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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 II 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 

scCO2 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.org/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. 

https://doi.org/10.1016/j.foodhyd.2021.107099
https://doi.org/10.3390/molecules27248772
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The experimental activities included were initially the characterization of cardoon seed oil 

by means of  1H NMR and 13C 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 ß-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
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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. 

 

 



10 
 

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: 

✔ 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. 

✔ 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. 

✔ The sustainable use and protection of water and marine resources. The use of 

supercritical CO2 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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✔ 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. 

✔ 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. 

✔ 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 soil 

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. 

Pestaño 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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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 



14 
 

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. 

 

 

Figure 1.2 Methods for the immobilization of enzymes. CLEs: cross-linked enzyme; 
CLECs: cross-linked enzymes crystal; CLEAs: 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).  

 
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.  

CaLB 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 

 

2.1  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 

(Kukić 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 (Italy). 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 II 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 1H NMR and GC-MS analysis. Using 

scCO2 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, 3ß-

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 (Fernández 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-1 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-

González 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-González et al., 

2005), representing a potential alternative crop with beneficial effects regarding soil 

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 (Fernández et al., 2006) and feed 

production (Ierna 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 oil 

(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-1 year-1 in Europe. (Fernández 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),(Pavić 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 



26 
 

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; 

Fernández 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-

α; 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 (scCO2) 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 II 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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2.4  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 scCO2 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 

CO2 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-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 % (w w-1) in the case of Autumn and Spring harvested 

plants respectively. 
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Figure 2.4 scCO2 instrument used for the extraction. 

 

The scCO2 extraction instrument is composed by: 

1. Laminating valve Tescom 26-1000 

2. Liquid CO2 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 II of Naples) 

Filter bag (porosity of 100 μm) 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 II 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. 
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2.4.4  Characterization of extracts by 1H-NMR  

The NMR analysis was performed by dissolving 10 mg of CLE in 0.7 mL of deuterated 

chloroform. The 1H 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 × 0.25 mm fused-silica capillary column (SLB5ms) 

coated with 0.25 μm 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 μL) 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 µL) 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. 

 

 
Figure 2.6 Calibration curve of squalene obtained with GC-MS. 

 

 

Equation of the calibration curve:
y = 0,041x - 0,0163

R² = 0,9818
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Figure 2.7 Calibration curve of taraxerol obtained with GC-MS. 

 

 
Figure 2.8 Calibration curve of lupeol obtained with GC-MS. 
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2.5  RESULTS AND DISCUSSIONS 

2.5.1  Supercritical CO2 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 
into the extractor 

(g) 

Pressure 
(bar) 

Temperature 
(°C) 

Time of 
extraction 

(h) 

Yield 
(% w w-1) 

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-1 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 scCO2 extractions from leaves collected in 
spring and autumn 2020. 

# Harvest Quantity loaded 
into the 

extractor 
(g) 

Pressure 
(bar) 

Temperature 
(°C) 

Time of 
extraction 

(h) 

Yield 
(% w w-1) 

6  

 

Spring  

(May2020) 

9.77 130 35 2 0.47 

7 9.86 225 45 2 0.63 

8 10.08 225 45 2 1.02 

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 
(November 

2020) 

10.06 225 45 2 4.5 

13 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). 

 
Figure 2.9 scCO2 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 scCO2  

The different scCO2  extracts were characterized using 1H 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 

 
Figure 2.10 1H-NMR (500 MHz, CDCl3) spectrum of extracts leaves collected in autumn 

2019 (table 2.1, entry #4). 
 

Figure 2.10 shows the 1H-NMR spectrum of extracts from the leaves collected in autumn 

2019. It was possible to identify sterols (δ: 0.55 m, -CH3), triterpenes (δ: 0.69 s, -CH2), fatty 

acids  (δ: 0.85-0.93, m, -CH3; δ:1.20-1.42 m; -CH2 of alkyl chains;  δ: 1.6, m -CH2CH2COOH; 

δ: 2.06, m -CH2-CH-CH-; δ: 2.23 m -CH2COO). 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).  

 
Figure 2.11 Characteristic 1H 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 1H NMR spectrum of the extraction from leaves collected in spring 

2020 (#11 table 2.2).  

