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Abstract

Each project that was carried out during the doctoral period is in the field of green
chemistry and circular economy. The projects were divided into two strands:
nanotechnology and bio-nanomimetic systems.

In the projects included in nanotechnologies, polyphenols have been designed and
applied in various fields. In a first project the polyphenols were successfully used as an
eco-sustainable protection coating with galvanic gold coatings.

Microcapsules and nanocapsules based on the contemporary presence of sulfonate
lignin and tannic acid have been prepared by the layer-by-layer procedure, using MnCQO3
or organosolv lignin as core templates, and polydiallyldimethylammonium chloride or
chitosan as positive charged supporting layers. Nanocapsules and microcapsules of mixed
polyphenols showed antioxidant activity, UV-shielding properties, and electrochemical
responsiveness, higher than that in homo-polymer nanocapsules counterparts and of the
native polyphenols, suggesting the presence of synergistic effects between the two
components. The presence of UV-visible bathochromic shift suggested the formation of
J-aggregates characterized by an orientation of the adjacent phenolic rings parallel to the
longitudinal direction of the layer, with a head-to-tail like arrangement. Moreover,
nanocapsules of mixed polyphenols showed an aggregation state higher than that
observed in references, the specific morphology of their surface being dependent on the
structural arrangement of the different components.

Sustainable catalysts for the oxidation of phenol derivatives under environmentally
friendly conditions were prepared by the functionalization of lignin nanoparticles with
tyrosinase. Lignin, the most abundant polyphenol in nature, is the main byproduct in the
pulp and paper manufacturing industry and biorefinery. Tyrosinase has been immobilized
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by direct adsorption, encapsulation, and layer-by-layer deposition, with or without
glutaraldehyde reticulation. Lignin nanoparticles were found to be stable to the tyrosinase
activity. After the enzyme immobilization, they showed a moderate to high catalytic
effect in the synthesis of catechol derivatives, with the efficacy of the catalyst being
dependent on the specific immobilization procedures.

Laccase from Trametes versicolor has been immobilized on lignin nanoparticles
following different approaches: i) encapsulation; ii) direct physical absorption; iii) layer
by layer coating; and iv) layer by layer coating followed by chemical cross-linking.
Different activity and kinetic properties emerged depending on the immobilization
procedure, laccase showing a direct electron transfer mechanism toward lignin when
adsorbed or coated on the surface of the nanoparticles. The novel catalysts were active in
the oxidation of alcohol derivatives to corresponding aldehydes.

The preparation of novel wrapped carbon nanotubes poly(4-vinylpyridine)/methyl
trioxorhenium (MTO) based heterogeneous catalysts has been reported by two different
procedures: a) the wrapping by grinding of multiwalled carbon nanotubes (CNTSs) with
pre-formed adducts (PVP/MTO and PVPN/MTO) and, b) the loading of MTO on
previously wrapped CNTs with PVP and PVPN resins. The novel catalysts were
characterized by SEM, TEM, ICP-MS and XPS analyses. Both types of catalysts were
efficient systems in the oxidation of recalcitrant aromatic sulfur derivatives with H20>, as
representative models of ODS processes. The performance of novel catalysts was found
to be dependent on the specific procedure applied for the immobilization of the active
species.

DOPA peptidomimetics are an attractive therapeutic tool for the treatment of
Parkinson’s disease. Compounds with unusual O-C and N-C covalent bonds between
amino acids have been prepared by selective oxidative functionalization of tyrosine
residues with tyrosinase from Agaricus bisporus. The reaction proceeded through
Michael-like nucleophilic addition of amino acids on the DOPA quinone intermediate
initially produced by tyrosinase oxidation. The reaction was effective under
heterogeneous conditions by immobilization of tyrosinase on multi walled carbon
nanotubes (MWCNTS). The anti-Parkinson activity of novel DOPA peptidomimetics was
evaluated by electrophysiological techniques on individual dopaminergic neurons in rat
ex vivo midbrain slices. Gly-N-C-Dopa and Val-N-C-Dopa peptidomimetics inhibited

neuronal firing and evoked outward currents via activation of the D2 receptors in most
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dopamine-sensitive neurons. In a subset of neurons which displayed low dopamine

sensitivity, Gly-N-C-Dopa also caused significative effects.
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CHAPTER 1 INTRODUCTION

1.1 Green chemistry and Circular economy

The growth of a new consciousness and sensitivity towards the environment and waste
has led to the emergence of new eco-sustainable philosophies; Green Chemistry and
Circular Economy. These philosophies enclose the application of their general principles
to the chemical processing industry, opening the way to a steep change of paradigm:
chemistry, often associated with dirty and polluting production practices, now provides
all the tools for the solution of environmental pollution. Green Chemistry is based on the
application of twelve principles set out in 1998 by Anastas and Warner: (a) prevention,
(b) atom economy, (c) less hazardous chemical syntheses, (d) design for safer chemicals,
(e) safer solvents and auxiliaries, (f) design for energy efficiency, (g) use of renewable
feedstocks, (h) reduction of derivatives, (i) catalysis, (j) design for degradation, (k) real-
time analysis for pollution prevention, and (l) inherently safer chemistry for accident
prevention. Now it provides a guide to pollution, climate change and the exhaustion of
non-renewable sources. The core topic is the design, development, and implementation
of chemical products and processes that reduce or eliminate the use and generation of
substances hazardous to human health and the environment.

On the other hand, the circular economy has become a widespread paradigm for
controlling production processes, so that their design should avoid waste production. The
new paradigm of a circular economy suggests an innovative way of exploiting resources
that is only viable through closed industrial loops. The recovery and recycling of building
blocks and semi-finished products makes possible exploring new businesses way by
reducing the environmental responsibility due to extraction and refining of virgin
materials. This approach can be realized through a new way of thinking, which is based
on the waste-to-resource opportunities. As a matter of fact, the core principles of the
circular economy involve the recycling and the re-use of materials accompanied by a
comprehensive and sustainable use of resources?. In this context, the recirculation concept
has been introduced by Clark et al.® In general, a recirculated product is able to reach the
usable state again without waste, making possible the optimization of the use of materials,
and reducing waste and pollution. The chemical industry should represent an excellent
example of symbiotic production with the earth. According with a well-known quote of
August Wilhelm von Hoffman (1848) “in an ideal chemical factory there is, strictly

speaking, no waste but only products. The better a real factory makes use of its waste, the
15



CHAPTER 1 INTRODUCTION

closer it gets to its ideal, the bigger is the profit”. Therefore, the introduction of innovative
recycling visions and activity provides opportunities to reduce the global chemical
industry environmental footprint by contributing to the development of a lower carbon
society. It is therefore clear that this point must be underlined when fulfilling the Green
Chemistry & Green Engineering principles* and pursuing a benign by design®. Although
recycling usually refers to the treatment of end-of-life materials, new scenarios that
include by-product recycling and solvent recovery are new goals to be achieved.
Nowadays, with the growth of circular economy, waste should become the new raw

material for industrial processes® (Figure 1.1).

i
A

Chemical
|n3[,r:;r:$ + 993 + Competitiveness
_,/ + New business

Figure 1.1. Chemical industry in circular economy view

Green chemistry anticipated the concept of circular economy: “1. Prevention: It is
better to prevent waste than to treat or clean up waste after it has been created. 2. Atom
Economy: Synthetic methods should be designed to maximize the incorporation of all
materials used in the process into the final product.” In fact, these two principles also
belong to the circular economy approach, which aims precisely to achieve a zero-waste
objective through a complete exploitation of all waste and by-products, for all production
processes. Although starting from a common context, circular economy and green
chemistry seem to proceed in some way on parallel routes, rarely crossing. For instance,
the production of biofuels from residual biomasses, as we will see in the next chapter, (a
paramount circular economy application) often passes through the use of non-renewable,
hazardous chemicals to ensure the economic feasibility of the production process.

How to get the change? The fundamental challenge that is proposed in this era is the
achievement of a new awareness where the current society is actually still based on
consumption and controlled only by the demand and market forces, without having the

foresight of its deleterious effects. While we are facing an unprecedented rate of growth
16
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in the demand for resources, we should re-evaluate our relationship with the planet, as the
new emerging economies in Asia and Latin America are still moving towards the
standards and demands established in the last century in the West. The chemical industry
that has been so effective for much of the twentieth century is now under enormous
pressure to change in almost all aspects of how it operates’. The legislation concerning
chemical production processes has grown exponentially in the last years of the twentieth
century®. The industry is also suffering rising costs for energy and for the disposal of
hazardous waste; these costs are increasing at a rate greater than the price of their
associated products. Life expectancy and environmental safety of products have also
increased in the early years of the twenty-first century. This is mainly due to general
environmental concerns and reports, mostly from non-governmental organizations, on the
detection of synthetic chemicals in animals and humans (as much a result of
improvements in analytical science as of any increase in exposure to chemicals)®. Qil
alternatives for long-term sustainable chemical production are essential because of the
rapid rise in the price we have seen of oil, the main raw material of the organic chemical
industry'®. Therefore, chemical production must overcome a degree of pressure never
seen in every phase of the life cycle or chemical production chain, as shown in Figure
1.2.

So, for the first time, the entire industrial supply chain is consciously influenced and
interested in the long-term availability of chemicals. Many currently used chemicals will
be replaced thanks to new legislation [e.g., REACH (Registration, Evaluation,
Authorisation and Restriction of Chemicals) and RoHS (Restriction of Hazardous
Substances)]®. REACH has made it clear that research will inevitably have to discover,
develop and apply greener substitutes for many important chemicals. These will also

include current solvents, adhesives, flame retardants and stabilizers.
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Figure 1.2. Pressures on the chemical industry across the life cycle. Abbreviations: NGO, nongovernmental
organization; REACH, Registration, Evaluation, Authorisation and Restriction of Chemicals.

For example, the chlorofluorocarbons were replaced by hydrochlorofluorocarbons,
which were then replaced by hydrofluorocarbons, which are now considered
incompatible with the new legislation due to their high environmental impact historically
started with their action in the formation of the ozone hole. Volatile chlorinated solvents
in dry cleaning, polybrominated compounds in flame retardants and aluminium chloride
in many organic processes have been considered unacceptable for many years, but we
continue to use them in large quantities due to the lack of suitable legal and ecological
substitutes. We must therefore concentrate our efforts in this area and, in particular,
implement economically favourable substitutions based on chemicals derived from

alternative and renewable resources, which nature has always provided us with.
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1.2 Polyphenols: sustainable building block for new bio-
based materials

The primary role of the chemical industry is the conversion of raw materials into
value-added products that include fuels, polymers, materials, pharmaceutical products,
etc. Fossil resources have been the primary raw material for most chemical processes and
transformations. However, as was mentioned in the previous chapter, sustainability is
becoming a global requirement. Due to the considerable depletion of fossil resources, the
concept of "biorefinery" become a real solution for sustainable development. In this
paradigm, renewable raw materials (intended as biomass or food wastes) are
refined/enhanced to produce fuels and basic chemicals through novel chemical and
biological technologies.

