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1.1 Introduction 

1.1.0. Parkinson’s Disease 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the 

deplection of dopaminergic neurons1. Anxiety, depression Rigidity, tremor, and postural instability 

are the most important symptoms in PD, furthermore dementia involve lot of patients during the 

disease progression. The degeneration of Dopaminergic neurons in the SNpc (Substantia Nigra 

Pars Compacta) is considered the principal responsible of the pathology causing a consistent 

reduction of DA (Dopamine) levels in the striatum. It is well know that also other cathecolamines 

are involved in the disease in question and other focus of action in  the brain, such as amygdala,  

autonomic nervous system, hippocampus and cerebral cortex were detected2. Actually, the therapy 

aim to increase the DA levels by replacing it, but the oral subministration  of DA failed due to the 

impossibility to across the blood brain barrier (BBB)3. L-3,4-Dihydroxyphenylalanine [2-amino-3-

(3,4-dihydroxyphenyl) propanoic acid (L-DOPA)], naturally presents in plants and animal,  is 

actually the first choice in PD therapy4,5,6,7. Several derivatives of L-DOPA, such as prodrugs and 

peptides have been synthesized and studied with the aim of enhancing adsorption-distribution-

metabolism-elimination (ADME) properties and decreasing  enzymatic degradation8.  L-DOPA 

containing-peptides show also important biological activities, for example,  the L-DOPA analogues 

of the peptide alpha-factor interact with the G protein-coupled receptor of Ste2p  (GPCR)9. L-DOPA 

peptides reduce the oxidation of  low density lipoproteins (LDL) and represent the basic instruments 

for wet adhesives and coatings10,11,12. Multi-steps synthesis in solid or liquid phase, and classical or 

enzymatic reactions are used to prepare L-DOPA derivatives.13,14 

1.1.0.0. The role of oxidative stress in PD 

Oxidative stress is one of the main causes of the degeneration nigrale in patients with MP. It is 

caused by excessive production of reactive oxygen species (ROS) due to dopamine metabolism, 

mitochondrial dysfunction and neuroinflammation.15 

Several data suggest that oxidative damage and mitochondrial dysfunction contribute to the cascade 

of events leading to degeneration of these dopaminergic neurons. 16,17 

This is supported by postmortem brain analyses showing increased levels of 4-hydroxyl-2-nonenal 

(HNE), that is a by-product of lipid peroxidation,18,19 besides to carbonyl modifications of soluble 



proteins,20 and DNA and RNA oxidation products, such as 8-hydroxy-deoxyguanosine and 8-

hydroxy-guanosine.21,22 ROS can be generated through several pathways such as direct interactions 

between redox-active metals and oxygen species via Fenton and Haber-Weiss reactions, or by 

indirect pathways involving the activation of enzymes such as nitric oxide synthase (NOS) or 

NADPH oxidases.  

!  

Figure 1. Balance between ROS generation and ROS elimination and the side effect of the ROS species in human 

cells23 

Usually, the origin of free radicals requires the activation of molecular oxygen. 24 Examples of ROS 

include the superoxide anion radical (O22−), and hydroxyl radical (•OH). Superoxide anion, which is 

produced mainly by mitochondrial complexes I and III of the electron transport chain, is highly 

reactive and can easily cross the inner mitochondrial membrane, where it can be reduced to H2O2. 25 

As peroxisomes contain catalase, H2O2 is converted to water, preventing its accumulation. 

However, when peroxisomes are damaged, H2O2 is released to the cytosol where it contributes to 

oxidative stress. In the presence of reduced metals such as ferrous iron (Fe2+), H2O2 is converted by 

the Fenton reaction into the highly reactive hydroxyl radical.26 Besides ROS, evidence also exists 

for the involvement of reactive nitrogen species (RNS) in mediating nitrosative stress.27 RNS are 

generated by the quick reaction of superoxide with nitric oxide (NO), which results in the 

production of large amounts of peroxynitrite (ONOO.−). 28,29  NO is produced by NO synthase 

(NOS).30 The extensive production of ROS in the brain provides an explanation for the role that 

these reactive molecules in PD. The brain consumes about 20% of the oxygen supply of the body, 

and a significant portion of that oxygen is converted to ROS.31 ROS can be generated in the brain 

from several sources, both in neurons and ganglia, the electron transport chain being the major 

contributor at the mitochondrial level. 32,33. 



 Other ROS sources include monoamine oxidase (MAO), NADPH oxidase (NOX) and flavo-

enzymes along with NO.34 Experimental evidences suggest that ROS play a significant role in 

dopaminergic neuronal damage in PD, which result from dopamine metabolism, low glutathione 

(GSH), and high levels of iron and calcium in the SNpc. Additionally, the brain contains high 

concentrations of polyunsaturated fatty acids, which under oxidative stress conditions result in lipid 

peroxidation and the generation of toxic products.35 Normally, DA is sequestered in storage vesicles 

through an active transport process that requires vesicular monoamine transporter 2 (VMAT2). 

Thus, VMAT2 keeps cytoplasmic DA levels under control preventing ROS generation. In addition, 

the reuptake of synaptically released DA into nigrostriatal terminals requires DA transporters 

(DAT). Perturbations in this step modify the levels of cytoplasmic free DA that is susceptible to be 

oxidized.36,37,38. 

!  

Figure 2. Dopamine metabolism and oxidative stress in neurons [39]   

The discovery of genes linked to familial forms of PD, such as alpha-synuclein, parkin, DJ-1, 

PINK-1 and Leucine-rich repeat kinase 2 (LRRK2) has yielded important insights into the 

molecular pathways and highlighted novel mechanisms by which oxidative stress contributes to the 

disease.  



!  

Figure 3. The role of oxidative stress in PD[40]   

Some of these mechanisms are complex, involve various cell biologic processes, and are modulated 

by several proteins. Mutations and multiplication of the SNCA gene are linked to dominantly 

inherited PD and increase the propensity of the protein to aggregate and the formation of aggregates 

is associated with increased oxidative or nitrosative stress. Also Parkin and DJ-1 play a role in 

neuroprotection against several insults, including alpha-synuclein toxicity and oxidative stress, and 

it is crucial for dopamine neuron survival.41  

Several reports have provided a link between parkinson and oxidative stress.42 As for example, the 

over-expression of wild-type DJ-1 is protective against H2O2, 6-OHDA, rotenone or MPTP, while 

DJ-1 mutants lack this effect.  Accordingly, over-expression of DJ-1 in dopaminergic cells inhibits 

protein aggregation and cytotoxicity caused by alpha-synuclein.43 DJ-1 can also increase the 

expression of vesicular monoamine transporter-2 (VMAT2).44  

Since VMAT2 keeps cytoplasmic dopamine levels in check by storing the transmitter in synaptic 

vesicles, DJ-1 decreases intracellular ROS levels and enhances the resistance of cells against 

dopamine toxicity. Reducing DJ-1 levels has the opposite effect.45  Thus, DJ-1 can confer 

neuroprotection through up-regulating VMAT2 by enabling the rapid and efficient transport of 



dopamine from the cytoplasm to vesicles. DJ-1 also contributes to mitochondrial quality control.[46]

[47]  

Finally, recent studies shown that the knock down of the endogenous orthology of LRRK2 in the 

worm reduces survival associated with mitochondrial impairment. LRRK2 mutations may also 

selectively exacerbate the vulnerability of dopaminergic neurons to oxidative stress48  as these 

neurons are more influenced by the model than the survival of the whole worm. 

1.1.0.2 L-DOPA therapy 

L-DOPA still remains the most clinically useful drug for treatment of PD.49   When administered 

orally, L-DOPA is adsorbed by a specific carrier mediate transport system and transported across the 

BBB, after which it undergoes decarboxylation to DA within the brain.  

 

 

 

 

  

Figure 4. Different absorbiment between L-DOPA and dopamine through BBB  

However, during chronic treatment with L-DOPA, a variety of problems may emerge: the patients 

experience a decrease in the duration of drug effect (‘wearing-off’ phenomenon) and they become 

more sensitive to L-DOPA plasma level fluctuations (on/off effects). L-DOPA is usually 

administered orally but the clinical response is variable because of its erratic oral absorption and 

metabolic transformations in the gastrointestinal tract. The oral bioavailability of L-DOPA alone is 

estimated to be about 10% and less than 1% of the administered oral dose reaches the brain.[50]  
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The major peripheral side effects such as cardiac arrhythmias, vomiting and hypotension are due to 

the formation of large amounts of DA during the first-pass metabolism in the gastrointestinal 

tract.The intravenous (i.v.) application of L-DOPA can increase the plasma levels improving the 

kinetic behavior. In particular, the duration of mobility is enhanced with contemporary reduction of 

the frequency of fluctuations.51 

Furthermore, the i.v. co-administration of L-DOPA with carbidopa or benserazide, which are 

decarboxylase inhibitors (DDCIs), resulted in significant increases in the area under the curve 

(AUC) plasma concentration versus the time profile and of the plasma L-DOPA half-life.52,53,54,55,56 

This association reduces the peripheral conversion to DA, thereby minimizing its predominant side 

effects.57  Since the i.v. infusion is inconvenient for routine clinical use, several approaches have 

been attempted to enhance the bioavailability and minimize the side effects of L-DOPA.58,59 

During 1980’s, the controlled release (CR) of L-DOPA formulations has been developed with the 

aim of improving delivery to the brain, and CR tablets have been commercially available since 

1991. CR compounds consist of L-DOPA in combination with DCCIs, inside a matrix designed to 

delay the release of the active ingredients. Thus, delayed absorption and more sustained plasma L-

DOPA levels are obtained, as compared with native L-DOPA. 60,61 

The bioavailability of CR/L-DOPA formulations is, however, unpredictable, and generally requires 

a significant increase in the dose (30%).62,63A different way for improving the bioavailability of 

plasmatic L-DOPA is the inhibition of the catechol-O-methyltrasferase (COMT) metabolism. For 

example, entacapone, that is a specific COMT inhibitor, enhances the bioavailability of L-DOPA. 

64,65 From a therapeutic point of view, simultaneous inhibition of both COMT and DDCI pathways 

results in a significant increase in daily ON time and a corresponding decrease in OFF time.66,67 

Usually, the administration of COMT inhibitors, is associated with an initial increase in dyskinesia 

that can generally be controlled with adjustments in the doses of L-DOPA. On the other hand, the 

addition in the early-stage of entacapone to L-DOPA/carbidopa therapy does not reduce the 

development of dyskinesia.68 



1.1.1 BIOMIMETIC CATALYSIS 

1.1.1.0. IBX  

In 1893, the 2-iodoxybenzoic acid (1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide, usually 

abbreviated as IBX, was discovered by Hartmann and Meyer69, but due to its remarkable 

insolubility in most organic solvents and water and wasn’t an election choice for long time. In 1983, 

Dess and Martin used it to prepare the 1,1,1- triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one 1-

oxide another hypervalent iodine reagent. This more soluble oxidative reagent known as Dess-

Martin periodinane (DMP) became very popular in organic synthesis, as one of the most convenient 

reagents available for oxidation of alcohols and phenols.70,71 

 
Figure 5. General mechanism of IBX on phenolic compounds 

 

IBX is easily accessible, non-toxic and insensitive to the presence of air or moisture, moreover  is 

commercially available but could also be prepared by oxidation of 2- iodoxybenzoic acid (IBA) 

with Oxone®. DMP and IBX decompose violently under impact and/or heating (>200°C), clearly 

limiting industrial applications, so SIMAFEX, a French company, developed and patented a non-

explosive white-powder formulation of IBX composed of a mixture of IBX itself (49%), isophthalic 

acid (29%) and benzoic acid (22%)72. 



About reactivity many synthetically useful transformations, including ortho-oxidation reactions 

(Scheme1), cyclization reaction, hydroxylation were carried out with excellent results.
73,74,75,76,77 

 

Scheme 1. Ortho-oxidation reactions of IBX 

Oxidation of various phenolic compounds to o-quinone intermediates were reported with IBX. In 

DMF at RT, phenols containing at least one electron-donating group led regioselectively to o-

quinones, which were reduced in situ to the corresponding catechols (Scheme 2).
78 In a CHCl3/

MeOH mixture at low temperature, the phenolic oxidation was found to be less regioselective but 

could be expanded to phenol itself  (Scheme 2). 

Scheme 2.  Selective oxidation of estrogen compound via IBX 

 

Wide applications as a highly efficient and mild oxidant for the conversion of alcohols to aldehydes, 

ketones and other versatile oxidative transformations
79,80,81,82 

contribute to enhance theinterests in 

using IBX in organic chemistry, but poor solubility in most of organic solvents (except DMSO) and 

the low stability toward moisture have restricted the practical application of these oxidants. Several 

research groups have attempted to resolve this problem by raising a reaction temperature
83

, adding a 

supermolecular catalyst to reaction mixture
84

, using ionic liquid–water as a solvent
85

, or employing 
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IBX derivatives that are soluble in oxidation reaction. Zhdankin et al. have reported on the synthesis 

of stable IBX derivatives, IBX amides and IBX esters , which are soluble reagents having oxidative 

properties similar to IBX.
86 

1.1.1.1 Supported IBX 

The IBX and DMP have large range of substrates for their application under mild conditions and 

low range of organic solvents. The same group has recently synthesized N-(2-iodylphenyl) 

acylamides, which are soluble IBX analogus having pseudo benziodoxazine structure as well as 

their polymer-supported reagents. These reagents are found to be potent oxidants toward 

alcohols
87,88,89,90,91,92,93. 

The use of polymer-supported reagents have emerged as a leading strategy in organic synthesis as it 

combines the advantages of recycling, simple purification and reaction optimization.
94

 

Current interest in developing mild, selective-supported oxidants has prompted numerous research 

groups to synthesize various supported IBX reagents. In general, the synthesis of IBX precursors 

occurs via many elaborate synthetic steps, starting from 2-amino-5-hydroxybenzoic acid, thereafter 

attaching them to appropriately-functionalized supports such as silica gel  and gel-type and 

macroporous polystyrene.
95,96,97,98,99

 Recents report on various IBX derivatives and the need for a 

facile synthetic method of preparing supported IBX have inspired us to develop polymer-supported 

IBX amides  and IBX esters in two simple steps
100,101,102

. In brief, 2- iodobenzoic acid was attached 

to 2-(1-methyl)aminoethyl polystyrene or 2-(1-methyl)hydroxyethyl poly-styrene beads, and the 

resulting precursor bound resins were activated with tetra-n-butylammonium. Oxone in the presence 

of methanesulfonic acid to afford IBX amide and IBX ester resins. These polymer-supported 

reagents were mild and efficient oxidants in the successful conversion of a series of alcohols to the 

corresponding aldehydes or ketones. IBX amide resins showed similar oxidative properties 

compared to the previously reported IBX resin.
104

 A three- step synthesis of a polymer-supported 

IBX amide by using 2- iodobenzoyl chloride and Merrifield resin and inserting spacers such as 5-

aminopentanol and 3-aminopropanol was reported
105

 and recently another way to  furnish precursor 

resins for the polymer-supported oxidant was described. Briefly it consist into a coupling of 2-



iodobenzoyl chloride directly to amino-functionalized resins through an amide linkage, CMPS resin 

was converted first to azidomethyl polystyrene and then to amino polystyrene. On the prepared 

amino-functionalized resins, 2-iodobenzoyl chloride was coupled quantitatively to afford the resin 

bound precursors that was oxidized by TBA-Ox and MeSO3H in DCM solution.
106

 (Scheme 3) 

 

Scheme 3. Synthesis of IBX-polymer bond 

1.1.2.0 ENZYMATIC CATALYSIS 

1.1.2.1 Hystorical background, general features, vantages and disadvantages of biocatalytic 

processes 

Biocatalysis is the use of natural catalysts, such as enzymes, to perform chemical transformations of 

organic compounds. Historically, the first applications of biocatalysis was related to foods and 

drinks processing. For example, the use in ancient China of proteases and amylases to produce 

foods derived from soybeans, or the use of fermentation to produce alcoholic beverages by 

Sumerians, Egyptians and Babylonians. 107 

The first company based on biocatalysis was founded in 1874 by Christian Hansen, which 

introduced on the market the "Rennet" standardized preparation, containing pepsin and rennin, and 

used in the production of cheese. 108  In 1897 Buchner demonstrated that a yeast extract was 

sufficient to convert glucose into ethyl alcohol and carbon anhydride, instead of the entire living 
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being. William Kunne called "enzyme" the agent responsible for the catalysis, from the greek "in 

yeast". In the subsequent 60 years, biocatalytic processes exhibited a dramatic diffusion in various 

industrial sectors, in which both whole cells and single enzymes were used to achieve a desired bio-

conversion. 

Today, biocatalysis has become an intensive scientific and technological discipline and it’s 

improvement will probably continue, partly because relatively new biological and molecular tools 

as mutagenesis or recombinant technologies permit to influence virtually almost all the properties of 

biocatalysts. Many industrial realities are interested to biocatalysis, as demonstrated by the high 

number of sectors in which such processes are involved and by the growing number of university-

industry spin-off centres. Almost all chemical reactions require a catalyst, that is in general a 

chemical species not involved in the stoichiometric balance, and capable to increase the rate at 

which the reaction reaches the equilibrium, without affecting the equilibrium constant. This is 

achieved by providing an alternative reaction pathway with an overall lower activation energy. In 

addition to the need of a catalyst, another important feature of chemical transformations, especially 

in organic synthesis, is the selectivity, in terms of molecular structure that is transformed (substrate 

selectivity), portion of the molecule which is transformed (chemo-selectivity), direction of bond 

making or breaking (regio-selectivity) and spatial way by which the transformation is achieved 

(stereoselectivity).  

Enzymes respond to all of these criteria because are catalysts with high activity and selectivity. An 

impressive example of the catalytic efficiency is given by catalase, which is capable to decrease the 

activation energy for the decomposition of hydrogen peroxide of 67 KJ/mol, resulting in a rate 

accelerating factor of about 1015, while other enzymes acceleration factors lie between 1010 and 

1012.109 

Due to their biological functions, the enzymes are often substrate-specific and stereo-specific, and 

this results in a very limited formation of by-products. Several chemical processes are directing 

towards more sustainable methodologies (green chemistry),  and enzymatic processes perfectly fit 

to this purpose because enzymes are biodegradable and require mild reaction conditions. 110 

Instead, the large employment of enzymes is limited by instability and inactivation by some 

reaction conditions e.g., high temperature and ionic strength, pH values, organic solvents and metal 

ions. Other disadvantages are related to the requirement of costly cofactors. 109 



1.1.2.2 Immobilized Biocatalysts 

For the introduction of a biocatalytic transformation, the enzyme costs should amount only to a few 

percent of the entire production costs. 111 

Many problems related to enzymatic applications can be overcome by immobilization strategies, 

that consist in the attachment of the enzyme on an insoluble carrier or it’s encapsulation into a 

matrix.  

Historically, the first immobilized enzyme was realized by Nelson and Griffin in 1916, which 

demonstrated that the  yeast invertase maintained the catalytic activity when bound to carbon and to 

aluminium hydroxide. The term ‘immobilized enzymes’ refers to ‘enzymes physically confined or 

localized in a certain defined region of space with retention of their catalytic activities, and which 

can be used repeatedly and continuously.’ The principal components of an immobilized enzyme 

system are the enzyme, the matrix and the mode of attachment.  The enzymes can be immobilized 

by interactions ranging from reversible physical adsorption, ionic linkages and affinity binding, to 

irreversible covalent bonds. It is important to recognize that an enzyme would undergo changes in 

the  chemical  and  physical  properties  upon  immobilization,  depending  on  the  choice  of  the 

immobilization  method.  The  surface  on  which  the  enzyme  is  immobilized  shows  several 

fundamental  roles,  such  as  the  preservation of the catalytically active tertiary structure. The 

advantages of an immobilized enzyme are summarized as follows: 

1) Easy recovery of the catalyst from the reaction medium e.g., with filtration or 

centrifugation, it permits to avoid protein contamination of the product. 

2) Use of the same catalyst for more than a cycle; this imply the possible design of 

continuous and fixed-bed reactors. 

3) Enhanced stability for both storage and operational conditions; the latter is particularly 

important for the achievement of the best enzyme performance into a non-aqueous media, 

where the immobilization generally provides a better accessibility and/or an extra 

stabilization towards a denaturing organic medium. 111 

4) Possibility to design multi-enzymatic or chemo-enzymatic cascade processes; a challenge 

in such context is represented by the possible unfavourable mutual interaction between the 



catalysts, which could bring inhibition or deactivation, and an interesting solution is to 

achieve 

compartmentalization via immobilization.111 

1.1.2.3 Choice of support 

The characteristics of the matrix are of paramount importance in determining the effectiveness of 

the immobilized enzyme.112 

Ideal support properties are described to include hydrophilicity, inertness towards enzymes, 

biocompatibility, resistance to microbial attack, and resistance to compression.113,114,115,116 

Various immobilization methods and supports have been developed in order to improve enzyme 

activity.117,118  The selection of support depends on the type of enzyme, reaction media, safety policy 

in the field, and of specific hydrodynamic and reaction conditions.117,118,119,120,121,122,123,124 

Supports are classified as organic and inorganic according to their chemical composition. The most 

commonly used supports are carboxymethyl-cellulose, starch, collagen, sepharose, ion exchange 

resins, active charcoal, silica, 125 clay, 126 aluminium oxide, titanium, diatomaceous earth, 

hydroxyapatite, ceramic, celite, 127,128,129 agarose,130,131 porous glass 132 and certain polymers. 133 

Porous supports are generally preferred as the high surface area permits a higher enzyme loading 

and the immobilized enzyme receives better protection from the environment. These supports 

should also have a controlled pore distribution in order to optimize capacity and flow properties. 134 

For example, vesicular silica or vesicle-like mesoporous material with inter-lamellar, mesochannel 

and multimellar structure, enhances the affinity of interaction resulting in slower enzyme leaching 

during the recycle process.135 Nanostructured forms such as nanoparticles, nanofibres, nanotubes 

and nanocomposites are among the most selected carrier for enzyme immobilization and 

stabilization.136,137 

These robust nanoscaffolds are excellent supports for enzyme immobilization as they have large 

surface area and high mechanical properties, that allow effective enzyme amount with minimum 

diffusion limitation. 138,139,140,141   



1.1.2.4 Technique of enzyme immobilization 

Selection of the appropriate immobilization method is a crucial step in the immobilization process, 

as it plays the biggest role in determining the enzyme activity. 142 

In general, the immobilization methods can be divided into two general classes: a) chemical, and b) 

physical methods (Figure 6). Physical methods are characterized by weaker, non-covalent 

interactions, such as hydrogen bonds, hydrophobic interactions, van der Waals forces, affinity 

binding, ionic binding, or mechanical containment of the enzyme within the support.143,144. In the 

chemical method, the formation of covalent bonds 144  through ether, thio-ether, amide or carbamate 

are involved. 145  

!  
Figure 6. Schematics of the three most common enzyme immobilization techniques: (A) physical adsorption, (B) 

entrapment and (C) covalent attachment/cross-linking. 146 

1.1.2.5 Physical adsorption 

The physical adsorption is one of the straightforward methods of reversible immobilization that 

involve the enzymes being physically adsorbed onto the support. Adsorption can occur through 

weak non-specific forces such as van der Waals, hydrophobic interactions and hydrogen bonds, 
147,148,149 whereas, in ionic bonding, the enzymes are bound through salt linkages. 144,150,151 

These relatively weak non-specific forces suffer from some drawbacks, such as the enzyme 

leaching from the matrix.152 



Depending on the pH of the solution and on the specific isoelectric point, the surface of the enzyme 

may be charged, 153  and  the charge distribution can be calculated by modelling systems. 154 

Thus, the protein/matrix interactions can be (in principle) optimized by tuning the experimental 

conditions.155 

However, highly charged support could present problems in the immobilization, such as distortion 

of kinetics due to partitioning or diffusion phenomena.156 The remarkable selectivity of the 

interaction, control orientation of immobilized enzyme and minimal conformational changes are 

key advantages of the method 144,157,158,159. The binding between enzyme and support may be 

achieved in two ways: a) the support is pre-coupled to an affinity ligand for target enzyme or the 

enzyme is conjugated to an entity that develops affinity towards the support.160 

The strength of the interactions depends on the hydrophobicity of both the adsorbent and protein, 

that are regulated by the size of the hydrophobic ligand molecule and the degree of substitution of 

the support. Further modulation of the hydrophobic interactions between the enzyme and support is 

achieved through adjustment of the pH, temperature and concentration of salt during enzyme 

immobilization. 

!  

Figure 7. Electostatic adsorption of enzymes directly onto nanoparticles 161 

In general, enzyme immobilization through the technique of physical adsorption is quite simple and 

may have a higher commercial potential due to its simplicity, low cost and retaining high enzyme 

activity. 162,163  



1.1.2.6 Entrapment 

Entrapment is defined as the enzyme immobilization within a confined space or network, such as 

fibres, membranes or cross-linked polymers.164,165,166,167,168,169 

Typically, entrapment improves mechanical stability and minimize enzyme leaching,170  and, since 

the enzyme does not chemically interact with the polymer, denaturation is usually avoided. This can 

be achieved with a variety of materials including polymers, sol-gels, polymer/sol-gel composites 

and other inorganic materials. 170,171,172,173,174,175 

!  

Figure 8. Entrapping Enzymes 

Gelation of polyanionic or polycationic polymers (alginate, carrageenan, collagen, polyacrylamide, 

gelatin, silicon rubber, polyurethane and polyvinyl alcohol) by the addition of multivalent counter-

ions is the simplest and common method for the enzyme entrapment.176,177 

In particular, alginates, are one of the most frequently used polymers due to their mild gelling 

properties and non-toxicity. 178  Nonetheless, the use of this method is rather limited mainly due to 

mass transfer limitations to the enzyme active site. 179 Other disadvantages include possibility of 

enzyme leaching which can occur when the pores of the support are too large, deactivation during 

immobilization, low loading capacity and abrasion of support material.  

1.1.2.7 Cross-Linking 

Cross-linking is an irreversible method for the enzyme immobilization. 180,181,182 The method is also 

called “carrier-free immobilization” since the enzyme acts as its own carrier. Usually, the cross-

linking is obtained by intermolecular cross-linkages between enzyme molecules by means of bi- or 

multifunctional reagents. 

                              



Figure 9. Glutaraldehyde cross-linking  

The most commonly used cross-linking reagent is glutaraldehyde (Figure 9).184 It has been used for 

decades for cross-linking of proteins via reaction of the free amino groups of lysine residues, on the 

surface of neighbouring enzyme molecules, with oligomers or polymers of glutaraldehyde resulting 

from inter- and intramolecular aldol condensations. 

Cross-linking can involve both Schiff’s base formation and Michael-type 1,4 addition to α,β-

unsaturated aldehyde moieties.183 Cross-linked enzyme aggregates (CLEAs) are first prepared by 

aggregating the enzymes in precipitants such as acetone, ammonium sulphate and ethanol followed 

by a cross-linker.184 The reactions for enzyme immobilization can be executed in three different 

manners: a) mixing the polymers with a photosensitizer (e.g. benzoin ethyl ether); b) gelling by 

exposure to near ultraviolet (UV) radiation, or c) by polymerization initiated by gamma radiation.185 

Recently, nanodiametric supports have brought a decisive change in the field of biocatalyst 

immobilization.186,187,188,189,190 

!  

Figure 10. Schematic representation of a cross-linked enzyme aggregate; the enzymes are covalently X-linked to form a 
robust and recyclable biocatalyst. 275 



1.1.2.8 Covalent bonding 

Covalent bonding is one of the most widely used methods for irreversible enzyme immobilization. 

The functional group that takes part in the binding of the enzyme usually involves binding via the 

side chains of lysine (ε-amino group), cysteine (thiol group), aspartic and glutamic acids, 191,192  

imidazole and phenolic groups, which are not essential for the catalytic activity.193 The activity of 

the covalent bonded enzyme depends on the size and shape of carrier material, nature of the 

coupling method, composition of the carrier material and specific conditions during coupling.193 

The direction of the enzyme binding is a crucial factor for the enzyme activity. The coupling with 

the support can be mainly obtained in two ways, depending on the active groups present in the 

molecule. The reactive functional groups can be added to the support without modifications, or the 

support matrix is modified to generate activated groups. In both cases, the electrophilic groups 

generated on the support will react with strong nucleophiles on the protein. Matrices of choice for 

such interactions usually include agarose, cellulose, poly(vinyl chloride), ion exchange resins and 

porous glass.194 Dandavate and co-workers 195 covalently immobilized Candida rugosa lipase onto 

the surface of silica nanoparticles and glutaraldehyde-activated aminopropyl glass beads, which 

resulted in easy recovery and reuse of the enzyme.  

!  

Figure 11. Covalent bonding of an enzyme to a functionalized support.  

Similarly, Damnjanovic and co-workers reported that covalently bound Candida rugosa lipase was 

a robust and versatile biocatalyst for production of aroma ester in a fluidized bed reactor.196,197 

Covalent bonds provide powerful link between the enzyme and its carrier matrix, allow its reuse 

more often than with other available immobilization methods 112,197 and prevent enzyme release into 

the reaction environment. The method also increases half-life and thermal stability of enzymes.198 

The conferred stability comes from unlimited covalent binding between the enzyme and substrate 



due to the lack of any barrier between them. Localization of the enzyme on the surface of the 

support further enhances enzyme attachment and enzyme loading binding method. 199 

1.1.4.  Tyrosinase from Agaricus Bisporus: Biotechnologial Applications 

Applications of AbTyro are reported in the design of biosensors and bioremediation. In the field of 

organic synthesis, great attention is given to production of L-DOPA, a drug used for the treatment 

of Parkinson’s disease since 1967.  The world market for L-DOPA is about 250 tons/year and most 

of it is produced by a chemical route which comprise eight reaction steps, including an optical 

resolution. 200 Mushroom tyrosinase represents a potential alternative to produce such interesting 

compound in a very clean way. Immobilisation of the enzyme is a fundamental requirement in order 

to obtain large-scale processes.201 The productivities are still low due to two factors: 

-The conversion of the added L-Tyrosine is incomplete 

-Tyrosinase catalyzed reaction, the Dopaquinone brings the regeneration of one molecule of 

L-DOPA but also a molecule of Dopachrome, which spontaneously polymerize, yielding 

melanin (Figure 12). 202 

!  
Figure 12. Scheme about biochemical mechanism of Tyrosinase’s catalysis 



An attempt to minimize the melanin production consists in putting L-ascorbate as a reducing agent 

in the reaction medium but, unfortunately, ascorbic acid inhibits the creolase activity, and 

irreversibly inactivates the enzyme. 203 

Creolase activity of Tyrosinase can also be used to produce catechols, which are important 

antioxidant molecules utilized in pharmaceutical, cosmetic and food industries.204 Great attention is 

addressed to tyrosinase for such applications because catechols production by mean of chemical 

synthesis is difficult and requires not environmentally friendly conditions. This kind of biocatalytic 

synthesis has nevertheless some limits due to the production of the reactive quinones which tend to 

polymerize and consequently inactivate the enzyme.205 Attempts to enhance catechols productivity 

were made by the involvement of immobilisation strategies, 206 by the use of ascorbic acid 207 or the 

use of an organic solvent as the reaction medium. 208  Such strategy shows numerous advantages: 

enhanced hydrophobic substrates solubility, enhanced oxygen solubility, and increased enzyme 

stability. The catalytic activity is guaranteed by a minimum water content in the medium, in order to 

give the enzyme the correct catalytic conformation. 209 Another important feature introduced by the 

organic solvent is the reduction of the quinones-driven polymerization, since inspections about the 

mechanism revealed water to be an essential component in that reaction. 210 Phenolic compounds 

are contained in many wastewaters produced by the textile, coal, chemical, petrolchemical, mining 

and paper industries and represent a significant health and environmental hazard. 211 In consequence 

of that is extremely important the design of convenient method for their removal from the 

environment. Regarding detection (and quantification) of phenols, traditional methods like 

chromatography or spectroscopy are time-consuming while among new techniques, such as 

biological sensors, are very attractive for this purpose, providing better specificity, lower costs and 

faster processing.202 A key requirement is the immobilisation of tyrosinase, because it would assure 

an intimate contact between the enzyme and the detector and would prevent the enzyme to be 

washed out in aqueous solution. 211 Detection can be achieved following the oxygen consumption or 

the chemical reduction of the produced quinone.212,213 

An important challenge that must be achieved is the improvement of the enzyme stability under 

operational and storage conditions, usually poor because of the generation of intermediate radicals 

in both enzymatic and electrochemical reactions, which can form enzyme-inactivating aromatic 

compounds. 214 

In the field of bioremediation, the removal of phenolic compounds is performed by traditional 

methods, like solvent extraction, chemical oxidations or absorption onto activated surfaces, which 

always present high costs. 215 



1.1.3.APPLICATION OF CNTs FOR IMMOBILIZED BIOCATALYSIS 

1.1.3.1.Structure and proprieties of CNTs 

Until the 1980’s only two allotropic forms of Carbon were known: diamond and graphite. These 

two materials differ in physical and chemical properties due to the different ways by which carbon 

atoms are bonded to each other. Diamond contains sp3 hybridized orbitals, where four valence 

electrons bond four carbon atoms in a tetrahedral structure. Bond electrons are strongly localized 

and this results in high hardness, electrical insulation, light colour and high thermal conductivity of 

the material. In contrast, graphite consists in planar carbon layers where three atoms are bonded to 

each other by sp2 orbitals; the fourth electron is contained in the π orbital which has its lobes 

orthogonal to the graphite’s plane. These π orbitals give rise to weak van-der-Waals forces between 

the planes, resulting in softness, dark colour and very good thermal and electrical conductivity. In 

1985 Smalley, Curl and Kroto discovered the existence of another carbon allotrope after the 

vaporization of graphite with an intense pulse of laser light and the subsequent mass spectrometry 

analysis.  

!  

