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Abstract 
 

This work concerns topics of food safety. With the aim to preserve the quality, nutritional 

value and chemical composition of foods, we studied the synthesis of novel antioxidant 

compounds, and prepared simple scaffolds based on the immobilization of enzymes on 

epoxy resins and carbon nanotubes (CNTs) for synthetic and  biosensoring purposes. To 

achieve this goal we synthesized antioxidants characterized by two pharmacophores, the 

catechol moiety and a long carbon side-chain, able to give important biological properties 

at the new molecules. Our synthetic strategy was based on two enzymes, lipase from 

Candida antarctica and tyrosinase from Agaricus bisporus. The use of enzymes as 

biocatalysts has received an increasing interest for the synthesis of organic compounds, 

because they have a high catalytic efficiency and selectivity, that allow the specific 

recognition of substrates and products, even in complex mixtures. Furthermore, these 

biocatalysts generally work under mild conditions of reaction: pH near to neutrality, 

temperatures below 100°C and at atmospheric pressure (in few words they are 

environmental friendliness). As a general procedure, a large panel of acid phenols was 

esterified by lipase from Candida antarctica to introduce a carbon side-chain on the 

aromatic ring able to increase the solubility in the lipid cellular compartments. The esters 

were then directly oxidized by tyrosinase from Agaricus bisporus, to give catechols. 

Subsequently, the two enzymes were used in cascade (in only one step) to give the desired 

products in a more shorter multi-enzimatic pathway, reducing time and costs of reaction. 

Since there are some limits in the use of enzymes (i.e. because of their low stability, high 

cost of production, possible inhibition by impurities, difficulty to be recovered from the 

mixtures, etc.), we also applied some immobilization procedures. The immobilization 

techniques offer the possibility to separate the enzyme from the product, and reuse it in 

continuous production processes. For this reasons, tyrosinase was immobilized on the 

epoxidic resin Eupergit-CM, and then the new biocatalyst was covered with 

polyelectrolytes by the Layer-by-Layer method. The novel heterogeneous biocatalysts 

were used for the synthesis of catechols and fully characterized for their storage stability 

and the possibility to reuse in novel reactions. All new products were evaluated for their 

antioxidant activity in vitro through DPPH assay. Data showed that the antioxidant activity 

was present only with the catechol function, and increased by increasing the length of 

lipophilic side chain. Since antioxidant compounds are not important only for food safety, 

but also to the human health, the new products were also evaluated  for the antiviral 
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activity against influenza A virus. New products show two important activities: antioxidant 

and antiviral properties. 

These results were applied to another important molecules, L-DOPA, that have an 

important role in the mechanism of enzymatic browning of foods and a considerable effect 

on several diseases of the central nervous system, mainly caused by oxidative damage. So 

new bioactive 3,4-dihydroxyphenylalanine peptidomimetics were synthesized with a 

similar approach. In particular, N-BOC protected amino acids were used as a nucleophile 

to study the addition on a reactive DOPA-quinone intermediate, generated by in situ 

oxidation of L-DOPA. Finally, tyrosinase was immobilized on multi-wall carbon 

nanotubes (MW-CNTs) and used as catalyst for the oxidation of phenols to corresponding 

catechols in organic solvent. The new catalysts performed the oxidation with a similar 

selectivity, but a minor amount of enzyme was required respect to previously described 

systems based on epoxy resins. This means a significant advantage in terms of cost 

savings. The new biocatalyst immobilized on CNTs could be used also as biosensor to 

detect the presence of phenols and catechols in foods. 
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Riassunto 

 

Questo lavoro riguarda temi di sicurezza alimentare. Con l'obiettivo di preservare la 

qualità, il valore nutrizionale e la composizione chimica degli alimenti, abbiamo studiato  

la  sintesi di nuovi composti antiossidanti, e preparati sistemi semplici basati sull’ 

immobilizzazione degli enzimi su resine epossidiche e nanotubi di carbonio (CNT) per 

scopi sintetici e biosensoring. Per raggiungere questo obiettivo abbiamo sintetizzato 

molecole antiossidanti caratterizzati da due gruppi farmacofori, costituiti dalla porzione 

catecolica e da una  lunga catena laterale di carbonio, in grado di dare importanti proprietà 

biologiche alle nuove molecole. La nostra strategia sintetica si è basata su due enzimi, la 

lipasi di Candida antarctica e la tirosinasi di Agaricus bisporus. L'uso di enzimi come 

biocatalizzatori ha ricevuto un crescente interesse per la sintesi di composti organici, 

poiché hanno una elevata efficienza catalitica e selettività, che permette loro il 

riconoscimento specifico di substrati e prodotti, anche in miscele complesse. Inoltre, questi 

biocatalizzatori generalmente lavorano in condizioni blande di reazione: pH vicino alla 

neutralità, temperature inferiori a 100°C e alla pressione atmosferica (in poche parole sono 

eco-compatibili). Come procedura generale, un gruppo di fenoli acidi sono stati esterificati 

con lipasi di Candida antarctica per introdurre una catena laterale di carbonio sull'anello 

aromatico in grado di aumentare la solubilità nei compartimenti cellulari lipidici. Poi gli 

esteri così ottenuti sono stati direttamente ossidati da tirosinasi di Agaricus bisporus, per 

dare catecoli. Successivamente, i due enzimi sono stati usati in cascata (in un solo step) per 

dare i prodotti desiderati in un processo multi-enzimatico più breve, riducendo tempi e 

costi di reazione. Tuttavia ci sono alcuni limiti nell'uso di enzimi (ad esempio la loro bassa 

stabilità, elevati costi di produzione, possibile inibizione da impurità, difficoltà ad essere 

recuperati dalle miscele, ecc), per questo abbiamo applicato alcune procedure di 

immobilizzazione enzimatica, che offrono la possibilità di separare l'enzima dal prodotto, e 

riutilizzarlo in una produzione in continuo. Per questo motivo, la tirosinasi è stata 

immobilizzata su una resina epossidica Eupergit-CM e il nuovo biocatalizzatore ricoperto 

con polielettroliti attraverso il metodo Layer-by-Layer. I nuovi biocatalizzatori eterogenei 

sono stati usati per la sintesi di catecoli e caratterizzati per la loro stabilità catalitica 

durante la conservazione e la possibilità di essere riutilizzati in nuove reazioni.  Tutti i 

nuovi prodotti sono stati valutati per la loro attività antiossidante in vitro mediante test 

DPPH. I risultati hanno mostrato che l'attività antiossidante è presente solo con la funzione 
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catecolica e aumenta con l’allungamento della catena laterale lipofila. Poiché composti 

antiossidanti non sono importanti solo per la sicurezza alimentare, ma anche per la salute 

umana, i nuovi prodotti sono anche stati valutati per l'attività antivirale contro virus. I 

nuovi prodotti mostrano due importanti attività: proprietà antiossidanti e antivirali. Questi 

risultati sono stati applicati ad altre molecole, L-DOPA, che hanno un ruolo importante nel 

meccanismo di imbrunimento degli alimenti e un notevole effetto su malattie del sistema 

nervoso centrale, principalmente causate da danno ossidativo. Quindi nuovi 

peptidomimetici 3,4- diidrossifenilalanina bioattivi sono stati sintetizzati con un approccio 

simile. In particolare, aminoacidi N-BOC protetti sono stati usati come nucleofili per 

studiare il loro legame con il DOPA-chinone, generato dall’ossidazione in situ di L-DOPA. 

Infine, la tirosinasi è stata immobilizzata su nanotubi di carbonio a parete multipla (MW-

CNTs) e usata come catalizzatore per l'ossidazione dei fenoli nei corrispondenti catecoli in 

solvente organico. I nuovi catalizzatori hanno eseguito la reazione di ossidazione con una 

selettività simile, ma una minore quantità di enzima rispetto ai sistemi precedentemente 

descritti a base di resine epossidiche. Questo significa un notevole vantaggio in termini di 

risparmio di costi. Il nuovo biocatalizzatore immobilizzato su CNTs potrebbe anche essere 

usato come biosensore per rilevare la presenza di fenoli e catecoli negli alimenti . 
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Chapter 1: Enzyme as biocatalyst 

 

1.1 Biocatalysis 

Biocatalysis is the general term for the transformation of natural and non-natural 

compounds by enzymes or full cells.1 

The worldwide interest in biocatalysis is mainly due to the capability of enzymes to 

conduct “green chemistry”. The concept of Green Chemistry was launched in the 

beginning of the 90’s by the American Environmental Protection Agency (EPA), with the 

organic chemists Paul Anastas and John Warner being its founding fathers and its strongest 

advocates. Green Chemistry aims to help chemists in the design of chemical products and 

processes to reduce or eliminate the use or generation of wastes, toxic and hazardous 

substances. In fact, biocatalysts can prevent waste generation by performing catalytic 

processes with high chemo-, stereo- and regio- selectivity under very mild reaction 

conditions (i.e. low temperature, neutral pH and low pressure), working predominantly in 

aqueous systems. For these reasons, the use of enzymes in industrial applications is 

increased in recent years in many areas.2 

 

 

1.2 Enzymes as biocatalysts 

Enzymes are biologically active proteins which catalyze specific reactions. They are 

catalysts evolved in nature to achieve the speed and coordinate of a multitude of chemical 

reaction necessary to develop and maintain life. Enzyme are globular proteins which range 

from 62 to over 2.500 amino acid residues, but only a small portion, c.a. 3-4 amino acids 

are directly involved in the active-site. Over 3.000 enzymes have so far been identified, and 

this number will greatly increase. As catalysts, the enzymes have remarkable specificities 

and sometimes phenomenal rate accelerations. A wide array of complex molecules is 

accepted by enzymes, including synthetic molecules with structure very different from that 

of the substrates found in nature. Biocatalysts are also endowed with selectivity, catalyzing 

reactions with unique chiral (stereo-) and positional (region-) selectivities. The basis for 

the action of all enzymes as chemo- and stereospecific catalysts lays in their structure. Out 

of 20 amino acids, 19 of them are enantiopure L-amino acids providing an asymmetric 

microenvironment for the substrate binding, and subsequent chemical transformation in the 
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enzyme active site.7 These features make biocatalysis attractive as a complementary tool 

for transformations both in organic chemistry and in industry applications. 

Enzymes have the ability to catalyze reactions under very mild conditions with a very high 

degree of substrate specificity, thus decreasing the formation of by-products. Among the 

reactions catalyzed, there are a number of very complex chemical transformations between 

biological macromolecules, which are not accessible to ordinary methods of organic 

chemistry. They are highly specific in their biological activity and generally do not 

generate significant quantities of undesirable by-products.8  

 

 

1.2.1 Enzymes in organic media 

In the last three decades as possible efficient alternative to aqueous system for chemical 

synthesis applications is biocatalysis in organic solvents, this represents the most important 

non-conventional system, compared to gases,3 supercritical fluids,4 ionic liquids5 and semi-

solid systems6 media. The replacement of water by an organic solvent has several potential 

advantages: (I) an enhancement of the solubility of reactants; (II) a shift of equilibrium in 

organic media that allow aqueous thermodynamically unfavourable reactions; (III) an 

easier recovery of biocatalyst and product; (IV) a lesser conditions of asepsis; (V) an 

higher thermal stability; (VI) a reduction of product inhibition; (VII) an alteration of 

selectivity, including substrate specificity, enantio-, prochiral-, regio-, and 

chemoselectivity. In organic solvent, kinetic constants of reaction do not correlate with 

solvent parameters such as hydrophobicity, dielectric constant or dipole moment; instead, 

case-by-case correlations have to be found. The selection of a suitable solvent with regard 

to activity and stability may be suggested by the log P concept, where P is the partition 

coefficient of the solvent in an octanol/water biphasic system. Hydrophilic solvents with 

log P value < 2 often lead to enzyme deactivation if present in high concentrations; apolar 

solvents with log P ≥ 4 are compatible with enzymes; the influence of solvents with 

intermediate values of log P (range 2-4) are unpredictable and depend very much on the 

individual case. The effect of the solvent polarity on enzyme activity and stability depends 

on the partitioning of water between the enzyme surface and the bulk phase of the organic 

solvent. In fact, organic solvents affect the dielectric properties of the reaction medium, 

influencing the non-covalent weak forces responsible for the three dimensional structure of 

the enzyme. Thus, hydrophilic solvents, such as methanol, strip the water molecules off the 

enzyme surface, altering its conformational structure and compromising its activity. 
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Specifically, biocatalysis in organic medium can be provided by (I) increasing 

concentration of water miscible solvents to the reaction, (II) working in two-phase systems 

composed of water and an immiscible solvent and (III) working in nearly anhydrous 

organic solvents with minimal amounts of water. In the first two cases, the enzyme may be 

employed either in the soluble state, while in nearly anhydrous organic solvents it have to 

be in the solid state only.  

 

 

1.2.2 Parameters affecting the efficiency of biocatalyst 

Enzymes are able to accelerate the rate of some reactions by a factor of over 1000. 

Enzymes accelerate reactions by lowering the free energy of the transition state of a given 

reaction. Firstly,  the enzyme recognizes the substrate and forms an enzyme-substrate 

complex (ES), which is then converted into the product (P) (Figure 1.1).  

 

  

Figure 1.1 Parameters affecting enzymatic transformations. 

 

 

Several parameters affect the enzymatic reaction. Of particular  importance are the specific 

activity (quantified by kcat) and specificity (determined by kcat/ KM ). In addition, the degree 

of inhibition by substrate or product (often determined by their affinity to the enzyme, KM 

and KP) may be particularly important in the outcome of a reaction. Ideally, the enzyme 

should have high specific activity and stability, and should undergo minimal substrate and 

product inhibition. Furthermore, the extent of substrate specificity can determine whether a 

given enzyme will have general synthetic utility. Although enzymes with narrow substrate 

specificity are often efficient in catalyzing reactions using their natural substrate, this 
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property becomes a limitation when developing catalysts for general purposes.9 Finally, the 

stability of enzymes to environmental factors represents a further parameter of 

fundamental importance for the practical applications of biocatalysts. 

 

 

1.2.3 Traditional and modern applications of enzymes as biocatalysts 

The enzymes found in nature have been used since ancient times in the production of food, 

such as cheese, sourdough, beer, wine and vinegar, and in the manufacture of  commodities 

such as leather, indigo and linen. All of these processes rely on either enzymes produced 

by cells of spontaneously growing microorganisms or produced by plant and animal cells 

present in added preparations such as rumen of calf or papaya fruit. The development of 

fermentation processes and biochemical methods specifically aimed at the production of 

enzymes made it possible to manufacture enzymes as purified, well-characterized 

preparations even on a large scale. This development allowed the introduction of enzymes 

into industrial products and processes, as for example in the formulation of detergents and 

in textile and starch industries. The use of recombinant gene technology has further 

improved manufacturing processes and enabled the commercialization of enzymes that 

could previously not be produced on large scale. Furthermore, modern biotechnologies, 

such as protein engineering and directed evolution, have further revolutionized the 

development of industrial enzymes.8 

Another important growing field for biocatalysts concerns the use of enzyme in 

pharmaceutical industries and in the development of biosensor for food analysis.9 
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1.3 Tyrosinase  

Tyrosinase (phenol monooxygenase, EC 1.14.18.1) is an essential metalloprotein that can 

be found in all biological phyla, as it is involved in browning processes of skin, hair, fruit, 

and in wound healing or in the immune response.10 

Tyrosinase catalyses the hydroxylation of monophenols to catechols (cresolase or 

monophenolase activity) and the oxidation of catechols to corresponding ortho-quinones 

(catecholase or diphenolase activity) using molecular oxygen as primary oxidant (Scheme 

1.1).  

 

 

 

Scheme 1. 1 Oxidation of phenols by tyrosinase. 

 

 

1.3.1 Structural characteristics of Tyrosinase 

The best characterized tyrosinase derived from Agaricus bisporus. The complete sequence 

of a tyrosinase clone for Agaricus bisporus has been established by Wichers et al.,12 that 

have found two genes that encode two 64 kDa tyrosinases, ppo1 (Genebank accession 

number X85113) and ppo2 (AJ223816).11 Recently, two other genes encoding a 66 and 68 

kDa tyrosinase were reported, ppo3 (GQ354801) and ppo4 (GQ354802), respectively. 

Tyrosinase from mushroom Agaricus bisporus is a heterotetramer with a molecular mass 

of 120 kDa. Note that tyrosinases from other fungi have different quaternary structures: the 

tyrosinase from the macro fungus Amanita muscaria is heterodimer with a molecular mass 

of about 50 kDa, while that of the filamentous fungus Neurospora crassa is 46-kDa 

monomer.13 Tyrosinase from Agaricus bisporus is composed of two heavy (H, ~43 kDa) 

and two light polypeptide chains (L, ~14 kDa).14 The two monomeric isoforms of the H 

chains contain the catalytic sites and occur as monomeric single-chain polypeptides, the L 

chains have an unknown function and occur as subunits.15 Tyrosinase tetramer is reported 

in Figure 1.2 according to Ismaya et al.16 

The active site of tyrosinase from Agaricus bisporus contains two Cu binding sites, CuA 

and CuB, which interact with molecular oxygen and histidine residues.17 Depending on the 
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copper-ion valence and the type of linking with molecular oxygen, this active site exists in 

three intermediate states: deoxy (CuI–CuI), oxy (CuII–O2–CuII) and met (CuII–CuII).18 

 

 

 

 
 
Figure 1.2 Top (a) and  side (b) views of the A. bisporus tyrosinase H2L2 tetramer structure. H-L 
dimer interactions are between H1 (green) and L1(cyan) and H2 (red) and L2 (magenta). Brown 
spheres are copper ions. Black spheres are holmium  ions, used in the crystallization experiments, 
to stabilize the structure. The four α-helices that make up the active site (α3, α4, α10, α11) are 
marked  in blue.16 
 
 

The central copper-binding domain is the only highly conserved and it is lodged in the 

helical bundle. Tyrosinase takes α-helical structures within the core of the enzyme, which 

is formed by a four-helix bundle (α2, α3, α6 and α7 helices). Each of the two copper ions is 

coordinated by three histidine (His) residues, which are derived from the four helices of the 

α-bundle except His54. One copper ion (designated CuA) is coordinated by His38, His54, 

and His63. His38 and His63 are located in the middle of α2 and α3, respectively. The 

second copper ion (CuB) is coordinated by His190, His194, and His216. The residues 

His190 and His194 are at the beginning and in the middle of α6, respectively, and His216 

is in the middle of α7. This dicopper center is located at the bottom of the large concavity 

as a putative substrate-binding pocket, which is formed by the hydrophobic residues. 

In addition to helical structures, tyrosinase has a few β-structures, as judged from the 

backbone torsion angles. In these, only the N- and C-terminal β-strands form a sheet 

structure. Also the location of cysteine (Cys) also plays an important role in the formation 

of disulfide linkages, which stabilize protein structure. The number of Cys residues varies 

from one organism to another.19 
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1.3.2 Catalytic cycle of Tyrosinase and substrate stereospecificity 

In the catalytic cycle, three types of tyrosinases (oxy-, met-, and deoxytyrosinase) with 

different binuclear copper structures of the active site, are involved. These three states 

determine the ability of tyrosinase to bind substrates and therefore determine the reaction 

kinetics. The met form of the enzyme is predominant in vivo.20 This form can bind 

diphenols and, during the subsequent reaction in which it oxidizes the diphenol and 

releases the o-quinone, it is converted into the deoxy-form. The deoxy-form is able to bind 

reversibly with molecular oxygen, producing the oxy-form, which can act on both 

monophenols and diphenols.21 

The oxygenated form (oxytyrosinase, Eoxy) consists of two tetragonal copper(II) atoms, 

each coordinated by two strong equatorial and one weaker axial NHis ligand. The 

exogenous oxygen molecule is bound as peroxide and bridges the two copper atoms.22 

Mettyrosinase (Emet), similar to the oxy- form, contains two tetragonal copper (II) ions 

antiferromagnetically coupled through an endogenous bridge, although hydroxide 

exogenous ligands other than peroxide are bound to the copper site. This derivative can be 

converted by addition of peroxide to oxytyrosinase, which in turn decays back to 

mettyrosinase when the peroxide is lost. Deoxytyrosinase (Edeoxy) has a bicuprous structure 

[Cu(I)-Cu(I)] with a coordination arrangement similar to that of the met-form, but without 

the hydroxide bridge.23 Monophenolic substrate initially coordinates to an axial position of 

one of the coppers of oxytyrosinase (Eoxy).
24 Rearrangement leads to o-hydroxylation of 

monophenol by the bound peroxide, loss of H2O and formation of the Emet-Diphenol 

complex (EmetD), as has been experimentally supported by EPR and X-ray studies. 25 
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Scheme 1.2 Catalytic cycles of the hydroxylation of monophenol and oxidation of o-diphenol to o-
quinone by tyrosinase. Eoxy, Emet, and Edeoxy are the three types of tyrosinase, respectively. EoxyD, 
EoxyM, and EmetM are Eoxy-Diphenol, Eoxy-Monophenol, and Emet-Monophenol complexes, 
respectively. 
 

 

This EmetD form can either render free diphenol as a first step in the diphenolase cycle, or 

undergo oxidation of the diphenolate intermediate bound to the active center, giving a free 

quinone and a reduced binuclear cuprous enzyme site (Edeoxy). Oxytyrosinase is, then, 

regenerated after the binding of molecular oxygen to Edeoxy. If only diphenol is present in 

the reaction mixture, it binds to the Eoxy form to render Eoxy-Diphenol complex (EoxyD), 

which oxidizes the diphenol to o-quinone and yields the antiferromagnetically coupled 

tetragonal Cu(II) form of the enzyme (Emet). The latter form transforms another o-diphenol 

molecule to o-quinone and it is reduced to the bicuprous Edeoxy form (Scheme 1.2). In most 

situations, a diphenol is necessary as the reducing agent to obtain the deoxy- form, the only 

one capable of reacting with molecular oxygen and continuing in the catalytic action. For 

this reason, the monophenolase activity presents a characteristic lag time that exists until a 

sufficient amount of catechol (needed to reduce the met-form to the deoxy-one) is produced 

by the small amount of the oxy- form generally present in the resting enzyme 

preparations.26 In fact, the resting form of tyrosinase, i.e. the enzyme as obtained after 

purification, is found to be a mixture of > 85% met- and < 15% oxy- forms.27 The length of 
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the lag time depends on several factors: the enzyme source, the concentration of 

monophenol (the lag period being longer when monophenol concentration is increased), 

the enzyme concentration (with the lag period diminishing, but never totally disappearing, 

when the enzyme concentration is increased); and finally, the presence of catalytic 

amounts of o-diphenol or transition metal ions, which completely abolish the lag period. 