In recent years, research in the field of biorefinery, driven also by the availability
of specific financing schemes, has focused on the production of energy in the form of
fuels. The result is a conspicuous increase in scientific literature work on the development
of new methods for converting biopolymers from lignocellulosic biomass into
hydrocarbon fuels, pyrolytic bio-oils and fuel additives'®. However, after a first phase of
enthusiasm, the role of biofuels in a future energy supply scenario has been the subject of
intense criticism, especially for the so-called "food vs. fuel” competition, in addition to a
generic unfavourable energy balance. It is important to consider that economically classic
fuels and energy carriers are produced with low speculation such as methane ("biogas"),
ethanol ("biofuel™) or "biodiesel". The researcher attention has been slowly re-directed to
the development of routes for the conversion of lignocellulose and waste streams into
platforms of specialty chemicals. These highly valued and marketable products are
usually required in smaller volumes than fuels. At these levels, secondary/waste products
(e.g. agroindustry, food industry, paper production and recycling) can indeed effectively
serve as a renewable raw material for the production of chemicals and special materials.
Therefore, a new model, that is substantially respectful of the environment, can be carried
out, avoiding that the agriculture may be damaged in the primary production of food,
avoiding changes in land use, and the loss of biodiversity, that are two among the most
sensitive problems related to the production of biofuels?.

Generally, the production of chemicals starting from waste streams has the potential
to increase the added value of the product without altering or redirecting the current

production.
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There are different strategies to convert the three main biopolymers found in
biomass into conventional chemicals. Their goal is to compete with the classic fossil-
based production chains. In addition, due to the controversial shale gas revolution, which
seems able to provide some of the traditional energy carriers and platform chemicals at a
very competitive price, competition should increase, despite the extremely negative
environmental effects®.

However, the new biorefinery approaches focused on a number of elements that are
potentially able to change the current building blocks of the chemical industry for the
preparation of pharmaceutical materials and products. These natural compounds do not
immediately compete with petrochemicals derivatives and could be used for innovative
products. Among these polyphenols, such as tannins and lignin, have received the
attention of the scientific community because they represent a new pool of natural and
widely diffused chemicals, useful for the preparation of new polymers and
pharmaceutical products. The real innovation of introducing biobased polyphenols in the
economy is their ability to offer new and more effective properties compared to the
corresponding products derived from oil, which often go beyond the intrinsic benefits of
sustainability and biocompatibility. In this thesis work several projects are described in

which polyphenols have been exploited for different eco-sustainable applications.

1.2.1 Woody biomass as new biorefinery

There are many differences between the biorefinery and the classical refinery plant,
which converts fossil raw oil into higher value products through processes that have been
optimized over time and which are able to enhance each fraction of the starting stock. An
important difference, for example, is that oil occurs naturally in the form of a liquid and
IS characterized by an almost zero oxygen content, while biomass is often solid and
composed of a high quantity of oxygenated molecules. In general, raw materials,
including organic waste from crops, wood and straw are very heterogeneous as they are
mainly composed of polysaccharides (which generally represent 60-80% of the weight)
and the rich aromatic lignin (15-30% by weight). These molecules are closely related to

form of a stable nanocomposite (Figure 1.3).
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The first biorefinery approach towards woody biomass was to transform the solid
state into processable liquid wood, that is the production of so-called biocrude oils (e.g.,
pyrolysis oils, hydrothermally derived oils), which have already found an economic
position on the market by several companies. However, these bio-oils are not yet
competitive if the final goal is the valorization process, such as building blocks and
functional molecules. Since the biomass is very heterogeneous, the selective production
of some fine and platform chemicals has proved technically far more difficult and
problematic as any process aimed at the deconstruction of the biomass in its monomers
acts in a non-selective way. The excessive cost of such separation procedures has been
one of the major drawbacks of such approaches. So, it was crucial to develop new, more
selective methods in the deconstruction phases of the lignocellulosic mass able to separate
its components. An effective solution to solve this limit could be that of separating from
the biomass the carbohydrate component from the lignin portion, thus obtaining two
separate streams of products that will follow different dies. Among the simplest, most
effective and environmentally friendly methods, surely the solvothermic one is the most
considerable, which provides the treatment of biomass with organic solvents at high
temperatures. The first optimization of this approach began originally for the isolation of
the cellulose fraction from lignin, inspired by the knowledge of the pulping processes
developed by the paper industry. In the present days, however, new methods have been
designed that can simultaneously deconstruct polysaccharides and partially depolymerize
the lignin. In this field, the degradative deconstruction processes (DD) are distinguished
from non-degrading ones (NDD). NDD processes are basically based on dissolution
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operations through specific organic solvents (“organosolv") or water and with the use of
mild additives (catalysts, reagents, etc.). The process is based on the difference in
solubility in the selected solvents and conditions, where cellulose, hemicellulose and
lignin can be separated in the form of partially depolymerized substances. On the other
hand, the DD processes involve the application of catalysts or reagents capable of
promoting hydrolysis and cutting reactions to a more aggressive extent. Depending on
the catalytic conditions chosen, DD processes can be adapted to different needs to
generate a variety of different products ranging from partially and completely

depolymerized carbohydrate blends and well-defined lignin and platform chemicals

(Figure 1.4).
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Figurel.4. A representation of degradative (DD) and non-degradative (NDD) deconstruction processes, for
the valorization of biomass.

Here the attention will be focused on lignin, which can be obtained through both

DD and NDD processes starting from wood.

1.3 Lignin valorization technologies

Nowadays, the integrated biorefinery generally includes four main sections: collection
and storage of raw materials, pre-treatment, enzymatic hydrolysis and fermentation of
sugar 4. Lignin, the most abundant polyphenol in nature and the second most abundant
biopolymer on Earth after cellulose, is underutilized in the first-generation biorefinery
process, with about 60% more lignin being produced with respect to that used for the

energy production®®. So, new processes that generate value-added products from lignin
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are required*®, Lignin is composed of aromatic sub-units'’. The U.S. Energy Security and
Independence Act of 2007 mandates the development of 79 billion liters of second-
generation biofuels annually by 2022. Assuming a yield of 355 liters per dry ton of
biomass, 223 million tons of biomass will be used annually, producing about 62 million
tons of lignin'®. Without new applications, the lignin produced would far exceed the
current world market 1°. Although research has historically focused on lignin conversion
procedures in chemicals, materials and fuels, at the practical level very little of this effort
has come to the final market. What has changed to address this paradigm? The lignin
market comes from: i) bioengineering of lignin to modify and/or incorporate atypical
components that reduce recalcitrance of the cell walls to bioprocessing and facilitate ease
of recovery and conversion; (ii) advances in analytical chemistry and computational
modelling that couple developments in genetic engineering of lignin to targeted physical
and chemical properties; and (iii) biomass pre-treatment technologies that facilitate lignin
recovery and catalytic modifications that yield tailored chemical and/or physical

properties.

1.3.1 Lignin biosynthesis and recovery from biomass

Lignin is deposited predominantly in the walls of secondarily thickened cells together
with cellulose, hemicellulose and pectin, especially in vascular and support tissues: Xxylem
tracheitis, vessel elements and sclereid cells?®. This polymer is covalently linked to the
hemicellulose by crossing different plant polysaccharides, giving mechanical strength to
the cell wall as well as other properties as rigidity, UV protection and important role in
conducting water in plant stems?. Its biosynthesis can also be induced upon various biotic
and abiotic stress conditions, including wounding, pathogen infection, metabolic stress,

and perturbations in cell wall structure??.

Lignin biosynthesis
Lignin is a polyphenol resulting from the oxidative coupling of 4-
hydroxyphenylpropanoid units?®. The main building blocks of lignin are the
hydroxycinnamyl alcohols (or monolignols), namely coniferyl alcohol and sinapyl
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alcohol, and minor amount of p-coumaryl alcohol (Figure 1.5). The pathway of the
biosynthesis of the monolignols is reported 24, and it is still under study®. The
monolignols are synthesized from phenylalanine (Phe) via the phenylpropanoid and
monolignol-specific pathways. Phe comes from the shikimate pathway in plastids®.
Enzymes that participate in lignin biosynthesis, such as cinnamate 4-hydrolase (C4H), p-
coumarate 3-hydroxylase (C3H) and ferulate 5-hydroxylase (F5H), are present in the in
the cytosolic side of the membrane of the endoplasmic reticulum?’. Although in the
metabolic pathway the interconnection between phenylalanine ammonia-lyase (PAL) and
C4H?® has been demonstrated, it remains unknown if the other enzymes of the pathway
are included in other metabolic complexes of the endoplasmic reticulum. Units from the
monolignol metabolism in the final lignin polymer structure are called guaiacyl (G),
siringyl (S) and p-hydroxyphenyl (H) units. (Figure 1.5).
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Figure 1.5. Biosinthesys pathway of lignin
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Except for a few number of cases?, lignin recovered from Gymnosperms is usually
composed of G-units (with minor quantities of H-units), while the lignin presents in the
angiosperm dicotyledonous consists mostly of both G- and S-units. H-units are found in
high amount in softwood and in grass®. A variety of less abundant units have been
identified from diverse species, and these units may be incorporated into the polymer at
varying levels*®. Some units, such as those derived from sinapyl acetate, can make up to
85% of all S-units in the polymer3L. The lignin composition may also vary depending on
the cell type, as can be visualized by the histochemical staining of Maule, which is
indicative of S-units®.

Different biotechnological methodologies have led to the possibility of modulating the
quantity and type of lignin produced by a specific plant, including copper transporters,
vesicular trafficking genes, shikimate pathway genes, and transcription factors. However,
most attempts to increase lignin levels in plants simply by overexpressing one or more
enzymes in the monolignol pathway have not been successful. Examples are the down-
regulation of cinnamyl alcohol dehydrogenase which leads to an increase of aldehydes in
lignin® mutants, and the deprivation of cinnamyl alcohol dehydrogenase 1 gene (CAD1),
which produce lignin exclusively composed of hydroxy- cinnamaldehydes rather than
hydroxycinnamyl alcohol units**.  Furthermore, it was also possible to introduce
unnatural monomers in the polymer which are able to lead to the formation of several
cleavable interunit bonds®®, reducing the degree of polymerization and facilitating the
processing of biomass. An alternative approach was recently reported by Wilkerson et
al.3® whereby coniferyl ferulate feruloyl-coenzyme A (CoA) monolignol transferase was
expressed in poplar. This transformation facilitated the incorporation of monolignol
ferulate conjugates into lignin, which yields a polymer with an elevated number of ester
linkages reactive towards mild alkaline depolymerization conditions. This flexibility in
lignin monomer composition is potentially useful for reducing recalcitrance, enhancing

extraction, and developing lignin as a high-value raw material.

Lignin Recovery

Lignin is one of the main products recovered from the NDD biomass processes. This
polymer was historically produced mainly by the paper industry as a waste product after
the separation step from cellulose. Nowadays, lignin-rich streams are produced from

biorefineries by extracting plant carbohydrates to leave most of the lignin in the final solid
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residue®’ or by applying pre-treatments to the biomass by extracting the lignin®® before

the conversion of carbohydrates (Figure 1.6).
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Figure 1.6. The two ways of lignin biorefinery

Lignin isolated after enzymatic deconstruction currently contains some recalcitrant
polysaccharides, proteins, and mineral salts, a mixture that is generally considered to have
a low suitability for direct material applications.

Hardwood, softwood and grass lignin incorporate the same pool of monomers,
although the relative content of building blocks is quite different. However, the extraction
type (NDD) is a factor that greatly influences the composition and variety of lignin. The
most common types of industrial purification of lignin from biomass are summarized in
Table 1.