Figure 13. Allotropic form of carbon 274 

The mass spectrum showed a strong peak corresponding to C60 carbon atoms clusters of spherical 

shape, composed of 32 faces (12 pentagons and 20 hexagons, like a soccer ball) (Figure 13). This 

new allotrope was called “buckminsterfullerene”, being Buckminster Fuller the architect designer of 

the first geodomes.  



!  
Figure 14. sp2 orbital and structural representations of C60 fullerene 

The graphite sp2 orbital is deformed because of the structure’s curvature. In 1991 another carbon 

allotropic form was fortuity discovered by Sumio Ijima and coworkers, which observed filamentous 

carbon residues of nanometric dimensions in the graphite vaporization process to obtain fullerenes. 

These structures were shaped like a tube, as a graphite sheet or a chicken wire rolled into a hollow 

cylinder (Figure 14). 

!  
Figure 15. sp2 orbital and structural representations of carbon nanotubes. 

Because of the curvature, sp2 orbitals are deformed and make π electrons more localized than the 

graphitic ones. This confers to these structures, called carbon nanotubes (CNTs), more mechanical 

resistance, electrical and thermal conductivity and higher chemical reactivity as well. Basically, two 

main kinds of CNTs exist: Single-Walled Carbon Nanotubes (SWCNTs) and Multi-Walled Carbon 

Nanotubes (MWCNTs). The former are rolled graphene sheets which normally have caps at the 

ends made by carbon pentagons and hexagons combinations. SWCNTs have average diameters of 

about 1.2 nm and the minimum theoretical diameter is around 0.4 nm 216 while the lengths of both 

types of nanotubes are generally in the micrometric scale, from 100 up to 10000 times greater than 

the diameter. 

Every SWCNT is characterized by its chiral vector, of which I give here a little explanation. As to 

form a closed cylinder, it is possible to roll a graphene sheet in a diverse set of directions; if two 



carbon atoms are chosen in the sheet, one of which serves as an origin, and the sheet itself is rolled 

to make the two atoms coincide, the vector pointing from one carbon atom to the other is called the 

chiral vector (Figure 16).  

 

Figure 16. Representation of a graphene plane and configuration of CNTs  217 

Geometrically, the chiral vector is defined as C = na1 + ma2, where a1, a2 are the primitive vectors 

which define the hexagonal lattice, while (n,m) indicates the directions by which the graphitic sheet 

is rolled; n and m values define three “flavors” of nanotubes: armchair (n,0), zig-zag (n,n) and 

chiral (n,m). These different nanotubes geometries represent the major determinant for the electrical 

properties e.g., the zig-zag form behaves as a semiconductor. 216 MWCNTs  are complex structures 

made of concentric cylindrical graphene tubes. Typically they have outer diameters in the tens up to 

100 of nanometers, and lengths 100 times higher than the wideness. Since MWCNTs are easier to 

produce in large quantities at a reasonable price, they are involved in many applications.  CNTs 

have peculiar properties which make them differ from the other carbon fibers that have been 

industrially used for a decade to construct batteries, reinforcement material in tennis rackets, etc. 218 

1.1.3.2 Chemical reactivity 

because of the p-orbital mismatch caused by the high curvature, CNTs are more reactive if 

compared to a graphite sheet; such reactivity is proportional to the nanotube diameter and for the 

same reasons is also higher at the end caps with respect to the sidewalls. 219 Chemical modifications 

can be used to modify nanotube’s behaviour, for example their solubility in aqueous solutions. 

(Figure 17) 



!  

Figure 17. Surface functionalization of CNTs  220 

Mechanical strength: CNTs are very flexible because of the great length and have a very large 

Young’s modulus (ratio of stress to strain) and tensile strength, higher than those of steel. 221 Thus, 

this material results potentially suitable to construct composites.  

Eletrical conductivity: small diameter CNTs could behave as metallic or semi-metallic conductors 

on the basis of their chiral vector, which gives origin to different band gaps. Other useful properties 

of CNTs for applicative purposes are the optical, electromechanical and electrochemical ones. 

1.1.5.2. CNTs as a support for immobilized biocatalysts 

Many CNTs features render them potentially highly useful for proteins immobilization. The high 

surface area is one of the most important properties, because it permits high enzyme loadings and 

low mass transfer-resistance phenomena. Moreover, the highly curved surface may lead to 

decreased protein-protein interactions, thus leading to less deactivation processes.222  Protein 

immobilization also require the employment of robust supports and this is well satisfied by the high 

thermal and mechanical CNTs stability. Biocompatibility of CNTs is also reported 223  and this 

focuses to the possibility to design completely environmental friendly catalysts. The immobilization 

can be achieved both by covalent and non covalent techniques. 



A) non-covalent immobilization 

As reported before, this type of immobilization has the main advantage to limit the structural 

alteration of the biomolecule, which could however be subjected to leaching. Some non covalent 

procedures are represented and include: 

- Direct adsorption (Figure 24a). This technique can be directly performed on CNTs if the 

protein has an adequate hydrophobic region which can interact with the nanostructure 

e.g., soybean peroxidase can be well adsorbed on SWCNTs; 224  another driving force 

which is assessed to permit the direct physical adsorption is that of the π-π stacking 

interactions between the sidewalls of CNTs and the protein’s aromatic rings. 225 Many 

factors contribute to determine the amount of the protein loaded: nature of the enzyme, 

surface chemistry of CNTs and operational variables. 

- Adsorption on functionalized CNTs (Figure 24c). Positively or negatively charged 

CNT/polymer composites can be easily dispersed in aqueous solutions and proteins 

adsorption is highly facilitated thanks to the combination of various types of interactions: 

hydrophobic, hydrogen bonding and electrostatic forces. 226For example, glucose oxidase 

is reported to be adsorbed on SWCNTs previously functionalized with Poly(4-

vinylbenzenesulfonic acid) and ionic liquids.227Such a strategy can also be used to adsorb 

the protein by means of the “Layer by Layer” technique, which in general permits the 

repeated adsorption of oppositely charged polymers on a certain surface; this is also 

potentially useful to construct multi-enzymatic systems. 228 Alternatively, CNTs which 

have been previously functionalized with negatively charged hydrophilic groups via 

oxidation process (CNTs-COOH) can be used to adsorb proteins with a global positive 

charge at the operative pH, as glucose oxidase (Figure 24b). 



!  
Figure 18. Representation of non-covalent immobilization techniques. 

B) covalent immobilization 

The use of a covalent bond permits to afford a stable linkage between the protein and the support, 

with the resulting vantages and disadvantages reported in the previous paragraph. Two main 

technique are largely diffused:  

- Direct covalent bond 

The carboxylic functionalized CNTs-COOH can be used to form an amidic bond between 

the enzyme and the support; for example the two step process of diimide-activated 

amidation represented in Figure 19a is widespread in the literature 229,230 

- Covalent bond with the use of linking molecules 

Linking molecules can be bonded to CNTs through hydrophobic and π-π interactions and 

also to the enzyme by means of a covalent bond; alternatively, a spacer could be covalently 

bonded to both the nanotubes and the enzyme (Figure 19b), thus possibly limiting 

deactivation processes e.g., horseradish peroxidise was immobilized on CNTs with the use 

of pyrene butanoic acid succinimidyl ester as the spacer 231 



!  

!  
Figure 19. (a) Formation of an amide bond between an enzyme (green form) and CNTs via treatment of the oxidized 

carbon nanotubes with EDC (1-ethyl-3-3’-dimethyl amino propyl carbodiimide) and NHS (N-hydroxy succinimide). (b) 
curved line represents a spacer covalently bonded to both CNT and the enzyme. 

1.1.4. DOPA DERIVATIVES: CHEMISTRY, APPLICATIONS AND CURRENT 
ADVANTAGES IN PD THERAPY 

1.1.4.1 DOPA PRODRUGS: Synthesis and biological activities 

The L-DOPA and DOPA-containing peptides, are active drugs for the control of degenerative 

diseases of the Central Nervous System (CNS), and in particular of Parkinson's disease.  Peptides 

containing L-DOPA show important biological and pharmacological activities.  

A prodrug is a medication or compound that, after administration, is metabolized (i.e., converted 

within the body) into a pharmacologically active drug.232,233Inactive prodrugs are pharmacologically 

inactive medications that are metabolized into an active form within the body. Instead of 

administering a drug directly, a prodrug might be used instead to improve how a medicine is 

absorbed, distributed, metabolized, and excreted (ADME).234,235  Prodrugs are often designed to 

improve bioavailability when a drug itself is poorly absorbed from the gastrointestinal tract. A 

prodrug may be used to improve how selectively the drug interacts with cells or processes that are 

not its intended target.   For example, DOPA analogues of the factor alpha receptor coupled to G 

protein,236  inhibit the oxidation of low density lipoproteins in atherosclerotic plaques. 237 

DOPA peptides also provide the reactive tools for the preparation of adhesives and coatings of 

materials. 238 The high activity of L-DOPA is mainly due to the presence of the catechol moiety, 

characterized by strong antioxidant properties. This group can react with a radical species by 

https://en.wikipedia.org/wiki/Pharmaceutical_drug
https://en.wikipedia.org/wiki/Drug_administration
https://en.wikipedia.org/wiki/Drug_metabolism
https://en.wikipedia.org/wiki/Pharmacologically_active
https://en.wikipedia.org/wiki/ADME
https://en.wikipedia.org/wiki/Bioavailability
https://en.wikipedia.org/wiki/Gastrointestinal_tract


electron transfer to yield relatively stable semi-quinones, which in turn can trap a second radical to 

afford  quinones (Scheme 4). 

!  

Scheme 4 . Mechanism of action of antioxidant systems catechol 

1.1.4.2 Dual acting forms 

Di Stefano et al. designed a novel prodrug based on the “dual-acting” concept, in which L-DOPA is 

covalently linked to a modified glutathione (GSH) residue by an amide bond. In this compound, the 

increasing of oral bioavailability due to the peptide transport mechanism 239,240,241 was synergistic 

with the known antioxidant activity of GSH. In GSH, the cysteine residue was replaced by 

methionine to optimize the antioxidant activity at pH 4 (rather than at pH 1, as in the case of native 

GSH), and  thus conferring resistance to degradation in the gastric fluid.242 Furthermore, the 

presence of methionine increased stability against the γ-glutamyl transpeptidase (γ-GT) cleavage. 243 

The synthesis of DOPA-GSH is reported in Figure 28. The antioxidant activity of 2 [evaluated by 

the 1,1-diphenyl-2-picrylhydrazyl (DPPH) method] was higher than 3, suggesting that L-DOPA 

moiety in 3 exerted a pro-oxidant effect prevailing on the antioxidant activity of the native 

molecule.  

!  

Scheme 5. DOPA-GSH compounds 
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Denora et al., designed a family of pro-drugs based on the link between L-DOPA and appropriately 

substituted 2-phenyl-imidazopyridine-3-acetic acids.244  Phenyl-imidazopyridine derivatives show 

high affinity and selectivity for GABA-benzodiazepine receptor (GABA-BZR) complexes ,245,246  

which are involved in the modulation of activity of mesocortical and mesolimbic dopaminergic 

neurons. 247 Moreover, the phenyl-imidazolepyridine moiety was enough lipophilic to function as a 

carrier for L-DOPA leading to increase of brain levels, in accordance with the high BBB crossing 

ability (e.g log Cbrain/Cblood 0.4).247 

!  

Scheme 6. DOPA-GSH compounds  

The novel compounds showed a significant penetration across bovine brain microvessel endothelial 

cells (BBMECs) monolayers 248,249 suggesting the ability to cross the BBB. Moreover, brain micro-

dialysis experiments in rat 250 showed that intraperitoneal acute administration of compounds 7a and 

7b induced dose-dependent increase in cortical DA output, confirming their role as L-DOPA 

prodrugs.  

1.1.4.3 Dimeric prodrug forms 

A further class of DOPA prodrugs is based on the “dimeric prodrug forms” concept, in which two 

identical molecules are linked together through a spacer. These compounds are hydrolized after 

administration into their identical active agents.251 Di Stefano et al. reported the synthesis of dimeric 

DOPA derivatives containing an amide moiety as spacer group and characterized by protection of 

all three sensitive centers of the molecule: the carboxyl function, the amino group and the catechol 
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system.252 The novel compounds showed values of the lipophilicity parameter (logP) high enough 

for a good oral absorption. Moreover, the logP increased as the acyl spacer lengthened. A 

considerable chemical stability in aqueous buffer solution (pH 1.3, 37°C) was observed, 

accompanied by relatively slow release of L-DOPA in human plasma and rat plasma models. While 

in the human plasma the release of L-DOPA occurred by two steps mechanism, with formation of 

catechols as key intermediates, in the case of the rat plasma the hydrolysis required only one step.  

!  
Figure 20. Example of dimeric prodrug form 

1.1.4.4 Dopamide derivatives 

In an effort to investigate the structure-activity relationships of L-DOPA amides, Hobbs et al. 

described the preparation of novel derivatives with different substituents on the amide and catechol 

moiety.253 As reported in Scheme 7, the first series of derivatives was prepared starting from L-

DOPA methyl ester hydrochloride  
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!  
Scheme 7. First series of dopamide derivatives 

!  

  
Scheme 8. Acetyl-Dopa derivatives 

The anti-parkinsonian activity of novel pro-drugs was evaluated by 6-OHDA lesioned rat test, the 

compounds 14b and 15b were the most active. In particular, compound 15b showed high activity 

after oral administration resulting in prolonged plasma levels of released L-DOPA compared to 

equivalent dose of native L-DOPA. At contrary, due to the inability of N-alkylated prodrugs to be 

cleaved in the plasma,254  only low levels of L-DOPA resulted after administration of 14c-g.  

1.1.5.0 PEPTIDOMIMETICS: Synthesis and biological activities 

Peptidomimetics are small molecules which are designed to mimic a naturally occurring peptide. 

They are typically obtained by modification of parent peptides or by total synthesis 255 in order to 

optimize pharmacological properties, such as bioavailability and biological activity. 256 The 

modifications can involve N-alkylation, Cα-substitution, cyclization, N-replacement, carbonyl 

replacement, heterocyclic generation, Cα-replacement, and backbone or side-chain transformations, 

as well as the incorporation of unnatural amino acids. 257 Among peptidomimetics, DOPA 
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derivatives play a crucial role in the therapy of Parkinson disease (PD). PD is one of the most 

important neurodegenerative disorder, characterized by dopamine (DA) depletion in dopaminergic 

neurons of the striatum of the brain, inducing rigidity, tremor, and postural instability as some of the 

most important symptoms. 258 DOPA peptides are able to increase the capacity of DOPA in 

penetration of the blood brain barrier (BBB) 259 by specific peptide-mediated carrier transport 

systems (PMCTS), thus restoring adequate DA concentration and inhibiting oxidative cell damage.
260 They also act as pro-drugs, preserving DOPA from fast metabolic decarboxylation and avoiding 

the peripheral DA-related side effects.261  L-DOPA-L-Phe is absorbed more efficiently than L-DOPA 

via the peptide transporter in Caco-2 cells, which are considered to be a good model for in vivo 

intestinal absorption in humans. 262 

In a similar way, D-Phe-L-DOPA showed 31-fold higher oral bioavailability and anti-Parkinson 

activity than L-DOPA in rats. 263 DOPA peptides and peptidomimetics are usually synthesized by 

solution or solid phase procedures, which show a different degree of complexity depending on the 

method used for the activation/protection of amino acids. 264 Irrespective to experimental 

conditions, these syntheses requires tedious and long time protecting/deprotecting steps and have, in 

principle, an intrinsic low selectivity. This study is focused on the design of a novel synthetic 

procedure for the preparation of DOPA peptidomimetics by oxidative side chain modification of 

amino acid residues. 265,266,267,268,269,270 In this context, DOPA-peptides have been previously 

synthesized with complete stereochemical integrity by oxidation of Tyr residues with tyrosinase 

from Agaricus bisporus in organic solvent.271 

In the last few times, our group of research is involved in the utilization of tyrosinase for the 

synthesis of bioactive catechol derivatives and DOPA peptides oxidated from L-tyrosine and L-

tyrosine derivatives. The oxidation is carried out with freshly purified tyrosinase from A.bisporus in 

CH2Cl2/Buffer at room temperature under O2 atmosphere for 4 hour. DOPA is obtained after an situ 

reduction of the corresponding ortho-quinone with sodium dithionite. Oxidation reactions 

proceeded in good yields. 

The oxidation of Boc-Tyr-OMe 16 afforded Boc-DOPA-OMe derivative 17 as the only reaction 

product in 82% yield and 88% conversion of substrate (Scheme 9).  

Scheme 9. Oxidation of Boc-Tyr-OMe 16 to Boc-DOPA-OMe 17 
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On the basis of the efficiency observed in the oxidation 16, the biocatalyst procedure was extended 

to a panel of selected Tyr-containing dipeptides and tripeptides bearing amino acids with aliphatic 

or aromatic side-chain residues  

The oxidation of Boc-Gly-Tyr-OMe 18 with Tyr afforded Boc-Gly-DOPA-OMe 19 in good 

conversion and yields after 4 h. In a similar way, treatment of Boc-Tyr-Phe-OMe 20 gave the 

corresponding Boc-DOPA-Phe-OMe 21 in satisfactory conversion and yields. 

Also compounds Boc-Ala-Tyr-OMe 22, Boc-Tyr-Leu-OMe 24, Boc-Leu-Tyr-OMe 26 and Boc-Val-

Tyr-OMe 28 were treated with Tyr to give the corresponding oxidized products, 23 ,25 ,27 ,29 , in 

good conversion and yields. 

!  

The oxidation of tripeptides Boc-Gly-Leu-Tyr-OMe 30 bearing one reactive Tyr residues, as well 

as, Boc-Val-Tyr-Val-OMe 32 and Boc-Tyr-Tyr-Tyr-OMe 34 bearing three reactive Tyr residues, was 

studied. In the case of tripeptides 30 and 32 the Tyr residue was selectively oxidized to give Boc-

Gly-Leu-DOPA-OMe 31 and Boc-Val-DOPA-Val-OMe 33 in good conversion and yields. The 

treatment of 34 with an excess of tyrosinase gave the tripeptide 35 in which all Tyr residues are 

functionalized. 
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Scheme 2. Oxidative modif ication of dipeptides 18,20,22,24,26,28 with tyrosinase and CH2Cl2/buffer systemScheme 10.  Oxidative modification of dipeptides 18,20,22,24,26,28 with tyrosinase and CH2Cl2/buffer system



!  

Scheme 11. Oxidative modification of tripeptides 30,32,34 with Tyr/Buffer/CH2Cl2 system 

With the aim to further improve the procedure, the oxidation of Boc-Tyr-OMe 16 and the selected 

dipeptide Boc-Gly-Tyr-OMe 18, was repeated by using immobilized tyrosinase on Eupergit C250L 

(Tyro/E) and the latter catalyst after coating by the layer-by-layer (LbL) technique (Tyro/E-LbL).272 

!  

Figure 21. Preparation of Tyro/E and Tyro/E-LbL272 

Briefly, tyrosinase was suspended in Na phosphate buffer (0.1m, pH 7) in the presence of Eupergit 

_C250L for 24 h at room temperature, followed by treatment with glycine to block residual epoxy 

groups, to yield Tyro/E. Under these experimental conditions Tyro/E retained about 37% of the 

native activity Then the LbL technique was applied by coating the particles through sequential 

deposition of alternately charged polyelectrolytes. The immobilized LbL enzymes retained 

approximately 87% of the Tyro/E activity. The structure and morphology of particles of Tyro/E and 

Tyro/E-LbL in CH2Cl2 was similar to that in Na phosphate buffer.272 

The oxidation of 16 with Tyro/E in CH2Cl2/buffer afforded 17 in 53% yield and 91% conversion of 

substrate as the only product while the oxidation compound 18 in the same conditions afforded 19 
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in 46% yield and 90% conversion of substrate. About the effect of LbL coating, compound 17 was 

again obtained as the only reaction product by treatment of 16 with Tyro/E/LbL, in 67% yield and 

98% conversion of substrate. Compound 18 was oxidated with Tyr/E-LbL to give 19 in 70% yield 

and 98% conversion of substrate. Thus, the reactivity and selectivity of tyrosinase was found to be 

decreased after the immobilization, suggesting that the free enzyme is more reactive than that 

supported. 



1.2.0  RESULTS AND DISCUSSIONS 

1.2.1 Biomimetic oxidative functionalization with IBX 

This study is focused on the design of a novel synthetic procedure for the preparation of DOPA 

peptidomimetics by oxidative side chain modification of amino acid residues.273-278 L-DOPA-

peptides have been previously synthesized with complete stereochemical integrity by oxidation of 

Tyr residues with tyrosinase from Agaricus bisporus in organic solvent.279 IBX was also used in 

similar transformations280,281 performing for the ortho-hydroxylation of phenol to catechols, with a 

selectivity similar to natural polyphenol oxidases.282-286 The regioselectivity of the oxidation is a 

consequence of the concerted intramolecular oxygen transfer, from iodine (V) in l
5
-iodanyl 

intermediate (I), to ortho-position of the phenol moiety, with concomitant reduction to l
3
-iodanyl 

ortho-quinol monoketal (II) (Scheme 12).287 In the reaction described below, the chirality of L-

DOPA residues is not affected, the L-enantiomer being the only stereoisomer obtained.288 The idea 

to replace the natural amide bond with more stable covalent linkages in DOPA peptides could 

significantly improve the bioavailability and activity of Dopa derivatives.289-297 Although few 

informations are available for the structure of these products, it is expected that the reaction 

proceeds through nucleophilic addition on reactive DOPA ortho-quinone intermediate following the 

Michael-like 1-4-regiochemistry.298 With the aim to synthesize new L-DOPA-peptidomimetics 

characterized by stable O–C and N–C bonds we deep investigated the IBX mediated aromatic 

oxidative functionalization of Tyr with different oxygen and nitrogen protected ɑ-amino acids. The 

chemical rationale of this new approach is related to the oxidation of the phenol moiety to catechol 

group with concomitant introduction of the ɑ-amino acid residues on the aromatic ring, exploiting 

the reactivity of the DOPA-quinone intermediate.299 The general synthetic pathway is described in 

Scheme 12. 



Scheme 12. General reactivity scheme of Tyr with IBX in the presence of protected α-amino acids. Step A: oxidation of 

Tyr to DOPA-quinone. Step B: In situ Michael-like 1-4-addition of protected α-amino acids on DOPA-quinone 

intermediate, followed by a reduction step. 

1.2.1.0  Synthesis of O–C bonded L-DOPA peptidomimetics

Following the general procedure in Scheme 12, we analyzed the reactivity of N-Boc-Tyr-OMe (36) 

with a panel of N-Boc protected a-amino acids, including glycine (N-Boc-Gly, 37), alanine (N-Boc- 

Ala, 38), valine (N-Boc-Val, 39), leucine (N-Boc-Leu, 40), phenylalanine (N-Boc-Phe, 41), proline 

(N-Boc-Pro, 42), tryptophan (N-Boc-Trp, 43) and methionine (N-Boc-Met, 44).Briefly the 

oxidation of Boc-Tyrosine-OMe (BTO 36) 280 (0.1 mmol),  was dissolved in THF (1.5 mL) with a 

large excess of (37) (1.0 mmol, as selected nucleophile) and treated with IBX (0.3 mmol) at 45 °C 

for 3.0 h. The color turned into brown-orange, that is characteristic for the formation of quinone 

species. After work- up and purification procedures, the desired N-Boc-Gly-N-Boc- DOPA-OMe 

(46) was obtained in low yield, besides to unreacted substrate and N-Boc-DOPA-OMe (45) 

(Scheme 13, Table 1, entry 1). The 
1
H-NMR confirmed the mono-substitution pattern of BTO 36. 

Better results were obtained increasing the temperature (45° C) and the reaction time (72 h) to 

afford 46 in higher conversion and product yield (Table 1, entry 2). On the basis of these data, the 

reaction was extended to a-amino acids 38–44 to obtain the corresponding L- DOPA 

peptidomimetics N-Boc-Ala-N-Boc-DOPA-OMe (47), N- Boc-Val-N-Boc-DOPA-OMe (48), N-

Boc-Leu-N-Boc-DOPA-OMe (49), N-Boc-Phe-OMe (50)  N-Boc-Pro-N-Boc-DOPA-OMe(51), N-

Boc-Trp-N-Boc-DOPA-OMe, (52) and N-Boc-Met-N-Boc-DOPA-OMe, (53) with N-protected ɑ-

amino acids. In the case of aliphatic ɑ-amino acids, the yield increased by decreasing of the steric 



hindrance of the side chain (Table 1, entries 2 and 3 versus entries 4 and 5). Possible side-products 

due to IBX side-chain oxidation of others low redox potential residues (e.g. tryptophan), were not 

detected in the reaction mixture. This result is in accordance with the high selectivity of IBX 

towards the oxidation of phenolic aromatic moieties.300 

Scheme 13. IBX mediated oxidative functionalization of N-Boc-Tyr OMe (36) with N-protected α-amino acids. 

Table 1. Synthesis of O-C bonded L-Dopa peptidomimetic 

a Reaction conditions: compound 1 (0.1 mmol) was dissolved in THF (1.5 mL) in the presence of the appropriate protected a-amino 

acids 2–9 (1.0 mmol) and treated with IBX (0.3 mmol) at 45 C for 72 h. b Reaction performed at 25 C for 3 h.  

Entry Aminoacids R Products Conversion(%) Yields(%)a

2 37 N-Boc-Gly- 46 (45) ≥98 70(10) 

3 38 N-Boc- Ala- 47 (45) ≥98 65(15) 

4 39 N-Boc-Val- 48 (45) ≥98 58(8) 

5 40  N-Boc-Leu- 49 (45) ≥98 56(10) 

6 41  N-Boc-Phe- 50 (45) ≥98 50(16) 

7 42 N-Boc-Pro- 51 (45) ≥98 52(12) 

8 43 N-Boc-Trp- 52 (45) ≥98 51(12) 

9 44  N-Boc-Met- 53 (45) ≥98 57(3)

1 37 N-Boc-Gly- 46 (45) 70 21(19)
b 

R = H (37), (46)
       CH3 (38), (47)
      -CH(CH3)-CH3 (39), (48)
      -CH2-CH(CH3)-CH3 (40), (49)
      -CH2-C6H5 (41), (50)
      -CH2-CH2-CH2- (42), (51)
      -CH2-C(CH)-NH-C6H4 (43), (52)
      -CH2-CH2-S-CH3 (44), (53)
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1.2.1.1. Synthesis of N–C bonded L-DOPA peptidomimetics 

The procedure was than extended to the case of ɑ-amino acid methyl ester derivatives Gly-OMe 

(54), Ala-OMe (55), Val-OMe (56), Leu-OMe (57), Phe-OMe (58), Pro-OMe (59), Trp-OMe (60), 

Met-OMe (61) to synthesize N–C bonded L-DOPA peptido- mimetics. The oxidation of compound 

36 (0.1 mmol) with IBX (0.3 mmol) in THF (1.5 mL) in the presence of 54 (1.0 mmol) afforded 

Gly-N-Boc-DOPA-OMe (62) in low yield, besides to traces of N-Boc-DOPA-OMe (45) (Scheme 

14). The reactivity of IBX can be tuned by the use of organic solvents with different polarities, the 

efficacy of the oxidation depending on the nature of the substrate.301 For this reason, we repeated 

the reaction in the presence of MeOH (1.5 mL) as an alternative solvent, under previously described 

experimental conditions. As reported in Table 2 (entry 2 versus entry 1), the reaction in MeOH 

afforded compound 62 in highest yield and conversion of substrate. Further oxidations were then 

performed with both THF and MeOH solvents. Better results were obtained for aliphatic ɑ-amino 

acids 55-56-57 in MeOH, to afford Ala-N-Boc- DOPA-OMe (63), Val-N-Boc-DOPA-OMe (64), 

and Leu-N-Boc-DOPA-OMe (65) in appreciable yield and quantitative conversion of substrate 

(Table 2, entries 2, 4, 6 and 8 versus entries 1, 3, 5 and 7). In this latter case, we were not able to 

recognize any specific relationship between the steric hindrance of the side-chain and the yield of 

desired product. A different reaction pathway was observed with a-amino acids 59-61 in which case 

THF was the best reaction solvent (Table 2, entries 9–16). In some cases (e.g. Table 2, entries 3, 5, 

14 and 16), the low value of the mass balance was probably due to formation of undesired 

oligomeric side-products difficult to be detected and recovered from the reaction mixture. Note that 

a dimeric. Note that in some case, a dimeric DOPA derivative (compound 70, Scheme 3) was 

detected in low amount as a side-product (7% and 9%, respectively). This compound is< probably 

obtained by oxidative coupling of radical intermediates in accor- dance with previously reported 

results during IBX oxidation of 2-methoxy and 2-methyl-substituted phenols in THF.302 The C(6)–

C(6) regiochemistry in 70 was assigned by comparison of the 1H NMR multiplicity of aromatic 

protons with similar dimeric species produced during the polymerization of 3-(3,4-

dihydroxyphenyl) propionic acid (DHPA) with Fe3+ ions.303. 



Scheme 14. IBX mediated oxidative functionalization of N-Boc-Tyr-OMe (36) with O-protected α-amino acids.

Table 2. Synthesis of N-C bonded L-Dopa peptidomimeticsa 

aReaction conditions: compound 1 (0.1 mmol) was dissolved in the appropriate solvent  (1.5 mL) in the presence of protected α-

amino acids 54-61 (1.0 mmol) and treated with IBX (0.3 mmol) at 45°C for 72 hrs  

Entry
Amino 

acid Solvent R Product Conversion (%) Yields (%)

1 54 THF H 62(45) 85 27(5)

2 54 MeOH H 62(45) ≥ 98 65(10)

3 55 THF CH3 63(45) ≥ 98 48(10)

4 55 MeOH CH3 63(45) ≥ 98 80(5)

5 56 THF CH(CH3)2 64(45) 70 40(16)

6 56 MeOH CH(CH3)2 64(45) 95 60(13)

7 57 THF CH2CH(CH3)2 65(45) 87 43(21)

8 57 MeOH CH2CH(CH3)2 65(45) 96 65(11)

9 58 THF CH2C6H5 66(45) ≥ 98 90(8)

10 58 MeOH CH2C6H5 66(45) 81 45(25)

11 59 THF CH2CH2CH2 67(45) 87 53(13)

12 59 MeOH CH2CH2CH2 67(45) 85 11(36)

13 60
THF 68(45)(70) ≥ 98 80(4)(7)

14 60
MeOH 68(45) ≥ 98 32(20)

15 61 THF CH2CH2SCH3 69(45)(70) ≥98 72(5)(9)

16 61 MeOH CH2CH2SCH3 69(45) 96 40(20)
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1.2.2 Oxidative functionalization of L-Dopa by use of supported IBX 

Since the role played by the heterogeneous catalysis in green chemistry, we evaluated the use of 

heterogeneous conditions for the synthesis of DOPA peptidomimetics by applying the polymer 

supported IBX-amide, that is an easily recoverable and reusable oxidant.304 The oxidation of 36 in 

the presence of Gly-OMe 54 in MeOH was performed under previously optimized experimental 

conditions. Comparable results in terms of conversion of substrate and yield of 62 were obtained 

with respect to IBX. Recycling experiments proceeded with success (Table 3). After the 

disappearance of compound 36, the IBX-amide was recovered by filtration, regenerated with 

Oxone® and used 305 in further oxidations. IBX-amide was active for at least five cycles to give 62 

without appreciable loss of efficiency (Table 3, runs 1–5).

Scheme 15. Supported IBX-amide mediated oxidative functionalization of N-Boc-Tyr-OMe (36) with Gly-OMe (54). 

Table 3. Reusability of heterogeneous IBX-amide in oxidative functionalization of N-Boc-Tyr-OMe (36) with Gly-
OMe (54)a. 

aReaction conditions: compound 1 (0.1 mmol) was dissolved in MeOH (1.5 mL) in the presence of protected -amino acids 19 (1.0 
mmol) and treated with sIBX amide at 45°C for 72 hrs. 

Run Aminoacid Product Conversion (%) Yield (%)

1 54 62(45) ≥ 98 65(8)

2 54 62(45) ≥ 98 67(9)

3 54 62(45) ≥ 98 63(10)

4 54 62(45) ≥ 98 65(11)

5 54 62(45) ≥ 98 66(7)
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1.2.3 Antioxidant activity 

Radical oxygen centered species (ROS) are formed in the cell under normal metabolic and 

physiologic processes.306 In PD, hydroxyl and superoxide radicals, which are produced by oxidative 

phosphorylation,307 can damage mitochondrial DNA (mtDNA), causing modulation in the electron 

transport chain (ETC).308 The catechol pharmacophore in DOPA plays a key role in scavenging 

ROS by formation of stable phenoxyl radical species,309 as evaluated by standard and modified 

comet assays in mammalian cells.310  

Furthermore, the administration of L-DOPA reduces hypoxia conditions and induces the over-

expression of ORP150 (oxygen regulated protein 150-kDa) with concomitant cytoprotective effects, 

and possible activation of endogenous antioxidant mechanisms.311 On the basis of these data, we 

started to evaluate the antioxidant activity of novel synthesized DOPA peptidomimetic derivatives. 