Tyrosinase reveals substrate promiscuity to phenolic monomers, oligomers and polymers, 

phenolic derivatives with tyrosine residues, aminophenols and various aromatic amines.28 

A successful catalytic process largely depends on the –R substituent in the aromatic ring, 

both in terms of position and chemical structure.29 They are widely diffused copper-

containing monooxygenase with two distinct substrate-binding sites, one with high affinity 

for aromatic compounds, including phenolic substrates, and the other specific for metal-

binding agents and molecular oxygen. The stereospecificity of monophenolase and 

diphenolase activity of mushroom tyrosinases with several enantiomorphs (D-, L-, and DL-

tyrosine, methyltyrosine, dopa, methyldopa, and isoprenaline) of monophenols and o-

diphenols was assayed by Espin et al.30 The lower Km value observed for L-isomers than 

for D-isomers indicates stereospecificity in the affinity of tyrosinases toward their 

substrates. They further elucidate that the phenolic compounds containing electron-

withdrawing groups are poor substrates for tyrosinases as compared to the electron-

donating groups. Moreover, affinity properties (1/Km) and catalytic efficiency (Vmax/Km) of 

tyrosinases increase with a decrease in the size of the side chain in the aromatic ring of 

their substrates. For the past few decades, tyrosinases inhibitors have been a great concern 

solely due to the key role of tyrosinases in both mammalian melanogenesis and fruit and 

fungi enzymatic browning. 

 

 

1.3.3 Tyrosinase inhibitors 

Tyrosinase inhibitors are classified into two types: irreversible inhibitors and reversible 

inhibitors (Figure 1.3). Irreversible inhibitors covalently modify the enzyme: they often 

contain reactive electrophilic groups that react with amino acid side chains containing 

nucleophiles (hydroxyl or sulfhydryl groups) to form covalent adducts. The irreversible 

inhibitors display a time-dependent inhibition. Reversible inhibitors bind to enzyme with 

non-covalent interactions such as hydrogen bonds, hydrophobic interactions and ionic 

bonds. In contrast to substrates and irreversible inhibitors, reversible inhibitors generally 
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do not undergo chemical reactions when bound to the enzyme and can be easily removed 

by dilution or dialysis.32 

 

 

 

 

Figure 1.3 Action mechanism of reversible (a) and irreversible inhibitors (b). E, Ei, S, I, and P are 
the enzyme, inactivated enzyme, substrate, inhibitor, and product, respectively; ES is the enzyme-
substrate complex, and EI and ESI are the enzyme-inhibitor and enzyme-substrate-inhibitor 
complexes, respectively.31 

 

 

The reversible enzyme inhibitors are classified into four types, including competitive 

inhibitors, uncompetitive inhibitors, mixed type (competitive/uncompetitive) inhibitors, 

and non-competitive inhibitors. A competitive inhibitor is a substance that combines with 

the enzyme at the active-site. On the other hand, an uncompetitive inhibitor only binds to 

the tyrosinase-substrate complex. A mixed (competitive and uncompetitive) type inhibitor 

binds not only with a free tyrosinase, but also with the tyrosinase-substrate complex. For 

most mixed-type inhibitors, the equilibrium binding constants for the free tyrosinase and 

the tyrosinase-substrate complex are different. The non-competitive inhibitors could bind 

to a free tyrosinase and to tyrosinase-substrate complex, with the same equilibrium 

constant. The tyrosinase inhibitor strength is usually expressed as the inhibitory IC50 

value, which is the concentration of an inhibitor needed to inhibit half of the enzyme 

activity, in the tested condition.33 The table 1.1 shows some tyrosinase inhibitors from both 

natural and synthetic sources. 
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Table 1.1 Some mushroom tyrosinase inhibitors.34 

Inhibitor  Source Type of inhibition 

Kaempferol Crocus sativus competitive 

Quercitin Heterotheca inuloides competitive 

Kurarinone Sophora flavesvens non competitive 

Oxyresveratrol Morus alba non competitive 

Anacardic acid Anacardium occidentale competitive 

p-coumaric acid  Panax ginseng mixed 

Aloesin Aloe vera noncompetitive 

3,4-dihydroxycinnamic acid Pulsatilla cernua noncompetitive 

Cuminaldehyde Cumin seed noncompetitive 

Cumic acid Cumin seed noncompetitive 

Anisaldehyde Anise oil noncompetitive 

Anis acid Anise oil noncompetitive 

Trans-cinnamaldehyde Cinnamonum cassia competitive 

2-hydroxy-4methoxybenzaldeide Mondia whitei, Rhus vulgaris mixed 

o-,m-,p-methoxycinnamic acid Synthetic source non competitive 

Cinnamaldehyde Synthetic source non competitive 

Cinnamic acid Synthetic source mixed 

Kojic acid Synthetic source mixed 

Benzoic acid Synthetic source mixed 

Benzaldehyde Synthetic source non competitive 

p-hydroxybenzaldehyde Synthetic source competitive 

Citral Synthetic source non competitive 

 

 

1.3.4 Biotechnological applications of tyrosinase 

Initial studies of tyrosinases were motivated by a desire to understand and to prevent the 

enzymatic browning that occurs in the presence of air when mushrooms, fruits or 

vegetables are cut or bruised. This phenomenon is intimately linked to the action of 

tyrosinase and causes severe economic losses in the food industry. Recently, the focus has 

moved to biotechnological and environmental applications of tyrosinases, and macrofungal 

tyrosinases have commonly been chosen for these studies. The most important of the 

applications being investigated are the biosynthesis of L-DOPA, since 1967, L-DOPA has 
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been the preferred drug for treatment of Parkinson’s disease.35 Most of the L-DOPA 

commercially available is produced by a complex chemical process, and the possibility to 

synthesize L-DOPA through a cheaper and environmental process led several investigators 

to study tyrosinases as useful alternative to traditional chemical synthesis. Interesting 

results are obtained with immobilized tyrosinases, paving the way for a possible industrial 

application. Creolase activity of Tyrosinase can also be used to produce catechols, which 

are important antioxidant molecules utilized in pharmaceutical, cosmetic and food 

industries.36 Another important application of tyrosinase is the detection and quantification 

of phenolic compounds in wastewaters, generated by the textile, coal, chemical, 

petrochemical, mining and paper industries, contain phenols and phenolic derivatives.37 

Increasingly strict environmental laws are providing an impetus for the development of 

analytical techniques for fast monitoring of these compounds. Traditionally, analysis has 

been based on spectrophotometric or chromatographic methods. New techniques that are 

currently being developed include capillary immunoassays and biosensors.38 

Also tyrosinase may be used to the removal of phenolic compounds in drinking and 

irrigation water or in cultivated land, that represents a significant health and environmental 

hazard. In recent years, methods for the removal and transformation of phenolic 

compounds have received attention. Numerous conventional methods have been used to 

remove phenols from industrial wastewaters,  these methods typically involve high capital 

and operating costs and do not remove the phenol completely. Due to the disadvantages of 

physical and chemical methods, microbial and enzymatic methods have been investigated. 

In fact, when tyrosinases oxidize phenols and other aromatic compounds in wastewaters, 

the oxidized product will polymerize to insoluble compounds that can be easily removed 

by filtration or precipitation. Moreover  the food industry has an interest in developing new 

biopolymers with special properties, for use not only as emulsifying and thickening agents, 

but also in low-calorie and low-fat foods. The cross-linking of natural polymers by 

mushroom tyrosinase has the potential to produce such new biopolymers. Tyrosinase forms 

o-quinones from tyrosine and these o-quinones cross-link proteins by reacting with their 

amino and sulfydryl groups.39 Halaouli et al.40 used this capability to form a cross-linked 

protein network from casein using the tyrosinase from Pycnoporus sanguineus. Caffeic 

acid was supplied as an external phenolic source that was oxidized by the tyrosinase, with 

the o-quinone product then acting as the cross-linker in the production of protein-protein 

conjugates made with lysozyme, α-lactalbumin and β-lactoglobulin. Anghileri et al.41 used 
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tyrosinase to produce conjugates from sericin, a peptide found in the wastewater of silk 

textile industries.  
 

 

1.4 Lipase  

Lipase (EC 3.1.1.3) is versatile biocatalyst that catalyze hydrolysis, alchoholysis, 

esterification and transesterification of triacylglycerols, and other hydrophobic esters. 

These enzyme are distributed among higher animals, plants and microorganisms, in which 

they play a key role in the biological turnover of lipids. The lipases are widespread in 

nature and, depending on the source from they come from, have structural characteristics 

and  different catalytic properties. Thanks to the techniques of genetic and protein 

engineering, many recombinant lipases are expressed in different microorganisms, 

obtaining enzymes in high yields and with specific catalytic properties.42 

 

 

1.4.1 Structural characteristics of Lipases 

Lipases are ubiquitous, since they are produced by virtually every living organism. Despite 

differences in size, sequence homology, substrates, activators, and other properties, most of 

them adopt a similar core topology, known as the α/β hydrolase fold.43 The interior 

topology of α/β hydrolase fold proteins is composed largely of parallel β-sheets (at least 

five in lipases), separated by stretches of α- helix, and forming, overall, a superhelically 

twisted-pleated sheet. Helicalpeptide sections packed on both faces of this sheet form 

much of the outer surface of the protein.44 

Despite widely varying degrees of sequence homology between the members of this 

family, one sequence is exceptionally highly conserved: the pentapeptide Gly-X-Ser-X-

Gly.45 The conservation of this serine, and the loss of catalytic activity upon its 

modification or replacement, argue that this amino acid is crucial to catalysis.46 In addition 

to catalytic serine, the active centers of all lipases consist of a histidine residue and a 

negatively charged amino acid (Asp or Glu), the three residues forming a catalytic triad 

whose topology is highly conserved among the lipases.  

Generally, lipases exhibit low activity against water-soluble substrates, and much higher 

activity against micelles formed when a substrate exceeds its solubility limit. This 

“interfacial activation” results from a conformational change in the enzyme at the surface 

of the insoluble substrate. In the inactive state, the substrate-binding region and the active 
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site are covered by a peptide loop of the enzyme, termed “lid”. In this state, the active site 

is not accessible from the bulk solvent. The lid is able to pivot away from its location over 

the active site, exposing the substrate-binding and catalytic site, increasing the 

hydrophobicity of the surface in the region surrounding the substrate-binding cleft, and 

thereby facilitating the interaction between the enzyme and the hydrophobic substrates.47 

In contrast to most lipases, there is one, the lipase from Candida antarctica (CALB), that 

has no lid covering the entrance to active site and shows no interfacial activation.48 It has 

been shown that many enzymes retain activity in organic solvents and have interesting 

catalytic properties such as higher thermostability and altered stereoselectivity, which was 

also observed for CALB.49 

 

 

1.4.2 Catalytic cycle of lipase 

The biological function of lipases is to catalyze the hydrolysis of ester, such as long chain 

triacylglycerols. In anhydrous organic solvents, biphasic systems and in micellar solution, 

the lipase can catalyze the reverse reaction as well.44 

The two main categories in which lipase catalyzed reactions may be classified  as follows: 

 

Hydrolysis     RCOOR' + H2O   RCOOH+ R'OH 

 

Synthesis 

Reactions under this category can be further separated in: 

Esterification     RCOOH + R'OH   RCOOR' + H2O 

Interesterification   RCOOR' + R''COOR*  RCOOR* + R''COOR' 

Alcoholysis    RCOOR' + R''OH   RCOOR'' + R'OH 

Acidolysis     RCOOR'+ R''OOH   R''COOR' + RCOOH 

 

The last three reactions are often schematically grouped together and referred as 

transesterification reactions. 

One of the characteristics of the reaction catalyzed by lipolytic enzymes is the reversibility, 

in fact they are able to catalyze, in environment anhydrous or with reduced water content, 

the esterification of fatty acids and glycerol to  mono-, di-and triglycerides. Moreover they 

are able to catalyze esterification and transesterification, in this kind of reaction, instead to 

involve water, it is used an alcoholic residue. To make the esterification 
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thermodynamically favored, it’s necessary to remove water. This requirement is overcome 

using organic solvent.50 

 

 

1.4.3 Candida antarctica Lipase B 

Candida antarctica lipase B (CALB) is an efficient catalyst for hydrolysis in water and 

esterification in organic solvents.51 It is used in many industrial applications, because its 

simplicity of use, low cost, commercial availability and  high enantioselectivity, wide 

range of substrates, thermal stability and stability in organic solvents.52 C. Antarctica is, as 

the name implies, originally found on Antarctica, isolated from a hypersaline lake called 

Vanda.53 The yeast expresses two lipases: lipase A (CALA) and lipase B (CALB).54 CALB 

consists of 317 amino acid residues which are folded into a globular α/β type protein with 

the dimensions of 30Å x 40Å x 50Å (Figure 1.4). CALB shares the common catalytic triad 

Ser-Asp-His of other lipases, however it differs from the typical lipase in that it is not 

activated by interfaces. The optimal pH of CALB is 7.00, however the enzyme is stable in 

the range of pH 3.5-9.5,55 and it shows an unusual pH profile with a broad isoelectric 

region ranging from pH 4.00 to 8.00.49 X-ray crystallography has revealed that the active 

site of CALB is composed of two channels, one hosting the acyl group, and the other 

hosting the nucleophile.56 These have implications for the selectivity and specificity of the 

enzyme, which is known to be highly enantioselective and only accepting rather non-bulky 

substrates, especially for the nucleophilic substrate.57 Substrates are however not only 

restricted to the natural substrates fatty acids, water and glycerol; straight-chain primary 

alcohols are very good substrates for CALB and some secondary alcohols are also 

accepted as substrates while tertiary alcohols are not accepted. Along with alcohols, also 

hydrogen peroxide and amines works as nucleophiles in the synthesis of esters, peracids 

and amides, respectively. The binding pocket for the substrates consists of an acyl binding 

pocket, a large and a medium binding pocket for the small and large moiety of secondary 

alcohols, respectively. The structure of CALB shows a high stability in all solvents and is 

therefore a useful system to examine the effect of different solvents on structure and 

flexibility.  
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Figure 1.4 Model of Candida antarctica lipase B that belongs to the α/β -hydrolase fold family of 
enzymes.43 The α-helixes are shown in red and the β-sheet in yellow. 

 
 
1.4.4 Biotechonological applications of Lipases 

The wide range of reactions catalyzed by lipases leads to a very high number of industrial 

applications according to the kind of transformation considered (Table 1.2).58  

Examples regarding the reaction of hydrolysis include the employment of lipases in the 

detergents industry. Lipases are in fact, important components in many detergent 

formulations for both fabric cleaning and dish washing. Fatty acids and glycerol, generated 

by lipid hydrolysis, are largely used in soap production. In the leather manufacture, the 

ability of lipases to break down lipids is exploited to remove residues of fats and protein 

debris during the processing of hides and skins. 

 

Table 1.2 Industrial application of lipase. 
Industry   Product Function 
Food Cocoa butter equivalent Trans esterification 
 Human milk fat substitute  
 Mono/diacyl glycerol Emulsifier 
 Cheese Flavour development 
 Flavour ester Esterification 
Cosmetics Fatty acid ester Emollient 
Detergents Stain removal Lipid degradation 
Pulp and paper Pitch and contaminant control Lipid degradation 
Leather Degreasing Lipid degradation 
Organic synthesis  Resolution of chiral  

alcohols and amide 
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Lipases are also utilized in activated sludge and other aerobic waste processes, where a 

thin layer of fat must be removed from the surface of aerated tanks to permit oxygen 

transport. In the food industry, lipases can be used in flavor development for products, 

such as butter and margarine, soybean milk preparation, smoked carp processing, vegetable 

fermentation, production of fat-free meat. As already mentioned, lipases are also able to 

catalyze the reverse reaction of synthesis, thus increasing their application range. With 

esterification reactions, water and ester are produced, while the transesterification 

processes, such as alcoholysis, acidolysis and interesterification, give rise to alcohol, acid 

or ester instead of water. Low-molecular weight esters, such as geranyl acetate, isoamyl 

butyrate and benzyl propionate are mainly used for their flavour and aroma qualities. 

Polyesters such as polymers of dimethyl terephthalate, vinyl acetate, butyl acrylate, etc. are 

used in plastics, coatings adhesives, and laminates. 

Lipases can be used in the synthesis of monoglycerides, sugar esters and fatty acyl amino-

esters, which find use as food biosurfactants to stabilize emulsions, such as salad dressings.  

Currently, an important group of lipid products with immense potential for lipase action 

are synthetic fat substitutes, which are in great demand for various high-caloric-fats and 

oils. The production of mono-,di-, and tri-glycerides of octanoic and decanoic acids leads 

to dyes and perfume bases in cosmetics, toiletries, and pharmaceuticals. Moreover, the 

interesterification of fats is attractive for the production of synthetic triglycerides with 

desirable characteristics, such as the manufacture of a cocoa butter-equivalent from palm 

oil.59 

All commercial applications of lipases concern enzyme from yeasts and fungi, and they are 

generally indicated as  GRAS (Generally Regarded As Safe).60 

 

 

1.5 Enzyme immobilization  

Most enzymes are relatively unstable, their costs of isolation are still high, and it is 

technically very difficult to recover the active enzyme, when used in solution, from the 

reaction mixture after use. Enzymes can catalyze reactions in different states: as individual 

molecules in solution, in aggregates with other entities, and as attached to surfaces. The 

attached or “immobilized” state has been of particular interest to exploit enzymes for 

technical purposes. 

Despite biotechnological applications have grown in recent years, there are some limits in 

the use of enzymes, because of their low stability both in aqueous solvents than in organic 
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medium, high cost of production, the possibility of being inhibited by impurities even at 

modest concentrations, and since they are generally used in solution it’s difficult to recover 

them from the mixtures. To overcome these limits, studies are focusing on the 

development of immobilization technique that can offer the possibility to separate the 

enzyme from the product, and reuse it in continuous production processes. Easy separation 

of the enzyme from the product simplifies enzyme applications and supports a reliable and 

efficient reaction technology. On the other hand, the reuse of enzymes provides cost 

advantages which are often an essential prerequisite for establishing an enzyme-catalyzed 

process. Moreover, there are many other advantage to use immobilized enzyme like the 

possibility to use a single batch of enzyme for more times and reduce effluents, the 

products are not contaminated and it became possible the development of multi-enzyme 

reactions. Several studies reveal that enzyme immobilization is a powerful tool to enhance 

enzyme properties as stability, activity, specificity, selectivity and reduction of inhibition.61 

Nevertheless, immobilized enzymes usually have a lower activity and a higher Michaelis-

Menten constant with respect to free enzyme. These alterations result from changes in the 

three-dimensional conformation of the protein, introduced by the immobilization procedure 

and by creation of a different microenvironment in which the enzyme works.62 In spite of 

these disadvantages, the creation of a novel microenvironment may allow to the enzyme to 

retain activity at different solvents, at enlarges the pH and temperature ranges, with high 

substrate concentrations than would be predicted for the free enzyme, increasing its 

biotechnological applications. 

The first industrial use of immobilized enzymes was reported in 1967 by Chibata and co-

workers, who developed the immobilization of Aspergillus oryzae aminoacylase for the 

resolution of synthetic racemic D-L amino acids. Other major applications of immobilized 

enzymes are the industrial production of sugars, amino acids, and pharmaceuticals. In 

some industrial processes, whole microbial cells containing the desired enzyme are 

immobilized and used as catalysts. Besides of this application, the immobilization 

techniques are the basis for making a number of biotechnological products with 

applications in diagnostics, bioaffinity chromatography, and biosensors.63 The three major 

components of an immobilized enzyme system are the matrix, the mode of attachment and 

the enzyme. Ideal support properties include physical resistance to compression, 

hydrophilicity, inertness toward enzymes, ease of derivatization, biocompatibility, 

resistance to microbial attack, and availability at low cost. Supports can be classified as 

inorganic and organic, according to their chemical composition (Table 1.3).  The organic 



Chapter 1: Enzyme as biocatalyst 

19 

 

supports can be subdivided into natural and synthetic polymers. The physical 

characteristics of the matrices (such as: particle diameter, swelling behavior, mechanical 

strength, and compression behavior) will be of major importance for the performance of 

the immobilized systems and will determine the type of reactor used under technical 

conditions (i.e. stirred tank, fluidized, fixed beds). In particular, pore parameters and 

particle size determine the total surface area and thus critically affect the capacity for 

binding of enzymes. Nonporous supports show few diffusional limitations but have a low 

loading capacity. Therefore, porous supports are generally preferred because the high 

surface area allows for a higher enzyme loading and the immobilized enzyme receives 

greater protection from the environment.61 
 

 

Table 1.3 Classification of Supports for enzyme immobilization. 
Organic 

Natural polymers 
• Polysaccharides: cellulose, agar, dextrans, agrose, chitin, alginate 
• Proteins: collagen, albumin 
• Carbon 

Synthetic polymers 
• Polystyrene 
• Other polymers: polyacrylate, polymethacrylate, polyacrylamide, polyamides, vynil 

Inorganic 

Natural mineral:  
• Silica 
• Bentonite 

Processed minerals: 
• Glass (nonporous and controlled pore),  
• Metal 
• Controlled pore metal oxides 

 

 

1.5.1 Methods of enzyme immobilization  

Brena and Batista63 have classified the enzyme immobilization as "irreversible enzyme 

immobilization" and "reversible enzyme immobilization" methods. Irreversible enzyme 

immobilization includes covalent binding and entrapment. Reversible enzyme 

immobilization includes adsorption, ionic binding, affinity binding and metal binding. 
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Covalent Binding: 

Covalent binding is a conventional method for immobilization, it can be achieved by direct 

attachment with the enzyme and the material through the covalent linkage. The covalent 

linkage is strong and stable and the support material of enzymes includes: polyacrylamide, 

porous glass, agarose and porous silica. Covalent method of immobilization is mainly used 

when a reaction process does not require enzyme in the product. The covalent binding of 

the enzyme with the support  involves two main steps such as, the activation of the support 

by the addition of the reactive compound and the  modification of the polymer backbone to 

activate the matrix. The activation step produces the electrophilic group on the support 

material, so that it can couples/reacts with the strong nucleophiles on the proteins. The 

covalent binding is normally formed between the functional group in the support matrix 

and the enzyme surface that contains the amino acid residues. The attachment between the 

enzyme and the support can be achieved either through direct linkage or through the spacer 

arm. The potentiality of using the spacer arm is that it provides the greater degree of the 

mobility to enzymes, hence the enzymes show the higher activity when compared to the 

direct attachment.64 

 

Entrapment: 

The entrapment method is based on the occlusion of an enzyme in the synthetic or natural 

polymeric networks, it is a permeable membrane which allows the substrates and the 

products to pass, but it retains the enzyme inside the network.  The entrapment can be 

achieved by the gel, fibre entrapping and microencapsulation. The entrapment of enzyme is 

usually fast, cheap and requires mild conditions. The disadvantage is the limitation in mass 

transfer. The support matrix protects the enzymes from microbial contamination, that is the 

proteins and enzymes in the microenvironment. The microencapsulation method consists 

in the process during which  the enzyme molecules are capsulated within spherical semi-

permeable membranes with a selective controlled permeability. This method provides the 

large surface area between polymeric material and the enzyme. The drawback of this 

method is the possible inactivation of enzyme during encapsulation.65 

 

Adsorption: 

This is a simple method of preparing an immobilized enzymes and the materials used for 

adsorption are activated charcoal, Alumina and Ion exchange resins. The process is cheap 

and easy for use and the disadvantage is a weak binding force between the carrier and the 
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enzyme. Adsorption is the easiest and oldest immobilization techniques. The interaction 

between the enzyme and the surface of the matrix is performed only by weak forces, such 

as salt linkage, hydrogen bonds, hydrophobic bonds, ionic bonds and van der waals 

interactions. Based on  the charges of the matrix and on the protein arrangements, the 

enzyme can be immobilized without changes in its conformation. The advantage of 

enzyme adsorption is minimum activation step, and as a result of minimum activation, no 

reagents are required.64 

 

Ionic Binding: 

The bonding involved between the enzyme and the support material is salt linkages. The 

nature of this non covalent immobilization process can be reversed by changing the 

temperature polarity and ionic strength conditions. This principle is similar to the protein-

ligand interactions  used in chromatography.64 

 

Affinity Binding: 

The immobilization of enzyme is based on specific interactions. The two methods are 

being followed in affinity immobilization. The first method is the activation of the support 

material which contains the coupled affinity ligand, so that the enzyme will be added. The 

advantage of this method is that the enzyme is not exposed to any harsh chemicals 

conditions. In the second method, the enzyme is bonded to another molecule which has the 

ability to bind towards a matrix.64 

 

Metal Linked immobilization: 

In the metal linked  immobilization, the metal salts are precipitated over the surface of the 

carriers and it has the potential to bind with the nucleophilic groups on the matrix. The 

precipitation of the metal ion on the carrier can be achieved by heating. This method is 

simple and the activity of the immobilized enzymes is relatively high (30-80%). The 

carrier and the enzyme can be separated by decreasing the pH, hence it is a reversible 

process. The matrix and the enzyme can be regenerated.64 

The main methods of enzyme immobilization are shown in Figure 1.5.  
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Figure 1.5 Shows pictorial representation of different Enzyme Immobilization methods 
a) Covalent Binding b) Entrapment d) Adsorption e) Ionic Binding 

f) Affinity Binding and g) Metal ion Immobilization. 