 
Figure 2.12 1H-NMR (500 MHz, CDCl3) 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 . δ: 0.54 m, -CH3 of sterols; δ: 0.69 s, -CH2 
of triterpenes; δ: 0.85-0.93, m, -CH3 of fatty acids δ:1.20-1.42 m; -CH2 of alkyl chains;  δ: 

1.6, m -CH2CH2COOH of fatty acids; δ: 2.06, m -CH2-CH-CH-; δ: 2.23 m -CH2COO 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 Kövér, 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: I2 as the region of -CH3 of fatty acids 

chains, I3 as the region of -CH3 of the linoleic and linolenic acids chains, I4 as the region of 
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-CH2 related to alchilic chains, I5 as the region of -CH2CH2COOH of fatty acids, I6 as      the 

region of -CH2CH=CH, and I7 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 1H NMR spectrum of the extraction from leaves collected in autumn 

2020 (#12 table 2.2).  

 

 
Figure 2.13 1H-NMR (500 MHz, CDCl3) spectrum of extracts leaves collected in autumn 
2020: δ: 0.53 -CH3 of sterols; δ: 0.71 -CH2 of triterpenes; δ: 0.85-0.96 -CH3 of fatty acids; 
δ:1.30-1.22 -CH2 of alkyl chains; δ: 1.59 -CH2CH2COOH of fatty acids; δ: 2.16 -CH2-CH-
CH- of fatty acids; δ: 2.21 -CH2COO; δ:4.61-4.54 signals of lupeol; δ:4.65-4.67 signal of 
taraxerol, δ: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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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). 

 
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 1H 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 1H 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 scCO2 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-1. Characterization of these extracts was performed by using 1H NMR spectroscopy (figure 

2.16) and GC-MS (figure 2.17).  

 
Figure 2.16 1H NMR spectrum of extract from leaves collected from the Sant’Angelo field 

in spring 2019. 
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Figure 2.17 (reported above) 1H-NMR (500 MHz, CDCl3) 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 . δ: 0.54 m, -CH3 of 
sterols; δ: 0.69 s, -CH2 of triterpenes; δ: 0.85-0.93, m, -CH3 of fatty acids δ:1.20-1.42 m; -
CH2 of alkyl chains;  δ: 1.6, m -CH2CH2COOH of fatty acids; δ: 2.06, m -CH2-CH-CH-; δ: 

2.23 m -CH2COO and b) region 3.6-6.4 ppm. 
 

 

The 1H NMR spectrum (figure 2.16) was comparable to the 1H 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 -CH3 of sterols and triterpenes, the -CH3 of 

the chains of fatty acids, and the -CH3 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. 

 
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 1H NMR analysis.  

 

2.5.3  Characterization of extracts obtained using Naviglio® and batch methods  

The results of scCO2 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 
period 

Extraction 
method 

Extraction 
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 1H 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 1H 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 1H NMR spectrum (500 MHz, CDCl3) 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 δ: 2.43, dt; 2a δ: 1.09, ddd; 2b 

δ:2.07, dt; 3 δ:4.62, tt; 5 δ:2.84,dd; 6, δ:4.27,dd; 7 3.27, tt; 8 and 14b δ:5.17,ttt; 9a-b 
δ:2.25–2.45, dd; 13a δ:5.62,d; 13b, δ:6.25,d; 14a δ:4.96,d; 15a δ: 5.43,t; 15b δ:5.52,t; 3′ a 

δ:5.9,m; 3′ b δ:6.35, m. 
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Figure 2.20. 1H NMR spectrum (500 MHz, CDCl3) of a) Sant’Angelo spring 2019, batch; b) 
Novamont spring 2020, Naviglio; c) Novamont spring 2020, batch. Signals of cynaropicrin: 
δ: 2.43ppm, dt; 2a δ:1.09ppm, ddd; 2b δ:2.07ppm, dt; 3 δ:4.62ppm , tt; 5 δ:2.84ppm,dd; 6, 

δ:4.27ppm,dd; 7 3.27ppm, tt; 8 and 14b δ:5.17ppm,ttt; 9a-b δ:2.25–2.45ppm, dd; 13a 
δ:5.62ppm,d; 13b, δ:6.25ppm,d; 14a δ:4.96ppm,d; 15a δ: 5.43ppm,t; 15b δ:5.52ppm,t; 3′ a 

δ:5.9ppm,m; 3′ b δ:6.35ppm, m; δ:4.49 ppm signal of pheophytins; δ: 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.  