For the most part, the various treatments provide lignin fragments with different
degrees of polymerization and may alter the distribution of the various functional groups.
Even the presence of additives used during the pulping process often leads to the
introduction of new functionalities that were not originally present in the polymer. For
example, in the case of Kraft lignin or lignosulphonate, a significant amount of sulfur is
introduced in the polymer as thiol groups. Low molecular weight lignin polymers or even
oligomers are usually obtained from all the pulping processes. Recently, alternative

purification methods for lignin based on the use of IL have been proposed°.
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Lignin Kraft Pulping. Based on the use of sodium hydroxide and hydrogen sulfide. This
. process results in the incorporation of sulfur in the form of aliphatic thiols into the
preparatlon resulting low molecular weight lignin fragments. Possible carbon-carbon bond

via NDD formation via recombination of smaller fragments leads to a relatively inert structure.
\l" Sulfite Pulping. Based on the use of acids and sulfites (usually Ca/MgS0,) at around
150°C. Also in this case, sulfur is incorporated into the final oligomers via introduction
F of sulphonic acid functionalities on the backbone. This confers to the product a
Pulpmg relatively good water solubility.
Processes

Alkali Treatment. The method relies on the use of hydroxides of alkaline and hearth
alkaline metals under relatively high pressure and temperature, favoring to a good
extent the cleavage of o and [} ether linkages. In this way, cligomeric lignin in the
range of 1-5 kDa are produced.

Organosolv Treatment. This extractive technique is based on the use of organic
solvents usually in combination with water. Acid or based catalysts can also be added
leading to relatively short lignin fragments (ca. 5kDa).

lonosolv Treatment. This method is a special variant of organosolv in which ionic
liquids are used as extracting media for lignin at moderate to elevated temperature.
The method is based on the fact that ionic liquid have the ability to dissolve cellulose
as well as lignin. Cellulose can be thus separated by addition of an anti solvent.

Lignin type Sulfur-lignins Sulfur-free lignins

Kraft Lignosulfonate Soda Organosolv

Aspect

Raw materials Softwood Hardwood  Softwood Hardwood ~ Annual plants  Softwood Hardwood Annual plants

Solubility Alkali Water Alkali Wide range of organic solvents
Organic solvents

Number-average molar mass (M, - gmol~')  1000-3000 15,000-50,000 800-3000 500-5000

Polydispersity 25-35 6-8 25-35 1.5-25

TS{C] 140-150 130 140 90-110

Table 1. Several kind of lignin extractions and their chemical and physical characteristic

The main disadvantage of this approach concerns the relatively high price and the non-
sustainability of current commercial ionic liquids. In alternative, environmentally friendly
eutectic solvents (NADES) were proposed“.

Lignin Valorization

The growing search for eco-sustainable and low-cost biorefinery methodologies has
allowed lignin to be introduced into the market thanks to its numerous applications.
Although the low-volume chemical additives may derive from lignin, the amount of lignin
coming from an industrial cellulosic ethanol plant can range from ~ 100,000 to 200,000
tons per year 1. This polymer can be applied for the replacement of more than 40-50%
of the structural steel mass in light vehicles containing carbon fiber composite materials
(Assessment of Fuel Economy Technologies for Light-Duty Vehicles)*2. Unfortunately,
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the commercial precursors of carbon fibers, derived from polyacrylonitrile (PAN), are
still too expensive for low-cost production on a commercial scale (~ 300 x 106 kg year-
1).

Another high-volume lignin application is related to bioplastics and composite
materials. The design and production of techno-polymers and thermoplastic elastomers,
polymer foams and lignin membranes with properties comparable to those of petroleum
products has been reported for some time*3. The most frequent lignin source for these
studies become from chemical pulping operations that are directed primarily at lignin
removal from cellulosic fibers through a series of alkaline depolymerization or lignin
sulfonation reactions and extraction.

The most frequent source of lignin used for industrial application is alkaline or
sulphonate lignin. They have nevertheless found a space in the market mostly as cement
filler, dust suppression, and drilling fluids for oil recovery**. Other examples encompass
the use as additive for lead acid batteries* and other select applications . It has also been
shown that oxiropropiation of lignin produces a promising polyol derivative in the
production of polyurethane foam, exhibiting excellent physical strength properties*’. The
application of lignin for thermoplastic materials is also under development; for example,
by mixing from 5.0% to 20% of hydroxyl propyl lignin with poly (methyl methacrylate)
an increase of 200-MPa of the Young's modulus is obtained with respect to the pure
polymer 48,

Furthermore, it has been demonstrated that lignin, in the presence of cationic
conducting polymer necessary to provide electronic conductivity, can function as electron
preservation material, with a total performance superior to that of non-sustainable
traditional materials.

Phenols are the primary component of phenolic resins, such as resorcinol-
formaldehyde (RF)-resin. Such compounds are nowadays used for the production of
advanced mesoporous absorption materials*®, electrodes and materials for energy
conservation®. Moreover, bis-phenol derivatives are an essential part of polycarbonates
and epoxy resins, although their use has been the subject of controversial debate due to
toxicity issues such as in the case of bisphenol A (BPA), known for its severe effect on
the human endocrine system®!. In this regard, the attention has shifted to lignin
derivatives. Vanillin, a constitutive element of the lignin, has been proposed as a synthon
for the design of different monomers that could replace the non-sustainable phenol

derivatives in resins®2. Even more interesting are the analogues of resorcinol, which

28



CHAPTER 1 INTRODUCTION

include natural metabolites such as dopamine or dihydroxy-L-phenylalanine, which have
proved to be constituents of advanced biomimetic glues®, able to bind leather (as known
by the traditional art of " tanned skin "with tannic acid derivatives), cellulose fibers, paper
and cotton (known to bind lignin in wood), or even minerals, also in the presence of water,
as in the case of natural mussel adhesives®. Depolymerized lignin phenols appear to be
a promising choice for the production of large-scale dopamine or dihydroxy-L-
phenylalanine derivatives. In addition to lignin depolymerization, biorefinery processes
include a robust strategy for the demethylation of phenols, considering the high
percentage of phenyl methyl ethers in the native lignin structure (Fig. 9). Demethylation
increases the number of phenolic groups that allows the application of such compounds
in redox processes. The most effective demethylation process is based on catalytic
hydrodeoxygenation®. Alternatively, constituent elements must be selected that do not
require demethylation processes such as gallic acid, derived from tannin®. Some lignin
fractions coming out from the biorefinery are not suitable for the design of materials, but
they can still be valuable for conversion into fuels and chemicals.

New techniques involving the use of transition metal catalysts have been used for the
hydrogenolysis of lignin, both as one- or two-steps process®’. These approaches have
received considerable academic and industrial attention for the production of petrol-based
aromatic units, as well as benzene, toluene and xylenes®’-8, These techniques include
high temperatures and pressures (> 200 ° C and> 5 MPa) in combination with metal
catalysts, such as Ni-Mo or Co-Mo/Al:0s3, with the main function of removing
heteroatoms from sulfur and nitrogen. Unfortunately, the catalysts are easily deactivated
during the process due to the high formation of coke, the hydrothermal instability and the
sintering effect®®. Oxidative enzymes are also applied for the production of low molecular
weight aromatic compounds from lignin €, including laccase and peroxidase®:,

In the next chapter, the procedures and properties of lignin nanostructures will be
described in detail because the generation of nanostructured lignin introduced several

industrial advantages.
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1.4 Nanostructures towards eco-sustainability

Nanostructures are the basis of nanosciences and nanotechnologies. These
technologies represent a broad and interdisciplinary area of research and development
that has grown exponentially throughout the world in recent years. It has the potential to
revolutionize the ways in which the material and products are created and the range and
nature of the features that can be accessed. Nanoscale materials are defined as a set of
substances in which at least one dimension is less than about 100 nanometers. A
nanometer is one millionth of a millimeter, about 100,000 times smaller than the diameter
of a human hair. The real interest of nanostructures are the new properties that emerge in
the transition from the macro to nanoscale.

Nanostructures can be classified according to their shape, planar (hano sheet), tubular
(nano-fibers or nanotube), or spheres (nano particles and nanosphere). Nanostructured
materials (particularly in the 1-100 nm range) offer unique properties due to their
increasing surface area®?, and their chemical and physical interactions are governed by
surface properties. Thus, a nanostructured material may have considerably different
properties from a material of greater size and similar composition®. Therefore, the
possible applications are provided as an alternative to toxic nanoparticles®, supports for
heterogeneous enzymatic or organometallic catalysts, for drug delivery systems®, for the
release of hydrophobic molecules®® and to improve the UV barrier, antibacterial,

antioxidant properties and polymer reinforcement.
1.4.1 Carbon nanotubes

Both the diamond and the graphite are composed entirely of pure carbon. The
substantial difference lies in the atomic organization of carbon atoms. In fact, in the
diamond, the atoms have the four ties oriented towards the angles of a normal tetrahedron.
The resulting three-dimensional structure is extremely rigid, giving the diamond the
known hardness. In graphite, each atom is uniformly connected to three carbon atoms
with angles of 120° in the plane and a weak link is present in the axis forming the
hexagonal lattice (honeycomb) 7. In 1985 a new form of carbon was discovered, the
fullerene®®. Later in 1991 multiple-walled carbon nanotubes (MWCNT) were discovered
in the carbon soot produced by an arc discharge method®®. CNTs are tubular in shape, and

are made of graphite. The tubes contained at least two layers, often many more, and had
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an outer diameter of about 3 nm to 30 nm. Single-walled carbon nanotubes (SWCNTSs)
were also observed’. Single-walled carbon nanotubes are generally thinner than
multiple-wall types, with diameters in the 1-2 nm range. They are curved rather than
straight.

In recent years, the effort has focused on determining the structural, electrical,
mechanical, electromechanical and chemical properties of CNTs as well as on the
optimization of their synthesis. The structure of SWCNT can be imagined as a support
for a graphene sheet consisting of several hexagonal rings of the benzene type (Figure
1.7). A MWCNT instead is a pile of graphene sheets rolled up in concentric cylinders.
Each nanotube is a single macromolecule composed of millions of atoms whose length
can reach tens of micrometers with diameters up to 0.7 nm’t. CNTs are distinguished
from carbon fibers, which are not single molecules but layers of stratified graphite
layers’?.

In addition to these two classes of nanotubes, we can classify three different sub-types
based on how the graphite is "rolled"” during the carbon nanotube synthetic process: CNT

armchair, CNT zigzag and CNT chiral.
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Figure 1.7. Schematic representation of formation of single-walled carbon nanotubes by rolling of a
graphene sheet along lattice vectors which leads to armchair, zigzag, and chiral tubes
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Properties of carbon nanotubes

The extraordinary mechanical properties of these nanostructures are due to the strength
of the carbon-carbon bonds. The excellent mechanical, thermal and electronic properties
combined have never been attributed to any material. Their density can reach up to 1.3
g/cm® (one-sixth of stainless steel). Young measured modules (material stiffness
measurement) are superior to carbon fibers with values higher than 1TPa which is about
5 times higher than steel”®. Carbon nanotubes are the most resistant materials ever
discovered where the maximum tensile strength measured or breaking for a carbon
nanotube was up to 63 GPa, which is about 50 times higher than steel .

In addition, CNTs have good chemical and environmental stability and a high thermal
conductivity (~3000 W/m/K, comparable to diamond). These properties give them great
potential in industrial applications.

The electronic properties of carbon nanotubes are also unique in their kind. They have
high electrical conductivity, comparable to copper, and they can behave as a metal or a

semiconductor.