 

 

1.5.2 Layer-by-Layer method 

The Layer-by-Layer (LbL) technique is based on the adsorption of oppositely charged 

macromolecules from the solution onto a substrate (Figure 1.6).66 The excess or remaining 

solution after each adsorption step is washed with solvent and thus it is possible to obtain a 

thin layer of charged species on the surface for the next adsorption steps. 

 

 

 

Figure 1.6 Layer by Layer deposition process. 
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Recently, the layer-by-layer (LbL) assembly is emerged as a versatile, gentle and simple 

method for immobilization of functional molecules in an easily controllable thin film 

morphology. The concept of LbL assembly was first proposed for charged colloidal 

particles in 1966 by Iler, who suggested that alternating adsorption of anionic and cationic 

species would result in the formation of regular multilayered assemblies. Over the course 

of the 1990s the applicability of the LbL technique to a wide range of materials was 

extensively studied. Materials that can be used in LbL methods cover a wide range, 

including conventional polyelectrolytes, conductive polymers, proteins, nucleic acids, virus 

particles, nanotubes, lipid membranes and more. The LbL technique has now become one 

of the most powerful methods for preparation of nanostructured supermolecules. 

LbL assembly improves the stability of immobilized proteins. An interesting advantage of 

the LbL assembly over the LB technique was found in Ariga et al.,67 where was studied the 

effect of film thickness on reaction efficiency. LbL assembly did not decrease de reactivity 

of the enzyme even when the numbers of layers increase. It is also flexible in terms of 

materials’ selection, widely applicable to various structures, and enables coupling with 

man-made devices such as electrodes and transistors. 

Because the LbL technique is very simple and versatile, many practical applications will be 

developed in the near future. Some biomedical applications in drug delivery and cell 

technology have already been realized, but sensor applications are some of the most 

important potential uses for LbL biomaterial assemblies. The LbL method  can be easily 

used to fabricate thin films of active enzyme structures on solid surfaces of sensor device 

components  such as electrodes or transitors.68 

 

 

1.6 Carbon nanotubes (CNTs)  

Carbon nanotubes (CNTs) exhibit extraordinary mechanical, electrical, and thermal 

properties, as well as in biocompatibility. 

The discovery of CNTs is attributed to Sumio Iijima of Nippon Electric Company as the 

first scientist who described the multiwalled carbon nanotubes (MWNTs) preparation 

process after a random event during the test of a new arc evaporation method for C60 

carbon. Although he was the first one who published in Nature the new phenomena, at the 

same time a small company in the USA was already able to produce defected carbon 

nanotubes called carbon fibrils using a chemical vapour deposition process.69 
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CNTs have been under scientific investigation for more years, because of their unique 

properties  for many potential applications. The field of nanotechnology and nanoscience 

push their investigation forward to produce CNTs with suitable parameters for future 

applications.   

 

 

1.6.1 Structure and Morphology of CNTs 

Carbon nanotubes (CNTs) consist of graphitic sheets, that have been rolled up into a 

cylindric shape, with open or closed ends.70 Exist two main types of CNTs (Figura 1.7), 

single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs), 

the latter is comprised of several layers of graphite surrounding a central tubule, whereas a 

SWNTs only has the central tubule.71  

 

   

Figure 1.7 Representation of SWCNTs (a) and MWCNTs (b). 

 

 

Comparision between SWNT and MWNT is as presented in Table 1.4. 

 

Diameters of SWNTs and MWNTs are typically 0.8 to 2 nm and 5 to 20 nm, respectively, 

although MWNT diameters can exceed 100 nm. CNT lengths range from less than 100 nm 

to several centimeters. SWNTs are attractive for their higher surface area for enzyme 

interaction, but MWNTs are desirable for their easier dispersibility and lower cost.72 

 

 

 

 

 

a                                              b 
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Table 1.4 Comparison between SWNT and MWNT. 

SWNT MWNT  

1. Single layer of grapheme 1. Multiple layer of grapheme. 

2. Catalyst is required for synthesis. 2. Can be produced without catalyst. 

3. Bulk synthesis is difficult as it requires   

    proper control over growth and atmospheric     

    condition 

3. Bulk synthesis is easy. 

 

4. Purity is poor. 4. Purity is high. 

5. A chance of defect is more during  

    Functionalization 

5. A chance of defect is less but once 

occurred it’s difficult to improve. 

6. Less accumulation in body. 6. More accumulation in body. 

7. Characterization and evaluation is easy. 7. It has very complex structure. 

8. It can be easily twisted and are more  pliable. 8. It cannot be easily twisted. 

 
 

The bonding in carbon nanotubes is sp², with each atom joined to three neighbors, as in 

graphite. The tubes can therefore be considered as rolled-up graphene sheets (graphene is 

an individual graphite layer). This bonding structure, which is stronger than the sp3 bonds 

found in diamond, provides the molecules with their unique strength. Under high pressure, 

nanotubes can merge together, trading some sp² bonds for sp³ bonds, giving the possibility 

of producing strong, unlimited length wires through high-pressure nanotube linking.72 

Noncovalent and covalent conjugation have been reported for the immobilization of 

various enzymes. Noncovalent attachment preserves the unique properties of both enzymes 

and CNTs, but the immobilization protein can be gradually lost during the use of CNT-

enzyme complex. Covalent conjugation provides durable attachment, but the enzyme 

structure may be more disrupted. Functionalization of CNTs with organic, polymeric, and 

biological molecules can provide biocompatible nanotubes composites with specific 

groups on their surface. The performance CNT-enzyme complexes is affected by a 

combination of carbon nanotubes chemistry and immobilization method.73 
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1.6.2 Functionalization of CNTs 

For biological and biomedical applications, the lack of solubility of carbon nanotubes in 

aqueous media has been a major technical barrier. To overcome this problem the 

modification of the surface of CNT functionalization is done. With different molecules it is 

achieved by adsorption, electrostatic interaction or covalent bonding of different molecules 

and chemistries that render them more hydrophilic. Through such modifications, the water 

solubility of CNT is improved and their biocompatibility profile is completely transformed. 

Moreover, the aggregation of individual tubes through vander Waals forces are also 

reduced by the functionalization of their surface. The recent expansion in methods to 

chemically modify and functionalize carbon nanotubes has made it possible to solubilize 

and disperse carbon nanotubes in water, thus opening the path for their facile manipulation 

and processing in physiological environments. Equally important is the recent 

demonstration that biological and bioactive species such as proteins, carbohydrates, and 

nucleic acids can be conjugated with carbon nanotubes.74 

 

 

1.6.3 Applications of CNTs 

The possible applications of CNTs include conductive films, solar cells, super capacitors, 

transistors, memories, clothes, and for fabrication of biosensors and biofuel cells. CNTs-

based sensors generally have higher sensitive, lower limits of detection, and faster electron 

transfer kinetics than traditional carbon electrodes. 

They can be used as lubricants or glidants in tablet manufacturing due to nanosize and 

sliding nature of graphite layers bound with van der waals forces. Also they can be used 

like carrier for drug delivery, because carbon nanohorns (CNHs) are the spherical 

aggregates of CNTs with irregular horn like shape, and research studies have proved CNTs 

and CNHs as a potential carrier for drug delivery system. Carbon nanotubes and nanohorns 

are antioxidant in nature. Hence, they are used to preserve drugs formulations prone to 

oxidation. Their antioxidant property is used in anti-aging cosmetics and with zinc oxide as 

sunscreen dermatological to prevent oxidation of important skin components. Blanco et 

al.61 have prepared soluble CNTs and have covalently linked biologically active peptides 

with them. This was demonstrated for viral protein VP1 of foot mouth disease virus 

(FMDV) showing immunogenicity and eliciting antibody response. In chemotherapy, drug 

embedded nanotubes attack directly on viral ulcers and kills viruses. No antibodies were 
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produced against the CNT backbone alone, suggesting that the nanotubes do not possess 

intrinsic immunogenicity. 

Nanohorns offer large surface area and hence, the catalyst at molecular level can be 

incorporated into nanotubes in large amount and simultaneously can be released in 

required rate at particular time. Hence, reduction in the frequency and amount of catalyst 

addition can be achieved by using CNTs and CNHs.  

In genetic engineering, CNTs and CNHs are used to manipulate genes and atoms in the 

development of bioimaging genomes, proteomics and tissue engineering.  

These CNTs have some limitations like the lack of solubility in most solvents compatible 

with the biological milieu (aqueous based) and the difficulty in maintaining high quality 

and minimal impurities.75 
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Chapter 2: Synthesis of antioxidant compounds 

 

2.1 Introduction 

The appearance is one of the most relevant attributes that are considered by consumers 

when they choose a food. Among them, the color is a critical determinant for the 

appearance of fruits, vegetables, and crustaceans. Browning usually impairs the color 

attribute together with sensory properties such as flavor and texture. Oxidation reactions 

happen when chemicals in the food are exposed to oxygen in the air. In natural conditions, 

animal and plant tissues contain their own antioxidants but in foods, these natural systems 

break down and oxidation is bound to follow. Oxidation of food is a destructive process, 

causing loss of nutritional value and changes in chemical composition. The loss of 

nutritional quality is attributed to the destruction of essential amino acids and a decrease in 

digestibility and inhibition of proteolytic and glycolytic enzymes. The production of anti 

nutritional and toxic compounds may further reduce the nutritional value and the safety of 

foods. 

For example, the oxidation of fats and oils leads to rancidity and, in fruits such as apples, it 

can result in the formation of browning compounds. So, the antioxidants play an important 

role in the safety and defense of the food. Moreover, some antioxidants exhibit 

anticarcinogenic activities, lower the risk of cardiovascular diseases and can inhibit  the 

sources of oxygen centered free radicals (ROS).76 

Among the natural antioxidants, catechol derivatives bearing two vicinal hydroxy groups, 

show several biological activities. To synthesize these derivatives, phenols can be 

selectively oxidized by an ortho-hydroxylation process. The activity of the catechol 

pharmacophore can be further improved by introduction of lipophilic side-chains, able to 

favor the concentration of the molecule in specific sites of the cell, like the membrane. To 

prepare such derivatives we designed a two step procedure, consisting of the esterification 

of a phenol bearing a carboxylic moiety followed by oxidation to catechol. The first step 

was performed by lipase from Candida antarctica to extend the carbon-chain. Then, the 

esters have been oxidized by tyrosinase, extracted from Agaricus bisporus. Subsequently, 

both the enzymes have been used concurrently (through a cascade process). All these 

reactions represent an eco-friendly alternative to traditional chemical processes. Next, we 

studied the synthesis of catechols bearing a reverse ester moiety in the alkyl side-chain to 

study the role of the ‘reverse’ function on the biological activity. All lipophilic catechols 
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were tested for their antioxidant activity in vitro, showing also a potent inhibition of the 

virus of influenza A in vivo test.  

Afterward, to generalize this study, we apply tyrosinase for the selective generation of  a 

reactive Dopa-quinone by oxidation of tyrosine. This intermediate was further 

functionalized by nucleophilic addition with different amino acids to yield Dopa-

containing peptides with no conventional peptide bonds. Peptidomimetics are small 

protein-like derivatives which are designed to mimic a naturally occurring peptide. They 

typically are obtained by either modification of a parent peptide or by linking of pre-

formed amino acids.77 Their chemical structure is designed to adjust the molecular 

properties such as, stability or biological activity.78 Usually, the modifications involve 

changes in the peptide that will occur naturally.79 For example, anticancer peptidomimetics 

can bind to target proteins in order to reduce cancer cells into a form of programmed cell 

death called apoptosis by mimicking key interactions able to activate apoptotic pathway in 

the specified cells. This shows that peptidomimetics can play vital role in the treatment of 

various types of cancers.80 Moreover, the synthesis and screening of nature-like 

biomolecules and their more stable derivatives, such as peptidomimetics, are demanding, 

because advancement of drug discovery methods enables medicinal chemists to design and 

develop novel drug molecules which can be used effectively in the treatment of various 

human diseases.81 

Natural polyphenols are important in human body because they stops the chain reaction of 

free radicals, which can damage DNA and proteins. The oxidation of polyphenols in the 

presence of free amino acids, peptides or proteins play an important role in the mechanism 

of enzymic browning of foods,82 as well as in pigmentation of various living tissues both in 

plant and mammalians. In addition, the colour flavor and aroma of various natural products 

are affected by reactions of quinones and amino acids. On the other hand, polyphenols 

prevent neurodegenerative diseases in animal and in vitro models.83 In addition, flavonoid 

polyphenols protect neurons from injury and reduce apoptosis associated with H2O2, which 

induces oxidative stress in cells.84 Natural peptides show mainly short duration of action 

(unstability), lack of receptor selectivity, lack of oral bioavailability and biodistribution;85 

instead the conjugation to carrier molecules stabilized the structure of peptides.86  

On of the most phenols is the 3,4-Dihydroxyphenylalanine (DOPA), that is the catechol 

derivative of tyrosine and the precursor to the neurotransmitter dopamine, since 1960s, 

DOPA is the most successful therapeutic agent in the treatment of Parkinson’s disease.87 
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2.2 Results and Discussion 

 

2.2.1 Optimization of enzymatic esterification  

To optimize the esterification step, the reaction of phenol 1a was studied as a selected 

example. Compound 1a was treated with an excess of alcohols in the presence of TMCS at 

25°C per 24h to afford the products 2a–d (Scheme 2.1), with conversion of substrate and 

yield >98% .  

 

 

 

Scheme 2.1 Chemical esterification of 1a. 

 

Subsequently, the esterification was carried out using the enzyme lipase. We tested three 

lipase: Candida rugosa, Porcina pancreas and Lipase B of Candida antarctica, in various 

solvent and in different  reaction conditions (Table 2.1). The best conditions were Porcina 

pancreas (entry 2) and Candida antarctica (entry 3) in hexane, and Lipase B of Candida 

antarctica without any solvent (entry 5). Among them, we chosen lipase from Candida 

antarctica without any solvent in the perspective to do multi-enzymatic system lipase-

tyrosinase, since the latter doesn’t work in hexane. 
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Table 2.1 Different conditions of  enzymatic esterification.  

Entry Substrate Lipase Solvent Alcohol Conversion 
(%) 

Yield 
(%) 

1 1a Candida 
rugosa 

Iso-octane n-BuOH 50 50 

2 1a Porcina 
pancreas 

Hexane n-BuOH 90 90 

3 1a Candida 
antarctica 

Hexane n-BuOH 94 90 

4 1a Candida 
Antarctica 

Hexane/THF n-BuOH 50 50 

5 1a Candida 
antarctica 

None n-BuOH 100 >90 

6 1a Candida 
antarctica 

Dichloromethane n-BuOH 50 50 

7 1a Candida 
antarctica 

Dioxane n-BuOH 50 50 

Conversion and  yield were calculated by GC-MS analysis using dodecane as  internal standard 
 

 

A large panel of acid phenols (Figure 2.1) was esterified by Candida antarctica, including 

3-(4-hydroxyphenyl)propanoic acid 1a, 2-(4-hydroxy) phenyl acetic acid 1b, 2-(4-hydroxy-

3-methoxyphenyl)acetic acid 1c and 4-hydroxyphenyl pyruvic acid 1d. 

 

 

 

 

 

Figure 2.1 Acid phenols selected for the esterification with lipase B of Candida antarctica. 
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The esterification reaction afforded phenols 2a-l with a different carbon-side chain in 

quantitative yield and conversion of substrate (Scheme 2.2, Table 2.2). 

 

 

 
Scheme 2.2 Phenolic esters with a different length of the carbon atom side-chain obtained by 
enzymatic esterification. 

 

 

Table 2.2 Esterification of acid phenols 1a-d 
Entry Substrate Product R Conversion 

(%) 
Yield 
(%) 

1 1a 2a CH3 >98 >98 

2 1a 2b CH2CH3 >98 >98 

3 1a 2c CH2CH2CH3 >98 >98 

4 1a 2d CH2(CH2)2CH3 >98 >98 

5 1b 2e CH3 >98 >98 

6 1b 2f CH2CH3 >98 >98 

7 1c 2g CH3 >98 >98 

8 1c 2h CH2(CH2)2CH3 >98 >98 

9 1d 2i CH3 >98 >98 

10 1d 2l CH2(CH2)2CH3 >98 >98 

Conversion and  yield were calculated by GC-MS analysis using dodecane as  internal standard. 
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2.2.2 Esterification of phenols with a reverse ester moiety  

Next, it was studied the synthesis of catechols that had a reverse ester moiety in the alkyl 

side-chain with respect to the 4-hydroxy-phenyl group. The synthesis was performed 

starting from easily available and low cost 4-hydroxyphenetyl alcohol 5a (tyrosol), a 

phenolic compound present in two of the traditional components of the Mediterranean diet: 

wine and virgin olive oil.88 The esterification was carried-out by lipase B from Candida 

antarctica89 to avoid the formation of mixture of esters (due to contemporary presence of 

alcoholic and phenolic moieties). Briefly, tyrosol (1.0 mmol) was treated with an excess of 

the appropriate carboxylic acid and lipase (50 mg) in bulk at 45°C to give the desired esters 

6a–d in quantitative yield and selectivity (Scheme 2.3, Table 2.3). 

 

 

 

Scheme 2.3 Phenolic esters with a reverse ester moiety. 

 

 

Table 2.3 Esterification of 4-hydroxyphenetyl alcohol 5a. 

Entry Substrate Product R Conversion 
(%) 

Yield 
(%) 

1 5a 6a CH3 >98 >98 

2 5a 6b CH2CH3 >98 >98 

3 5a 6c CH2CH2CH3 >98 >98 

4 5a 6d CH2(CH2)2CH3 >98 >98 

 Conversion and  yield were calculated by GC-MS analysis using dodecane as internal  standard 
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2.2.3 Oxidation of phenols, phenolic esters and phenolic esters with the reverse moiety 

Acid phenols 1a-d, phenolic esters 2a-l, 3-hydroxyphenylacetic acid 1e and ethyl-

4hydroxy-3-methoxycinnamate 1f were oxidized with tyrosinase. The compounds 1e and 

1f differ from 1a-d, because they have a hydroxyl group in the meta-position and an 

unsaturated bonds along the side chain, respectively (Figure 2.2). 

 

 

 

  

Figure 2.2 Acid phenols with a substituent in the meta-position 1e and a unsaturated bonds along 
the side chain 1f. 
 
 
As a general procedure the appropriate phenol (0.05 mmol), tyrosinase from Agaricus 

bisporus (600 U) and the optimal amount of the Na-phosphate buffer 0.1 M, pH 7.0 were 

placed in 2.5 mL of CH2Cl2 at 25°C for 24h, under O2 in vigorous stirring. 

For phenols insoluble in CH2Cl2 1a-f, the substrates were dissolved in CH3CN 

(corresponding to 16% v/v) and then added to CH2Cl2/buffer solutions. The amount of 

CH3CN (corresponding to 16% v/v) was chosen in order to allow substrate dissolution and 

ensure a retained enzymatic activity. In fact, tyrosinase activity was high at low 

concentration of CH3CN, but it was reduced drastically incresing CH3CN. This activity 

trend is dependent on the effect of the amount (v/v) of hydrophilic solvents (log P < 2) on 

the conformational structure of the enzyme: polar solvents, as CH3CN (log P CH3CN = -

0.33), compete with water molecules to interact with amino acid residues located on the 

surface of the enzyme. Thus high concentrations of CH3CN strip the water molecules off 

the tyrosinase surface, altering its conformational structures and compromising its activity. 

The oxidation was also performed with others organic solvents (n-hexane, THF, n-

hexane/THF mixture or 1,4-dioxane), but didn’t afforded catechols in appreciable amount, 

confirming the benign role of CH2Cl2 as reaction medium for tyrosinase.90 The selection of 

the appropriate organic solvent as a reaction medium for enzyme biocatalysis depends on 

several factors such as solvent hydrophobicity, density, viscosity, surface tension, toxicity, 

flammability, waste disposal, and cost.91 Solvent’s hydrophobicity is represented as the 

logarithm of the partition coefficient (log P), where P is defined as the partitioning of a 
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given solvent between water and 1-octanol in a two-phase system.92 Solvents with a log P 

value lower than 2 (hydrophilic solvent) aren’t reported to be suitable for tyrosinase 

biocatalysis, as they strongly distorted the essential water layer required to maintain the 

enzyme in its native catalytically active conformation. Water shows a central role in 

enzymatic catalysis: (I) participating in all non-covalent interactions, including 

electrostatic, hydrogen bonding, van der Waals and hydrophobic interactions, which 

maintain the catalytically active enzyme conformation and (II) playing a crucial role in 

enzyme dynamics. Generally, water is considered to maintain conformational flexibility in 

the protein molecules. Mechanistically, the role of water as a lubricant stems from its 

ability to form hydrogen bonds with the functional groups of the protein molecules, which 

were bound to each other, thereby "unlocking" the structure. Solvents with a log P value 

between 2 and 2.5 (weakly hydrophobic solvent) showed higher enzymatic conversions 

since they don’t interfere with the essential water coat surrounding the enzyme molecule in 

its active site.93 Apolar solvents with log P ≥ 4 are compatible with enzymes, leaving the 

essential layer of water molecules on the polar surface regions unperturbed. 

