RH (Table 2.4 entry 3-6)
underwent inactivation during the reaction since the conversion value did not increase after
2 hours. The reason might be ascribed to the different porosity or chemical nature of the
carriers, which might have different affinity of the H202. The commercial Novozyme 435 was
the most effective biocatalyst, leading to quantitative conversions.

3.56.3.2 Epoxidation of linoleic acid in solvent-less condition

Linoleic acid presents 2 cis double bonds in the positions 9 and 12. For the epoxidation of
linoleic acid, two experimental protocols were tested: in the first experiment a total amount
of 225 U/gsubstrate Of enzyme was added; while in the second one the enzymatic units were
doubled to 450 U//gsubstrate. The molar ratio between the double bonds and H202 was kept at
1:2 as for the oleic acid epoxidation, and the reaction time was fixed at 2 hours.

Figure 3.21 shows the "H-NMR spectrum of the epoxidation product obtained by using 225
U/gsubstrate Of biocatalyst. It was possible to identify the signals corresponding to the mono
epoxidized product (named “b” in the figure) and of the di-epoxidized product (named “c” in
the figure). A small amount of unsaturated compound (4%) was present and final conversion

at 2 hours was 96%. The isolated yield was 98%ww.
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Figure 3.21 '"H NMR spectrum of the reaction mixture of the epoxidation of linoleic acid
after 2 h (225 U/gsubstrate).

Since it was crucial to accelerate the epoxidation reaction and to minimize the competing
spontaneous opening of the epoxy ring after formation, a second reaction was performed
using 450 U/gsubstrate. In this case, the signal of the protons corresponding  to the double
bond of the linoleic acid is not visible after 2 hours of reaction, indicating complete

conversion. The isolated yield was 95%ww (figure 3.22). This result was also confirmed by
GC-MS analysis (figure 3.23).
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Figure 3.22 "H NMR spectrum of the product obtained after 2 h of epoxidation of linoleic
acid catalysed by 450 U/gsubstrate Of lipase.
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Figure 3.23 GC-MS chromatogram of a) linoleic acid, b) reaction mixture after 3 h. The
reaction conditions are reported in table 3.4 (exp8).
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3.56.3.3 Epoxidation of linolenic acid in solvent-less condition

The experimental protocol for the epoxidation of the linolenic acid was carried out using 450
U/gsubstrate Of Novozyme 435) and a 1:2 molar ratio between the unsaturated groups and
H202. The reaction time was extended to 3 hours due to the presence of three C=C groups.

Figure 3.24 shows the '"H NMR spectra of the reaction product. As can be seen in figure
mm, the signals of the protons corresponding to the double bonds are not present, while it
was possible to identify the signals belonging to epoxidized linoleic acids. From these two
data, it can be concluded that in the final mixture only the tri-epoxidized product is present.

The isolated yield was 98%wmw. This result was confirmed also by GC-MS in figure 3.25.
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Figure 3.24 "H NMR spectrum of the product obtained after 3 h of epoxidation of linolenic

acid catalysed by 450 U/g substrate of lipase.
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Figure 3.25 GC-MS chromatogram of a) linoleNic acid, b) reaction mixture. The reaction
conditions are reported in table 3.4 (exp9).
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3.6 CONCLUSIONS

The hydrolysis of cardoon seed oil was accomplished using a completely enzymatic
process. It was demonstrated that the combination of CaLB and TLL lipases allowed a
complete hydrolysis of cardoon seed oil. The used protocol requires buffer and mild
temperatures, instead of strong acids or bases at high temperatures. After a simple work-up
that avoided the use of organic solvents, a mixture of free fatty acids was obtained, as
confirmed by TLC and 'H-NMR analysis.

The epoxidation of pure fatty acids was accomplished, and the conditions optimized, thus
preventing the opening of the oxirane rings and inactivation of the enzyme was achieved.
The 'H NMR and GC-MS characterization demonstrate the complete conversion of the
unsaturated fatty acids into the respective epoxidized products. The process was developed
in solventless conditions at mild temperatures using an immobilized enzyme which enables
an easy work-up and isolated yields >98%.
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CHAPTER 4

VALORIZATION OF RICE HUSK AS A RENEWABLE
CARRIER FOR ENZYME IMMOBILIZATION

41 SUMMARY

Rice husk (RH) is an underexploited, low density and highly robust composite material,
available in large quantities from rice processing. This biodegradable composite material
has been studied in our research group during the last decade, given its potential to replace
fossil-based methacrylic epoxy resins that are currently available on the market as
immobilization carriers, thus creating a sustainable and economically viable alternative for
biocatalysed industrial processed.

In our previous studies, RH was chemically or enzymatically oxidized to introduce functional
groups for the covalent linking of diamino spacers, used for the glutaraldehyde mediated
bonding of enzymes to be applied in biocatalytic processes. The chemical method (sodium
periodate oxidative cleavage of glucose units in cellulose) showed higher efficiency in
respect to the enzymatic method (laccase catalyzed oxidation of the primary hydroxyl group
of glucose units in cellulose, in the presence of TEMPO radical as mediator).

In comparison with the previous studies developed in our research group, the present
research aimed at improving the sustainability and economic viability of the protocols for the
covalent immobilization of enzymes on functionalized (oxidized) rice husk. More specifically,
the advances were the following: i) development of a method for oxidizing the cellulosic
matrix of rice husk with the aid of laccase enzymes, under optimal conditions, that allowed
the recycling of the enzyme; ii) the covalent immobilization of enzymes on such oxidized
carriers without the introduction of spacers and avoiding the use of the toxic glutaraldehyde;
i) an optimized protocol for the delignification of rice husk that yields a low density and more
hygroscopic material for different biotechnological and environmental applications.

The main advantage of the covalent immobilization is represented by the feasibility for
consecutive reaction cycles also in aqueous media or a very viscous system since the
detachment of the protein is prevented. Notably, there is no covalently immobilized lipase
available on the market. Selected immobilized formulations were tested in solventless
polycondensation reactions and in the processing of cardoon seed oil (chapter 3).
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4.2 INTRODUCTION

4.2.1 Valorization of lignocellulosic biomass

Biomass represents a valid alternative to the use of plastic materials as it allows for an
evolution of current chemical industries (which use petroleum as a source of raw materials
in bioindustries and biorefineries), with a consequent contribution to the decarbonization of
industry and economy (Lola Domnina B. Pestano and Wilfredo |. José, 2018).

Lignocellulosic biomass represents the largest reserve of organic matter on earth. It
constitutes the cell wall of plants and is composed of organic acids, salts, minerals and three
biopolymers: cellulose, hemicellulose, and lignin. These three biopolymers are associated
with each other, forming a complex heterogeneous matrix whose composition can vary
according to the biomass it constitutes and the area in which it is produced. Lignocellulosic
materials are currently used for the production of bio-based chemicals, such as substrates
for fermentation or as a source of biofuels in biorefineries (Tuck et al., 2012).

However, the concept of valorization of lignocellulosic biomass received increasing
attention especially for its potential conversion into products with value-added. The present
project aims to respond to this challenge by converting a very inexpensive biomass, rice
husk, into a functional material applicable in the biotechnology sector as carrier for enzyme
immobilization.

Rice husk (RH) is a lignocellulosic composite material, produced in large quantities in Asian
and European countries as a waste from cereal production. It is estimated that for every four
tons of rice harvested, one ton of rice husk is produced, with an annual production of 120Mt:
of this quantity only 20 Mt is used (Corici et al., 2016).

The rice husk is formed of 20-25% of silicon dioxide (SiO2) and other metal oxides such as
Al203, Fe203, CaO, and for the remaining 75-80% is comprised of organic material of the
specific composition shown in table 4.1 (Corici et al., 2016).

Table 4.1 Major organic chemical components of rice husk (Corici et al., 2016).

% w w-!
Cellulose 46.5
Lignin 31.9
Hemicellulose 221

The morphology of the rice husk was studied in detail by our research group using scanning
electron microscopy (SEM). Figure 4.1 reports SEM images of the entire cuticle of rice husk
before and after the milling.

The external surface of rice husk is very rough, with linear ripples of a conical shape that
run regularly along the whole surface. The external surface contains a higher concentration
of SiOz2 and this confers stiffness and resistance towards external agents (Park et al., 2010).
The internal surface, on the other hand, is smoother and consists of a larger quantity of
cellulose. In previous studies it was demonstrated that the milling of rice husk (with average
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size 200-400um) retains the typical external and internal morphology, probably due to the
toughness conferred by silica. Indeed, the milling of RH is feasible only by knife-mill devices
whereas ball mill systems are inefficient (Cespugli et al., 2018).

Figure 4.1 Scanning electron micrographs of rice husk a) view of the external surface; b)
external surface with ripples containing lignin and SiOg; c) rice husk after milling d)
fragment of tracheids; e) section of tracheids.

4.2.2 Functionalization of rice husk surface

The first protocol for the functionalization of rice husk previously developed in our group
involved an oxidation process at the level of the cellulosic matrix in order to generate new
aldehyde groups to be exploited for the covalent anchoring of the enzymatic protein.

phy
Covalently
immobilized lipase

Figure 4.2 Schematic representation of oxidation of rice husk followed by covalent
immobilization of lipases.
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For chemical oxidation, sodium metaperiodate (NalO4) that causes an oxidative cleavage of
the glucose units with the formation of two aldehyde groups (Monsan, 1983, 1981) was used
(figure 4.3).

OH
OH
o) NalO
%Mo iy o ———>
OH O 24 h
OH

n

Figure 4.3 Oxidative cleavage of cellulose using NalOa.

The previous investigations (Cespugli et al., 2018; Corici et al., 2016) showed that this
method induces an increase of carbonyl groups of more than 380%, whereas carboxylic
groups increase by about 66%. The latter are the result of the subsequent oxidation of a
fraction of aldehyde groups under oxidative conditions. Oxidative modifications of the lignin
cannot be excluded although the microscopic characterization indicates that SiO2 covers
most of the lignin, which appears poorly accessible (Cespugli et al., 2018).

The resulting aldehyde groups were exploited for the insertion of di-amino spacers using
hexamethylenediamine (HMDA), via the formation of imine bonds. Finally, glutaraldehyde
(GA) was employed as a bi-functional agent to form imine bonds with the spacer and the
amine groups of lysine residues present on the surface of the lipase (Corici et al., 2016;
Monsan, 1983, 1981).

CH,OH CH,OH CH,OH

o— 0 —~0— =
bt NalD, HaN —R—NH,
— p—
—0 Sodium —O | | diamine —0 | |
OH periodate 0 0 spacer N N
g
HaN  NH,

UWO
Glutaraldehyde

Enzyme

Figure 4.4 Schematic representation of the oxidation and functionalization of rice husk by
using diamine spacer and glutaraldehyde.
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4.2.3 Enzymatic activation of rice husk surface

Recently, Marco Cespugli in his PhD thesis (Cespugli M., 2017) carried out some preliminary
tests aiming atimproving the sustainability of the immobilization method and the accessibility
of rice husk. More specifically, the use of sodium periodate is considered a toxic and
hazardous chemical. Effects of oral exposure include alternate hyperactivity and lassitude,
weakness, prostration, dyspnoea, and diarrhoea. Mortality was attributed to renal damage
(Lent et al., 2017).

The chemical oxidation reaction was replaced by an enzymatic oxidation using laccase in
the presence of a chemical mediator. The oxidation of the primary hydroxyl groups of the
glucose unit from cellulose was accomplished by means of laccase enzymes in the presence
of a “mediator”, namely the TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) radical.

O

0 OH i ¢
A/ﬁ‘/\'L o0 QO \‘L T N\ Ol
+ ! - \ O .___
~ HO OH oHn I
Oxidised TEMPO n Reduced TEMPO
(N-oxoammonium) (N-hydroxyl-TEMPO)

A
\

Laccase/&--- j

radical
TEMPO

Figure 4.5 Reaction scheme of enzymatic mediated oxidation of cellulose. The
laccase/TEMPO system oxidizes the primary hydroxyl group to an aldehyde.

— Laccase/O,

Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) are enzymes of great interest
in the biocatalysis field as they use oxygen from air as the last electron acceptor, producing
water as a by-product. Laccases belong to a group of polyphenol oxidases, the reduction of
oxygen to water is accompanied by the oxidation of a substrate, such as methoxy-
substituted monophenols, o,p-diphenols, aminophenols, polyphenols, polyamines, aryl
amines, lignin.

Laccases are used as biocatalysts in various industrial applications and most of them require
the presence of a mediator. Currently, laccases are used in the paper industry as bleaching
agents for fabrics (Osma et al., 2010), in the food industry for the removal of phenolic species
from beverages, in the environmental field for the removal of pollutants from water and soils,
and finally in the biosensors field (Fabbrini et al., 2001). In organic synthesis, laccases are
used for several types of reactions: oxidation reaction of compounds such as aromatic or
aliphatic alcohols to the correspondent aldehydes or ketones, radical coupling reactions for
the synthesis of polyphenols (Agematu et al., 1993), or dimers of molecules such as
penicillin X or bisphenol A (Cameron and Aust, 2001; Uchida et al., 2001). They are also
used for the enzymatic regeneration of cofactors used in oxidation reactions (Alvira et al.,
2010). Laccases are responsible for the polymerization and depolymerization of lignin,
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causing an increased accessibility to cellulose for possible subsequent conversions (Galbe
and Zacchi, 2007). Laccases can also mediate the selective modification of the surface of
lignocellulosic materials by grafting small organic molecules of phenolic nature onto the
lignin component of different materials (Alvira et al., 2010).

Laccases are commonly produced by bacteria, plants, insects, and fungi; they are in
particular produced by the White-rot species. Their biological function depends on the
organism (Thurston Christopher F., 1994), they are responsible for the formation and
degradation of lignin, and they are also responsible for wound healing. In fact, in response
to an injury, laccases initiate an oxidative polymerization of catechols which generates a
"glue” that seals the wound (Claus, 2004). They constitute the largest group of multi-copper
blue oxidases since the enzymes contain at least four copper atoms, which confer the typical
blue colour.

In general, laccases catalyse the oxidation of numerous aromatic compounds accompanied
by the reduction of molecular oxygen to water through the transfer of four electrons.

OH o)

x
4x 4x ||
R Z R

. — His-Cys-His iﬂ- .
®

0, 2 H,0
Figure 4.6 Electronic transfer in laccase oxidation.

The four copper atoms per functional unit guarantee the catalytic activity of the laccases.
Copper atoms are classified in three types based on the coordination of their bonds (figure
4.7).
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Figure 4.7 Laccase structure: copper atoms are indicated with orange spheres. On the
right: Catalytic site of laccase and coordination bonds.

Non-phenolic compounds are often not oxidized by laccases because of their low redox
potential. Furthermore, big molecules that cannot reach the active site (i.e., lignin) cannot
be oxidized (Bourbonnais et al., 1995). To overcome this drawback, a mediator with the
function of moving oxidative species outside from the enzyme to the substrate can be used.
A mediator is usually a small molecule that acts as an electron shuttle, it is oxidized by the
enzyme, moves away from the active site and, in turn, oxidises the substrate (figure 4.8).

02 Laccase Oquizted Substrate
mediatore
o i Oxidized
HZO Oxidized Mediator substrate
laccase

Figure 4.8 Scheme of the laccase/ mediator system.

Type one copper (T1) presents a trigonal geometry with a free axial position prone to
substrate interaction. Equatorial positions establish coordination bonds with two histidine
residues and a cysteine, while the fourth could be variable (Claus, 2004). The redox potential
of T1 copper depends on the organism producing the enzyme: in fungal laccases, the redox
potential is 700-900 mV, while on plant laccases it is typically lower (330-500 mV), and this
difference is due to the different coordination of T1 copper (Andréasson and Reinhammar,
1979). The T1 copper atom is responsible for the blue colour of laccases and of the substrate
oxidation (Nakamura, 1958). T2 copper is not detectable in the visible spectrum and is
coordinated by two histidine residues. T3 coppers establish a binuclear center with a
maximum of absorbance at 330 nm in the oxidized form and are coordinated by six histidine
residues next to the T2 copper. This molecular architecture is responsible for the reduction
of molecular oxygen by the production of water.
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The mono-electronic oxidation of the substrate occurs at the level of the copper center T1
which is the first electron acceptor. The electron through the His-Cys-His is transferred from
copper T1 to the trinuclear cluster where the reduction of oxygen to water occurs as
previously shown in Figure 4.6.

There are some conditions that a good redox mediator should satisfy: it must be a small
molecule able to generate stable radical species, it should not interfere with the catalytic
activity of the enzyme while allowing the in-situ recyclability and, finally, it should be cost-
effective (Potthast et al., 2001). The system consisting of laccase and mediator is called
laccase-mediator system (LMS). Many natural and synthetic mediators are reported in the
literature (figure 4.9).
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Figure 4.9 Examples of synthetic and natural mediators of laccases: (a) N-
hydroxybenzotriazole (HBT); (b) violuric acid (VLA); (c) 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO); (d) 2,2"-azinobis-(3-ethylbenzothiazolin-6-sulfonic acid) (ABTS); (e) caffeic
acid; (f) acetovanillone; (g)ferulic acid; (h) syringaldehyde.

The laccase catalyzed oxidation of the glucose units of the cellulose fraction of RH was first
performed by Marco Cespugli in his PhD thesis working in the presence of TEMPO radical
as a mediator. TEMPO is oxidized to an oxo-ammonium cation that, in turn, selectively
oxidizes the C6 hydroxyl of the glycosidic ring forming an aldehyde via heterolytic cleavage.
A fraction of the neo-formed aldehydic group, very sensitive to oxidative conditions, can be
further oxidized into carboxylic acid (figure 4.10).
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Figure 4.10 Reaction scheme of cellulose oxidation in the laccase-mediator system

(LMS).

The preliminary tests explicated in the PhD thesis of Marco Cespugli (Cespugli M., 2018),
employing laccases for the oxidation of rice husk, indicated that the amount of carbonyl
groups for the chemically oxidized rice husk (measured by means of the hydroxylamine
hydrochloride assay) are 5 times lower compared with the sodium periodate method. This
was achieved by the best performing laccase (laccase from Trametes sp.) used at 100U/mL
concentration for 48 hours at environmental pressure and 25°C with a 0.1 M pH 5 citrate
buffer solution containing 10 mM TEMPO. The reason lies in the fact that sodium periodate
leads to the formation of two aldehyde groups in the cellulose structure (figure 4.5).

Moreover, SEM images showed that the aggressive action of sodium periodate determined
the erosion of the surface of the rice husk, making the matrix more accessible to reagents.
The enzymatically oxidised rice husk was then functionalized with the spacer
hexamethylenediamine (HMDA) with the aid of glutaraldehyde as previously described and
used for the immobilization (10.000 Units per dry g of carrier) of lipase B from Candida
antarctica. The hydrolytic activity of the CaLB immobilized on the enzymatically oxidised rice
husk resulted a 5.6 fold lower (56 U/g) than that which was achieved by immobilizing the
CaLB on the rice husk oxidized by NalO4 (316 U/g). The result was mainly due to the lower
loading achieved with the enzymatically treated matrix (17% of protein vs 72%).