Synthesis

During the characterization and application of carbon nanotubes, the need to obtain
these nanostructures with high quality arisen. High quality means the absence of
structural and chemical defects on a significant length scale (eg 1-10 micron) along the
axes of the pipe. In most materials, however, due to the occurrence of defects in their
structure, the actual observed material properties such as strength, electrical conductivity,
and so on are limited very significantly. The number of patents and publications on the
synthesis of carbon nanotubes has increased rapidly. However, there are currently four
main challenges to overcome in the synthesis of nanotubes: (a) Mass production, ie the
development of low-cost, large-scale processes for the synthesis of high quality
nanotubes, including SWCNTSs; (b) Selective production, ie control on the structure and
electronic properties of the produced nanotubes; (c) Organization, ie control on the
position and orientation of the nanotubes produced on a flat substrate; (d) Mechanism, ie
the development of an in-depth understanding of nanotube growth processes. The growth
mechanism is still the subject of controversy and more than one mechanism could be
operational during the formation of the CNTSs.

There are currently three commonly used methods for synthesizing CNT: bow

discharge’, laser ablation’®, and chemical vapor deposition (CVD)®. The basic elements
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necessary for the synthesis of the nanotubes are the catalyst, a carbon source and sufficient
energy. The common feature of these methods is the addition of energy to a carbon source
to produce fragments (groups or individual carbon atoms) that can recombine to generate
CNT. The energy source can be arc discharge electricity, heat from an oven (~ 900 °C)

for CVD or high intensity light from a laser (laser ablation).

Applications

There are many fields of application in which nanotubes are used, including electronics
(Supercapcitors and Actuators, Li lon Batteries, Field Emission Sources), materials
science (Scanning Probe Tips, Conductive Plastics), energy management (Gas and
Hydrogen Storage), chemical processing, and others.

CNTs show the highest reversible capacity for use in lithium-ion batteries’’. Moreover,
CNTs are excellent materials for supercapacitor electrodes’® and are currently being
marketed for this application.

For structural applications, plastics have progressed tremendously, but not where
electrical conductivity is needed, since plastics are very good electrical insulators. This
deficiency can be ruled out by loading plastics up with conductive fillers, such as carbon
black and larger graphite fibers (the ones used to make golf clubs and tennis rackets). In
order to offer the necessary conductivity using conventional fillers, the loading required
is typically high, however, leading to heavy parts and, more prominently, plastic parts
whose structural properties are highly limited.

Furthermore, CNTs intrinsically possess an enormously high surface area; actually,
for SWNTSs, every atom is not just on one surface — but on two surfaces, the interior and
exterior of the nanotube. The ability to attach basically any chemical species to their
sidewalls (functionalization) offers a prospect for unique catalyst supports for enzymes
or organometallic compound. Their electrical conductivity may also be used propitiously
in the quest for new catalysts and catalytic behavior.

Other potential applications of CNTs include solar collection, nanoporous filters,
catalyst supports, and coatings. There are almost certainly several surprising applications
for this excellent material that will be revealed in the future, and which may prove to be
the most significant and valuable ones of all. A number of researchers have been studying
the conductive and/or waterproof paper produced using CNTs. CNTs have also been

demonstrated to absorb infrared light and may hold applications in the I/R optics industry.
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1.4.3 Lignin nanocapsules: synthesis, properties and
applications

Lignin shows a series of interesting chemical and physical properties, such as the
photo-absorbing UV capacity and antioxidant radical scavenging activity. The transition
from the native state of the polymer to a nanostructured scale increases the intensity of
these properties. Several approaches have been made to obtain nanostructured lignin,
encompassing different types of nano-scaled structures, which include nanotubes,

nanosheets, nanoparticles and empty nanospheres (Figure 1.8).
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Figure 1.8. lllustration of the methods reported for nano- and micromaterial synthesis. Resulting nano- and
micromaterials are classified in five main classes.
The nanospheres have proved to be very advantageous for a number of aspects,

including the fact that their spherical shape is characterized by a greater surface to volume
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ratio. In the last five years the methods for the preparation of lignin nanospheres increased
significantly overcoming various drawback such as the low yield, the use of organic
solvents, very long processing time, etc. The first procedure for the preparation of hollow
lignin nanospheres was based on the sonication of a water/oil emulsion with or without
the presence of cross-linking agents®®. Subsequently, Lievonen et al.”® introduced a new
procedure based on slow solvent exchange between a Kraft lignin solution in THF and
H>0. The formation of lignin nanoparticles in the THF/water system is driven by the large
difference in the solubility of lignin in these solvents. Lignin, which is notoriously non-
water-soluble, tends to minimize contact with water, which slowly enters the dialysis tube
and replaces THF. During this process the lignin exposes its polar chemical groups to the
outside, interacting with the water and hides the apolar group, structuring it in a hollow
spherical shape. Further work by Qian et al.&° reported the preparation of nano- and micro
sized spheres by applying the precipitation method from pine wood OS and corn cob
EHL, which were in non-acetylated and acetylated form, respectively. The precipitation
method required 8:1 vol/vol acetone/water as solvent under the following conditions: (1)
Large spheres: a lignin solution with 100 mL acetone/water and 10 g/L was gradually
diluted with 400 mL of 0.1 M NaCl aqueous solution while stirring at room temperature;
(2) midsized spheres: a lignin solution with 100 mL acetone/water and 10 g/L was
gradually diluted with 400 ml of deionized water while stirring at room temperature; (3)
small spheres: a lignin solution with 100 mL acetone/water and 0.1 g/L was gradually
diluted with 400 mL of deionized water while stirring at room temperature. Furthermore,
Yearla and Padmasree®! used acetone/water solutions (9:1 vol/vol) as solvent for the
commercial alkali lignin and hardwood lignin isolated by an acidic dioxane method®2.

Li et al.%% used KL in a solvent/antisolvent system of dioxane/water. Ultrapure water
was added to the lignin/dioxane solution at rates ranging from 0.7 to 14 mL/min with
decreasing particle sizes at higher rates. An initial lignin concentration in dioxane of 3.69
g/L with a water dropping rate of 3.3 mL/min yielded spheres with a hollow characteristic
and an average hydrodynamic radius of 145.5 nm.

In another study, Li et al.3 used ethanol as solvent for KL and water as antisolvent.
The KL concentration in ethanol was set to 2.28 g/L and ultrapure water was added under
stirring at dropping speeds ranging from 0.45 to 36 mL/min until the water content
reached 90 wt %. Increasing dropping speeds resulted in smaller capsule diameter
(ranging from around 60 to 350 nm). However, this preparation method produced closed

capsules that do not open further.
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In order to increase the yield of nanocapsules by slow solvent exchange method and
decrease the time required for their preparation, optimization studies have been
implemented to obtain a scale-up effect®. THF can completely dissolve lignin, while
water solubility is very low (<5 m%). lignin is still very soluble in mixtures of these
solvents when the THF concentration is higher than 50%. So, preparing a 2% lignin
solution in a THF/water mixture (6:1), the lignin remains dissolved. After adding the
lignin solution to water (double volume of lignin solution) under stirring at room
temperature, colloidal nanospheres are obtained instantaneously.

Another important optimization was proposed to replace the organic solvent (THF,
Acetone, EtOH), using a no-toxic surfactant to facilitate the dissolution of lignin in water,
in accordance with a greater eco-sustainability®®. The LNPs, having a hydrodynamic
diameter ranging from ca. 80 to 230 nm, were formed by self-assembly in a recyclable
and non-toxic aqueous solution of sodium p-toluenesulfonate (pTsONa) at room
temperature, with a lowest concentration of up to 48 g/L.

It has been observed that the UV absorption and the antioxidant activity of lignin
before and after structuring processes are quite different, although the chemical
composition of the polymer is unmodified. The only difference is in the newly ordered
molecular organization of the polymer at the nanoscale level, as a consequence of the
pairing of the aromatic rings. Deng et al.®” showed that the aromatic groups of Kraft lignin
follow a specific type of pairing called J aggregation. In the J aggregation, the n—= paired
aromatic units are oriented longitudinally with a head-to-tail arrangement (figure 1.9).
According to the theory of the coupling of molecular excitons, the enhancement of the J
aggregation would lead to a “red shift” of the UV spectrum (bathochromic shif®),
therefore increasing the absorbing capacity.

Lignin nanosphere bearing reactive chemical group on the surface (like -COOH and -
OH) can be easily functionalized (acetylation, carboxylation ecc.). This chemical
property makes the nanospheres suitable for the preparation of improved medical devices
(drug delivery system with specific target), and of biodegradable blends for composite
polymers (bioplastic, food packaging...)®.
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Figure 1.9. Schematic representation of different energy states in different molecular organization

When lignin nanosphere are dispersed in water, the phenolic hydroxyl and carboxyl
groups provide a negative surface charge that promotes the formation of electrical double
layers, which can stabilize the nanoparticle dispersion via electrical double layer
repulsion. The surface shows a typical negative z-potential (-41 mV), stable at wide pH
range (2.0 - 12.0) suitable for functional coating using positive charged polyelectrolytes,
such as PDDA or chitosan.

A wide range of applications for lignin nanomaterials is reported in the literature
(figure 1.10).

Lignin nanosphere can be used as reinforcer filler, improving mechanical properties
like stiffness, strength and toughness. Del Saz-Orozco et al.*° used 8.5 wt % of softwood
calcium lignosulfonate particles with an average diameter of 1.6 um to reinforce phenolic
foams, showing greatest mechanical performance and makes it competitive with synthetic
fiber-reinforced phenolic foams. In this latter case, the addition of lignin particles
determined a compressive modulus and strength of 128% and 174%, respectively,
compared to the neat phenolic foam. Another important application of lignin nanosphere

is as surfactants in Pickering Emulsions.
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Figure 1.10. Overview of potential applications of lignin in the micro- and nanosized scale.

The large energetic barrier associated with the particle desorption from the interface
makes them inherently more stable against coalescence than their surfactant-based
counterparts. For example, lignin colloidal nanospheres coated with cationic lignin
produced positively charged particles with tailored properties for the stabilization of
Pickering emulsions®?.

The use of lignin nanostructures in the medical field as drug shuttle seems to be the
most investigated field of application. Microencapsulation has potential applications in
the delivery of soluble drugs®, pesticides®®, gene® and food additives®®. The major
problem for controlled release systems is the initial burst which releases a great amount
of active agents causing an acutely high concentration and therefore, a failure of the
controlled release®.

Encapsulation might solve this issue. Lignin nano- and microcapsules are reported for

the transport of hydrophobic and hydrophilic substances with different releasing
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properties %7, Dai et al.% reported the precipitation of LNPs using ethanol, methanol and
tetrahydrofuran (THF) as solvent and water or aqueous FesOs nano-dispersion as
antisolvent.

Here, resveratrol (RSV), a bioactive molecule, was used as active ingredient. In order
to incorporate RSV in the LNP, it was mixed with the solvent and incorporated during
the precipitation process and resulted in an average hydrodynamic LNP with a diameter
of 180 nm. Cytological and animal tests were conducted and showed the presence of high
anticancer effects, enhanced by in vitro RSV release. Moreover, LNPs showed a high
drug-loading capacity of over 20 wt %, as well as reduced adverse effects compared to
free RSV,

The use of sunscreens is essential for preventing skin damage and the potential
appearance of skin cancer in humans. Lignin is found to significantly boost the sunscreen
performance®. The presence of organosolv lignin (OL) in a basic sunscreen formulation
can increase the Sun protection factor (SPF) in a significative amount. Moreover, the UV
absorbance of lignin-modified sunscreen lotions was found to increase during the
irradiation. Inorganic active components such as zinc oxide (ZnO) are commonly used in
sunscreens due to their ability to block UVA radiation. This ultraviolet protection might
be enhanced to cover the UVB frequency when combined with other components such as
titanium dioxide (TiO.). The photoprotection properties of organic nanoparticles made
from lignin in combination with ZnO nanoparticles as active ingredients for sunscreens
was evaluate by Toriz et al.}%. Lignin nanoparticles were synthesized from Agave
tequilana lignin and then mixed with a zinc oxide in different concentrations showing
enhanced in-vitro sun protection factor (SPF) by boosting and synergistic effect.