 

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 C19H22O6, while that of grosheimin is C15H18O4. 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 scCO2 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 



46 
 

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 1H NMR.  

Figures 23a and 23b show the 1H 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.  

 
Figure 2.23 1H NMR (500 MHz, CDCl3) spectra of extracts obtained after the scOO2 + 

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 1H 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 (Moujir et al., 2020). The cynaropicrin was clearly identified in the extract by 

means of 1H NMR. 
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Figure 2.24 Structure of cynaropicrin. 

 

The quantification of cynaropicrin was accomplished by taking as a reference the 1H 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: 

% 𝑐𝑦𝑛𝑎𝑟𝑜𝑝𝑖𝑐𝑟𝑖𝑛 =
22 

𝐼𝑡
 𝑥 100 

Where 22 is the total number of protons of cynaropicrin and It is the theoretical integral value 

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

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 (𝑟𝑎𝑛𝑔𝑒 0.6 − 6.5 𝑝𝑝𝑚) =  
84.12 𝑥 2

𝐼𝑒𝑥𝑝
=  197.98 

Where  IexpTOT: experimental integral value of all protons in the range 0.5-6.5ppm 

Iexp: 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 scCO2 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).  



49 
 

 
Figure 2.26 Percentage of cynaropicrin obtained by a combination of scCO2 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 II 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 1H 

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 O2 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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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.  

 

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).  

 
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. 

 
Figure 2.29 Stages of development of neurons. 

 

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.  



74 
 

 
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* 

in  

scCO2Au 

(w w-1) 

Composition* 

in  

scCO2Sp 

(w w-1) 

Composition* 

in 

NaviglioSp 

(w w-1) 

 

Cynaropicrin 

 

0.040 

 

0.020 

 

0.230 

  

 Squalene 

 

 

0.480 

 

0.390 

 

0.110 

 

3ß-Taraxerol 

 

 

0.070 

 

0.030 

 

<0.001 

 

Lupeol 

 

 

0.090 

 

0.050 

 

0.010 

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

 

The extracts obtained using scCO2, 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, 3ß-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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2.5.7.1  Manuscript B “Neuroprotective properties of cardoon leaves extracts against 

neurodevelopmental deficits in an in vitro model of Rett syndrome 3 depend on the 

extraction method and harvest time”  
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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 1H 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 scCO2 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, 3ß-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 

(Iqbal, 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 β -CH- of the glycerol 

backbone (Syahir et al., 2017; Zainal et al., 2018).  

Concerning viscosity, oils with alkyl chains ≥C18 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).  

  
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 β-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 

(HCl, H2SO4, 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 Al2O3, ZrO2, TiO2, 

Nb2O5, Ta2O5, 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/SiO2, 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 H2O2 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 H2O2 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). 

 

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 H2O2 (Vlček and Petrović, 

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 

(Fernández 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-1. 

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 ω9 and ω6 

fatty acids, respectively. Previous studies reported the chemical epoxidation of cardoon 

seed oil using γ-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 oil.  

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 1H 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. CaLB 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/gdry, CaLB immobilized on rice husk has a specific 

activity of 150 U/gdry, according to the tributyrin hydrolysis assay. Cardoon seed oil was 

kindly provided by Novamont (Novara, Italy).  

 

3.4.1 Characterization of cardoon seed oil: 1H and 13C NMR analysis 

20 mg sample were diluted in 700 µL CDCl3. 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 CaLB Novozyme adsorbed on Sepabeads EC-OD/S, 884.40 TBU/gdry) 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 CaLB 

were added. After 46 hours 10 mL of native TLL Lipolase 100L (Sigma #091MI832V, 3176 

TBU/g wet) were added. The reaction was carried on for 72 hours until complete triglycerides 

hydrolysis. 

Workup: HCl 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 H2O. 

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.  

  
Figure 3.3 TLC analysis scale-up reaction: 1- Standard Fatty Acid C=C (oleic acid), 2- 
Cardoon Seed Oil, 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 

#091MI832V, 3176 TBU/g wet) and 600 g CaLB (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 µL sample was diluted in 19 µL mobile 

phase, then 0.5 µL 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% w/w. 
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3.4.5  Characterization of hydrolysed cardoon seed oil using 1H NMR 

20 mg sample were diluted in 700 µL CDCl3. 1H 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 H2O2 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/gdry, CaLB SOD 884.40 U/gdry, and 

CaLB immobilized on rice husk 150 U/gdry, 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 1H NMR and GC-MS analysis  

The products of the reactions were characterized by 1H NMR. The samples were prepared 

dissolving 10 mg of product into 700 µL of CDCl3. Samples were analyzed on a Varian 

400MHz. 