In this project we started from this evidence and decided to improve the sustainability of the
oxidative process while simplifying the experimental protocol. At the same time, the objective
of improving the accessibility of rice husk was addressed by optimizing the protocol for the
delignification of this lignocellulosic biomass.
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4.2.4 Delignification of rice husk

The previous studies of our group indicated that lignin constitutes at least 30% of the mass
of rice husk (Table 4.1). Its role is to create a very hydrophobic external barrier that protects
the rice from external agents and also prevents its dehydration. Moreover, hemicellulose
represents more than 20% of rice husk mass. Hemicellulose consists of several different
sugar units and substitutes side chains that form alow molecular weight linear or branched
polymer. This polymer is more soluble than cellulose with a DP (degree of polymerization)
of less than 200. Hemicellulose can be hydrolysed by weak acid, it is not crystalline but rather
a gel. Covalent hemicellulose-lignin bonds involving ester or ether linkages connect the two
biopolymers.
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Figure 4.11 Chemical network that connects hemicellulose with lignin.

In his PhD thesis Marco Cespugli (Marco Cespugli, 2018) reported some preliminary results
obtained by immobilizing a lipase on RH pre-treated with H202 in a basic environment. The
objective was to create a more hydrophilic environment and to increase the accessibility of
the enzymes to the cellulose matrix for improving the immobilization yield. The protocols
were developed on the basis of bleaching techniques employing ammonia with hydrogen
peroxide (Kim and Lee, 2005), or alkaline hydrogen peroxide with sodium hydroxide (Diaz
et al., 2014).

Aqueous ammonia solution can cause the hydrolysis of the glucuronic esters responsible
for the lignin-hemicellulose matrix integrity whereas the diferulic linkages between cellulose
and lignin are promptly broken by oxidative treatments (Zhao et al., 2020).

The hydroperoxide anion produced in the decomposition of H202 is unable to directly
depolymerize lignin, while the hydroxyl radical is a powerful oxidant that causes lignin and
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hemicellulose depolymerisation. This radical is formed under alkaline conditions that
promote the formation of the hydroperoxide anion via the neutralization of H* ions. The
produced anion promptly reacts with hydrogen peroxide to form the radical species (Kim
and Lee, 2005).

H,0, = H* + HOO|
H,0, + HOO~ =-0H + 05 - +H,0

Figure 4.12 Formation of the hydroxyl radical under basic conditions.

The optimal pH for the formation of the radical to achieve delignification with an alkaline
hydrogen peroxide solution was reported to be 11.5 (Zhao et al., 2014).

According to Wang and co-workers (Wang Z. et al., 2016), the crystalline microfibrils of
cellulose of rice husk are resistant to degradation and as was also demonstrated by Marco
Cespugli who observed the preservation of the tri-dimensional structure of rice husk after
treatments. Rice husks with a granulometry of 0.2-0.4 mm were treated with an 8% hydrogen
peroxide solution using sodium hydroxide to adjust the pH at 11.5.

- - S
Figure 4.13 SEM microscopy images of the outer surface of rice husk before (left) and
after (right) alkaline hydrogen peroxide pre-treatment.

SEM microscopy showed that the overall structure of rice husk was preserved, while signs
of chemical abrasion were detected on the external surface.

In the present study, the reaction conditions or the delignification of rice husk were
optimized, and the resulting material was characterized in detail. Finally, some preliminary
immobilization tests were performed.
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4.3 OBJECTIVES OF THE CHAPTER: RICE HUSK AS SUSTAINABLE
ALTERNATIVE TO THE COMMERCIAL FOSSIL-BASED ORGANIC
CARRIERS FOR ENZYME IMMOBILIZATION

To improve the sustainability of the enzymatic process described in chapter 3 a parallel
study was carried out by addressing the covalent immobilization of lipases on a renewable
carrier: rice husk. The valorization of functionalized rice husk, a lignocellulosic biomass
available from rice processing, allows to obtain bio-composite materials suitable for enzyme
immobilization.

The sustainability of the functionalization and immobilization procedures was improved
compared to previous studies. Protocols for functionalization (oxidation) of rice husk was
optimized using a chemo-enzymatic laccase-TEMPO system that allows to reduce the
amount of enzyme employed and it also enables its recycling.

More importantly, lipases were directly immobilized covalently on the oxidized rice husk
without the use of spacers and the toxic glutaraldehyde as reported in previous studies.

The immobilization results of lipases on rice husk are comparable to those obtained using
commercial epoxy methacrylic resins. The use of rice husk as carrier made possible to
overcome problems related to the commercial methacrylic resin. Firstly, their high cost and
secondly their environmental impact as demonstrated by studies of Life Cycle Assessment
(Corici et al., 2016).

It was demonstrated that biocatalysts immobilized on rice husk, because of their stability
and robustness, are applicable in various reaction media, including aqueous systems and
under mechanical stress. This work intends to be a contribution to develop a new renewable
industrial carrier for enzyme immobilization for different industrial applications. Notably, no
covalently immobilized lipase is currently commercialized for industrial applications despite
the clear advantages deriving from the use of lipases enzymes in aqueous solutions. In this
research CaLB immobilized on rice husk, both chemically and enzymatically oxidized, was
tested not only in the chemo-enzymatic epoxidation of fatty acids but also in the solvent-free
polycondensation of bio-based monomers.

The last part of this work had the objective of improving the accessibility to oxidizing reagents
and enzymes, while decreasing the hydrophobicity of this composite material. This objective
was achieved through the development of a delignification process that allows to increase
the water retention capacity of rice husk decreasing its density while maintaining tri-
dimensional structure and robustness.
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4.4 MATERIALS AND METHODS
MATERIALS

Lipase B from Candida antarctica (EC 3.1.1.3, CAS number 900-162-1, liquid solution,
activity: 1372 TBU g~' where TBU = enzymatic Units calculated with tributyrin hydrolysis,
protein content = 84 mg mL™~") and Laccase Novozym 51,003 (EC 1.10.3.2., CAS number
80498-15-3) from Myceliophthora Thermophila expressed in Aspergillus sp. (activity: 64 U
ABTS mL™") were from Novozymes (Denmark).

Lipase from Thermomyces lanuginosus (specific activity: 3176 TBU mL™", liquid solution,
protein content = 38 mg mL~") maltodextrin, Kollidon®25, 2,2,6,6-tetramethylpiperidin-1-
yhoxy (TEMPO), NaOH, NalOs4, Bradford reagent, tributyrin and 2,2'-Azino-bis(3-
ethylbenzothiazoline-6- sulfonic acid) diammonium salt (ABTS) were from Sigma-Aldrich.

Lipase from Rhyzopus oryzae (powder, activity: 29,496 U g~') was kindly donated by Amano
Corporation (Japan).

Laccase C (EC 1.10.3.2) from Trametes versicolor (2176 U ABTS g') was from ASA
Spezialenzyme GmbH (Germany).

PEG 3000 was from Merck. Arabic gum was from Fluka TM.
Hydroxyethylcellulose was from Esperis S.p.A. (ltaly).

The rice husk was kindly donated by Riseria Cusaro, Binasco (ltaly).

4.4.1 Chemical oxidation of rice husk

A total of 2 g of rice husk (particle size 200-400um) previously washed with a mixture of
H20:ethanol 50:50 (3x3 mL) was placed in a syringe with septum. Then, 50 mL of a 0.20 M
NalO4 solution was added, and the mixture was allowed to react under stirring on the blood
rotator for 22 h in the dark and at 25 °C. The solid support became dark brown. At the end
of the reaction, the rice husk was filtered and rinsed with deionized water (3x10 mL) until
neutrality.

4.4.2 Enzymatic oxidation of rice husk

Protocol at 20°C: 0.2 g of RH was washed with 10 mL phosphate buffer 0.1 M pH 5. To the
resulted RH, a 10 mM solution of TEMPO was added, together with the laccase to obtain a
final concentration of 8 or 40 U mL-'. Phosphate buffer (0.1 M pH 5) was used to reach a
final volume of 25 mL.

Protocol at 70°C: 0.5 g of RH were treated as described above and all reactions were
performed at a final concentration of 8 U mL-'. The reaction mixtures were magnetically
stirred (350 rpm) and air was insufflated for 2 minutes every 8 hours to increase the exposure
of the enzyme to oxygen. At the end of the reaction the mixture was filtered and washed
with distilled water (15 mL, 4 times). The recyclability of the laccase solution used at 70°C
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was evaluated by removing the oxidized product and then adding fresh RH and TEMPO in
the same amount as in the first cycle. The reaction was conducted as described above.
Samples were withdrawn and analyzed after 24 and 48h, so that the same laccase solution
was employed for a total of 96 h.

4.4.3 Recyclability of laccase from Trametes sp. for the oxidation of rice husk

The first oxidation cycle was carried out at 70°C in sodium citrate buffer 0.1 M pH 5 using a
final laccase concentration of 8 U mL™". The reaction mixtures were magnetically stirred (350
rom) and air was insufflated for 2 minutes every 8 hours to increase the exposure of the
enzyme to oxygen. At the end of the reaction, the recyclability of the laccase was evaluated
by removing the oxidized product and then adding fresh rice husk and TEMPO in the same
amount as in the first cycle. The reaction was conducted as described above (section 3.3.2).
Samples were withdrawn and analyzed after 24 and 48h, so that the same laccase solution
was employed for a total of 96 h.

4.4.4 Assays for laccase activity

0.100 mL of 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
solution (0.02 M), 0.850 mL of citrate buffer and 0.050 mL of enzyme solution 0.125 mg mL-
1 were added and the absorbance at 420 nm was monitored for 3 minutes. All the
experiments were repeated 5 times. A solution containing 0.100 mL of ABTS, 0.02 M and
0.900 mL of citrate buffer were used as a reference. The laccase activity value (U/mL) was
calculated using the following equation:

AA
/mi:n < Viot

.. U —
Activity 7 /py = —3¢ Vinz

4.4.5 Determination of carbonyl groups

The content of carbonyl groups was determined by reaction with hydroxylamine
hydrochloride. This reacted with the hydroxylamine formed an oxime and the hydrochloric
acid released was then titrated with sodium hydroxide. In 25 min of a 0.25 M solution of
hydroxylamine hydrochloride, the pH was brought to 3.20 0.05 with HCI. About 200 mg of
rice husk of hydrated oxidized rice was added to the solution and the suspension was
allowed to react for 2 h under stirring. After this time, the reaction was titrated with 0.1 M
NaOH to bring the pH back to 3.20. At the end of the titration, the mixture was fed, and the
rice husk was dried for 6 h in an oven at 120 °C to determine the exact anhydrous weight of
the analyzed sample.

To remove any interferences, a white consisting of a non-oxidized rice husk was treated with
the same method, which was previously washed 6 times with a mixture ethanol:water
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(50:50). Each measurement was performed twice. The content of carbonyl groups was
calculated using the following formula:

Vnaon X Cnaon

mmol aldehyde /g qrrier
dry carrier
where VnaoH is the volume in mL necessary to adjust the pH of the mixture to 3.20, CnaoH is
the concentration of NaOH (0.1 mmol/mL) and mary carrier is the mass in grams of the
anhydrous samples.

4.4.6 Chemical oxidation of RH on 300g scale

300g of rice husk (particle size 200-400um) previously washed with a mixture of H20:ethanol
50:50 (3x1000 mL) was places in a Becker with 22g of NalO4 and 500mL of deionized water.
The mixture was allowed to react under stirring on the blood rotator for 22 h in the dark and
at 25°C.At the end of the reaction, the rice husk was filtered and rinsed with deionized water
(83x500mL). The rice husk was then dried in oven.

4.4.7 Enzymatic oxidation of RH on 300g scale

300 g of rice husk previously washed were placed in a flask and suspended in 500 mL of
0.1 M citrate buffer at pH 5. Rice husk was left overnight to get completely wet. The next
day the mediator TEMPO in a concentration of 10 mM (12.56g) and the enzyme Laccase C
are added to this suspension to have a concentration of 20 U/mg (15.13g). After complete
dissolution of the TEMPO-mediator and suspension of the enzyme, citrate buffer solution
was added to reach the final volume of 1L. The reaction mixture was kept under stirring at
T=70°C for 48 hours. During the reaction, a treatment procedure with compressed air is
carried out 10 times for 5 minutes. At the end of the reaction, rice husk was filtered and
washed with bi-distilled water.

4.4.8 Immobilization of lipases

The lipases were immobilized according to the protocol of Cespugli et al. (2018) modified
as follows: 0.2 g of oxidized RH were incubated with 1 mL of solution containing 2000 U
(TBU) of each commercial lipase, diluted in phosphate buffer (0.5 M at pH 8). A solution of
PEG-3000 (0.5 mL of a 2 mg mL"" solution in phosphate buffer 0.5 M at pH 8) was added
as stabilizer.

4.4.9 Lipase hydrolytic activity assay for determining tributyrin Units (TBU)

The activity of enzymatic preparations was assayed by following the tributyrin hydrolysis and
by titrating with 0.1 M sodium hydroxide (NaOH), the butyric acid that is released during the
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hydrolysis. Potentiometric titrations and pH measurements were performed using a Graphic
DLS50 Mettler Toledo automatic titrator.

An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic emulsifier (0.6% w v-') and
23.4 mL water was prepared in order to obtain a final molarity of tributyrin of 0.17 M.
Successively, 2 mL of 0.1 M sodium-phosphate buffer (Nap) pH 7.0 was added to 30 mL of
tributyrin emulsion and the mixture was incubated in a thermostated vessel at 30°C,
equipped with a mechanical stirrer.

After pH stabilization, 100 mg of immobilized biocatalyst or 0.005 mL CaLB native solution
was added. The consumption of 0.1 M NaOH was monitored for 14 min. One unit of activity
was defined as the amount of immobilized enzyme required to produce 1 mmol of butyric
acid per min at 30° C. One unit (U) of lipase activity was defined as the amount of enzyme
which liberated 1 mmol of butyric acid per minute under the given assay conditions.

4.4.10 Determination of the leaching of the enzymes after covalent Immobilization

At the end of the test for enzymatic activity, the biocatalyst was removed by filtration and
500 pL of the filtrate was taken, which were subjected to the enzymatic activity assay with
tributyrin hydrolysis.

4.4.11 Energy dispersive X-ray spectroscopy (EDS)

Samples were analyzed thanks to the collaboration with Dr Lisa Vaccari and Dr Nicola
Ceffarin at ELLETTRA Sincrotrone — Trieste. Non-metallized samples were investigated with
Zeiss Supra 40 high resolution Field Emission Gun (FEG) Scanning Electron Microscope
(SEM). Images were obtained by collecting secondary electrons with the electron high
tension (EHT) equal to 10 keV thanks to an EverhartThornley detector. The microscope was
equipped with an Oxford Aztec energy dispersive X-ray spectroscopy (EDS) system and an
X-act 10 mm silicon drift detector (SDD) for compositional analysis. The same energy of 10
keV was exploited to collect the silicon signal on the sample.

4.4.12 SEM microscopy

Samples were analysed thanks to the collaboration with Elettra-Synchrotron of Trieste.
Samples were metallized with the S150A Sputter Coater instrument (Edwards High Vacuum,
Crawley, West Sussex, UK) before being observed with the Leica Stereoscan 430i scanning
electron microscope (Leica Cambridge Ltd., Cambridge, UK) integrated with an Si detector
(Li) PENTAFET PLUS TM, with an ATW TM window (Oxford Instruments, Oxfordshire,
England) for microanalysis.
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4.4.13 Stereoscopic microscopy

Samples were analysed thanks to the collaboration with Department of Life Sciences of
University of Trieste. The immobilized biocatalysts were characterized by using a
stereomicroscope (Leica MZ 16, Leica Microsystems, Wetzlar, Germany), equipped with a
Kiralux CS505CU camera (Thorlabs Inc., Newton, NJ, USA).

4.4.14 Delignification of rice husk

5g of rice husk were placed in a Becker with 20 mL H202 (30%ww) and 0.1 g of NaOH. The
mixture is kept under stirring at T=70°C. Foam formation is observed. 40 minutes after
reaching the reaction temperature, 15 mL of 30% H202 and 0.1 g of NaOH are added. After
1 hour and 30 minutes the addition of H202 (30%ww) and 0.1g of NaOH is repeated.

After the last addition, the foam persists for 1 hour and 45 minutes.

The reaction mixture was kept under stirring for 5 hours. At the end rice husk was filtered
and the solid residues are washed with bi-distilled water (3 x 10 mL). Figure 4.14 shows the
product of wet (figure 4.14a) and dry (figure 4.14b) delignification

Figure 4.14 Delignified rice husk a) wet and b) dried.

The delignified husk samples were analyzed using the IR technique by using FT-IR 4700
JASCO. The spectrum was recorded by pressing the husk sample until obtaining a
homogeneous tablet.
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4.5 RESULTS AND DISCUSSIONS

4.5.1 Functionalization of rice husk (RH) using a laccase-mediator system (LMS)

The present study intends to overcome two problems related to the previous immobilization
protocols that were hampering the scalability of the method. Firstly, the widely documented
toxicity of glutaraldehyde (GA), despite which, GA is still used in the food industry according
to strictly defined official regulations. The adverse health effects on humans include
sensitization of skin and respiratory organs; closed systems are recommended to prevent
hazards from GA exposure in industrial plants (Takigawa and Endo, 2006). Secondly, the
recyclability of the laccase enzymes used in the oxidative process and the optimization of
the protocols for their employment.

Milled RH particles (200-400 pm) were oxidized chemically and enzymatically and the
performance of the two different carriers were compared. The chemical oxidation was
accomplished using NalOs4. The enzymatic oxidation process was performed taking
inspiration from the work of Patel and co-workers that described the oxidation of the C6
hydroxy! of glucose in the cellulose chain catalyzed by laccase in the presence of TEMPO-
radical (2,2,6,6-tetramethylpiperidin-1-yl)oxy) (Patel et al., 2011).

Starting from the preliminary work reported in the PhD thesis of Marco Cespugli (Cespugli
M., 2018), who tested laccase from Trametes sp. and laccase from Myceliophthora
thermophile in the presence of TEMPO-radical as mediator (figure 4.15a), the oxidation
conditions were optimized by using a larger amount of RH (from 0.2 g up to 0.5 g in 10mL
buffer) while maintaining the concentration of enzyme as low as 8 U mL~'. At the same
time, the temperature was increased from 20°C to 70°C. (figure 4.15b). The efficiency of the
two oxidation protocols was compared by quantifying the carbonyl group using the
hydroxylamine hydrochloride assay (Cespugli et al., 2018; Giugo et al 2014). The results in
Figure 4.15b confirm that it is possible to significantly decrease the amount of enzyme used
when the temperature is increased. More importantly the laccase was also recycled. After
48 hours the oxidized RH was removed by filtration and some fresh rice husk was added in
the same enzymatic solution. Without the addition of TEMPO, the concentration of carbonyl
groups still increased after 24 hours (figure 4.15b) indicating a residual presence of
unreacted TEMPO deriving from the first cycle. When TEMPO was added to the recycled
enzymatic solution, the carbonyl groups increased by 166% in 24 h and 177% in 48 h.
Overall, the data suggests that the TEMPO concentration can be reduced in both cycles and
that the oxidation occurs much faster in the second cycle (terminated in 24 h), probably due
to an overactivation of the laccase, as a result of some beneficial conformational
modifications that improve the electron transfer pathway already observed in previous
studies of our group on a different laccase (Ferrario et al., 2015).
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Figure 4.15 (a) Concentration of carbonyl groups in different oxidation treatments at 20
°C. RH1: untreated rise husk; RH2: Novozyme 51,003 20 U mL~"; RH3: Laccase C 8 U
mL=7: RH4: Laccase C 40 U mL~ " without TEMPO; RH5: Laccase C 40 U mL~" with
TEMPO. (b) Oxidation at 70 °C and Laccase C 8 U mL~ " and recycling of laccase: first 48
h cycle of oxidation (black bars); laccase reused for a second oxidation cycle on fresh RH
(grey bars); recycled laccase but without addition of TEMPO.