Other applications of nanostructured lignin have been reported as biocide!®, due to

102

natural antimicrobial activity of lignin'%, and as antioxidant/radical scavenger®31%4,
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1.4 Bio-nanocatalysts: procedure for their preparation
and applications

The biotechnology uses enzymes in various industrial processes, such as fine-chemical
synthesis, pharmaceuticals, biosensors, and biofuel cells®. To improve enzyme stability
and recovery, the immobilization of the active species on solid support has been
developed during the time!®. Nanomaterials can serve as excellent supporting materials
for enzyme immobilization, because they offer the optimal equilibrium between the
efficiency of the biocatalyst (including surface area, minimized mass transfer resistance,
etc) and the effective enzyme loading®’.

Carbon nanotubes and lignin nanospheres are receiving a great deal of attention as
alternative matrices for enzyme immobilization. These supports are supporting materials
for enzyme immobilization with improved properties with respect to other common
supports, like zirconia, silica, and epoxy resins.

CNTs are more stable under harsh condition, provide higher loading of enzyme, and
enhanced catalytic activity of enzyme up to 2-fold greater than flat support and up to 10
times higher than native enzyme. Besides exhibiting extraordinary mechanical, electrical,
and thermal properties, also provide high surface area for high values of the enzyme
loading, reduced diffusion limitations, and a biocompatible microenvironment that helps
enzymes to retain its catalytic propertiesi®®. Apart from proteins, other biological
molecules can also be immobilized on these carriers such as nucleic acids, antigens,
peptides, and drugs. The type of biomolecule immobilized on the CNTSs lead to different
applications which renders these conjugates of great versatility.

A wide variety of natural polymers, mainly water-insoluble polysaccharides like
collagen, chitosan, alginate, cellulose, starch, agarose, etc., have been used as support
matrix for the enzyme immobilization. The characteristic features of these polymers that
make them good support systems include the avaibility in large quantities, the low cost,
the high thermal and mechanical resistance, and the ability to form inert gels. Moreover,
due to their chemical structure which can be activated easily, they can bind to proteins
and enzymes in a reversible and irreversible way.

The interaction between lignin and protein has been also widely studied. Recent
research on lignin model films reported that proteins and peptides adsorb easily on lignin
surfacel®. Still, proteins are complex 3D-structured molecules and fundamental

knowledge on amino acid specific interactions and influence of protein fold structures on
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their interaction with the lignin surface remains limited. Aromatic and charged amino
acid side-chains!®119111 gre essential for lignin interactions, as confirmed by studying
different aminoacid mutations on the binding face. Recently, Yamaguchi et al. (2016)*?
showed the importance of various amino acid side-chains on lignin interactions using

synthetic 12-mers.

Immobilization Approaches

The immobilization of enzymes on appropriate supports is of central relevance for the
design of bio-transformations and of novel biosensoring technologies. An immobilized
molecule is a molecule whose movement in space has been restricted either completely
or limited to a small region of space. Expensive and rare enzymes are not favored to be
used in industries in the free state as they are difficult to be separated from the products
and consequently are lost after the first use. Alternatively, enzymes can be immobilized
on solid supports so that they can be easily separated from the products by simple
filtration. The main advantage for enzyme immobilization is the easy separation of the
enzyme from the reaction mixture (substrates and products) and its reusability, which
reduces the cost of the overall process. Beside this advantage, the immobilization process
imparts many other advantages to the enzyme such as: (a) the ability to stop the reaction
rapidly by removing the enzyme from the reaction mixture; (b) product is not
contaminated with the enzyme; and (c) the stability of the enzyme activity is gained with
respect to pH, temperature, solvent, contaminants, and impurities modifications (Figure
1.11).
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Figure 1.11. Representation of different enzyme immobilization pathways.
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There are five principal methods for the immobilization process of enzymes and cells,
namely adsorption, covalent, entrapment, encapsulation, and crosslinking procedures,

and any of these methods is perfect for all molecules or purposes.

Non covalent procedure

The noncovalent approach is considered to be a more promising technique, because it
comprises less distortion of the conformational structure of the enzymes!®. In the
adsorption procedure, the enzyme adheres to the surface of the carrier matrix by a
combination of hydrophobic interactions and salt-like linkages. The process involves the
simple suspension of the support with the enzyme or the deposition of the enzyme on a
specific support. In this case, physiological conditions like high temperature or pH, may
weaken the interaction between the enzyme and the support. The adsorbed enzymes are
usually resistant to proteolysis and aggregation because of their hydrophobic interaction
with the interface!!*. For example, the presence of OH moieties in silanized molecular
sieves facilitate enzyme immobilization by hydrogen bonding*®. For better
immobilization, different chemical modifications of the support matrices would be
promising.

The adsorption of protein onto the CNTSs involves both hydrophobic and electrostatic
interactions®®. Pristine CNTs being highly hydrophobic will contribute to hydrophobic
interaction through interaction of the side chains of hydrophobic amino acids of the
proteins with the sidewall of CNTS. As for the electrostatic interaction, the electrons on
the surface of the CNTs will interact with the electrons of the aromatic ring of amino
acids (e.g., phenylalanine and tryptophan). Apart from electrostatic and hydrophobic
interaction, hydrogen bonds, and nonspecific adsorption can also play a role for enzyme
adsorption onto CNTs!%3,

Whether the protein adsorption on different surfaces is driven by specific (e.g. ion
pairing or hydrogen bonding) or non-specific mechanisms, such as hydrophobic driving
force, is under debate!'’. Recently studies explain that peptides containing histidine,
phenylalanine, proline, and serine residues had the best affinity to the lignin surface.
Furthermore, the botanical origin of lignin was shown to affect peptide-lignin
interactions. Besides a number of potentially interacting amino acid side-chains within a
protein fold, alteration of their accessibility by denaturation influences proteins

adsorption on lignin surfaces'®. Penna et al.'® proposed that protein adsorption on
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hydrated surfaces occurs in different stages by a “statistical zippering” effect, mediated
by strongly interacting amino acid side-chains.

Another interesting approach is the Layer by Layer (LbL) technique. Generally, this
technique involves the sequential deposition of opposite charged polyelectrolytes,

spontaneously stabilized by their electrostatic attraction (figure 1.12).
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Figure 1.12. Schematic representation of Layer-by-layer procedure

LBL is a technique that finds application in different fields. In general, both carbon
nanotube and lignin nanosphere, possessing a negative surface charge, can interact with
cationic polyelectrolytes, increasing the possibility of immobilization of enzymes. In
various projects described in this thesis work, the LBL technique was used with both

natural and synthetic polyelectrolytes.

Covalent procedure

The covalent procedure requires the formation of covalent bond between the enzyme
and the support. Covalent bond formation between the enzyme and the support usually
happens through the side chain of amino acids like histidine, arginine, aspartic acid, etc.
However, the specific reactivity depends on the presence of different functional groups
such as carboxyl, amino, indole, phenol, sulfhydryl, thiol, imidazole, and hydroxyl
groups. By preventing the active site amino acid residues inactivation, efficient enzyme

activities can be achieved. Widely used protective strategies are:
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1. Covalent binding of the enzyme with the matrix in the presence of substrate or a
competitive inhibitor.

2. Formation of a reversible covalently linked enzyme—inhibitor complex.

3. Covalent linkage of a chemically modified soluble enzyme to the matrix

obtained by incorporating new residues.

4. Zymogen precursor.

The covalent functionalization of CNTs can generally be achieved by two main
approaches: (i) esterification or amidation of oxidized CNTs; and (ii) sidewall covalent
attachment of functional groups!*®. An efficient one-step method for covalent attachment
of alkyl groups terminated with a carboxylic acid to the sidewalls of carbon nanotubes
have been performed*?,

Linking molecules which act as “bridge” between the support and protein are
frequently used for covalent immobilization of protein and enzymes onto CNTs. They

bind to CNTs through hydrophobic and n-n interactions?*

and also covalently bind the
enzyme through, for example, an amide bond.'?> These linking molecules present
advantages in the immobilization of enzymes. For example, the highly reactive
succinimidyl ester groups were used for the immobilization of horseradish peroxidase on
CNTs by reaction with 1-pyrenebutanoic acid succinlimidyl ester as the linking

molecule!?

. Any covalent immobilization procedures is present day available for the
functionalization of lignin nanospheres.

The entrapment procedure

The entrapment procedure is based on the caging of the enzyme within a polymeric
network by covalent or noncovalent bonds that allow the passage of substrate and
products but retain the enzyme!2. In this method the enzyme is not bound to the support
matrix unlike other methods which are described earlier. The caging of enzyme can be
achieved by any of the following strategies: (1) inclusion of the enzyme within a highly
cross-linked polymer matrix; (2) enzyme dissolution in a nonaqueous phase; (3)
separation of the enzyme by the bulk solution using a semipermeable microcapsule.

Encapsulation of enzymes can be accomplished by wrapping the biological
components inside different forms of semi permeable membranes 282, Large proteins or

enzymes cannot out or inter capsule, however small substrates and products can go freely
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across the semi permeable membrane. Numerous materials have been utilized to form
microcapsules in the 10-100 um range of diameter; such as, nylon and cellulose nitrate.

Biological cells also may be used as capsules, and a famous example of this is the use
of erythrocytes (red blood cells). The membrane of the erythrocytes is normally just
permeable to small molecules. However, when erythrocytes are placed in hypotonic
solution, they swell, expanding the cell membrane and substantially expanding the
penetrability. In this condition, erythrocytes proteins go out of the cell and enzymes can
inter into the cell.

Lignin nanosphere are excellent candidates for encapsulating enzymes for many
applications*?*. The nanometric cavity allows to accommodate macromolecules and to

protect them from aggressive microenvironments.
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2.1 Natural coating based on polyphenols to protect metal
surfaces

The extraordinary stability of gold has been the focus of study since ancient times.
Gold’s resistance to oxidation and corrosion has led to its use in such diverse applications
as the decorative gold leaf found on the exteriors of temples in Asia, the reflective
coatings used in sun visors for astronaut spacesuits,? the caps and crowns in common
use for dental work, the coinage and jewelry that have become a store of wealth in most
cultures, and the metal of choice for a wide range of nanoparticle studies where
biocompatibility is a concern. Gold nanoparticles also have become the focus of
increasing interest in part due to their potential optical, electronic, and catalytic
applications. The discovery of the relative ease of generating self-assembled monolayers
(SAMs) via the adsorption of a variety of surfactants onto two-dimensional or “flat” gold
substrates has dramatically increased the number of applications that utilize gold surfaces.
SAMs have also been developed for a broad array of surfaces other than gold due to the
many potential applications for these protective coatings in nanotechnology.