The in vitro antioxidant activity of cathecol compounds is usually determined by 

spectrophotometric analyses. We evaluated the 2,2-diphenyil picrylhydrazyl (DPPH) radical 

scavenging properties of compounds 46-52 and 62-69 using Dopa as reference. Briefly, the 

appropriate compound was added to freshly prepared DPPH solution (6 x10-5 M in EtOH) and the 

decrease in absorbance (475 nm) was determined at different times until the reaction reached a  

          a)                                                                      b) 

   

Figure 22. a) IC50 value of O-C bonded L-Dopa peptidomimetics 46-52 b) IC50 value of N-C bonded L-Dopa 
peptidomimetics 62-69. IC50 is the drug concentration causing 50% inhibition of the desired activity. 

plateau. The kinetic of the process was analyzed for each concentration tested, and the rate of DPPH 

remaining at the steady state was estimated. This value was used to calculate the IC50 (defined as 
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the concentration of substrate that causes 50% loss of DPPH activity). Results for news O-C and N-

C bonded L-Dopa peptidomimetics are reported in Figure 41 a), b) respectively. All compounds 

showed appreciable an antioxidant activity compared to DOPA. Note that glycine derivatives 46 

and 62 showed the highest antioxidant activity higher than Dopa. As a general trend, the IC50 

decreased by increasing the steric hindrance of the side-chain substituents in the aliphatic amino 

acid type. 

1.2.4 Evaluation of the genotoxic activity 

The genotoxic activity of N-Boc-Gly-N-Boc-DOPA-OMe (46), N-Boc-Val-N-Boc-DOPA-OMe 

(48), Gly-N-Boc-DOPA-OMe (62) and Val-N-Boc-DOPA-OMe (64), selected as representative 

examples of couples of O-C and N-C bonded L-Dopa peptidomimetics, was evaluated in Chinese 

hamster ovary (CHO) cells, by analyzing the induction of chromosomal aberrations, which are 

highly predictive of long term genetic effects and cancer risk.312 Compounds like Dopa, and the 

natural L-Dopa peptides Boc-Gly-DOPA (71) and Boc-Val-DOPA (72) (Figure 2), were also 

evaluated as reference compounds. The peptides 71 and 72 have been synthesized by selective 

oxidation of corresponding tyrosine containing substrates with native tyrosinase, as previously 

reported.313Following dose-range finding experiments, toxic dose-levels causing a complete 

suppression of mitotic activity and/or cell lethality were identified.  

 

Figure 23. Stucture of L-Dopa peptides Boc-Gly-DOPA (71) and Boc-Val-DOPA (72). 
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Table 4. Analysis of mitotic index and chromosomal aberrations of reference compounds Dopa, 71 and 72, in CHO 

cells. 

aMitotic indices (MI) corresponding to the ratio between the number of cells in a population undergoing mitosis to the number of 

cells not undergoing mitosis (interphase cells) out of a total of 1000 cells scored and expressed as percentage. b) Value of MI relative 

to solvent control. The solvent control value is considered to be equal to 100. c) Percentage of cells bearing aberrations (excluding 

gaps). 

Entry Compound Dose-levels 
(µg/ml) MI (%)a Relative MIb Aberrant cells 

(%)c Stat. Sig.

1 Control - 6.9 100 4 -

2 1.76 7.9 114 3 NS

3 3.17 6.9 100 2 NS

4 Dopa 5.72 7.9 114 3 NS

5 10.3 6.9 100 2 NS

6 18.5 4.6 67 7 NS

7 Control - 9.3 100 3 -

8 9.91 8.8 95 2 NS

9 17.8 7.7 83 3 NS

10 71 32.1 4.5 48 2 NS

11 57.8 3.7 40 2 NS

12 104 3.2 34 3 NS

13 Control - 9.3 100 3 -

14 22.9 8.8 95 2 NS

15 41.2 7.1 76 5 NS

16 72 74.1 5.6 60 2 NS

17 133 3.8 41 1 NS

18 240 3.2 34 3 NS



Table 5. Analysis of mitotic index and chromosomal aberrations of peptidomimetics 46,48, 62 and 64, in CHO cells 

a)Mitotic indices corresponding to the ratio between the number of cells in a population undergoing mitosis to the number of cells not 
undergoing mitosis (interphase cells) out of a total of 1000 cells scored and expressed as percentage. b) Value of MI relative to solvent 
control considered equal to 100. c) Percentage of cells bearing aberrations (excluding gaps). 

Entry Compound Dose-levels 
(µg/ml) MI (%)a Relative MIb Aberrant cells 

(%)c Stat. Sig.

1 Control - 9.2 100 4 -

2 6.10 68.2 89 3 NS

3 11.0 7.4 80 5 NS

4 46 19.8 6.4 70 5 NS

5 35.6 5.8 63 3 NS

6 64.0 3.9 42 2 NS

7 Control - 9.2 100 4 -

8 1.33 8.4 91 2 NS

9 2.40 7.7 84 2 NS

10 48 4.32 6.2 67 3 NS

11 7.78 4.2 46 4 NS

12 14.0 3.7 40 4 NS

13 Control - 9.2 100 4 -

14 4.57 9.7 105 2 NS

15 8.23 8.0 87 2 NS

16 62 14.8 7.3 79 5 NS

17 26.7 4.5 49 4 NS

18 48.0 4.1 45 3 NS

19 Control - 6.9 100 4 -

20 6.29 6.9 100 5 NS

21 11.3 6.1 88 3 NS

22 64 20.4 5.7 83 2 NS

23 36.7 4.8 70 1 NS

24 66.0 3.1 45 3 NS

http://en.wikipedia.org/wiki/Mitosis


The assay was then performed using a set of five dose-levels spaced by a factor of 1.8, starting from 

a maximum concentration expected to induce moderate toxicity, as evaluated by mitotic index (MI). 
314All tested compounds, following a treatment of 24 hours, induced at the highest dose-levels 

selected, moderate reduction of mitotic indices up to 32-67% of the concurrent solvent controls 

(Tables 4-5). Notably, compound 48 proved to be the most active compound in terms of reduction 

of MI compared to references Dopa, and compounds 71, 72 since active at lower concentrations 

(Table 5, entry 8 versus Table 4, entries 2, 8 and 14). Alternatively, compounds 46, 62 and 64, 

(although slightly less active than reference compound Dopa) (Table 5, entries 2, 14 and 20 versus 

Table 4, entry 2), showed a greater capability to reduce MI with respect to  71 and 72 (Table 5, 

entries 2, 14 and 20 versus Table 4, entries 8 and 14). No statistically significant increases in the 

incidence of chromosomal aberrations were observed at any dose-level employed with any 

compound (Tables 4-5) indicating the absence of genotoxic potential. 

1.2.5 Antioxidant activity in cultured mammalian cells 

The antioxidant activity of peptidomimetics 46, 48, 62 and 64, and reference compounds Dopa, 71 

and 72, was further evaluated against mouse lymphoma L5178Y (TK+/-) cells. The antioxidant 

activity was assessed by their ability to reduce the extent of DNA breakage induced by hydrogen 

peroxide (H2O2) at 0.25 µM for 5 min., using a slightly modified version of the alkaline comet 

assay.315 The L5178Y mouse lymphoma cells were treated with the appropriate compound at the 

highest non cytotoxic concentration. For the reference compounds Dopa, 71 and 72, the selected 

dose-levels were 18.5, 104 and 240 µg/ml, respectively, as shown in Table 4 (entries 6, 12 and 18), 

while for peptidomimetics (46, 48, 62 and 64) the selected dose-levels were 64, 14, 48 and 66 µg/

ml, respectively (Table 5,  entries 6, 12, 18, 24, respectively). No increase in DNA migration was 

noted with any of tested compounds, while a marked and statistically significant increases in the tail 

moment values (TM), reflecting an increased DNA breakage, was observed in the H2O2 treated 

cells. The TM is defined as the product of the tail length and the fraction of total DNA in the tail. 

This data incorporates a measure of both the smallest detectable size of migrating DNA (reflected in 

the comet tail length) and the number of relaxed/broken DNA fragments (represented by the 

intensity of DNA in the tail)  



 

Figure 24 a) Comet assay performed on untreated cells (control PBS). b)Comet assay performed in presence of an 

aliquot of 50 µl of H2O2 (0.25 µM). c) Comet assay showing the efficacy of compound N-Boc-Gly-N-Boc-DOPA-OMe 
(46),  against  the extent of DNA breakage induced by H2O. 

Dopa peptides Boc-Gly-DOPA 71 and Boc-Val-DOPA 72  were able to reduce the tail moment 

values (TM) in the range of 94-96% (Table 7, entries 2-4). The TM is defined as the product of the 

tail length and the fraction of total DNA in the tail. This data incorporates a measure of both the 

smallest detectable size of migrating DNA (reflected in the comet tail length) and the number of 

relaxed/broken DNA fragments (represented by the intensity of DNA in the tail). A lower but still 

significant protection was also observed for O-C and N-C bonded L-Dopa peptidomimetics, N-Boc-

Val-N-Boc-DOPA-OMe (48), Val-N-Boc-DOPA-OMe (64) and N-Boc-Gly-N-Boc-DOPA- 

Table 6. Tail moment values (TM) of compounds 46, 48, 62, 64 36 aDopa, 71 and 72 by the comet assay. 

a Reduction of the extent of DNA breakage induced by hydrogen peroxide (H2O2) at 0.25 µM for 5 min. in L5178Y (TK+/-) mouse 
lymphoma cells. bExperiment performed without H2O2. c Experiment performed with H2O 

Entry Compound TMb TMc Reduction of TM (%)a

1 DMSO 0.1 17.14 -

2 71 0.25 0.76 96

3 72 0.22 0.84 95

4 Dopa 0.8 1.02 94

5 46 0.62 4.2 75

6 48 0.22 5.57 68

7 62 0.38 9.3 46

8 64 0.42 10.85 36



OMe (46) (Table 6, entries 5-7). The Gly-N-Boc-DOPA-OMe (62) proved to be the less active 

compound (Table 6, entry 8). On the basis of these data, it is possible to suggest that the 

modification of the presence of unnatural bonds between amino acid residues (that is, natural 

peptide bond linkage versus modified O-C and N-C bonds) does not alter the antioxidant activity of 

the compounds in L5178Y (TK+/) mouse lymphoma cells. However, L-DOPA peptides are still the 

most active. Note that the stereo-electronic properties of the catechol moiety in peptidomimetic 

derivatives can be modified, following the functionalization of the aromatic ring.316 Moreover, in 

the family of peptidomimetic derivatives, the valine derivatives (compounds 48 and 64) showed the 

highest antioxidant activity. 



1.2.6. Towards a completely green chemistry approach: Synthesis of peptidomimetics by 
Tyrosinase mediated oxidative functionalization 

With the aim to better develop procedures based on the oxidative side chain modification of amino 

acids in a green chemistry approach we focus our work to the use of Tyrosinase from Agaricus 

bisporus.317 both in homogeneous and heterogeneous conditions. In recent studies use of this 

enzyme was largely discussed including the preparation of DOPA peptides with complete 

stereochemical integrity by selective oxidation of tyrosine in organic solvents318. Tyrosinase 

(monophenol, o-diphenol: oxidoreductase, E.C. 1.14.18.1)319 is a metalloprotein able to activate di-

oxygen for the conversion of tyrosine to DOPA (creolase or monophenolase activity) and DOPA 

quinone (catecholase or diphenolase activity) 320. It shows high substrate affinity towards phenolic 

monomers, oligomers and polymers, the efficacy of the catalytic process depending on the 

substitution pattern in the aromatic ring, both in terms of position and chemical structure 321,322, 323. 

We investigated the Tyrosinase mediated synthesis of DOPA peptidomimetics containing glycine 

(N-Boc-Gly-N-Boc-DOPA-OMe 46 and Gly-N-Boc-DOPA-OMe 62), that showed the highest 

antioxidant effect in the 2,2-diphenyl picrylhydrazyl (DPPH) test, and the valine derivatives (N-

Boc-Val-N-Boc-DOPA-OMe 48 and Val-N-Boc-DOPA-OMe 64), that were found to be the most 

active compounds in the comet assay 325 in L5178Y (TK+/-) mouse lymphoma cells. 



1.2.6.1. Synthesis of Dopa Peptidomimetics in homogeneous conditions 

Boc-Tyr-OMe (BTO) 36 was used as starting material. Reactions were designed according to the 

procedure previously applied with IBX and are generalized in Scheme 16.  

 

Scheme 16 . General reactivity scheme of protected tyrosine with α-amino acids in the presence of tyrosinase. Step A: 
oxidation of tyrosine to DOPA-quinone. Step B: Michael-like 1-4-addition of protected α-amino acids on the DOPA-
quinone intermediate, followed by a reduction step.  

The oxidation of BTO 36 (20 mg, 0.068 mmol) with tyrosinase from Agaricus bisporus (600 UA) 

was performed in phosphate buffer solution (PBS; pH 7) at 25 °C for 48 h, in the presence of 

different amount of EtOH (from 9:1 v/v to 1:9 v/v PBS/EtOH ratio, respectively) to increase the 

solubility of the reagents, followed by a reduction step (Na2S2O4). EtOH shows a complete 

miscibility and high compatibility with PBS in various enzymatic reaction327. Initially, glycine 

methyl ester (NH2-Gly-OMe 37, 0.68 mmol) was used as a selected nitrogen centered nucleophile 

for the addition on the reactive DOPA quinone intermediate. The highest yield of OMe-Gly-N-Boc-

DOPA-OMe 62 was observed in the presence of PBS/EtOH 3:7 v/v after 24h (87%) (Figure 25) 

 



Figure 25. Yield of OMe-Gly-N-Boc-DOPA-OMe  during the oxidation of BTO  and NH2-Gly-OMe with tyrosinase at 
different EtOH/ PBS ratio values. 

The oxidative functionalization of BTO 36 was then repeated using N-Boc-Gly 37 as oxygen 

centered nucleophile under optimal conditions, to yield  N-Boc-Gly-N-Boc-DOPA-OMe 46 in 80% 

yield (Table 7, entry 3), besides to residual BTO 36 (Scheme 6, pathway B). To evaluate the 

generality of the transformation, we used the more hindered amino acids NH2-Val-OMe 56 and N-

Boc-Val 39 as nucleophiles. 

Scheme 17. Synthesis of DOPA peptidomimetics 46,48,62 and 64 by oxidative functionalization of BTO 36 with 
tyrosinase from Agaricus bisporus in the presence of glycine and valine nucleophiles.  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The corresponding DOPA peptidomimetics OMe-Val-N-Boc-DOPA-OMe 48 and N-Boc-Val-N-

Boc-DOPA-OMe 64 were obtained in 77% and 74% yield, respectively (Table 7, entries 2 and 4), 

besides to residual BTO (6% and 13%, respectively) (Scheme 17, pathways A and B). Amino acids 

with N- and O-centered nuclephile sites showed a similar reactivity, N-centered nucleophiles being 

slightly more efficient than the O-centered counterpart. Moreover, Gly nucleophiles were more 

reactive than Val, probably due to side-chain steric hindrance effects.  

1.2.6.2 Synthesis of DOPA peptidomimetics in heterogeneous condition 

The oxidative functionalization of BTO 36 was performed using tyrosinase supported on multi-

walled carbon nanotubes (MWCNTs) by the Layer by Layer (LbL) approach, by applying a 

procedure previously developed by us.329 Oxidized MWCNTs were treated with a positively 

charged poly(diallyldimethylammonium) chloride PDDA to facilitate the loading of tyrosinase, that 

is negatively charged at the operative pH 7. Bovine Serum Albumin (BSA) was used to reduce 

undesired conformational changes due to enzyme strive for the greatest surface 

coverage330 ,Glutaraldehyde (GA) increased the reticulation grade and the stability of the system 

(Figure 26)331. The structural characterization and the activity parameters of the novel catalyst Tyro/

MWCNT, as well as its application in the synthesis of bioactive catechol derivatives are detailed in 

material and methods.  

 

Figure 26. Loading of Tyrosinase (green) on oxidized MWCNTs (black) coated with positively charged 
poly(diallyldimethylammonium) chloride PDDA (ink rubber). Bovine Serum Albumin (BSA; red) was used to reduce 
undesired tyrosinase conformational changes and glutaraldehyde (GA) to increase the reticulation grade and the 
stability of the system. 



The oxidative functionalization of BTO 36 (20 mg, 0.068 mmol) with NH2-Gly-OMe 54 and N-

Boc-Gly-COOH 37 (0.68 mmol), catalysed by Tyro/MWCNT (600 UA) in PBS/EtOH (7:3 v/v, 12 

mL) at 25 °C for 24 h, afforded compounds 62 and 46 in 85% and 79% yield, respectively (Table 1, 

entries 5 and 6). In a similar way the oxidative functionalization of BTO 36 (20 mg, 0.068 mmol) 

with NH2-Val-OMe 56 and Boc-Val-COOH 39 (0.68 mmol) afforded DOPA compounds 64 and 48 

in 75% and 70% yield, respectively (Table 7, entries 7 and 8).Recycling experiments proceeded 

with success in the oxidation of compound BTO 1 with NH2-Gly-OMe as selected nucleophile. As 

shown in Table 7 (entries 9-13), MWCNT/Tyr was used for at least five cycles with only a slight 

decrease of efficiency to give 2. The oxidative functionalization of BTO 1 (20 mg, 0.068 mmol) 

with NH2-Gly-OMe and N-Boc-Gly-COOH (0.68 mmol), catalysed by Tyro/MWCNT (600 UA) in 

PBS/EtOH (3:7 v/v, 12 mL) at 25 °C for 24 h, afforded compounds 62 and 46 in 85% and 79% 

yield, respectively (Table 7, entries 5 and 6).  

Table 7: Synthesis of O-C and N-C bonded DOPA peptidomimetics under homogeneous and 
heterogeneous conditions and recycling experiment 

aBTO 1 (20 mg, 0.068 mmol) was treated with tyrosinase from Agaricus bisporus (600 UA) and different amino acid residues (0.68 
mmol) in PBS/EtOH (7:3 v/v; mL) at 25 °C for 48 h,  followed by a reduction step (Na2S2O4). bBTO 1 (20 mg, 0.068 mmol) was 
treated with Tyro/MWCNT (600 UA) and different amino acids residues in PBS/EtOH (3:7 v/v; 12mL) at 25 °C for 24 h, followed 
by a reduction step (Na2S2O4). cReusability is expressed as the yield in % of DOPA peptidomimetic 2 obtained by oxidation of BTO 1 
with MWCTN/Tyr under optimal conditions.  

Entry Nucleophile Catalyst product Yield (%)

1 NH2-Gly-OMe tyrosinasea OMe-Gly-N-Boc-DOPA-OMe  62 87

2 N-Boc-Gly-COOH tyrosinase N-Boc-Gly-N-Boc-Dopa-OMe 46 80

3 NH2-Val-OMe tyrosinasea OMe-Val-N-Boc-Dopa-OMe 64 77

4 N-Boc-Val-COOH tyrosinase N-Boc-Val-N-Boc-Dopa-OMe 48 74

5 NH2-Gly-OMe Tyr/MWCNTb 62 85

6 N-Boc-Gly-COOH Tyr/MWCNT 46 79

7 NH2-Val-OMe Tyr/MWCNTb 64 75

8 N-Boc-Val-COOH Tyr/MWCNT 48 70

9 NH2-Gly-OMe Tyr/MWCNTc 62 88

10 NH2-Gly-OMe Tyr/MWCNT 62 85

11 NH2-Gly-OMe Tyr/MWCNT 62 85

12 NH2-Gly-OMe Tyr/MWCNT 62 83

13 NH2-Gly-OMe Tyr/MWCNT 62 81



1.2.7 Evaluation of the dopamine-like activity of DOPA peptidomimetics 

Because PD is mainly characterized by low content of DA in the basal ganglia nuclei,  potential 

anti-Parkinson drugs should mimic DA effects. Thus, the activity of the novel L-DOPA 

peptidomimetics was evaluated by measuring their effects on neuronal firing/membrane currents in 

comparison to those evoked by exogenous mediator. Briefly, DA was applied to individual 

dopaminergic neurons of the rat substantia nigra pars compacta (SNpc), in which the effects of DA 

and dopaminergic drugs have been extensively characterized.333 Simultaneous neuronal firing of a 

large population of neurons located in the SNpc was recorded by MEA. Spontaneously active 

neurons were firstly challenged with DA (30 uM, 2 min, Figure 27 A) and only neurons that were 

inhibited by DA (>15% spontaneous firing inhibition; Berretta et al., 2010) were considered in the 

present study. Similarly, the effect of the L-DOPA peptidomimetics was evaluated in those DA 

sensitive neurons which responded to drug perfusion with at least a 15% change in firing rate. 

DOPA peptidomimetics were analyzed both in the protected and de-protected form, the latter 

obtained by treatment of parent compounds with a dilute solution of HCl (0.05N for 3 days at rt). 

Compound 64 and the deprotected L-Dopa Gly-73 and L-Dopa-Val 74 ( Showed in figure 27) 

showed a significant activity. 

Figure 27.Dopa Gly-73 and L-Dopa-Val 74 

We recorded 39 neurons inhibited by DA, and in 33 of these neurons the application of L-

DOPA Gly 73 (200 µM) caused a slow onset firing inhibition that was completely reversed by the 

D2 receptor antagonist Sulpiride (10 µM; Figure 28 A, B). The extent of firing inhibition by L-

DOPA Gly paralleled that of DA. Indeed, the effect of L-DOPA Gly 73 was more pronounced (P= 

0.00014; Figure 27 B) in those DA-sensitive neurons that were strongly inhibited by DA (74.66 ± 

7.07%, N=17), compared to those (P = 0.041; Figure 28 C) inhibited by DA by a lesser extent  

(35.96 ± 9.03%, N=16). In 6 out of the 39 SNpc DA neurons,  L-DOPA Gly 73 (200 µM) did not 
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cause firing inhibition (< 15%), although they responded to DA with 26.73 ±  10.88% firing 

inhibition. 

Figure 28 Acute effects of Gly-N-C-DOPA (L-DOPA Gly) on SNpc DA neurons. (A) Raster plot of the spontaneous 
firing recorded with MEA form a single SNpc DA neuron. DA (30 µM) robustly inhibited firing and, after complete 
washout of the DA effect, L-DOPA Gly (200 µM) caused a similar slow-onset inhibition of firing. Application of 
Sulpiride (10 µM) completely reversed L-DOPA Gly-mediated firing inhibition to control value. (B) Group data 
showing mean firing frequencies, normalized to control value,  in 17 SNpc DA neurons during application of DA, 
washout, L-DOPA Gly and Sulpiride. Note that firing frequency returned to control values both after DA washout and in 
the presence of Sulpiride. (C) Group data showing mean firing frequencies, normalized to control value,  during 
application of DA, washout, L-DOPA Gly and Sulpiride, in 16 SNpc DA neurons poorly sensitive to DA. Similarly to 
DA, also L-DOPA Gly exerted only a limited inhibition of firing. Sulpiride effect was minimal. (D) Voltage clamp 
recording (Vh= -60  mV) from a single SNpc DA neuron showing that L-DOPA Gly activated an outward current that 
was completely blocked by Sulpiride. 

In voltage clamp experiments, the application of L-DOPA Gly activated a slowly developing 

outward current of about 60 pA in 1 out of 3 DAergic neurons tested (Figure 28 D). This current 

was completely blocked by the D2 receptor antagonist Sulpiride. In the remaining 2 neurons L-

DOPA Gly was without effect (not shown). 

These data suggest that L-DOPA Gly displays a DA-like effects in a subpopulation of DAergic 

neurons, because, similarly to dopamine, L-DOPA Gly-induced firing inhibition and outward 

current is mediated by D2 receptors. However, the D2 receptor activation could be due to either DA 

produced by intracellular decarboxylation of L-DOPA Gly or to its direct interaction with D2 

receptors in the extracellular environment. Future experiments will address the possible 

mechanisms underlying L-DOPA Gly-mediated activation of D2 receptors, its ability to enter 

dopaminergic neurons and to be metabolized into DA.  



In a large set of population (53 out of 62) of SNpc neurons inhibited by DA, the protected form of 

another L-DOPA peptidomimetic, L-DOPA Val Ome 64 (200 µM), caused marked firing inhibition 

(Figure 29 A,B). However,  differently from L-DOPA Gly, this cellular response seemed to be 

unspecific, as it was not reversed by Sulpiride. This result was confirmed by patch-clamp 

recordings. In the example trace of Figure 29 C, L-DOPA ValOme caused an outward current that 

was insensitive to Sulpiride. By contrast, it was completely blocked by the KATP channel blocker 

Tolbutamide (100 µM). These data suggest that L-DOPA Val Ome 64 causes firing inhibition 

though a mechanism other than D2 receptor stimulation, possibly involving  a drop in intracellular 

ATP content, which causes KATP channel opening, or a direct action on  KATP channels in SNpc 

DAergic neurons.  

In 9 out of the 62 SNpc DAergic neurons L-DOPA ValOme 64 (200 µM) that cause firing inhibition 

(< 15%), although they responded to DA with 85.78 ± 6.49% firing inhibition. 

 

 

Figure 29. Acute effect of protected and deprotected L-DOPA Val on rat SNpc DAergic neurons. (A) Raster plot of the 
spontaneous firing recorded with MEA. DA (30 µM) strongly inhibited firing and, after complete washout, L-DOPA 
ValOme (200 µM) caused a slow-onset inhibition of firing. However, application of Sulpiride (10 µM) did not reverse 
L-DOPAValOme effect. (B) Group data showing mean firing frequencies in the presence of DA, washout, L-DOPA 
ValOme and Supliride, in 53 SNpc DA neurons. (C) Patch clamp recording of membrane current (Vh=- 60 mV) of a 
single SNpc DA neuron. Application of L-DOPA ValOme (200 µM) activated an outward current that was insensitive to 
Sulpiride and fully blocked by Tolbutamide (100 µM). (D) Raster plot of the spontaneous firing recorded with MEA. 
DA (30 µM) strongly inhibited firing and, after complete washout, the deprotected form of L-DOPA Val (200 µM) 
caused a slow-onset inhibition of firing, which was reversed by Sulpiride (10 µM). (E) Group data showing mean firing 
frequencies in the presence of DA, washout, deprotected L-DOPA Val and Sulpiride, in 12 SNpc DA neurons. 



We then recorded 15 neurons inhibited by DA, and in 12 of these neurons application of the 

deprotected form of L-DOPA Val 74 (200 µM) caused a pronounced (P = 0.000001) firing 

inhibition. Differently from what previously observed with the protected form, firing inhibition 

induced by  deprotected L-DOPA Val 74 was completely reversed by the D2 receptor antagonist 

Sulpiride (10 µM; Figure 29 D, E). The 3 out of 15 DAergic neurons, that were insensitive to 

deprotected L-DOPA Val 74(200 µM; < 15%) displayed an inhibition by DA of 84.34 ± 0.79%. 

1.2.8. CONCLUSIONS  

A large panel of L-DOPA peptidomimetics have been prepared in a selective way, using IBX and 

supported IBX-amide as primary oxidants. The reaction was further extended to a complete eco-

friendly approach, using a Tyrosinase-mediated oxidative functionalization. 

In this context a new biocatalyst Tyro/MWCNT was investigated in term of preparation, efficiency, 

stability  and  reusability. The activity of MWCNT/Tyr was found to be  comparable to native Tyr 

and greater than previously reported Tyr/E-250 catalyst, confirming the benign role of carbon 

nanotubes in the enzyme immobilization process. MWCNT/Tyr was a stable catalyst for at least six 

recycle experiments. Under  these  experimental  conditions,  two  families  of  L-DOPA 

peptidomimetics  were  obtained,  differing  in  the  nature  of  the  connection  between the  L-DOPA 

moiety  and  the  appropriate  ɑ-amino  acid  residue,  that  is  O–C  versus  N–C  bonds.  The 

regiochemistry of the addition between nucleophilic ɑ-amino acid and electrophilic DOPA-quinone 

intermediate followed a Michael-like 1-4 selectivity. We first investigated the anti-oxidant activity 

of L-DOPA peptidomimetics with the higher effect in DPPH assay, confirming the “in vitro” radical 

scavenging capacity.  Compounds containing residues  of  glycine showed an antioxidant  activity 

higher than L-DOPA, as a reference. It is interesting to note that a different behavior was observed 

during  the  analysis  of  the  antioxidant  activity  by  the  comet  assay  in  L5178Y (TK
+/#

)  mouse 

lymphoma cells,  in which case valine derivatives were the most active compounds.  These data 

further confirmed the difference in the evaluation of the anti-oxidant activity between spectroscopic 

procedures and cellular models.The antioxidant properties of L-DOPA peptidomimetics in L5178Y 

(TK
+/#

) mouse lymphoma model were probably related to ROS scavenging mechanism rather than 

possible  modulatory  effect  on  the  induced  cellular  DNA repair,  since  the  time  lapse  between 

treatment with H
2
O

2 
and processing of cells for comet assay was approximately 10 min, a time 



clearly  insufficient  for  DNA repair  events  to  take  place.  The  comparison  of  comet  assay  data 

between valine and glycine derivatives suggests a benign role of longer alkyl side chain substituent 

in the antioxidant activity. Investigation of this class of molecules proceded with evaluation of the 

dopamine-like activit. We have found that the deprotected forms of L-DOPA peptidomimetics (L-

DOPAGly  and  L-DOPA Val)  displayed  DA-like  effects  in  the  majority  of  SNpc  DA neurons. 

Indeed, DA, L-DOPA Gly and L-DOPA Val caused a strong inhibition of firing activity. Moreover, 

L-DOPA Gly and L-DOPA Val activated a D2 receptor-mediated outward current that was blocked 

by the selective D2 receptor antagonist Sulpiride. However, in a subpopulation of SNpc DA neurons 

poorly sensitive to DA, L-DOPA Gly and L-DOPA Val exerted mild effects. The reason of this 

discrepancy among SNpc DA neurons remains unknown and will be further studied in the near 

future.

1.3. MATHERIALS AND METHODS 

1.3.1 Materials 

All solvents and reagents used were of analytical grade and were purchased from Aldrich 

ChemicalCo. Silica gel 60 F254 plates and silica gel 60 were furnished from Merck. IBX was 

prepared in laboratory as described in the literature. Supported IBX-amide, 2,2-diphenyil-

picrylhydrazyl (DPPH), sodium sulfate anhydrous (Na2SO4), Boc-Tyrosine-OMe, and protected 

amino acids were purchased from Sigma-Aldrich.  

1.3.2 General procedure for preparation of L-Dopa peptidomimetics 

BTO 0.1 mmol was dissolved in 1.5 mL of the appropriate solvent, then 1.0 mmol of amino acid 

and 0.3 mmol of IBX were added. The reaction mixture was stirred at 45°C for 72h. The reaction 

was monitored by thin layer chromatography (TLC, n-hexane/EtOAc = 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 stirring for 15 min. Then  was added 2 mL of saturated solution of NaHCO3 and stirring 

for 30 min. The mixture was extracted several time with AcOEt and separated from H2O. The 

organic layer were collected dried with Na2SO4 and concentrated under reduced pressure. The crude 

product was purified by flash-chromatography. 1H and 13C NMR spectra were recorded on a 



Bruker (400 MHz) spectrometer. Mass spectra were recorded on a VG 70/250S spectrometer with 

an electron beam of 70 eV. Spectroscopic data are reported below. 

N-Boc-Gly-N-Boc-DOPA-OMe(46) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.28-1.44 (18H, d, 6×CH3), 2.97-3-00 (2H, m, 
CH2), 3.74 (3H, s, OCH3), 3.94 (2H, s, CH2) 4.62-5.14 (1H, m, CH) , 7.24 (1H, s,CH), 7.42 (1H, s, CH). 13C NMR (100 MHz, 
CDCl3): δH (ppm) = 28.08 (3×CH3), 28.70 (3×CH3), 32.47 (CH2), 42.89 (CH2) 52.47 (OCH3), 55.79 (CH), 79.53 (-Cº), 80.48 (-Cº), 
113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 
(C=O). MS (EI): m/z 485; Elemental Analysis calcd: C, 54.54; H, 6.66; N, 5.78; O, 33.02 Elemental Analysis found: C, 54.51; H, 
6.62; N, 5.73; O, 33.01. 



N-Boc-Ala-N-Boc-DOPA-OMe (48) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.28-1.44 (18H, d, 6×CH3), 1.50 (3H, s, CH3), 
2.96-3.03 (2H, m, CH2), 3.74 (3H, s, OCH3), 4.12-4.14 (1H, m, CH), 4.62-5.14 (1H, m, CH), 7.24 (1H, s, CH), 7.42 (1H, s, CH) 13C 
NMR (100 MHz, CDCl3): δH (ppm) = 17.20 (CH3)  28.08 (3×CH3), 28.70 (3×CH3), 32.47 (CH2), 52.47 (OCH3), 53.21 (CH) 55.79 
(CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 
158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 499; Elemental Analysis calcd: C, 55.41; H, 6.87; N, 5.62; O, 32.09 
Elemental Analysis found: C, C, 55.40; H, 6.85; N, 5.61; O, 32.07. 



N-Boc-Val-N-Boc-DOPA-OMe(49) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.89-0.98 (6H, d,2×CH3) J=4, 1.07-1.30 (18H, d, 
6xCH3), 2.14-2.20 (1H, m, CH), 2.96-3-03 (2H, m, CH2), 3.74 (3H, s, OCH3), 4.52-5.14 (1H, m, CH) 7.49 (1H, s, CH) 13C NMR 
(100 MHz, CDCl3): δH (ppm) = 18.90 (2xCH3)  28.08 (3×CH3), 28.70 (3×CH3), 30.41(CH), 32.47 (CH2), 52.47 (OCH3), 55.79 (CH), 
62.71 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 
158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 527; Elemental Analysis calcd: C, 57.02; H, 7.27; N, 5.32; O, 30.38 
Elemental Analysis found: C, 57.00; H, 7.23; N, 5.29; O, 30.35. 



N-Boc-Leu-N-Boc-DOPA-OMe (50) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.88-0.96 (6H, d,2×CH3) J=4, 1.28-1.44 (18H, d, 
6xCH3), J=4, 1.60-1.71 (2H, m, CH2), 2.10-2.21 (2H, m, 2xCH), 2.96-3.03 (2H, m, CH2), 3.74 (3H, s, OCH3), 4.52-5.14 (1H, m, 
CH), 7.49 (1H, s, CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 22.92 (2xCH3), 24.83 (CH), 28.08 (3×CH3), 28.70 (3×CH3), 
30.41(CH), 32.47 (CH2), 40.57 (CH2) 52.47 (OCH3), 55.79 (CH), , 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 
141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 541; Elemental 
Analysis calcd: C, 57.76; H, 7.46; N, 5.18; O, 29.60 Elemental Analysis found: C, 57.80; H, 7.41; N, 5.18; O, 29.62. 