It must be underlined that after 96 hours of reaction the laccase from Trametes sp. remains
active. This suggests that the process can be further optimized in order to maximize the
number of oxidative cycles and minimize the economic impact of the process (Spennato et
al., 2021). The TEMPO mediator is essential for the effective oxidation of the RH although
its concentration might be reduced. However, the next challenge will be to replace the
TEMPO mediator with renewable and economic natural mediators (Cafias and Camarero,
2010; Medina et al., 2013).

Finally, the formation of carboxylic groups was evaluated (figure 4.16). Data confirmed that
the oxidation of aldehydes to carboxylic groups is not laccase mediated and that there is no
significant influence of the enzymatic units employed, or of the type of laccase. Not even the
presence of TEMPO affects the formation of carboxylic groups, and the variation of
carboxylic groups, both with chemical and laccase treatments, appears limited.
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Figure 4.16 Concentration of carboxyl groups on milled rice husk (RH) upon oxidation in
the presence of different laccases and different enzymatic concentrations (Laccase-
Mediator System — LMS). RH1: untreated RH; RH2: laccase Novozyme 51003 8 UmlI-" and
TEMPO mediator; RH3: Laccase C 8 U mI'" and TEMPO; RH4: Laccase C 40 U/ml NO
TEMPO; RH5: Laccase C 40 U ml? with TEMPO; RH6: chemical oxidation by NalOa.
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The morphology of the RH after chemical oxidation or enzymatic oxidation appeared very
different according to SEM characterization. Figure 4.17 shows the corrosive effect of NalO4
which leads to the oxidative cleavage, opening the access to deeper layers of the material,
both inside the tracheid structures (figure 4.17c) and on the outer surface (figure 4.17a). The
enzymatic treatment with laccase leads to negligible morphological modification on the
external surface, while it leads to a modest increase of the roughness of the internal surface
of the tracheids (Spennato et al., 2021).

(c) ' (d)
Figure 4.17 SEM images illustrating the effect of NalO4 (a, c¢) vs enzymatic oxidation (b,
d) on the morphology of RH. Corrosive effect of the NalO4 on the surface(a) and on the
inner cellulosic matrix of tracheid (d).

4.5.2 Covalent immobilization of lipases on functionalized rice husk without the use
of glutaraldehyde

The aim of this study was to simplify the immobilization protocol, avoiding the use of
hexamethylenediamine (HMDA) and of glutaraldehyde (GA). Protocols of immobilization of
lipases were developed, exploring the possibility of forming the imine bond directly between
the lysine residues and the carbonyl group on C6 obtained with enzymatic oxidation which
appears more accessible than the di-aldehyde groups obtained in the chemical oxidation
using the toxic NalOa.

Three different lipases were evaluated: lipase B from Candida Antarctica (CaLB), lipase
from Thermomyces lanuginosus (TLL) and lipase from Rhizopus oryzae (ROL) (figure 4.18).
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Figure 4.18 Structure of the lipases used in the study: a) CaLB; b) TLL; c) ROL.

TLL and ROL undergo interfacial activation (Ferrario et al., 2011) when approaching a
hydrophobic phase, whereas CalLB does not undergo significant conformational changes
and its active site is permanently accessible (Basso et al., 2007; Ferrario et al., 2011) .

The analysis of the number and the position of lysine residues potentially involved in the
covalent binding with the carrier indicates that CaLB and TLL have 9 and 7 lysine
respectively, whereas ROL has 15 lysins, one of them located in the proximity of the active
site. This feature makes the immobilization of ROL difficult. In fact, the formation of the
covalent bond can occlude the active site but also prevent the necessary conformational
changes related to interfacial activation. As proof of this, previous data collected in our group
showed that the hydrolytic activity is completely lost with the covalent immobilization of ROL
in aqueous buffer on methacrylic epoxy resins (Cespugli et al., 2018; Gardossi L. et al.,
2012).

Table 4.2 shows the results concerning the immobilization of lipases on rice husk by using
a simplified protocol that implies the direct bonding of the enzymes on the aldehyde groups
of functionalized rice husk, avoiding spacers and glutaraldehyde (figure 4.19).

HaN_

" protein

Figure 4.19 Direct bonding of the lysin residues of enzymes on the aldehyde groups of
rice husk oxidized by means of the laccase-mediator method.
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Table 4.2 Results of lipases covalently immobilized on RH. In all cases 10.000 U of lipase
per g of RH were employed. The activity is expressed as the average of three
measurements. LMS = laccase from Trametes sp. + TEMPO mediator. Last three entries
were published in ref. (Cespugli et al., 2018 ) and are reported for comparison.

Lipase Oxidation Other functionalization Protein  Hydrolytic Immobilization

Method Loaded activity yield

(%) (Ug'dry) (%)

CalLB LMS no 65 590 + 2 5.9
TLL LMS no 72 974 + 65 9.74
ROL LMS no 53 328 +42 3.28
CalLB NalOs no 33 290 £ 45 2.90
TLL NalO4 no 56 643 £ 67 6.43
ROL NalO4 no 32 171+ 14 1.71
CalLB LMS GA 55 155+ 5 1.55
CalLB NalO4 GA 65 <50 <0.5
CalLB LMS HSDA+GAS 17 56 + 25 0.56
CalLB NalO4 HSDA+GAS 72 316 3.16
CalLB n.a. Epoxy (on methacrylic 95 709 7.09

resin)$

§ previously published

The data from table 4.2 indicates that the simplified protocol significantly increases the
specific activity of CaLB immobilized on enzymatically oxidized RH (results in bold). This
might be explained by the reactivity of glutaraldehyde as a crosslinker that involves different
functional groups on the enzyme thus inducing an array of covalent modifications that affect
enzyme activity. Compared with CaLB immobilized on commercial epoxy methacrylic resins,
the immobilization yield is 5.9 with respect to 7.09, mainly due to the lower loading capacity
of the RH. It must be underlined that the immobilization yield of lipases, when covalently
linked, is generally very low due to their hydrophobic surface that hampers a correct
orientation of the enzyme upon bonding. Additionally, for TLL and ROL the conformational
mobility, which is necessary for displaying the catalytic activity, represents a challenge
(Cespugli et al., 2018; Gardossi L. et al., 2012).

Very few studies report the actual immobilization yield accompanied by the evaluation of the
protein leaching from the support as a proof of the robust anchorage of the enzyme on the
carrier (Cantone et al., 2013; Ferrario et al., 2011).
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4.5.3 Stability and recyclability of covalently immobilized lipases in aqueous media

The stability of the immobilized lipases on oxidized rice husk was evaluated in term of
hydrolytic cycles of tributyrin, under vigorous mechanical stirring in aqueous media,
demonstrating that CaLB and TLL on laccase oxidised rice husk have an excellent stability
after 10 hydrolytic cycles, with about 80% and 70% of recovered activity, respectively.
Details are available in figure 5 of manuscript “Turning biomass into functional composite
materials: Rice husk for fully renewable immobilized biocatalysts” reported below (Spennato
et al., 2021).

On the other hand, ROL retains only 15% of activity and this is ascribed to the leaching of
ROL from RH as it is possible to see in figure 4.20; this also shows the absence of leaching
for CaLB and TLL.

Notably, when the pH of the aqueous solution was modified to 4.5, the leaching of the
enzymes was evident also for the TLL and CaLB formulation, confirming that the bonding of
the enzyme to the RH matrix occur via the reversible formation of imino bonds, undergoing
hydrolysis at acidic pH.

0.18 - ®CalB MTLL AR. Oryzae
0.16 A A
A A A
0.14 .
0.12 - .
=) A A
E o1 .
; 0.08 ¢ . ° . ° . . . ] . ° ° ° ° e
= 3 A A A A
0.06
0.04
E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E =®E =
0.02
0

0 é :1 cIS é IIO 1I2 1I4 1I6
Time [min]

Figure 4.20 Study of the leaching of the three lipases (CalLB, TLL and ROL) from the
functionalized RH carrier after immobilization. The presence of the native enzyme in the
aqueous solution was evaluated by measuring the residual activity present in the aqueous
solution after filtration of the immobilized biocatalysts employed for the hydrolysis of
tributyrin. The procedure was repeated for ten cycles.

The leaching of ROL, despite the 15 lysine residues available for immobilization, is probably
ascribable to a combination of structural and superficial characteristics that prevent an
effective adsorption of the enzyme on the carrier and the nucleophilic attack of the amino
groups of the lysine residues (Basso et al., 2007). Notably, ROL displays also the lowest
protein loading as reported in table 4.2. Indeed, aqueous media induces unfavourable
conformation modifications in some lipases as is demonstrated in molecular dynamics
simulations (Ferrario et al., 2011) and to the best of our knowledge the only effective protocol
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for the covalent immobilization of ROL was developed in organic media (Gardossi L. et al.,
2012).

The results of this study were published in manuscript C reported below, which also
describes a procedure for the physical immobilization of lipase TLL on rice husk. The latter
study was carried out outside the context of the present PhD thesis work by other scientists.
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4.5.4 Manuscript C “Turning biomass into functional composite materials: Rice husk for
fully renewable immobilized biocatalysts”
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ARTICLE INFO ABSTRACT

Keywords:

Biocatalysis for biceconomy
Covalent immobilization of lipases
Rice husk

Renewable immobilization carriers
Laccase oxidation of cellulose

Rice husk is an underexploited, low density and highly robust composite material, massively available from rice
processing. Here we report two new procedures for the formulation of immobilized lipases applicable in fats
and oils transformations. The enzymes were covalently anchored on aldehyde groups introduced on rice husk
by laccase-catalysed oxidation of the cellulose component. The method avoids the use of toxic glutaraldehyde
while allows for the application and recycling of the biocatalysts in aqueous media. The second method used a

fluidized bed granulator for the coating of the particles of rice husk (200-400 pm) in the presence of water-soluble
binders. The formulations are mechanically stable and suitable for applications in different hydrophobic media.
Both methods allow for the recovery and reuse of the rice husk at the end of the life cycle of the biocatalysts.

1. Introduction

When considering the largest scale applications of enzymes in in-
dustry, they include glucose isomerase for production of high frue-
tose syrup (107 ton/y), f-galactosidases for lactose hydrolysis in milk
(10° ton/y), and lipase for transesterification of food oil (10° ton/y).
All these processes are embedded in bioeconomy value chains and uti-
lize immobilized enzymes (DiCosimo et al., 2013). An immobilized in-
soluble enzymatic formulation not only enables their reusability, thus
lowering production costs, but also reduces waste stream generation
(Girelli et al., 2020). In the last years, we have tackled the challenge
of making biocatalysis more sustainable and suitable for the large-scale
processes of bioeconomy by developing immobilized biocatalysts that
exploit residual biomass from agricultural products. Achieving both the
environmental and economic sustainability of immobilized enzymes is
quite challenging, since the “ready to use” carriers, such as fossil-based
methacrylic resins, are quite expensive and also responsible of green-
house gas emission (Kim et al., 2009). Finally, the stability of organic
fossil-based carriers was reported unsatisfactory under chemical and me-
chanical stress (Hilterhaus et al., 2008; Pellis et al., 2015; Korupp et al.,
2010).

Considering that for bulk products the allowable cost contribu-
tion of immobilized enzymes should be around 0.05 € kg,yquc "

* Corresponding author.
E-mail address: gardossi@units.it (L. Gardossi).

(Tufvesson et al., 2011), rice husks (RH) attracted our attention as a
potential renewable carrier for enzyme immobilization. This lignocel-
lulosic material is the second most abundant biomass globally, pro-
duced in around 120 Mt per year, of which only 20 Mt are used
(Tuck et al., 2012). RH is an extremely robust composite material made
of §i0, lignin, hemicellulose and cellulose, (Corici et al., 2016) which
provides a versatile chemical platform for introducing functionalities
(Raynaud 2014). It also meets circularity criteria because it can be re-
utilized at the end of its proposed industrial application (Contreras et al.,
2012). Finally, as natural material, it has the subsidiary advantage that
it is subjected to less stringent legislative constraints even after chemical
modification (Raynaud 2014). The tubular structure of tracheids confers
to RH a very low density (< 0.4 g mL™), while SiO, is responsible for
its remarkable mechanical robustness.

Our previous studies reported the chemical oxidative cleavage
(NalO,) of the cellulose present in RH for the introduction of carbonyl
functionalities, which were exploited for the binding of enzymes in the
presence of glutaraldehyde as crosslinking agent (Corici et al.,, 2016;
Cespugli et al., 2018; Pellis et al., 2017).

Applications of lipases in an aqueous environment require the cova-
lent anchoring of the enzyme on the carriers for preventing the detach-
ment of the protein and its partition in the medium (Biermann et al.
2000, Schmid and Verger 1998). Despite the wide number of studies
present in the literature (Hanefeld et al., 2009), very few examples of co-
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valent binding on solid supports with satisfactory and clearly stated im-
mobilization yields have been reported so far because of their structural
and conformational features (Hilterhaus et al,, 2008; Cantone et al.,
2013). We have previously reported (Cespugli et al., 2018) that CaLB
can be immobilized covalently on chemically oxidized RH after the in-
troduction of a hexamethylenediamine spacer (HMDA) and employing
glutaraldehyde as bi-functional agent able to form imine bonds with the
spacer and the amine groups of lysine residues present on the surface of
the lipase. The toxicity of GA is widely documented although it is still
used in food industry according to strictly defined official regulations.
The adverse health effects on humans include sensitization of skin and
respiratory organs and closed-systems are recommended to prevent haz-
ards from GA exposure in industrial plants (Takigawa and Endo 2006;
Toxicological Profile, 2015; EFSA, 2011)

The present study illustrates two sustainable and scalable methods
that demonstrate how it is possible to exploit RH as immobilization car-
rier while overcoming the use of toxic reagents, such as NalO, and glu-
taraldehyde. The first approach exploits laccase enzymes for the oxida-
tion of the cellulose component of RH and the introduction of aldehyde
groups usable for the direct covalent anchoring of proteins. The method
was validated with lipase B from Candida antarctica (CalB) and lipase
from Thermomyces lanuginosus (TLL), applied in the hydrolysis of triglyc-
erides in aqueous media. The second immobilization method employs a
fluidized bed granulator for the coating of RH with TLL in the presence
of water-soluble binders and allows for the inexpensive immobilization
of lipases to be used in low-water media.

2. Materials and methods
2.1. Chemicals

Lipase B from Candida antarctica (EC 3.1.1.3, CAS number 9001~
62-1, liquid solution, activity: 1372 TBU ¢! (TBU = enzymatic Units
calculated with tributyrin hydrolysis), protein content = 84 mg mL~1)
and Laccase Novozym 51,003 (EC 1.10.3.2., CAS number 80,498-15-
3) from Myceliophthora thermophila expressed in Aspergillus sp. (activ-
ity: 64 Uygps mL™!) were from Novozymes (Denmark). Lipase from
Thermomyces lanuginosus (specific activity: 3176 TBU g!, liquid so-
lution, protein content = 38 mg mL~') maltodextrin, Kollidon®25,
2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO), NaOH, NalO,, Brad-
ford reagent, tributyrin and 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) were from Sigma-Aldrich. Li-
pase from Ryzopus oryzae (powder, activity: 29,496 U g~1) was kindly
donated by Amano Corporation (Japan). Laccase C (EC 1.10.3.2) from
Trametes versicolor (2176 Uugrs g') was from ASA Spezialenzyme
GmbH (Germany). PEG 3000 was from Merck. Arabic gum was from
Fluka™ . Hydroxyethylcellulose was from Esperis S.p.A. (Italy). The RH
was kindly donated by Riseria Cusaro, Binasco (Italy), milled and sieved
as previously reported (Cespugli et al., 2018). All enzymatic specific ac-
tivities and protein content reported above were determined indepen-
dently.

2.2. Chemical oxidation of rice husk

The chemical oxidation of RH was performed as previously described
by Cespugli et al. (2018)

2.3. Assays for enzymes activity

Activity of laccases was evaluated using the ABTS method reported
by Piscitelli et al. (2005) (see supplementary materials method S1).

The activity of lipases (hydrolysis of tributyrin) was assayed as pre-
viously described by Cespugli et al. (2018), Martins et al. (2013b).

EFB Bioeconomy Journal 1 (2021) 100008
2.4, Enzymatic oxidation of RH

Protocol at 20 "C: a 10 mM solution of TEMPO was added to 0.2 g of
RH previously washed with 10 mL sodium citrate buffer 0.1 M pH 5. The
laccase and the phosphate buffer were added to obtain a final concen-
tration of 8 or 40 U mL™! in 25 mL total. The protocol at 70 "C employed
sodium citrate buffer 0.1 M pH 5 using a final laccase concentration of
8 U mL™" The reaction mixtures were magnetically stirred (350 rpm)
and air was insufflated for 2 min every 8 h to increase the exposure
of the enzyme to oxygen. At the end of the reaction, the mixture was
filtered and washed with distilled water (15 mL, 4 times). The recy-
clability of the laccase was demonstrated as reported in ESI (Electronic
Supplementary Information, method $2).

2.5. Immobilization of lipases on oxidized RH

The lipases were immobilized according to the protocol of
Cespugli et al. (2018) modified as follows: on 0.2 g of oxidized RH by
adding 1 mL of solution containing 2000 U (TBU) of each commercial
lipase, diluted in phosphate buffer (0.5 M at pH 8) and adding PEG-3000
(0.5 mL of a 2 mg mL™" solution in phosphate buffer 0.5 M at pH 8) as
stabilizer.

2.6. Determination of carbonyl and carboxylic groups content

The content of carbonyl and carboxylic groups were determined as
previously described by Cespugli et al. (2018). The details are included
in the ESI material as method S3 and 54

2.7. Physical immobilization of lipase TLL on RH

The immobilization of TLL on 100 g of RH in the presence of
polyvinylpyrrolidone (Kollidon®25), maltodextrin and hydroxyethyl
cellulose was carried out in a fluid bed granulator Mini-Glatt fluidized
bed (Glatt GMbH, Binzen, Germany) equipped with a conical vessel (vol-
ume of 0.75 L), three metallic filters and a timing filter blowing. The
immobilization was performed by adapting a procedure previously de-
scribed by Trastullo et al. (2015) and details are available in ESI as
method S5.