Details of the formation, characterization, properties, and/or applications of protected
flat surfaces and gold nanoparticles have been reviewed?®. Owing to the intense interest
in the potential of such nanoscale coatings, one of the topics that has been widely studied
is the need to enhance the stability of SAMs. Although several review articles have

127

described the study and use of SAMs on flat gold and/or gold nanoparticles*‘, none of

these reviews has focused specifically on the issue of monolayer stability, save for a brief
summary in the article by Salvarezza and co-workers!?,

This research project originated from an agreement between the University of Tuscia
and the Valmet company, specialized in the recovery of noble metals from RAEE wastes
and the reuse for high fashion costume jewelery.

The purpose of this convention was to design and develop a protection for surfaces
that had a final galvanic coating of gold. However, this protection had to maintain the
visual qualities of the treated object unaltered, to be easy to prepare without the need to
use non-eco-friendly compounds.

Each developed protection was applied to helical-shaped testers that had a thin
galvanic coating of gold, supplied by Valmet. Each tester that was treated with a type of
protective was then subjected to certain chemical and physical stresses internally by the

company in order to give the result of each test with a score.
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The first approach was to exploit the chemistry of sulfur and therefore its known
affinity with gold and other noble metals'?®. For several years this type of approach has
been used to design new functional sulfur compounds able to have both affinity with gold
and the possibility of creating cross-link bonds. The organization of organic molecules
into monolayer films through self-assembly provides a facile method of preparing
surfaces with a well-defined composition, structure, and thickness, and permits the
control of chemical and physical properties of the surface. One type of film that exhibits
these properties is obtained from the adsorption of n-alkyl organosulfur compounds to
gold surfaces'® (figure 2.1).

The self-assembly process is driven through the formation of chemisorptive bonds
between the thiol and the gold surface, increased van der Waals interaction between the
alkyl chains, and increased entropy of the system as a result of removal of the solvation

layer around the thiol molecules (40-45 kcall mol).
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Figure 2.1. Schematic representation of spontaneous ordinated organization of sulfur monolayer

When a gold surface is exposed to alkyl thiol solutions an ordered alkyl thiol
monolayer forms at the gold surface®!. Properties of the deposited film can be modified
by varying the length of the hydrocarbon chain and by attachment of different functional
groups at the opposite end of the alkyl thiol. Incorporation of functional groups allows
the control of the chemical and physical properties at the external surface of the self-
assembled membrane. Alkyl thiols with over 10 carbons in the alkyl chain form a densely
packed crystalline-like monolayer assembly with an extended all-trans alkyl chain tilted
20-30" to the normal surface 3L,
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Before applying the various designed coatings, three different selected alkylthiol (see
Figure 2.2) were evaluated without further treatment. The application provides a thorough
cleaning procedure to remove all traces of dirt from the surface (dust, grease, solvents,
etc.): the plate is immersed in 3 different boiling solvents (2-isopropanol, CHCIs,
Acetone) and then dried. The deposition of the alkanethiol was carried out by immersing
each plate in a5 mM ethanolic solution of the corresponding monomer for 24 hours under
magnetic stirring. Finally, after the treatment each sample was dried at 60 °C for 2 hours.
This procedure was used in each type of coating described below as the first initial step.

COOH OH
)6 )10 )10

H
(DT-1) (DT-2) (DT-3)

Figure 2.2. Molecular structure of thiols used for gold coating: mercaptoctane (DT-1), mercaptoundecanoic
acid (MUA, DT-2) and mercaptoundecanol (DT-3).

Pathway A-1

The first coating procedure studied initially provided the deposition of DT-2 as
described above. Thereafter the carboxylic functions of thiol were reacted with DIC
(10mM) and NHS (10mM) in of MES buffer (50 mM, pH 6.0) for 3h at 25C° to form
active ester groups. Afterwards, the substrates were rinsed with milli-Q water and
immersed in isopropyl alcohol (IPA) containing ethylendiammine (ED) 1M. The
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resulting substrates were rinsed thoroughly with Milli-Q water and dried under nitrogen
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Figure 2.3. Schematic representation of chemical procedure for the pathway A-1

Pathway A-2
The first coating procedure studied provided the deposition of DT-2 as described
above. Thereafter, the carboxylic functions of thiol were reacted with DIC (10mM) in

MES buffer (50 mM, pH 6.0) for 3h at 25C° to form active ester groups, as in pA-1

procedure.
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Figure 2.4. Schematic representation of chemical procedure for the pathway A-2
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The active MUA substrate was reacted with diamino-terminated poly(tert-
butylacrylate)(H2NR-PTBA-RNH2R=CH3):NHCO(CH)2C(CN)(CHz3)) prepared
following the reported procedure!®?, to yield the amide-grafted polymer layer. The
hydrolysis of PTBA with MeSOsH yielded the first layer of PAA. All activation, grafting,
and hydrolysis steps were carried out at room temperature. The resulting substrates were

rinsed thoroughly with Milli-Q water and dried under nitrogen flow.

Pathway A-3

The alcoholic functions of the thiols were reacted with the TDI in order to crosslink.
The two isocyanate groups in TDI react at different rates: the 4-position is approximately
four times more reactive than the 2-position. 2,6-TDI is a symmetrical molecule and thus
has two isocyanate groups of similar reactivity, similar to the 2-position on 2,4-TDI.
However, since both isocyanate groups are attached to the same aromatic ring, reaction
of one isocyanate group will cause a change in the reactivity of the second isocyanate
group.

The alcoholic functions of the thiols were reacted with the TDI. The reaction occurred
in DMF at 60 °C in the presence of 10 mM of TDI.
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Figure 2.5. Schematic representation of chemical procedure for the pathway A-3

Pathway B
In present day, the surface coating technology to produce monolayers of functional
molecules gained impressive results!®. Polydopamine films!3 or films made from

polyphenolst®

can be deposited on almost all known materials in one step from aqueous
solutions and without complicated equipment. The development of these films relied on
a biomimetic approach: the strong interactions between mussel foot proteins rich in I-

lysine and in L-dopa with almost all surfaces. Many applications in the field of energy
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storage and in the development of antibacterial and anti-inflammatory coatings
immediately emerged from these first investigations on polyphenol coatings!®. In
particular, polyphenol-based films allow for good cell (3T3fibroblasts) adhesion and to
scavenge radical and non-radical reactive oxygen species'®. Controlled polyphenol-
based reduction of metal cations can be performed when polyphenols are confined in
polyelectrolyte multilayer films'®. These are just few examples of possible applications
of polyphenol-based films in diverse domains of surface science.

Therefore, this pathway was largely oriented towards a more eco-sustainable
philosophy, thus replacing organic solvents with water and synthetic compounds with
natural polyphenols, leaving the more complicated sulfur chemistry.

This approach consists of immersing the tester in the presence of different polyphenols
ageous solution (tannic acid and/or lignin sulfonate) at different concentrations (see table

2) for 12 hours under gentle magnetic agitation at room temperature in the dark.

Procedure name

pB-1 pB-2 pB-3 pB-4
E LS | 0.50 mg/mL - 0.25 mg/mL | 0.25 mg/mL
o
é TA - 0.50 mg/mL | 0.25 mg/mL | 0.25 mg/mL
MUA - - - 5.0mM

Table 2. Concentration and type of the polyphenol used for each treatment.

The various coating procedures were evaluated internally by the company using the
following physical chemical tests: oxidation with sulfur dioxide (SOz), resistance to moist
heat, resistance to salt fog, resistance to thioacetamide and resistance to synthetic sweat.
Based on the outcome of the resistance examination, a score of 1 (no resistance) to 5
(perfect resistance) was assigned. The table 3 shows the results for each type of treatment
compared with a blank and with a homemade product already used by the company
(Helmet).
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CHEMISTRY STRESS
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Table 3. Score assigned from the company based on resistance of each kind of coating under different chemistry

stress.

The results demonstrated the greater effectiveness of polyphenol-based coatings

compared to those from sulfur chemistry. Generally, polyphenol-based treatments have

achieved the same results as the HELMET commercial product but with the important

difference in simplicity of preparation, high eco-sustainability and low cost.
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2.2 Layer-by-Layer Preparation of Microcapsules and
Nanocapsules of Mixed Polyphenols with High Antioxidant
and UV-Shielding Properties

2.2.1 Aim of work

In recent years microcapsules and nanocapsules containing renewable materials have
been prepared in order to explore innovative pharmaceutical and technological
applications®®’. The main advantage of these devices resides in the high biocompatibility
and in the emergence of specific scale-dimensional chemical and physical properties®3,
Present day, capsules containing only one type of polyphenol have been described,
irrespective to the nature of the starting materials and to the specific preparation
procedure. On the other hand, capsules of mixed polyphenols are expected to increase the
physical and chemical properties with respect to their simple homo-polymer counterpart,
as a consequence of possible synergistic effects between the different active components.
The Layer-by-Layer (LbL) procedure, consisting on the sequential deposition of
polyelectrolytes with opposite electrical charge, is a pivotal tool for the preparation of
multicomponent devicess, allowing the assembly of different compounds by electrostatic,
dipole-dipole, hydrogen bonds, and van der Waals interactions.®*® In these systems, one
layer is responsible for the chemical and physical properties, while the remaining one is
mainly involved in the stabilization of the overall structure'“°.

We studied the layer-by-layer preparation of microcapsules and nanocapsules of mixed
polyphenols, sulfonate lignin (LS) and TA, using MnCOs and organosolv lignin
nanoparticles as core templates, and polydiallyldimethylammonium chloride (PDDA)
and chitosan (CH) as supporting layers. LS is a no toxic raw lignin produced in large
amount during the sulfite pulping industrial process.

The novel microcapsules and nanocapsules showed antioxidant activity, UV-shielding
properties, and electrochemical responsiveness higher than that of the respective homo-
polymer counterparts, confirming the beneficial role of the contemporary presence of two
different polyphenols in enhancing both chemical, physical and biological properties.
These devices are useful ingredients in different application fields, such as the preparation
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of bioplastics®, drug delivery technology®® and sunscreen development in cosmetic and

cosmeceutical formulations#2.

2.2.2 Experimental Part

Materials

Tannic acid (TA, 90% pentagalloyl glucose, SigmaAldrich), chitosan (CH, low
molecular weight) with 20% chitin units, sulfonate lignin calcium salt (LS, Mw ~18,000,
average Mn ~2,500), organosolv lignin (OL), poly(diallyldimethylammonium chloride)
(PDDA, 20%v/v water solution), poly(sodium 4-styrenesulfonate) (PSS), deuterated
chloroform (CDCls), ethylenediaminetetraacetic acid (EDTA), 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane, chrome (111) acetylacetonate, and 2,2-diphenyl-1-
picrylhydrazyl (DPPH), were purchased from Sigma-Aldrich and were used without any
further purification. Ascorbic acid (AA), 2,2’-Azino bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), boric acid (HsBO3), acetic acid (CHsCOOH), ortophosphoric acid
85% (HsPOa4), potassium persulfate (K2S208) and potassium chloride (KCI) were
purchased from Sigma-Aldrich (Buchs, Switzerland). All solutions were prepared using
Milli-Q water (p =18.2 MQcma 25 °C; TOC <10 pg L—1, Millipore, Molsheim, France).