The derivation of compounds was performed by using Bis(trimethylsilyl)trifluoroacetamide 

(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 µm 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. 
1H and 13C 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). 

 
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 1H NMR and 13C NMR of natural oil lipidic components (Lopes et al., 

2016).  

 

Table 3.2 Values (ppm) of the different groups composing natural oil mono-, di-, triglycerides 
and fatty acids for 1H NMR and 13C NMR analysis, t=triplet, m= multiplet. 

Signals 1H NMR chemical shifts 

(ppm) 

13C NMR chemical shifts 

(ppm) 

Glycerol backbone 3.65-5.27 (t) 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 1H 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 1H 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, 

ω-7 and ω-9 monounsaturated fatty acids at lower ppm, immediately followed by ω-6 

polyunsaturated fatty acids, while ω-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 Cα and Cβ 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.  

 

 

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 13C NMR spectra (figure 3.8) and resonate differently 

(Khallouki et al., 2008). 
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Figure 3.8 13C 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 DCCl3 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. 

 

 
Figure 3.9 Carbonyl region of 13C 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 13C 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 = 𝑎 × 𝑒𝑥𝑝 (−(𝑥 − 𝑥0)2/𝑐2 

 

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 13C analysis of cardoon seed oil, with 
corresponding a parameters and area % values. 

 Shift 

(ppm) 

a Area 

% 

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 173.25 121.56 33 

Sn-2 oleic acid 172.85 37.25 10 

Sn-2 linoleic acid 172.84 91.14 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 CDCl3 signal is visible. 

 

 

 
Figure 3.10 Olefinic (A) and glycerol carbon (B) regions of cardoon seed oil 13C NMR 

analysis. 

 

Figure 3.11 shows HSQC and HMBC spectra of cardoon seed oil, displaying proton-carbon 

correlations in the molecules composing the sample. 

 

 

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>>>Sn-2; 18:0 Sn-3>Sn-1>>>Sn-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. 

 
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 1H-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. 

 
Figure 3.13 1H-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. 

 
Figure 3.14 Superimposition and comparison of 1H-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 1H-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 Cα 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 1H 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-1), 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 1H 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

t 

Amount of 

enzyme 

(U/gsubstrate) 

Molar ratio 

between 

-CH=CH-

group and 

H2O2 

Reactio

n time  

(h) 

Conversion* 

(%) 

1 Oleic acid Novozyme 

435 

225 1:2 2 Complete 

(99) 

2 Oleic acid Novozyme 

435 

225 1:2 3 Complete 

(99) 

3 Oleic acid CaLB SOD 225 1:2 2 26 

4 Oleic acid CaLB SOD 225 1:2 3 23 

5 Oleic acid CaLB-RH 225 1:2 2 19 

6 Oleic acid CaLB-RH 225 1:2 3 26 
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7 Linoleic 

acid 

Novozyme 

435 

225 1:2 2 96 

8 Linoleic 

acid 

Novozyme 

435 

450 1:2 2 95 

9 Linolenic 

acid 

Novozyme 

435 

450 1:2 3 98 

*Determined by 1H NMR 

Exp 1-6 H2O2 was added in 5 aliquots every 15 minutes. 

Exp 7.9 H2O2 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 1H 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:  

% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 9,10 − 𝑒𝑝𝑜𝑥𝑖𝑠𝑡𝑒𝑎𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 =  
𝐼𝑏

𝐼𝑎  +  𝐼𝑏
 ×  100 

Ia = 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 1H 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).   
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Figure 3.15 1H NMR spectrum of the product of the epoxidation reaction of oleic acid 
catalysed by Novozyme 435 in 2h. δ=0.89 ppm, -CH3 (A); δ=1.36ppm -CH2- of chain, 

δ=1.63ppm -CH2- (D); δ:2,64ppm -CH2- (C); δ:2.90ppm -CH- (D). 

 

 
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 1H 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  1H NMR spectra of the reaction mixtures of the epoxidation of oleic acid with 
CaLB 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 1H 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 1H 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 CaLB-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 H2O2. The commercial Novozyme 435 was 

the most effective biocatalyst, leading to quantitative conversions. 