 



N-Boc-Phe-N-Boc-DOPA-OMe (51), Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.42-1.50 (18H, d, 6xCH3), 2.92-3-10 (2H, m, 
CH2), 3.74 (3H, s, OCH3), 4.53-5.14 (1H, m, CH), 6.51 (2H, d, CH2), 6.71 (1H, s, CH), 6.79 (2H, d, CH2), 7.20 (1H,s, CH), 7.28(1H, 
t, CH), 13C NMR (100 MHz, CDCl3): δH (ppm) = 28.08 (3×CH3), 28.70 (3×CH3), 32.47 (CH2), 36.77 (CH2), 52.47 (OCH3), 55.79 
(CH),55.82 (CH) 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 125.01 (Car), 127.21 (Car), 129.41 (Car) 141.44 
(Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 575; Elemental Analysis 
calcd: C, 60.62; H, 6.67; N, 4.88; O, 27.84 Elemental Analysis found: C, 60.59; H, 6.61; N, 4.89; O, 27.82. 



N-Boc-Pro-N-Boc-DOPA-OMe (52), Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.38-1.40 (18H, d, 6×CH3), 1.60 (2H, m, CH2), 
1.85 (2H, m, CH2), 3.35 (2H, m, CH2), 3.60 (2H, m, CH2), 3.73 (3H, s, OCH3), 4.31-4.50 (1H, m, CH), 6.45 (1H, s, CH), 6.90 (1H, s, 
CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 24.07 (CH2), 28.02 (CH2), 28.08 (3×CH3), 28.70 (3×CH3), 32.47 (CH2), 52.47 
(OCH3), 50.41 (CH), 55.79 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 
(Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 525; Elemental Analysis calcd: C, 57.24; H, 6.92; N, 
5.34; O, 30.50 Elemental Analysis found: C, 57.21; H, 6.94; N, 5.33; O, 30.51. 



N-Boc-Trp-N-Boc-DOPA-OMe (52) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.42-1.50(18H, d, 6×CH3) J=4, 2.92-3-09 (2H, 
m, CH2), 3.67 (3H, s, OCH3), 4.58-5.20 (1H, m, CH), 6.71 (1H, s, CH), 7.18 (2H, d, 2xCH) 7.46 (1H, s, CH) J=4, 7.38 (2H, t, 
2xCH). 13C NMR (100 MHz, CDCl3): δH (ppm) = 28.08 (3×CH3), 28.40 (CH2) 28.70 (3×CH3), 32.47 (CH2), 52.47 (OCH3), , 55.79 
(CH), 59.41 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 109.74 (Car), 111.14 (Car), 118.80 (Car), 119.31 (Car), 119.84 
(Car), 121.10 (Car), 123.00 (Car), 127.44 (Car), 136.59 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 
171.90 (C=O), 172.64 (C=O). MS (EI): m/z 614; Elemental Analysis calcd: C, 60.67; H, 6.41; N, 6.85; O, 26.07 Elemental Analysis 
found: C, 60.68; H, 6.38; N, 6.81; O, 26.17. 

 



N-Boc-Met-N-Boc-DOPA-OMe (53) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.28-1.46 (18H, d, 6×CH3) J=4, 2.00-2.14 (2H, 
m, CH2), 2.06 (3H, s, S-CH3), 2.12-2.16 (2H, m,CH2), 2.91-2.94 (2H, t, CH2), 3.77 (3H, s, OCH3), 4.54-5.12 (1H, m, CH), 7.04 (1H, 
s, CH), 7.42 (1H, s, CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 15.42 (CH3) 28.08 (3×CH3), 28.70 (3×CH3), 29.72 (CH2) 30.91 
(CH2), 42.89 (CH2) 52.47 (OCH3), 56.59 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 
144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 559; Elemental Analysis calcd: 
C, 53.75; H, 6.86; N, 5.01; O, 28.64; S, 5.74Elemental Analysis found: C, 53.71; H, 6.84; N, 5.12; O, 28.70; S, 5.72. 



Gly-N-Boc-DOPA-OMe (62) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.44 (9H, s, 3×CH3), 2.90-3.10 (2H, m, CH2), 3.74 (3H, 
s, OCH3), 3.93 (2H, s, CH2), 4.11 (3H, s, OCH3), 4.62-5.14 (1H, m, CH) J=4, 7.24 (1H, s, CH), 7.42 (1H, s, CH) 13C NMR (100 
MHz, CDCl3): δH (ppm) = 28.04 (3×CH3), 32.21 (CH2), 42.89 (CH2) 52.47 (OCH3), 52.59 (OCH3), 56.59 (CH), 79.53 (-Cº), 80.48 (-
Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 
172.64 (C=O). MS (EI): m/z 399; Elemental Analysis calcd: C, 54.26; H, 6.58; N, 7.03; O, 32.13 Elemental Analysis found: C, 54.25; 
H, 6.59; N, 7.08; O, 32.13. 



Ala-N-Boc-DOPA-OMe (63) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.44 (9H, s, 3×CH3), 2.29 (3H, s, CH3), 3.65-3.69 (2H, 
m, CH2), 4.67 (3H, s, OCH3), 4.75 (3H, s, OCH3), 4.79-4.83 (2H, m, CH), 5.19-5.39 (1H, m, CH) , 7.02 (1H, s, CH), 7.54 (1H, s, 
CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 18.07 (CH3), 28.04 (3×CH3), 32.21 (CH2), 52.47 (OCH3), 52.59 (OCH3), 55.81 (CH), 
56.59 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 142.34 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 
158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 413; Elemental Analysis calcd: C, 55.33; H, 6.84; N, 6.79; O, 31.03 
Elemental Analysis found: C, 55.30; H, 6.81; N, 6.76; O, 31.10. 

 



Val-N-Boc-DOPA-OMe (64) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 0.89 (6H, d, 2×CH3) J=4, 1.32 (9H, s, 3×CH3), 2.90-3.10 
(1H, m,CH), 3.74 (3H, s, OCH3), 3.76(3H, s, OCH3), 3.81-3.86 (1H, m, CH) 7.49 (2H, s, 2xCH) 13C NMR (100 MHz, CDCl3): δH 
(ppm) = 19.25 (2xCH3), 28.04 (3×CH3), 30.63 (CH), 32.21 (CH2), 52.47 (OCH3), 52.59 (OCH3), 55.81 (CH), 74.30 (CH), 79.53 (-
Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 142.34 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 
171.90 (C=O), 172.64 (C=O). MS (EI): m/z 441; Elemental Analysis calcd: C, 57.26; H, 7.32; N, 6.36; O, 29.06 Elemental Analysis 
found: C, 57.23; H, 7.31; N, 6.36; O, 29.05. 



Leu-N-Boc-DOPA-OMe (65) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.28 (9H, s, 3×CH3), 1.32 (6H, d, 2×CH3) J=4, 2.61-2.64 
(1H, m, CH), 2.95-3.03 (2H, m, CH2), 3.77 (3H, s, OCH3), 3.79 (3H, s, OCH3), 4.10 (2H, m, CH2), 4.61-5.03 (1H, m, CH) J=4, 6.49 
(1H, s, CH), 6.92 (1H, s, CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 22.95 (2xCH3), 28.04 (3×CH3), 30.63 (CH), 32.21 (CH2), 
40.75 (CH2), 52.47 (OCH3), 52.59 (OCH3), 55.81 (CH), 64.70 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 
(Car), 142.34 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 455; 
ElementalAnalysis calcd: C, 58.14; H, 7.54; N, 6.16; O, 28.16 Elemental Analysis found: C, 58.11; H, 7.57; N, 6.10; O, 28.16. 



Phe-N-Boc-DOPA-OMe (66) Oil 1H NMR (400 MHz, CDCl3): δH (ppm): 1.44 (9H, s, 3×CH3), 3.04-3.06 (2H, m, CH2), 3.09-3.13 
(2H, m, CH2), 3.70 (3H, s, OCH3), 3.77 (3H, s, OCH3), 4.28 (1H, m, CH), 5.24 (1H, m, CH), 6.46 (1H, s, CH), 6.81 (2H, t, 2xCH), 
6.94 (2H, d, 2xCH) J=4, 7.24 (1H, s, CH), 7.38 (2H, t, 2xCH) J=8  13C NMR (100 MHz, CDCl3): δH (ppm) = 28.04 (3×CH3), 32.21 
(CH2), 36.95 (CH2), 42.89 (CH2) 52.47 (OCH3), 52.59 (OCH3), 56.59 (CH), 69.69 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 
117.31 (CH), 119.31 (Car), 124.92 (Car), 127.62 (Car), 129.57 (Car), 144.76 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 
(C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 489; Elemental Analysis calcd: C, 61.46; H, 6.60; N, 5.73; O, 
26.20. Elemental Analysis found: C, 61.46; H, 6.61; N, 5.73; O, 26.27. 



Pro-N-Boc-DOPA-OMe (67) Oil 1H NMR (400 MHz, CDCl3): δH (ppm): 1.44 (9H, 6, 3×CH3), 1.60 (2H, m, CH2), 1.85 (2H, m, 
CH2), 3.35 (2H, m, CH2), 3.60 (2H, m, CH2), 3.70 (3H, s, OCH3), 3.77 (3H, s, OCH3), 4.31-5.10 (1H, m, CH), 6.45 (1H, s, CH), 6.90 
(1H, s, CH) 13C NMR (100 MHz, CDCl3): δH (ppm) =27.56 (CH2), 28.04 (3×CH3), 29.81 (CH2) 32.28 (CH2), 42.89 (CH2) 52.47 
(OCH3), 52.59 (OCH3), 56.59 (CH), 74.64 (CH), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 119.31 (Car), 141.44 (Car), 
144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 439; Elemental Analysis calcd: 
C, 57.52; H, 6.90; N, 6.39; O, 29.19 Elemental Analysis found: C, 57.50; H, 6.86; N, 6.36; O, 29.16. 



Trp-N-Boc-DOPA-OMe (68) Oil 1H NMR (400 MHz, CDCl3): δH (ppm): 1.44 (9H, s, 3×CH3), 3.68-3.73 (2H, m, CH2) , 
3.88-4.00 (2H, m, CH2), 4.10 (3H, s, OCH3), 4.15(3H, s, OCH3), 4.28-5.14 (1H, m, CH), 5.06 (1H, s, CH) , 6.71 (1H, s, CH), 7.18 
(2H, d, 2xCH) 7.46 (1H, s, CH) J=4, 7.38 (2H, t, 2xCH) 13C NMR (100 MHz, CDCl3): δH (ppm) =, 28.04 (3×CH3), 30.67 (CH2), 
52.47 (OCH3), 52.59 (OCH3), 56.59 (CH), 70.70 (CH), 79.53 (-Cº), 80.48 (-Cº), 109.39 (Car), 111.21 (Car), 113.58 (CH), 117.31 
(CH), 118.48 (Car)119.31 (Car), 123.55 (Car), 127.66 (Car), 136.39 (Car), 142.34 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 
158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 527; Elemental Analysis calcd: C, 61.47; H, 6.30; N, 7.96; O, 24.26 
Elemental Analysis found: C, 61.41; H, 6.33; N, 7.92; O, 24.29. 

 



Met-N-Boc-DOPA-OMe (69) Oil 1H NMR (400 MHz, CDCl3): δH (ppm): 1.44 (9H, s, 3×CH3), 2.38-2.40 (2H, m, CH2) J=8, 
2.72 (3H, s, S-CH3), 2.73- 2.77 (2H, m, CH2), 2.99-3.03 (2H, m, CH2), 3.74 (3H, s, OCH3), 3.78 (3H, s, OCH3), 4.53-5.05 (1H, m, 
CH), 6.49 (1H, s, CH), 6.72 (1H, s, CH) 13C NMR (100 MHz, CDCl3): δH (ppm) = 15.43 (CH3), 28.04 (3×CH3), 31.68 (CH2), 32.10 
(CH2),  32.21 (CH2), 52.47 (OCH3), 52.59 (OCH3), 56.59 (CH), 66.46 (CH2), 79.53 (-Cº), 80.48 (-Cº), 113.58 (CH), 117.31 (CH), 
119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 158.32 (C=O), 171.90 (C=O), 172.64 (C=O). MS (EI): m/z 473; 
Elemental Analysis calcd: C, 53.37; H, 6.83; N, 5.93; O, 27.09; S, 6.79Elemental Analysis found: C, 53.32; H, 6.80; N, 5.98; O, 
27.08; S, 6.77. 



N-Boc-DOPA-OMe-Boc-DOPA-OMe (70) Oil 1H NMR (400 MHz, CDCl3): δH (ppm) = 1.28-1.44 (18H, d, 6×CH3) J=4, 
2.91-3-05 (2H, m, CH2), 3.74 0(3H, s, OCH3), 4.52-5.04 (1H, m, CH) , 5.75 (1H,s,CH), 7.46 (1H, s, CH). 13C NMR (100 MHz, 
CDCl3): δH (ppm) = 28.08 (3×CH3), 32.47 (CH2) 52.47 (OCH3), 55.79 (CH), 79.53 (-Cº), 113.58 (CH), 119.11 (Car), 119.31 (Car), 
141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=O), 171.90 (C=O),MS (EI): m/z 621; Elemental Analysis calcd: C, 58.06; H, 6.50; 
N, 4.51; O, 30.93 Elemental Analysis found: C, 58.10; H, 6.53; N, 4.50; O, 30.93. 

 



1.3.3 Test systems and culture conditions 

L5178Y TK+/- clone (3.7.2C) mouse lymphoma cells were obtained from ATCC (CRL-9518™). 

Generation time, plating efficiency and absence of mycoplasma were checked at regular intervals. 

Stocks of the L5178Y cells are stored in liquid nitrogen and subcultures prepared from the frozen 

stocks for experimental use. Cells were grown in RPMI 1640 supplemented with 10% heat-

inactivated horse serum, 2mM L-glutamine and antibiotics (100 IU/mL penicillin and 100 IU/mL 

streptomycin) and incubated at 37°C in a 5% carbon dioxide atmosphere and 100% nominal 

humidity. Chinese hamster ovary (CHO) cells were obtained from Prof. A.T. Natarajan (State 

University of Leiden, The Netherland). This cell line derives from the CHO isolated from an 

explant of the ovary of the Chinese hamster (Cricetulus griseus, 2n = 22). The CHO cell line is 

particularly useful for this kind of studies because of its stable karyotype (modal number is 21 

chromosomes), short cell cycle (12–14 h) and its high plating efficiency. Stocks of CHO cells are 

stored in liquid nitrogen and subcultures are prepared from these stocks for experimental use. 

Cultures were grown as monolayer cultures in Ham’s F-10 medium (Gibco BRL) supplemented 

with 15% foetal bovine serum, 4mM L-glutamine and antibiotics (50 IU/mL penicillin and 50 IU/

mL streptomycin). All incubations were at 37 °C in a 5% carbon dioxide  atmosphere and 100% 

nominal humidity. 

1.3.4 Chromosomal aberration assays 

Approximately 24 hours before treatment exponentially growing cells were detached by trypsin 

action and an appropriate number of 25 cm2 plastic cell culture flasks containing 5 mL complete 

culture medium was individually inoculated with 3.0x105 cells. Test compound treatments of CHO 

cells were performed in the absence of a metabolic activation system for 24 hours (approximately 

1.5 cell cycle). Colcemid at 0.27 mM was added during the last 3 hours of culture to accumulate 

cells in metaphase. Hypotonic shock was induced by 1% trisodium citrate solution for 10 minutes. 

Cell suspension was fixed in a mixture of methanol and glacial acetic acid (v/v 3:1) followed by 

three washes. Cytogenetic preparations for analyses of chromosomal aberrations and mitotic indices 

were stained with an aqueous solution of Giemsa (3%). For each experimental point 100 

metaphases were scored for chromosomal aberrations and were classified according to the 

description of Savage. The mitotic index was expressed in percentage based on the number of 

metaphases present after a total of 1000 cells scored (interphases and metaphases). Solvent-treated 

cells served as negative control.  



1.3.5 Comet assay 

Cultures of mouse lymphoma cells at a concentration of 1x106 cells/mL were treated for 30 minutes 

at 37°C in 5% carbon dioxide atmosphere and 100% nominal humidity, with each synthesized 

compound at a single dose-level, which was the highest concentration analyzed for scoring of 

chromosomal aberrations. In additional culture without any treatment which served as control was 

also included. At the end of treatment 10 µl of each cell suspension was added to 65 µl of 0.7% (w/

v) low melting point agarose (Bio-Rad Lab.) and sandwiched between a lower layer of 1% (w/v) 

normal-melting agarose (Bio-Rad Lab.). For untreated cultured and culture treated compound, two 

sets of three slides each, were prepared. An aliquot of 50 µl of H2O2 (0.25 µM) was added to one 

set, while PBS was added to the parallel set. The slides were kept at +4°C for 5 minutes and then 

immersed in lysing solution (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10) containing 10% 

DMSO and 1% Triton x 100 (ICN Biomedicals Inc.) at 4°C overnight. Slides were then randomly 

placed in a horizontal gel electrophoresis apparatus with fresh alkaline electrophoresis buffer (300 

mM NaOH, 1 mM Na2EDTA, pH>13) and incubated for 25 min at 4°C to allow for DNA 

unwinding and expression of alkali-labile sites. Electrophoresis was at 4°C for 15 minutes at 30 V 

(1 V/cm) and 300 mA. After electrophoresis, slides were immersed in 0.3 M sodium acetate in 

ethanol for 30 min. Slides were then dehydrated in an alcohol series (2 min at 70, 85, and 100%) 

and air-dried. Slides stained with 20 µg/ml ethidium bromide in the presence of antifade 

immediately before analysis, were examined at 40X magnification using an automated image 

analysis system (Comet Assay III; Perceptive Instruments, UK) connected to a fluorescence 

microscope (Zeiss Axioskop 2). DNA damage was quantified from the tail moment values. A 

number of 50 cells from each slide (150 cells in total) were analyzed per experimental point. 

1.3.6. Extraction of tyrosinase 

Mushroom tyrosinase was extracted and purified from A. bisporus using two procedures with slight 

modifications.  In the first extraction procedure, 2.5 Kg of fresh mushroom were frozen at -20°C at 

least one day and then lyophilized.  The extraction medium was centrifuged at 6000 rpm for 20 min 

and the solution obtained was first subjected to ammonium sulphate [(NH4)SO4] precipitation 

(35-70%) and then dialyzed against water. In the second extraction procedure, the sporocarps was 

cleaned to remove earthly residues and then washed with 20mM ascorbic acid maintained at 4°C. 

After day they had been dried, the sporocarps are sliced and frozen at -20°C at least 1 day before 

extraction. 



0.5 Kg of frozen sporocarp was homogenized twice in 0,6 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 0.5 L of 

30% v/v acetone in water for 2-3 min. The mixture was centrifuged at 6000 rpm for 20 min. To the 

supernatant, 1.5 volumes 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)SO4] 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 6000 rpm for 20 min. (NH4)SO4 was added to supernatant to make a 70% saturated 

solution. The solution was allowed to stand for 2 h at 4°C and centrifuged. The precipitate was 

dissolved in a minimal volume of cold water and then dialyzed against water and concentrated by 

means of Vivaflow ® 50 equipped with polyethersulfone (PES) membrane (1000 MWCO). The 

resulting enzyme solution was lyophilized and stored at -20°C. 

1.3.6.1 Determination of protein concentration 

Protein concentration was determined spectrophoteometrically at 595 nm according to the Bradford 

method using bovine serum albumin (BSA) as a standard.  

1.3.6.2 Activity assay 

Tyrosinase assay was performed by the dopachrome method. Briefly, 1.0 mL of 2.5 mM of L-Tyr 

solution in water was mixed with 1.9 mL of Na-phosphate buffer 0.1 M, pH 7.0 and incubated at 

25°C for 10 min.  Then, an appropriate amount of free or immobilized enzyme in 100.0 ml of Na-

phosphate buffer was added to the mixture and the initial rate was immediately measured as linear 

increase in optical density at 475 nm, due to dopachrome production. One unit of enzyme activity 

was defined as the increase in absorbance of 0.001 per minute at pH 7.0, 25°C in a 3.0 mL reaction 

mixture containing 0.83 mM of L-Tyr and 67 mM of Na-phosphate buffer pH 7.0. To evaluate the 

contaminant laccase in enzyme preparation, the laccase activity was determined 

spectrophotometrically using 2,2’ azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) as the 

substrate (27). The assay mixture contained 0.5 mM ABTS, Na-phosphate buffer 0.1 M, pH 7.0 and 

the enzyme was incubated at 25°C. The oxidation was followed by an absorbance increase at 415 



nm for 1 min. One activity unit was defined as the amount of enzyme that oxidised 1mmol ABTS/

min 

1.3.7 MWCNTs oxidation 

Despite the less surface area in respect to Single Walled Carbon Nanotubes (SWCNTs), the studies 

are conducted on Multi Walled Carbon Nanotubes (MWCNTs) as a support for immobilization 

because of the lower production costs (and the higher commercial availability) and the better 

dispersibility in aqueous solutions. In the literature both MWCNTs and functionalized MWCNTs 

were reported to be suitable supports for protein immobilization processes.278 The driving force 

which was responsible for a successful physical adsorption on non-functionalized MWCNTs was 

the interaction between the enzyme’s hydrophobic regions and the surface of the Carbon Nanotubes. 

This strategy affords the preservation of the native structural and functional properties of the 

nanotubes. MWCNTs show a very low dispersibility in aqueous solutions (also after prolonged 

ultrasonication treatments Figure 61), and this leads to the minimization of the available surface for 

protein immobilization. 

!  

Figure 39: left: MWCNTs in distilled water; right: MWCNTs after 4 h of sonication in distilled water. 

Basically, MWCNTs oxidation introduces charged functional groups introduction on the 

nanotubes’s surface and a significant increase of solubility in water solutions. Oxidized MWCNTs 

(ox-MWCNTs) were prepared following as previously reported in the literature, 279 by treatment 

with a 3:1 mixture of concentrated sulphuric and nitric acids in a ultrasonication bath for a 

prolonged time at room temperature. 



!  
Figure 40. Oxidation of MWCNT using Sulpho-Nitric Mixture. 

The acid solution containing ox-MWCNTs was centrifuged to discard the acid supernatant and 

nanotubes are 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. 

The oxidation furnished water soluble nanotubes (Figure 62) thanks to the introduction of charged 

carboxylic and hydroxyls functional groups on the surface. 

!  
Figure 41  MWCNTs after 4 h of sonication in a solfonitric mixture. 

The solubilisation of nanotubes in water was verified by UV-VIS spectroscopy. Briefly, ox-

MWCNTs are sonicated in milliQ water in order to obtain a solution of known concentration and 

their maximum absorbance was measured (500 nm). The observed linear relationship between 

absorbance versus ox-MWCNTs solution concentration and the absence of flocculation or 

precipitation phenomena (also after weeks of storage) suggested a high value of solubility. 

1.3.8. PDDA deposition on ox-MWCNTs 



Ox-MWCNTs were successively treated with a positively charged polyelectrolyte by the layer by 

layer technique, which basically allows the homogeneous coating of a given support by means of 

the alternating deposition of polyelectrolytes of opposite charge. Commercial 

poly(diallyldimethylammonium chloride) (PDDA) was chosen as a polycation ,280,281 and the 

coating was carried out according to procedures known in the literature;282 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 orbital shaking and finally centrifuged. This 

treatment affords the deposition of the polyelectrolyte film on the negatively charged surface of the 

ox-MWCNTs (Scheme 63). 

!  
Figure 42. PDDA structure (a) and schematic deposition on ox-MWCNTs (b) 

The possibility to obtain a positively charged surface is of crucial importance since tyrosinase 

globally has a negative charge at its operative pH. The evaluation of the amount of PDDA adsorbed 

on carbon nanotubes is very important, since partially modified MWCNTs aggregate through 

electrostatic attraction and precipitate.84 The presence of a low polyelectrolyte concentration may 

also lead to bridge flocculation because the high molecular weight PDDA (200000-350000 g/mol) 

could adsorb as a single polymer on multiple carbon nanotubes.281 In this regard Ziółkowska et al. 

recently reported a method for the determination of the PDDA concentration in aqueous solution 

based on the classical Bradford method. PDDA is infact able to stabilize the anionic form of the 



Coomassie Brilliant Blue (CBB) dye, thus forming a complex that can be detected at 595 nm. The 

method involves the construction of a calibration curve by measuring absorbance values of PDDA-

CBB complexes using a PDDA stock solution of known concentration. 

We did not detect any residual PDDA after the first washing cycle and the amount of immobilized 

PDDA per mg of ox-MWCNTs was found to be 0.573 ± 0.094 mg, corresponding to an 

immobilization yield of 30 ± 6%; the immobilization yield was defined as: 

Immobilization Yield = (mi PDDA/m0 PDDA) * 100 

mi PDDA = polyelectrolyte contained in the wastewaters 

m0 PDDA = polyelectrolyte initially added 

These results are in accordance with those reported by Iamsamai et al.,86 which found 0.48 mg of 

PDDA per mg of carbon nanotubes to be the minimum quantity to afford a complete coverage of 

the nanotube’s surface. 

1.3.9 Electrostatic adsorption and chemical crosslinking 

A bio-nanocatalyst was prepared modifying literature procedures which exploited the cross-linking 

ability of glutaraldheyde (GA), a compound that reacts with the protein lysine ε-amino groups 

under mild conditions. The extensive cross-linking of enzyme molecules 283 must be prevented and 

in this regard Broun 284 proposed an inert lysine rich protein to be used as a spacer, e.g. Bovine 

Serum Albumin (BSA). GA is able to improve the tyrosinase immobilization yield, preserving its 

shape11 and preventing its release.285 The use of GA or the system BSA/GA to build tyrosinase 

biosensors based on carbon nanotubes is fairly widespread. 286, 287 Being both tyrosinase and BSA 

negatively charged at pH 7.0, our strategy consisted in the simultaneous adsorption of the two 

proteins on the ox-MWCNT/PDDA in PBS 0.1M pH 7.0, with the subsequent generation of a multi 

protein-layer via cross-linking with GA (Scheme 64). Proteins reticulation occurs because of the 

formation of Shiff bases between the reactive aldheyde groups and the Lysine’s  amino groups. 

Proteins adsorption was afforded by means of orbital shaking (150 rpm, 40 min, r.t.) and the 

chemical cross-linking was subsequently performed (150rpm, 30 min, r.t. and then overnight at 

4°C).Both of the systems exhibit similar performances, notwithstanding the BSA containing system 

permits to afford higher loading and immobilization yield values (70%), as well as higher activity 



values. This result confirms the positive effects of the combined use of BSA and GA to tyrosinase 

immobilization. 

1.3.10 Nuclear Magnetic Resonance (NMR) analysis 

Nuclear magnetic resonance spectroscopy (NMR) analyses were made using a Bruker  200 MHz 

and Bruker 400 MHz instrument. NMR is a technique that exploits the magnetic properties of 

certain atominc nuclei to determine physical and chemical properties of atoms or the molecules in 

which they are contained. (Burton, S.G. TRENDS in Biotechnol 2003, 21(12), 543-549.) It relies on 

the phenomenon of nuclear magnetic resonance and can provide detailed information about the 

structure, dynamics, reaction state, and chemical environment of molecules. The NMR phenomenon 

is based on the fact that nuclei of atoms have magnetic properties that can be utilized to yield 

chemical information. The nuclei of many elemental isotopes have a characteristic spin (I). Some 

nuclei have integral spins (e.g. 2H, 14N; I=1), some have fractional spins (e.g. 1H, 13C, 15N, 19F, 

31P; I= ½ ), and a few have no spin, I=0 (e.g. 12C,16O,32S).  

In this case of study, the spectra of nuclear magnetic resonance of the proton (1H) and carbon (13C) 

were made with a spectrophotometer Varian 400 MHz using deuterated chloroform (CDCl3) as 

solvent. The values of "chemical shift" (chemical shifts) are expressed in parts per million (ppm). 

1.3.11 General procedure of synthesis of  Dopa peptidomimetics in homogeneous conditions 

In all reaction we used the same procedure. In a 25 ml flask 20 mg of BTO (0,068 mmoli) were 

dissolved in mixture of EtOH/buffer phosphate pH 7 (7:3 ratio). To the solution were added 0,68 

mmoli of different protected amino acid and Tyrosinase  ( 600 UA), after this step we saw a colour 

change from colorless solution to yellow (typical characteristic of quinone compounds). The 

mixture of reaction was stirred for 24 h at 25°C under O2 atmosphere. The reaction was monitored 

at regular intervals of time in Thin Layer Chromatography (TLC; Silica Gel 60 F254 Merck) in the 

mixture hexane / ethyl acetate (2:1) as eluent mixture.  TLC were analyzed with iodine vapor and 

with KMnO4 in order to make clearer the qualitative analysis of the reaction products. Following 

the absence of the limiting reagent (BTO) were added 2 equivalents of the reducing agent: sodium 

dithionite (Na2S2O4). After 30 minutes, the mixture of reaction was transferred into a separating 

funnel and it was subjected to extraction in H2O /AcOEt x3. Organic phases were were collected, 

washed with brine, anhydrified with sodium sulfate, filtered and concentrated under reduced 

pressure. 



1.3.12 General procedure of synthesis of Dopa peptidomimetics in heterogeneous synthesis  

In all reaction we used the same procedure, except for the condition in which we used Val-OMe or 

N-Boc-Val-OH as amino acid for the oxidative functionalization of the substrate. In these case we 

used higher amount of catalyst (MWCNT/Tyro). In a 25 ml flask 20 mg of BTO (0,05 mmoli) were 

dissolved in mixture of EtOH/buffer phosphate pH 7 (7:3 ratio). To the solution were added 0,50 

mmoli of different protected amino acid and MWCNT/Tyro  ( 600 UA), after this step we saw a 

colour change from colorless solution to yellow (typical characteristic of quinone compounds). The 

mixture of reaction was stirred for 24 h at 25°C under O2 atmosphere. The reaction was monitored 

at regular intervals of time in Thin Layer Chromatography (TLC; Silica Gel 60 F254 Merck) in the 

mixture hexane / ethyl acetate (2:1) as eluent mixture.  TLC were analyzed with iodine vapor and 

with KMnO4 in order to make clearer the qualitative analysis of the reaction products. Following 

the absence of the limiting reagent (BTO) were added 2 equivalents of the reducing agent: sodium 

dithionite (Na2S2O4). After 30 minutes, the mixture of reaction was transferred into a separating 

funnel and it was subjected to extraction in H2O /AcOEt x3. Organic phases were were collected, 

washed with brine, anhydrified with sodium sulfate, filtered and concentrated under reduced 

pressure. 



CHAPTER II 

THE ROLE OF POLYPHENOLS IN ANTIVIRAL THERAPY 

2.1. INTRODUCTION 

2.1.0 Introduction to polyphenols 

Almost all the people assume food every day, but many of them ignore the effects of food on health. 

The relationship between food and human health is not novel. About 2500 years ago, Hippocrates, 

universal recognized as father of modern medicine, conceptualized the use of appropriate foods for 

health and their therapeutic benefits.1 In 1989, Dr. Stephen de Felice coined the term nutraceuticals, 

that derived from a fusion of the words “nutrition” and “pharmaceutical”, as a food or a food 

product that provides medical benefits, including the prevention and treatment of diseases.2  

Currently, fruits and vegetables receive considerable interest because plant foods contain many 

bioactive compounds, such as vitamins and minerals. These physiologically active compounds, 

simply referred as phytochemicals (from the Greek word phyto, meaning plant), which provide 

benefits for humans, they protect plants from disease and damage and contribute to the plant’s color 

aroma and flavor.3 Epidemiological studies have consistently shown that a high dietary intake of 

fruits and vegetables, as well as whole grains, is strongly associated with reduced risk of developing 

chronic diseases, such as cancer and cardiovascular disease, which are the two major causes of 

death in most industrialized countries.4 The exact classification of phytochemicals could have not 

been performed so far, because of the wide variety of them. In recent years phytochemicals are 

classified as primary or secondary constituents, depending on their role in plant metabolism. 

Primary constituents include the common sugars, amino acids, proteins, purines and pyrimidines of 

nucleic acids and chlorophylls. Secondary constituents are the remaining plant substances such as 

alkaloids, terpenes, flavonoids, lignans, plant steroids, curcumines, saponins, phenols. Was referred 

that phenols are the most numerous and structurally diverse plant phytoconstituents, 8000 phenolic 

derivatives have been reported and they are widely dispersed throughout the plant kingdom.5,6 

These natural compounds are found in fruits, nuts and vegetables as well as beverages, including 

green tea and red wine.7  Phenols possess an aromatic ring with one or more hydroxyl groups. They 

are a class of chemical compounds that include phenols with high and low molecular weight. 