2.8. Energy dispersive X-ray spectroscopy (EDS)

Non-metallized samples were investigated with Zeiss Supra 40 high-
resolution Field Emission Gun (FEG) Scanning Electron Microscope
(SEM). Images were obtained by collecting secondary electrons with
the electron high tension (EHT) equal to 10 keV thanks to an Everhart-
Thornley detector. The microscope was equipped with an Oxford Aztec
energy dispersive X-ray spectroscopy (EDS) system and an X-act 10 mm
silicon drift detector (SDD) for compositional analysis. The same energy
of 10 keV was exploited to collect the silicon signal on the sample (Fig-
ure §1).

2.9. SEM microscopy

Samples were metallized with the S150A Sputter Coater instrument
(Edwards High Vacuum, Crawley, West Sussex, UK) before being ob-
served with the Leica Stereoscan 4301 scanning electron microscope (Le-
ica Cambridge Ltd., Cambridge, UK) integrated with an Si detector (Li)
PENTAFET PLUS TM, with an ATW TM window (Oxford Instruments,
Oxfordshire, England) for microanalysis.

2.10. Stereoscopic microscopy

The immobilized biocatalysts were characterized by using a stere-
omicroscope (Leica MZ 16, Leica Microsystems, Wetzlar, Germany),
equipped with a Kiralux CS505CU camera (Thorlabs Inc., Newton, NJ,
USA).

159



M. Spennato, A. Todea, L. Corici et al.

EFB Bioeconomy Journal 1 (2021) 100008

(N-oxoammonium) (N-hydroxyl-TEMPQ)

Laccase/O; Laccase/O
2

radlca\
TEMPO

OH
(o] »
o NalO, (o]
T A 5
(¢) 24 h Ho' \o
OH n
0 OH o
N N
+ Q
U et — 0
(b) OH
Oxidised TEMPO n Reduced TEMPO

Fig. 1. Schematic comparison of the chemical and

OH
o enzymatic mediated oxidation of cellulose. The
P
O/L NalO, causes the oxidative cleavage of the glu-
0 cose with the formation of two aldehyde groups.
g i The laccase/TEMPO system oxidizes the primary
hydroxyl group to an aldehyde, which undergoes
spontaneous oxidation to carboxyl group.
(o}
’é@
o}
O
(o)
HO
OH
n
Chemical process
(05, CIO", OH")
Hié;,
o]
0
Q.
HO
OH
n

2.11. Synthesis of butyl butyrate catalyzed by immobilized TLL in hexane
and toluene

The immobilized TLL (160 mg) were incubated for 1 h at 48 °C in
hexane or toluene (6.676 mL). The reaction was initiated by the addition
of 1-butanol (0,618 mL) and butyric acid (0,206 mL) at 3:1 molar ratio.
The reactions were carried out at 48 °C, in an orbital shaker (250 rpm)
for 24 h and monitored by HPLC as reported in ESI (method 56). Control
reactions without enzyme were performed under identical conditions.
All the experiments were made in duplicate and the mean values were
considered.

2.12. Synthesis of butyl butyrate catalyzed by physically immobilized TLL
in isooctane

1-butanol (0.25 mL) and butyric acid (0.25 mL) (1:1 molar ratio)
were added to 9.5 ml of isooctane and 130 mg immobilized TLL. The
reaction was incubated at 45 °C in an orbital shaker (250 rpm) for 21 h
and monitored as reported in ESI (method S7). All the experiments were
made in duplicate and the mean values were considered.

3. Results and discussion
3.1. Enzymatic functionalization of RH

The covalent binding of proteins on any carrier requires the intro-
duction of functional groups able to form suitable bonds with the side
chains of amino acids present on the protein surface. We have previ-
ously reported the functionalization of RH through an oxidative cleav-
age of the cellulosic component by means of NalO,, (Corici et al., 2016;
Cespugli et al., 2018). To improve the sustainability and scalability
of the oxidative process, a protocol was developed in which the toxic
NalO, was replaced by laccase enzymes, copper-oxidases present in
various organisms like bacteria, plants, insects and fungi (Claus 2004).
Big molecules and non-phenolic compounds are oxidized with difficulty
by laccases due to the reduced accessibility of the active site and also
because of their low redox potential (Bourbonnais et al. 1995). This
drawback can be overcome with the use of a laccase-mediator system
(LMS), namely by adding a small molecule able to generate stable rad-
ical species (Cafias and Camarero 2010). In our work we have taken
inspiration from the work of Patel and co-workers that describes the ox-
idation of the C, hydroxyl of glucose in the cellulose chain catalyzed by
laccase in the presence of TEMPO-radical (Patel et al., 2011) (Fig. 1b)

In the present study, milled RH particles (0.2-0.4 mm) were oxidized
by laccase from Trametes sp. and laccase from Myceliophthora thermophile
and the content of carbonyl groups was assessed using the hydroxy-
lamine hydrochloride assay (Cespugli et al., 2018; Guigo et al., 2014).
Data in Fig. 2a indicate that laccase from Trametes sp. was more effective
in oxidizing the RH and that the TEMPO mediator was necessary. The
amount of the resulting carbonyl groups depends on the laccase units,
with the highest concentration achieved in the presence of 40 U mL™!
of laccase from Trametes sp.

To decrease the amount of laccase in the oxidation process, a larger
amount of RH was used in the reaction mixture while maintaining the
same concentration of enzyme (Fig. 2b). The temperature was also in-
creased to 70 °C and the recyclability of the laccase for further oxida-
tive cycles was demonstrated. After 48 h of enzymatic treatment, the
oxidized RH was removed by filtration and some fresh rice-husk was
added in the enzymatic solution. Fig. 2b shows that without the addi-
tion of TEMPO the concentration of carbonyl groups still increased after
24 h, indicating a residual presence of unreacted TEMPO deriving from
the first cycle. When TEMPO was added to the recycled enzyme, the
carbonyl groups increased by 166% in 24 h and 177% in 48 h. Overall,
the data suggest that the TEMPO concentration can be reduced in both
cycles and that the oxidation occurs much faster in the second cycle
(terminated in 24 h), thus demonstrating the recyclability of the lac-
case. The observed higher activity in the second cycle could be ascribed
to activation phenomena occurring upon exposure to high temperature
or denaturing factors, as reported in our study on laccase from Steccher-
inum ochraceurn 1833. By means of molecular dynamics simulations we
disclosed minor superficial conformational modifications of the laccase
that improve its activity without causing severe unfolding nor the dis-
ruption of the electron transfer pathway (ETP) (Ferrario et al., 2015).

Current data on the preservation of the activity of the laccase from
Trametes sp. during 96 h of reaction at 70 °C suggest that the enzymatic
oxidative functionalization of RH can be further optimized in order to
maximize the number of cycles and minimize of economic impact of
the treatment. The TEMPO mediator seems to play a major role and
although its concentration can be reduced, its environmental and eco-
nomic impact deserves for further attention. Future studies will be fo-
cused on the replacement of TEMPO with renewable and inexpensive
mediator molecules, which have been proved effective in previous stud-
ies (Cafas and Camarero 2010; Medina et al., 2013)

In all cases, the content of carbonyl groups measured after the en-
zymatic LMS method (Fig. 2a) resulted to be considerably lower than
the 1 mmol g~! obtained with 0.2 M NalO, . This difference can be par-
tially ascribed to the formation of two carbonyl groups per each glucose
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Fig. 2. (a) Concentration of carbonyl groups upon different oxidation treatments at 20 "C. RH1: untreated rise husk; RH2: Novozyme 51,003 20 U mL™'; RH3:
Laccase C 8 U mL™'; RH4: Laccase C 40 U mL'without TEMPO; RH5: Laccase C 40 U mL " with TEMPO. (b) Oxidation at 70 °C and recycling of laccase: first 48 h
cycle of oxidation (black bars); laccase reused for a second oxidation cycle on fresh RH (gray bars); recycled laccase but without addition of TEMPO.

(d)

Fig. 3. SEM images illustrating the effect of NalO, (a, ¢) vs enzymatic oxidation
(b, d) on the morphology of RH. Corrosive effect of the NalO, on the surface(a)
and on the inner cellulosic matrix of tracheid (d).

unit, whereas in the case of LMS oxidation one single carbonyl group
per glucose unit is formed. Moreover, SEM microscopy highlighted the
corrosive effect of NalO, which leads to marked covalent modification
of the polysaccharide because of the oxidative cleavage, opening the ac-
cess to deeper layers of the material (Fig. 3), both inside the tracheid
structures (Fig. 3c) and on the outer surface (Fig. 3a).

Fig. 3 indicates the poor selectivity of the NalO, towards the various
components of the lignocellulosic matrix of the RH. On the contrary,
the enzymatic treatment with laccase causes negligible morphological
modification on the external surface, while leads to a modest increase
of the roughness of the internal surface of the tracheids.

Morphological studies making use of energy dispersive X-ray spec-
troscopy (EDS) were of aid in understanding the robustness of the
outer surface of the husk and, more precisely, the localization of §i0,
(Park et al., 2003; Coletta et al., 2013). Using the EDS (Fig. 4 right) the
Kal signal of the silicon (ESI Figure S1) was collected (green dots) to
appreciate the presence SiO, on the surface of the RH and to confirm its
role in protecting the rice grain from mechanical and chemical agents.

The formation of carboxylic groups during both the chemical and
enzymatic oxidation processes were also evaluated (ESI Figure §2) and
they confirmed that the oxidation of aldehydes to carboxylic groups is
not laccase mediated.

3.2. Glutaraldehyde free covalent immobilization of lipases on RH

In the present study, we aimed at simplifying the immobilization
protocol, by reducing the synthetic steps while avoiding the use of glu-
taraldehyde (GA). We have explored the possibility to form the imine
bond directly between lysine residues and the carbonyl group on Cg
formed wia laccase oxidation, which appears more accessible than the
di-aldehyde groups obtained using NalO,. Two more lipases were tested
in the study: lipase from Thermomyces lanuginosus (TLL) and lipase from
Rhizopus oryzae (ROL), which are widely employed in the food sector
for the transesterification of oils and fats (Higashivama and Sumida
2004). Therefore, avoiding the use of glutaraldehyde in their formu-
lations would be desirable (Zeiger et al., 2005).

The tri-dimensional models of the lipases are reported in ESI (Fig-
ure § 3). TLL and ROL undergo interfacial activation (Ferrario et al.
2011) when approaching a hydrophobic phase, whereas CalB does not
undergo significant conformational changes and its active site is perma-
nently accessible (Ferrario et al. 2011, Basso et al., 2007). The analysis
of the number and the position of lysine residues potentally involved
in the covalent binding with the carrier indicates that CalB and TLL
have 9 and 7 lysines respectively, whereas ROL has 15 lysines, one of
them located in the proximity of the active site. That feature makes the
immobilization of ROL quite challenging, since the formation of the co-
valent bond can occlude the active site but also prevent the necessary
conformational changes connected to the interfacial activation. Indeed,
previous data collected in our group showed that the hydrolytic activ-
ity is completely lost upon covalent immobilization of ROL in aqueous
buffer on methacrylic epoxy resins (Gardossi et al., 2012).

Data reported in Table 1 demonstrate that TLL and CaLB can be an-
chored directly on the enzymatically oxidized RH, while avoiding the
use of glutaraldehyde and spacers. Higher loading was obtained in the
case of RH oxidized enzymatically, indicating a regio-preference in the
formation of imine bonds with the more accessible aldehyde groups on

The use of glutaraldehyde causes a significant reduction of the spe-
cific activity of CalB formulations, probably ascribable to the forma-
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Fig. 4. Left: SEM image of fragments of milled RH,
showing the linear ripples with conical shape on the
external surface. Right: 2D map the distribution of
si0,.

Formulations of lipases covalently immobilized on RH. In all cases 10.000 U of lipase per g of RH were employed. The activity is expressed
as the average of three measurements. LMS=laccase from Trametes sp. + Tempo mediator. Last three entries were published in ref.

(Cespugli et al., 2018) and are reported for comparison.

Lipase  Oxidation method  Other functionalization Protein loaded (%) hydrolytic activity (Ug? 4,)  immobilization yield (%)
CALB LMS no 65 5902 5.9
TLL LMS no 72 974+ 65 9.74
ROL LMS noe 53 328+ 42 3.28
CALB NalO, no 33 290+45 2.90
TLL NalO, no 56 643 + 67 6.43
ROL Nal0, no 32 171 £ 14 1.7
CALB LMS GA 55 1555 1.55
CALB NalO, GA 65 <50 <0,5
CalB LMS HMDA+GA! 17 56 + 25 0.56
CalB NalO, HMDA+GA! 72 316 3.16
CalB n.a. Epoxy (on methacrylic resin)? 95 709 7.09

§ previously published.

tion of unspecific covalent bonds and crosslinks. When compared to our
previously published data of immobilization of CaLB on RH chemically
oxidized and functionalized with diamino spacers with GA, the specific
activity with the simplified protocol is almost doubled. The immobiliza-
tion yield is comparable to that observed for CaLB immobilized on epoxy
methacrylic carrier (Cespugli et al., 2018)

The immobilization yields are in line with previous experimen-
tal data obtained in the covalent immobilization of different lipases
on epoxy methacrylic resins using aqueous buffer as immobilization
medium, which have been always below 10% (Pellis et al, 2016;
Gardossi et al., 2012). The difficulties encountered in the covalent im-
mobilization of lipases have been discussed previously and they are as-
cribable both to their conformational and superficial structural features
(Cantone et al., 2012; Ferrario et al., 2011). Conversely, very few studies
report the actual immobilization yield accompanied by the evaluation
of the protein leaching from the support, as a proof of the robust an-
chorage of the enzyme on the carrier. At the best of our knowledge, no
covalently immobilized lipase is commercialized for industrial applica-
tions, although the hydrolytic applications of these enzymes request this
type of formulation for enabling an efficient recycling of the biocatalyst
and the reduction of the costs. As a matter of fact, an analysis of Tufves-
son and co-workers (Tufvesson et al., 2011) indicated that in the case of
biocatalysts immobilized by adsorption 63% of the material cost is as-
cribable to the carrier and only 37% to the enzyme. Taking into account
that the cost of carriers for covalent immobilization is about 2-6 times
higher, it is evident that the economic viability of these biocatalysts is
mainly linked to the price of the carrier and the preservation of the en-
zyme activity across multiple reaction cycles (i.e. productivity). There-
fore, there are several potential advantages deriving from the covalent
immobilization of lipases on oxidized rice husk. Firstly the cost of the
carrier is reduced; secondly the enzyme can be separated by the hydrol-
ysis product and recycled, thus further decreasing the economic impact
of the biocatalyst; finally, the re-use of the non-fossil and biodegradable

carrier at the end of the biocatalyst life cycle would integrate environ-
mental and economic sustainability.

3.3. Stability and recyclability of covalently immobilized lipases in aqueous
media

The stability of the immobilized lipases was evaluated in the hy-
drolysis of tributyrin, under vigorous mechanical stirring. The results in
Fig. 5 indicate an excellent stability of CaLB on rice husk and TLL on rice
husk after 10 reaction cycles, with about 80% and 70% of recovered ac-
tivity, whereas ROL retains only 15% of activity, which was ascribed to
the leaching of ROL from RH, as experimentally observed (ESI, Figure
§4). Notably, all biocatalysts reported in Table 1 were tested for pro-
tein leaching and only ROL formulations showed the detachment of the
protein from the carrier.

Despite the presence of 15 lysine residues, ROL forms covalent bonds
with difficulty, as also evident from the lower percentage of protein
loaded (Table 1). This behavior cannot be ascribed to a unique factor,
but rather to the combination of structural and superficial features (e.g.
glycosylation) that prevent an effective adsorption of the enzyme on the
carrier and the nucleophilic attack of the amino groups of the lysines
(Basso et al., 2007). The observed loss of activity is most probably con-
nected to conformational modifications occurring during the immobi-
lization in aqueous systems, (Ferrario et al., 2011) as previously illus-
trated by some molecular dynamics simulations. The exposure to aque-
ous media induces unfavorable conformational modifications in some
lipases, by causing the occlusion of the active site but also a rearrange-
ment of the catalytic residues responsible for the catalytic mechanism
(Ferrario et al., 2011). This observatdon would explain why the cova-
lent immobilization of ROL is much more efficient when carrier out in
a hydrophobic media (Gardossi et al., 2012).

162



M. Spennato, A. Todea, L. Corici et al.

120 -

100 4

[+
o
L

Relative activity (%)
[=1]
o

o
o
s

20 A

EFB Bioeconomy Journal 1 (2021) 100008

B CalB OTLL OR. Oryzae

5

6 7 8 9

Reaction cycles

Fig. 5. Operational stability of CaLB on rice husk (black bar) TLL on rice husk (gray bar) and ROL on rice husk (white bar) in multiple hydrolytic cycles expressed
as the percentage of retained activity after each cycle. Measurements were carried out in duplicate and reported as the average value.

3.4. Physical immobilization of TLL in a fluidized bed

The second part of the study was aimed by developing scalable pro-
cedures for the immobilization of lipases to be applied in low-water
hydrophobic media, while ensuring environmental and economic sus-
tainability. Generally, the application of immobilized enzymes in hy-
drophobic media does not require the covalent binding of the protein to
the carrier, since the enzyme has a lower affinity for the hydrophobic
phase (Pellis et al., 2015).

Lipase TLL was selected for the study and it was immobilized on
milled RH (200-400 pm) in a fluidized bed in the presence of an
aqueous solution of different binders approved for pharmaceuticals and
food applications: Kollidon 25 (polyvinylpyrrolidone=PVP) (Reddy and
Sharma, 2020), hydroxyethyl cellulose (HEC) (Di Giuseppe 2018) and
maltodextrin (MLDX) (Velasquez-Cock et al., 2018). A uniform layer of
enzyme coated the RH and the immobilized biocatalysts appear as dis-
tinct particles, without any example of agglomerates (Fig. 6).

3.5. Synthesis of butyl butyrate catalyzed by TLL physically immobilized
on rice husk particles

The efficiency of the TLL formulations obtained through physical
immobilization was evaluated in the synthesis of butyl butyrate start-
ing from butyric acid and 1-butanol (Martins et al., 2013a). This short
chain fruity ester, present in pineapple flavor (Martins et al., 2013), is
used in perfumes and fragrances, waxes, washing, cleaning, cosmetics
and personal care products (Xin et al., 2016). Three organic solvents
were tested: toluene (log P 2.5), hexane (log P 3.5) and isooctane (log
P 4.6). Figs. 7 illustrates the time-course of the reactions in hexane and
toluene, indicating striking differences of performance of the biocata-
lysts. In hexane,PVP-TLL leads to complete conversion in less than 5 h,
whereas the profiles of the other two reactions suggest some lag-time
before the starting of the reactions, possibly ascribable to some mass
transfer limitation. Conversions > 93% were achieved in all cases and it

was noticed that the absence of agglomerates confers high mechanical
stability to the formulations, preventing disaggregation and production
of fines upon stirring.

All reactions carried out in toluene were considerably slower: PVP-
TLL was the best performing formulation with > 80% conversion after
8 h of reaction, while MLDX-TLL stopped working after 10% of conver-
sion.

Control reactions were performed in the absence of the biocatalyst,
using lipase free particles of RH treated in the fluidized bed only with the
binders. Moreover, blank experiments demonstrated the absence of any
aspecific adsorption of the substrate on the biocatalyst when incubated
in toluene (ESI Figure §5).