Preparation of microcapsules

The microcapsules were prepared by the LbL protocol, consisting in the sequential
addition of polyelectrolytes with different electric charge to inorganic particles used as
templates'®®. Briefly, the sodium acetate solution (0.5 mL, pH 5.0) of the appropriate
polyphenol (1 mg/mL; LS or TA as negative charged layer), and of the appropriate
polyelectrolyte (1 mg/mL; PDDA or CH as positive charged layers), were alternatively
added to MnCOs particles suspension (20 mg suspended in 4.0 mL in sodium acetate
solution pH 5.0) at room temperature. After 20 min, the solution was centrifuged (6000
rpm, 20 min) and the supernatant removed. Experiments were performed by deposition
of three and five couple of layers. At the end, the microcapsules were MnCOs core was
dissolved with EDTA (3 mL, 0.1M; pH 5) to yield empty microcapsules with general
formula (X/Y)n, where X and Y are the different polyphenol and polyelectrolyte in the
sequential deposition order with respect to the inorganic core, and “n” represents the total

number of coupled layers. Microcapsules (PDDA/LS)s 1, (PDDA/LS)s 2, (CH/LS)s 3,
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(PDDA/TA)s 4, (CH/TA)s 5, (PDDA/TA/PDDA/LS)s 6, (CH/TA/CH/LS)s 7 and
(PDDA/LS+TA)s5 8 (where LS+TA is the mixture of sulfonate lignin and tannic acid in
the 1:1 ratio) were prepared and successively characterized. Homo-polyphenol
microcapsules 1-5 were used as references for the mixed polyphenol systems 6-8 in the

chemical and physical assays.

Preparation of nanocapsules

Nanocapsules were prepared by the dialysis protocol using nanoparticles of organosolv
lignin (OL) as organic template.11 Briefly, commercially available OL (20 mg) was
dissolved in THF (20 mL), followed by filtration (0.45 um syringe filter) and dialysis
against deionized water for 24h at 25°C. The solution (1 mL; sodium acetate buffer pH
4.5) of the appropriate polyphenol (0.5 mg/mL; LS or TA as negative charged layer), and
of the appropriate polyelectrolyte (0.5 mg/mL; PDDA or CH as positive charged layers),
were alternatively added to 30 mL of previously prepared organosolv lignin nanoparticles
(NOL) in sodium acetate buffer (0.1 mL/mg; sodium acetate buffer pH 4.5) at room
temperature. After 20 min, the solution was centrifuged (6000 rpm, 20 min) and the
supernatant removed. Experiments were performed by deposition of five couple of layers.
The nanocapsules were rinsed with deionized water, recovered by centrifugation (6000
rpm, 20 min) and lyophilized to yield nanocapsules with general formula (X/Y)n, where
X and Y are the different polyphenol and polyelectrolyte in the sequential deposition
order with respect to the organic NOL ore, and “n” represents the total number of coupled
layers. Nanocapsules NOL(CH/TA)59, NOL(CH/LS)s 10 and NOL(CH/TA/CH/LS)s 11,
were prepared and characterized. Nanocapsules 10-11 were used as references for the
mixed polyphenol system 9. The mass percentage of polyphenols in microcapsules and
nanocapsules has been evaluated by use of the Folin-Ciocalteu assay to measure the
amount of polyphenol content in the residual solution after any layer deposition*. As
reported in Table 4, microcapsules and nanocapsules showed a similar total amount of
coated polyphenol.

Typically, the calibration curve was prepared using gallic acid solution as standard at
different concentrations (20%, 40%, 60% and 80% from a 10 mg/mL starting solution).
The samples were obtained from the residual solutions recovered during the layer-by-
layer deposition, and were analyzed at the appropriate dilution factor after addition of 800
uL of NaCOs (5% water solution) and Folin (100 pL) reagent at 40 °C for 20 min. Finally,

the samples were analyzed at 560 nm by UV-vis spectrophotometer. The total amount of
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polyphenols (mg of polyphenols for mg of capsules) was calculated as a difference
between the starting amounts of polyphenol with respect to the recovered one in the
residual solutions. Note that the various types of microcapsules and nanocapsules did not
released appreciable number of polyphenols in the solution after 7 days of storage in water
(pH 7.0) at room temperature, as evaluated by UV-vis analysis (Folin-Ciocalteu assay).
Similarly, the novel capsules showed mechanical stability as they retained the original
spherical shape under similar experimental conditions in optical microscopy analysis
(Leitz. Ergolux AMC).

Table 4. Total amount of polyphenols deposited in microcapsules and nanocapsules.

Entry Sample Adsorbed polyphenols (mg/mL)
1 (PDDA/LS); 1 0.45
2 (PDDA/LS)s2 0.47
3 (CH/LS)s3 0.51
4 (PDDA/TA)s4 0.46
5 (CHITA)s5 0.52
6 (PDDA/TA/PDDA/LS)s 6 0.52
7 (CH/TAICH/LS)s 7 0.55
8 (PDDA/LS+TA)s8 0.54
9 NOL(CH/TA)s9 0.58
10 NOL(CH/LS)s 10 0.59
11 NOL(CH/TA/CH/LS)s11 0.69

@The amount of polyphenols is expressed as mg of adsorbed polyphenols for mg of each capsule. All
experiments were conducted in triplicate.

Electron microscopy analysis

For Scanning Electron Microscopy (SEM), microcapsules 1-8, and nanocapsules 9-11
were fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), washed and post-
fixed in OsOs (1% weight) in the same buffer at room temperature. Specimens were
dehydrated in a graded ethanol series. They were then air dried, sputter-coated with gold
in a Balzers MED 010 unit. The bservation was made by a JEOL JSM 6010LA electron
microscope. For Transmission Electron Microscopy (TEM), nanocapsule 11 was fixed
and dehydrated as described above and embedded in LRWhite resin (Multilab Supplies,
Surrey, England) as a selected sample. The resin was polymerised in tightly capped
gelatine for 48 h at 50°C. Thin sections were cut with Reichert Ultracut and LKB Nova
ultra-microtomes using a diamond knife, collected on copper grids, stained with uranyl

acetate and lead citrate, and observed with a JEOL 1200 EX Il electron microscope.
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Micrographs were acquired by the Olympus SIS VELETA CCD camera equipped the
ITEM software.

Phosphorus Nuclear Magnetic Resonance 31P-NMR analysis

The qualitative and quantitative analysis of phenolic moieties in microcapsules and
nanocapsules was determined by 31P-NMR analysis'*®. Typically, the appropriate sample
(10 mg) was dissolved in pyridine/CDCIs (300 uL; 1.6/1.0 v/v), followed by addition of
chrome (I11) acetylacetonate solution 50 uL, 11.4 mg/ml) as relaxing agent. Then, the
phosphitylation reagent 2-chloro-4,4,5,5- etramethyl-1,3,2-dioxaphospholane (200 wul)
was added under magnetic stirrer and gentle heating at 45 °C for 2 hours. NMR analysis
was performed in the presence of cholesterol as an internal standard on a Bruker 400MHz
apparatus. The total amount of characteristic OH groups of polyphenols in microcapsules
and nanocapsules was evaluated by comparing the s1P NMR integral area of each specific
signal with respect to standard reference. The 31P NMR (ppm) characteristic range for
any OH groups have been derived from data in the literature'#e,

Antioxidant activity

The antioxidant activity of selected microcapsules (CH/LS)s 3, (CH/TA/CH/LS)s 7 and
(PDDA/LS+TA)s5 8, and of nanocapsules NOL(CH/LS)s 10 and NOL(CH/TA/CH/LS)s
11, was evaluated by the 2,2’-diphenyl picrylhydrazyl (DPPH) radical scavenging

analysis**’

. using the same concentration of polyphenols (0.5 mg/mL). Briefly, the
appropriate amount of the sample (depending on data in Table 4) was dissolved in EtOH
60% and added to freshly prepared DPPH solution (6 x10-5 M in MeOH). The decrease
in absorbance (517 nm) was determined at different times and concentrations until the
reaction reached a 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 1Cso (defined as the concentration of substrate in ug/mL that causes
50% loss of DPPH activity). The data were expressed as percentage of inhibition of the
DPPH activity and were calculated according to the following equation: % inhibition of
DPPH = {(Abs control - Abs sample)/Abs control} x 100 where “Abs control” is the

absorbance of the DPPH solution without the sample.
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UV shielding assay

The UV absorption properties of micro and nano-capsules, were
spectrophotometrically determined by Varian Cary UV 50 scan using the same
concentration of polyphenol (0.1 mg/mL). The analysis was carried out thought UV-vis
scan using deionized H2O suspension (pH 7) of the appropriate amount of sample
(depending on data in Table 1) in quartz cuvette (3.0 mL), working in the range from 190
nm to 600 nm at 25°C under gentle stirring.

Electrochemical analyses

Cyclic voltammetry and amperometric experiments were performed by using a
PGSAT204N potentiostat (Eco Chemie, The Netherlands) controlled by Nova 2.1
software (Eco Chemie, The Netherlands), using a conventional three-electrodes
electrochemical cell equipped with a modified glassy carbon (GC) electrode as working
electrode (d=3 mm, Cat. 6.1204.300, Metrohm, Herisau, Switzerland), and a saturated
calomel electrode (SCE, 244 mV vs. NHE, Cat. 303/SCG/12, AMEL, Milano, Italy) and
a glassy carbon rod electrode (d=2 mm, Cat. 6.1241.020, Metrohm, Herisau, Switzerland)
as reference and counter electrodes, respectively. Cyclic voltammetry experiments were
performed in 120 mM Britton-Robinson buffer pH 6.5 + 100 mM KCI containing 250
uM ABTS as mediator, while the pH experiments were performed by varying the pH of
Britton-Robinson buffer in the range 2.5-7.5. Amperometric experiments were performed
in 120 mM Britton-Robinson buffer pH 6.5 + 100 mM KCI injecting ABTS-+- radical
solution (7mM) followed by sequential addition of ascorbic acid (AA) as antioxidant.

Electrode preparation

GC electrodes (d=3 mm, Cat. 6.1204.300, Metrohm, Herisau, Switzerland) were
polished with alumina slurries (Al203, particle size of 0.3 and 0.05 um) on cloth pads wet
with Milli-Q water (SIEM, Bologna, Italy), thoroughly rinsed with Milli-Q water and
further sonicated for 5 min between each polishing step. For the bio-modification, GC
electrodes were modified by drop casting 5 uL of the appropriate sample (2 mg/mL). For

each different modification, three replicates have been performed.

Amperometric antioxidant activity experiments
In order to prepare in situ the ABTS+. radical cation, K2S20s (140 mM, aqueous

solution) was added to ABTS (2.5 mL; 7 mM, aqueous solution) at 4 °C for 8h.
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Afterwards, 1.0 mL of the so prepared solution was injected in 10 mL of 120 mM Britton-
Robinson buffer pH 6.5 containing 100 mM KCI as supporting electrolyte. Next, 30 puL
of 1 mM AA solution were sequentially injected. The potential applied for the analysis
was 0.550 V vs. SCE.

2.2.3 Result and discussion

Preparation of microcapsules of mixed polyphenols

The LbL procedure for the preparation of microcapsules of mixed polyphenols is
reported in Figure 2.6. LS and TA were used as negative charged polyelectrolytes, PDDA
and CH as positive charged counterparts. We started with the deposition of the first
positive layer in accordance with the slightly negative charge showed by the surface of
MnCOs particles!*®, Microcapsules containing LS and TA alone, associated to PDDA,

were also prepared as references.
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Figure 2.6. Procedure for the preparation of microcapsules of mixed polyphenols LS and TA using
MnCO;s particles as templates. Positive polyelectrolyte: PDDA or CH. Negative polyelectrolyte: LS and
TA. The layer deposition was performed at pH 5.