 

3.5.3.2 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 H2O2 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 1H-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%w/w. 
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Figure 3.21 1H 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%w/w (figure 3.22). This result was also confirmed by 

GC-MS analysis (figure 3.23). 
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Figure 3.22 1H NMR spectrum of the product obtained after 2 h of epoxidation of linoleic 
acid catalysed by 450 U/gsubstrate of lipase. 

 

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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3.5.3.3 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 

H2O2. The reaction time was extended to 3 hours due to the presence of three C=C groups. 

Figure 3.24 shows the 1H 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%w/w. This result was confirmed also by GC-MS in figure 3.25.  

 

 

Figure 3.24 1H 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 1H-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 1H 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 

 

4.1  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; 

iii) 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. Pestaño and Wilfredo I. 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 

Al2O3, Fe2O3, 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-1 

Cellulose 46.5 

Lignin 31.9 

Hemicellulose 22.1 

 

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 SiO2 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 200-400µm) 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 SiO2; 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.  

 
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 (NaIO4) that causes an oxidative cleavage of 

the glucose units with the formation of two aldehyde groups (Monsan, 1983, 1981) was used 

(figure 4.3).  

 

Figure 4.3 Oxidative cleavage of cellulose using NaIO4. 

 

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).  

 
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 at improving 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.   

 
Figure 4.5 Reaction scheme of enzymatic mediated oxidation of cellulose. The 

laccase/TEMPO system oxidizes the primary hydroxyl group to an aldehyde. 

 

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, 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/kidney-injury
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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.  

 
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). 

  
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.  



141 
 

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).  

 
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 NaIO4  (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 a low  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. 

 

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 H2O2  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 (Díaz 

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 H2O2 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).  

 
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. 

 
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−1 where 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 

80498–15–3) from Myceliophthora Thermophila expressed in Aspergillus sp. (activity: 64 U 

ABTS mL−1) were from Novozymes (Denmark).  

Lipase from Thermomyces lanuginosus (specific activity: 3176 TBU mL−1, liquid solution, 

protein content = 38 mg mL−1) maltodextrin, Kollidon®25, 2,2,6,6-tetramethylpiperidin-1-

yl)oxy (TEMPO), NaOH, NaIO4, 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−1) was kindly donated by Amano 

Corporation (Japan).  

Laccase C (EC 1.10.3.2) from Trametes versicolor (2176 U ABTS g−1) was from ASA 

Spezialenzyme GmbH (Germany).  

PEG 3000 was from Merck. Arabic gum was from Fluka TM.  

Hydroxyethylcellulose was from Esperis S.p.A. (Italy).  

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

 

4.4.1  Chemical oxidation of rice husk 

A total of 2 g of rice husk (particle size 200-400µm) previously washed with a mixture of 

H2O:ethanol 50:50 (3x3 mL) was placed in a syringe with septum. Then, 50 mL of a 0.20 M 

NaIO4 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-1. 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-1. 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-1. 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 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:  

 

 

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 HCl. 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: 

𝑚𝑚𝑜𝑙 𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒/𝑔𝑐𝑎𝑟𝑟𝑖𝑒𝑟

𝑉𝑁𝑎𝑂𝐻 × 𝐶𝑁𝑎𝑂𝐻

𝑚𝑑𝑟𝑦 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 mdry 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 200-400µm) previously washed with a mixture of H2O:ethanol 

50:50 (3x1000 mL) was places in a Becker with 22g of NaIO4 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 

(3x500mL). 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-1 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 

DL50 Mettler Toledo automatic titrator.  

An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic emulsifier (0.6% w v-1) 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 µL 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 H2O2 (30%v/v) 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% H2O2 and 0.1 g of NaOH are added. After 

1 hour and 30 minutes the addition of H2O2 (30%v/v) 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 µm) were oxidized chemically and enzymatically and the 

performance of the two different carriers were compared. The chemical oxidation was 

accomplished using NaIO4. The enzymatic oxidation process was performed taking  

inspiration from the work of Patel and co-workers that described the oxidation of the C6 

hydroxyl 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– 1. 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− 1; RH3: Laccase C 8 U 

mL− 1; RH4: Laccase C 40 U mL− 1 without TEMPO; RH5: Laccase C 40 U mL− 1 with 

TEMPO. (b) Oxidation at 70 °C and Laccase C 8 U mL− 1 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 (Cañas 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.  