When the synthesis was conducted in iscoctane (Batistella et al.,
2012), the substrates were employed in equimolar amounts, resulting
in a lower concentration of 1-butanol as compared to the previous syn-
thesis. In this way we wanted to verify the possibility to achieve quan-
titative conversion even without using an excess of the polar alcohol,
which is known to affect negatively the stability of enzymes.

Interestingly, HEC-TLL and MLDX-TLL performed significantly bet-
ter as compared to what was previously observed in toluene and with
similar conversions and reaction rate, whereas the reaction catalyzed
by PVP-TLL stopped after 35% of conversion due to the formation of
aggregates. However, figure 9b shows how the addition of 0.1% v/v of
water improved the behavior of PVP-TLL, by preventing the aggrega-
tion. These data suggest that the performance of PVP-TLL improves in
the presence of hydrophilic components in the reaction mixture, and
explain the higher observed efficiency of this formulation in the pres-
ence of a higher concentration of the hydrophilic 1-butanol (Fig. 8).
Therefore, the operational conditions must be optimized according to
the LogP of the medium, the nature of the substrates and also the
water content (Basso et al., 2001) Previous studies demonstrated that
TLL can work efficiently in a wide range of water activity values, go-
ing from 0.33 to 0.97 (Persson et al., 2002; Adlercreutz 2013). There-
fore, the hydration appears to exert only a minor effect on the intrin-
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Fig. 6. TLL physically immobilized on rice husk particles and pre-
pared using a fluidized bed reactor. Images obtained by means
of stereoscopic microscopy at different magnification values: PVP
(a)-10x (b)-60x and HEC (a)-10x (b)—60x.
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Fig. 7. Reaction profiles of the synthesis of butyl butyrate synthesis catalyzed by TLL physically immobilized on rice husk particles in hexane (a) and toluene (b).

sic activity of the lipase, whereas the partition phenomena appear to
predominate.

3.6. Stability of physically immobilized TLL and reusability of rice husk

PVP-TLL and HEC-TLL were tested under hydrolysis conditions and
vigorous stirring in order to evaluate the mechanical stability of the
formulations but also to monitor the detachment of the enzyme from
the RH. The determined hydrolytic activities (TBU) were 4459 Ug! for
HEC-TLL and 6609 U g for PVP-TLL. Compared to the previously im-
mobilized TLL onto silica granules, the hydrolytic activities obtained in
this study were at least 2 times higher (Ferrer et al., 2002). Microscope

images (ESI Figure S6) demonstrate that the integrity of the RH is fully
preserved after 10 cycles of reaction under vigorous mechanical stir-
ring. It must be noted, that after 4 years of storage at 4 °C PVP-TLL and
HEC-TLL preserved 96% and 82% of hydrolytic activity respectively. No
microbial contamination was observed, indicating the long-term stabil-
ity of the two formulations.

Notably, the most widely employed commercial formulation of TLL
is Lipozyme TL IM (Sven et al., 1996), which consists in agglomerates
having a size of about 600 ym, made by the enzyme adsorbed on silica
particles (< 100 ym) with the aid of a binder. They are mechanically
stable for both batch and fixed bed column operation but only in low
water media. RH confers to the biocatalyst the additional advantage of
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Fig. B. Synthesis of butyl butyrate catalyzed by the three different formulations of immobilized TLL in isooctane (a) and isooctane with addition of 0.1% (v/v) of

H,0 (b).

being made by a single robust fragment of composite material, which
does not undergo disaggregation or the formation of fines under physical
stress.

Concerning the reusability of RH, data confirm that the enzyme de-
taches from RH (>90%) after one cycle in aqueous solution (Figure 56)
but the carrier remains intact (Figure S7). Therefore, at the end of the
biocatalyst life cycle, the RH can be reutilized either as immobilization
carrier or for secondary uses (Contreras et al., 2012).

In order to perform a very preliminary analysis of the economic sus-
tainability of new value chains for the valorization of rice, we consid-
ered the Italian context. Rice mills sell only a fraction of rice husk for
a maximum price of 90€ ton~! (CCIAA, 2021). That rice husk is used
by florists, farmers for animal litter and poultry farms. Some of the rice
husk is employed by mills also for the internal production of energy and
steam required for parboiled rice production. However, the ash content
of burnt rice husk is very high (about 20% by weight) compared to other
biomass such as poplar (1.0%) and dealing with the large amount of re-
maining ash is extremely difficult. Therefore, rice husks can be sustain-
ably used as a fuel for energy recovery only when their ash is used as a
resource. When burnt at 700 "C, rice husk yields ash contains 97% silica
in amorphous form, which has many applications such as in construe-
tional works, in the production of porcelain or as amendant in paddy
fields. (Sekifuji and Tateda 2019).

Notably, the costs of commercial organic carriers, are around 50 €
kg™ for adsorption immobilization, which means that they have no
chemical functionalities on their surface, but they simply interact with
the protein by weak non-covalent interactions (Tufvesson et al., 2011).
Carriers price reaches 100-300 € kg~! when they are functionalized for
covalent immobilization, and these figures make evident that there is
potential for new uses of rice husk and that rice mills would find more
advantageous to sell larger amounts of rice husk to industries able to
transform it in added value products, which, at the end of their life cy-
cle, could be transformed in energy or eventually return to the soil. The
latter use would be particularly feasible for biocatalysts applied in the
food sector, where nontoxic substrates are processed.

Conclusions

Data here reported demonstrate that RH is a versatile natural com-
posite material that can be used both for the covalent and physical im-
mobilization of lipases. The covalent immobilization was performed by
anchoring the protein directly on the functionalized carrier, without the
need of spacers or glutaraldehyde, leading to stable formulations of TLL
and CaLB, retaining > 70% of activity after 10 cycles of hydrolysis. These
biocatalysts, because of their stability and robustness, are applicable in
various reaction media and under mechanical stress. The functionaliza-

tion of RH was achieved by means of laccases in the presence of TEMPO
mediator and the laccase was reused for different oxidative cycles. The
next optimization steps will be focused on the replacement of TEMPO
with renewable mediator molecules.

The inexpensive and easily scalable immobilization of lipase TLL was
achieved using a fluid-bed granulator and water-soluble binders. Be-
cause of the low toxicity of the materials and the possibility of reusing
the RH at the end of the biocatalyst life cycle, this method appears ap-
propriate for industrial applications in low-aqueous media requesting
low-toxic, inexpensive and sustainable solutions.

Overall, the methods here presented intend to provide a contribution
to the development of a new wave of renewable industrial carriers for
enzyme immobilization, able to replace petrol-based materials and to
overcome their natural capital cost (Raynaud J., 2014).
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4.5.5 Scaling up of the immobilization process

The immobilization of CaLB on RH was carried out on a 300 g scale, using both the chemical
and the enzymatic oxidation methods. The chemical oxidated RH yielded a batch of
covalently immobilized CaLB with a specific activity of 65 U/g (tributyrin test) whereas the
RH oxidized by the laccase-TEMPO method led to a specific activity of 149 U/g. The two
formulations were tested by Dr Anamaria Todea in the solvent free polycondensation of
glycerol azelaic and dimethylitaconate, giving the results reported in table 4.3.

Table 4.3 Results obtained in the solvent-free polycondensation catalyzed by CalLB
covalently immobilized on RH oxidized by chemical and enzymatic methods.

Type of Hydrolitic = Amount of Mn Mw PDI
functionalization activity of immobilized
of the support the CalLB perg
biocatalyst monomers
(U/gdry)* enzyme)
Chemical 65 0.96 756 824 1.09
oxidation
Enzymatic 149 0.42 762 820 1.08
oxidation

*Unit for g of biocatalyst

The experiments were carried out using the same amount of enzyme per g of monomer.
Overall, the results indicate that the scaling up of the oxidation protocol must be optimized
and the enzymatic method appears more suitable for being upscaled.

Within the context of the present polycondensation study, a review manuscript has been
written, which is reported herein (Manuscript D, section 4.5.5.1).
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Abstract: Azelaic acid is a dicarboxylic acid containing nine C atoms, industrially obtained from oleic
acid. Besides its important properties and pharmacological applications, as an individual compound,
azelaic acid has proved to be a valuable bio-based monomer for the synthesis of biodegradable and
sustainable polymers, plasticizers and lubricants. This review discusses the studies and the state
of the art in the field of the production of azelaic acid from oleic acid, the chemical and enzymatic
synthesis of bio-based oligo and polyester and their properties, including biodegradability and
biocompostability.

Keywords: azelaic acid; bio-based monomers; bio-based polymers; biodegradability; biocompostability

1. Introduction

The production of fine chemicals, new materials and products from renewable feed-
stocks represents a continuous challenge. Several procedures have been reported in the
literature or patented in the last decade for the main biomass components: carbohydrates
(75%), lignins (20%), fats and oils (5%) [1]. Regarding oleochemical developments, the
oxidative cleavage of unsaturated fatty acids to produce dicarboxylic acids, hydroxy acids,
and amino acids has received great attention in the last decade [2]. Two main oleochem-
ical products obtained by the cleavage of unsaturated fatty acids are sebacic acid and
azelaic acid.

Azelaic acid (AzA) is a naturally occurring saturated nine carbon atom dicarboxylic
acid found in whole grains, wheat, rye and barley [2], first detected in rancid fats. It
can be formed endogenously from substrates such as longer-chain dicarboxylic acids and
processes like the metabolism of oleic acid, and \-oxidation of monocarboxylic acids. The
azelaic acid market is predicted to reach USD 160 million by 2023 and the applications
include pharmacological ingredients, polymers, plastics, lubricants and materials for
electronics [3]. The aim of the present review is to highlight the potential of azelaic acid
as powerful building block for the synthesis of bio-based and biodegradable polymers,
with a special emphasis on the green synthetic routes, embracing both chemical and
enzymatic methods.

2. Azelaic Acid: A Bio-Based Monomer with Pharmacological Properties

The pharmacological applications of azelaic acid have been studied since the 1980s [4]
and azelaic acid has been approved by both the FDA (US Food and Drug Administration)
and by the EMA (European Medicines Agency) for different external uses. Formulations of
AzA (15-20% w/w) are used in the treatment of inflammatory acne vulgaris with medium
to moderate severity [5].
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Moreover, it is widely used in the treatment of skin pigmentation [6,7] and melasma [8].
Concerning the mechanism of action, azelaic acid exerts an inhibitory effect against tyrosi-
nase, a key enzyme for the synthesis of melanin and in this sense, it is active, above all,
at the level of hyperactive melanocytes, while sparing normal ones. Kinetic studies have
revealed that the inhibitory action is linked to the presence of the two carboxylic groups at
the end of the carbon chain [9]. In particular, the mechanism sees an acid-base interaction
between the two functional groups of azelaic acid and the residues of histidines present in
the catalytic site, linked to copper [9,10].

However, AzA may also exert its activity against tyrosinase indirectly by inhibiting
the interaction with thioredoxin reductase associated with the plasma membrane [11]. The
dithiol form of thioredoxin is a powerful cellular reducing agent involved in defense reac-
tions against oxidative stress mainly due to photochemical reactions between ultraviolet
rays (UV) and oxygen present at the molecular level. Thioredoxin reductase catalyzes the
disulfide reduction of oxidized thioredoxin by NADPH, leading to the formation of two
thiol groups that bind the active site of the tyrosinase enzyme [12]. When azelaic acid
inhibits the reduction of extracellular chemical species, electrons flow in the direction of
oxidized thioredoxin to increase the intracellular concentration of reduced thioredoxin that
acts as a potent inhibitor of tyrosinase thus preventing melanin biosynthesis. It has been
seen that the catalysis of the melanogenesis enzyme is reduced by 58% in the presence of
reduced thioredoxin, compared to the activity performed when all the thioredoxin is in an
oxidized form.

Furthermore, the thioredoxin reductase/thioredoxin system is shown to be a princi-
pal electron donor for the ribonucleotide reductases which regulate DNA synthesis [13].
Consequently, the inhibitory action on the enzyme could be exploited as a therapeutic
benefit even in diseases related to tumor proliferation and to colonization by pathogens.
In fact, it has been found that thioredoxin reductase and thioredoxin are overexpressed
in many aggressive tumors, where they participate in carcinogenesis, tumor progression
and drug resistance. In this case, thioredoxin is involved not only in the activation of
ribonuocleotide reductase, but also in promoting many other biochemical pathways, very
often not desired [14]. It follows that the inhibition of thioredoxin reductase would lead to
the advantage of blocking all the activities mediated by the thioredoxin [15].

The inhibition of DNA synthesis gives azelaic acid bacteriostatic properties, useful
in treating diseases with the presence of bacteria as elements of etiopathogenesis. In
particular, it has been shown that the active ingredient has clinical efficacy in acne therapy
and that the inhibition of thioredoxin reductase, located in the bacterial cytosol, is one of
the mechanisms of action of AzA [11]. Formulations of azelaic acid (20% w/w), applied
twice a day, cause a reduction in intrafollicular microbial populations, with a 2500-fold
reduction of the 5. epidermidis microorganism after 2 months, together with a 97.7% decrease
in the concentration of P. acnes [5]. In addition, the inhibition of mitochondrial enzymes
by azelaic acid, determines the blocking of cellular respiration, with consequent cytostatic
effects, or cytotoxic if at higher concentrations, the inhibition being dose dependent [16].
Nevertheless, the total safety of administering the drug in humans has been highlighted
several times, since in vitro and in vivo it does not bring toxic effects to cells not affected
by pathologies. As a result, dicarboxylic acid can be exploited when it is necessary to
intervene against abnormal cells. This is the case of cancer cells, which are more sensitive
to antimitochondrial agents and internalize azelaic acid within them in quantities three
times higher than normal cells [17]. Therefore, preferential cytotoxic and antiproliferative
effects are obtained on tumor cells, through the blocking action of cellular respiration and
the interruption of DNA synthesis, by inhibiting the enzymes mentioned so far.

In the presence of the acne pathology, the keratinocytes hyperproliferate and differen-
tiate in an anomalous way, and in addition to this the desquamation process is also altered.
Consequently, there is an accumulation of dead cells that induces the formation of primary
lesions, defined as microcomedones. The set of various factors can subsequently cause
microscopic lesions to evolve into inflammatory or noninflammatory comedones, typical of
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acne [18]. Various studies have shown that azelaic acid modulates epidermal differentiation
in vivo and that it has a marked antiproliferative cytostatic effect on keratinocyte cultures
in vitro. This activity is primarily the consequence of the indirect inhibitory action on
ribonucleotide reductase and of the competitive inhibitory action on the fundamental en-
zymes of the mitochondrial respiratory chain. However, the differentiation of keratinocytes
is mainly influenced by the reduction of protein synthesis of keratin precursors. In clinical
practice, the reduction in the number of keratinocytes in the skin surface is linked to a
lower formation of comedones, followed by a marked improvement in acne-affected skin.
Therefore, after long-term exposure to the active ingredient, protein distribution returns to
normal, with advantageous results in therapy [19].

The AzA anti-inflammatory response [20-22] and activity [23,24] were demonstrated
as well. It has been shown that the molecule is efficient in inhibiting in vitro the oxidation
of aromatic compounds and the lipoperoxidation of arachidonic acid (C 20: 4, n 6), which
are processes induced by the presence of hydroxyl radicals (HO-). These studies have
shown that azelaic acid acts as a “free radical scavenger”, in other words, it mitigates the
toxic effect of reactive oxygen species (ROS), which are powerful chemical mediators of
the inflammatory response [25]. It has also been shown that azelaic acid can prevent the
production of ROS, such as superoxide anion (O ~) and hydroxyl radical (HO ™), generated
by human neutrophils, without interfering with chemotaxis and phagocytosis. A significant
decrease in oxidative tissue damage at the inflammation site is thus obtained, both for the
direct mechanism on free radicals and for the inhibitory action on the production of new
radicals, mediated by neutrophils.

Arresting the development of ROS represents in itself a possible strategy in the control
of diseases such rosacea, another very common pathology that affects the skin, and in
particular the facial area. Although the pathogenesis of rosacea has not yet been fully
understood, free radical damage has been found to worsen the clinical condition [26].
Nevertheless, it is the keratinocytes that play a decisive role in promoting the inflammatory
cascade, which favors the onset of skin diseases. In fact, keratinocytes lead to the production
of immune signals and the secretion of cytokines, in response to various promoter factors,
including UV rays [22].

3. Azelaic Acid Synthetic Routes

An ozonolysis method for industrial production of bifunctional monomers, such as
azelaic acid, has been applied by some oleochemical companies, like Emery, Croda Sipo
and more recently P2 science. This process presents some disadvantages such as high
energy and technologic demand to produce ozone and some potential risks associated
with ozone utilization [27]. The ozonolysis route involves firstly a primary ozonide of oleic
acid and ozone via 1,3 cycloaddition. Secondly, the resulting 1,2,4-trioxolane is oxidized to
carboxylic acids under oxidative reaction conditions [28].

The application of hydrogen peroxide as an oxidant has been industrialized in Porto
Torres by Matrica (“Novamont S.p.A.-Chimica Vivente per la Qualita della Vita”, 2019) by
building up a plant capable of producing azelaic and pelargonic acid by different sources
using 25,000-30,000 tons /year of vegetable oils [27]. The patented processes of Novamont
S.p.A. related to the valorization of vegetable oils directly into different carboxylic acids
include three main steps: (i) the triglycerides olefinic double bong oxidation by using an
aqueous solution of hydrogen peroxide to obtain an intermediate compound containing
vicinal diols, (ii) a second oxidation step of the two hydroxyl groups of the vicinal diol to
carboxylic groups using a compound containing oxygen and a catalyst capable of catalyzing
the oxidation and (iii) a hydrolysis reaction of acidic triglycerides after separation of the
monocarboxylic acids. By this method, azelaic acid or brassylic acid can be obtained with
yields of up to 80% [29,30].

Different strategies for the improvement of AzA production have been reported
in the literature and they were focused on one step ozonolysis, on the optimization of
the oxidation reaction from the second step or on the enzymatic and chemo-enzymatic
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synthesis. Figure 1 illustrates the main routes reported for the synthesis of azelaic acid
starting from oleic acid.

An improvement of the second oxidation step of oleic acid was achieved in the 1960s
by implementing the in situ formation of performic acid from H,O, and HCOOH in com-
bination with ozonolysis to yield AzA up to 95% [31]. Lower yields (71%) were obtained
when oxidation was performed using H>0O;, phosphotungstic acid, or tungstic acid as
the catalyst precursor and quaternary ammonium salts as phase transfer catalysts [32].
Other oxides containing Mo-, V-, Mn-, Co-, Fe-, and Pb- or salts and tungstic acid were
reported with yields of AzA ranging from 70 to 87%. The decomposition of the secondary
ozonide product was investigated by using microwaves without a catalyst and the AzA
yield was 70-80% [28].

An alternative to heavy metal oxidants was claimed by a Japanese patent in 2009,
which reports the cleavage of methyl oleate in H2O2/H>O under subcritical conditions
at 180-370 °C and 1-25 MPa. However, the reported yield was 31%, with concomitant
drawbacks due to high-energy consumption and corrosion problems [28,33].