Despite this structural diversity, this group are often referred to as “polyphenols” and generally are 

categorized as phenolic acids, flavonoids, stilbenes, coumarins and tannins. They are secondary 

metabolites which are derived from pentose phosphate, shikimate, and phenylpropanoid pathways 



in plants. Natural polyphenols play important roles in plant physiology. For example, they protect 

against herbivores, microbes or viruses. In addition, they act as signaling compounds to attract 

pollinating or seed dispersing animals; they protect the plant from ultraviolet radiations and 

oxidative substances.8,9  

2.1.1 Biological activities of polyphenols  

Along with many other secondary compounds of plant origin, polyphenols are of great importance 

to humans and this concept it is a very old heritage, furthermore in ancient times secondary 

metabolites were used as poisons and hallucinogens but they actually have a pharmacological. They 

learned to use plants in folk medicine and today we have bearing medicinal herbs that are used as 

drugs in medicine.10 The healthy related properties of polyphenols are believed are due to their 

antioxidant activity as scavengers of free radicals.11,12 In chemistry, a radical is an atom, molecule, 

or ion that has unpaired valence electrons. Inside the cells, the primary target of radicals are 

proteins, lipids, DNA and RNA, where these unpaired electrons produce oxidative damage of DNA, 

proteins and lipids  

This damage they accumulate with age and contributes to degeneration of somatic cells and to the 

pathogenesis of several diseases. Many researchers have shown that lipid peroxides and reactive 

oxygen species are involved in a wide range of illness including cancer, atherosclerosis, heart 

disease and kidney damage and also in neurodegenerative disorders.13,14 Antioxidants limit this 

damage by acting directly on reactive oxygen species or by stimulating endogenous protective 

systems. Polyphenols can accept an electron to form relatively stable phenoxyl radicals thereby 

decrease the oxidative stress in cellular compartments.15 Polyphenols with catecholic moiety 

(aromatic rings with two vicinal hydroxyl group) have enhanced radical scavenger activity than 

those with a simple phenolic group (aromatic ring with a single hydroxyl group)16,17. For this 

reason, natural phenols are definitively recognized as substances for innovative therapeutic 

strategies. Polyphenols, in the cell, are subject to oxidative metabolism by cytochrome p-450 

dependent enzymes that catalyze many hydroxylation reactions; this family plays an important role 

in biosynthesis of phenolic compounds.18,19 These metabolic pathways produce highly oxidized 

phenols by insertion of oxygen atoms on the most activated positions of the molecule, that are the 

benzyl and aryl positions. This products, comprising benzoquinones, hydroquinones, cathecols and 

quinone methide derivatives, are capable to modify the value intracellular redox potential or to 



irreversibly bind proteins and nucleic acids, thus tuning the biological activity of the parent 

compound.20 In fact, these derivatives (with cathecolic, pyrogallolic moiety) are characterized by 

peculiar antitumoral, antioxidant and antiviral activities and show different chemical properties 

toward nucleophilic and electrophilic active sites in the cell. This behavior is dependent on the 

specific value of the redox potential in the cell. These antioxidant compounds are difficult to isolate 

due to the low concentration of these metabolites in nature, and the difficulty to recover them from 

mammalian cells or fluids. Among them, require novel procedures for their synthesis in order to 

afford adequate amounts of compounds for biological assays. On the other hand, only few attentions 

has been devoted to develop novel oxidative procedures for the synthesis of highly oxidized 

polyphenols characterized by higher biological activity.21  

Viral infections are difficult to fight for several reasons. To begin, viruses are made up of only a few 

structural components which they share with cells and furthermore diseases caused by viral 

infections are causative agents for several fatal epidemics which have a social impact related to 

unexpected illnesses and deaths. Recent emergence of newer pandemics for example H1N1 

influenza, Ebola, and Zika virus are also a major threat to public health.22,23 All these emerging 

viruses have more or less RNA genomes and as a result are capable of rapid mutation and resistance 

to the clinically available antiviral drugs. The increase of resistance form poses major challenges in 

clinical management of these viral infections.24 Viral particles are equipped with powerful tools to 

aid their invasion into cells and shrewd plans for the corruption of the cellular metabolism. The 

great similarity between the building blocks of viruses and those of biological cells renders the 

development of antiviral drugs most difficult, because many antiviral drugs may be more dangerous 

to the patient than to the pathogen. Further difficulty to fighting viral infections is the high 

mutability of the genomes, which can lead to new more aggressive forms of viruses and then some 

pharmacological resistance to traditional antiviral drugs. These issues have led researchers to design 

new antiviral drugs. In this context polyphenols have been described to possess promising antiviral 

activity, especially flavonoids are the most studied polyphenols for their properties.21 Flavonoids 

appeared to have played a major role in the successful medical treatments in the ancient times, and 

their use was persevered up to now. Some flavonoids work on the intracellular replication of 

viruses, whereas others inhibit the infectious properties of the viruses.25 For example, some 

flavonoids work on the intracellular replication of viruses, whereas others inhibit the infectious 

properties of the viruses. Among these natural products, baicalin is a flavonoid obtained from 

Scutellaria baicalensis which is one of the seven plants constituting Sho-saiko-to (SST), that is a 

traditional Chinese and Japanese herbal supplement, believed to enhance liver health,  26 and in 



recent years was discovered that this medicinal drug plays  a role in HIV replication, especially in 

peripheral blood mononuclear cells (PBMC).27 Many natural products can block various stages of 

the replication cycle of the virus. The discovery and development of flavonoids as anti-HIV agents 

has expanded in the past two decades. Most of these studies focused on the inhibitory activity of 

reverse transcriptase, or RNA-directed DNA polymerase.28,29  

Currently has been identified that polyphenols play an important role like antiviral agents because 

these compounds are able to monitoring intracellular redox.21 The antiviral activity of polyphenols 

is connected to their antioxidant property, this evidence was reported also by Sokmen and 

coworkers that discovered a polyphenolic extract from the medicinal plant “Geranium sanguineum” 

which characterized by strong anti-influenza activity possess antioxidant and radical scavenging 

properties..30  Based on these observations, some authors some authors work for understanding the 

relationship between viral infection and intracellular redox.21 

2.1.2 Intracellular redox  

A large number of viruses cause an oxidative stress, could play an important role in modulating the 

activity of several signaling pathways. Many findings have demonstrated that an alteration of the 

intracellular redox characterizes several viral infections and the progression of viral-induced 

diseases.31 Nonetheless, in certain cases, there is reasonable evidence that intracellular oxidative 

stress  is essential for the first phase of virus replication.30 Moreover, an alteration of intracellular 

redox state has been described as a characteristic of viral infections that can be caused by several 

factors, among which the decrease in antioxidant defenses,31,32 such as intracellular glutathione33,34 

and the increase in reactive oxygen species (ROS) production.35,36 Furthermore according to 

researchers, ROS and reactive nitrogen species (RNS) contribute to the development of influenza 

virus.37,38 Physiological levels of ROS play a key role in mediating cell signaling, while high levels 

of ROS can lead to oxidative damage to cellular components and activate several cell death 

pathways.39 Antioxidant are synthesized in vivo and others derived from the diet,40  these radical 

scavenger activities form part of an ‘‘antioxidant defense network” is not to remove all ROS, but to 

control their levels so as to allow useful functions whilst minimizing oxidative damage.41 For this 

reason, antioxidants represent an interesting class of molecules that have been proposed for the 

antiviral treatment. In the event of a decrease of endogenous defence against free radical, it would 

be reasonable to increase radical scavenger activity of the cell using exogenous compounds derived 

from the diet. Natural antioxidants present in fruit and vegetables, including polyphenols, are 

currently considered to be beneficial for viral infections.42 To control ROS attack, the cells is 



equipped with a safeguard system which includes enzymes such as superoxide dismutase, catalase, 

glutathione peroxidase, and glutathione reductase; and some endogenous molecules: high 

molecular-weight antioxidants such as albumin, ceruloplasmin, and ferritin; and an array of low 

molecular weight antioxidants such as ascorbic acid, α-tocopherol, β-carotene, glutathione (GSH), 

and uric acid. Inside the cells a right levels of reactive species and antioxidants is essential because 

when ROS overcome the antioxidants, occurs oxidative stress that is dangerous for the cell survival. 

2.1.3 Influenza A Virus 
Influenza, commonly known as the "flu", is an acute viral infection that affects the upper respiratory 

tract and sometimes infects the lungs, and which is transmitted from person to person.  

Influenza comes from the Latin word influentia, meaning “influence of the stars”. In ancient times 

people didn't know that flu is caused by a viral infection but they thought that the stars influenced 

the spread of influenza. The name of this illness in fact, reflects that belief. In the early 1930s 

Richard Shope isolated influenza virus from infected pigs and from humans. This revolutionary 

discovery has proved that a virus, not a bacterium, as widely believed, caused influenza.54 Influenza 

viruses continue to represent a severe threat worldwide that have substantial economic impact due 

to the costs of prevention and treatment, work absenteeism, physician visits and excess 

hospitalizations.47 

These annual epidemics are estimated to result about 3 to 5 million cases of severe illness and about 

250000 to 500000 deaths.55  

Influenza viruses belonging to the Orthomyxoviridae family, are enveloped viruses and are 

characterized by a segmented single-stranded RNA genome. There are four types of influenza 

viruses: A, B, C and D. Human influenza A and B viruses cause seasonal epidemics of disease 

almost every winter. Influenza type C infections generally cause a mild respiratory illness and are 

not thought to cause epidemics. Influenza D viruses primarily affect cattle and are not known to 

infect or cause illness in people. Influenza A viruses are divided into subtypes based on two proteins 

on the surface of the virus: the hemagglutinin (HA) and the neuraminidase (N). There are 18 

different hemagglutinin subtypes and 11 different neuraminidase subtypes. (H1 through H18 and 

N1 through N11 respectively).56 A characteristic that distinguishes the influenza A viruses from 

influenza B and C, is their capability of infecting a wide variety of avian species, humans, and 

several mammals, including swine, horses, cats and dogs.57 



The genomes of influenza viruses are changeable due to point mutations and recombination events 

that contribute to the evolution of new variants and strains with epidemic or pandemic potential, as 

the recent global pandemic caused by the origin swine influenza A/H1N1 virus in 2009, a viral 

subtype that has led to 18000 deaths. Influenza viruses cause annual epidemics and occasional 

pandemics that have claimed the lives of millions. The emergence of new strains will continue to 

pose challenges to public health and the scientific communities.58 Influenza A viruses have a 

complex structure and possess a lipid membrane (envelope) derived from the host cell. Inside this 

envelope there are eight segments of single-stranded negative sense RNA that conventionally, are 

defined from largest to smallest.59 Every segment encode for 16 proteins, some of them protein are 

most important for the virus life-cycle. 60 This gene products are subdivided into early proteins or 

late proteins in function of the infection phase. Three segments encode proteins that form the virus 

polymerase complex: basic polymerase 2 (PB2) which controls the recognition of host-cell RNA; 

basic polymerase 1 (PB1), which catalyses nucleotide addition (and which also encodes a small 

proapoptotic mitochondrial protein that is translated in a different reading frame PB1-F2); and the 

acid protein (PA), which might possess a transcriptase protease activity.59 This three polymerases 

associated with the nucleoprotein (NP) form helical ribonucleoprotein capsids (vRNPs). After 

infection, the vRNPS are transported to the host cell nucleus, where they undergo transcription and 

replication.61 Haemagglutinin and neuraminidase are the two major viral envelope glycoproteins, 

there are late gene products. The matrix (M1), transmembrane (M2) and second non-structural 

(NS2) proteins are also transcribed by late genes.57 

The life cycle of influenza A viruses is similar irrespective of strain  shown in fig. 2.58 The 

replication of virus starts by a binding between sialic acid galactose link to a cell surface 

glycoprotein or glycolipid and haemagglutinin on the virus. The virion is taken up in an endocytic 

vesicle, where acidification activates cellular proteases that cleave haemagglutinin, leading to the 

release of a fusion peptide and a conformational change that bring viral and endosomal membranes 

together. Acidification also produces a flow of protons through the M2 ion channel into the interior 

of the virion, causing the RNPs to dissociate from the M1 matrix and be released into the 

cytoplasm. After that, they are transported to the nucleus, where a viral polymerase complex 

performs transcription and replication. The resulting mRNAs move to the cytoplasm and are 

translated, producing new RNP protein components that are transported back to the nucleus to 

associate with nascent genome segments. The exit of new RNPs from the nucleus is aided by the 

viral NS2 (nuclear export protein, NEP). Meanwhile, nascent HA, NA and M2 molecules pass 

through the Golgi apparatus and undergo glycosylation before moving to the cell membrane. Virion 



assembly occurs as RNPs and M1 proteins associate with cytoplasmic tails of HA and NA. 

Successful release of new virus particles requires that NA cleave sialic acid from galactose on the 

cell surface or on adjacent virions to prevent HA binding.62 

!  

Figure 43 : Schematic representation of  the influenza A virus replication cycle.58 

2.1.4 Current therapies against influenza viruses 

Currently, two options are available to fight influenza: vaccination and antiviral drug. For treating 

and prevent influenza is given a vaccination with an inactivated trivalent influenza vaccine 

containing two influenza A variants and one influenza B variant. During any influenza season, 

antigenic drift in the virus may occur after formulation of the year’s vaccine has taken place, 

rendering the vaccine less protective, and outbreaks can more easily occur among high risk 

populations. In the course of a pandemic, vaccine supplies would be inadequate. Vaccine production 

by current methods cannot be carried out with the speed required to halt the progress of a new strain 

of influenza virus; therefore, it is likely that vaccine would not be available for the first wave of 

spread of virus.63 Antiviral agents thus form an important part of a rational approach to epidemic 

influenza and are critical to planning for a pandemic. Due to limitations of this preventive vaccine 

form, the use of antiviral drugs is essential. There are two major classes of anti-influenza drugs that 

include the adamantanes, which target the M2 protein and neuraminidase inhibitors. 64 



2.1.5 Influenza virus and oxidative stress 

The traditional antiviral strategies, analyzed above, have been developed against influenza virus to 

intercede with specific events in the replication cycle. Unfortunately, the emergence of strains 

resistant to antiviral agents, underlines the need for drugs that act on new molecular targets, for that 

purpose the new drugs should provide an effective protection against all influenza viruses.73  

The new antiviral strategy must be valid whatever the origin of the virus. Some research show that 

intracellular signaling pathways are activated during influenza virus infection and play a role in the 

progression of virus life cycle. Among these several pathways, including phosphatidylinositol 3- 

kinase (PI3K)/Akt, protein kinase C (PKC) and mitogen activated protein kinase (MAPK), are 

involved in viral RNP translocation from the nucleus to the cytoplasm. 74 In this context, the entry 

of influenza virus triggers intracellular cascades finely regulated by small changes of intracellular 

redox state, they can contribute to inhibit influenza virus replication.47 Oxidative stress has been 

described as a characteristic of viral infections, for this reason antioxidants represent interesting 

molecules that have been proposed for the treatment of influenza. In addition, various plant 

products have been accredited with anti-influenza virus activity. It would be reasonable to increase 

antioxidant capacity of the cell using exogenous compounds derived from the diet, thus enhancing 

cell defenses against the free radical formation. Natural antioxidants present in fruit and vegetables, 

including vitamins C and E, carotenoids and polyphenols, are currently considered to be beneficial.
64 Among polyphenols, resveratrol is a stilbene-like phytoalexin present in more than 72 plant 

species, among which grape skin and other fruits, with high antioxidant activity.75 It plays a relevant 

role in several diseases including viral infections. Resveratrol can inhibit replication of influenza A 

virus without significant toxicity. Another class of polyphenols are flavonoid especially catechins, 

like epigallocatechin gallate (EGCG) and epicatechin gallate (ECG) were the most active catechins 

against different influenza subtypes.76 Hydroxytyrosol, one of the major phenolic compounds 

present in olive fruits and in the oil mill wastewaters, 77 exerts various bioactivities including 

antiviral activities specially against human immunodeficiency virus in an effort to evaluate the 

possibility that hydroxytyrosol might be a useful agent against other viruses Yamada et al. reported 

that this compound inhibits different influenza A viruses.78  These compounds (shown in Fig. 5) 

they share catecholic and pyrogallolic moieties are associated with an increased activity against 

influenza A viruses.47  



  

Figure 44.  Most active anti-influenza compounds.  

2.1.6. Coumarins 

Coumarins are a heterogeneous group of phenolic substances found throughout the plant kingdom.
79,80,81 The prototypical compound is coumarin itself which could be considered like the resulting 

fusion of benzene and 2-pyrone ring shown in fig. 6. Their name derives from Coumarouna 

odorata, a leguminosa of South America from which coumarin was extracted for the first time in 

1820.82  

Figure 45, Coumarin and warfarin structure.  

Coumarins are found at high level in some essential oils, but they are also found in fruits, green tea 

and other food such as chicory.83 More than 300 coumarins have been identified from natural 

sources, there are four main coumarin sub-types: the simple coumarins, furanocoumarins, 

pyranocoumarins and the pyrone-substituted coumarins The simple coumarins are hydroxylated and 

alkylated derivatives of the parent compound, coumarin, along with their glycosides. Coumarins are 

oxygenated at C-7 and less frequently at C-5,C-6 and C-8. The oxygenation patterns mentioned 
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above are typical for benzenoid rings of C6-C3 units derived from shikimic acid pathway.84 The 

interest in the field of coumarins started at the beginning of 1900 when it was discovered by any 

chance, Warfarin, that is the most widely used anticoagulant in the world (Figure 45).  

The story of Warfarin leads us from a mysterious hemorrhagic disease of cattle to the development 

of a rat poison which became one of the most commonly prescribed drugs in history.85 

Beyond that, the commercial interests of coumarins comprises a wide range of applications, such as 

a fixative and enhancing agent in perfumes and is added to toilet soap and detergents, toothpaste, 

tobacco products and some alcoholic beverages.86  

2.1.6.1. Biosynthesis of coumarins in plants  

Coumarin biosynthesis pathway has been largely outlined during the ‘60s and ‘70s, with the help of 

tracer feeding experiments.87. Coumarins are especially abundant in Umbelliferae and Rutaceae 

families where it is demonstrated the existence of this compound.88 Other tracer experiments 

conducted with Lavandula officinalis, a plant that produces coumarin such as 7-hydroxylated 

coumarins, revealed that in the latter instance para-hydroxylation preceded the ortho-hydroxylation 

required for lactonization.89 This indicated that umbelliferon is derived from cis-p-coumaric acid, 

whereas coumarin originates from 2,4-dihydroxy-cis-cinnamic acid, and may imply different 

enzymes for the orthohydroxylation and lactonization of coumarin versus umbelliferone.90 The 

conversion of cinnamic acid to cis-p-coumaric acid is catalyzed by cinnamate 4-hydroxylase, a 

cytochrome P450 monooxygenase from the CYP73A family.91 This enzyme constitutes the P450 

enzyme most studied to date and sets the stage for several branch pathways, such as the 

lignification,92 or flavonoid biosynthesis.93 Following the pertaining literature, cis-p-coumaric acid 

is ortho-hydroxylated to 2,4-dihydroxy-cis-cinnamic acid. The formation of esculetin was examined 

in Cichorium intybus.94 These studies revealed that umbelliferone was an efficient precursor; 

additionally in this step is important the ortho-hydroxylation in position 6 of umbelliferone, 

probably by the action of a P450 monooxygenase. Similar to esculetin, daphnetin in Daphne 

mezereum, was shown to be derived from umbelliferone. 

The recent detection of coumarin and hydroxylated coumarins in Arabidopsis thaliana have opened 

the way for new approaches. In this context Munoz and coworkers have identified in Arabidopsis 

thaliana which not only cytochrome p450 enzymes catalyze the reaction from umbelliferon to 

esculetin, but minimally also other enzymes play a role in this reaction, for example, polyphenol 

oxidase (PPO) family such as tyrosinase.95  



2.1.6.2. Coumarin as radical scavenger  

Food and Drug Administration in 1952 banned coumarins from the market but since then a lot has 

changed.96 Over the last 50 years coumarin compounds have been widely used as anti-coagulant, 

anti-microbial and anti-inflammatory agents supported by different clinical studies. Currently have 

diverse biological properties and various effects on the different cellular systems.97 

Coumarins have important effects in plant biochemistry and physiology, acting as antioxidants, 

enzyme inhibitors and precursors of toxic substances. In addition, these compounds are involved in 

the actions of plant growth hormones and growth regulators, the control of respiration, 

photosynthesis, as well as defense against infection.98  

A broad array of medicinal applications of coumarins has been investigated, and several recent  

reviews summarize advances in these fields, especially concerning their antioxidant properties.99 In 

this context, they are analyzed the hydroxycoumarins that are typical phenolic compounds, 

therefore, act as potent metal chelators and free radical scavengers. Recently there has been a great 

intent in searching for the compounds with antioxidant activity.100 

There are many methods to evaluate antioxidant activity of potential antioxidants.102One of the 

widely used detection procedures, which facilitates analysis of various antioxidants, is based on 

2,2’-diphenyl-1-picrylhydrazyl radical (DPPH) bleaching.103 DPPH is characterized as a stable free 

radical by virtue of the delocalization of the spare electron, as would be the case with most other 

free radicals. The delocalization also gives rise to the deep violet color, characterized by an 

absorption band in ethanol solution centered at about 520 nm. 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 that using a nonlinear 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. Which is currently used in the interpretation of experimental data from the method.104 

Some authors as Rehanova and coworkers evaluated the antioxidant activity of coumarins with 

DPPH test.100 In this assay the authors for comparing the results of DPPH radical scavenging 

activity use as a controls three compound which have a known antioxidant activity such as ascorbic 

acid, trolox and catechin shown in figure 46. 



  

Figure 46. Controls for DPPH assay.  

With DPPH assay was demonstrated by the authors that monohydroxycoumarins such as 4-

hydroxycoumarin and hymecromone did not show significant antioxidant activity; results of EC50 

and related compound are shown in Fig.47 (1-2). On the other hand, 7,8-dihydroxy-4-

methylcoumarin (3) possess excellent radical scavenging activity.96 

  

Figure 47. Some of coumarins tested for radical scavenging activity and results of DPPH assay expressed with EC50 

parameter.  

Their EC50 values are comparable with that of trolox and two times lower than that of (+)-catechin. 

These results confirmed the importance of the ortho-position of hydroxyl groups to each other reach 

maximal radical scavenging activity. The DPPH scavenging activity of some coumarins in another 

study conducted in 2015, is comparable with the analysis conducted by Rehakova et al., it was 

found that  our  results  are  in  good  agreement  with  those  of  the  authors  mentioned   above. 

This finding is in accordance with our results since coumarins without hydroxyl groups were 

ineffective or they exhibited very low antioxidant activity.105 Data showed that the antioxidant 

activity was present only with the catechol function. Based on these researches, the new anti-

influenza A drugs with a relationship between radical scavenger activities related at antiviral 

therapy has been focused on the synthesis of new antiviral compound with enhanced antioxidant 

activity and that possess catecholic and pyrogalolic pharmacophores. 
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2.1.6.3. Bioactivity of hydroxycoumarins  

Coumarins are a large class of phenolic secondary metabolites found in plants, bacteria, and fungi 

characterized by condensed benzene and 𝛼-pyrone rings (2H-1-benzopyran-2-one)106. Coumarins 

show several pharmacological activities such as anticoagulant107, antineurodegenerative108, 

anticancer109 and antimicrobial activities110. Coumarins are also active against a large panel of 

viruses, including human immunodeficiency virus type 1 (HIV-1)111, hepatitis C virus (HCV)112, 

bovine viral diarrhoea virus(BVDV)113 and herpes simplex virus114 

Coumarins are quite similar to well recognized antioxidants flavonoids and have been studied 

extensively for their antioxidant properties.115 The polyphenolic derivatives with the catechol 

(ortho-diphenol, 1,2-dihydroxybenzene) pharmacophore (esculetin and 4-methyl esculetin) being 

the most efficient compounds in the decrease of lipid peroxidation116 , in the protection of human 

cells from hydrogen peroxide-induced oxidative damage117, and in the radical scavenging activity of 

DPPH and galvinoxyl radicals118 The antioxidant activity of catechols is associated to their high 

capacity of transferring single-electron and hydrogen-atom to reactive radicals119, as well as to 

binding pro-oxidant species120  

2.1.6.4 Antioxidant activity of catechol and pyrogallol derivatives 

In the last years several examples of  that natural and synthetic antioxidant compounds bearing the 

catechol moiety, active against different DNA and RNA viruses121, including the influenza A 

virus122 ,were reported. In particular, resveratrol analogues inhibited influenza A replication by 

impairing vRNP traffic, partially restoring the virus-induced GSH depletion123. In a similar way, the 

reduced form of tocopherylquinones (analogues of vitamin E) are active against influenza A virus 

by regulation of the internal redox potential of the cells124. Only one example of inhibition of 

influenza A virus by coumarins is reported, in which case oligomeric spirodienone–sesquiterpene 

derivatives from Toddalia asiatica, deprived of free hydroxyl moieties, were analyzed125 

Novel pyrogallol compounds isolated from E. cava, PPB, displayed different degrees of potency in 

its radical scavenging and protective effects against H2O2-induced damage in Vero cells moreover 

the high antioxidant activity of natural compounds containing the pyrogallol moiety is largely 

reviewed126  



2.1.7. Other viruses related to ROS:  

2.1.7.1 Poliovirus  

Poliovirus, the causative agent of poliomyelitis (commonly known as polio), is a human enterovirus 

and member of the family of Picornaviridae.127 

Poliovirus is composed of an RNA genome and a protein capsid. The genome is a single-stranded 

positive-sense RNA genome that is about 7500 nucleotides long.128 The viral particle is about 30 nm 

in diameter with icosahedral symmetry. Because of its short genome and its simple composition—

only RNA and a nonenveloped icosahedral protein coat that encapsulates it, poliovirus is widely 

regarded as the simplest significant virus.129 

Poliovirus was first isolated in 1909 by Karl Landsteiner and Erwin Popper.130 In 1981, the 

poliovirus genome was published by two different teams of researchers: by Vincent Racaniello and 

David Baltimore at MIT131 and by Naomi Kitamura and Eckard Wimmer at Stony Brook University.
[132 Poliovirus is one of the most well-characterized viruses, and has become a useful model system 

for understanding the biology of RNA viruses.Poliovirus infects human cells by binding to an 

immunoglobulin-like receptor, CD155, (also known as the poliovirus receptor (PVR))133,134 on the 

cell surface.135 Interaction of poliovirus and CD155 facilitates an irreversible conformational 

change of the viral particle necessary for viral entry.136,137 Attached to the host cell membrane, entry 

of the viral nucleic acid was thought to occur one of two ways: via the formation of a pore in the 

plasma membrane through which the RNA is then “injected” into the host cell cytoplasm, or that the 

virus is taken up by receptor-mediated endocytosis.138 Recent experimental evidence supports the 

latter hypothesis and suggests that poliovirus binds to CD155 and is taken up by endocytosis. 

Immediately after internalization of the particle, the viral RNA is released.139 

Poliovirus is a positive-stranded RNA virus. Thus, the genome enclosed within the viral particle can 

be used as messenger RNA and immediately translated by the host cell. On entry, the virus hijacks 

the cell's translation machinery, causing inhibition of cellular protein synthesis in favor of virus–

specific protein production.140 Unlike the host cell's mRNAs, the 5' end of poliovirus RNA is 

extremely long—over 700 nucleotides—and highly structured. This region of the viral genome is 

called internal ribosome entry site (IRES), and it directs translation of the viral RNA. Genetic 

mutations in this region prevent viral protein production.141,142,143 The first IRES to be discovered 

was found in poliovirus RNA.144 

Poliovirus mRNA is translated as one long polypeptide. This polypeptide is then autocleaved by 

internal proteases into about 10 individual viral proteins. Not all cleavages occur with the same 
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efficiency. Therefore, the amounts of proteins produced by the polypeptide cleavage vary: for 

example, smaller amounts of 3Dpol are produced than those of capsid proteins, VP1-4.145,146 

For the infecting (+) RNA to be replicated, multiple copies of (−) RNA must be transcribed and then 

used as templates for (+) RNA synthesis. Replicative intermediates (RIs) which are an association 

of RNA molecules consisting of a template RNA and several growing RNAs of varying length, are 

seen in both the replication complexes for (−) RNAs and (+) RNAs. The primer for both (+) and (−) 

strand synthesis is the small protein VPg, which is uridylylated at the hydroxyl group of a tyrosine 

residue by the poliovirus RNA polymerase at a cis-acting replication element located in a stem-loop 

in the virus genome. Some of the (+) RNA molecules are used as templates for further (−) RNA 

synthesis, some function as mRNA, and some are destined to be the genomes of progeny virions.[25] 

In the assembly of new virus particles (i.e. the packaging of progeny genome into a procapsid which 

can survive outside the host cell), including, respectively:147 

 • Five copies each of VP0, VP3, and VP1 which its N termini and VP4 form interior surface 

of capsid, assemble into a ‘pentamer’ and 12 pentamers form a procapsid. (The outer surface 

of capsid is consisting of VP1, VP2, VP3; C termini of VP1 and VP3 form the canyons 

which around each of the vertices; around this time, the 60 copies of VP0 are cleaved into 

VP4 and VP2.) 

 • Each procapsid acquires a copy of the virus genome, with VPg still attached at the 5' end. 

Fully assembled poliovirus leaves the confines of its host cell by lysis1484 to 6 hours following 

initiation of infection in cultured mammalian cells.149 The mechanism of viral release from the cell 

is unclear,[3] but each dying cell can release up to 10,000 polio virions.150 

Drake demonstrated that poliovirus is able to undergo multiplicity reactivation.151 That is, when 

polioviruses were irradiated with UV light and allowed to undergo multiple infections of host cells, 

viable progeny could be formed even at UV doses that inactivated the virus in single infections. 

2.1.7.2 Echoviruses 

The first isolation of echoviruses occurred from the faeces of asymptomatic children early in the 

1950s, just after cell culturing had been developed. The echo– part of the name was originally an 

acronym for "enteric cytopathic human orphan" virus: Orphan virus means a virus that is not 

associated with any known disease. Even though Echoviruses have since been identified with 

various diseases, the original name is still used.152 Echovirus is highly infectious, and its primary 

target is children. The echovirus is among the leading causes of acute febrile illness in infants and 

young children, and is the most common cause of aseptic meningitis. Infection of an infant with this 
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virus following birth may cause severe systemic diseases, and is associated with high infant 

mortality rates. The echovirus can mimic symptoms caused by other common bacterial and viral 

infections.An echovirus measures 24-30 nanometres (nm), and is similar to other viruses, since it 

has a naked protein capsid, which makes up 75% of the virus particle that encloses a dense central 

core of single-stranded RNA. This RNA has a length of approximately 7.5 kilobase (kb), contains 

an RNA replicase, viral-coded proteins, and a single polyprotein that is responsible for the 

formation of structural proteins and other proteins necessary for cellular replication. The structural 

proteins determine host range and play a very important role in delivering the RNA genome into the 

cytoplasm of new host cells. 

Some viral replication of an echovirus occurs in the nasopharynx after infection and then spreads to 

regional lymph nodes. However, most viral particles are swallowed and they reach the lower gut 

tract, where the virus is presumed to bind to specific receptors. The virus then spreads to the lower 

intestinal tract, replicating but not causing any major cellular effects along the way. Next, the virus 

spreads to many secondary sites in the body such as the central nervous system, liver, spleen, bone 

marrow, heart and finally the lungs. Additional replication of the virus will occur, causing 

symptoms 4 to 6 days after infection. The most deadly part however is delayed when symptoms of a 

central nervous system disease start to appear. Enteroviruses are capable of infecting any cell in the 

body. These viruses are highly infectious. They can spread through the air to other hosts 1–3 weeks 

after infection and can spread through feces to other hosts eight weeks after infection.152 

2.1.7.3. Herpes simplex virus  

Herpes simplex virus 1 and 2 (HSV-1 and HSV-2), also known as human herpesvirus 1 and 2 

(HHV-1 and HHV-2), are two members of the herpesvirus family, Herpesviridae, that infect 

humans.153 Both HSV-1 (which produces most cold sores) and HSV-2 (which produces most genital 

herpes) are ubiquitous and contagious. They can be spread when an infected person is producing 

and shedding the virus. 

In simple terms, herpes simplex 1 is most commonly known as a "cold sore," while herpes simplex 

2 is the one known by the public as "herpes," or "genital herpes." Herpes simplex 1 is known to 

infect about 95% of the human populace, and is treated less seriously than herpes simplex 2, even 

though both are incurable. 

Symptoms of herpes simplex virus infection include watery blisters in the skin or mucous 

membranes of the mouth, lips, nose or genitals.153 Lesions heal with a scab characteristic of herpetic 

https://en.wikipedia.org/wiki/Childbirth
https://en.wikipedia.org/wiki/Systemic_disease
https://en.wikipedia.org/wiki/Infant_mortality
https://en.wikipedia.org/wiki/Symptom
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Virus
https://en.wikipedia.org/wiki/Infection
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Capsid
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/Kilobase
https://en.wikipedia.org/wiki/RNA_replicase
https://en.wikipedia.org/w/index.php?title=Viral-coded_protein&action=edit&redlink=1
https://en.wikipedia.org/wiki/Polyprotein
https://en.wikipedia.org/wiki/Structural_protein
https://en.wikipedia.org/wiki/Cellular_replication
https://en.wikipedia.org/wiki/Host_range
https://en.wikipedia.org/wiki/Genome
https://en.wikipedia.org/wiki/Cytoplasm
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Nasopharynx
https://en.wikipedia.org/wiki/Lymph_node
https://en.wikipedia.org/wiki/Gut_tract
https://en.wikipedia.org/wiki/Receptor_(biochemistry)
https://en.wikipedia.org/wiki/Intestinal_tract
https://en.wikipedia.org/wiki/Central_nervous_system
https://en.wikipedia.org/wiki/Liver
https://en.wikipedia.org/wiki/Spleen
https://en.wikipedia.org/wiki/Bone_marrow
https://en.wikipedia.org/wiki/Heart
https://en.wikipedia.org/wiki/Lung
https://en.wikipedia.org/wiki/Herpesviridae
https://en.wikipedia.org/wiki/Human
https://en.wikipedia.org/wiki/Herpes_labialis
https://en.wiktionary.org/wiki/ubiquitous
https://en.wikipedia.org/wiki/Infectious_disease
https://en.wikipedia.org/wiki/Viral_shedding
https://en.wikipedia.org/wiki/Virus
https://en.wikipedia.org/wiki/Infection
https://en.wikipedia.org/wiki/Blister
https://en.wikipedia.org/wiki/Skin
https://en.wikipedia.org/wiki/Mucous_membranes
https://en.wikipedia.org/wiki/Coagulation


disease. Sometimes, the viruses cause very mild or atypical symptoms during outbreaks. However, 

they can also cause more troublesome forms of herpes simplex. As neurotropic and neuroinvasive 

viruses, HSV-1 and -2 persist in the body by becoming latent and hiding from the immune system 

in the cell bodies of neurons. After the initial or primary infection, some infected people experience 

sporadic episodes of viral reactivation or outbreaks. In an outbreak, the virus in a nerve cell 

becomes active and is transported via the neuron's axon to the skin, where virus replication and 

shedding occur and cause new sores.154 It is one of the most common sexually transmitted 

infectionsEntry of HSV into a host cell involves several glycoproteins on the surface of the 

enveloped virus binding to their transmembrane receptors on the cell surface. Many of these 

receptors are then pulled inwards by the cell, which is thought to open a ring of three gHgL 

heterodimers stabilizing a compact conformation of the gB glycoprotein, so that it springs out and 

punctures the cell membrane.155 The envelope covering the virus particle then fuses with the cell 

membrane, creating a pore through which the contents of the viral envelope enters the host cell. 