The reaction of oxidation described above afforded catechols 3a-d and 4a-l (Scheme 2.4), 

instead the acid phenols 1e and 1f weren’t oxidized. This result suggested that there is a 

structure-activity relationship between the numbers and the positions of hydroxyl groups in the 

phenol skeleton and the inhibitory activity toward mushroom tyrosinase, so for the compound 

1e the hydroxyl groups in the meta-position might inhibit the tyrosinase enzyme by 

participating in a metal–ligand binding interaction with the dicopper nucleus. Even the 

compound 1f, that had a unsaturated bonds along the side chain, that decrease the activity 

of tyrosinase. 

Instead the acid phenols that had a substituent in para-position were oxidized to afford 

catechols 3a and 4a–d  in quantitative yield and conversion of substrate (Table 2.4, entries 

1–5). The procedure of oxidation was extended to compounds 1b and 1c and esters 2e–f 

and 2g–h, to give the corresponding catechols 3b, 4e–f, 3c and 4g–h, respectively (Table 

2.4, entries 6–11). The transformation of 1c and 2g–h was still noteworthy due the known 

low reactivity of tyrosinase in the oxidation of para-substituted phenols.94 Finally, 

catechols 3d and 4i–l were obtained quantitatively by oxidation of 1d and 2i–l (Table 2.4, 

entries 12–14). 
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Scheme 2.4 Oxidation of acidic phenols 1a–d and esters derivatives 2a–l by tyrosinase. 

 

 
Table 2.4 Oxidation of acidic phenols 1a–d and esters 2a–l with tyrosinase. 
Entry Substrate R R1 Product Conversion 

(%) 
Yield 
(%) 

1 1a H - 3a   

2 2a CH3 - 4a >98 >98 

3 2b CH2CH3 - 4b >98 >98 

4 2c CH2CH2CH3 - 4c >98 >98 

5 2d CH2(CH2)2CH3 - 4d >98 >98 

6 1b H H 3b >98 >98 

7 2e CH3 H 4e >98 >98 

8 2f CH2CH3 H 4f >98 >98 

9 1c H OCH3 3c >98 >98 

10 2g CH3 OCH3 4g 65 63 

11 2h CH2(CH2)2CH3 OCH3 4h 45 33 

12 1d H - 3d >98 >98 

13 2i CH3 - 4i >98 >98 

14 2l CH2(CH2)2CH3 - 4l >98 >98 

Conversion and  yield were calculated by GC-MS analysis using dodecane as internal standard 
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Then it was done the oxidation of esters 6a–d with tyrosinase under previously reported 

experimental conditions. The catechols 7a–d were obtained from acceptable to high yield 

depending on the length of the carbon atom side-chain (Scheme 2.5, Table 2.5, entries 1–

4). A similar effect was absent in the oxidation of esters 2a–d (Table 2.5), suggesting a 

different reactivity of tyrosinase depending on the presence of the ester or reverse ester 

moiety in the substrate.  

 

 

 

 

 

Scheme 2.5 Oxidation of esters of tyrosol. 

 

 

Table 2.5 Oxidation of esters 6a–d by tyrosinase. 
Entry Substrate R Product Conversion 

(%) 
Yield 
 (%) 

1 6a CH3 7a >98 >98 

2 6b CH2CH3 7b >98 >98 

3 6c CH2CH2CH3 7c >98 >98 

4 6d CH2(CH2)2CH3 7d 75 74 

Conversion and  yield were calculated by GC-MS analysis using dodecane as internal standard 
 

 

2.2.4 Cascade enzymatic reaction with lipase and tyrosinase 

With the aim to further reduce the complexity of the process, lipase and tyrosinase were 

applied in sequence in the same reaction medium. As a selected example, compound 1a 

was treated with the commercially available lipase from Candida antarctica in MeOH (1.0 

mL) at 45°C. After 24h the temperature was lowered to 25°C, the reaction mixture was 

diluted with CH2Cl2 (2.5 mL) and the optimal amount of buffer (CH2Cl2/buffer ratio ca. 

1.0:0.1), then tyrosinase from Agaricus bisporus was added (600 UI) and allowed to react 

in the atmosphere of O2 for 24 h. The reaction was filtered to remove the catalysts and 

purified to give the desired catechol 4a in 85% yield (calculated on the two steps) as the 
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main reaction product, beside to a minor amount of 2a (10% yield) (Scheme 2.6, Table 

2.6). 

 

 

 

Scheme 2.6 Esterification and oxidation of 1a by cascade reaction with Lipase and Tyrosinase. 
 

 

Table 2.6 Cascade enzymatic reaction of 1a with lipase and tyrosinase. 
Entry Substrate Product Conversion 

(%) 
Yield 
(%) 

1 1a 4a >98 85 

  2a >98 10 

Conversion and  yield were calculated by GC-MS analysis using dodecane as internal standard 
 

 

2.2.5 Antioxidant activity test in vitro 

Lipophilic catechols were tested for their antioxidant activity.95 There was an increasing 

interest in antioxidants, particularly in those intended to prevent the deterioration of fats 

and other constituents of foodstuffs. The oxidation of lipid in food is responsible for the 

formation of off-flavours and undesirable chemical compounds which may be detrimental 

to health. One method to determine the antioxidant activity of specific compounds or 

extract is based upon the use of the stable free radical 2,2-diphenyl-1-picrylhydrazyl 

(DPPH•), that is purple in color. The reduction of DPPH• as indicated below is followed by 

monitoring the decrease of its absorbance at a characteristic wavelength during the 

reaction, and its color becomes yellow (Figure 2.3). In its radical form, DPPH• absorbs at 

515 nm, but upon reduction by an antioxidant (AH) or a radical species (R•), the absorption 

disappears. 
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DPPH• + AH     DPPH - A• 

DPPH• + R•,    DPPH - R 

 

 

 

 

Figure 2.3 DPPH• solution stable radical (purple), DPPH reduced (yellow). 

 

 

The antioxidant activities were determined using DPPH as a free radical. For each 

antioxidant 1a, 3a, 4a–d, 7b and 7c, different concentration were tested. Briefly, 

antioxidant solution in MeOH (0.1mL) was added to 3.9 mL of 6×10-5 M MeOH DPPH• 

solution. The decrease in absorbance was determined at 151 nm at 0 min, 1 min and until 

the reaction reached a plateau. Moreover because the DPPH•  solution wasn’t stable in 

MeOH, it was necessary monitor the variation of Abs of DPPH• solution. The exact initial 

DPPH• concentration in the reaction medium was calculated from a calibration curve with 

different concentrations of DPPH•  90, 65, 45, 30 e 10 µM (Graphic 2.1). 

 

 

 

Graphic 2.1 Calibration curve of DPPH• 
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For each antioxidant concentration tested, the kinetic of the reaction was analyzed 

calculating the rate of DPPH• remaining at the steady state and the values transferred onto a 

software GrahPad, that using a non linear regression curve. Antiradical activity was 

defined as the amount of antioxidant necessary to decrease the initial DPPH• concentration 

by 50%. This value is called EC50 (defined as the concentration of substrate that causes 

50% loss of DPPH activity). The lower is the value of EC50, the higher the antioxidant 

activity.95 

The analysis of these data showed that compounds 7b and 7c show an antioxidant activity 

similar to 7a and 7d (Table 2.7, entries 9–10 vs entries 8 and 11). Lipophilic esters 3a and 

4a–d (Table 2.7, entries 3–7) were about hundred times less active than 7a–d (Table 2.7, 

entries 8–11). The radical-scavenging activity of compounds 4a–d was found to increase 

by increasing the number of carbon atoms in the side-chain of the molecule (Table 2.7, 

entries 4–7). These results are in accordance with data previously reported for different 

lipophilic esters of 3,4-dihydroxybenzyl alcohol. Instead the catechol 1a and its ester 2a 

didn’t have antioxidant activity, showing that this property is probably associated to 

catechol function and to the increasing of the number of carbon atom in the side-chain.  

 

 

Table 2.7 Antioxidant activity of 1a, 2a, 3a, 4a-d and 7a-d evaluated by DPPH assay. 
Entry Compound EC50a

 

1 1a n.a.b 

2 2a n.a.b 

3 3a 61.29 
4 4a 161.9 
5 4b 136.7 
6 4c 89.65 
7 4d 58.90 
8 7a 0.57c

 

9 7b 0.56c
 

10 7c 0.58c
 

11 7d 0.59c
 

a The EC50 is expressed in µg/mL 
b n.a.: Compound no active in the range of concentration studied 
c Data reported in Ref. 96 
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2.2.6 Inhibition activity test for influenza A/PR8/H1N1 virus in vivo 

The active catechols 3a, 4a–d and 7a–d were then evaluated for the influenza 

A/PR8/H1N1 virus inhibition at the Department of Public Health and Infectious Diseases, 

of the Sapienza University and at the San Raffaele Pisana Scientific Institute for Research. 

The influenza A virus is an enveloped virus belonging to the Orthomyxoviridae family, 

characterized by a segmented single stranded RNA genome that encodes 10 well-known 

proteins, and other new proteins that have been identified in this century. Within the 

envelope, the eight viral RNA segments, associated with the nucleoprotein (NP) and the 

viral RNA-dependent RNA polymerase (RdRp) complex, form helical ribonucleoprotein 

capsids (vRNPS). After infection, the vRNPS are transported to the host-cell nucleus, 

where they undergo transcription and replication through the viral RdRp. In a late phase of 

the replication cycle, vRNP complexes are exported into the cytosol to be assembled with 

the other structural proteins and packaged into progeny virions. Several antiviral 

compounds have been developed against influenza virus that interfere with specific steps in 

the replication cycle by targeting viral structures. However, the efficacy of these 

compounds is often limited by toxicity and the almost inevitable selection of drug-resistant 

viral mutants. Other targets of the virus structure could be inhibited by novel compounds, 

that are highly sensitive to changes in the intracellular redox state, and their activation is 

induced by the oxidative stress caused by viral infections, including influenza. Moreover, 

the administration of compounds able to restore the redox state in the cell has been 

demonstrated to inhibit the replication of DNA or RNA virus. This approach could give 

important advantages, including the broad-spectrum efficacy, the antigenic properties, and 

the reduced probability to select drug-resistant viral strains. The redox properties of 

catechols are widely reported.97 

The test consisted in infection of confluent monolayers of MDCK cells with PR8 and, after 

viral challenge, were treated with different concentrations (ranging from 1-100 µg/mL) of 

each compound. 24h post infection, viral particles released in the supernatant of infected 

cells were measured by means of hemagglutinin units (HAU). The inhibitory activity was 

defined as the required Inhibitory Concentration to reduce virus yield by 50% (IC50). 

Compounds 3a and 4a–d didn’t affect viral replication. Compounds 7a–d exerted a diverse 

inhibition pattern depending on the length of the alkyl side-chain. In particular, compound 

7a didn’t inhibited viral replication at any time evaluated. Compound 7b reduced the viral 

titer (75% reduction compared with DMSO-treated cells) only after 48 h post infection, 

while compounds 7c and 7d showed a significant value of IC50 already at 24 h post 
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infection. The antiviral activity of 7c and 7d was dose-dependent with a value of IC50 of 

11.1 µg/mL (29.8 µM) and 13.0 µg/mL (34 µM) for 7c and 7d, respectively. To note that 

these compounds show an antiviral activity comparable with that of Ribavirin (14–63.5 

µM). Cell morphology and viability were unaffected by treatment with these compounds 

until the concentration of 20 µg/mL, while at higher doses (50 and 100 µg/mL) an 

alteration of cell monolayer was detectable, thus indicating a cytotoxic effect of the 

compounds at these relatively high concentrations (Graphic 2.2). Interestingly, the 

inhibition of viral replication was showed only by catechol derivatives of hydroxytyrosol 

with a relatively long side-chain (more than two carbon atoms) and possessing a significant 

antioxidant activity in the DPPH assay. Indeed, the respective phenols 5c and 5d, did not 

inhibit viral replication at the same concentrations (10 and 20 µg/mL) that were effective 

against influenza virus (data not shown), suggesting the specific role of the catechol moiety 

on the antiviral activity. The comparison between compounds 4c–d and 7c–d also suggests 

that, keeping all other structural parameters similar, the anti-influenza activity may be 

tuned by the presence of an ester (in 4c–d) or reverse ester (in 7c–d) moiety in the side-

chain. Examples on the role of the ‘reverse’ function on the biological activity are reported, 

as in the case of Salermide, a Sirtinol analogue with a ‘reverse amide’ structure in the side-

chain, that leads to selective induction of apoptosis in cancer cell. 

 

 

 

 

Graphic 2.2 Dose–activity relationship for compounds 7c and 7d. 

 

 

 

 

 

Compound 7c (µg/mL) 
 

Compound 7d (µg/mL) 
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2.2.7 Synthesis of Dopa-peptidomimetics 

To generalize these results, we studied the oxidative functionalization of  Dopa-quinones 

with amino acids, a process that play an important role in the mechanism of enzymatic 

browning of foods, and have an effect on various central nervous deseases, caused by 

oxidative damage.  

In particular, we studied the oxidation of tyrosine with 2-idoxybenzoic acid (IBX), a 

reagent that is biomimetic of tyrosinase, in the presence of N-Boc protected natural amino 

acids as nucleophiles. This synthetic strategy potentially produce cross-linked dopa-

peptides, without any step-wise reactions. Firstly we analyzed the reactivity of N-Boc-

Tyrosinase-OMe 8a with a panel of N-protected amino acids, including glycine (N-Boc-

Gly) 1, alanine (N-Boc-Ala) 2, valine (N-Boc-Val) 3, leucine (N-Boc-Leu) 4, 

phenylalanine (N-Boc-Phe) 5, proline (N-Boc-Pro) 6, tryptophan (N-Boc-Trp) 7 and 

methionine (N-Boc-Met) 8 (Figure 2.4). 

 

 

 

 

 

Figure 2.4 Panels of N-protected amino acids. 

 



Chapter 2: Synthesis of antioxidant compounds 
 

44 

 

Briefly, N-Boc-Tyr-OMe 8a (0.1 mmol) was dissolved in THF (1.5 mL) and treated with 

an excess of the appropriate amino acids (1.0 mmol, compounds 1-8) and of IBX (0.3 

mmol) at variable temperature (25°C-45°C) for 72h, to yield Dopa derivatives 9a-h in 

different yield depending on the reaction conditions (Scheme 2.7, Table 2.8).  

 

 

 

 

 

Scheme 2.7 Cross-linking of Dopa with amino acids via oxygen. 

 

 

Table 2.8 Cross-linking of 8a with amino acids (1-8). 
Entry Substrate Amino acids Product Yield 

 (%) 

1 8a 1 9a 48.9 

2 8a 2 9b 50.4 

3 8a 3 9c 43.9 

4 8a 4 9d 44.7 

5 8a 5 9e 39.5 

6 8a 6 9f 41.3 

7 8a 7 9g 37.9 

8 8a 8 9h 45.6 

Yield was calculated after purification by flesh-chromatography 
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In the initial stages of the experiment, reactions were attempted according to the previously 

published results.98 Thus, the reaction between L-Boc-Tyr-OMe (8a) and N-Boc-amino 

acids in the presence of IBX was carried out at room temperature (22-24oC) and for 3-4 

hrs. The color was turned into brown-orange, characterized for quinones. The reaction was 

monitored with TLC using the solvent system hexane/EtOAc = 1:1 and after disappearance 

of the precursor Boc-Tyr-OMe, the products were isolated and analyzed by 1H NMR. The 

spectral analyses showed the formation of L-Dopa. Subsequently, we paid our attention on 

the modification of the reaction conditions with increasing of temperature (30oC, 35oC, 

40°C, 45°C) and duration (24h, 36h, 48h, 72h). Finally, targeting compounds were 

obtained and the optimal conditions were found: temperature 45oC and reaction time 72h.  

It must be noted, that nitrogen is considered as stronger nucleophile, than the oxygen, due 

to the facts, that oxygen is less polarizable, and the polarization of the lone pairs is required 

for nucleophilic reaction. The nucleophilic addition of the amino acids to quinones via 

nitrogen and sulphur are known, as it was described above, but the experiments carried out 

by us have shown that oxygen is also able to play as nucleophile on Dopa quinones.   

 

 

2.3 Experimental section  

Acid phenols: 3-(4-hydroxyphenyl)propanoic acid 1a, 2-(4-hydroxy) phenyl acetic acid 1b, 

2-(4-hydroxy-3-methoxyphenyl)acetic acid 1c and 4-hydroxyphenyl pyruvic acid 1d, 

alcohol (methyl alcohol, ethyl alcohol, propyl alcohol, butyl alcohol), 3-

hydroxyphenylacetic acid 1e, ethyl-4hydroxy-3-methoxycinnamate 1f,  4-hydroxyphenetyl 

alcohol 5a, acid (acetic acid, propionic acid, butyric acid, pentanoic acid), lipase B 

Candida antarctica, mushroom tyrosinase from Agarics bisporous, acid ascorbic, acetone, 

ammonium sulphate ((NH4)2SO4), bovine serum albumin (BSA), L-tyrosine (L-Tyr), 

sodium dithionite (Na2S2O4), sodium sulfate anhydrous (Na2SO4), dichloromethane 

(CH2Cl2), ethyl acetate (EtOAc), tetrahydrofuran (THF), petroleum ether (EtP), n-hexane, 

acetonitrile (CH3CN), dodecane, pyridine, hexamethyldisilazane (HMDS), 

trimethylchlorosilane (TMCS), 2,2-diphenyil-picrylhydrazyl (DPPH) Boc-Tyrosine-

Methyl ester (BTO) 8a, 2-idoxybenzoic acid (IBX) and amino acids Boc-Gly-OH 1,  Boc-

Ala-OH 2, Boc-Val-OH 3, Boc-Leu-OH 4, Boc-Met-OH 5, Boc-Pro-OH 6, Boc-Phe-OH 7, 

Boc-Trp-OH 8 were purchased from Sigma-Aldrich. Water used during the extraction was 

degassed and stored at 4°C until use. The products were purified on columns packed with 

silica gel, 230-400 mesh, using a flash technique. All spectophotometric measurements 
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were made with a Varian Cary50 UV-Vis spectrophotometer equipped with a single cell 

peltier thermostatted cell holder. Spectophotometric data were analyzed with Cary WinUV 

software. 

 

2.3.1 Chemical esterification 

Acid phenols 1a–d (0.05 mmol), TMCS (0.1 mmol), alcohol (0.03 mmol) were stirred at 

room temperature for 24h. The reaction was monitored by thin layer chromatography 

(TLC, EtP/EtOAc = 4.0:1.0). After the disappearance of the substrate, the reaction was 

stopped and evaporated under reduced pressure to afford compounds 2a–l in quantitative 

yield without the need of purification. 

  

2.3.2 Enzymatic esterification by Lipase 

Acid phenols 1a-d (0.1 mmol), Lipase B Candida antarctica 2.5% w/w and an excess of 

the alcohol (10 mmol) were stirred at 45°C for 24 h. The reaction was monitored by thin 

layer chromatography (TLC, EtP/EtOAc = 4.0:1.0). After 24 h, the reaction was stopped 

and evaporated under reduced pressure to afford compounds 2a–l in quantitative yield 

without the need of purification. 

 

2.3.3 Synthesis of reverse ester  

Tyrosol (0.1 mmol), Lipase B Candida antarctica 2.5% w/w and an excess of the 

appropriate carboxylic acid (10 mmol) were stirred at 45°C for 24 h. The reaction was 

monitored by thin layer chromatography (TLC, EtP/EtOAc = 4.0:1.0). After 24 h, the 

reaction was stopped and the reaction was purified by flash-chromatography to afford 

compounds 6a–d. 

 

2.3.4 Extraction of tyrosinase 

The mushroom tyrosinase was extracted from commercial Agaricus bisporus using a 

Bouchilloux et al.99 procedure, with slight modifications. In this extraction method, the 

sporocarps were cleaned to remove earthy residues and then washed with 20 mM ascorbic 

acid maintained at 4°C. After they had been dried, the sporocarps were sliced and frozen at 

-20°C at least 1 day before extraction. 1.0 kg of frozen sporocarps was homogenized twice 

in 1.2 L of acetone at -20°C in a blender for 1 min. The obtained solid pulp was filtered 

through a Buchner funnel and homogenized with 1.0 L of 30% v/v acetone in water for 2-3 

min. The mixture was centrifuged at 9000xg for 20 min. To the supernatant, 1.5 volumes 
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of acetone at -20°C were added dropwise under vigorous stirring. The mixture was allowed 

to settle at 4°C for 2-3 h; most of the supernatant fluid was decanted and discarded, the 

remainder was centrifuged and the precipitate was dissolved in water and subjected to 

precipitation with calcium acetate 1% of saturation. The turbid mixture was frozen at -

20°C. Samples obtained from several days were stored frozen at this stage. They were then 

thawed, mixed and centrifuged. Ammonium sulphate powder ((NH4)2SO4) was added to 

the collected supernatant to make a 35% saturated solution. The resulting solution was 

allowed to stand for 30 min at 4°C and centrifuged at 9000xg for 20 min. ((NH4)2SO4) was 

added to supernatant to make a 70% saturated solution. The solution was allowed to stand 

at 4°C for 2h and centrifuged. The precipitate was dissolved in a minimal volume of cold 

water and then dialyzed against water and concentrated by means of VivaflowR50 

equipped with a polyethersulfone (PES) membrane (10000 MWCO). The resulting enzyme 

solution was lyophilized and stored at -20°C. 

 

2.3.5 Determination of protein concentration  

Protein concentration was determined spectrophotometrically at 595 nm according to 

Bradford,100 using BSA as standard. 

 

2.3.6 Activity assay of Tyrosinase 

Tyrosinase assay was performed by the dopachrome method.101 Briefly, L-tyrosine solution 

(1.0 mL, 2.5 mM) and Na-phosphate buffer 0.1M, pH 7.0 (1.9 mL) was incubated under 

vigorous stirring at 25°C for 30 min. Then, an appropriate amount of enzyme in Na-

phosphate buffer (100 µl) was added to the mixture and the initial rate was immediately 

measured as linear increase in optical density at 475 nm, due to dopachrome formation. 

One unit of enzyme activity (IU) was defined as the increase in absorbance of 0.001 for 

minute at pH 7.0, 25°C in a 3.0 mL reaction mixture containing 0.83 mM of L-tyrosine and 

67 mM of Na-phosphate buffer pH 7.0. 

 

2.3.7 Oxidation of phenols and ester derivatives 

As a general procedure, phenols 1a-d and ester derivatives 2a-l, 6a-d (0.05 mmol), 

tyrosinase (600 IU) and the optimal amount of the Na-phosphate buffer 0.1 M, pH 7.0 

(CH2Cl2/buffer ratio ca. 1:0.1) were suspended in CH2Cl2 (2.5 mL) at 25°C for 24 h. The 

mixture was stirred under O2 atmosphere. For insoluble aqueous phenols 1a-d substrates 

were dissolved in CH3CN (16% v/v) and then added to CH2Cl2/buffer solution. 
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The reaction was monitored by thin layer chromatography (TLC, hexane/EtOAc = 2.0:1.0). 