Two sustainable methods for the production of AzA as alternatives to the ozonolysis of
oleic acid was reported by Benessere et al. The first method proceeds in two steps, coupling
the oxidation of oleic acid (OA) to 9,10-dihydroxystearic acid (DSA) with oxidative cleavage
by sodium hypochlorite. The second method involves a chemocatalytic system consisting
of HO2 /H, WOy for direct oxidative cleavage of the double bond of OA at 373 K [34].

A green route for the synthesis of azelaic and pelargonic acid starting from
9,10-dihydroxystearic acid (DSA) was reported by Kulik et al. by applying different sup-
ported gold catalysts in an aqueous solution. The reaction mechanism and the stability of
the gold based catalyst were discussed in detail [35].

Recently, a green one-pot synthesis of azelaic acid and other valuable derivatives of oleic
acid was proposed by Laurenza et. al. [36]. Rare earth metal (REM) triflates and commercial
molybdenum dioxo dichloride (MoCl;O;) in the presence hydrogen peroxide allowed a
selective oxidation of methyl oleate to azelaic acid or to methyl oleate epoxide.

A chemo-enzymatic route (Figure 1, route B) was described by Brenna et al. [2], which
represents an alternative to ozonolysis for the transformation of oleic acid into AzA and PA
in three steps. Initially, the peroleic acid is formed by epoxidation of the unsaturated acid
(oleic acid) using a lipase in the presence of 35% H;O,. The resulting oxirane was subjected
to in situ acid-catalyzed opening to form the diol. The obtained 9,10-dihydroxystearic acid
was then chemically oxidized using atmospheric oxygen as a stoichiometric oxidant in the
presence of catalytic quantities of Fe(NO3)3-9H,0, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) and NaCl, yielding the 9,10-dioxostearic acid. In the last step, the AzA and PA
were achieved after the cleavage by 35% H0O» under mild conditions in the absence of any
other catalyst. The reported isolated yield for AzA was 44% and the purification did not
require chromatographic methods.

Similarly, a Chinese patent reports an environmentally friendly technology for prepar-
ing AzA by an enzymatic catalysis oxidation system. The oleic acid undergoes the epox-
idation catalyzed by nonspecified lipases in the presence of H>O; and a noble metal,
followed by the cleavage of the resulted diol to obtain AzA and PA. The reported AzA
yield was 60-70% [37].

AzA can be synthesized also through fermentative oxidation with a 67% yield, as
reported in a patent of Anderson et.al. The fermentation of oleic acid or triglycerides with
Candida tropicalis yields 1,19-nonadec-9-enoic acid that is transformed by ozonolysis in the
presence of Na-X zeolite catalyst. The advantage of this method, although the fermentative
oxidation time takes up to 180 h, is that the formation of PA is avoided. The method was
reported as useful for the oxidation of PA to AzA [38].

171



Polymers 2021, 13, 4091

5of22

Renenable oils

" H0
\ A
— HO
o 7]

il ee R g

Q

ooz o menes

Baawl—vihgalmmuumam\ NADPH, G,

1]

B S PP

Lipase \ H0

Q

e A B I

Alczhol aehydmoenase} NAD® J

Q Q
. S

NAD" |
Algehyde dehydrogenass

Lipase [+

Alcohol deh\drogcnasel NAD*

HD K

Oleic acid

. C
/E/\ T ¢ E
H:0: T

— - | c
i 2 A
HO NG PN L NP B S e N e =
9, 10-epowystaanc acd = 3-decenoic acld
=]
b o oH
HO J\/\/\./\/’*}/‘-\/\-v SN
OH F

Q oH 9,10-inyaroxysteanc sca
o _/\/\)\[, N
OH
9.10-dinydrosystearic acid

I i /L/‘v'\/\/it\).

S-kelodecaneic acid

o

0
W AP PPN

8 10-dketnstearic acid

o o o
EOAW,\/ b g A AVZ|

[o] [¢] -

azelaic acid

Enzymatic siep

Figure 1. The main routes reported for synthesis of azelaic acid starting from oleic acid: A—enzymatic route [39],
B—chemo-enzymatic route [2], C—two step route with epoxide [34], D—direct cleavage, E—two step pathway with
metathesis of oleic acid, F—three step route [28].

Only a few biocatalytic methods for AzA synthesis are reported in the literature
(Figure 1A). Song et al. developed a multistep enzymatic procedure for the synthesis of
AzA from oleic acid, 10-hydroxystearic acid [40] and vegetable oils [39]. The biocatalytic
route consisted of the use of recombinant Escherichia coli cells expressing the genes encoding
an oleate hydratase from Stenotrophomonas maltophilia, an alcohol dehydrogenase (ADH)
from Micrococcus luteus, and a Bayer—Villiger monooxygenase (BVMO) from Pseudomonas
putida KT2440 for the transformation of oleic acid into 9-(nonanoyloxy)nonanoic acid. In
the further step, the hydrolysis of this compound was mediated by a cell extract of E. coli
expressing the esterase gene from P. fluorescens to pelargonic acid and 9-hydroxynonanoic
acid followed by the oxidation catalyzed by an ADH from P. putida GPol. The reported
substrates for AzA synthesis were olive oil, soybean oil, fatty acid methyl esters from mi-
croalgae and yeast derived oils. Although the described biocatalytic route is interesting, the
concentration of the final product in the reaction medium did not exceed 5-10 millimolar.

Finally, a German patent described in 1974 the oxidation of the terminal -CHj group
of PA by Debaryomyces pfaffii, but the AzA yield was only 6% [41].

4. Azelaic Acid in the Synthesis of Bio-Based Polymers

In the last few decades several studies were focused on combining renewable and
biodegradable polyester synthesis mainly driven by environmental reasons. In this context,
different building blocks obtained from renewable resources have been proved as suitable
raw materials for the synthesis of polymers [42].

In 2018, from the total amount of 2.11 million tons of bio-based plastics, about
57% (1.2 million tons) were nonbiodegradable [43]. Currently, modified starch-based
bioplastic and several polyesters, including poly(lactic acid) (PLA), aliphatic-aromatic
copolyesters, polyhydroxyalkanoates (PHAs), and poly(butylene succinate) (PBS) are the
main biodegradable polymers available on the market [44].

The use of dicarboxylic acids as raw materials was studied by several groups, espe-
cially for the synthesis of polyesters due to the commercial potential of these products.
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Poly-(ethylene succinate) (PES) and poly(butylene succinate) (PBS) are promising materials
for many conventional plastic replacements because of their biodegradability, acceptable
mechanical strength, and comparable softening temperature to low-density polyethylene
and polystyrene [45].

The enzymatic synthesis of polyesters starting from dicarboxylic acids (C4-C16) and
different diols became a green alternative to harsh reaction conditions and, starting from
the 1980s, lipases were successfully used as catalysts by different groups [46].

4.1. Azelaic Acid Based Copolyesters

Different polyesters of azelaic acid were reported up to date in the literature. The
successfully used diols and dicarboxylic acid as co-monomers for the AzA polyesters
are summarized in Table 1, divided onto bio-based and non-bio-based co-monomers. It
can be observed that the enzymatic synthesis up to date was performed using three bio-
based monomers: glycerol, pentaerythritol and PEG. Among the non-bio-based monomers,
1,6-HDO was used via the enzymatic route. All the other polyesters were synthesized via
chemical catalysis. Details relating to the applications, properties and synthesis conditions
are included in the following subchapters.

Table 1. Co-monomers used for synthesis of AzA based esters/polyesters.

Co-Monomer(s) Synthesis Route Reference
1,4-butadiol + glutaric acid Chemical [47]
glycerol i e?.nd [48-53]
Bio-based enzymatic
monomers Glycerol + FA Enzymatic [54]
succinic acid + glycerol Chemical [55]
pentaerythritol Enzymatic [54]
ethandiol Chemical [56]
1,80DO + glutaric acid Chemical [47]
Nonbishased diglycerol Chemical [57]
lauric alcohol Enzymatic [58,59]
1,6-HDO + ECM * .
1,6:HDO +/_ PEG Enzymatic [60]

* ECM—end caper molecule: Sorbic alcohol/12-hydroxystearic acid /trimethylolpropane oxetane /2-hydroxyethyl
methacrylate; FA—fatty acid.

4.1.1. Chemical Synthesis and Properties of Azelaic Acid Oligo and Polyesters

The synthesis of the polyesters mentioned in Section 4.1 was performed in different
reaction conditions and linear or hyperbranched products were obtained. For linear poly-
mer/copolymers different diols and dicarboxylic acid were tested. The hyperbranched
polyesters involved the use of glycerol as polyol together with free acid or the dimethyl
ester of azelaic acid. The M;, determined value was in the range 1852-5410 g/mol and
the highest value was reported for dibutyltin (IV) oxide as catalyst [48]. The synthesis of
polyglycerol-azelaic acid polyesters (Figure 2) starting from polyglycerol-3/diglycerin and
different vegetable oils in the presence of p-toluene sulfonic acid at different molar ratios and
temperatures in the range 175-180 "C was patented by Giuliani et. al. The reaction products
were analyzed by SEC and were tested for several cosmetic applications [57].

Glycerol-diacids oligoesters including polyglycerol azelate were synthesized by the same
group using different catalysts such as titanium(IV) butoxide, [52,53] and [dibutyltin(IV)
oxide] [51]. The reactions were performed at 150 °C in 22 h in a solvent-less system or in the
presence of organic solvents (DMSO /DMF or toluene). MALDI-TOF MS, 1D and 2D NMR
techniques were used for product characterization. The most efficient catalyst was Ti(OBu)y.
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Figure 2. Chemical structure of the polyglycerol-azelaic acid polyesters obtained using diglycerol
and different vegetable oils as raw materials.

The poly(glycerol azelate) polyester was synthesized also at 125 °C in aluminum
pans [49] or at 140 °C under nitrogen atmosphere [50]. The degradation of the products
was also tested and the results indicated that the biodegradation upon burial in soil was
slower than the hydrolysis after incubation in PBS buffer [50].

The synthesis, thermal characterization and enzymatic degradation of poly(ethylene
azelate) was also reported. The polymers were synthesized by two-step melt polyconden-
sation using Ti(OBu), as catalyst at 190 °C. GPC, DSC, WAXD and other techniques were
used for characterization. The biodegradation of poly(ethylene azelate) was studied in PBS
solution (chemical hydrolysis) and using a mixture of lipases from R.delemar and P. cepacia,
indicating a faster degradation as compared to poly-e-caprolactone [56].

Cho et al. obtained glycerol esters starting from six different dicarboxylic esters,
including dimethyl azelate. Among the tested substrates, the highest conversion was
obtained when dimethyl azelate was used, yielding 2,3-dihydroxy-propyl methyl azelate
and 1,3-dimethoxyazelyloxy propan-2-ol [61]. Potassium hydroxide was used as catalyst
and the mixture was heated at 80 “C. The obtained mono- and diesters were isolated
and characterized by FT-IR, NMR, LC-MS techniques and their molecular weights were
277 g/mol and 461 g/mol.

The AzA-based polyesters synthesized by the chemical route were characterized by
medium molecular weight determination and for some of them the thermal properties
were evaluated.

Among the reported data, the highest molecular weights were obtained for the ter-
polymers containing AzA, glycerol and a diol/diacid (Table 2). The melting point values
in all cases were under 100 °C. For the terpolymers containing glutaric acid and diols as
co-monomers, the melting point values were lower.

Table 2. Thermal and mechanical properties of AzA-based polymers.

Co-monomer M [g/mol] My [g/mol] Tg [°C] Tm [°C] Youn[ng\;g;iulus Reference
Glutari_c aci.d +14BDO/ 45,100-60,300 81,800-121,200 —72.4222  4+200..4455 52287 [47]
Glutaric acid + 1,80DO 45,900-61,200 86,700-120 400  +25.1..+43.3 +47.1..+62.7 60.5-362.6

Silcyl‘;ﬁ:"alj o 515-3656 1388324626 ~ —24.-7  B847.915 nd 1551

Glycerol 2316 3010.8 nd n.d n.d. [52]
Glycerol 3245 5970 n.d n.d n.d. [53]
Glycerol 11,690 28,056 nd n.d n.d. [51]
Glycerol n.d. n.d. n.d. ~100 n.d. [49]
Glycerol 1852-2873 3111-6981 n.d. n.d. 0.98-11.1 [50]
Ethandiol 21,000 47,040 —60 62 n.d. [56]

n.d.—not determined.

A series of copolymers containing AzA and glycerol have been reported by different
groups (Table 2). The medium molecular weight values of most products were less than
10,000 g/mol except the reports of Wyatt et al. from 2012 when highest M,, value did
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not exceed 30,000 g/mol. No other thermal or mechanical properties of these polymers
were reported.

All these results indicate that up to date the studies were focused on the catalyst
development whereas minimal attention was devoted to structural analysis of the product.

4.1.2. Technical, Cosmetic and Pharmaceutical Applications of Chemically Synthesized
Polyesters Containing Azelaic Acid Moieties

Polymers containing AzA units were chemically synthesized by different groups and
it was demonstrated that the insertion of AzA contributes to the flexibility, elasticity and
hydrophobicity of the formed products [35]. Flexible polyester resins containing AzA are
suitable for impact-resistant floor coverings. Furthermore, azelaic acid-based plasticizers
are used to enhance low temperature flexibility in resilient polyvinyl chloride products [35]
and more details will be discussed in the following section.

The patent of Giuliani et al, describes the incorporation of polyglycerol-azelaic acid
polyesters into cosmetic compositions as active components at a concentration in the
range of 0.01 to 20% (w/w). Formulations such as restructuring lotion, sebum-normalizing
shampoo, tricological serum, conditioning cream, body milk, leave-on cleanser were
prepared. The protective effect against thermal stress on the hair was demonstrated by
treating locks with a shampoo and also with a leave-on formulation containing polyglyceryl-
3-azelaiate with subsequent exposure to three consecutive heat cycles.

Inflammation studies indicate that polyglyceryl-3-azelate has a significant inhibitory
effect on TNF-« gene expression. Moreover, the polyglyceryl-3-azelate demonstrated an
anti-inflammatory effect (reduction of TNF-«) greater than azelaic acid [57].

Azelaic acid diglycinate is presented in a patent as a bioconvertible compound since
it is capable of releasing, after hydrolysis by lipase in the sebaceous follicle, at least one
active agent against acne with antibacterial and /or anti-inflammatory activity [62].

4.2, Terpolymers Containing Azelaic Acid

For tuning the azelaic acid polyester properties, terpolymer synthesis was performed
using different chain length diols or glycerol and aliphatic /aromatic diacids or correspon-
dent diesters (Figure 3).
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Figure 3. Polyesterification reaction of Aza, glycerol, succinic acid (1) [55]; synthesis of poly(butylene glutarate-co-butylene
azelate) and poly(octylene glutarate-co-octylene azelate) copolyesters in two steps (2) [47].

Baharu et al. synthesized new elastic polymers via polyesterification of glycerol with
AzA and succinic acids. The polyesterifications were performed catalyst free at 160-165 °C
for 2 h, followed by incubation in Petri dishes as films at 125 °C for 48 h. The chemical
structure was proved by FI-IR, NMR analysis and the medium molecular weight was
determined by SEC. The D values were in the range of 6.73-26.9 [55].

Poly(butylene glutarate-co-butylene azelate) (PBGA) and poly(octylene glutarate-co-
octylene azelate) (POGA) copolyesters were synthesized by a two-step melt esterification
at 190 °C and polycondensation process at 240 °C under vacuum using Sn(Oct),. Different
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monomer compositions were tested and the products were characterized by GPC, NMR,
TG, DSC, WAXD and tensile test. As expected, the isodimorphic structural behavior was
affected by the chain length of the co-monomer diols [47].

Biodegradable aliphatic-aromatic polyesters including polybutylene terephthalate-
butylenazelate were synthesized starting from dimethyl terephthalate, azelaic acid and a
butandiol in a two-step process including a melt esterification at 200 °C and a polyconden-
sation at 240 °C under vacuum [63].

4.3. Enzymatic Synthesis of Azelaic Acid Based Esters and Polyesters

Enzymes are efficient and sustainable alternatives to metal catalysts used in poly-
condensation (e.g., tin, titanium and antimony) since they are efficient at mild reaction
temperatures ranging between 40 and 90 "C, whereas conventional chemo-catalytic poly-
condensations are carried out at T > 150 °C [64]. They also work in solvent-free systems and
catalyze highly selective synthesis, enabling the production of functionalized polyesters
with controlled architectures [65]. More importantly, enzymatically synthetized polyesters
are inherently biodegradable since the same enzymes can catalyze both their synthesis
and hydrolysis. Enzymatic polycondensation generally leads to products characterized by
moderate molecular weight. According to Comerford et al., this drawback can be overcome
by a two-step procedure where the biocatalyst is removed after a preliminary step, which
is followed by a thermally driven elongation step [66]. Notably, polyesters with highly
regular structures and molecular weights below 2500 g/mol have applications in cosmetic
formulations in film forming [67] and are used for coating and adhesive applications.

Hydrolytic enzymes and lipases were employed for the synthesis of esters and
polyesters of AzA, also with the aim of improving its compatibility, with respect to other
ingredients of cosmetic and dermatologic formulation. It is known that AzA suffers from
low-solubility, high melting point and large dosage requirement, which limit wide ap-
plication in cosmetics and pharmaceutical products [58]. Moreover, some side effects
are associated with the acid character of the molecule, demonstrated by high dosage
pharmaceutical preparations.

The enzymatic synthesis of esters and polyesters based on AzA are reported in few
patents and research papers (Figure 4). In some patents related to the enzymatic synthesis
of esters/polyesters starting from dicarboxylic acid and diols, AzA is mentioned as a
possible reagent but no details related to the AzA synthesized and characterized products
are given [68,69]. Khairudin et al. synthesized dilauryl azelate ester by using Novozyme
453 as catalyst. The synthesis was optimized in two reports, one by using an artificial
neural network ANN-based design of experiment [58] and by central composite rotatable
design [59]. The optimization of the process parameters included the enzyme amount,
reaction time, reaction temperature, and molar ratio of substrates. Both methods proved
their efficiency and high R? (coefficient of determination) values were obtained.

Curia et al. synthesized AzA polyesters using 1,6-hexanediol and sorbic alcohol /12-
hydroxystearic acid/trimethylolpropane oxetane /2-hydroxyethyl methacrylate as end
capping molecule. The reactions were performed in scCO, using Novozyme 435 as catalyst.
The conversions were higher than 96% and the medium molecular weight were in the
range of 15002400 [70].

In a later study, the same group synthesized specific end-functionalized amphiphilic
copolymers based on azelaic acid, 1,6-hexanediol and PEG in scCO;. The My values
determined based on GPC analysis were in the range 1700-3200 g/mol [60].

When dimethyl azelate was used as monomer together with glycerol in the presence
of lipase Novozyme 435, a medium molecular weight of 2200 was obtained (400 mbar) in
48 h. When the pressure during the reaction decreased (150 mbar), a significant increase
of the molecular weights (higher 20,000 g/mol) was observed [71]. Several lipases were
mentioned in the summary of the invention, but the examples were performed only by
using the commercial lipase Novozyme 435.
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Figure 4. Typical examples of co-monomers used in enzyme-catalyzed polymerization of azelaic acid.