The sequential stages of HSV entry are analogous to those of other viruses. At first, complementary 

receptors on the virus and the cell surface bring the viral and cell membranes into proximity. 

Interactions of these molecules then form a stable entry pore through which the viral envelope 

contents are introduced to the host cell. The virus can also be endocytosed after binding to the 

receptors, and the fusion could occur at the endosome. In electron micrographs the outer leaflets of 

the viral and cellular lipid bilayers have been seen merged together;156 this hemifusion may be on 

the usual path to entry or it may usually be an arrested state more likely to be captured than a 

transient entry mechanism. 

In the case of a herpes virus, initial interactions occur when two viral envelope glycoprotein called 

glycoprotein C (gC) and glycoprotein B (gB) bind to a cell surface particle called heparan sulfate. 

Next, the major receptor binding protein, glycoprotein D (gD), binds specifically to at least one of 

three known entry receptors.157 These cell receptors include herpesvirus entry mediator (HVEM), 

nectin-1 and 3-O sulfated heparan sulfate. The nectin receptors usually produce cell-cell adhesion, 

so provide a strong point of attachment for the virus to the host cell.155 These interactions bring the 

membrane surfaces into mutual proximity and allow for other glycoproteins embedded in the viral 

envelope to interact with other cell surface molecules. Once bound to the HVEM, gD changes its 

conformation and interacts with viral glycoproteins H (gH) and L (gL), which form a complex. The 

interaction of these membrane proteins may result in a hemifusion state. gB interaction with the gH/

gL complex creates an entry pore for the viral capsid.156 gB interacts with glycosaminoglycans on 

the surface of the host cell. 
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2.1.7.4. Coxsackievirus 

Coxsackievirus is a virus that belongs to a family of nonenveloped, linear, positive-sense single-

stranded RNA viruses, Picornaviridae and the genus Enterovirus, which also includes poliovirus 

and echovirus. Enteroviruses are among the most common and important human pathogens, and 

ordinarily its members are transmitted by the fecal-oral route. Coxsackieviruses share many 

characteristics with poliovirus. With control of poliovirus infections in much of the world, more 

attention has been focused on understanding the nonpolio enteroviruses such as coxsackievirus.The 

coxsackieviruses were discovered in 1948–49 by Dr. Gilbert Dalldorf, a scientist working at the 

New York State Department of Health in Albany, New York. Dalldorf, in collaboration with Grace 

Sickles,157,158 had been searching for a cure for poliomyelitis. Earlier work Dalldorf had done in 

monkeys suggested that fluid collected from a nonpolio virus preparation could protect against the 

crippling effects of polio. Using newborn mice as a vehicle, Dalldorf attempted to isolate such 

protective viruses from the feces of polio patients. In carrying out these experiments, he discovered 

viruses that often mimicked mild or nonparalytic polio. The virus family he discovered was 

eventually given the name Coxsackie, from Coxsackie, New York, a small town on the Hudson 

River where Dalldorf had obtained the first fecal specimens.[6] Dalldorf also collaborated with 

Gifford on many early papers.159,160,161,162 

The coxsackieviruses subsequently were found to cause a variety of infections, including epidemic 

pleurodynia (Bornholm disease), and were subdivided into groups A and B based on their pathology 

in newborn mice. (Coxsackie A virus causes paralysis and death of the mice, with extensive skeletal 

muscle necrosis; Coxsackie B causes less severe infection in the mice, but with damage to more 

organ systems, such as heart, brain, liver, pancreas, and skeletal muscles.) 

The use of suckling mice was not Dalldorf's idea, but was brought to his attention in a paper written 

by Danish scientists Orskov and Andersen in 1947, who were using such mice to study a mouse 

virus. The discovery of the coxsackieviruses stimulated many virologists to use this system, and 

ultimately resulted in the isolation of a large number of so-called "enteric" viruses from the 

gastrointestinal tract that were unrelated to poliovirus, and some of which were oncogenic (cancer-

causing). 

The discovery of the coxsackieviruses yielded further evidence that viruses can sometimes interfere 

with each other's growth and replication within a host animal. Other researchers found this 

interference can be mediated by a substance produced by the host animal, a protein now known as 
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interferon. Interferon has since become prominent in the treatment of a variety of cancers and 

infectious diseases. 

In 2007, an outbreak of coxsackievirus occurred in eastern China. It has been reported that 22 

children died. More than 800 people were affected, with 200 children hospitalized.163 

Cavatak, a wild-type Coxsackievirus A21, is being used in human clinical trials as an oncolytic 

virus. 

2.1.7.5. Adenovirus  

Adenoviruses represent the largest nonenveloped viruses. They are able to be transported through 

the endosome (i.e., envelope fusion is not necessary). The virion also has a unique "spike" or fiber 

associated with each penton base of the capsid (see picture below) that aids in attachment to the 

host cell via the receptor on the surface of the host cell. (See Replication Section below for 

discussion of diverse receptors.) 

In 2010, scientists announced that they had solved the structure of the human adenovirus at the 

atomic level, making the largest high-resolution model ever. The virus is composed of around 1 

million amino acid residues and weighs around 150 MDa. 

Adenoviruses possess a linear dsDNA genome and are able to replicate in the nucleus of vertebrate 

cells using the host’s replication machinery. 

Entry of adenoviruses into the host cell involves two sets of interactions between the virus and the 

host cell. Most of the action occurs at the vertices. Entry into the host cell is initiated by the knob 

domain of the fiber protein binding to the cell receptor. The two currently established receptors are: 

CD46 for the group B human adenovirus serotypes and the coxsackievirus adenovirus receptor 

(CAR) for all other serotypes. There are some reports suggesting MHC molecules and sialic acid 

residues functioning in this capacity as well. This is followed by a secondary interaction, where a 

motif in the penton base protein interacts with an integrin molecule. It is the co-receptor interaction 

that stimulates entry of the adenovirus. This co-receptor molecule is αv integrin. Binding to αv 

integrin results in endocytosis of the virus particle via clathrin-coated pits. Attachment to αv 

integrin stimulates cell signaling and thus induces actin polymerization resulting in entry of the 

virion into the host cell within an endosome.164 

Once the virus has successfully gained entry into the host cell, the endosome acidifies, which alters 

virus topology by causing capsid components to disband. These changes, as well as the toxic nature 

of the pentons, destroy the endosome, resulting in the movement of the virion into the cytoplasm. 
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With the help of cellular microtubules, the virus is transported to the nuclear pore complex, 

whereby the adenovirus particle disassembles. Viral DNA is subsequently released, which can enter 

the nucleus via the nuclear pore.After this the DNA associates with histone molecules. Thus, viral 

gene expression can occur and new virus particles can be generated. 

The adenovirus life cycle is separated by the DNA replication process into two phases: an early and 

a late phase. In both phases, a primary transcript that is alternatively spliced to generate 

monocistronic mRNAs compatible with the host’s ribosome is generated, allowing for the products 

to be translated. 

The early genes are responsible for expressing mainly non-structural, regulatory proteins. The goal 

of these proteins is threefold: to alter the expression of host proteins that are necessary for DNA 

synthesis; to activate other virus genes (such as the virus-encoded DNA polymerase); and to avoid 

premature death of the infected cell by the host-immune defenses (blockage of apoptosis, blockage 

of interferon activity, and blockage of MHC class I translocation and expression). 

Some adenoviruses under specialized conditions can transform cells using their early gene products. 

E1A (binds Retinoblastoma tumor suppressor protein) has been found to immortalize primary cells 

in vitro allowing E1B (binds p53 tumor suppressor) to assist and stably transform the cells. 

Nevertheless, they are reliant upon each other to successfully transform the host cell and form 

tumors. 

DNA replication separates the early and late phases. Once the early genes have liberated adequate 

virus proteins, replication machinery, and replication substrates, replication of the adenovirus 

genome can occur. A terminal protein that is covalently bound to the 5’ end of the adenovirus 

genome acts as a primer for replication. The viral DNA polymerase then uses a strand displacement 

mechanism, as opposed to the conventional Okazaki fragments used in mammalian DNA 

replication, to replicate the genome. 

The late phase of the adenovirus lifecycle is focused on producing sufficient quantities of structural 

protein to pack all the genetic material produced by DNA replication. Once the viral components 

have successfully been replicated, the virus is assembled into its protein shells and released from the 

cell as a result of virally induced cell lysis.165 

2.1.7.6 Cytomegalovirus 

Cytomegalovirus (CMV) is a genus of viruses in the order Herpesvirales, in the family 

Herpesviridae, in the subfamily Betaherpesvirinae. Humans and monkeys serve as natural hosts. 
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There are currently eight species in this genus including the type species, human cytomegalovirus 

(HCMV, human herpesvirus 5, HHV-5), which is the species that infects humans. Diseases 

associated with HHV-5 include glandular fever, and pneumonia.166 In the medical literature, most 

mentions of CMV without further specification refer implicitly to human CMV. Human CMV is the 

most studied of all cytomegaloviruses.167 

Within Herpesviridae, CMV belongs to the Betaherpesvirinae subfamily, which also includes the 

genera Muromegalovirus and Roseolovirus (HHV-6 and HHV-7).168 It is related to other 

herpesviruses within the subfamilies of Alphaherpesvirinae that includes herpes simplex viruses 

(HSV)-1 and -2 and varicella-zoster virus (VZV), and the Gammaherpesvirinae subfamily that 

includes Epstein–Barr virus.167 

All herpesviruses share a characteristic ability to remain latent within the body over long periods. 

Although they may be found throughout the body, CMV infections are frequently associated with 

the salivary glands in humans and other mammals.166 Other CMV viruses are found in several 

mammal species, but species isolated from animals differ from HCMV in terms of genomic 

structure, and have not been reported to cause human disease. Viral replication is nuclear, and is 

lysogenic. Entry into the host cell is achieved by attachment of the viral glycoproteins to host 

receptors, which mediates endocytosis. Replication follows the dsDNA bidirectional replication 

model. DNA templated transcription, with some alternative splicing mechanism is the method of 

transcription. Translation takes place by leaky scanning. The virus exits the host cell by nuclear 

egress, and budding. Human and monkeys serve as the natural host. Transmission routes are 

contact, urine, and saliva.169 
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2.2. RESULTS AND DISCUSSIONS 

2.2.1 Synthesis  of hydroxytyrosol and dihydrocaffeoyl catechols. 

Catechol derivatives show different biological properties, including inhibition of hypoxia inducible 

factor-prolylhydroxylase-2 (HPH),170 antiepileptogenic,171 pulmonary fibrosis,172 anticancer,

173-175 antimicrobial,176 and anti- Parkinson activities.177 Moreover, they are active against a 

large panel of viruses, including rhinovirus,178 HIV-1 integrase,179,180 HIV-1 reverse tran- 

scriptase,181 and coronavirus. 182 The biological activity of catechols is associated to their 

capacity of transferring single-electron and/or hydrogen-atom to reactive free radicals,183-185 as 

well as,  to coordinate pro-oxidant metal ions.186 The antioxidant activity of catechols can be 

oriented toward specific cellular compartments by controlling the chemical and physical properties 

of the substituents on the aromatic ring.187 For example, the limited accessibility of highly 

hydrophilic catechols to specific intracellular targets has been improved by the synthesis of 

lipophilic derivatives possessing long carbon alkyl side chains.188-190 In the case of bioacitive 

hydroxytyrosol and dihydrocaffeic acid derivatives,191-192 which are characterized by the 

concomitant presence of alcoholic and ortho-diphenol groups,193-194 the side-chain 

functionalization requires expensive and tedious protection/deprotection sequences. 

Dihydrocaffeoyl catechols showed antiviral activity against Influenza A virus, an infection that 

continue to represent a severe threat word- wide.195,196 Derivatives characterized by antioxidant 

activity and longer carbon alkyl side-chains were more effective, suggesting the possibility of novel 

inhibition mechanisms based on both redox and lipophilic properties.197,198 The efficacy of 

tyrosinase in the synthesis of simple catechol derivatives was successively increased by 

immobilization on multi-walled carbonanotubes (MWCNTs), using the Layer-by-Layer (LbL) 

procedure. Here we describe the use of MWCNT/Tyr for the synthesis of lipophilic hydroxytyrosol 

and dihydrocaffeoyl catechols, and their antiviral activity against a large panel of DNA and RNA 

viruses, including Poliovirus type 1, Echovirus type 9, Herpes simplex virus type 1 (HSV-1) and 

type 2 (HSV-2), Coxsackie virus type B3 (Cox B3), Adenovirus type 2 and type 5, and 

Cytomegalovirus (CMV). The mechanism of action of the most active dihydrocaffeoyl derivative 

was investigated in detail against a model of HSV-1 infection. The MWCNT/Tyr was prepared as 

described in chapter I. Briefly, mushroom Tyr from Agaricus bisporus and BSA (BSA/Tyr ratio 3:1) 

were immobilized on oxidized MWCNTs,199 by deposition of a layer of PDDA (MWCNTs-PDDA/

Tyr ratio of 5:1) in sodium phosphate buffer (PBS; 0.1 M, pH 7) at room temperature. The excess 



PDDA was removed by centrifugation/re-dispersion cycles since residual PDDA in the solution can 

precipitate upon mixing with enzyme.198 The ester derivatives of commercially available 3(4-

hydroxyphenyl)propanoic acid 1 and tyrosol 2 (4-hy- droxyphenylethyl alcohol) were used as 

selected substrates. In particular, the ester derivatives 75a–d (Scheme 18) were prepared by reaction 

of 75 with an excess of the appropriate alcohol in the presence of trimethylchlorosilane (TMCS) at 

25 °C . The esterification of 76 to yield compounds 76 a–d (Scheme 19) was carried-out using 

lipase from Candida antarctica to avoid the formation of mixture of isomers, due to competition 

between alcoholic and phenol groups 203 The oxidation of compounds 75 and 75a–d (0.05mmol) 

was performed with MWCNT/Tyr (240 U) and native Tyrosinase in CH2Cl2/buffer (Na phosphate 

0.1 M pH 7, CH2Cl2/buffer ratio 1.0:0.1) at 25°C under O2 atmosphere for 24 h (Scheme 18, Table 

8) 

Scheme18. Oxidation of compounds 75 and 75a-d with MWCNT/Tyr 

The use of CH2Cl2 as reaction solvent was necessary to increase the solubility of hydrophobic 

substrates, in accordance with improved stability and selectivity (with limited formation of ortho-

benzoquinones and polymeric side-products). 204 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Scheme19. Oxidation of compounds 76 a-d with MWCNT/Ty 

MWCNT/Tyr selectively afforded catechol derivatives 77 and 77a–d in quantitative conversion of 

substrate and yield of product (Table 8). In these reactions, MWCNT/Tyr showed a reactivity 

similar to Tyr (Table 8, entry 3 versus entries 1 and 2, and entry 6 versus entries 4 and 5). In a 

similar way, the oxidation of tyrosol esters 76a–d afforded the corresponding lipophilic catechols  

78a–d (Scheme 19) in quantitative conversion of substrate and yield of product (Table 8, entries 

10–14). 

Table 8. Synthesis of hydroxytyrosol and dihydrocaffeoyl catechol derivatives 77, 77a–d and 78a–da 

aThe oxidation was performed on 0.05 mmol of substrate with the appropriate catalyst (240 units) in CH2Cl2/buffer (Na phosphate 
0.1 M pH 7, CH2Cl2/buffer ratio 1.0:0.1) at 25 °C under O2 atmosphere for 24 h. b In this case an higher amount of immobilized 
enzyme (600 units) was required to obtain a quantitative yield of desired product.  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25°C 24h

Entry Substrate Catalyst Product Conversion(%) Yield(%)

1 75 Tyr 77 98 98

3 75 MWCNT/Tyr 77 98 98

4 75a Tyr 77a 98 98

6 75a MWCNT/Tyr 77a 98 98

7 75b MWCNT/Tyr 77b 98 98

8 75c MWCNT/Tyr 77c 98 98

9 75d MWCNT/Tyr 77d 98 98

11 76a MWCNT/Tyr 78a 98 98

12 76b MWCNT/Tyr 78b 98 98

13 76c MWCNT/Tyr 78c 98 98

14 76d MWCNT/Tyr 78d 98 98



With the aim to define the recyclability of the catalyst, MWCNT/Tyr was recovered by 

centrifugation, washed, and reused with fresh substrate.  

Table 9. Recycling experiments for catalyst MWCNT/Tyr. 

aReusability is expressed as the yield in % of catechol 3 obtained by oxidation of 75 with MWCTN/Tyr. b The oxidation of 75 (0.05 
mmol) was performed in the presence of the appropriate catalyst (240 units) in CH2Cl2/buffer (Na phosphate 0.1 M pH 7, CH2Cl2/
buffer ratio 1.0:0.1) at 25 °C under O2 atmosphere for 24 h. 

As shown in Table 9, MWCNT/Tyr was used for at least six cycles with only a slight decrease of 

efficiency to give 77  (Table 9, entry 1 vs entry 6). MWCNT/Tyr results stable and reusable .  

2.2.2 Antiviral activity of hydroxytyrosol and dihydrocaffeoyl catechols. 

The antiviral activity of lipophilic catechol derivatives 77, 77 a–d, and 78a–d was evaluated against 

several DNA and RNA viruses (Polio 1, Echo 9, HSV-1, HSV-2, Cox B3, Adeno 2, Adeno 5 and 

CMV). Cell monolayers were infected at multiplicity of infection (MOI) 0.1 and treated with 

different concentrations (ranging from 25 to 200 lg/mL) of each compound. The values of CD50 

(concentration which inhibited cells growth by 50% when compared with control culture) and ID50 

(concentration which inhibited virus plaque formation and virus-induced cytopathogenicity by 50%) 

of catechol derivatives are shown in Tables 10 and 11, respectively.  Derivatives 77b, 77d, 78a and 

78b were characterized by selective antiviral activity. In particular, compounds 77b and 78a 

demonstrated the highest level of activity against HSV-1 (DNA virus), with ID50 values of 15 and 

20 lg/mL, respectively. 

Moreover, the same compounds showed slight activity against HSV-2 (60 and 40 lg/mL, 

respectively) and Cox B3 (RNA virus; 20 and 50 lg/mL, respectively). With regard to 4b, a modest 

activity against HSV-1 was observed, probably due to toxic effect on cell monolayer, as suggested 

Entry Run MWCTN/Tyr  
(yield %)

1 1 98

2 2 98

3 3 98

4 4 97

5 5 95

6 6 91



Table 10. Antiviral activity of cathecol derivatives 77, 77a-d and 78a-d. against different DNA and RNA viruses. 

aValues are mean ± 0·5 SD (maximal SD estimated) for three separate assays. ‡ID50, concentration which inhibited virus 
plaque formation and virus-induced cytopathogenicity by 50%. 

by the low value of CD50 (40 lg/mL). Finally, 77b and 77d were effective against CMV (DNA 

virus), 3d being the most active compound with an ID50 value of 25 lg/mL. Since 78b was effective 

against several RNA or DNA viruses, especially in the case of herpetic viruses (HSV-1, HSV-2 and 

CMV),its mechanism of action was investigated in more detail using a model of HSV-1 infection. In 

particular, compound 77b was added at different times on VERO cells infected with 0.1 MOI of 

HSV-1, to determine the inhibition of the virus yield during specific periods in the virus life-cycle. 

The results clearly demonstrate that 77b interferes with an early step of the viral replicative cycle. 

Indeed, the viral replication was blocked during the first hour of infection.  

Compound ID50(µg/mL)a, ‡

Polio 1 CoxB3 ECHO9 HSV-1 HSV-2 Adeno 2 Adeno 5 CMV

77 >200 >200 >200 >200 ND >200 >200 >200

77a >100 >100 >100 >100 >100 >100 >100 100

77b >75 20 >75 15 60 >40 >40 40

77c >200 >200 >200 >200 ND >200 >200 ND

77d >200 100 >200 >200 >200 >200 >200 25

78a >100 50 >100 20 40 >50 >50 >50

78b >40 >40 >40 20 40 >40 >40 >40

78c >100 >100 >100 >100 100 >100 >100 >100

78d >25 >25 >25 25 ND >25 >25 >25



Table  11. Cytotoxicity of cathecol derivatives 77,77a-d and 78a-d. 

*Values are mean ± 0·5 SD (maximal SD estimated) for three separate assays. †CD50, concentration which inhibited cells 
growth by 50% when compared with control culture. 

Otherwise, no reduction was observed when 77b was added after 2 h. Moreover, a slight reduction 

of virus yield was observed during the adsorption period (Fig. 48). As 77b exerted its activity 

through the inhibition of the early events in HSV-1 replication, we set up some experiments in order 

to deepen its mechanism of action. First, the effect of the com- pound was studied during the viral 

adsorption period by means of the infective center assay. Results obtained from this experiment 

demonstrated that 3b did not significantly inhibit adsorption of HSV-1 at concentrations higher than 

5 times the ID50 (Fig. 49). Furthermore, it was important to establish if any virucidal effect. 

Figure 48. Effect of addition of compound  (5 x ID50) at various times during the replicative cycle of HSV-1. Time 0 = post 2h 
adsorption period at 4° C. The concentrations used are ratios with respect to the ID50 (e.g. 5x the ID50 is 5 times the ID50 of the 

compound). Each value represents the mean ± S.E.M. of three separate assays. 

Compound CD50(µg/mL)*,†

VERO HEp2 HFF1

77 >200 >200 >200

77a 100 100 100

77b 75 40 40

77c >200 >200 ND

77d 200 200 100

78a 100 50 50

78b 40 40 40

78c 100 100 100

78d 25 25 25



or protective actions for Vero cells was produced. Our results demonstrated that 3b was not 

virucidal for HSV-1 and did not exerted any protective action for the cells, thus suggesting that the 

reduction in the virus yield, immediately after the adsorption period, could be related to the 

interference of the compound with penetration, un-coating and/or another early step of HSV-1 

replication. 

Figure 49. Effect of compound 77b (1X, 5X ID50) on the adsorption of HSV-1. Infective center assay data were plotted as 
percentage of virus infectivity relative to the no-drug control. The concentrations used are ratios with respect to the ID50. 

77b



2.2.3 Synthesis of polyphenolic coumarin derivatives  

The relationships between the antioxidant properties of hydroxy-coumarins and the intestinal anti-

inflammatory effects has been reported as a consequence of their ability to inhibit the 

myeloperoxidase activity and to preserve the glutathione (GSH) content208. As previously described 

antioxidants represent interesting compounds for the treatment of influenza209,210 increasing the 

oxidative stress and decreasing the antioxidant defenses by depletion of intracellular GSH211 or by 

production of reactive oxygen species (ROS)212. In order to evaluate a possible effect of 

polyphenolic coumarins against influenza A we choose a panel of simple coumarins for the 

synthesis of new cathecol and pyrogallol (1,2,3-trihydroxy benzene) derivatives. Pyrogallol-like 

coumarin derivatives showed promising anticancer activity but any in depth analysis about anti-

influenza activity was investigated213 As shown before IBX and Supported IBX perform the ortho-

hydroxylation of phenol to catechols, and also the over oxidation to pyrogallols, with a selectivity 

similar to natural polyphenol oxidases, as a consequence of the concerted intramolecular oxygen 

transfer to substrate214 Umbelliferone (7-hydroxy coumarin) (79), 4-hydroxy umbelliferone (4,7-

dihydroxy coumarin) (81), 4-methyl umbelliferone (4-methyl-7-hydroxy coumarin) (83), 4-

methyl-5,7-dihydroxy coumarin (85),6-hydroxy coumarin (87), 4 trifluoromethyl-7-nitrocoumarin 

(89), 6,7-dihydroxy coumarin (91), 6 methoxy,7,8-dihydroxy coumarin (93), and derivatives 95-99 

(showed in figure)-were selected as substrates for the oxidation with IBX. Every reaction was set-

up in different conditions as shown in Tables 12-20 with the aim to obtain acceptable quantity of 

products to test against Influenza A virus. The appropriate coumarin was dissolved/suspended in the 

selected solvent and than IBX or supported-IBX were added to the reaction mixture. After detection 

with TLC (AcOEt/Hex 1:1), the work up was performed by addition of Na2S2O4 and water. The 

organic layer was  washed with NaHCO3 to remove the excess of IBX. Chromatographic 

purification on silica column was then performed. 

 

Scheme 20. Oxidation of 7-hydroxy coumarin (79)  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Table 12. Different conditions for the oxidation of 7-hydroxy coumarin (79) 

 

Scheme 21. Oxidation of 4,7-dihydroxy coumarin) (81) 

Table 13. Different conditions for the oxidation of 4,7-dihydroxy coumarin) (81) 

Compounds were oxidized with IBX (from 1.0 equivalent) in  chloroform/methanol (3:1 v/v) at 

different temperature,(Table 12 and 13). Irrespective from the reaction time (from 2h to 7 days) we 

did not observed the formation of desired products; even for higher temperature and large excess of 

the oxidant. Better results were obtained performing the reaction in  DMSO. The work up of the 

reactions was performed by addition of ethyl acetate (EtOAc) and a saturated solution of NaHCO3. 

Under these experimental conditions compounds 79 and 81 were oxidized to afford the 

corresponding catechol derivatives 80 and 82 in variable yields. The best experimental conditions 

Enry Catalyst (eq) Reaction 
time 

Reaction 
temperature

Reaction solvent Yield (%) 

1 (1eq to 3eq )IBX 7 days rt to 45°C CHCl3/MeOH 5

2 (1eq)IBX 2h r.t. DMSO 47

3 (1eq)IBX 12 h rt DMSO 45

Entry Catalyst (eq) Reaction 
time 

Reaction 
temperature

Reaction solvent Yield (%) 

1 (1eq to 3eq )IBX 7 days rt to 45°C CHCl3/MeOH 10

2 (1eq)IBX 2h r.t. DMSO 45

3 (1eq)IBX 24h r.t. DMSO 43

4 (1eq)IBX 2 days r.t. DMSO 40

5 (1eq)IBX 3 days r.t. DMSO 39

6 (1eq)IBX 7 days r.t. DMSO 42

7 (1eq)IBX 7 days 45 DMSO 47

HO O O O OHO
OH

81 82

OH OH



were room temperature for 2 h. The best experimental conditions for the synthesis of both 

compoundswere room temperature for 2 h infact longer reaction time and higher amount of IBX 

(2.0 equivalents) did not increased the yield of desired products. The oxidation with IBX showed a 

high regio-selectivity, affording only one of the two possible catechol isomers. This selectivity it is 

in accordance with the distribution of the electronic density the coumarin ring depending on the 

initial position (that is C7 versus C6) of the hydroxy group.169,170,171 Catechols 80 and 82 were 

unambiguously characterized by Nuclear Magnetic Resonance analysis (NMR), and their data were 

in accordance with analyses previously reported. 

 

Scheme 22. Oxidation of  4-methyl-7-hydroxy coumarin (83) 

Table 14. Different conditions for the oxidation of 4-methyl-7-hydroxy coumarin) (83) 

 

Scheme 23. Oxidation of 4-methyl-5,7-dihydroxy coumarin (85) 

Enry Catalyst (eq) Reaction 
time 

Reaction 
temperature

Reaction solvent Yield (%) 

1 (1eq)IBX 2h r.t. DMSO 74

2 (1eq)IBX 12 h rt DMSO 75
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Table 15. Different conditions for the oxidation of 4-methyl-5,7-dihydroxy coumarin (85) 

Scheme 24. Oxidation of 6-hydroxy coumarin (87) 

Table 16. Different conditions for the oxidation of 6-hydroxy coumarin (87) 

Scheme 25. Oxidation of 4 trifluoromethyl-7-nitrocoumarin (89) 

Entry Catalyst (eq) Reaction time Reaction 
temperature

Reaction solvent Yield (%) 

1 1(eq) IBX 24h r.t. CHCl3/MeOH 15

2 (2eq)IBX 24h r.t. DMSO 23

3 (1eq)IBX 24h r.t. DMSO 15

4 (1eq)IBX 7 day r.t. DMSO 18

5 1(eq) IBX 2h 45° DMSO 25

6 1(eq) IBX 24h 45° DMSO 22

Entry Catalyst (eq) Reaction 
time 

Reaction 
temperature

Reaction solvent Yield (%) 

1 (1eq)IBX 24h r.t. CHCl3/MeOH 0

2 (1eq)IBX 2h r.t. DMSO 64%
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Table 17. Different conditions for the oxidation of 4 trifluoromethyl-7-nitrocoumarin (89 

The synthesis of non-natural coumarin derivatives containing the pyrogallol pharmacophore are of 

pivotal importance for the development of compounds having a radical scavenging activity higher 

than that of the corresponding catechol derivatives. The high antioxidant activity of pyrogallol 

natural compounds is reviewed,188,189 in addition, pyrogallol-like coumarin derivatives showed 

promising anticancer activity.190 According to the general procedure, we used IBX for the oxidation 

of esculetin 91 and fraxetin 92, bearing the catechol moiety (Scheme 26 and 27).  

Compounds 93 and 94 were oxidized with IBX (1.0 equivalents) in DMSO for 24 h at 45 °C to 

afford desired pyrogallol derivatives 93 and 94 in acceptable yields, as evaluated by in-situ NMR 

analysis (Table 18 and 19). Unfortunately, the high polarity of products rendered the isolation of 

compounds from DMSO very difficult to be achieved. Better results were obtained using solvents 

with a lower affinity for the products, such as the chloroform/methanol mixture. In this latter cases, 

pyrogallol derivatives 93 and 94 were obtained in 50% and 68% yields, respectively. 

 

Scheme 26. Oxidation of 6,7-dihydroxy coumarin (91) 

Entry Catalyst (eq) Reaction time Reaction 
temperature

Reaction solvent Yield (%) 

1 (1eq)IBX 24h r.t. CHCl3/MeOH 10

2 (1eq)IBX 2h r.t. DMSO 20%

3 (1eq)IBX 24h r.t. DMSO 15%

4 (1eq)IBX 7 day r.t. DMSO 0

5 (2eq)IBX 2h r.t. DMSO 19%

6 (1eq) IBX 24h r.t DMSO 22%

O O

91 92

HO HO

HO HO
OH



Table 18. Different conditions for the oxidation of 6,7-dihydroxy coumarin (91) 

 

Scheme 27. Oxidation of 6 methoxy,7,8-dihydroxy coumarin (93) 

Table 19. Different conditions for the oxidation of 6 methoxy,7,8-dihydroxy coumarin (93) 

 

 

Figure 50. Coumarin derivatives  95, 96, 97, 98, 99. 

Numero 
prove 

Catalyst (eq) Reaction 
time 

Reaction 
temperature

Solvent Yield (%) 

1 (2eq)IBX 24h r.t. CHCl3/MeOH 50

3 (2eq)IBX 2h r.t. DMSO 58%

Entry Catalyst (eq) Reaction 
time 

Reaction 
temperat
ure

Reaction solvent Yield (%) 

2 (1eq)IBX 24h 45° DMSO 75

4 (1eq)IBX 24h r.t. CHCl3/MeOH 68
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Coumarin derivatives 95-99 were not reactive under optimal experimental conditions. In view of 

possible technological applications, we analyzed the oxidation of coumarins under heterogeneous 

conditions. The use of supported reagents reduce the waste of the process, opening the possibility to 

obtain highly pure products. We decided to use two heterogeneous  catalysts:  

- commercially available IBX supported on polystyrene (PSS-IBX) 172 (Figure 51 a) 

- novel IBX supported on Multi Walled Carbon Nanotubes (MWCNTs) catalysts. 

-

IBX was immobilized on two different types of MWCNTs, namely MWCNTs-COOH and 

MWCNTs-OH. They differ for the prevalence of acidic COOH of phenolic OH on their surface. 

 

Figure 51 Schematic representation of IBX supported on a) polystyrene b)MWCNT-COOH c) MWCNT-OH.  

To load IBX on MWCNTs-COOH we used ethylenediamine as a linker. In the case of MWCNTs-

OH we used a propylamine linker (Figure 51 b and c) (details about catalysts preparation are 

described in Material and methods). The use of these two amines favors the possibility to increase 

the distance between IBX and the MWCNTs surface, increasing the freedom of the active species. 

Catalysts PSS-IBX and CNT-IBX were used for the oxidation of 6-hydroxycumarin 87 under 

optimal conditions. Unfortunately, the reactions performed in DMSO were not operative. Only 

catalyst PSS-IBX showed an appreciable reactivity  in water at 80°C to afford the desired catechol 

88 in 43 % yield.  

      A         B         C



2.2.3 Anti-viral activity of polyphenolic coumarin derivatives  

The polyphenolic coumarin derivatives 79-94 were evaluated for 

the influenza A/PR8/H1N1 virus inhibition at the Department of 

Public Health and Infectious diseases of the University La 

Sapienza in Rome, and at the San Raffaele Pisana Scientific 

Institute for Research (Rome). Influenza A is an enveloped virus, 

belonging to the Orthomyxoviridae family and characterized by a 

segmented single-stranded RNA genome. 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 

uncoating, the vRNPS are released in the cytosol and transported to the host-cell nucleus, where 

they undergo transcription and replication. 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. 