After the disappearance of the substrate, the reaction was subjected to work-up procedure. 

The enzyme was recovered by decantation and the organic layer was evaporated under 

reduced pressure. The crude was treated with equal volume of H2O and THF and stirring 

for 5 min, then at the mixture was added Na2S2O4 1% w/w to reduce quinones to catechols. 

The mixture was stirred for 5 min and it was subsequently extracted three times with 

EtOAc. The organic layer was dried on anhydrous Na2SO4, then filtered and evaporated 

under reduced pressure to afford compounds 3a-d, 4a-l and 7a-d. When necessary the 

crude was purified by flash-chromatography.  

 

2.3.8 Identification and characterization of ester and oxidation products 

The products 3a-d, 4a-l and 7a-d were characterized by 1H and 13C NMR, GC–MS (after 

silylation). 1H and 13C NMR were recorded on Bruker 400MHz spectrometer using CDCl3 

as solvent. All chemical shift were expressed in part of million (δ scale). GC–MS analysis 

was performed on a GC–MS QP5050 Shimadzu and 450GC-320MS Varian apparatus 

using an SPB column (25 mx0.25 mm and 0.25 mm film thickness) and an isothermal 

temperature profile of 100°C for 2 min, followed by a 10°C/ min temperature gradient to 

280°C for 25 min. The injector temperature was 280°C. Chromatography-grade helium 

was used as the carrier gas with a flow of 2.7 mL/min. Mass spectra were recorded with an 

electron beam of 70 eV. The product obtained after work up was silylated with pyridine, 

HMDS and TMCS (2:1 v/v) under stirring at room temperature for 40 min, then allowed to 

stand for 5 min. Quantitative analyses were performed by using dodecane as the internal 

standard. MS values are referred to full silylated derivatives with the only exception of 3c 

and 3d. 

 

1. 3-(4-Hydroxyphenyl)propionic acid methyl ester (2a)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 2.66 (2H, m, CH2), 3.05 (2H, m, CH2), 3.65 

(3H, m, OCH3), 6.73 (2H, m, Ph-H), 7.04 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC 

(ppm) = 30.19 (CH2), 35.23 (CH2), 50.99 (CH3), 115.57 (2×CH), 129.54 (2×CH), 131.59 

(C), 155.71 (C), 172.74 (CO); MS (EI): m/z 252. 

 

2. 3-(4-Hydroxyphenyl)propionic ethyl ester (2b)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.13 (3H, m, CH3), 2.82 (2H, m, CH2), 2.88 

(2H, m, CH2), 4.00 (2H, m, OCH2), 6.75 (2H, m, Ph-H), 7.06 (2H, m, Ph-H); 13C NMR (50 
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MHz, CDCl3): δC (ppm) = 14.20 (CH3), 30.12 (CH2), 35.10 (CH2), 60.10 (CH2), 115.45 

(2×CH), 129.48 (2×CH), 131.75 (C), 155.43 (C), 172.10 (CO); MS (EI): m/z 266. 

 

3. 3-(4-Hydroxyphenyl)propionic acid propyl ester (2c)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.4–1.5 (5H, m, CH2+CH3), 2.59 (2H, m, 

CH2), 2.89 (2H, m, CH2), 5.0–5.5 (2H, m, OCH2), 7.02 (2H, m, Ph-H), 7.28 (2H, m, Ph-

H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 20.10 (CH3), 30.0 (CH2), 38.10 (2×CH2), 

68.15 (CH2), 118.11 (2×CH), 129.31 (2 _ CH), 132.08 (C), 154.28 (C), 172.15 (CO); MS 

(EI): m/z 280. 

 

4. 3-(4-Hydroxyphenyl)propionic acid butyl ester (2d)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.94 (3H, m, CH3), 1.37 (2H, m, CH2), 1.60 

(2H, m, CH2), 2.22 (2H, m, CH2), 2.62 (2H, m, CH2), 4.10 (2H, m, OCH2), 6.70–6.80 (2H, 

m, Ph-H), 7.0–7.10 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 13.68 (CH3), 

19.13 (CH2), 30.12 (2×CH2), 36.34 (CH2), 64.14 (OCH2), 115.45 (2×CH), 129.48 (2×CH), 

131.65 (C), 155.43 (C), 172.14 (CO); MS (EI): m/z 294 

. 

5. 2-(4-Hydroxy)phenyl acetic acid methyl ester (2e)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.50 (3H, m, OCH3), 3.55 (2H, m, CH2), 

7.15 (2H, m, Ph-H), 7.36 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 41.10 

(CH2), 52.24 (CH3), 116.25 (2×CH), 126.06 (C), 130.95 (2×CH), 157.84 (C), 171.00 

(CO); MS (EI): m/z 238 

. 

6. 2-(4-Hydroxy)phenyl acetic acid ethyl ester (2f)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.24 (3H, m, CH3), 3.56 (2H, m, OCH2), 

3.58 (2H, m, CH2), 4.03 (2H, m, CH2), 6.68 (2H, m, Ph-H), 7.12 (2H, m, Ph-H); 13C NMR 

(50 MHz, CDCl3): δC (ppm) = 15.08 (CH3), 49.17 (CH2), 66.76 (CH2), 78.41 (CH2), 

114.85 (2×CH), 124.0 (C), 130.99 (2×CH), 158.11 (C), 206.00 (CO); MS (EI): m/z 252. 

 

7. 2-(4-Hydroxy-3-methoxyphenyl)acetic acid methyl ester (2g)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.50 (3H, m, OCH3), 3.72 (2H, m, CH2), 

3.84 (3H, m, OCH3), 6.74–6.96 (3H, m, Ph-H); 
13C NMR (50 MHz, CDCl3): δC (ppm) = 

40.93 (CH2), 52.08 (CH3), 56.06 (CH3), 111.20 (CH), 116.84 (CH), 123.76 (CH), 127.92 

(C), 145.37 (C), 149.34 (C), 171.47 (CO); MS (EI): m/z 268. 



Chapter 2: Synthesis of antioxidant compounds 
 

50 

 

8. 2-(4-Hydroxy-3-methoxyphenyl)acetic acid butyl ester (2h)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.92 (3H, m, CH3), 1.33 (2H, m, CH2), 1.55 

(2H, m, CH2), 3.70 (2H, m, CH2), 3.84 (3H, m, OCH3), 4.09 (2H, m, OCH2), 6.78–6.96 

(3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 13.73 (CH3), 19.27 (CH2), 30.37 

(CH2), 41.59 (CH2), 56.06 (CH3), 64.48 (CH2), 111.2 (CH), 116.84 (CH), 123.67 (CH), 

127.40 (C), 145.37 (C), 149.34 (C), 169.82 (CO); MS (EI): m/z 310. 

 

9. 4-Hydroxyphenyl pyruvic acid methyl ester (2i)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.87 (3H, m, OCH3), 4.15 (2H, m, CH2), 

6.76 (2H, m, Ph-H), 7.17 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 45.99 

(CH2), 52.96 (CH3), 115.18 (2×CH), 124.23 (C), 132.31 (2×CH), 158.11 (C), 162.27 (CO), 

189.46 (CO); MS (EI): m/z 266.  

 

10. 4-Hydroxyphenyl pyruvic acid butyl ester (2l)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.90 (3H, m, CH3), 1.35 (2H, m, CH2), 1.50 

(2H, m, CH2), 4.14 (2H, m, CH2), 4.41 (2H, m, OCH2), 6.76 (2H, m, Ph-H), 7.17 (2H, m, 

Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 13.70 (CH3), 19.21 (CH2), 30.30 (CH2), 

45.96 (CH2), 62.33 (CH2), 115.18 (2×CH), 124.23 (C),132.31 (2×CH), 158.11 (C), 161.42 

(CO), 189.29 (CO). MS (EI): m/z 308. 

 

11. Tyrosol acetate (6a)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 2.01 (3H, s, CH3), 2.82 (2H, m, CH2), 4.22 

(2H, m, OCH2), 6.75 (2H, m, Ph-H), 7.01 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC 

(ppm) = 20.88 (CH3), 34.87 (CH2), 65.80 (CH2), 116.26 (2×CH), 130.55 (2×CH), 133.26 

(C), 156.44 (C), 170.86 (CO); MS (EI): m/z 252. 

 

12. Tyrosol propionate (6b)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.11 (3H, m, CH3), 2.04 (2H, m, CH2), 2.83 

(2H, m, CH2), 4.22 (2H, m, OCH2), 6.69 (2H, m, Ph-H); 7.05 (2H, m, Ph-H); 13C NMR (50 

MHz, CDCl3): δC (ppm) = 9.10 (CH3), 28.0 (CH2), 34.95 (CH2), 65.95 (CH2), 116.14 

(2×CH), 130.87 (2×CH), 132.0 (C), 155.10 (C),175.00 (CO); MS (EI): m/z 266. 
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13. Tyrosol butyrate (6c) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.98 (3H, m, CH3), 1.55 (2H, m, CH2), 2.89 

(2H, m, CH2), 3.95 (2H, m, CH2), 4.34 (2H, m, OCH2), 6.81 (2H, m, Ph-H); 7.08 (2H, m, 

Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 13.68 (CH3), 18.72 (CH2), 34.95 (CH2), 

36.82 (CH2), 65.81 (CH2), 116.14 2×CH), 130.87 (2×CH), 130.96 (C), 156.44 (CO), 

173.22 (CO); MS (EI): m/z 280. 

 

14. Tyrosol pentanoate (6d)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.88 (3H, m, CH3), 1.40 (2H, m, CH2), 1.66 

(2H, m, CH2), 2.89 (2H, m, CH2), 3.96 (2H, m, CH2), 4.36 (2H, m, OCH2), 6.80 (2H, m, 

Ph-H); 7.08 (2H, m, Ph- H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 14.20 (CH3), 19.27 

(CH2), 30.95 (CH2), 67.91 (CH2), 68.56 (CH2), 115.63 (2×CH), 131.05 (2×CH), 130.76 

(C), 156.17 (CO), 156.44 (CO); MS (EI): m/z 294. 

 

15. 3-(3,4-Dihydroxyphenyl)propanoic acid (3a)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 2.64 (2H, m, CH2), 2.81 (2H, m, CH2), 6.76–

6.94 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 30.44 (CH2), 35.81 

(CH2),115.36 (2×CH), 119.46 (CH), 132.33 (C), 145.10 (C), 145.93 (C), 174.98 (CO); MS 

(EI): m/z 398. 

 

16. 2-(3,4-Dihydroxyphenyl)acetic acid (3b)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.61 (2H, m, CH2), 6.87–6.94 (3H, m, Ph-

H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 41.41 (CH2), 114.49 (CH), 116.72 (CH), 

120.45 (CH), 125.94 (C), 145.24 2×CH), 174.95 (CO); MS (EI): m/z 384. 

 

17. 2-(3,4-Dihydroxy-5-methoxyphenyl)acetic acid (3c)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.56 (2H, m, CH2), 3.78 (3H, m, OCH3), 

6.63 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 41.76 (CH2), 56.24 (CH3), 

105.47 (2×CH), 129.03 (C), 133.90 (C), 141.24 (C), 144.29 (C), 174.95 (CO); MS (EI): 

m/z 342. 

 

18.  3-(3,4- Dihydroxyphenyl)-2-pyruvic acid (3d)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 4.14 (2H, m, CH2), 6.75–6.78 (3H, m, Ph-

H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 46.01 (CH2), 116.10 (CH), 118.06 (CH), 
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124.42 (CH), 126.55 (C), 144.44 (C), 146.11 (C), 160.20 (CO), 192.00 (CO); MS (EI): m/z 

340. 

 

19.  3-(3,4-Dihydroxyphenyl)propanoic acid methyl ester (4a)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 2.56 (2H, m, CH2), 3.57 (3H, s, OCH3), 6.8–

7.1 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 30.68 (CH2), 35.68 (CH2), 

51.60 (CH3), 115.90 (CH), 116.20 (CH), 120.30 (CH), 133.30 (C), 144.20 (C), 145.70 (C), 

173.65 (CO); MS (EI): m/z 340. 

 

20. 3-(3,4-Dihydroxyphenyl)propanoic acid ethyl ester (4b)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) =  1.18 (3H, m, CH3), 2.48 (2H, m, CH2), 2.72 

(2H, m, CH2), 4.05 (2H, m, OCH2), 6.65– 6.71 (3H, m, Ph-H); 13C NMR (50 MHz, 

CDCl3): δC (ppm) = 16.10 (CH3), 36.07 (CH2), 60.10 (CH2), 117.00 (2×CH), 120.30 (CH), 

133.30 (C), 144.20 (C), 145.70 (C), 172.10 (CO); MS (EI): m/z 354. 

 

21. 3-(3,4-Dihydroxyphenyl)propanoic acid propyl ester (4c) 

 Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) =  1.20–1.35 (5H, m, CH2+CH3), 2.55 (2H, m, 

CH2), 2.82 (2H, m, CH2), 4.15 (2H, m, OCH2), 6.40–6.80 (3H, m, Ph-H); 13C NMR (50 

MHz, CDCl3): δC (ppm) = 10.35 (CH3), 22.03 (CH2), 30.68 (CH2), 35.95 (CH2), 65.79 

(CH2), 115.90 (CH), 116.20 (CH), 120.30 (CH), 132.51 (C), 114.20 (C), 145.60 (C), 

172.15 (CO); MS (EI): m/z 368. 

 

22. 3-(3,4-Dihydroxyphenyl)propanoic acid butyl ester (4d)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) =  0.90 (3H, m, CH3), 1.20 (2H, m, CH2), 2.50 

(2H, m, CH2), 2.80 (2H, m, CH2), 3.50 (2H, m, CH2), 4.10 (2H, m, OCH2), 6.50–7.80 (3H, 

m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 16.10 (CH3), 19.13 (CH2), 30.10 

(2×CH2), 36.34 (CH2), 64.10 (CH2), 115.45 (2×CH), 129.10 (CH), 129.50 (C), 137 (C), 

143.10 (C), 173.20 (CO); MS (EI): m/z 382. 

 

23. 2-(3,4-Dihydroxyphenyl)acetic acid methyl ester (4e)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) =  2.20 (3H, s, OCH3), 3.74 (2H, s, CH2), 

6.71–6.74 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 40.93 (CH2), 52.08 

(CH3), 115.45 (CH), 117.56 (CH), 123.03 (CH), 126.66 (C), 145.01 (C), 146.26 (C), 

171.47 (CO); MS (EI): m/z 326. 
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24. 2-(3,4-Dihydroxyphenyl)acetic acid ethyl ester (4f)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) =  1.22 (3H, m, CH3), 2.01 (2H, s, CH2), 4.10 

(2H, m, OCH2), 6.73–7.12 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 14.14 

(CH3), 41.37 (CH2), 60.70 (CH2), 117.58 (2×CH), 123.03 (CH), 145.01 (C), 154.10 (C), 

158.0 (C), 171.30 (CO); MS (EI): m/z 340. 

 

25. 2-(3,4-Dihydroxy-5-methoxyphenyll)acetic acid methyl ester (4g)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.50 (3H, m, OCH3), 3.71 (2H, m, CH2), 

3.78 (3H, m, OCH3), 6.74 (2H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 41.22 

(CH2), 52.08 (CH3), 56.24 (CH3), 106.43 (CH), 110.63 (CH), 129.98 (C), 133.67 (C), 

142.07 (C), 145.13 (C), 171.47 (CO); MS (EI): m/z 356. 

 

26. 2-(3,4-Dihydroxy-5-methoxyphenyll)acetic acid butyl ester (4h)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.92 (3H, m, CH3), 1.33 (2H, m, CH2), 1.55 

(2H, m, CH2), 3.69 (2H, m, CH2), 3.78 (3H, m, CH3), 4.09 (2H, m, OCH2), 6.51 (2H, m, 

Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) =  13.73 (CH3), 19.27 (CH2), 30.37 (CH2), 

41.93 (CH2), 56.24 (CH3), 64.68 (CH2), 106.34 (CH), 110.53 (CH), 129.22 (C), 133.67 

(C), 142.07 (C), 145.13 (C), 169.82 (CO); MS (EI): m/z 398. 

 

27. 3-(3,4-Dihydroxyphenyl)-2-pyruvic acid methyl ester (4i)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 3.50 (2H, s, CH2), 3.86 (3H, s, OCH3), 6.70–

6.80 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 29.8 (CH2), 52.9 (CH3), 

117.10 (2×CH), 123.91 (C), 124.0 (CH), 150.10 (2×C), 162.27 (CO), 191.00 (CO); MS 

(EI): m/z 354. 

 

28. 3-(3,4-Dihydroxyphenyl)-2-pyruvic acid butyl ester (4l)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.92 (3H, m, CH3), 1.37 (2H, m, CH2), 1.58 

(2H, m, CH2), 4.12 (2H, m, OCH2), 4.13 (2H, m, CH2), 6.78–6.81 (3H, m, Ph-H); 13C 

NMR (50 MHz, CDCl3): δC (ppm) = 13.73 (CH3), 19.19 (CH2), 30.43 (CH2), 46.34 (CH2), 

65.06 (CH2), 116.17 (2×CH), 123.93 (CH), 125.80 (C), 144.44 (C), 146.18 (C), 160.51 

(CO), 182.92 (CO); MS (EI): m/z 396. 
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29. Hydroxytyrosol acetate (7a) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 2.13 (3H, s, CH3), 2.75 (2H, m, OCH2), 4.17 

(2H, m, CH2), 6.68–6.74 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): δC (ppm) = 20.97 

(CH3), 34.36 (CH2), 65.36 (CH2), 115.24 (2×CH), 115.77 (CH), 130.19 (C), 142.64 (C), 

143.99 (C), 171.69 (CO); MS (EI): m/z 340. 

 

30. Hydroxytyrosol propionate (7b) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.08 (3H, m, CH3), 2.28 (2H, m, CH2), 2.78 

(2H, m, CH2), 4.20 (2H, m, OCH2), 6.58–6.76 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): 

δC (ppm) = 15.10 (CH3), 27.45 (CH2), 38.00 (CH2), 65.95 (CH2), 117.00 (2×CH), 124.10 

(CH), 131.10 (C), 145.10 (C), 147.0 (C), 175.0 (CO); MS (EI): m/z 354. 

 

31. Hydroxytyrosol butyrate (7c) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.88 (3H, m, CH3), 1.58 (2H, m, CH2), 2.25 

(2H, m, CH2), 2.78 (2H, m, CH2), 4.21 (2H, m, OCH2), 6.58–6.76 (3H, m, Ph-H); 13C 

NMR (50 MHz, CDCl3): δC (ppm) = 13.68 (CH3), 18.72 (CH2), 35.35 (CH2), 36.82 (CH2), 

66.20 (CH2), 116.98 (2×CH), 121.60 (CH), 130.30 (C), 144.24 (C), 144.45 (C), 173.22 

(CO); MS (EI): m/z 368. 

 

32. Hydroxytyrosol pentanoate (7d) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.95 (3H, m, CH3), 1.64 (2H, m, CH2), 2.24 

(2H, m, CH2), 2.75 (2H, m, CH2), 4.24 (2H, m, OCH2), 6.64–6.75 (3H, m, Ph-H); 13C 

NMR (50 MHz, CDCl3): δC (ppm) = 13.68 (CH3), 18.72 (CH2), 35.35 (CH2), 36.82 (CH2), 

66.20 (CH2), 116.14 (2×CH), 121.70 (CH), 130.30 (C), 144.45 (C), 174.22 (CO). MS (EI): 

m/z 382. 

 

2.3.9 Antioxidant activity test 

Antioxidant activity was determined by the DPPH assay according to the method of Brand-

Williams et al.95 with some modifications. The stock solution of 2,2-diphenyl-1-

picrylhydrazyl (DPPH) 3×10-3M was prepared by dissolving 5 mg DPPH on 4mL EtOH 

and then stored in dark bottle at 4°C, until needed. The working solution 6×10-5M was 

obtained by mixing 0.8mL of stock solution with 39.2 mL of EtOH. It was done a 

calibration curve with different concentrations of DPPH 90, 65, 45, 30 e 10 µM. 100 µl of 

the lipophilic catechols 1a, 3a, 4a–d, 7a-d,  at different concentration, were added to 3.9 
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mL of freshly DPPH solution (6×10-5 M in EtOH). The decrease in absorbance  was 

determined at 515 nm by spectrophotometer at different times, until the reaction reached a 

plateau. Moreover because the DPPH solution wasn’t stable in EtOH, it was necessary 

monitor the variation of Abs of DPPH solution, also. For each compound were analyzed 

seven different concentration of the same sample. The kinetic of the reaction was analyzed 

for each concentration tested to calculate the rate of DPPH remaining at the steady state. 

This value was used to calculate the EC50 (defined as the concentration of substrate that 

causes 50% loss of DPPH activity).95 This spectophotometric data were analyzed by a non 

linear regression curve using software GraphPad.  

 

2.3.10 Inhibition activity test for the influenza A/PR8/H1N1 virus 

The catechols 3a, 4a–d and 7a–d were then evaluated for the influenza A/PR8/H1N1 virus 

inhibition at the Department of Public Health and Infectious Diseases, of the Sapienza 

University and at the San Raffaele Pisana Scientific Institute for Research. The test 

consisted in Virus production, infection, and titration: influenza virus A/Puerto Rico/8/34 

H1N1 (PR8 virus) was grown in the allantoic cavities of 10-day-old embryonated chicken 

eggs. After 48 h at 37 °C, the allantoic fluid was harvested and centrifuged at 5000 rpm for 

30 min to remove cellular debris. Confluent monolayers of Madin-Darby Canine Kidney 

(MDCK) epithelial cells were challenged for 1 h at 37°C with PR8 at a multiplicity of 

infection of 0.0001 incubated for 1 h at 37°C, washed with PBS, and then incubated with 

medium supplemented with 2% FCS. Mock infection was performed with the same 

dilution of allantoic fluid from uninfected eggs. Virus production was determined in the 

supernatants of infected cells 24 h post infection, by measuring the hemagglutinin units 

(HAU), using human type 0 Rh+ erythrocytes. For the evaluation of antiviral activity, 

stock solutions of compounds dissolved in DMSO were diluted in RPMI to final 

concentrations of 1, 5, 10, 20, 50 and 100 µg/mL. Compounds were added after the 

adsorption period and maintained in the culture media until the end of the experiments. 

The highest DMSO concentration present in the culture medium was 0.2%. Control cells 

were treated with DMSO alone at the same concentration present in the test substance 

being evaluated. Data are expressed as the mean ± SD. The statistical significance between 

different experimental conditions was determined by the paired Student’s t-test (P values 

of 60.05 were considered significant). 
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2.3.11 General procedure of preparation of cross-linked DOPA-amino acids   

Boc-L-tyrosine methyl ester 8a 0.1 mmol was dissolved in 1.5 mL of THF, and then was 

added 1.0 mmol of amino acid (1-8) and 0.3 mmol of IBX. This reaction mixture was 

stirred at 45°C for 72h. The reaction was monitored by thin layer chromatography (TLC, 

hexane/EtOA=2.0:1.0). After the disappearance of substrate, the reaction mixture was 

treated with 2 mL of H2O and  2.0 eq. of Na2S2O4 and stirring for 15 min. Then  was added 

2 mL of saturated solution of NaHCO3 and stirring for 30 min. The mixture was extracted 

with EtOAc for more times and separated from H2O. The Organic layer was dried on 

anhydrous Na2SO4 and evaporated under reduced pressure to afford compounds 9a-h. The 

crude product was purified by flash-chromatography.  