Highly branched high-molecular weight AzA polyesters were synthesized by a one-
pot enzymatic system and reported by Nguyen et al. The first approach was focused
on polyester synthesis starting from glycerol, azelaic acid, and tall oil fatty acid (TOFA)
using Novozyme 435. The molecular weights after 25 h polymerization time, were in the
range 20,900 to 39,700 g/mol with polydispersity indexes (D) between 3.2 and 5 (SEC
analysis). The second azelaic acid derivatives was synthesized through a chemo-enzymatic
reaction system. First, the pentaerythritol and azelaic acid were mixed and the reaction was
performed at 180 °C and in the second stage the temperature was decreased and glycerol,
azelaic acid, TOFA and Novozyme 435 were added. The SEC determined molecular
weights were in the range of 16,800-57,800 g/mol and the D) in the range 2.8-4.5 [54].

The enzymatically synthetized esters and polyesters of AzA were studied especially
for their thermal properties (TG, DSC), their ability to form films, aggregates and for the
cytotoxicity and antibacterial activity. The antibacterial activity of dilaurylazelate was
evaluated against the pathogen bacteria Staphylococcus epidermidis 5273 and the cytotoxicity
was tested on 3T3 normal fibroblast cells. The results revealed that, compared to AzA, the
ester is nontoxic, safe for pharmaceutical applications and presents promising antibacterial
properties [59].

The thermal telechelics synthesized by Curia et al, starting from AzA, 1,6HDO and four
different end-capping molecules, indicate that the Ty, and the enthalpy of melting (AHp,) of
the products are highly dependent on the end-capping molecule. It was clearly demonstrated
that the bulkier structure of the end-cappers alters the crystalline structure [70].

Interesting properties were reported for copolymers based on azelaic acid, 1,6-hexanediol
and PEG. Besides the thermal properties, the authors demonstrated that these polymers
are capable of forming self-assembled aggregates in an aqueous environment. The ther-
mal characterization of polymers revealed that a longer PHAz backbone presents larger
crystallites (higher Ty, and enthalpy of melting (AHy,)). The aggregation in water was
confirmed by comparison of NMR and the coumarin-6 loading tests proved the lipophilic
molecules’ ability for dispersion and stabilization in an aqueous environment [60]. The
products also showed significant surface tension reduction, indicating that the azelaic
acid-based copolymers might find applications as surfactants in detergents and body-care
formulations [60].

The AzA derivatives synthesized by Nguyen et al. were used for solid film preparation
and characterized by DSC and water contact angle (WCA) measurements. The results
showed that the acid /diacid composition had an effect for the hydrophilic/hydrophobic
balance of the films. The AzA content was directly correlated to the increase of WCA up
to 141 [54].
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4.4. Polyamides Containing Azelaic Acid

Polyamides obtained by reacting AzA with different amines (Figure 5) are already
commercial materials The most used is a polyamide synthetized from AzA and 1,6-
diaminohexane, named nylon 6,9 (Tg 52 °C, M,, repeated unit 268 g/mol) [72].

w Salt formation ] o
nHO OH + nHzN{AlNHz —_—) n-oJ\/\/\/\/LLo- ‘HaNﬁxNHs‘

%=6,10,12 x=6,10,12

Melting
polycondensation

Figure 5. Synthesis and chemical structure of polyamide 6,9, polyamide 10,9 and polyamide 12,9.

Aliphatic polyamides, or nylons, are semicrystalline polymers with properties that
change according to the ratio between amides and methylene groups. These materials are
not biodegradable and possess great mechanical properties given by strong intermolecular
hydrogen binding interactions [73]. Long-chain nylons, where the polar groups are sepa-
rated by more than six carbon atoms, have both polyethylene properties and polyamide
properties. They show low water absorption, good behavior at low temperatures, low den-
sity, and low hydrolysis sensitivity, the same as polyethylenic materials, and high melting
temperature, good aesthetic properties and good processability, the same as polyamide
materials [74].

Copolyamides of 1,4-butanediamine and a mixture of AzA and glutaric acid were
synthetized with the aim of analyzing the structure of odd carbon number polyamides.
The odd carbon number in their chain imposes a torsion of the amides groups to establish
correct H-bonds, creating a y structure. These polyamides presented a M,, in the range
40,000-51,000 g/mol, a predominant melting peak in the range 220-244 °C, T4 (thermal
decomposition temperature) in the range 422-455 °C and a Ty in the range 50-71 °C.
The higher M,, was achieved when AzA was 50% molar percentage in the acid mixture,
while the lower Ty was obtained for the homopolymer with 100% AzA. Results suggested
that a similar predominant hydrogen bonding structure was present in all the analyzed
polyamides [73].

Tao et al. synthetized via step-melting polycondensation three different “environmen-
tally friendly” aliphatic polyamides from AzA and 1,6-diaminohexane, 1,10-decanediamine
or 1,12-diaminododecane, respectively [75]. AzA and 1,10-decanediammine are industri-
ally obtained from plant oil and castor oil, respectively, while 1,6-diaminohexane can be
obtained starting from biorenewable glucose and cellulose. They found that the diamine
with a lower number of carbon atoms in its chain led to higher polymerization degrees,
higher melting temperature and higher thermostability of the final material but higher Tg,
if compared to the ones with C10 and C12. With 1,6-diaminohexane, the final material had
M, 51,300 g/mol, Ty, 214 °C, polymerization degree 190, Ty 435 °C and Tg 56 °C. With
1,10-decanediamine, the final material had My, 38,900 g/mol, Ty, 203 °C, polymerization
degree 120, T 430 °C and Tg 52 °C. With 1,12-diaminododecane, the final material had
number-average molecular weight 38,500 g /mol, T, 195 °C, polymerization degree 100,
Tq 425 °Cand Ty 50 °C. A shorter chain in the diamino compound leads to the formation of
more regular and symmetrical chains that are more easily polymerized and have a higher
overall density of amide groups that increases the Tr,. Conversely, short chains give to the
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final material low flexibility and softness, and a decrease in Tg with the increase in CH»
group of the diamine cross-linker.

Interestingly, glycine addition to the nylon formulation confers biodegradability to
the final product. When more than at least 2% w/w glycine is mixed with one polyamide-
producing monomer, such as hexamethylene diamine with AzA, it is possible to obtain
biodegradable nylon that can be used in devices such as gardeners’ tools, solving the
environment plastic dispersion related to their use [76].

AzA polyamides with hot melt adhesive properties for PVC, steel, aluminum, wood,
and textile materials are synthetized from different monomer mixture compositions.
One composition example is AzA 41% equiv. polymeric fatty acids, 1,18-oxtodecane
dicarboxylic acid and amines (ethylenediamine and piperazine) [77]. Another example is
represented by dicarboxylic acid, including AzA, polymeric fatty acids, cyclic diamines
or/and non-cyclic aliphatic diamines with an odd carbon number in their chain, and
additionally organic diamines [75]. Copolymers with 0.5-25% w/w polyamine, with at
least 11 N atoms, and equimolar quantities of dicarboxylic acids, including AzA, and
eventually lactams or w-aminodicarboxylic acids as ulterior polymer-forming monomers,
show hot-melt adhesive properties [79]. The addition of AzA in the polyamide formulation
of water-soluble textile adhesives, sizing agents or coatings renders them insoluble, and is
therefore not recommended [80].

An electric conductive material with ferroelectricity was obtained through polycon-
densation of a diamine, composed of at least 50% mol of 2-methyl-1,5-pentanediamine,
and a dicarboxylic acid mixture, composed of at least 50% mol of AzA. This polyamide
is used as a sensor and noise-adsorbing material [81]. Moreover, a mixture of hexamethy-
lene diamine with adipic acid, hexamethylene diamine with AzA and/or sebacic acid,
and hexamethylene diamine with isophthalic acid and/or terephthalic acid was used to
create transparent oxygen-barrier layers for food applications [82]. AzA is also found in a
flame-retardant formulation composed of a thermoplastic polyamide resin, a thermoplastic
polyester resin, a reinforcing or bulking filler and a fire retardant. AzA can be used as a
component in both polyamide and polyester resins [83].

Finally, Modiri-Delshad et al. produced aromatic polyamide/amino acid Fe;O nanocom-
posites with increased thermal stability. Aromatic polyamides are classified as high-perform-
ance polymers for their high Tg, good resistance to chemicals, temperature, and oxidation
and they were obtained through the polycondensation of AzA, with 4,4’-diphenilsu]fone
(Figure 6), yielding products characterized by M, 19,000 g/mol, M,, 42,000 g/mol and a
main decomposition step at 420470 °C [84].
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Figure 6. Polyamide synthesis from AzA and 4,4'-diamino diphenyl sulfone. TPP—triphenyl phosphite, NMP—N-methyl-

2-pyrrolidone.

5. Azelaic Acid as Component of Plasticizers and Lubricants

The first requisite for a plasticizer is to decrease the glass transition temperature (T,)
of the final polymeric product, thereby enhancing its flexibility and workability [85]. In
addition, both plasticizers and lubricants should have low volatility and low tendency for
migration between surfaces to avoid changes over time in the finished product qualities
and avoid environmental contamination [86].

Azelaic acid is widely used as plasticizer or lubricant in commercial products [87]. In
the form of ester or polyester, it can be added to polymeric mixtures to vary the characteris-
tics of the final product.

As a monoester, AzA esterified with aliphatic or aromatic alcohols, confers enhanced
cold-temperature resistance to a vulcanizate of an olefinic copolymer. Dibenzyl azelate
and diamyl azelate were added at 5-60% weight of the total composition as plasticizers in
rubber-like polymers [88].
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Different diesters of AZA were synthetized from natural precursors obtained through
ozonolysis of crambe seed oil, which led to a mixture of brassylic and azelaic acid. These
diacids, when reacted with alcohols of variable chain length at low temperature (4-10 °C)
in the presence of a catalyst such as p-toluenesulfonic acid, yielded a mixture of diesters
that were used at 32% in weight as plasticizers for PVC. Interestingly, the presence of AzA
increases the PVC compatibility, the light stability, and the low-temperature flexibility, but
also increases the tendencies to migrate outside the final product and the volatility [89].

Polyester plasticizers containing AzA gained importance during the 1970s as PVC
plasticizers for their low volatility and low migration tendencies, and various patents
dating back to that period will be referred to in the following. However, compared to
simpler molecules, they had to be added in higher concentration to the final product,
negatively affecting its mechanical properties, in particular at low temperature [90].

Hydroxypolyesters of AzA and 1,4-butanediol or 1,6-hexanediol with or without
sebacic acid, were synthetized at high T (Table 3). Among the different molecules obtained,
hydroxypoly-1,6-hexanediol azelate and hydroxypoly-1,4-butanediol azelate have a molec-
ular weight about 40,000 g/mol and 25,000 g/mol respectively. These copolymers are used
as PVC plasticizers. They are used in packaging and wrapping fields because of their low
volatility and low tendency to creep, together with high cold impact resistance and good
solvent extraction stability [91].

Polyester plasticizers based on dicarboxylic acids C4-C12, including AZA, glycols
C2-C8 and 2,2-dibromomethyl-1,3-propane diol, show flame-retardant properties. These
polyesters are added to synthetic resins, mainly foams, that have a high tendency to inflame
in air [92].

To control the M,, of the product, AzA plasticizers are obtained with glycols and a
terminator agent, such as hydroxyl and monocarboxy-substituted alkanes or mixtures of
monobasic acids and monofunctional alcohols. The molecular weight of these polymers
can be easily controlled by varying the glycols and the terminator chain lengths [93]. Other
polyesters at low molecular weight were obtained reacting benzenedicarboxylic acids,
dicarboxylic acids C5-C12 and neopentyl glycol-ethylene glycol mixture with a terminator
agent, such as a monofunctional alcohol C6-C13 or a monocarboxylic acid C6-13. The
dicarboxylic acids that showed the best results were AZA and adipic acids. The low Mw
in the range 500-2000 g/mol confers to these polyesters a low tendency to migration
and marring. These plasticizers have a high affinity for PVC resins, but low affinity for
polystyrene and acrylonitrile butadiene styrene (ABS) resins, avoiding plasticizer migration
between different plastic surfaces [94]. Differently, plasticizers compatible with different
plastics such as PVC, rubber, PVC-like and rubber-like plastics were obtained starting from
diacids, including AzA, with a mixture composed of 85-90% highly hindered diol and
10-15% short chain diol in the presence of catalysts [95].

New AzA-based plasticizers were created from PET recycling. AzA-based oligoesters
were synthetized from the reaction of AzA with polyols at high T. These were then reacted
with waste PET in the presence of a catalyst and 2-ethylenexanol as terminator. The
plasticizer obtained can be used for PVC resins, substituting low M,, phthalates, which are
dangerous for both the environment and human health [96].

Table 3. Structure, function and synthesis route of AzA-based lubricants and plasticizers.

Synthesis
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Similar to plasticizers, the requisites for lubricants are: a high viscosity index that
means minimum viscosity change with temperature, a high flash point, good resistance
to corrosion, high stability to oxidation, low temperature fluidity and low pour point, to
reduce friction and facilitate movement between surfaces [101].

Bis(2-ethylhexyl) azelate, or DOZ, is a common commercial lubricant obtained from
diethyl azelate and 2-ethylhexanol. DOZ has a M,, of 412.6 g/mol, a viscosity index of
138 and a pour point of —62.22 °C (PubChem). Recently, this diester was synthetized
through the transesterification of diethyl azelate and 2-ethylhexanol in the presence of
immobilized lipase B from Candida antarctica [100].

Di(butoxypropyl)azelate is synthetized from AzA and propylene glycol mono-n-butyl
ether. Diesters and triesters of dicarboxylic acids with a carbon chain length of 9 or less,
including AzA, and a branched monovalent glycol ether C3-C25 are good lubricant oils
with excellent lubricity and low T characteristics. Notably, these lubricants have both low
viscosity and low volatility because of their low Mw but high polarity that impedes their
migration outside the final product [99].

Esterification of AzA with di-ethylene glycol and 2-ethylhexane in the presence of
n-benzene disulfonic acid as catalyst, allows the production of two lubricants with a
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pour point of —53.89 "C and a flash point > 240.56 "C. It is possible to create lubricants
“tailor made” from a dibasic acid C6-20, a glycol, and a mono-functional compound as
terminator, in this case a mono-hydroxy alcohol or a mono-carboxylic alcohol. Varying
the composition, polyesters with different lubricating properties, low pour point and flat
viscosity-temperature properties were obtained [102].

One of the characteristics required for a lubricant is to have good oxidation stabil-
ity. The presence of hydrogen in the 3-position in the lubricant molecule is, therefore, a
problem. To overcome this problem, hindered glycols with no hydrogen in the p-position
were reacted with dicarboxylic acids, including AZA, in the presence of a catalyst. The
obtained polyesters were oil-soluble and with a M,, in the range 10,000-1,000,000 g /mol.
They are used as viscosity index improvers or thickening agents in lubricants, conferring
to the final product a high viscosity index, enhanced shear stability and, most of all, good
oxidative stability [103]. For the same reason, lubricants with a low pour point, made by
reacting AzA with pelargonic acid and trimethylol propane (TMP) at 180-210 °C, were
devised. The dicarboxylic and monocarboxylic acids can be obtained through ozonolysis
of fatty acids from animal and vegetal sources, while TMP is a polyol with no hydrogen
in the 3-position [98]. Super-polyesters are created from AzA and 2-methyl-2-ethyl-1,3-
propanediol. These polyesters have a M,, between 4000-50,000 g/mol and have good
solubility in synthetic ester lubricating oils, working as thickening agents increasing viscos-
ity, viscosity index and thermal decomposition resistance to the final lubricant [97].

6. Studies on the Biodegradation of Azelaic Acid Polymers

Azelaic acid, being a bio-based monomer, offers the opportunity to produce a more
sustainable polymer as long as they meet some criteria associated with the efficient use
of resources and more precisely: (i) the use of resources being cultivated on (at least) an
annual basis; (ii) full valorization of biomass according to a cascade use; (iii) reduction of
the carbon footprint and greenhouse emissions; (iv) saving and substituting fossil resources
“step by step”. Consequently, the employment of AzA in plastic production may mitigate
the “upstream” environmental impact of plastics, which refers to the impact generated from
the extraction of raw materials to the manufacturing of plastic feedstock. However, the
use of a bio-based monomer does not imply the automatic reduction of the “downstream”
environmental impact of plastics, namely the impact generated once the consumer has
discarded the product [104].

Indeed, polymers and plastics derived from biomass can be either biodegradable or
non-biodegradable whereas there are different fossil-based plastics, such as polycaprolac-
tone, that are biodegradable according to the relevant standards. On the other hand, there
are several bio-based plastics on the market that are highly resistant to biodegradation due
to their chemical structure (e.g., polyethylene from biomass).

According to the United Nations Environment Programme (UNEP), 8 Mt of plastic
are poured into the oceans each year, an equivalent to a full truckload every minute [105].
Collecting and recycling plastics represents an answer to the problem [106] but not all
polymeric and plastic products can be collected and recycled, some examples include
cosmetic ingredients, lubricants, food service plastics, mulching films for agriculture, and
fishing nets.

In the past, several methods such as thermal, pyrolytic, photochemical and pho-
todegradation were used to solve the polyester environmental problem related to the end-
of-life of packaging. However, the harsh degradation conditions, by-product formation and
harmful gases are the major disadvantages that should be minimized, possibly through the
biodegradation and recycling of organic carbon within biological pathways [107].

Ideally, the ecodesign of polymers and plastics should respond to the specific usage
and disposal requirements of each different plastic product. Since biodegradation does not
depend on the resource basis of a material, the misuse of bio-based plastics might lead to
downstream environmental impact [30], which must be prevented through adequate and
clear labelling. Because biodegradation occurs at different rates in soil and in water, there
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is the necessity for standards which define clearly how plastic waste must be managed in
different environments. The European standard EN 13432 “Requirements for packaging
recoverable through composting and biodegradation” [108] entails “at least 90% disintegra-
tion after twelve weeks, 90% biodegradation (CO; evolvement) in six months, and includes
tests on ecotoxicity and heavy metal content”. This is the standard for biodegradable pack-
aging designed for treatment in industrial composting facilities and anaerobic digestion.
Another standard, the ASTM D 6691 [109] offers a test method to assess biodegradation
in water.

The mechanism of polyester biodegradation involves two major steps. First, a su-
perficial degradation occurs due to the formation of a microbial biofilm generated after
the hydrolysis of some ester bonds and small particles are generated. Then the enzymes
secreted by microorganisms catalyze the depolymerization of the polymer chain into
oligomers or monomers [110]. There are several factors that affect the enzymatic degra-
dation of a polyester, such as its chemical structure, but also by their physical properties:
crystallinity, melting point (Tr), glass transition temperature (Ty), etc. [111].

The following paragraphs report the up-to-date degradation methods applied to
azelaic acid-based polyesters and polyesteramides. Among the degradation methods
previously mentioned for the compounds containing azelaic acid, the studies were focused
basically on enzymatic degradation, chemical degradation and biodegradation in sludge
or compost.