However, the efficacy of these antiviral compounds is often limited by toxicity and the almost 

inevitable selection of drug-resistant viral mutants.  Influenza A viruses are highly sensitive to 

changes in the intracellular redox state, and their activation is induced by the oxidative stress. 

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. On the basis of this evidence, in a first set of 

experiments the cytotoxicity of the coumarin analogues (79-94) was evaluated on A549 cell 

monolayers. Briefly, cells were plated at concentration of 2x105/ml and after 24 h were treated with 

various concentrations (range 10-120 µg/ml) of each compound and incubated for the following 24 

hours. Microscopical examination, Trypan blue exclusion and cell proliferation assay demonstrated 

that the compounds did not exert any toxic effect on the cells at all the concentrations tested (data 

not shown). Next, to evaluate a potential antiviral activity of coumarin derivatives, cells were 

infected with influenza A/PR8/H1N1 virus and, after viral challenge, were treated with different 

concentrations (ranging from 30 to 120 µg/ml) of each compound. Twenty-four hours post infection 

(p.i.), viral particles released in the supernatant of infected cells, were measured by means of 

hemagglutinating units (HAU). As shown in Figure 52 compounds 89, 90, 92 and 94 were able to 

Compound IC50 (µg/ml)

89 47.9

90 47.8

92 91.5

94 69.6 



i n h i b i t v i r a l replication compared to un-treated infected cells. In particular, the 

inhibition was more than 50% and the antiviral activity was dose-dependent. 

 

Figure 52. Dose activity relationship for compounds 89,90,92 and 94. (IC50) is the required Inhibitory 

Concentration that reduces virus yield by 50%  

Cell morphology and viability were unaffected by treatment with these compounds until 

theconcentration of 30 µg/mL, while at higher doses (60 and 120 µg/ml) an alteration of cell 

monolayer was detectable, thus indicating an antiviral effect of the compounds at these relatively 

concentrations (Figure 52). Notable that an important reduction (about 50%) was observed by 

treating infected cells with unnatural compounds 89 and 90 probably related to their toxicity. No 

effect was observed by treating A549 with the other compounds. Interestingly, the highest inhibition 

of viral replication was showed by pyrogallolic coumarin derivatives (92 and 94). This activity was 

higher than that observed for the corresponding catechol (91 and 93) and all the phenolic 

derivatives. Note that the highest inhibitory activity of  92 and 94 against influenza A virus is 

related to their lower value of the redox potential with respect to catechol and phenol derivatives  

89 90

 79    81      80      82       92      94



This property is associated to an increased antioxidant activity (as shown in Figure 53). These data 

highlight the role of the antioxidant activity on the general mechanism of inhibition of the influenza 

A virus.215,216,217 

Figure 53. Relationship between redox potential of Coumarin derivatives and IC50 (Inhibitory Concentration that 

reduces virus yield by 50%). 

2.3. CONCLUSIONS

In order to evaluate a possible effect of dihydroxytyrosol, dihydrocaffeic and coumarin derivatives 

against a large panel of DNA and RNA viruses, including Poliovirus type 1, Echovirus type 9, 

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2), Coxsackie virus type B3 (Cox B3), 

Adenovirus type 2 and type 5, and Cytomegalovirus (CMV)virus, we synthesized a large  panel of 

molecules bearing cathecol and pyrogallol (1,2,3-trihydroxy benzene) moieties on different position 

of the aromatic ring. About coumarins, the reactions were deep investigated both in homogeneous 

and heterogeneous conditions using as oxidation agent IBX and new supported IBX catalysts. 

DMSO and CHCl3/ MeOH were found to be the best solvents for the reactions. In this experimental 

condition high quantity of new cathecol and pyrogallol coumarins were prepared. Preliminary 

results on influenza virus demonstrate an important activity of pyrogallol derivatives , suggesting a 

strict relationship between redox potential and anti-viral activity. 

Concerning Dihydroxytyrosol and dihydrocaffeic derivatives, they were synthesized in 

heterogeneous conditions, using the catalyst MWCNTs/Tyr previously prepared and well 

characterized in first chapter. MWCNTs/Tyr affords the derivatives in question in quantitative 

conversion of substrate and yield. Among lipophilic catechols, compounds 77b, 77d, 78a and 78b 

were active against HSV-1, HSV-2, Cox B3 and CMV. In the case of the inhibition of HSV-1 and 



HSV-2 viruses, the highest antiviral activity prevailed in derivatives characterized by a low/medium 

long alkyl side-chain. The mechanism of action of compound 77b was studied in detail using a 

model of HSV-1 infection. Data showed that the inhibition of virus replication was effective in 

earlier stages of the replication cycle, probably related to penetration, un-coating and/or another 

early step of HSV-1 replication.  



2.4 MATERIAL AND METHODS  

2.4.1 Materials 

All reagents were purchased from Sigma-Aldrich as substrates. Homogeneous IBX and IBX 

polystyrene were commercially supplied from Sigma-Aldrich. Multi-Walled Carbon Nanotubes, -

COOH functionalized and Multi-Walled Carbon Nanotubes,-OH functionalized were purchased 

from 

IoLiTec. Laccase from Trametes versicolor and Mushroom Tyrosinase were either purchased from 

Sigma Aldrich. 1H NMR and 13C NMR spectra were recorded on a Bruker (400 MHz) spectrometer 

using CDCl3, CD3OD, (CD3)2SO and D2O as solvents. Chemical shifts (δ) are expressed in parts per 

million (ppm). Coupling constants J are expressed in Hertz (Hz). Spin multiplicities are given as s 

(singlet) b (broad), d (doublet), dd (doublet of doublets) and m (multiplet).  

2.4.2 Preparation of Dihydroxytyrosol and dihydrocaffeic derivatives 

MWCNT/Tyr (240 U) was added to a solution of the appropriate substrate (0.05 mmol) in CH2Cl2 

(2.5 mL) in PBS (275 lL), and the mixture was stirred at 25 °C under O2. After 24 h, the catalyst 

was recovered by centrifugation and the organic fraction was con- centrated and treated with a 

solution of sodium dithionite in THF and H2O [1:1 (v/v)]. The mixture was stirred at 25 °C for 5 

min to allow the complete reduction of benzoquinones to catechols and extracted twice with ethyl 

acetate (EtOAc; 2.0 mL  2). The col- lected organic extracts were dried over anhydrous sodium 

sulfate, filtered and concentrated under vacuum to yield catechol deriva- tives 3, 3a–d and 4a–d. All 

experiments were conducted in tripli- cate. The structure of catechol derivatives was characterized 

without further purification by comparison with data previously reported in the literature.  

3,4-Dihydroxyphenyl)propanoic acid (77) Oil; 1H NMR (400 MHz, CDCl3): dH (ppm) = 2.64 

(2H, m, CH2), 2.81 (2H, m, CH2), 6.76–6.94 (3H, m, Ph-H); 13C NMR (50 MHz,CDCl3): dC 
(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; elemental analysis: calcd C, 59.34; H, 5.53; O, 35.13, found 
C, 59.30; H, 5.53; O, 35.04.  

3-(3,4-Dihydroxyphenyl)propanoic acid methyl ester (77a) Oil; 1H NMR (400 MHz, CDCl3): 

dH (ppm) = 2.56 (2H, m, CH2), 3.57 (3H, s, OCH3), 6.8–7.1 (3H, m, Ph-H); 13C NMR (50MHz, 



CDCl3): dC (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; elemental analysis: 
calcd C, 61.22; H, 6.16; O, 32.62, found C, 61.20; H, 6.16; O, 32.68.  

3(3,4-Dihydroxyphenyl)propanoic acid ethyl ester (77b) Oil; 1H NMR(400 MHz, CDCl3) dH 
(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): dC (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; elemental analysis: calcd C, 62.85; H, 6.71; O, 30.44, found C,62.81; H, 6.71; O, 30.37.  

3-(3,4-Dihydroxyphenyl)propanoic acid propyl ester (77c) Oil; 1H NMR(400 MHz, CDCl3): dH 
(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): dC (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; elemental analysis: calcd C, 64.27; H, 
7.19; O, 28.54, found C, 64.38; H, 7.18; O, 28.44.  

3-(3,4-Dihydroxyphenyl)propanoic acid butyl ester (77d) Oil; 1H NMR(400 MHz, CDCl3): dH 
(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): dC (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; ele- mental analysis: calcd C, 
65.53; H, 7.61; O, 26.86, found C, 65.45; H, 7.61; O, 26.75.  

Hydroxytyrosol acetate (78a) Oil; 1H NMR(400 MHz, CDCl3): dH (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): 
dC (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; elemental analysis: calcd C, 61.22; H, 
6.16; O, 32.62, found C, 61.18; H, 6.15; O, 32.54.  

Hydroxytyrosol propionate (78b) Oil; 1H NMR(400 MHz, CDCl3): dH (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): dC (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; 
elemental analysis: calcd C, 62.85; H, 6.71; O, 30.44, found C, 62.81; H, 6.71; O, 30.49.  



Hydroxytyrosol butyrate (78c) Oil; 1H NMR(400 MHz, CDCl3): dH (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): dC (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; elemental analysis: calcd C, 64.27; H, 7.19; O, 28.54, found C, 
64.23; H, 7.19; O, 28.48.  

Hydroxytyrosol pentanoate (78d) Oil; 1H NMR(400 MHz, CDCl3): dH (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): dC (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; elemental analysis: calcd C, 65.53; H, 7.61; O, 26.86, found C, 65.53; H, 7.69; O, 
26.66.  

2.4.3 Preparation of coumarins in homogeneous conditions 

A solution of substrate (1.0 mmol), DMSO (1.0 mL) and IBX (1 equiv) was stirred at room 

temperature for 2 hours. During the reaction, different chromatic changes were observed for every 

substrate (orange, purple, brown).  The reaction was monitored by thin layer chromatography 

(TLC). After the disappearance of the substrate, the reaction mixture was treated with water (1.0 ml) 

and an excess of sodium dithionite (Na2S2O4) and the solution was left under stirring until it became 

yellow. Ethyl acetate (10 mL) was added and the two phases were separated. The aqueous phase 

was further extracted with ethyl acetate (2x10 mL). The combined organic layers were treated with 

a saturated solution of NaHCO3 (10 mL), to remove o-iodooxybenzoic acid (IBX), and a saturated 

solution of NaCl (10 mL). Then it was dried over Na2SO4 and concentrated under reduced pressure 

to afford the desired product. 

7,8-dihydroxy-2H-chromen-2-one (80).. Orange solid (26 mg; yield: 34%). 1H NMR (400 MHz, 

(CD3)2SO) δ 7.9 (d, J=8 Hz, 1H); 7.02 (d, J=8 Hz, 1H), 6.80-6.78 (b, 1H); 6.22-6.17 (b, 1H). 13C 



(100 MHz, (CD3)2SO) δ 161.79, 150.19, 145.54, 132.60, 128.96, 119.27, 112.51, 111.73, 102.6. Μs 

(ESI): m/z [M+H]+ 179,14. 

4,7,8-trihydroxy-2H-chromen-2-one (82). Orange solid (7 mg; yield: 34%). 1H NMR (400 MHz, 

(CD3)2SO) δ 6.68 (d, J=12 Hz, 1H); 6.42 (d, J=8 Hz, 1H); 6.33 (s,1H). 13C (100 MHz, (CD3)2SO) δ 

166.1, 162.4, 148.3, 144.8, 135.9, 122.8, 114-0, 111.4, 91.1, Ms (ESI): m/z [M+H]+ 195,14 

7,8-dihydroxy-4-methyl-2H-chromen-2-one (84). Brown solid (18 mg; yield (51%). 1H NMR 

(400 MHz, (CD3)2SO) δ 7.09 (d, J=9 Hz,1H); 6.48 (d, J=9 Hz,1H); 5.64 (d, J=10 Hz,1H); 2.1 (s, 

3H). 13C (100 MHz, (CD3)2SO) δ 154.4, 149.9, 140.9, 137.4, 133.3, 124.4, 112.5, 110.6, 102.6, 

14.5. Ms (ESI): m/z [M+H]+ 193,17 

5,7,8-trihydroxy-4-methyl-2H-chromen-2-one (86). Red solid ( 7 mg; yield: 22%). 1H NMR (400 

MHz, (CD3)2SO) δ 10.31 (s, 1H); 6.26 (s, 1H); 5.85 (s, 1H); 2.0 (s, 3H). 13C (100 MHz, 

(CD3)2SO) δ 161.52, 160.81, 150.43, 148.75, 145.77, 129.75, 109.8, 102.86, 94.62, 29.47. Ms 

(ESI): m/z [M+H]+ 209,17 

5,6-dihydroxy-2H-chromen-2-one (88). Orange solid (115 mg; yield 48%). 1H NMR (400 MHz, 

(CD3)2SO) δ 9.76 (s, 1H); 8.11 (d, J=12 Hz, 1H); 7.03-7.02 (b, 1H); 6.68 (d, J=12 Hz, 1H); 6.3 (d, 

J= 12 Hz, 1H). 13C (100 MHz, (CD3)2SO) δ 

160.77,147.55,142.24,141.35,139.74,119.47,114.19,109.45,106.19. Ms (ESI): m/z [M+H]+ 179,14.  

7-amino-8-hydroxy-4-(trifluoromethyl)-2H-chromen-2-one (90). Orange solid (31 mg; yield 

34%). 1H NMR (400 MHz, (CD3)2SO) δ 7.93 (d, J=8 Hz, 1 H); 7.37-7.35 (b, 1H); 6.71-6.67 (b,1H); 

6.53 (s,2H). 13C (100 MHz, (CD3)2SO) δ 159.9, 154.6, 141.2, 135.9, 129.6, 121.1, 118.3, 112.7, 

107.9, 60.2  Ms (ESI): m/z [M+H]+ 246,15.  

5,6,7-trihydroxy-2H-chromen-2-one (92).Orange solid (1,8 mg; yield 15%). 1H NMR (400 MHz, 

(CD3)2SO) δ 7.12 (d, J=9.6 Hz, 1H); 6.98 (s, 1H); 6.09 (d, J=9.6 Hz, 1H). 13C (100 MHz, (CD3OD). 

δ 160.10, 149.73, 1 49.65, 141.61, 134.50, 111.96, 11.21, 102.21 Ms (ESI): m/z [M+H]+ 195,14. 

6,7,8-trihydroxy-2H-chromen-2-one (94). Orange solid (8.4 mg; 68%). 1H NMR (400 MHz, 

(CD3)2SO) δ 7.9 (d, J=8 ); 6.76 (d, J=12 Hz, 1H); 6.39 (s, 1H). 13C (100 MHz, (CD2)3SO) δ 161.02, 

145.78, 145.54, 139.80, 133.30, 112.27, 110.68, 100.70 Ms (ESI): m/z [M+H]+ 195,14. 



2.4.4 Preparation of IBX supported on MWCNTs,-COOH functionalized 

  

Figure 53. preparation of MWCNTs-NH2. 

MWCNTs,-COOH functionalized (5%) (100 mg) were suspended in 125 mL of DMF (0.8 mg/mL). 

DIC (126 mg, 1 eq), HOBt (136 mg, 1eq) and DIPEA (348 µL, 2eq) were added and the reaction 

mixture was stirred for 15 minutes at room temperature. Then 60 mg (1 eq) of ethylenediamine was 

added to the solution, and the mixture was stirred for 12 h at 30°C (Figure 53) . The resulting 

solution was washed with DMF (5x) centrifuged at 4000 rpm for 20 minutes. The supernatant was 

removed to afford the ethylenediamine functionalized MWCNTs.  

  

Figure 54. MWCNTs-NH2-IBA 



MWCNTs-NH2 (100 mg) were suspended in 125 mL of DMF. DIC (378 mg, 3eq), and DIPEA (1,05 

mL, 6eq) were added at the solution. Thereafter, IBA (792 mg, 3 eq) was added to the solution, and 

the mixture was stirred for 8 h at 30 °C (Figure 54). The resulting solution was washed with DMF 

(5x), centrifuged at 4000 rpm for 20 minutes and then the supernatant was removed. After that the 

solution was washed with H2O (3x), centrifuged at 4000 rpm for 20 minutes, the supernatant was 

removed to afford MWCNTs-NH2-IBA and dried in a freeze dryer. 

  

Figure 55. Oxidation of IBA to IBX 

MWCNTs-IBA (100 mg) were suspended in H2O (160 mL). Oxone (738 mg, 1,2 eq) and methane 

sulfonic acid (MeSO3H) (85 µL, 1,2 equiv) were added and the reaction mixture was stirred for 8h 

at room temperature. The resulting solution was washed with DMF (5x) centrifuged at 4000 rpm for 

20 minutes. After that the solution was washed with H2O (3x), centrifuged at 4000 rpm for 20 

minutes, the supernatant was removed. Thereafter, the resulting MWCNTs-NH2-IBX was dried in a 

freeze dryer.173 



2.4.5 Preparation of IBX supported on MWCNTs,-OH functionalized  

  

  Figure 56. Introduction of APTMS linker  

MWCNTs-OH (100 mg) were dispersed in 25 mL of ethanol by ultrasonication for 20 minutes. 

Then a solution of distilled water (300 µL), (3-Aminopropyl)trimethoxysilane APTMS (300 µL) 

and 100µL of TEA in ethanol (5mL). Was added to the suspension dropwise. The mixture was 

stirred at 900 rpm for 5 h. The final product was washed with ethanol and acetone three times 

respectively and dried in a vacuum desiccator overnight.  

For the introduction of IBA and activation of IBA to IBX with oxone see step II and step III of 

Figure 53/54 

2.4.6 Viruses and cells  

Poliovirus type 1 (Sabin strain) (VR-1562), Human echovirus type 9 (VR-1050), Herpes simplex 

type 1 (HSV-1: VR-260), Herpes simplex type 2 (HSV-2: VR-734) and Coxsackie type B3 (Cox 

B3: VR-1034), were propagated in African green monkey kid- ney cells (Vero: CCL-81). 

Adenovirus type 2 (VR-1080) and Adenovirus type 5 (VR-1523) were propagated in Human 

Epithelial type 2 cells (HEp2: CCL-23). Cytomegalovirus (CMV: VR-538) was propagated in 

Human Foreskin Fibroblast Cell (HFF- 1: SCRC-1041). Viruses and cells were purchased from the 

American Type Culture Collection (ATCC). Cell lines were kept at 37 °C in a humidified 

atmosphere with 5% CO2 and grown in Dulbecco’s modified Eagle’s Minimum Essential medium 

(DMEM) supplemented with 10% heat inactivated fetal calf serum (FCS), 2 mM L-glutamine, 0.1% 

sodium bicarbonate, 200 lg mL-1 of streptomycin and 200 units mL-1 of penicillin G. Working 

stocks of all viruses were prepared as cellular lysates using DMEM with 2% heat inactivated FCS 

(maintenance medium).  



2.4.7 Biological assays  

The compounds were initially dissolved in dimethyl sulfoxide (DMSO) and further diluted in 

maintenance medium before use to achieve the final concentration needed. The final dilution of test 

compounds contained a maximum concentration of 0.01% DMSO, which was not toxic to our cell 

lines. Acyclovir was used as the reference compounds.  

2.4.8 Cell viability  

The cytotoxicity of the test compounds was evaluated by measuring their effect on cell morphology 

and growth. Cell monolayers were prepared in 24-well tissue culture plates and exposed to various 

concentrations (lg/mL) of the compounds. Plates were checked by light microscopy after 24, 48, 72 

and 96h. Cytotoxicity was scored as morphological alterations (e.g., round- ing up, shrinking, and 

detachment). Cell growth was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bro- mide (MTT) method.205 The cells were seeded at 1 104/mL (100 lL/well) in 96-

well tissue culture plates such that cell replica- tion remained logarithmic all along the 4-day 

incubation period. The 50% cytotoxic dose (CD50) was expressed as the highest con- centration of 

the compound that resulted in 50% inhibition of cell growth.  

2.4.9 Antiviral activity  

The assay of the antiviral activity against all the viruses tested was carried out by the 50% plaque 

reduction assay or by 50% virus-induced cytopathogenicity, as previously described.206-207 The 

compound concentration required to inhibit virus plaque for- mation or virus-induced 

cytopathogenicity by 50% is expressed as the 50% effective concentration (ID50) and calculated by 

dose–response curves and linear regression.  

2.4.10 Effect of addition time  

Monolayers of cells were grown to confluence in 24-well plates and inoculated with viruses at a 

MOI (multiplicity of infection) of 0.1. The plates were incubated for 2 h at 4 °C to ensure syn- 

chronous replication of the viruses, with or without compound R3 for the adsorption period. Then, 



the inoculum was removed and fresh medium, with or without the compound, was added at various 

times after the adsorption period. The plates were incu- bated at 37 °C for 12 h, then cultures were 

frozen and virus yield was determined by plaque assay.  

2.4.11 Inhibition of virus adsorption  

Infective center assay was used to study the effect of compound 3b on the virus adsorption step. A 

VERO cell suspension (106 cells/mL) was cooled to 4 °C for at least 1h. HSV-1 (106 PFU/mL), 

incubated for 60 min at 37 °C with different concen- trations of test compound, was cooled to 4 °C, 

and subsequently added to the cell suspension. Cells were incubated with the virus- drug mixtures 

for 120 min at 4 °C to prevent the virus entering the cells. After the adsorption period, un-adsorbed 

virus and free com- pound were removed by washing three times with cold DMEM. The cells were 

then diluted serially and plaque assayed for cell-as- sociated viral activity.  

2.4.12 Inhibition of virus adsorption Cell culture pre-treatment

Pre-treatment of cultures was performed by exposing the cell monolayers to different concentrations 

of the test compound in maintenance medium for 1 and 2 days at 37 °C. After treatment the cell 

monolayers were washed thoroughly with PBS and infected with HSV-1 at a MOI of 0.1 to allow 

viral  cytopathic  activity.  The  cell  monolayers  grown  in  maintenance  medium without  the  test 

compounds were used as control. Virus titration was per- formed as described above. 

2.4.13 Virucidal activity 

To test possible virucidal activity, equal volumes (0.5 mL) of viral suspension (containing 106 PFU/

mL) and DMEM containing compound 3b (5 ︎ the ID50) were mixed and incubated for 1 h at 37 °C. 

Infectivity  was  determined  by  plaque  assay  after  dilution  of  the  virus  below  the  inhibitory 

concentration.  



CHAPTER III: Prebiotic chemistry. Role of the silica gardens mediated in synthesis of 

biomolecules from formamide  

  

3.1 INTRODUCTION 

The origin of life is one of the most studied topics in science.1-4  Probably, it occurred on Earth 

between 3.8 and 4.1billion years ago. 5  Prebiotic chemistry focus on the chemical processes that 

occurred on the erly Erth before the appearance of the life.6-8 It is generally recognized that RNA is 

the most relevant molecule for the origin of life (RNA world),9 since its specific catalytic and 

storage information properties.10,11 The classic Miller–Urey experiment demonstrated that amino 

acids can be synthesized from a primitive atmosphere under conditions comparable to that existing 

on the early Earth. Various sources of energy have been proposed for these transformations, 

including electric discharges, redox processes and radiation. Other approaches (such as 

"metabolism-first" hypotheses) highlight the role of  catalysis to provide biomolecules.12 These 

processes are not confined to early Earth, since complex  molecules are continuosly found in the 

Solar System and in the interstellar space, suggesting the generality of the phenomenum.13,14,15,16 

Molecules can be transferred from space to planets by meteorites, asteroids or cosmic dusts, a way 

that in principle is available for simple micro-organisms (the “panspermia” hypothesis).17-19 The 

panspermia hypothesis therefore answers questions of where, not how, life came to be. It only 

postulates that life may have originated outside of the Earth. Nonetheless, Earth remains the only 

place in the Universe known to harbour life,20,21 and fossils evidence from the Earth supplies most 

studies of abiogenesis. The age of the Earth is about 4.54 billion years;22,23,24 the earliest undisputed 

evidence of life on Earth dates from at least 3.5 billion years ago,25,26,27 possibly as early as the 

Eoarchean Era, when the crust started to solidify following the earlier molten Hadean Eon. 

Microbial mat fossils have been found in 3.48 billion-year-old sandstone in Western Australia.28,29,30 

Other early physical evidence of biogenic substances includes graphite 31 and possibly stromatolites 

31discovered in 3.7 billion-year-old metasedimentary rocks in southwestern Greenland, as well as 

"remains of biotic life" found in 4.1 billion-year-old rocks in Western Australia.32,33 According to a 

scientist who commented on the study, "If life arose relatively quickly on Earth … then it could be 

common in the universe”. 
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3.1.1 Formammide 

Formamide (chemical formula: NH2CHO) is the simplest natural amide. This compound contains 

all the elements required for the synthesis of biomolecules, including hydrogen, carbon, oxygen and 

nitrogen (with the only exception of phosphorus and sulfur). In recent years, the prebiotic chemistry 

of formamide has provided a unique and simple synthetic framework for the formation of 

components of nucleic acids (purine and pyrimidine nucleobases, nucleosides and nucleotides), 

amino acids, sugars, amino sugars and carboxylic acids, including important intermediates for 

cellular metabolism (Figure) 34. The formamide is a ubiquitous molecule in the universe, was 

detected in comets 35, as in the case of the comet C / 1995 O1 (Hale-Bopp) 36, in the solid phase in 

granules around the young stellar object W33A and generally in the interstellar space. Furthermore, 

recent studies suggest the presence of formamide on some moons of the solar system, including 

Titan and Europe, where it has been postulated the presence of liquid formamide (pure or partially 

mixed with water) below the frozen surface.37 Several experimental and theoretical studies have 

been conducted to determine how the formamide can be originated in space. 38 This molecule can 

be synthesized from mixtures of methane and nitrogen under proton radiation (solar wind and 

cosmic ray radiation)39 or from frozen hydrogen cyanide (HCN ), water and ammonia (NH3) by 

irradiation with ultraviolet rays40. The formamide can also be synthesized in terrestrial conditions 

from mixtures of low molecular weight compounds such as NH3, formic acid (HCOOH), carbon 

monoxide and alcohols. 41 

  
Figure 57. Formation, degradation and evolution of formamide in terrestrial conditions.  



Among these routes of synthesis, probably the one that has most significant in terms of chemical 

terrestrial prebiotic, is the formation of formamide for HCN hydrolysis, a molecule present in 

significant concentration on the primitive Earth. The HCN in aqueous solution can result in two 

processes: the polymerization in biomolecules or hydrolysis to formamide. The hydrolysis 

predominates in dilute solutions, while the polymerization takes place at higher concentrations 42. 

The estimated concentration of HCN in the ocean primitive was too low to give rise to 

polymerization reactions, thus favoring the formation of the formamide 42,43 

An interesting property that characterizes the formamide, as a precursor prebiotic, is linked to the 

possibility of a partial thermal degradation to generate a group of low molecular weight compounds 

which turn out to be, in turn, useful intermediates for the prebiotic synthesis of biomolecules, thus 

increasing the number and variety of possible ways of transformation 44. Formamide decomposes 

thermally into NH3 and CO or HCN and H2O. The formation of HCN is usually favored in the 

presence of suitable catalysts, while in their absence predominates the formation NH3 and CO45. 

Furthermore, in the moment in which the formamide is in the presence of suitable metal oxides 

(such as titanium dioxide) can degrade to form (HCOH) formaldehyde, the precursor prebiotic 

currently most studied for the origin of the sugars. The synthetic potential of formamide is also 

incremented by particular physical conditions, such as by the action of microwave or high pressures 
46.Due to its high dielectric constant, the formamide is also a good solvent for both the polar organic 

compounds and inorganic, the latter play an important role in the synthesis of prebiotics processes 

by acting as catalysts47. Finally, the formamide (and its other derivatives, such as N-methyl 

formamide, and the 'N, N-dimethyl formamide) may have played an important role in the 

phenomenon of the subdivision of the first cell, since it has been shown that these compounds 

catalyze the formation of micelles of ionic surfactants able to mimic a cell membrane48 . 

Figure 58. Synthesis of prebiotic molecules starting from formamide.  



3.1.2. Synthesis of nucleobases from Formamide 

Nucleobases and nucleobase derivatives can be easily synthesized from formamide under a large 

variety of experimental conditions.,44 Thermal, photochemical or redox conditions can be applied in 

these reactions to yield the desired products in high yield49-56 (Scheme 59)

 Figure 59. Role of different catalyst in the synthesis of prebiotic molecules starting from formamide. 

With regard to the reaction mechanisms, for the adenine it was hypothesized the occurrence of  

condensation reaction which proceeds via the initial formation of a dimer of formamide, which 

subsequently reacts with HCN (formed by the decomposition of the same formamide), giving rise to 

an intermediate type polidiidro-pyrimidine (compound A Figure 60) variously substituted. From the 

subsequent reaction of this intermediate with NH3 (always generated by the decomposition of 

formamide) is obtained adenine (compound B figure 60). The mechanism of formation of guanine 

is similar to that of adenine57. 

Figure 60. Mechanism of formation for purine ring.  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The mechanism of formation of the pyrimidine nucleobases (cytosine, thymine and uracil) is only 

partially similar to that of purines, anticipating a different selectivity for the two families of 

components of nucleic acids 58. For example, in the formation of cytosine (Compound C figure 61), 

the intermediate poliidro-pyrimidine A needs a redox reaction for the reduction of enamine groups 

to corresponding amine groups. This step, absent in the case of purines, it is necessary for the 

formation of the double bond C (5) -C (6) characteristic of the pyrimidine bases (Figure 61). 

Figure 61. Mechanism of formation of pirimidine ring. 

3.1.3. Prebiotic synthesis of sugars, nucleosides and acids. 

The thermal condensation of formamide in the presence of titanium dioxide (one of the most 

abundant metal oxides on the primitive Earth) leads to the formation of acyclo-nucleosides, in 

which the nucleo base is linked to sugar in the side-chain.59 Derivatives of this type have been 

hypothesized as possible components of the first molecules of nucleic acids (pre-RNA and pre-DNA 

molecules). A fundamental role in the formation of these derivatives is played by formaldehyde 

(produced by the degradation of formamide) through a process known as the "formose" reaction. In 

this reaction, the formaldehyde is activated by reaction with a with a base to afford a carbanion that 

further reacts by a mechanism similar to aldol condensation60 (Scheme 27 and 28). 

H NH2

O
H2N N

OH O

H
H

Formamide dimer

+2 HCN N

N

OH
NH

NHHO
H

H

H

Redox

A

NH3

C

N

N

OH
NH2

NH2O
H

H

H
N

N

NH2
NH2

NH2O
H

H

H

N
H

O

N

NH2



!  

Scheme 27. Pathway proposed for the synthesis of linear sugars. 

Carboxylic acids intermediates of the citric acid cycle (cycle of Krebs) and glyoxylic acid can be 

also synthesized from formamide in the presence of titanium dioxide, sulfur copper minerals or 

zirconia.61-62.  

. 

Scheme 28. Acyl-Purine synthesized from NH2CHO, 

3.1.4. Catalysts: silicates and phosphates. 

Silicates and phosphates catalyze the synthesis of nucleobases from NH2CHO. As an example, the 

thermal condensation of NH2CHO in the presence of silicates with different magnesium and iron 

content, such as fayalite (FeSiO4), olivine (MgFeSiO4) and forsterite (MgSiO4), afforded cytosine, 

uracil, 4(3H)-pyrimidinone  and 5,6-dihydrouracil , in addition to the simple purine and urea. The 
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reaction showed the highest efficiency when performed in the presence of cosmic-dust analogues 

(CDAs).
63 CDAs are ‘‘fluffy’’ grains of amorphous silicates with variable proportions of silicium 

and carbonaceous matrices, prepared by laser ablation techniques 64  and repro- ducing the chemical 

composition and morphology of the silicate dusts present in large amounts in space environments. 65 

As a general trend, the yield of nucleic acid bases increased by increasing the amount of iron in the 

elemental composition of the mineral in the following order of reactivity: fayalite > olivine > 

forsterite, suggesting the possibility of a redox step as a crucial process for the formation of the 

pyrimidine scaffold. These data show that CDAs are favorable microenvironments mainly for the 

synthesis of pyrimidines, which are not easily obtained under terrestrial conditions. 66,67CDAs 

analogues of silicates are also efficient catalysts for the synthesis of simple organic compounds, 

such as hydrocarbons, amine and nitrile derivatives, through Fisher–Tropsch- and Haber–Bosch-

like condensations at high temperature. 68 In addition, silicates such as alkali feldspar [(Na, 

K)AlSi3O8] and clinopyroxene [(Ca, Mg, Fe)SiO3], present in rocks of the Earth’s crust as well as 

on other planets of the Solar system, are characterized by chiral crystal surfaces.69 

Such natural chiral environments may provide stereoselective functions and resolution of racemic 

mixtures in prebiotic processes.70 

Meteorites were also investigated as catalysts in NH2CHO prebiotic chemistry.71 Under thermal 

conditions they catalyzed the condensation of NH2CHO to nucleobases in addition to carboxylic 

acids, amino acids and sugar precursors. These results suggested that NH2CHO condensation  

reactions in the parent bodies of carbonaceous meteorites could give rise to organic compounds 

engaged in both genetic and metabolic apparatuses, introducing on the scene two key compo- nents 

of primitive life. The meteorite minerals had little or no effect in promoting hydrolysis of RNA (see 

Section 8.2.1) at 80 1C over a pH range from 4.2 to 9.3, the highest stability being observed in the 

neutral pH range, with a half-life of 5 h.71  

Minerals can in principle perform at the same time as catalysts and reactants. This is the case of 

mineral phosphates. Most of the phosphorus in the early Earth would have been in the form of 

insoluble minerals. On the other hand, chemical and physical conditions exist generating reactive 

phosphorus from these insoluble materials. As an example, lightning discharges in model prebiotic 

atmospheres reduce ortho- phosphates to reactive phosphites.72 



Soluble inorganic phosphates 73 and phosphonic acids 74 
were used for the phosphorylation of 

nucleosides in water to yield mixtures of nucleotide derivatives. The efficiency of this reaction 

increased in the presence of condensing agents containing activated multiple bonds (cyanamide and 

urea). A selection of relevant reference is in ref. 75. Further discussion on this topic is in Section 5. 