 

2.3.12 Identification and characterization of products cross-linked DOPA-amino 

acids   

The products 9a-h were characterized by 1H and 13C NMR with Bruker 400MHz 

spectrometer using CDCl3 as solvent. All chemical shift were expressed in part of million 

(δ scale).  

 

33. 6-N-tert-butyloxycarbonylglycyl-N-Boc-DOPA methyl ester (9a) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.38 (18H, s, 6×CH3), 3.68 (3H, m, OCH3), 

4.21 (2H, S, CH2), 5.71 (1H, t, CH), 6.55 (2H, s, Ph-H), 8.03 (2H, s, 2×NH); 13C NMR (50 

MHz, CDCl3): δH (ppm) = 28.85 (6×CH3), 43.15 (CH2), 52.47 (CH3), 55.38 (CH), 71.5 

(CO), 80.00 (2×C), 111.2 (CH), 115.1 (C), 117.0 (CH), 142.9 (C), 145.0 (C), 147.2 (C), 

157.3 (CO), 168.0 (CO),  171.O (CO), 175.1 (CO). 

 

34. 6-N-tert-butyloxycarbonylalanyl-N-Boc-DOPA methyl ester (9b) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.40 (18H, s, 6×CH3), 3.54 (2H, m, CH2), 

3.68 (3H, m, OCH3),4.30 (1H, s, CH), 4.68 (1H, s, CH),6.62 (2H, m, Ph-H), 8.00 (2H, s, 

2×NH); 13C NMR (50 MHz, CDCl3): δH (ppm) = 17.2 (CH3), 28.4 (6×CH3), 31.0 (CH2), 

51.9 (CH3), 53.2 (CH), 55.9 (CO), 58.2 (CH), 79.5 (2×C), 107.1 (CH), 110.6 (CH), 127.6 

(C), 143.0 (C), 146.2 (2×C), 147.6 (C), 155.0 (2×CO),  168.3 (CO),  171.5 (CO). 

 

35. 6-N-tert-butyloxycarbonylvalyl-N-Boc-DOPA methyl ester (9c)  

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.89 (6H, s, 2×CH3), 1.37 (18H, s, 6×CH3), 

2.21 (1H, s, CH), 3.29 (2H, m, CH2), 3.68 (3H, s, OCH3),  4.11 (1H, m, CH),  4.68 (1H, s, 
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CH), 6.83 (2H, s, Ph-H), 8.03 (2H, s, 2×NH); 13C NMR (50 MHz, CDCl3): δH (ppm) = 

18.9 (2×CH3), 28.0 (6×CH3), 30.4 (CH), 31.0 (CH2), 51.9 (CH3), 58.2 (CH), 62.6 (CH), 

79.5 (2×C), 107.1 (CH), 111.0 (CH), 127.6 (C), 143.0 (2×C), 147.2 (C),155.9 (2×CO), 

169.8 (CO), 171.5 (CO). 

  

36. 6-N-tert-butyloxycarbonylleucyl-N-Boc-DOPA methyl ester (9d) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.91 (6H, s, 2×CH3), 1.38 (18H, s, 6×CH3), 

1.49 (1H, m, CH), 1.75 (2H, m, CH2), 3.54 (2H, m, CH2), 3.70 (3H, s, OCH3), 4.51 (1H, 

m, CH), 4.68 (1H, m, CH), 6.62 (2H, s, Ph-H), 8.03 (2H, s, 2×NH); 13C NMR (50 MHz, 

CDCl3): δH (ppm) = 22.9 (2×CH3), 24.8 (CH), 28.4 (6×CH3), 31.0 (CH2), 40.5 (CH2), 51.9 

(CH3), 54.8 (CH), 58.2 (CH), 79.5 (2×C), 107.1 (CH), 110.6 (CH), 127.0 (C), 142.8 (C), 

146.0 (2×C), 147.5 (C), 155.9 (2×CO),  170.0 (CO), 171.2(CO). 

 

37. 6-N-tert-butyloxycarbonylphenylalanyl-N-Boc-DOPA methyl ester (9e) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.42 (18H, m, 6×CH3), 3.09 (2H, m, CH2), 

3.27 (2H, m, CH2), 3.73 (3H, m, OCH3), 4.30 (2H, t, 2×CH), 6.90 (2H, m, Ph-H), 7.21 

(5H, m, Ph-H), 8.00 (2H, s, 2×NH); 13C NMR (50 MHz, CDCl3): δH (ppm) = 28.4 

(6×CH3), 31.0 (CH2), 36.7 (CH2), 51.9 (CH3), 58.2 (2×CH), 79.5 (2×C), 107.5 (CH), 110.5 

(CH), 125.9 (CH), 127.0 (C), 127.7 (2×C), 128.6 (2×C), 136.6 (C), 143.2 (C), 146.3 

(2×C),155.9 (2×CO), 168.3 (CO),  171.5 (CO). 

 

38. 6-N-tert-butyloxycarbonylprolyl-N-Boc-DOPA methyl ester (9f) 

Oil;1H NMR (400 MHz, CDCl3): δH (ppm) = 1.38 (18H, m, 6×CH3), 1.54-1.65 (3H, m, Ph-

H), 3.30 (2H, m, Ph-H), 3.54 (2H, m, CH2), 3.70 (3H, s, OCH3), 4.18 (1H, m, CH), 4.68 

(1H, m, CH), 6.60-6.83 (2H, m, Ph-H), 8.02 (2H, s, 2×NH); 13C NMR (50 MHz, CDCl3): 

δH (ppm) = 24.4 (CH),  28.4 (6×CH3), 29.4 (CH), 31.0 (CH2), 50.1 (CH), 51.9 (CH3), 58.2 

(CH), 67.1 (C), 79.8 (2×C), 107.5 (CH), 110.5 (CH), 127.0 (C), 143.0 (C), 146.5 (2×C), 

147.2 (C),154.2 (CO), 155.9 (CO),  168.8 (CO), 172.2 (CO). 

 

39. 6-N-tert-butyloxycarbonyltriptophanyl-N-Boc-DOPA methyl ester (9g) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.42 (18H, m, 6×CH3), 3.43 (4H, m, 

2×CH2), 3.68 (3H, m, OCH3), 4.28 (1H, t, CH), 6.93 (2H, m, Ph-H), 7.18 (1H, s, CH), 7.24 

(4H, m, Ph-H), 8.06 (3H, m, 3×NH); 13C NMR (50 MHz, CDCl3): δH (ppm) = 28.4 

(6×CH3), 31.0 (CH2), 51.9 (CH3), 58.2 (2×CH), 79.5 (2×C), 107.1 (CH), 110.6 (CH), 109.7 
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(C), 111.1 (CH), 118.8 (CH), 120.0 (CH), 121.7 (CH), 123.8 (CH), 127.5 (2×C), 136.5 (C), 

143.0 (C), 146.2 (2×C), 147.5 (C),155.9 (2×CO), 168.3 (CO), 172.0 (CO). 

 

40. 6-N-tert-butyloxycarbonylmethionyl-N-Boc-DOPA methyl ester (9h) 

Oil; 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.40 (18H, m, 6×CH3), 2.05 (2H, m, CH2), 

2.14 (3H, s, SCH3), 2.60 (2H, t, CH2), 3.54 (2H, t, CH2), 3.70 (3H, s, OCH3), 4.51 (1H, m, 

CH), 4.68 (1H, s, CH), 6.62 (2H, s, Ph-H), 8.03 (2H, s, 2×NH); 13C NMR (50 MHz, 

CDCl3): δH (ppm) = 15.4 (SCH3), 28.4 (6×CH3), 29.7 (C H2), 31.0 (2×CH2), 51.9 (CH3), 

56.5 (CH), 58.2 (CH), 79.5 (2×C), 107.1 (C), 110.8 (C), 127.0 (C), 142.5 (C), 146.0 (2×C), 

147.2 (C), 155.9 (2×CO),  170.0 (CO),  171.5 (CO). 
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Chapter 3: Immobilized tyrosinase on Eupergit-CM for the 
synthesis of catechols and their derivatives 

 

3.1 Introduction 

Immobilized enzymes on inert supports can be used for the synthesis of catechols and their 

derivatives. The immobilization, in fact, favours the reusability, enhances stability of the 

enzyme, and facilitates purification of the products. Tyrosinase has been so far 

immobilized on various types of supports by different methods,102 but only few examples 

are reported on the use of immobilized tyrosinase in organic solvent for the synthesis of 

catechols and their derivatives.103 This chapter shows the preparation of new biocatalysts 

by immobilization of tyrosinase on the resin Eupergit-CM ad its use for the synthesis of 

catechols. Eupergit-CM is a commercially available epoxy-resin based on copolymers of 

methacrylamide, characterized by monomeric units containing oxirane groups with particle 

size of 50-300 µm. It  has been successfully used for covalent binding of several 

oxidases.104 To further increase the stability of the catalyst, the Layer-by-Layer (LbL) 

technique, first introduced by Decher et al.,105 is also applied. This method is based on 

consecutive deposition of alternatively charged polyelectrolytes on the active species. The 

polyelectrolyte films have the ability to protect encapsulated protein from high-molecular-

weight denaturing agents or bacteria and to allow regulation of the permeability towards 

small substrates, which can enter the multilayer and react with the catalytic site of the 

enzyme.106  

Both, the tyrosinase cross-linked on Eupergit-CM alone, and after coating with the LbL 

technique, are used for the oxidation of a large panel of phenols in organic mixed solvent, 

dichloromethane/buffer (CH2Cl2/buffer), to afford the corresponding catechols in high 

yield. The comparison between the efficiency and selectivity of tyrosinases with and 

without the LbL procedure is investigated, as well as the possibility to recycle the 

biocatalysts for more runs. 
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3.2 Results and Discussions 

 

3.2.1 Optimization of tyrosinase immobilization  

The immobilization of tyrosinase on Eupergit-CM was performed on the epoxy-activated 

acrylic beads of Eupergit-CM, using a procedure previously reported for Eupergit C 

250L107 with slight modification. Eupergit-CM bound enzymes via its oxirane groups, 

which reacted with the amino groups of enzyme molecules to form covalent bonds which 

were long-term stable within a pH range of pH 1 to 12, didn’t lose activity. Due to the high 

density of oxirane groups on the surface of beads, enzymes were immobilized at various 

sites of their structure. This phenomenon is called “multi-point-attachment”, which was 

considered a major factor for the high operational stability of enzymes bound to 

Eupergit.108  

To optimize the yield of immobilization, the ratio between the enzyme and the resin 

(mg/g), the molarity and pH of Na-phosphate buffer were investigated.  The best procedure 

was: the enzyme (10 mg) was suspended in Na-phosphate buffer 0.5M pH 7.8 in the 

presence of resin (1.0 g) for 24h at room temperature in orbital shaking.  

After the immobilization, the biocatalyst (Tyro/E) was washed with water to remove 

excess of protein, and treated with glycine 3.0 M to block residual epoxy-groups (Figure 

3.1). 

 

 
 

 
  
Figure 3.1 Scheme of immobilization of tyrosinase on Eupergit CM: (a) Tyrosinase cross-linking 
with Eupergit-CM; (b) treatment with glycine to block residual epoxy-groups. 
 
 

The effectiveness of the immobilization procedure was evaluated by the analysis of the 

residual enzymatic activity in the waste waters after the interaction with the support, and 

measuring the immobilization and activity yield that were evaluated as follows: 
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Immobilization Yield (%) = 
�������

��
× 100 

 

Activity Yield (%)= 
�


�������
× 100 

 

Ua= initial enzymatic units introduced in the immobilization process  
Ur = residual enzymatic units recovered in the waste waters, after washing  
Ux= enzymatic units of the immobilized enzyme on support 

 

 
 
Tyrosinase activity was determined by the dopachrome assay, based on the 

spectophotometric detection at 475 nm. As reported in Table 3.1, the immobilization and 

the activity yield increased with the change of molarity and pH of Na-phosphate buffer 

(entry 1 versus entry 2). Moreover the amount of the enzyme in contact with the resin 

increased the effectiveness of the immobilization procedure, reaching the maximum (38%) 

at the value of 10:1 mg enzyme/g resin ratio (entry 4). When the amount of enzyme was 

further increased, the recovered Activity Yield decreased to 31%; nevertheless the bound 

protein was slightly higher (entry 5 versus entry 4). 

 

 

Table 3.1 Tyrosinase immobilization on Eupergit-CM at different conditions. 

Entry Ratio 
mg Tyro/ 
g resin 

pH 
Na-phosphate 

buffer 

Molarity 
Na-phosphate 

buffer 

Immobilizzazion 
Yield 
(%) 

Activity 
Yield 
(%) 

1 5:1 pH 7.0 0.1M 77 0.8 

2 5.1 pH 7.0 0.5 M 80 6 

3 5:1 pH 7.8 0.5M 100 13 

4 10:1 pH 7.8 0.5M 100 38 

5 15:1 pH 7.8 0.5M 100 31 

 

 

The best biocatalyst (entry 4) was coated with the Layer-by-Layer method (LbL), through 

a sequential deposition of charged polyelectrolytes, in accordance to literature procedures 
109 (Figure 3.2). Briefly, poly(ally amine hydrochloride) (PAH) and poly(sodium 4-

styrenesulfonate) (PSS) solutions (2.0 mg/mL in 0.5 M NaCl) were alternatively added to 

Tyrosinase/Eupergit system: each polyelectrolyte layer was adsorbed for 20 min at room 
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temperature with orbital shaking and then washed with 0.5 M NaCl to remove excess of 

polyelectrolytes. The procedure was repeated until the formation of three layers. The 

coating started with the deposition of positively charged PAH, to ensure electrostatic 

interaction with tyrosinase, that is negatively charged at pH 7.0.  

 

 

 

 

 

 

Figure 3.2 Scheme of preparation of biocatalyst Tyrosinase/Eupergit CM LayerbyLayer: (a) PAH 
layer deposition on the biocatalyst Tyrosinase/Eupergit CM, (b) PSS layer deposition; (c) PAH 
layer deposition and LbL coating of supported tyrosinase. 
 
 

3.2.2 Storage stability properties  

The storage stability property of immobilized tyrosinases was evaluated by storing the 

biocatalyst in Na-phosphate buffer 0.1 M, pH 7.0 at 4°C for 25 days. The activity was 

measured at specific times by the dopachrome method after cooling the  solution at room 

temperature. Tyrosinase activity was expressed as relative percentage activity respect to 

day when the immobilized enzyme was prepared.  

The storage stability of immobilized tyrosinases (Tyro/E, Tyro/E-LbL) was evaluated by 

comparison with that of free enzyme as reference. The Tyro/E and Tyro/E-LbL were more 

stable than free tyrosinase with ca. 97% activity retrained after 25 days (Graphic 3.1). 

Immobilized enzymes showed an increased stability dependent on both (I) the multipoint 

attachment of enzymes to solid supports that stiffened the protein structure and (II) the 

presence of polyelectrolyte layers that create a microenvironment inside the capsules able 

to protect the enzyme from denaturing agent. 
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Graphic 3.1 Storage stability of free (Tyro) and  immobilized tyrosinase (Tyro/E CM and Tyro/E 
CM-LbL) at 4°C in Na-phosphate buffer 0.1 M, pH 7.0. 
 

 

3.2.3 Biocatalyst recycle  

The possibility to employ immobilized tyrosinases into repetitive productive cycles is of 

crucial importance. With the aim to evaluate the reusability of immobilized tyrosinases, the 

reusability properties  were evaluated performing 12 consecutive oxidations of L-Tyr as a 

model substrate. The oxidations were followed spectrophotometrically at 475 nm by 

dopachrome method. After reaching absorbance plateau, the immobilized biocatalyst was 

recovered, washed and reused with fresh added substrate. One unit of enzyme activity was 

defined as the increase in absorbance of 0.001 at defined wavelength, temperature and pH. 

For successive runs, the enzyme activity, measured in the first oxidation step, was used as 

the reference value. As shown in Table 3.2, Tyro/E and Tyro/E-LbL retained a significant 

activity after 12 runs. The general trend showed that Tyro/E-LbL was more stable than 

Tyro/E, maintaining ca. 70% of the activity. Note that in the absence of the coating the 

immobilized enzyme (Tyro/E) loses its activity more quickly. 

This behavior suggests that the LbL coating process effectively stabilizes the enzyme from 

inactivating agents.  
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Table 3.2 Reusability of Tyro-immobilized systems. 

Run Tyro/ECM 
(yield %) 

Tyro/ECM-LbL 
(yield %) 

1 >98 >98 

2 >98 >98 

3 88 95 

4 75 87 

5 69 80 

6 60 80 

7 58 77 

8 54 73 

9 51 71 

10 45 70 

11 43 72 

12 39 69 

Reusability is expressed as percentage of activity in each runs respect to that measured in the first 
reference oxidation. 

 

 

3.2.4 Oxidation of phenols and ester derivatives 

With the aim to evaluate the synthetic relevance of immobilized tyrosinases, Tyro/E and 

Tyro/E-LbL were used for the oxidation of 1a and esters 2a–d as representative selected 

examples (Figure 3.3). 

 

 

 

 

Figure 3.3 Phenols selected for the oxidation with Tyro/ECM and Tyro/ECM-LbL. 
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Briefly, the appropriate substrate (0.05 mmol) was treated with Tyro/E and Tyro/ E-LbL 

(600 IU) in CH2Cl2/buffer Na phosphate 0.1 M pH 7.0 (1.0:0.1 ratio) at 25°C under O2 

atmosphere for 24 h to afford the products 3a, 4a-d (Scheme 3.1).  

 

 

 

 

 

Scheme 3.1 Oxidation of phenols 1a, 2a-d to afford catechols with a variable side-chain 3a, 4a-d. 

 

As reported in Table 3.3 (entries 1–10), the heterogeneous catalysts showed a reactivity 

similar to  native enzyme,  affording catechol derivatives in similar yield. This results 

shows that the immobilization process don’t have effect on the efficiency of the catalytic 

reaction. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Immobilized tyrosinase eon Eupergit-CM  
 

66 

 

 

Table 3.3 Oxidation of 1a and esters 2a-d by Tyro/ECM and Tyro/ECM-LbL. 

Entry Substrate Catalyst R Product Conversion 
(%) 

Yield 
(%) 

1 1a Tyro/ECM H 3a >98 >98 

2 1a Tyro/ECM-LbL H 3a >98 >98 

3 2a Tyro/ECM CH3 4a >98 >98 

4 2a Tyro/ECM-LbL CH3 4a >98 >98 

5 2b Tyro/ECM CH2CH3 4b >98 >98 

6 2b Tyro/ECM-LbL CH2CH3 4b >98 >98 

7 2c Tyro/ECM CH2CH2CH3 4c >98 >98 

8 2c Tyro/ECM-LbL CH2CH2CH3 4c >98 >98 

9 2d Tyro/ECM CH2(CH2)2CH3 4d  95  95 

10 2d Tyro/ECM-LbL CH2(CH2)2CH3 4d  98  98 

11 1a Tyro H 3a >98 >98 

12 2a Tyro CH3 4a >98 >98 

13 2b Tyro CH2CH3 4b >98 >98 

14 2c Tyro CH2CH2CH3 4c >98 >98 

15 2d Tyro CH2(CH2)2CH3 4d >98 >98 

Conversion and yield were calculated by GC-MS analysis using dodecane as internal standard 

 

 

3.3 Experimental section 

Mushroom tyrosinase from Agaricus bisporus (Tyro), Eupergit-CM, poly(sodium 4-

styrenesulfonate) (PSS, MW 70000), poly(ally amine hydrochloride) (PAH, MW 56000), 

L-tyrosine (L-Tyr), bovine serum albumin (BSA), dichloromethane (CH2Cl2), ethyl acetate 

(EtOAc), tetrahydrofuran (THF), petroleum ether (EtP), n-hexane, acetonitrile (CH3CN), 

sodium dithionite (Na2S2O4), sodium sulphate anhydrous (Na2SO4), dodecane, pyridine, 

hesamethyldisilazane (HMDS), trimethylchlorosilane (TMCS) and acid phenol were 

purchased from Sigma-Aldrich. All spectophotometric measurements were made with a 

Varian Cary50 UV-Vis spectrophotometer equipped with a single cell peltier thermostatted 

cell holder. Spectophotometric data were analyzed with Cary WinUV software.  

 

3.3.1 Tyrosinase immobilization on Eupergit-CM  

The immobilization of tyrosinase was performed by a modification of literature 

procedures.110 Dry Eupergit CM (1.0 g) was added to Na-phosphate buffer 0.5M pH 7.8 

containing tyrosinase (10 mg). The mixture was incubated for 24 h at room temperature 

with orbital shaking. At the end of the coupling period, the resin beads were filtered, 
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washed with buffer, until no activity was detected in the washing. The obtained beads were 

incubated with glycine (3.0 M) for 2 h to block residual epoxy groups,111 then washed with 

buffer and finally air-dried and stored at 4°C. The amount in milligrams and the units of 

coupled tyrosinase (Tyro/E) were calculated by the difference between the amount/units 

loaded and that recovered in the washings by conventional Bradford and activity assay.  

 

3.3.2 Tyrosinase immobilization on Eupergit-CM and Layer-by-Layer coating 

Tyrosinase immobilized on Eupergit CM (Tyro/E) was coated with the Layer-by-Layer 

method (LbL) in accordance to literature procedures.96 Briefly, PAH and PSS solutions 

(2.0 mg/mL in 0.5M NaCl) were alternately added to Tyro/E: each polyelectrolyte layer 

was adsorbed for 20 min at room temperature with orbital shaking and then washed with 

0.5M NaCl to remove excess of polyelectrolytes. The deposition of polyelectrolytes started 

with PAH and was repeated to obtain three layers (PAH–PSS–PAH). Immobilized 

tyrosinase (Tyro/E-LbL) was air-dried and stored at 4°C. 

 

3.3.3 Determination of protein concentration  

Protein concentration was determined spectrophotometrically at 595 nm according to 

Bradford,100 using BSA as standard. 

 

3.3.4 Activity assay 

Activity assay of tyrosinase immobilized on Eupergit-CM (Tyro/E) was performed by the 

dopachrome method as previously described.101 Briefly, L-tyrosine solution (1.0 mL, 2.5 

mM) and Na-phosphate buffer 0.1M, pH 7.0 (1.9 mL) was incubated under vigorous 

stirring at 25°C for 30 min. Then, an appropriate amount of immobilized enzyme dissolved 

in Na-phosphate buffer (100 µl) was added to the mixture and the initial rate was 

immediately measured as linear increase in optical density at 475 nm, due to dopachrome 

formation. One unit of enzyme activity (IU) was defined as the increase in absorbance of 

0.001 for minute at pH 7.0, 25°C in a 3.0 mL reaction mixture containing 0.83 mM of L-

tyrosine and 67 mM of Na-phosphate buffer pH 7.0. 