The enzymatic degradation of four different aliphatic polyester films containing 1,4-
butanediol and dimethyl succinate, dimethyl glutarate, dimethyl suberate and dimethyl
azelate units was evaluated by Shirahama et al. The experiments were performed at 37 °C
and the enzymatic degradation of the polyester films were examined in buffer solutions
using three different enzymes: cholesterol esterase from Pseudomonas sp., R. delemar lipase,
and lipase B from Pseudomonas fragi. The experiments were performed at the optimal
pH for each enzyme and the efficiency of the degradation was evaluated by mass loss
measurement, molecular weight, and thermal properties. Among the tested enzymes the
cholesterol esterase was the most efficient on the azelaic acid-1,4-butanediol polyesters.
In the presence of the lipases, about 80% of the mass was lost in 200 h when lipase B
from Ps. fragi was used, while the presence of the lipase from R. delemar was less effective
(10% in 200 h) [112].

The chemical and enzymatic hydrolysis of poly(ethylene azelate) (PEAz) prepared
by the two-stage melt polycondensation method was evaluated in comparison with poly-
caprolactone. The chemical hydrolysis rates, however, were very slow. The enzymatic
hydrolysis was performed using a mixture of R.delemar and P.cepacia lipases at 30 °C in
phosphate buffer pH 7. The degradation was monitored by weight loss measurement and
even though compared to the PCL, the weight loss for PEAz was about four times higher,
but since the molecular weight (PCL 60,000 g/mol, PEAz 21,000 g/mol), the melting point
and the crystallinity of the samples were different, the authors indicated a comparable
degradation rate with PCL. Morphological analysis by SEM confirmed the extension of the
erosion surface in time and were correlated with the weight loss values [56].

In a later study, the same group synthesized and compared the enzymatic degrad-
ability of the poly(butylene azelate) (PBAz) polyesters with poly(ethylene azelate) (PEAz)
and poly(propylene azelate) (PPAz). The samples were formulated as films and the enzy-
matic degradation studies were performed in similar conditions: 30 °C, phosphate buffer
solution (pH 7.2) and a mixture of Rhizopus delemar lipase and Pseudomonas cepacia lipase
(9:1 w/w lipases ration). The degree of biodegradation was estimated from the mass loss
and were compared to the PCL enzymatic hydrolysis. The highest mass loss was observed
for poly(propylene azelate) when after 35 days 40 rng/cm2 of the mass was lost while
for the poly-ethylene and -butylene azelates the mass loss was significantly slower (less
than 5 mg/ cm?). The degradation behavior of the poly(propylene azelate) was attributed
mainly to the lower crystallinity, 27% for PPAz, compared to 50-55% for PEAz and PBAz
and 60% for PCL. Moreover, in the same study, a comparison of the mass loss values during
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degradation of the succinate, azelate, sebacate, polyesters and PCL was included. The
results revealed that the enzymatic degradation rate of the azelaic acid polyesters was
about four times lower compared to the succinic acid-based polyesters but twice as high,
compared to the sebacic acid based polyesters. The results indicate that the enzymatic
degradation in the presence of lipases is strongly affected by the samples’ crystallinity [113].

The enzymatic degradation of azelaic acid and 14-butanediol copolymers formulated as
films was evaluated by using Rhizopus oryzae lipase at 25 and 37 “C up to 50 days, by weight
loss monitoring and morphologically by SEM technique. The synthesis of the polyesters
was performed by two-stage melt polycondensation at 150 °C and 180 "C. A comparison of
the enzymatic degradability of polyesters containing azelaic and succinic acid moieties, as
well as random copolymers containing 1,4-butanediol and the two dicarboxylic units, was
performed and considerable differences were observed. The results indicated that copolymers
have significant amorphous domains and facilitate enzymatic attack [114].

The degradation of a series of polyesteramides prepared from 1,4:3,6-dianhydro-D-
glucitol &-amino acids and aliphatic dicarboxylic acids of the methylene chain length
ranging from 2 to 10, including azelaic acid, was evaluated by three degradation methods:
soil burial degradation, degradation in an activated sludge and enzymatic degradation.

The soil burial degradation test was carried out at pH 6.8, temperature 27 °C, humidity
70-80% in the soil prepared at Nagoya University farm. The weight recovered after 60 days
of incubation of the polyesteramide film containing azelaic acid was 45%. Compared to
the polyesteramides containing a shorter methylene chain length, the recovered weight
was higher.

The degradation in an activated sludge was performed at 27 °C and monitored by
BOD and size exclusion chromatography measurements. The BOD biodegradability values
obtained for the all the poly(ester amide)s series were in the range 0-40% while for the
azelaic acid polyesteramides, the value was 5%.

For the enzymatic degradation studies, seven different enzymes were considered:
porcine pancreas lipase, porcine liver esterase, Rhizopus delemar lipase, Rhizopus arrhizus
lipase, Pseudomonas sp. cholesterol esterase, Pseudomonas sp. lipase and Streptomyces rochei
carboxylase. The experiments were performed at 37 °C for 24 h and the degradation
was monitored by water-soluble total organic carbon (TOC) measurement. In addition
to polyesteramides for this study, the corresponding polyesters were also considered as
substrates. For the azelaic acid-based substrates, the results obtained in the presence of
the porcine pancreas lipase and papain are presented and discussed. The results revealed
that the enzymatic degradability of the polyesteramide compared to the polyester was
about three times lower and, compared to the other polyesteramides from the series,
the degradability was dependent on the methylene chain length of the dicarboxylic acid
component [115].

The hydrolytic degradation of poly(glycerol-azelaic acid) synthesized via melt poly-
condensation at 140 °C in the absence of catalyst and solvent and of the correspondent
hydroxyapatite nanocomposites was studied by Chenani et. al. Overall, the weight loss of
the samples was gradually decreasing, which can be attributed to the interactions of water
molecules with ester bonds in the PGAZ macromolecule. However, incorporating nanoparti-
cles led to enhanced weight loss and hydrolytic degradation rate. The number of ester bonds
has grown in the presence of higher amounts of nanoparticles and the water affinity and
tendency improved. The hydrolytic degradation was evaluated in neutral conditions (pH 7)
and in alkaline conditions (pH 11). In neutral conditions, the weight loss of the samples over
30 days was monitored and the gradually decrease of the samples in time was attributed to
the interactions of water molecules with ester bonds but the incorporation of the nanoparticles
led to strengthening the weight loss and hydrolytic degradation rate. At pH 11, a more
accelerated decrease of the mass was observed, which was attributed to possible hydrolysis
in the presence of the hydroxylic ions, but for the nanocomposites the hydrolysis rate was
slowed and the weight fraction mass was about 30% higher compared to the sample without
the nanoparticles [116].
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The biodegradation of poly(sorbital azelate-co-sorbital citrate) polyester films was evalu-
ated by Kesavan et al. at pH 7 in a phosphate cradle arrangement for up to 90h and 38.8% of
the mass was lost. The results were compared with the data obtained for poly(mannitol
glutarate-co-mannitol citrate) in similar conditions and even though the weight loss was
slightly higher (42.8), a difference of 4% cannot be considered significant [117].

7. Conclusions and Future Perspectives

Bio-based polymers and plastics are objects of interest for their potential contribution
to the resolution of the environmental impact caused by fossil-based plastics, because
they promote the transition towards renewable raw materials. The environmental benefit
is magnified when the bio-based polymers are also biodegradable and biocompostable,
since they allow for the re-introduction of the organic carbon into the biogenic cycles, for
instance, in the form of compost for the soil. Nowadays, the research in the field of the
synthesis of bio-based polymers is mature for the delivery of new polymeric products and
solutions, which are competitive in terms of performance beyond being sustainable.

The aim of the present literature study was to provide a new perspective on the
potential of azelaic acid as bio-based monomer for the synthesis of an array of products
applicable in different fields, from packaging, cosmetic and pharmaceutical use. Apart
from its pharmacological properties, azelaic acid, due to its double carboxylic groups, was
successfully used for different oligo and polymer synthesis with applications as a plasticizer
or as lubricants. Moreover, in recent years, the biodegradation of azelaic acid derivatives
has been evaluated and promising results have been obtained. This renewal of interest
towards azelaic acid materials was emphasized since the possibility of obtaining bio-based
products was demonstrated. Moreover, the importance and potential of azelaic acid for
industrial applications was demonstrated by its industrial synthesis on a large scale.

Fully green synthesis routes of the azelaic acid derivatives (polyesters, polyamides)
by selection of suitable catalysts, reaction media or solvent-less conditions, already allow
the production of products for the cosmetic and pharma industries. Consequently, several
interesting new materials containing azelaic acid will be obtained through polymerization
using bi- or tri-component systems and will represent a renewable alternative to existing
materials. In conclusion, the wealth of knowledge gathered in the last decades paves the
way to the development of advanced technological solutions able to combine and valorize
the chemical and pharmacological properties of this monomer, while benefiting from the
sustainability and biodegradability of the new polymeric products.
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4.5.6 Delignification of rice husk

The studies carried out so far on immobilization of enzymes on rice husk (RH) indicate that
the major limitation of the method is represented by the low loading of protein. The PhD
thesis of Marco Cespugli (Cespugli M., 2017) explicated some preliminary attempts to
improve the accessibility of RH by removing the hydrophobic lignin on the surface. By
treating the RH with alkaline H20z2 it is possible to remove lignin and increase the water
retention capacity of the composite material, while maintaining its tri-dimensional structure.
However, no significant improvement was observed in terms of carbonyl group concentration
after laccase-TEMPO oxidation. Conversely, a low protein loading and poor hydrolytic
activity of covalently immobilized CaLB was reported. The present study started from these
results and firstly optimized the protocol for the delignification and carried out a detailed
characterization of the delignified rice husk.

The delignification was carried out with hydrogen peroxide and NaOH under more
concentrated conditions. The efficiency of the delignification protocol was assessed through
ATR-IR characterization. ATR-IR (Attenuated Total Reflectance) is a sampling technique
used in conjunction with infrared spectroscopy which enables the direct analysis of solid or
liquid samples without further preparation. The ATR uses the properties of the evanescent
wave in total reflection. In this technique, the sample was placed in close contact with an
optical element (internal reflection element or ATR crystal) consisting of a crystal with a high
refractive index. The IR ray emitted from the source, before reaching the sample, first passes
through this element: when the angle of incidence is greater than the critical angle, the
phenomenon known as total reflection occurs. This reflection forms the evanescent wave
that extends into the sample. The number of reflections can be changed by varying the angle
of incidence. The beam is then captured by the detector when the crystal is released. The
spectra were recorded by pressing the sample of rice husk until a homogeneous pellet was
obtained.

In order to analyse the signals of the ATR-IR spectra of the rice husk, 3 references samples
were recorded (figure 4.21): untreated rice husk (black), cellulose tissue (pink), the blue
trace is relevant to the IR spectrum of column SiO2 (Merck) from KBr pellet.
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Figure 4.21 Spectra of 3 references samples: untreated rice husk (black), cellulose tissue
(pink) and column SiO2 (Merck) from KBr pellet (blue).
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The fingerprint region for characterization is between 1800-600 cm-'. The most diagnostic
signals of the untreated rice husk are detailed in table 4.4.

Table 4.4 Diagnostic signal for characterization of rice husk

cm? Functional Group

1729 Stretching C=0

1632 Adsorbed water

1608 Stretching C=C aromatic ring of
lignin

1417 Stretching CH lignin

1323 Stretching C-O lignin

1220 SiOz2, C-C- lignin, stretching C-O e
C=0

1202 cellulose

1160 Esters group of cellulose and lignin

1109 Cellulose

894 cellulose

785 SiO2

Hemicellulose signals are largely overlapped with cellulose absorptions.

Figure 4.22 shows ATR-IR spectra of delignified rice husk obtained from experimental
protocol developed during PhD’s thesis.
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Figure 4.22 ATR-IR spectra of the delignified RH.
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Fingerprint region is between 1800-600 cm™. The efficiency of delignification can be
qualitatively determined by observing the height of the following peaks: 830 cm-! referring
to aromatic -CH of lignin and 1512 e 1603 cm-' that identify stretching C=C of lignin aromatic
ring.

Figure 4.23 shows a comparison between ATR-IR spectra of untreated rice husk and
delignified rice husk (RH_UNITS).
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Figure 4.23 Spectra of untreated rice husk (red) and delignified rice husk (yellow).

From figure 4.23 it is possible to observe a reduction of lignin content in delignified rice husk
(yellow spectrum). The peak at 830 cm™' identifies the signals of aromatic -CH of lignin,
peaks at 1512 and 1603 cm™" refer to stretching C=C of lignin aromatic ring, and the peak of
SiO2is visible at 788 cm™.

Due to the presence of silica, it is not possible to quantitatively examine the spectra
according to the Galletti method (Galletti et al.,2010), which provides information on the
composition of herbaceous biomass. This method consists of the integration of 3 regions of
the spectrum:

> 1480-1440 cm™" inversely proportional to cellulose content
> 1530-1397 cm™! lignin content
> 1142-1093 cm™! region used for normalization

For rice husk this method is strongly influenced by the presence of considerable signals of
SiO2 that increase the integration in the normalization region. This causes an
underestimation of lignin content and at the same time overestimation of cellulose.
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Therefore, to proceed with the quantification of lignin in the various samples, a simpler
method was used: only a few characteristic signals were considered, which are shown in
table 4.5 where HC indicates hemicellulose, L lignin and SiO: silica. Specifically, table 4.5
shows the absorbance values for the characteristic peaks considered.

Table 4.5 Absorbance values for selected and normalized peaks.

A1 A2 A3 A4 A5 A6
Acetyl
HC ring L ring L COL Cc-0 SiO2
cm! 1730 1600 1510 1220 1200 790

Absorbance 0.0450 -0.0025 0.0253 0.1959 0.2084 0.2354

The ATR-IR spectra in Figure 4.23 and the table 4.5 show that rice husk obtained after the
delignification treatment appears to have very low quantities of lignin. Figure 4.24 shows the
variation of the ratio between hemicellulose, lignin, and SiO2 after the treatment, confirming
the selective removal of lignin and hemicellulose with respect to SiO2.

0,3 W 1730 cm-1 HC
0,25 m1510cm-1L

0,2 790 cm-1 Si02
0,15

0,1
0,05

o I
UNTREATED RH DELIGNIFIED RH

Figure 4.24 Variation of absorbance values of selected peaks.

A further morphological characterization was performed with the energy dispersive X-ray
spectroscopy (EDS) thanks to the collaboration with Dr Lisa Vaccari and Dr Nicola Cefarin
of ELETTRA Sincrotrone, Trieste. The method allowed for the collection of the silicon Ka1
signal (figure 4.25 on the left) and the localization of SiO2 (figure 4.25 on the right). This
allowed us to understand the robustness of the external surface of the peel (Park et al.,
2003; Coletta et al. al., 2013). The presence of SiO2 on the surface of the RH confirms its
role in protecting the rice grain from mechanical and chemical agents.
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Figure 4.25 SEM image of fragments of milled RH, showing the linear ripples with conical
shape on the external surface rich in SiO2 (green); Spectrum of energy dispersive X-ray
spectroscopy (EDS) analysis acquired with a beam energy of 5 keV.

The EDS analysis confirms that the RH preserves its tridimensional structure after the
delignification process. More importantly, most of the SiO: is retained on the surface of the
composite material, thus preserving the mechanical robustness of RH.

4.5.7 Immobilization of CaLB on delignified rice husk

The covalent immobilization of lipases was finally carried out also on the delignified RH.
With respect to the previous protocols, a larger amount of enzyme was employed (72000 U
per g of carrier vs 10000 U) in an attempt to improve the immobilization yield.

Table 4.6 reports the results, which were also compared to previous data.
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Table 4.6 Results of lipase immobilization on 0.200 g scale of dry support (untreated RH,
delignified RH both chemically and enzymatically oxidized by LMS system and on epoxy
resin.

Type of Enzyme Protein Protein Hydrolytic
support loaded immobilized activity of the
(U/gadry carrier) (%) immobilized
biocatalyst
(U/gary)
Untreated RH
chemically
oxidized 12 146
— CaLB 72000
Delignified
RI.-I 10 174
chemically
oxidized
Untreated RH 20 173
enzymaticall
y oxidized ¢, 72000
Delignified 11 220
RH
enzymaticall
y oxidized
Epoxy 52 1502
methacrylic
resin
Untreated RH 33 290*
chemically
oxidized
CalLB 10000
Untreated 65 590*
rice husk
enzymaticall
y oxidized

*See data in table 4.2 above and manuscript C (Spennato et al.,2021)

Results indicate that an increase of the protein loading is not achievable by offering a larger
amount of protein to the support. Rather, there is a waste of enzyme in the immobilization
process with a maximum of 20% of protein effectively loaded. The best performance was
obtained with enzymatically oxidized delignified RH (220 U/g) which is, however, lower than
the result previously obtained with the raw RH oxidized enzymatically (590 U/g
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4.6 CONCLUSIONS

This part of the thesis work reports the valorization of rice husk, a natural composite material,
as a carrier for the sustainable immobilization of lipases. Compared to previous studies the
sustainability of the functionalization and immobilization protocols were improved. The
laccase-TEMPO functionalization (oxidation) of rice husk was performed with an optimized
protocol that allows not only for the reduction of the amount of enzyme employed but also
enables its recycling. The oxidation method has the advantage of operating at pH values
close to neutrality, avoiding side reactions such as 3-eliminations in cellulose that cause the
depolarization of the polysaccharidic chain. More importantly, lipases were directly
immobilized covalently on the oxidized rice husk without the use of spacers and the toxic
glutaraldehyde. Future studies will aim to optimize the recycling of the laccase and to replace
the TEMPO mediator with bio-based renewable mediators. Here, data had demonstrated a
good stability and recyclability of lipases TLL and CaLB covalently immobilized on rice husk
retaining > 70% of activity after 10 cycles of hydrolysis. The results are comparable to those
obtained using commercial epoxy methacrylic resins, which have the disadvantage of being
fossil-based, non-biodegradable, and expensive. These immobilized biocatalysts, due to
their stability and robustness, are applicable in various reaction media, including aqueous
systems, and under mechanical stress. Overall, all these methods are intended to be a
contribution to the development of a new renewable industrial carrier for enzyme
immobilization for different industrial applications, this being able to replace petrol-based
materials and to overcome their natural capital cost. Notably, no covalently immobilized
lipase is currently commercialized for industrial applications despite the clear advantages
deriving from the use of lipase enzymes in aqueous solutions. Indeed, the use of lipases
immobilized by adsorption on organic resins undergo detachment in the presence of water.
Notably, the cost analysis of the most commonly used lipase adsorbed on polymeric resins
(Novozymes 435) indicates that 63% of the cost is due to the support and only 37% to the
enzyme. The last part of this research was focused on the delignification of rice husk with
the objective of improving its accessibility to oxidizing reagents and enzymes, while
decreasing the hydrophobicity of this composite material. The results obtained so far
indicate that the rice husk increases water retention capacity, decreases its density, while
maintaining its tri-dimensional structure and robustness. However, no significant
improvement in terms of protein loading and biocatalyst performance has been observed
in the enzymes immobilized on the delignified rice husk.
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