Reviews on phosphorylation, condensation or polymerization of biomolecules with 

(poly)phosphates poten- tially produced by volcanic activity have been reported.76,77,78 Simple 

inorganic phosphates (Na3PO4, Na4P2O7 and Na5P3O9) and mineral phosphates like hureaulite 

[Mn2+(PO3OH)2(PO4)2- (H2O)4], libethenite [Cu2+
2(PO4)(OH)], turquoise [Cu2+Al6- 

(PO4)4(OH)8(H2O)4], childrenite [Mn2+(AlPO4(OH)2H2O], vivianite [Fe2+
3(PO4)2(H2O)8] and 

vauxite [Fe2+Al2(PO4)2- (OH)2(H2O)6] catalyzed the thermal condensation of NH2CHO to yield 

a large panel of nucleic acid precursors, including purine, adenine, hypoxanthine, cytosine, uracil, 

5,6-dihydrouracil. N-formyl glycine and low molecular weight compounds such as urea, parabanic 

acid and carbodiimide (Scheme 13).79  

Carbodiimide is one of the most powerful condensing agents in organic chemistry for the formation 

of amide or ester bonds.81 In the formation of peptide bonds this compound acts by initial addition 

of an amino acid on its carbon atom with high electrophile character. This process generates a good 

leaving group that can be eliminated as an urea molecule during the formation of the new bond 

between the two amino acid residues.82 Dehydration of urea yields back carbodiimide.83 The 

presence of both urea and carbodiimide among the products of condensation of formamide suggests 

the existence of a carbodiimide–urea organocatalytic cycle, explaining the presence of N-

formylglycine in the reaction mixture. In fact glycine, once formed in the presence of carbodiimide 

and of an excess of formamide, can be easily formylated by a reaction mimicking the formation of a 

dipeptide. In principle, the carbodiimide generated by degradation of formamide can catalyze the 

formation of both peptides and oligonucleotides, the mechanism of formation of the ester bond 

being similar to that of the amide bond. 



3.1.5. Silica Gardens 

The easiest way to produce chemical gardens is to place crystals of suitable metal salts into a beaker 

and pour alkaline silica sol on them (or, conversely, submerge the salt crystals into a large volume 

of the sol). This will induce the self-assembly of forms as those displayed in Fig. 11.1B. Indeed, 

almost any metal salt can be used to grow such structures, provided that it contains cations that will 

precipitate upon reaction with hydroxide and/or silicate anions (which is essentially true for all 

multivalent cations). Typical cations employed for this purpose include Co2þ, Fe2þ/3þ, Cu2þ, Ni2þ, 

Zn2þ, Mn2þ, Al3þ, and Ca2þ, in salts with counterions such as Cl, NO3, or SO4
2  84. The silica sol 

needed to prepare chemical gardens can readily be obtained by diluting commercial water glass 

($6.25 M “SiO2”(aq)). In fact, the concentration of the sol (and with it, the pH) is the only crucial 

parameter for the morphological evolution, and an opti- mum structuring effect is generally 

observed for a certain range of silica con- centrations, which may vary depending on the type of 

metal salt. For instance, in the case of cobalt chloride, well-developed silica gardens have been 

generated with 1:4 and 1:8 dilutions (v/v) of water glass, whereas toward both lower and higher 

silica content, either the structures became more and more ill-defined or growth did not occur at all 
85.The choice of the cation determines the color of the resulting precipitates , whereas corresponding 

morphologies do not show any systematic differences. Usually, silica gardens consist of hollow 

tubes that may extend over several decimeters in length, while their diameter is limited to a few 

millimeters and their walls are only some tens of microns in width86. These tubes grow more or less 

vertically from the immersed metal salt crystal, by a mechanism involving forced (osmosis) and 

free con- vection (buoyancy) as well as chemical reaction (precipitation), as illustrated 

schematically in Figure 62. 87: upon addition of silica solution to solid metal salt (Panel 1), a film of 

hydrated metal silicate is immediately formed over the surface of the crystals  



 

Figure 62. Sketch depicting the formation of silica gardens in a classical setup, where sodium silicate solution is added 
to random crystals or pellets of solid metal salt (1). Growth of vertical tubes occurs by the following successive events: 
initial dissolution of metal salt and precipitation of a metal silicate membrane (2), inflow of water through the 
membrane caused by osmosis (3), rupture of the membrane and ejection of con- centrated metal salt solution, which 
rises vertically due to buoyancy and becomes solid- ified into a tube by instant precipitation of metal hydroxide and 
silica (4). 

(Figure 62 panel 2). Then, osmosis causes water to flow through this barrier and dissolve the 

enclosed solid salt (Figure 62 panel 3). This increases the internal pressure and leads to swelling of 

the flexible membrane, until a critical stage is reached and rupture occurs. At this point, the outer 

layer breaks, and a jet of con- centrated metal salt solution is ejected into the surrounding medium 

(Figure 62 panel 4). Owing to buoyancy, the lighter acidic salt solution ascends vertically into the 

heavier alkaline silica sol and becomes rapidly solidified due to simultaneous precipitation of metal 

hydroxide and/or silicate at the interface between the chemically distinct environments. In this way, 

a wall is generated around the initially liquid jet, producing the observed capillary-like tubules. 

Corresponding work was not only focused on exploring other oxyanions like aluminates, oxalate, or 

phosphates88,89 but also included distinct inorganic species such as hexacyanoferrates, which were 

reacted with Fe3þ to give Prussian blue-type precipitates90. Recently, the concept of chemical gar- 

dens was even extended to organic–inorganic composite systems based on polyoxometalates and 

polyaromatic cations91. Procedures applied for the preparation of these modified materials are 

generally similar to those described earlier for their siliceous counterparts, with greater or lesser 

modifications as detailed in the respective literature. A first step toward an improved reproducibility 

of the experiments is to use pressed metal salt pellets, rather than irregular crystals91. This will 

affect morphogenesis for two reasons. On the one hand, the rate of salt dissolution is lower for 



pellets than for random microcrystals, so that the kinetics of membrane precipitation will change. 

On the other hand, commercially available crystals often contain significant amounts of air enclosed 

in voids, which become released upon dissolution and may form a gas bubble that sometimes 

guides tube formation. This effect can be excluded in experiments with pressed pellets, especially if 

the tablets have been further degassed in vacuum prior to use. To prepare the pellets, a predefined 

mass of metal salt is ground in either an agate mortar or an electric mill for periods of at least one 

minute (ideally in steps of 20 s to avoid over- heating). For this purpose, salts with the highest 

possible amount of hydration water should be employed, in order to minimize uncontrolled uptake 

of the partially strongly hygroscopic substances during grinding. Finally, the homogenized powder 

is pressed into a tablet with uniform dimensions by means of custom-designed pellet makers at 

controlled pressures of typically a few bars. 92 

3.1.6. Liquid injection method  

Instead of using solid crystals, the metal salt can also be introduced into the silica sol by injecting 

concentrated solutions. This technique was developed by Steinbock and coworkers93 to gain a better 

control over the formation of the tubular structures. In a typical experiment (Figure 63 A), a glass 

nozzle (inner diameter, 1 mm) is inserted vertically at the bottom of a glass cylinder containing ca. 1 

M silica solution. The metal solution (e.g., CuSO4, c 1⁄4 0.1–0.5 M) is injected through the nozzle 

using a peristaltic (or syringe) pump at rates ranging from 1 to 20 mL/h. It is important to fill the 

nozzle and the tubing between the pump and the nozzle first with metal salt solution, before adding 

the silica sol to the glass cylinder. Otherwise, uncon- trolled precipitation at the outlet may cause 

clogging of the nozzle; however, any solid deposits in the nozzle are usually removed once the 

injection is started. In analogy to the classical preparation method, liquid injection leads to the 

formation of a continuous buoyant jet of solution56, which is progressively mineralized to yield 

capillaries of several hundreds of microns in width (independent of the actual nozzle diameter). As a 

main advantage of this technique, growth occurs in a highly controlled manner under these 

conditions and affords well-defined tubules with reproducible dimensions, while avoiding random 

processes like branching or intergrowth. 

  



Figure 63. Growth of silica gardens by means of liquid injection. (A) Schematic drawing of the experimental setup. 
Gray-shaded parts are modifications required for the controlled introduction of a structure-guiding air bubble. (B) Time-
lapse series of pictures showing the formation of a tubular structure by injection of 0.25 M cupric sulfate solution into 1 
M sodium silicate sol(C) Image sequence illustrating how a manually generated air bubble directs vertical growth of a 
perfectly straight tube upon injection of 0.5 M CuSO4 into 1 M silicate solution (field of view, 7.3 3.0 mm2). 

Even greater control can be gained via a templating approach, in which an ad hoc generated gas 

bubble directs the flow of the metal salt solution and thus determines the shape of the emerging 

tubes94. To that end, a needle is inserted into the nozzle and connected to an air-filled syringe 

(Figure 63 A). Salt solution and air are injected at the same time using T-shaped tubing, whereby the 

tip of the needle should slightly protrude from the top of the nozzle. While injecting the metal salt 

solution, air bubbles (typical volumes of 0.1–1 mL) are generated manually at regular intervals, 

until one of them gets pinned to the forming tube. The bubble then rises vertically in the silica sol, 

due to buoyancy, and guides the metal salt jet to give perfectly straight hol- low tubules (Figure 56 

C). The tube diameter scales in a linear fashion with the size of the bubble and hence can be tuned 

rather precisely within a range of 100–600 mm95. Further parameters able to affect the size and 

shape of the tube include the concentrations of both the metal salt solution and the silica sol: while 

increasing amounts of metal ions may favor budded patterns over straight tubules, higher silica 

contents in the sol can yield intricate twisted ribbonlike forms. Finally, it is worth mentioning that 

regular silica garden tubes can also be produced in a reversed setup, that is, when silica sol is 

pumped from the top into an excess of metal salt solution. In this case, the tubules grow along the 

downward stream of the heavier silicate solution and exhibit roughly similar diameters and 

morphologies.95  



3.1.5.1. Isolation and characterization of silica gardens  

In general, silica garden tubes are very fragile and thus have to be handled with great care. 

Nonetheless, manipulations are possible with the aid of a thin brush or needle or by using 

electrostatic forces with, for example, a charged plastic pipette tip.96 The dry tube walls may then be 

ground to give a homogeneous powder suitable for bulk analyses by XRD, IR, Raman, NMR, and 

XPS spectroscopy.97 Alternatively, in order to examine the microstructure of the walls in their native 

state, the intact tubes can be broken into manageable pieces, which subsequently are fixed onto 

SEM stubs for morphological studies or on X-ray diffraction holders for textural analyses. By 

varying the orientation of the membrane on the stub, the inner and outer surface of the tube walls as 

well as their cross section can be studied separately by SEM and EDX. In this way, it was found 

that the tube walls show a gradient in their composition, with silica-rich domains characterizing the 

outer side of the wall and an excess of metal hydroxide/oxides covering the inner surface. In order 

to complement this information, the overall content of relevant elements can be independently 

determined by dissolving the tube wall in acid and measuring the concentrations of the different 

species with the aid of atomic emission spectroscopy (AES). Finally, the morphology and 

crystallinity of nano- and micron scale subunits constituting silica garden membranes can be 

investigated in detail by means of TEM and electron diffraction, after successful transfer of small 

fragments onto suitable grids. Despite the insight gained into the nature of chemical gardens via ex 

situ methods, a more promising way to study the formation of these structures is to follow the 

growth process in situ. Most frequently, this has been achieved by acquiring time-lapse pictures of 

the emerging structures, using standard photographic equipment. Such experiments should 

preferably be carried out in flat rectangular cells to improve the quality of the images. On that basis, 

the morphological evolution of the system can be monitored and quantified by measuring time-

dependent tube dimensions. This sheds light on precipitation kinetics and allows distinct growth 

regimes (e.g., jetting or budding) to be identified Another interesting class of experiments is 

dedicated to the role of osmotic pressures and membrane rupture events during the formation of 

silica gardens. For example, the osmotically forced inflow of water from the silica sol into the inner 

metal salt compartment was investigated by placing a metal silicate-based membrane in between the 

two solutions and tracing the volume change on the metal salt side. In turn, the circumstances 

leading to membrane rupture were studied by pumping metal salt solution into silica sol and 

measuring the pressure at the inlet as a function of time. Both experiments showed that the self-

assembly of silica gardens is driven by consecutive cycles of osmotic pressure increase and relief. 97 



3.1.5.2. Tracing dynamic diffusion and precipitation processes in silica gardens  

Beyond simple monitoring of the evolution of these fascinating structures, a recurrent main goal has 

been to track time-dependent variations in chemical conditions during growth and aging of silica 

gardens in situ. However, a limiting factor in this context is the diameter of the tubes, which usually 

reaches some hundreds of microns at most 97 Therefore, the inner metal salt compartment cannot be 

easily accessed, rendering direct analyses of solution chemistry difficult. This problem was solved 

in a recent study, where a new experimental setup was developed that allows single macroscopic 

tubes to be obtained in a very reproducible fashion98 . The method relies on the use of uniform 

pressed salt pellets and the controlled and slow addition of silica sol to these pellets, as illustrated 

by Figure 64A  

 

Figure 64. New preparation method for silica gardens. (A) Image sequence showing the formation of a macroscopic 
tube from a pellet of CoCl2 6H2O by controlled dosing of silica sol. Pipette tips indicate that samples can easily be 
drawn from both the inner solu- tion enclosed by the membrane and the outer reservoir surrounding it. (B) Top view of 
the tube, demonstrating that it has an open end. (C) Schematic representation of the experimental setup used for 
characterizing the temporal evolution of the macro- scopic silica garden system. 

Under suitable conditions, this procedure affords tubes with lengths up to 5 cm and diameters of 

around 1 cm. Moreover, the tubes have an open end on top rather than being closed (Fig. 57B), so 

that the solutions on both sides of the membrane can readily be sampled (as indicated by the pipette 

tips in Figure 64 A).  

For the preparation of such large silica garden tubes, ca. 0.5 g of dried metal salt (typically 

CoCl26H2O or CoI2H2O) is first ground to a fine powder, which is subsequently transferred to a 



hydraulic press and converted to a tablet of about 13 mm in diameter and 2 mm in height by 

applying a pressure of 3.5 bar for several minutes. The pellet is then fixed at the bottom of a beaker 

(total volume of 120 mL) by using a piece of double-sided adhesive tape. To initiate growth, 10 mL 

of silica sol (1:4 dilution of water glass) is added within around 10 s over the rim of the beaker 

through a needle attached to a syringe. This leads to gradual dissolution of the metal salt pellet, 

which soon becomes visibly covered by a layer of hydrated silicate. At this point, further silica sol 

is added, now however by means of an automated dosing device that dispenses the sol at a constant 

rate of 2 mL/min. In the following, the tube grows continuously, until it has reached its maximum 

length after about 15 min. Similar structures can be obtained in the same way for other metal salts 

like FeCl2 or FeCl3, although addition rates have to be adjusted if the cation is changed (generally 

1–10 mL/min). It is worth mentioning that after dosing of silica sol has been completed and 

macroscopic growth essentially ceased, continued inflow of water can cause an overflow of metal 

salt solution at the open top of the tube, leading to uncontrolled outgrowths along the air–liquid 

interface. This unwanted process can be avoided by removing small volumes of the inner solution 

after completed addition, giving uniform vertical tubes as shown in Figure 64 A. The as-formed 

precipitates are relatively stable and can be iso- lated into dry state without destroying their 

ultrastructure. For this purpose, the outer silica sol is withdrawn with a syringe, whereas the 

remaining inner metal salt solution can be carefully sucked out of the tube utilizing a thin needle. 

After washing with water and ethanol, the dried membranes can be characterized as described in the 

previous section.  

The major advantage of this new synthesis method is that it offers the possibility to monitor 

ongoing diffusion and precipitation processes by measuring distinct physicochemical parameters as 

a function of aging time after completed tube preparation (Figure 64 C). For instance, the 

concentrations of ions dissolved in the inner and outer solution can be determined by drawing 

aliquots from the two reservoirs and analyzing them by means of AES. As the amount of liquid 

inside the tube is rather limited (usually about 0.2–0.5 mL), only small volumes (e.g., 10 mL) 

should be taken, whereas larger samples (100 mL) can be drawn from the outer sol. Subsequently, 

the samples are diluted with 10 mL water and characterized by AES. This yields precise 

concentrations for all relevant elements in both compartments at any given time. In essence, these 

studies have revealed that the development of silica gardens is not at all terminated once 

macroscopic tube growth is completed and that ion diffusion and precipitation remain active over 

time frames as long as tens of hours, due to the enormous concentration gradients established during 



initial separation of the two compartments. Moreover, the collected concentration data provide clear 

evidence that the walls of silica gardens cannot be considered semipermeable mem- branes, as 

commonly believed, but rather combine properties of both diaphragms and membranes, which 

allow multiple ionic species to diffuse through them with time.  

Instead of discontinuous sample drawing as required for AES measurements, the evolution of silica 

gardens can also be directly followed in situ by introducing suitable sensors into the inner and/or 

outer solution. Owing to the large diameter of the synthesized tubes and its open end, it is, for 

example possible to immerse a pH microprobe in the metal salt reservoir and continuously collect 

data. Again, valuable information can be derived concerning the progress of precipitation and 

diffusion, in particular because the pH determines the solubility of both metal hydroxides/oxides 

and silica 98. Another parameter worth to be investigated in light of the drastic concentration 

gradients across the tube wall is the elec- trochemical potential difference between the two 

compartments. Such measurements merely require two platinum stick electrodes, which are sub- 

merged in the solutions inside and outside the membrane (Figure 64 C). By connecting the 

electrodes to a conventional multimeter, potentials can directly be recorded in a time-resolved 

manner. Corresponding data indi- cate that the compartmentalization occurring during the early 

stages of silica garden formation generates considerable electrochemical potential differ- ences with 

initial values as high as 100–200 mV 98. The measured voltage then decreases with time in several 

steps, which immediately correlate with the progress of ion diffusion and precip- itation. Overall, 

these findings indicate that silica gardens are complex systems that run through a cascade of 

dynamic coupled processes before ultimately returning to equilibrium. During this period, 

significant potential differences are created spontaneously and maintained over hours, which might 

be promising for the use of silica gardens as self-catalyzed chemical reactors and/or batteries98  



3.2. RESULTS AND DISCUSSION 

The most efficient geological abiotic route to organic compounds results from the aqueous 

dissolution of olivine, a reaction known as serpentinization99. In addition to molecular  

hydrogen and a reducing environment, serpentinization lead to high-pH alkaline brines  

that can become easily enriched in silica. Under these chemical conditions, the formation of self-  

assembled nanocrystalline mineral composites, namely silica/carbonate biomorphs and metal  

silicate hydrate (MSH) tubular membranes (silica gardens), is unavoidable as previously described. 

The osmotically driven membranous structures have remarkable catalytic properties that could be 

operating in the reducing organic-rich chemical pot in which they form. Among one-carbon 

compounds, formamide (NH2CHO) has been shown to trigger the formation of complex prebiotic 

molecules under mineral-driven catalytic conditions, proton irradiation, and laser-induced dielectric 

breakdown. Here, the study is focused on the  MSH membranes as catalysts for the condensation of 

NH2CHO, investigating the possible formation of prebiotically relevant compounds, including 

carboxylic acids, amino acids, and nucleobases. Membranes formed by the reaction of alkaline (pH 

12) sodium silicate solutions with selected inorganic salts as MgSO4Fe2(SO4)3·9H2O 

CuCl2·2H2O, ZnCl2, FeCl2·4H2O, and MnCl2·4H2O were studied in terms of catalytic efficiency. 

As a preliminary approach, we investigated the formation of MSH in the presence of NH2CHO. 

MSH formed readily in the presence of up to 40% NH2CHO from pellets of the selected salts in a 

sodium silicate solution (SSS) containing 1%, 5%,10% or 40%(v/v) NH2CHO. 

Figure 65.Sodium silicate solution containing 1%, 5%,10% or 40%(v/v) NH2CHO 



On the basis of these data, we designed two sets  of experiments able to model the chemical 

environment in the outer and inner parts (Figure 65)of the tubular structure. In the first experiment, 

we dipped selected and preformed MSH tubules [ZnCl2, FeCl2·4H2O, CuCl2·2H2O,  

Figure 66. Outer and inner parts of silica garden. 

Fe2(SO4)3·9H2O, or MgSO4] in an alkaline (pH 12) solution of sodium silicate containing 10% (v/

v) NH2CHO. In two selected cases FeCl2 and Fe2(SO4)3·9H2O the first experiment was repeated 

in the presence of the membrane in growth by the addition of the pellets of soluble salts directly 

inside the sodium silicate solution. In the second experiment, we modeled the chemistry of the inner 

part of the tubular structures by dipping the selected MSH membrane in a water solution and 10% 

(v/v)NH2CHO. As a control experiment, we also analyzed the output of an alkaline solution (pH 

12) of sodium silicate with NH2CHO (101) (10% v/v) in the absence of MSH membranes.  

Scheme 29.Products obtained after the Reaction of 101 with SSS at different temperatures 

Table21 Products obtained (mg) after the Reaction of NH2CHO with Sodium Silicate Solution at Different 

Temperaturesa  
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aNH2CHO (200 µL) was mixed with the sodium silicate solution (2.0 mL) at the reported temperatures for 24 h. The 
data are the mean values of three experiments with standard deviations of less than 0.1%.  

All of the experiments ran for 24 h at the optimized temperature of 80 °C. The experiments were 

reproduced three times.  The results of the experiments are shown in Table 21 and Scheme 29 . As a 

general trend, the control reaction at 80 °C afforded a panel of compounds larger than that obtained 

at 25 and 120 °C. Guanidine (102), urea (103), pyruvic acid (104), lactic acid (105), and glycolic 

acid (6) were observed in small amounts (Table 21). 

 

Scheme 30.Products obtained after the Reaction of 101 with SSS at different temperatures in presence of selected  

The temperature of 80 °C was selected for the next reactions. In the presence of MSH membranes a 

larger variety of products was obtained (Tables 22 and 23, respectively). In particular, the 

experiment modeling the catalytic effect of the outer side of the membrane afforded 102, 103, 104, 

105, 106, oxalic acid (107), succinic acid (108), malic acid (109), N-formylglycine (110), and 

diamino malonitrile (DAMN) (111) (Table 22 and Scheme 30). Similar results were obtained in the 

Product/Temperatureb 25 °C 80°C 120°C

Guanidine  102b traces traces traces

Urea 103 1.0 x10-3 2.2 x10-3 0.5 x10-3

Pyruvic ac.  104 1.1 x10-3 1.9 x10-3 0.3 x10-3

Lactic ac.  105 0.7 x10-3 1.0 x10-3 traces

Glycolic ac. 106 traces traces -
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presence of the growing membrane. Interestingly, the chemical environment modeling the inner side 

of the tubular structures afforded an 

Table 22. Products Obtained after the Reaction of NH2CHO and SSS in the Presence of Selected MSHa  

aNH2CHO (200 µL) was mixed with SSS (2.0 mL) in the presence of preformed MSH (2.0% w/w) at 80 °C for 24 h.bThe data are 
the mean values of three experiments with standard deviations of less than 0.1%.cThe amount of product is defined as milligrams of 
compound compared to that of the initial reaction mixture.d NH2CHO (200 µL) was mixed with SSS (2.0 mL) in the presence of 
selected growing MSH (starting from 2.0% w/w of the corresponding salt’s pellet) at 80 °C for 24 h. e nd = not determined. 

 

Scheme 31. Products obtained after the Reaction of 101 with distilled water at 80° in presence of selected MSH  

Product/MSHb,c ZnCl2 FeCl2 CuCl2 Fe2(SO4)3 MgSO4

Guanidine 102 - 0.90 (0.40)d traces 0.80 (0.90)d traces

Urea 103c 2.0 x10-3 0.80 (0.32) 0.90 0.015 (n.d.)e 0.01

Pyruvic ac.104 1.9 x10-3 0.83 (0.24) traces 0.15 (0.05) -

Lactic ac.  105 0.15 0.63 (0.92) traces 0.16 (0.11) -

Glycolic ac. 106 0.11 0.01 (0.12) - traces 0.11

Oxalic ac. 107 2.8 x10-3 0.18 (n.d.) - 0.38 (0.25) 0.12

Succinic ac. 108 - - 0.16 0.096 (0.01) 0.071

Malic ac. 109 - - - 0.02 (0.06) 0.005

N-Formylglycine 110 6.0 x10-3 traces (n.d.) - 9.0x10-3 (n.d.) 2.3x10-3

DAMN 111 - 0.46 (n.d.) - 0.13 (0.64) 0.09
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Table 23. Products Obtained after the Reaction of NH2CHO and Distilled Water in the Presence of Specific MSHa  

aNH2CHO (200 µL) was mixed with water (2.0 mL) in the presence of selected MSH (2.0% w/w) at 80 °C for 24 h. bThe data are the 
mean values of three experiments with standard deviations of less than 0.1%.c The amount of product is defined as milligrams of 
compound compared to that of the initial reaction mixture.  

even larger panel of products. In addition to compounds 2−11, the inner environment of the 

membranes also catalyzed glycine (112), alanine (113), parabanic acid (114), 4(3H)pyrimidinone 

[4(3H)- Pyr] (115), 2,4-diamino pyrimidine (2,4-DAP) (116), 6-hydroxy- 2,4-diamino pyrimidine 

[6(OH)-2,4-DAP] (117), 2,4-diamino pyrimidine-5-carboxylic acid (2,4-DAP-5COOH) (118), cyto- 

sine (19), isocytosine (120), uracil (121), and adenine (122) (Table  and Figure 2). MgSO4, 

Fe2(SO4)3·9H2O, CuN2O6· 3H2O, and CuCl2·2H2O were the most active MSH in the synthesis of 

nucleobases 19, 21, and 22. Amino acids 12 and 13 were also produced in acceptable amounts.  

It is interesting to note that the salts of the two metals that form the olivine solid solution, MgSO4 

and Fe2(SO4)3·9H2O, are the most efficient salts, while CuCl2·2H2O, ZnCl2, FeCl2· 4H2O, and 

Product/MSHb ZnCl2 FeCl2 CuCl2 MnCl2 Fe2(SO4)3 MgSO4 CuN2O6

Guanidine 2c 5.2 x10-3 3.4 x10-3 1.6 0.1 0.18 0.12 0.67

Urea 3 traces - 1.7 5.0 x10-3 - traces -

Pyruvic ac. 4 4.1x10-3 0.01 1.8x10-3 - 0.73 0.7 0.28

Lactic ac. 5 - - - - 0.07 0.05 -

Oxalic ac. 7 traces - 0.10 - traces traces -

Succinic ac. 8 - - - - 0.21 0.17 0.18

Malic ac. 9 - - - - 0.03 0.03 -

N-Formylgly 10 2.5 0.85 traces - 1.9 1.8 -

DAMN 11 - - - - 0.02 traces -

Glycine 12 0.03 0.23 0.76 - 0.57 0.53 -

Alanine 13 traces traces traces - 0.27 0.23 -

Parabanic ac. 14 - - 0.59 - - - 0.9

4(3H)-Pyr 15 - - 5.6 0.3 traces traces 0.05

2,4-DAP 16 - - 0.3 0.02 0.18 0.17 traces

6(OH)-2,4-DAP 17 - - 0.3 0.06 - - traces

2,4-DAP-5COOH 18 - - traces - traces traces 0.14

Cytosine 19 - traces 0.13 - 0.18 0.15 1.2

Isocytosine 20 - traces 5.0 - 0.11 0.11 1.4

Uracil 21 traces - 3.8 0.03 0.22 0.23 0.85

Adenine 22 - - 0.01 - 0.01 0.01 traces



MnCl2·4H2O showed a low reactivity. Carboxylic acids 4−9 were obtained in larger amounts in the 

outer environment with the exception of only MgSO4 and Fe2(SO4)3· 9H2O. Therefore, this process 

is selective in terms of mineral properties because different metal silicate hydrated membranes 

afford different panels of products. Even more interesting is the fact that the panels of compounds 

formed inside and outside the tubular membrane are specific, as shown in Figure 60. Thus, 

nucleobases (119, 121, and 122), nucleobase bioisosteres (116 and 120), and nucleobase analogues 

(121 and 122) are produced only inside the membrane (Figure 67). Amino acids 112 and 113 are 

also synthesized only inside the membrane. Carboxylic acids 104−109 were obtained in the inner 

and outer environments. 

Figure 67. Schematic representation of products obtained with different MSH from NH2CHOoutside (left) and inside 
(right) of the membranous structure. Color codes: compounds synthesized at both sides of the membrane (green); 
compounds synthesized only inside the membrane (blue).  

The ability of formamide to trigger the synthesis of compounds representative of the major classes 

of prebiotic precursors in the presence of a number of minerals (including boron-, iron-, sulfur-, 

zircon-, titanium-, and phosphorus-based minerals, metal oxides of various types, and meteorites) 

has been previously shown to be particularly efficient under proton irradiation and the simulated 

impact of an extraterrestrial body. Our results provide the first example of a catalytic process 

endowed with (a) selective catalysis of the synthesis of biogenic relevant compounds by a textured 

membrane, (b) intrinsic compartmentalization ability, and (c) a shielding environment against 

ultraviolet radiation. Interestingly, in the reported experiments, the nucleic acid precursors were 



located on the inner side of the membranes. However, we have not found significant differences in 

either the number or the yield of biochemically relevant compounds when comparing the 

reactivities of active versus passive metal silicate hydrate membranes. This means that the electron 

voltage reported in previous silica garden experiments does not play a differential role in the 

catalysis of prebiotic compounds.  

3.3. CONCLUSIONS 

The geological niche proposed here for the transition from inorganic to organic geochemistry, a 

silica-rich, alkaline, aqueous solution in contact with metal-bearing minerals in the presence of 

NH2CHO, was highly plausible during the Hadean and Archean times. This niche was settled most 

likely as early as 4.4 Ga, i.e., almost one billion years earlier than the oldest putative remnants of 

life on our planet. Therefore, the existence of biological compounds such as carboxylic acids, amino 

acids, and nucleobases, or their carbon-like derivatives in Hadean zircon crystals or in Archean 

rocks, is rather plausible. It is worth noting that in these organic geo-niches, silica biomorphs that 

mimic primitive organisms readily form in the presence of alkaline earth metals.This geological 

niche is not exclusive to our planet. It should also exist, or have existed, on Earth-like planets, 

meteorite parent bodies, and comets, as well as in the interstellar dust made of olivine that are or 

were in contact with enriched regions of NH2CHO in the universe. These results suggest that the 

conditions required for the synthesis of the molecular bricks from which life self-assembles, rather 

than being local and bizarre, seem to be universal and geologically conventional.  

3.4. MATERIAL AND METHODS 

3.4.1 Materials 

Formamide (Fluka, >99%) was used without further purification. Fresh commercial water glass 

(Sigma-Aldrich, reagent grade, containing about 13.8 wt % Na and 12.5 wt % Si) was used as the 

silica source and was further diluted 1/4 (v/ v) with Millipore water.  

3.4.2 Preparation of Silica Garden 



We obtained silica gardens by dipping small pellets of a metal soluble salt into the (diluted) sodium 

silicate solution containing 2%, 5%, or 10% (v/v) NH2CHO. Different metal soluble salts were 

used, namely, ZnCl2, FeCl2·4H2O, CuCl2· 2H2O, Fe2(SO4)3·9H2O, and MgSO4.  

3.4.3 Reaction conditions  

To model the chemical environment on the outer side of the tubular structures, NH2CHO (200 µL) 

was mixed with the sodium silicate solution (2.0 mL) in the presence of preformed MSH [ZnCl2, 

FeCl2·4H2O, CuCl2·2H2O, Fe2(SO4)3·9H2O, and MgSO4] (2.0% w/w) at 80 °C for 24 h. In two 

selected cases [FeCl2 and Fe2(SO4)3·9H2O], NH2CHO (200 µL) was mixed with the sodium 

silicate solution (2.0 mL) in the presence of selected growing MSH (starting from 2.0% w/w of the 

corresponding salt’s pellet) at 80 °C for 24 h. For the inner environment, NH2CHO (200 µL) was 

mixed with distilled water (2.0 mL) in the presence of selected MSH (2.0% w/w) at 80 °C for 24 h. 

The reaction of NH2CHO (10% v/v) with the sodium silicate solution (pH 12) without MSH 

membranes was also analyzed under similar experimental conditions.  

3.4.4 Derivatization and analysis  

The products were analyzed by gas chromatography associated with mass spectrometry (GC-MS) 

after treatment with N,N- bis-trimethylsilyl trifluoroacetamide in pyridine (620 µL) at 60 °C for 4 h 

in the presence of betulinol (CAS Registry Number 473-98-3) as the internal standard (0.2 mg). 

Mass spectrometry was performed by the following program: injection temperature 280 °C, detector 

temperature 280 °C, gradient 100 °C for 2 min, and 10 °C/min for 60 min. To identify the structure 

of the products, two strategies were followed. First, the spectra were compared with commercially 

available electron mass spectrum libraries such as NIST (Fison, Manchester, U.K.). Second, GC- 

MS analysis was repeated with standard compounds. All products have been recognized with a 

similarity index (SI) greater than 98% compared to that of the reference standards. The analysis was 

limited to products of ≥1 ng/mL, and the yield was calculated as micrograms of product per starting 

formamide.  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