 

3.3.5 Stability assay  

Free tyrosinase, Tyro/E, Tyro/E-LbL were dissolved in Na-phosphate buffer 0.1M pH 7.0 

and stored at 4°C. At different time (0-25 days), aliquots were taken and the activity was 
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determined by dopachrome method. For each example, tyrosinase was expressed as 

relative percentage activity respect to that at time zero. 

 

3.3.6 Biocatalyst recycling  

Biocatalysts Tyro/E and Tyro/E-LbL were recycled as follow: L-Tyr (0.83mM), 

immobilized Tyro (70.0 µg) and optimal Na-phosphate buffer 0.1M pH 7.0 were placed in 

vials at 25°C under stirring and O2. Every 15 min, aliquots were removed to measure their 

absorbance at 475 nm and then returned to the vials as quickly as possible. After reaching 

plateau, the biocatalyst was washed with buffer, recovered by filtration and reused again. 

For each run, immobilized tyrosinase activity was expressed as a percentage activity 

relative to the value of the first run. 

 

3.3.7 Oxidation of phenols and ester derivatives  

The reactions were performed under heterogeneous conditions in CH2Cl2/buffer. As a 

general procedure, phenols and ester derivatives (0.05 mmol), Tyro/E or Tyro/E LbL (600 

IU) and the optimal amount of the Na-phosphate buffer 0.1 M, pH 7 (CH2Cl2/buffer ratio 

ca. 1:0.1) were suspended in CH2Cl2 (2.5 mL) at 25°C for 24 h.  The mixture was stirred 

for 24h under O2 atmosphere. The reaction was monitored by thin layer chromatography 

(TLC, n-hexane/EtOAc = 2.0:1.0). After the disappearance of the substrate, the reaction 

was subjected to work-up procedure. The immobilized enzyme was first recovered by 

filtration, washed by buffer and then stored at 4°C to reuse. Instead the organic layer was 

evaporated under reduced pressure. The crude was treated with equal volume of H2O and 

THF and stirring for 5 min, then at the mixture was added Na2S2O4 1% w/w to reduce 

ortho-quinones to catechols.111 The mixture was stirred for 5 min and it was subsequently 

extracted three times with EtOAc. The organic layer was dried on anhydrous Na2SO4, then 

filtered and evaporated under reduced pressure to afford compounds 3a, 4a-d. When 

necessary the crude was purified by flash-chromatography.  

 

3.3.8 Identification and characterization of ester and oxidation products 

See chapter 2, section 2.3.8 
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Chapter 4: Immobilized tyrosinase on Carbon Nanotubes 

(CTNs) for the synthesis of catechols and their derivatives 

 

4.1 Introduction 

Carbon Nanotubes (CNTs) are also applied for the immobilization of tyrosinase. In the 

past, most of the efforts toward the development of tyrosinase supported on CNTs have 

been focused on the exploiting of their electronic properties and electrode kinetics112 with 

the aim to design biosensors and biofuel cells, particularly useful in the detection of 

phenols113 or sulfites in food or in the environment.114  

On the other hand, their application for synthetic purposes, such as the preparation of novel 

antioxidants as food additives or drugs, is largely under-studied. Here, the preparation and 

characterization of novel catalysts based on the immobilization of tyrosinase on multi-

walled carbon nanotubes (MWCNTs) is described, focusing the attention on their use as 

efficient biocatalysts for the synthesis of catechols with antioxidant properties. A so 

conceived catalysts, by combining the unique role of CNTs on supporting the immobilized 

enzyme and the advantages of enzymatic catalysis in phenol oxidation, would increase the 

efficiency of the synthetic process with a reduced economic impact.115 

One of the most important properties of CNTs in the immobilization of enzymes is the 

high surface area that permits high enzyme loadings and low mass transfer-resistance 

phenomena. Moreover their highly curved surface may lead to decreased protein-protein 

interactions, thus avoiding deactivation processes. They are also robust, thermostable and 

biocompatible supports. The Multi-Wall Carbon Nanotubes were chosen for tyrosinase 

immobilization because they have a lower production costs, higher commercial availability 

and better dispersibility in aqueous solutions than Single-Wall Carbon Nanotubes. 

However, to increase the dispersibility of MWCNTs in aqueous solutions, it’s necessary to 

functionalize their surface introducing a negative charge by oxidation with a mixture of 

sulfuric and nitric acid. Then, the ox-MWCNTs are treated with a positively charged 

polyelectrolyte by the LbL technique to facilitate the loading of tyrosinase, that is 

negatively charged at the operative pH 7.0 (isoelectric point 4.7–5.0).116 Commercial 

available poly(diallyl dimethyl ammonium chloride) (PDDA) was used as polycation and 

the coating was carried out as reported in the literature.117,118 

The novel ox-MWCNTs supported tyrosinase system (ox-MWCNTs/Tyr) was employed 

for the synthesis of catechols by selective oxidation of the related phenols in organic mixed 
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solvent, dichloromethane/buffer (CH2Cl2/buffer), to afford the corresponding catechols in 

high yield. 

The comparison between the efficiency and selectivity of new catalyst and free tyrosinase 

procedure was investigated. 

The synthesis of catechols by environmental friendly methodologies is of great importance 

since these kind of compounds are often applied as antioxidants as food additives or drugs. 

 

4.2 Results and Discussion 

 

4.2.1 MWCNTs oxidation 

MWCNTs showed low dispersibility in aqueous solutions also after prolonged sonication 

treatments, leading to minimization of the available surface for protein immobilization. To 

overcome this limit it was necessary to introduce charged functional groups on the 

nanotubes’s surface thus increasing the solubility in water solutions. ox-MWCNTs were 

prepared following as previously reported in the literature,119 by treatment with a 3:1 

mixture of sulphuric and nitric acids in ultrasonication bath for a prolonged time at room 

temperature. The acid treatment allowed the removal of impurities (residual 

contaminations and amorphous carbons) and favours the introduction of carboxyl and 

hydroxyl groups on the surface of CNTs (Figure 4.1). The acid solution containing ox-

MWCNTs was centrifuged to discard the acid supernatant and nanotubes were subjected to 

several cycles of sonication and centrifugation until a neutral pH of the solution was 

obtained. The functionalization process also leads to the purification of the nanotubes. 
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Figure 4.1 Representation of MWCNTs functionalize. 

 

 

 

The increase of solubility after treatment is clearly reported in Figure 4.2.   

 

 

   a       b 

Figure 4.2 MWCNTs after 4 h of sonication in distilled water (a) MWCNTs after 4 h of sonication 

in  solfonitric mixture (b). 

  

 

4.2.2 PDDA deposition on ox-MWCNTs 

The ox-MWCNTs were successively treated with a positively charged polyelectrolyte by 

the layer-by-layer technique, to facilitate the loading of tyrosinase, negatively charged at 

the operative pH 7.0. Commercial poly(diallyldimethylammonium chloride) (PDDA) was 

chosen as a polycation117 and the coating was carried out according to procedures known in 

the literature.118 Briefly, ox-MWCNTs were sonicated in the presence of an appropriate 

amount of polyelectrolyte in a 0.5 M NaCl solution, the suspension was then subjected to 
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orbital shaking and finally centrifuged. This treatment affords the deposition of the 

polyelectrolyte film on the negatively charged surface of the ox

 

 

Figure 4.3. Schematic deposition of PDDA on ox

 

The amount of PDDA adsorbed on carbon nanotubes was evaluated by spectrophotometric 

assay. This data is of relevance since partially modified MWCNTs can aggregate through 

electrostatic attraction and precipitate.

 

 

4.2.3 Tyrosinase immobilization

Tyrosinase has an isoelectric point of 4.7 and at the operative pH of 7.0, it is negatively 

charged. This condition was exploited to allow the tyrosinase adsorption onto the ox

MWCNT/PDDA (Figure 4.4).

 

Figure 4.4 Representation of Tyrosinase 

The procedure involved the contact of the ox

amount of enzyme (MWCNTs:Tyro 1:5 ratio) in 
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orbital shaking and finally centrifuged. This treatment affords the deposition of the 

polyelectrolyte film on the negatively charged surface of the ox-MWCNTs (Figure 

 

 

Schematic deposition of PDDA on ox-MWCNTs.  

adsorbed on carbon nanotubes was evaluated by spectrophotometric 

assay. This data is of relevance since partially modified MWCNTs can aggregate through 

electrostatic attraction and precipitate.117 

.2.3 Tyrosinase immobilization 

Tyrosinase has an isoelectric point of 4.7 and at the operative pH of 7.0, it is negatively 

charged. This condition was exploited to allow the tyrosinase adsorption onto the ox

.4).120 

 

 

Representation of Tyrosinase (brown) adsorption on ox-MWCNTs/PDDA

The procedure involved the contact of the ox-MWCNT/PDDA with the appropriate 

amount of enzyme (MWCNTs:Tyro 1:5 ratio) in Na-phosphate buffer 0.1M, pH 7.0 in 
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orbital shaking and finally centrifuged. This treatment affords the deposition of the 

MWCNTs (Figure 4.3). 

adsorbed on carbon nanotubes was evaluated by spectrophotometric 

assay. This data is of relevance since partially modified MWCNTs can aggregate through 

Tyrosinase has an isoelectric point of 4.7 and at the operative pH of 7.0, it is negatively 

charged. This condition was exploited to allow the tyrosinase adsorption onto the ox- 

MWCNTs/PDDA. 

MWCNT/PDDA with the appropriate 

phosphate buffer 0.1M, pH 7.0 in 
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orbital shaking at 150 rpm for 40 min and the unbound enzyme was removed by 

centrifugation/washing cycles.  The effectiveness of the immobilization procedure was 

evaluated by the analyses of the residual enzymatic activity in the waste waters after the 

interaction with the support, immobilization and activity yield were evaluated as follows: 

 

Immobilization Yield (%) = 
�������

��
× 100 

 

Activity Yield (%)= 
�


�������
× 100 

 
 

Ua= initial enzymatic units introduced in the immobilization process  
Ur = residual enzymatic units recovered in the waste waters, after washing  
Ux= enzymatic units of the immobilized enzyme on support 
 

Tyro activity was determined by the dopachrome assay, based on the spectrophotometric 

detection at 475 nm. 

 

 

4.2.4 Surface topography and morphology of the biocatalysts 

The surface topography and morphology of the samples were examined at the Department 

of Physics of the University of L’Aquila by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) to further demonstrate the effective polyelectrolyte 

deposition and enzyme immobilization. The analyses were performed on well dispersed 

and separated MWCNTs supported on silicon substrate (Si). Figure 4.5 shows well 

dispersed and separated pristine MWCNTs on Si substrate (a) while the corresponding 

AFM image (b) shows the detail of a single nanotube immobilized on the Si surface; white 

areas, which are higher than the substrate, are drag from the AFM tip during the scanning. 
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Figure 4.5 SEM (a) and AFM (b) images of MWCNTs. 
 

 

The Figure 4.6 report the high resolution AFM images (3D, 2D) of individual MWCNTs 

and the related image profiles for selected directions. The nanotube surface is smooth, the 

maximum height (h) and the width at half height (d) are respectively 39.0±0.5 nm and 

53±2 nm (Figure 4.6c). The width of the nanotube has been estimated at half height and 

not at the bottom in order to reduce errors resulting from to effects of tip convolution. 

The Figure 4.7 shows the high resolution AFM images of a ox-MWCNT/PDDA. The 

surface is smooth, the height (h) and the width at half height (d)  are respectively 60.5±0.5 

nm and 90±2 nm (Figure 4.7c). The dimensions of the nanotube are doubled, showing that 

an external shell smoothly covers the nanotube. 

The Figure 4.8 shows ox-MWCNTs/PDDA/Tyr biocatalyst. The individual MWCNT 

shows external “lumps” on the surface and around the nanotube. In order to estimate the 

size of both the nanotube and the “lumps”, three different image profiles were performed 

(Figure 4.8c). From the profile II the maximum h of the whole structure is 199.0±0.5 nm 

and the d is 259±2 nm. From the profile I and III we obtained the “lump” d that ranges 

from 62±2 nm to 80±2 nm. 

 

 

 

 

 

aa bb
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Figure 4.6 High resolution AFM images for MWCNTs. (a) bi-dimensional and (b) tridimensional 
analyses, respectively. The line reported in (a) indicates the section which was further analyzed for 
the image profile (c) 
 
 

 

Figure 4.7 High resolution AFM images for ox-MWCNT/PDDA (a) bi-dimensional and (b) 
tridimensional analyses. The line reported in (a) indicates the section which was further analyzed 
for the image profile (c) 
 
 

 

 

 

Figure 4.8 High resolution AFM images for ox-MWCNT/PDDA/Tyrosinase: (a) bi-dimensional 
and (b) tridimensionalanalyses. The line I, II and III, reported in (a), indicate the section which was 

further analyzed for the image profile (c) 
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4.2.5 Oxidation of phenols 
With the aim to evaluate the synthetic relevance of immobilized tyrosinase, the new 

biocatalyst ox-MWCNTs/Tyr was used for the oxidation of 1a and esters 2a–d as 

representative selected examples (Figure 4.9) to afford catechols derivatives. Catechols are 

characterized by several biological activities and are well recognized as antioxidant 

compounds. The potential of tyrosinase in the synthesis of catechols has received great 

attention since they are difficult to obtain under environmental friendly conditions by 

means of traditional chemical procedures. 

 

 

 

 

Figure 4.9 Phenols selected for the oxidation with ox-MWCNTs/Tyr. 

 

 

Briefly, the appropriate substrate (0.05 mmol) was treated with ox-MWCNTs/Tyr (240 IU) 

in CH2Cl2/buffer Na phosphate 0.1 M pH 7.0 (1.0:0.1 ratio) at 25°C under O2 atmosphere 

for 24 h. The buffer Na phosphate ensured the minimal amount of hydration water for the 

proper functioning of the enzyme. As reported in Table 4.1 (entries 1–10), the 

heterogeneous catalyst showed a reactivity similar to that of native enzyme, affording 

catechol derivatives 3a, 4a-d (Scheme 4.1) in similar yield, but the amount of ox-

MWCNTs/Tyr required was much less than free enzyme.  
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Scheme 4.1 Oxidation of phenols 1a, 2a-d to afford catechols 3a, 4a-d. 

 

 

Table 4.1. Oxidation of 1a and esters 2a-d by Tyro/CNTs. 

Entry Substrate Catalyst R Product Conversion 
(%) 

Yield 
(%) 

1 1a MWCNTs/Tyr  H 3a >98 >98 
2 2a MWCNTs/Tyr CH3 4a >98 >98 
3 2b MWCNTs/Tyr  CH2CH3 4b >98 >98 
4 2c MWCNTs/Tyr  CH2CH2CH3 4c >98 >98 
5 2d MWCNTs/Tyr  CH2(CH2)2CH3 4d  98  98 
6 1a Tyro H 3a >98 >98 
7 2a Tyro CH3 4a >98 >98 
8 2b Tyro CH2CH3 4b >98 >98 
9 2c Tyro CH2CH2CH3 4c >98 >98 
10 2d Tyro CH2(CH2)2CH3 4d >98 >98 

Conversion and yield were calculated by GC-MS analysis using dodecane as internal standard 
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4.3 Experimental section 
Mushroom tyrosinase from Agaricus bisporus (Tyro), Multi-Wall Carbon Nanotubes 

(MWCNTs), poly(diallyldimethylammonium chloride) (PDDA), L-tyrosine (L-Tyr), 

bovine serum albumin (BSA), sodium dithionite (Na2S2O4), sodium sulfate anhydrous 

(Na2SO4), dichloromethane (CH2Cl2), acetonitrile (CH3CN), ethyl acetate (EtOAc), n-

hexane, tetrahydrofuran (THF), dodecane, pyridine, hexamethyldisilazane (HMDS), 

trimethylchlorosilane (TMCS) and acid phenols were purchased from Sigma-Aldrich. All 

spectrophotometric measurements were made with a Varian Cary50 UV-Vis 

spectrophotometer equipped with a single cell peltier thermostatted cell holder. 

Spectrophotometric data were analyzed with Cary WinUV software.  

 

4.3.1 Oxidation of MWCNTs  

Multi-Walled Carbon Nanotubes 50mg (>95% purity, inner diameter 5–10 nm and outer 

diameter 10–30 nm, length 0.5–50 µm) were treated with 100 mL of a concentrated 

sulfuric acid (98%)/nitric acid (65%) mixture (3:1 v/v) in an ultrasonication bath for 4 

hours. The acid mixture was then diluted with 100 mL of milliQ water and centrifuged for 

20 minutes at 4500 g. The acid supernatant (yellow-green coloured) was discarded and the 

nanotubes were transferred in falcon test tube with milliQ water. The mixture was 

sonicated for 20 minutes and then centrifuged again. The ultrasonication/centrifugation 

step was repeated until the centrifugation step was not effective and the pH of the solution 

was about neutral. The mixture was lyophilized. 

 

4.3.2 Coating of ox-MWCNTs with PDDA solution  

1 mg of ox-MWCNTs was well dispersed in 2 mL of NaCl solution 0.5M pH 7.0 

containing 2 mg of PDDA (10 mg of 20%wt. stock solution), the mixture was sonicated for 

5 min and shaken in orbital for 20 min at 150 rpm. The PDDA excess was removed by 

centrifugation at 6000 rpm for 20 min and the composite was washed with milliQ water in 

order to remove the residual polyelectrolyte. Generally an additional washing cycle was 

necessary to remove the residual PDDA. 

 

4.3.3 Preparation of Catalyst ox-MWCNTs/PDDA/Tyrosinase 

The enzyme tyrosinase from Agaricus bisporus was added to ox-MWCNTs/PDDA(1.0 

mg) at the final concentration of 0.4 mg/mL in Na-phosphate buffer solution 0.1M pH 7.0. 

The mixture was shaken at 150 rpm for 40 minutes. After shaking, the excess enzyme was 
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removed by centrifugation at 6000 rpm for 20 min and the supernatant was used for 

immobilization and activity yield calculations. The complex was washed several times 

with PBS in order to ensure the complete removal of unbounded enzyme. The absence of 

tyrosinase in the washing waters was confirmed by, both, the activity assay and the 

Bradford method. The biocatalyst was stored at 4°C in Na-phosphate buffer until use. 

 

4.3.4 SEM and AFM microscopy analyses  

The surface topography and morphology of the samples were examined at the Department 

of Physics of the University of L’Aquila by scanning electron microscopy (SEM) (Zeiss, 

LEO 1530) and by atomic force microscopy (AFM) by a Digital Instruments D5000 

microscope (Nanoscope IV controller) using commercial silicon tips (frequency range 51-

94 kHz) scanned by means of a Veeco Nanoman closed loop XY head. The samples not 

containing the enzyme loaded were well dispersed in pure EtOH, while those containing 

immobilized tyrosinase were dispersed in milliQ water. All four solution were sonicated 

for 5 minutes and a drop of each solution was taken and deposited onto silicon substrates 

and heated at 50 °C to quickly evaporate the solvent. 

 

4.3.5 Activity assay 

The activity of native and immobilized enzyme was determined by measuring the 

tyrosinase catalyzed oxidation of L-tyrosine (L-Tyr). The reaction was started by adding 

the substrate to the solution containing the appropriate amounts of native enzyme or 

catalysts ox-MWCNTs/PDDA/Tyro in buffer Na-phosphate under magnetic stirring. The 

initial rates were measured as linear increase in optical density at 475 nm, due to 

dopachrome formation. One unit of enzyme activity was defined as the increase in 

absorbance of 0.001 per minute at pH 7 and 25 °C in a 3.0 mL reaction cuvette containing 

0.83 mM of L-tyrosine and 67 mM of PBS pH 7.0. Spectrophotometric data were analysed 

with Cary WinUV software. All experiments were carried out in triplicate using free and 

immobilized tyrosinase. 

 

4.3.6 Oxidation of phenols and ester derivatives  

Phenol and ester derivatives (0.05 mmol), MWCNT-immobilized Tyro (240 U) and the 

optimal amount of the Na-phosphate buffer 0.1 M, pH 7.0 (CH2Cl2/buffer ratio ca. 1:0.1) 

were suspended in CH2Cl2 (2.5 mL) at 25°C. The mixture  was vigorously stirred for 24 h 

under O2 atmosphere. The reaction was monitored by thin layer chromatography (TLC, n-
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hexane/EtOAc = 2.0:1.0). After the disappearance of the substrate, the reaction was 

subjected to work-up procedure. The immobilized enzyme was recovered by centrifugation 

at 6000 rpm for 20 min, washed by buffer and then stored at 4°C to reuse. Instead the 

organic layer was evaporated under reduced pressure and subsequently treated with an 

equal volume of  H2O and THF and stirring for 5 min, then at the mixture was added 

Na2S2O4 1% w/w to reduce ortho-quinones to catechols. The mixture was stirred for 5 min 

and it was subsequently extracted three times with EtOAc. The organic layer was dried on 

anhydrous Na2SO4, then filtered and evaporated under reduced pressure to afford 

compounds 3a, 4a-d. 

 

4.3.7 Identification and characterization of oxidation products 

See chapter 2, section 2.3.8 
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Chapter 5: Conclusions and future prospects 

 

During this work the aim was been to create antioxidant molecules to preserve quality, 

nutritional value and chemical composition of food. To achieve this goal it were prepared 

lipophilic catechols by esterification with lipase, and then direct oxidation of ester 

derivatives of acidic phenols and tyrosol with tyrosinase, with high conversion of substrate 

and yield. Lipase of Candida antarctica showed to be an efficient catalyst to esterification 

of acids phenols and also the tyrosinase showed to be an good catalyst for the oxidation of 

phenols and their ester to corresponding catechols in organic medium and mild 

experimental conditions. About the selectivity of the oxidations, tyrosinase activity is 

affected by the electronic effect exerted by substituent on the aromatic ring. Tyrosinase 

showed decreasing catalytic efficiency from para- to meta- substituted phenols, the 

reactivity decreases upon a transition of substituent from electron-donating to electron-

withdrawing groups. 

Afterwards it tried to synthesize the same desiderated molecules using in cascade the two 

enzymes (lipase and tyrosinase) in only one step with good results and this method was 

shown more shorter, mild and selective than the traditional synthesis, reducing time and 

costs of reaction. 

All this lipophilic catechols obtained were subjected to the antioxidant DPPH assay, and 

7a-d were more effective antioxidants than 3a and 4a-d. Inasmuch as the antioxidant 

compounds weren’t important only for food safety, but also to the human healt, so this 

novel catechols were evaluated for the antiviral activity  against influenza A virus. While 

compounds 3a and 4a-d didn’t affect viral replication, a significant activity was observed 

for 7a-d depending on the length of the alkyl side-chain, 7c and 7d being the most active 

derivatives. On the basis of these data it is reasonable to suggest that the antiviral activity 

is associated with two main factors, the antioxidant capacity of catechol (greater for 7c-d 

than 4c-d) and the presence of a lipophilic side chain (more than to carbon atoms are 

required in the side-chain). These results confirm the possibility of a novel (and possibly 

general) inhibition mechanism of influenza A virus in connection with the tuning of the 

intracellular redox state. 