 
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 Uml-1 and 

TEMPO mediator; RH3: Laccase C 8 U ml-1 and TEMPO; RH4: Laccase C 40 U/ml NO 
TEMPO; RH5: Laccase C 40 U ml-1 with TEMPO; RH6: chemical oxidation by NaIO4. 
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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 NaIO4 

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).  

 
Figure 4.17  SEM images illustrating the effect of NaIO4 (a, c) vs enzymatic oxidation (b, 
d) on the morphology of RH. Corrosive effect of the NaIO4 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 NaIO4.  

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 CaLB 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). 

 
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 

Method 

Other functionalization Protein 

Loaded 

(%) 

Hydrolytic 

activity 

(U g-1 dry ) 

Immobilization 

yield 

(%) 

CaLB LMS no 65 590 ± 2 5.9 

TLL LMS no 72 974 ± 65 9.74 

ROL LMS no 53 328 ± 42 3.28 

CaLB NaIO4 no 33 290 ± 45 2.90 

TLL NaIO4 no 56 643 ± 67 6.43 

ROL NaIO4 no 32 171 ± 14 1.71 

CaLB LMS GA 55 155 ± 5 1.55 

CaLB NaIO4 GA 65 < 50 < 0.5 

      

CaLB LMS HSDA+GA§ 17 56 ± 25 0.56 

CaLB NaIO4 HSDA+GA§ 72 316 3.16 

CaLB n.a. Epoxy (on methacrylic 

resin)§ 

95 709 7.09 

§ 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.  

 

 
Figure 4.20 Study of the leaching of the three lipases (CaLB, 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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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 CaLB 
covalently immobilized on RH oxidized by chemical and enzymatic methods. 

Type of 

functionalization 

of the support  

Hydrolitic 

activity of 

the 

biocatalyst 

(U/gdry)* 

Amount of 

immobilized 

CaLB  per g 

monomers 

enzyme) 

Mn Mw PDI 

Chemical 

oxidation 

65 0.96 756 824 1.09 

Enzymatic 

oxidation 

149 0.42 762 820 1.08 

*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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4.5.5.1 Manuscript D “Azelaic Acid: A Bio-Based Building Block for Biodegradable 

Polymers” 
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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 H2O2 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. 

 
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-1. 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-1 Functional Group 

1729 Stretching C=O  

1632 Adsorbed water 

1608 Stretching C=C aromatic ring of 

lignin   

1417 Stretching CH lignin  

1323 Stretching C-O lignin 

1220 SiO2, C-C- lignin, stretching C-O e 

C=O  

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. 

 

Figure 4.22 ATR-IR spectra of the delignified RH. 
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Fingerprint region is between 1800-600 cm-1. The efficiency of delignification can be 

qualitatively determined by observing the height of the following peaks: 830 cm-1 referring 

to aromatic -CH of lignin and 1512 e 1603 cm-1 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). 

 
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-1 identifies the signals of aromatic -CH of lignin, 

peaks at 1512 and 1603 cm-1 refer to stretching C=C of lignin aromatic ring, and the peak of 

SiO2 is visible at 788 cm-1. 

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-1 inversely proportional to cellulose content 

⮚ 1530-1397 cm-1 lignin content 

⮚ 1142-1093 cm-1 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 SiO2 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 C-O L C-O  SiO2 

cm-1 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. 

 

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 K𝛼1 

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 SiO2 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 

support 

Enzyme Protein 

loaded 

(U/gdry carrier) 

Protein 

immobilized 

(%) 

Hydrolytic 

activity of the 

immobilized 

biocatalyst 

 (U/gdry) 

Untreated RH 

chemically 

oxidized 

 

 

CaLB 

 

 

 

 

CaLB 

 

 

 

72000 

 

 

 

 

72000 

 

 

12 

 

146 

Delignified 

RH 

chemically 

oxidized 

 

10 

 

174 

Untreated RH 

enzymaticall

y oxidized 

20 173 

Delignified 

RH 

enzymaticall

y oxidized 

11 220 

Epoxy 

methacrylic 

resin  

52 1502 

Untreated RH 

chemically 

oxidized 

 

 

CaLB  

 

 

 

10000 

33 290* 

Untreated 

rice husk 

enzymaticall

y oxidized 

65 590* 

*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 ß-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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