To extend, this results obtained, to another important molecules like L-DOPA, that have an 

important role in the mechanism of enzymatic browning of foods and an effect on several 

diseases of the central nervous system (CNS), mainly caused by oxidative damage. So new 

bioactive 3,4-dihydroxyphenylalanine peptidomimetics were been synthesized. The N-
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protected amino acids were used to study of cross-linking at DOPA-quinone via oxygen 

atom as a nucleophile. The test and screening of bioactivity of new peptidomimetics is 

planning. Nowadays, we are working on the second part of the work – preparation and 

identification of new DOPA conjugation products with oxygen-protected amino acids via 

nitrogen nucleophilic addition. 

Subsequently the tyrosinase was immobilized on Eupergit CM and successive coating by 

LbL technique, exploiting all advantages of the immobilization technique. Both Tyro/ECM 

and Tyro/ECM-LbL heterogeneous catalysts were efficient systems for the oxidation. The 

favorable effect of the coating of immobilized enzyme was observed in both storage and 

reusability experiments. Although it is difficult to explain in detail the reason of these 

results, some hypotheses can be made based on the multipoint attachment of enzymes to 

solid supports that stiffened the protein structure and the presence of polyelectrolyte layers 

that create a microenvironment inside the capsules that protect the enzyme from denaturing 

agent. 

Finally tyrosinase was successfully immobilized on Multi-Walled Carbon Nanotubes. The 

functionalized CNTs and effective immobilization of enzyme were further demonstrated 

with SEM and AFM morphological analyses. Immobilized tyrosinase on MW-CNTs 

showed to be efficient catalyst for the oxidation of phenols to corresponding catechols in 

organic solvent, using only 240U of biocatalyst against the 600U of free enzyme necessary 

to do the same oxidation reaction, this means a significant advantage in terms of cost 

savings. The new biocatalyst based on CNTs could be used in biosensors principally in the 

food industry for detection of phenols.  

 

 

 

 

 

 

 



 

83 

 

References 
 

1Bommarius, A.S.; Riebel, B.R. in Biocatalysis foundamentals and applications 

(Bommarius, Riebel ed.) 2004, 339-372. Wiley-VCH, Weinheim, Germany. 
2Leisola, M.; Jokela, J.; Pastinen, O.; Turunen, O.; Schoemaker, H. Industrial use of 

enzymes. Helsinki University of Technology, Finland, DSM Research, Netherlands. 

www.hut.fi/Units/Biotechnology/Kem-70.415/INDUSTRIAL_USE_OF_ENZYMES.DOC 
3 Lamare, S.; Legoy, M. Tibtech 1993, 11, 413-418. 
4a) Kamat, S.; Beckman, E.; Russell, A. Critic Rev Biotechnol 1995, 15, 41-71; b) Marty, 

A.; Chulalaksananukul, W.; Willemot, R.M.; Condoret, J.S. Biotechnol Bioeng 1992, 39, 

273-280. 
5a)Durand, J.; Teuma, E.; Gomez, M. C R Chim 2007, 10:152-177; b) Ulbert, O.; Belafi-

Bako, K.; Tonova, K.; Gubicza, L. Biocatal Biotransfor 2005, 23 (3-4), 177-183; c) Park, 

S.; Kazlauskas, R.J. Curr Opin Biotechnol 2003, 14, 432-437; d) van Rantwijk, F.; Lau, 

R.M.; Sheldon, R.A. Tibtech 2003, 21 (3), 131-138. 
6a) Ulijn, R.V.; Janssen, A.E.M.; Moore, B.D.; Halling, P.J. Chem Eur J 2001, 7(10), 

2089-2097; b) Erbeldinger, M.; Ni, X.; Halling, P.J Biotechnol Bioeng 1998, 59 (1), 68-72. 
7Liese, A.; Seelbach, K.; Wandrey, C. Industrial Biotransformations 2nd Edition 2006, 

Wiley-VCH, Weinheim, Germany. 
 8Gardossi, L.; Molinari, F. in Catalysis  Ed. Gabriele Centi, Encyclopedy of Life Support 

Systems-EOLSS, UNESCO . 
9Koeller, K.M.; Wong C.H. Nature 2001,409, 232-241. 

10Solomon, E.I.; Sundaram, U.M. Chemical Reviews 1997, 96 (7), 2563- 2606. 
11Strothkamp, K.G.; Jolley, R.L. Biochem. Biophys. Res. Commun 1976, 70, 519-524. 
12Wichers, H.J.; Recourt, K.; Hendriks, M. Appl. Microbiol. Biotechnol. 2003, 61, 336-

341. 
13Otávio de Faria, R.; Rotuno Moure, V.; Lopes de Almeida Amazonas, M.A.; Krieger, N.; 

MitchelL, D.A. Food Technol. Biotechnol. 2007, 45 (3), 287–294. 
14Wu, J.; Chen, H.; Gao, J. Biotechnol. Lett. 2010, 32, 1439–1447 
15a) Flurkey, W.H.; Ingebrigtsen, J. in Chemistry and Technology (Jen, J.J. ed.) 1989, 45-

54. American Chemical Society: Washington, DC, U.S.A. b) Gutteridge, S.; Mason, H. S. 

in Biochemical and Clinical Aspects of Oxygen (Caughy, W.S. ed.) 1979, 589-602, 

Academic Press: New York, U.S.A. 
16Ismaya, W. T. Biochem. 2011, 50 (24), 5477-5486. 



 

84 

 

17Seo, S.Y.; Sharma, V.K., Sharma, N.  J. Agric. Food Chem. 2003, 51, 2837–2853. 
18Sánchez-Ferrer, A.; Rodríguez-López, J.N.; García-Cánovas, F.; García-Carmona, F. 

Biochim. Biophys. Acta 1995, 1247, 1–11. 
19Decker, H.; Schweikardt, T.; Tuczek, F. Angewandte Chemie International Edition in 

English 2006, 45, 4546-4550. 
20Jolley, L R.L.; Evans, H., Makino, N.; Mason, H.S. J. Biol. Chem. 1974, 249 335–345. 
21Fenoll, L.G.; Peñalver, M.J.; Rodríguez-López, J.N.; Varón, R., García-Cánovas, F., 

Tudela, J. Int. J. Biochem. Cell Biol. 2004, 36, 235–246. 
22 Solomon, E.I.; Lowery, M.D. Science 1993, 259, 1575-1581 
23 Kubowitz, F. Biochem Z 1938, 299, 32-57. 
24Wilcox, D.E.; Porras, A.G.; Hwang, Y.T.; Lerch, K.; Winkler, M.E.; Solomon, E.I. J Am 

Chem Soc 1985, 107, 4015-4027. 
25Garcia-Borron, J.C.; Solano, F. Pigment Cell Res. 2002, 15, 162-173. 
26Sanchez-Ferrer, A.; Rodriguez-Lopez, J.N.; Garcia-Canovas, F.; Garcia-Carmona, F. 

Biochim Biophys Acta 1995, 1247, 1-11. 
27Jolley, R.L.; Evans, L.H.; Makino, N.; Mason, H.S. J Biol Chem 1974, 249, 335-345. 
28Gasowska, B.;  Kfarski  Biochim. Biophys. Act, 2004, 1673, 170-177. 
29Guazzaroni, M.; Crestini, C.; Saladino, R.  Bioorg. Med. Chem. 2012, 20(1), 157-66. 

30 Espin, J. C.; Garcia-Ruiz, P. A.; Tudela, J.; Garcia-Canovas, F. Biochem. J. 1998, 331, 

547-551. 
31Chang, T.-S. Int J Mol Sci 2009, 10, 2440-2475. 
32Chang, T.S. Int. J. Mol. Sci. 2009, 10, 2440-2475; doi:10.3390/ijms10062440 
33Chang, T.M.  J. Biocatal Biotransformation 2012, 1:2. 
34Seo, S-Y.; Sharma, V. K.; Sharma, N. J Agric Food Chem 2003, 51, 2837-2853. 
35Gelb, D.J.; Oliver, E.; Gilman, S. Arch. Neurol. 1999, 56, 33–39. 
36Halaouli, S.; Asther, M. J. Appl. Microbiol., 2006, 100, 219. 
37Chiacchierini, E.; Restuccia, D.; Vinci, G. Food Sci. Technol. Int. 2004,10, 373–382. 
38Ren, J.; Kang, T.F.; Xue, R.; Ge, G.N. Cheng, S.Y. Microchim Acta 2011, 174, 303–309 
39Matheis, G.; Whitaker, J.R. J. Food Biochem 1987, 11,309-327. 

40Halaouli, S.; Asther, M.; Kruus,  K. J. Appl. Microbiol. 2005, 98, 332–343. 
41Anghileri, A.; Lantto, R.; Kruus, K.; Arosio, C.; Freddi, G. J. Biotechnol. 2007, 127, 

508–519.  
42Thakur, S. Ijser 2012, 3(7).  



 

85 

 

43Ollis, D.L.; Cheah, E.; Cygle, M.; Dijkstra, B.;  Frolow, F.; Franken, S.M.; Harel, 

M.; Remington, S.J.; Silman, I.; Schrag, J. Protein Eng. 1992, 5 (3), 197-211. 
44Villeneuve, P.; Muderhwa, J.M.; Graille, J.; Haas, M.J. J. Mol. Catal. B: Enzym. 2000, 9 

(4-6), 113-148. 
45Ueda, M.; Takahashi, S.; Washida, M.; Shiraga, S.; Tanaka, A. J. Mol. Catal. B: Enzym.  

2002, 17 (3-5), 113-124. 
46Brady, L.; Brzozowski, A.M.; Derewenda, Z.S,; Dodson, E.; Dodson, G.; Tolley, S.; 

Turkenburg, J.P.; Christiansen, L.; Huge-Jensen, B.; Norskov, L. Nature 1990, 343, 767–

770.  
47Shiraga, S.; Ueda, M.; Takahashi, S.; Tanaka, A. J. Mol. Catal. B: Enzym. 2002, 17 (3-5), 

167-173. 
48Martinelle, M.; Holmquist, M.; Hult, K. Biochim Biophys Acta 1995, 1258 (3), 272-276. 
49Trodler, P.; Pleiss, J. BMC Struct. Bio. 2008, 8 (1), 9. 
50Trodler, P.; Pleiss, J. BMC Structural Biology 2008, 8:9 doi:10.1186/1472-6807-8-9 
51Anderson, EM.; Larsson, KM.; Kirk, O. Biocatal Biotransfor. 1998, 16 (3), 181-204. 
52Rotticci, D.; Rotticci-Mulder, JC.; Denman, S.; Norin, T.; Hult, K. Chembiochem  2001, 

2 (10), 766-770. 
53de Maria, PD.; Carboni-Oerlemans, C.; Tuin, B.; Bargeman, G.; van der Meer, A.; van 

Gemert, R. J. Mol. Catal. B: Enzym.   2005, 37 (1-6), 36-46. 
54Nielsen, TB.; Ishii, M; Kirk, O. in Biotechnological applications of cold-adapted 

organisms. (Margesin R, Schinner F, ed.) 1999, 49-61. Springer. 
55Anderson, E.; Larsson, K.;  Kirk, O. Biocatal Biotransfor 1998, 16 (3), 181. 
56Uppenberg, J.; Oehrner, N.; Norin, M.; Hult, K.; Kleywegt, GJ.; Patkar, S.; Waagen, V.; 

Anthonsen, T.; Alwyn Jones, T. Biochemistry 1995, 34(51), 16838-16851. 
57Homann, MJ.; Vail, R.; Morgan, B.; Sabesan, V.; Levy, C.; Dodds, DR.; Zaks, A. Adv. 

Synth. Catal. 2001, 343(6-7), 744-749. 
58 Houde, A.; Kademi, A.; Leblanc, D. Biotechnol. Appl. Biochem. 2004, 118, 155-170. 
59Pandey, A.; Benjamin, S.; Soccol, CR.; Nigam, P.; Krieger, N.; Soccol, V.T. Biotechnol. 

Appl. Biochem. 1999, 29, 119-131.  
60

 Aravinda, r.; Anbumathi, P.; Viruthagiri, T. Indian J. Biotechnol. 2007, 6, 141-158.  
61Blanco, R.M.; Terreros, P.; Munoz, N.; Serra, E. J. Mol. Catal. B: Enzym.  2007, 47 (1-

2), 13-20. 
62 Krajewska, B. Enzyme and Microbiol Tech 2004, 35, 126-139. 
63Brena, B.M.; Viera, F.B. in  Immobilization of Enzymes 2006, 22, 15-30. Springer. 



 

86 

 

64Nisha, S.; Arun Karthick, S.; Gobi, N. Che Sci Rev Lett 2012, 1(3), 148-155. 
65Illanes, A.; Fernandez-Lafuente, R.; Guisan, J.M.; Wilson, L. in Enzyme Biocatalysis 

Principles and  Applications (Illanes, A. ed.) 2008, 155-204. Springer. 
66Decher, G.; Hong, J.D. Macromol Chem Macromol Symp 1991, 46, 321-327. 
67Ariga, K.; Ji, Q.; P. Hill, J. Adv Polym Sci 2010, 229, 51–87. Springer 
68Ariga, K.; P. Hill, J. Material Matters 2008, 3.3, 57. 
69Prasek, J.; Drbohlavova,J.; Chomoucka, J.; Hubalek, J.; Jasek, O.; Adamc, V.; Kizek, R. 

J. Mater. Chem. 2011, 21, 15872-15884. 
70Iijima, S. Nature 1991, 354, 56 doi:10.1038/354056a0  
71http://www.cientifica.com 
72De Volder, M.F.L.; Tawfick, S.H.; Baughman, R.H.; Hart, A.J. Science, 2013, 339, 535. 
73Feng, W.; Ji, P. Biotechnol. Adv. 2011, 29, 889-895. 
74Fiorentino, D.; Gallone, A.; Fiocco, D.; Palazzo, G.; Mallardi, A. Biosens. Bioelectron. 

2010, 25, 2033-2037. 
75Hirlekar, R.; Yamagar, M.; Garse, H.; Vij, M.; Kadam, V. Asian J Pharm Clin Res 2009, 

2 (4). 
76Baskin, S.I.; Salem, H. in Oxidant, antioxidant and free radicals (Baskin, sale med.) 

1997.Taylor & Francis 
77Recio, M. C.; Andujar, J.;  Rios, J. L.; Curr. Med. Chem. 2012, 19, 2088. 
78Welch, B. D.; Van Demark, A. P.; Heroux, A.; Hill, C. P.; Kay, M. S. Proc. Natl. Acad. 

Sci. 2007, 104, 16828-16833. 
79Walensky, L. D.;  Kung, A. L.; Escher, I. Science 2004, 305, 1466-1470.  
80Li, L.; Thomas, R. M.;  Suzuk, H.; De Brabander, J. K.;  Wang, X.; Harran, P. G. Science 

2004, 305, 1471-1474. 
81Garcia-Peres, F.; Noratto, G. D., Garcia-Lara, S.; Cutierrez-Uribe, J. A.; Mertens-Talcott, 

S. U. Plant Food Hum. Nutr. 2013, 68, 155. 
82Pilizota, V.; Subaric, D. Food Tech. Biotech. 1998, 36, 219-227. 
83Butherland, B. A.; Rahman, R.M.A.; Appleton, I. J. Nutr. Biochem. 2006, 17, 291-306. 
84Mercer, L. D.; Kelly, B. L.; Horrne, M. K., Beart, P. M. Biochem. Pharmacol. 2005, 69, 

339-345. 
85Vlieghe, P.; Lisowki, V.; Mcertines, J.; Khrestchatinsky, M. Drug Discov. Today 2010, 

15, 40-56. 
86Goodwin, D.; Simorska, P.; Toth, I. Curr. Med. Chem. 2012, 19, 4451-4461. 
87Hornykiewicz, O. Amino Acids 2002, 23, 65. 



 

87 

 

88Covas, M. I.; Miró-Casas, E.; Fitó, M.; Farré-Albadaejo, M.; Gimeno, E.; Marrugat, J.; 

De La Torre, R. Drugs Exp. Clin. Res. 2003, 29, 203. 
89Mateos, R.; Trujillo, M.; Pereira-Caro, G.; Madrona, A.; Cert, A.; Espartero, S. L. J. 

Agric. Food. Chem 2008, 56, 10960. 
90Guazzaroni, C. Crestini, Saladino, R. Bioorg.Med.Chem 2012, 20, 157-166. 
91Dordick, S.J. Enzyme Microb Technol 1989, 11, 194-211. 
92Rekker, R.F.; de Kort, H.M. Eur J Med Chem 1979, 14, 479-488. 
93a) Lanne, C.; Boeren, S.; Vos, K.; Veerger, C. Biotech Bioeng 1987, 30, 80–87; b) Zaks, 

A.; Klibanov, A.M. Proc Natl Acad Sci USA 1985, 82, 3192-3196. 
94Burton, S. G.; Duncan, J. R.; Kaye, P. T.; Rose, P. D. Biotechnol. Bioeng. 1993, 42, 938. 
95Brand-Williams, W.; Cuvelier, M.E.; Berset C. Lebensm-Wiss u-Technol 1995, 28, 25-

30. 
96Espin, J. C.; Soler-Rivas, C.; Cantos, E.; Tomas-Barberan, F. A.; Wichers, H. J. J. Agric. 

Food Chem. 2001, 49, 1187. 
97Bozzini, T.; Botta, G.; Delfino, M.; Onofri, S.; Saladino, R.; Amatore, D.; Sgarbanti, R.; 

Nencioni, L.; Palamara, A.T. Bioorg. Med. Chem 2013, 21 (24),7699-7708.  
98Bernini, R.; Barontini, M.; Crisante, F.; Ginnasi, M.C.; Saladino, R. Tetrahedron Letters 

2009, 50 (47), 6519-6521. 
99a) MarongU, B.; Piras, A.; Porcedda, S.; Tuveri, E.; Sanjust, E.; Meli, M.; Sollai, F.; 

Zucca, P.; Rescigno, A. J Agric Food Chem 2007, 55, 10022-10027; b) Bouchilloux, S.; 

McMahill, P.; Mason, H.S. J Biol Chem 1963, 238, 1699- 1707. 
100Bradford, M.M. Anal Biochem 1976, 72, 248-254. 
101Lineweaver, H.; Burk, D. J Am Chem Soc 1934, 56, 658-666. 
102Duran, N.; Rosa, M.A.; D’Annibale, A.; Gianfreda, L. Enzyme Microb Technol 2002, 

31, 907-931. 
103Ramsden, C.A.; Stratford, M.R.L.; Riley, P.A. Org. Biomol. Chem., 2009, 7, 3388-3390. 
104Sukyai, P.; Rezic, T.; Lorenz, C.; Mueangtoom, K.; Lorenz, W.; Haltrich, D.; Ludwig, 

R. J. Biotechnol 2008, 135, 281-290. 
105Decher, G.; Schmitt, J. Prog Colloid Polym Sci 1992, 89, 160-164. 
106Masamoto, Y.; Iida, S.; Kubo, M. Planta Med 1980, 40, 361-365. 
107Guazzaroni, M.; Pasqualini, M.; Botta, G.; Saladino, R. ChemCatChem 2012, 41 (1), 89-

99. 
108Katchalski-Katzir, E.; M.Kraemer, D. J Mol Catal B: Enzym 2000,10,157-176.  



 

88 

 

109Perazzini, R.; Saladino, R.; Guazzaroni, M.; Crestini, C. Bioorg Med Chem 2011, 19, 

440-447. 
110Baratto, L.; Candido, A.; Marzorati, M.; Sagui, F.; Riva, S.; Danieli, B. J Mol Catal B: 

Enzym 2006, 39, 3. 
111Lewis, R.J. in Hazardous Chemicals Desk Reference, 1991, Van Nostrand Reinhold, 

New York. 
112Apetrei, I. M.; Rodriguez-Mendez, M. L.; Apetrei, C.; de Saja, J. A. Sensor. Actuat. B-

Chem. 2013, 177, 138-144.  
113(a) Yina, H.; Zhoua, Y.; Xua, J.; Aia, S.; Cuia, L.; Zhub, L. Anal. Chim. Acta 2010, 659, 

144-150. (b) Hashemnia, S.; Khayatzadeh, S.; Hashemnia, M. J. Solid State Electrochem. 

2012, 16, 473-479.  
114Romão Sartori, E.; Campanhã Vicentinia, F.; Fatibello-Filho, O. Talanta 2011, 87, 235-

242.  
115Subrizi, F.; Crucianelli, M.; Grossi, V.; Passacantando, M.; Pesci, L.; Saladino, R. ACS 

Catal, 2014, 4, 810-822. 
116Robb, D.A.; Gutteridge, S. Phytochemistry 1981, 20, 1481-1485.  
117(a) Iamsamai, C.; Soottitantawat, A.; Ruktanonchai, U.; Hannongbua, S.; Dubas, S.T. 

Carbon  2011, 49, 2039-2045; (b) Lee, J.; Park, S.-J.; Moon, Y.-K.; Kim, S.-H.; Koh, K. 

Korean J. Chem. Eng. 2009, 26, 1790-1794.  
118Xiang, Y.; Zhang, Y.; Jiang, B.; Chai, Y.; Yuan, R. Sensor. Actuat. B-Chem. 2011, 155, 

317-322. 
119Asuri, P.; Karajanagi, S.S. Biotechnol. Bioeng., 2006, 95 (5), 804-811. 
120Bi, S.; Zhou, H.; Zhang, S. Biosens. Bioelectron., 2009, 24, 2961–2966. 

 
 
 
 
 

 
 
 
 



 

89 

 

 

Acknowledgements 

Desidero ringraziare il Prof. Saladino Raffaele per la professionalità, la guida e il 

supporto che mi ha sempre donato in questi tre anni di studi. 

La Prof. Stefania Masci per l’infinità disponibilità, l’efficienza nel risolvere piccoli e 

grandi ostacoli e l’amicizia. 

I miei colleghi di laboratorio, con i quali ho potuto sperimentare nuove esperienze di 

lavoro e di vita, in particolare grazie a Giorgia e Lili per il supporto scientifico e affettivo.  

E grazie a tutte le persone che ho incontrato lungo la strada, le conoscenze che ho fatto, i 

rapporti che ho stretto, perché ciascuno a suo modo ha arricchito la mia persona. 

Soprattutto però vorrei ringraziare Isa e Luigia per la vostra sincera amicizia. 

Ed infine grazie alla mia splendida famiglia, mio marito, la pulce Miresa e il piccolino in 

arrivo, che hanno condiviso con me gioie e difficoltà di questo percorso così importante, 

ma impegnativo, sempre con tanta gioia e serenità… grazie per il vostro fondamentale 

amore!  

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

 

 

 

 

 

 
 