60



CHAPTER 2 BIO-NANO TECHNOLOGIES

As a general procedure, PDDA (0.5 mL, 1.0 mg/mL in sodium acetate buffer pH 5.0)
was slowly added to a dispersion of MnCQOs particles in MilliQ-grade water at pH 5 to
build up the first layer. The coated particles were treated under similar conditions with
LS (0.5 mL, 1.0 mg/mL in sodium acetate buffer pH 5.0). Then, PDDA and LS layers
were continuously built up in the same way as above, to yield (PDDA/LS)n, where “n”
represents the number of the couple of the deposited layers. The scanning electron
microscopy images (SEM) of (PDDA/LS)3 1 and (PDDAJ/LS)s 2, are reported in Figure
2.7.

= < \ i

Figure 2.7. SEM image of (PDDA/LS)3 1 (panels A and B) and (PDDA/LS)5 2 (panels C and D).

The SEM image of (PDDA/LS)3 1 showed spheres of regular shape with an average
diameter of 2.0£0.1 um, some of which are characterized by an “open mouth” at the
lateral side of the capsule, probably as a consequence of the rush out effect of the solvent
in the interior of the sample during the drying conditions required for the microscopy
analysis (Figure 2.7, panels A-B)®. Examples of “open mouth” have been previously
reported in the case of LS capsules prepared by precipitation of lignin from THF'*°. At a
larger magnification, the surface of the capsules appeared as a roughly aggregate of small
clumps (Figure 2.7, panel B). This morphology was found to be changed by increasing
the number of the layers, as for (PDDA/LS)s 2, in which case the clumps are associated
to each other to form large homogeneous zones with a regular bee nest-like structure
(Figure 2.7, panels C-D). Next, chitosan (CH, 0.5 ml, 1.0 mg/ml in sodium acetate buffer
pH 5.0) was used as natural alternative to PDDA for the preparation of (CH/LS)s 3, due
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to its high biodegradability and nontoxicity’®> The SEM images of 3 showed
microcapsules with an average diameter of the same order of magnitude than 2 (Figure
Figure 2.8, panel A), characterized by an irregular surface. This morphology is different
from that observed for microcapsules of CH alone, showing a homogeneous distribution

of small globules (Figure 2.8, panel B).

Figure 2.8. SEM image of (CH/LS)5 3 (panel A and panel C). Panel B shows microcapsules of CH alone.

Again, an “open mouth” was observed in some of the detected capsules (Figure SI-3,
panel C, left side). Microcapsules of TA alone, namely (PDDA/TA)s 4 and (CH/TA)s 5
(Figure 2.9, panels A-D), were prepared as references'®. In this latter case, hydrogen
bonding interactions were mostly responsible for the stability of the aggregate!®2.
Microcapsules of 5 were spherically shaped with a regular distribution (Figure 2.9, panel
B) and homogeneous surface morphology, probably due to the formation of stable
hydrogen bonding networks between the TA and CH layers®. Fragmented particles of 5
showed the presence of sub-structure motifs inside the external shell (Figure 2.9, see
arrow).

Finally, we focused our attention on the preparation of microcapsules of mixed
polyphenols containing both LS and TA, using PDDA as the support layer. Microcapsules
(PDDA/TA/PDDAJ/LS)s6 (with LS as the external layer) showed two main morphologies
(Figure 1, panel A). The prevalent motif was a regular spherical shape (Figure 2.10, panel

B), besides to a scratched motif (Figure 2.10, panel C).
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Probably, the presence of the scratched motif might be due to incomplete deposition
of the PDDA layer. The contemporary presence of LS and TA layers in 6 was confirmed
by 3:P-NMR analysis (see next)*.

Figure 2.10. SEM images of (PDDA/TA/PDDA/LS)5 6 at different magnification. Panel A: General
particles view. Panel B: Detail of the predominant regular spherical shape motif. Panel C: Detail of the
scratched surface motif.

Microcapsules (CH/TA/CH/LS)s 7, bearing the CH layer instead of PDDA, were
prepared in a similar way. The SEM analysis of 7 showed capsules with a regular
spherical shape (Figure 2.10, panels A-B), characterized by well-defined networks

(Figure 2.10, panel A, see arrow).
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Figure 2.11. SEM images of (CH/TA/CH/LS)s 7 at different magnification.

Microcapsules containing the mixture of LS and TA (1:1 w/w ratio), namely
(PDDA/LS+TA)s 8, were also prepared as an alternative to the previously studied
sequential deposition of the individual layers of the single polyphenols. In this latter case,
spherical capsules formed large aggregates (Figure 2.12, panel A), with a pronounced
film-like surface motif (Figure 2.12, panel B). These large aggregates were most probably
produced as a consequence of the known coordination properties of the external layer of
TA154.

Figure 2.12. SEM images of (PDDA/LS+TA)5 8 at different magnification. Panel A: large aggregates of
partial fused spherical capsules. Panel B: magnification of the surface film-like motif.

Preparation of mixed LS and TA nanocapsules

The procedure for the preparation of nanocapsules of mixed polyphenols is reported
in Figure 2.13 (Panels A-B). Nanoparticles of organosolv lignin (NOL) were used as a
template instead of MnCOs. We started with the deposition of CH as positive charged
counterpart, since NOL are characterized by a negative surface charge!?*.
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Figure 2.13. Preparation of mixed LS and TA nanocapsules. Panel A: Organosolv Lignin (OL)
dissolved in THF was dialyzed against deionized water to yield NOL. Panel B: Preparation of
NOL(CH/TA)5 9, NOL(CH/LS)5 10 and NOL(CH/TA/CH/LS)5 11. Cationic layers: CH. Anionic
layers: TA and LS.
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Then, LS, CH and TA layers were continuously built up as previously described, to
yield NOL(X/Y)n, where “n” represents the number of couple of layers, while X and Y
are the single polyphenol and polyelectrolyte components. SEM images of
NOL(CH/TA)59, NOL(CH/LS)s 10 are reported in supporting information (Figures SI-6
and Figure SI-7), that of NOL(CH/TA/CH/LS)s5 11 in Figure 2.14. NOL(CH/TA)5 9 and
NOL(CH/LS)s 10 showed capsules of regular spherical shape similar to that previously
observed for 7, the sample 10 being characterized by the highest size uniformity. A
different morphology was observed in the case of the mixed polyphenol
NOL(CH/TA/CH/LS)s 11 (Figure 2.14), which is characterized by a morphological

structural motif similar to 7, probably as a consequence of the presence of the same

sequence of deposited layers (that is: TA, LS and CH).

_rl‘__ . T

Figure 2.14. SEM images of NOL(CH/TA/CH/LS)5 11 at different magnification. Quantitative 31P-
NMR characterization of microcapsules and nanocapsules of mixed polyphenols.
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In order to verify the contemporary presence of the different polyphenol layers,
capsules (CH/TA/CH/LS)s 7 and NOL(CH/TA/CHJ/LS) 11 were characterized by 31P-
NMR spectroscopy. PDDA containing capsules, e.g. (PDDA/TA/PDDA/LS)s 6, were not
analyzed due to the lack of PDDA signals in 31P NMR analysis. Briefly, the samples were
dissolved in pyridine/CDCIs (300 pL; 1.6/1.0 v/v) under sonication conditions and
phosphitylated in situ with 2-chloro-4,4,5,5- tetramethyl-1,3,2-dioxaphospholane. The
31tP-NMR analysis of native LS, OL, TA, and CH were also performed as references
(Figure 2.15).
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Figure 2.15. Quantitative 31P-NMR spectra and signal assignment of commercial CH, LS, OL and TA,
and of capsules (CH/TA/CH/LS)5 7 and NOL(CH/TA/CH/LS)5 11 after dissolution in pyridine/CDCI3
(300 pL; 1.6/1.0 v/v) under sonication conditions and phosphitylation with 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane. OL: Organosolv lignin; LS: Sulfonate lignin; TA: Tannic acid: CH: Chitosan.
Typical lignin chemical shift (ppm): A) para-phenolic groups - 138.5-138.8 ppm; B) guaiacyl groups-
138.7-140.1 ppm; C) condensed phenol groups-140.3-140.5 ppm; D) syringyl groups-142.0-144.0 ppm; E)
aliphatic hydroxyl groups-146.0-149.0 ppm; F) carboxylic acids groups-134.0-135.5 ppm. Typical tannin
chemical shift (ppm): A) orthosubstituted phenol groups-138.0-138.7 ppm; B) catechol hydroxyl groups-
138.8-139.4 ppm; C) ortho-disubstituted phenol groups (internal gallate units)-140.6-141.4 ppm; D) ortho-
disubstituted phenol groups (external gallate units)-141.5-142.2 ppm.

LS, OL and TA showed characteristic 31P-NMR signals in the range of 145-149 ppm,
and 137- 142 ppm, respectively. These signals were also detected in the spectra of 7 and

11. The spectrum of LS (Figure 2.15, blue-line) exhibited typical para-phenolic groups
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at 138.5-138.8 ppm, followed by guaiacyl groups in the range of 138.7-140.1 ppm, and
condensed phenol units at 140.3-140.5 ppm. In a similar way, the spectrum of OL (Figure
2.15, purple-line) exhibited the para-phenolic groups at 137.3-138.0 ppm, followed by
the guaiacyl groups in the range of 139.5-140.1 ppm, and the syringyl groups at 142.0-
144.0 ppm. Both lignin samples showed aliphatic hydroxyl groups in the range of 146.0-
149.0 ppm, and carboxylic acids groups at 134.0-135.5 ppm. The spectrum of TA (Figure
2.15, red-line) showed a different pattern. In particular, the ortho-substituted phenol and
the catechol hydroxyl groups were detected at 138.0-138.7 ppm, and 138.8-139.4 ppm,
respectively, while the ortho-disubstituted phenols were found at 140.6-141.4 ppm
(internal gallate units), and at 141.5-142.2 ppm (external gallate units), respectively. In
this latter case a low contribute of the aliphatic hydroxyl peaks was observed. Finally, CH
showed signals only in the range of aliphatic hydroxyl groups. The most representative
signals expected for LS and OL, and for TA, were clearly identified in the 31P-NMR
spectra of 7 and 11, confirming the presence of the wo polyphenols. Table 5 reports the
quantitative distribution of the phenolic and alcoholic functional groups

(millimoles/gram) in the samples for which the spectra are displayed in Figure 2.165.

Table 5. Functional group distribution (mmol/gram) for LS, OL, TA, (CH/TA/CH/LS)5 7 and
NOL(CH/TA/CH/LS)5 11.a

phenolic -OH

g car:(g)(;zhc ah%ﬁuc diSt(x)ljlgli(t)L-lted su(la);;ti}::l}t-ed Syreyl dmaiscyl,  pelygdnoxyl
-OH _OH -OH phenyl
11 3.97 6.89 4.92 6.71 2.89 2.21 7.21
7 1.98 3.81 4.71 6.57 - 1.29 0.95
LS 1.12 219 - - - 1.31 0.98
TA 0.92 0.75 4.51 6.23 - - -
OL 2.01 3.96 - - 291 0.81 6.11

3Quantitative 3'P-NMR spectra were performed after dissolution of the sample in pyridine/CDCl3 (300
ulL; 1.6/1.0 v/v) under sonication conditions and phosphitylation with 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane. OL: Organosolv lignin; LS: Sulfonate lignin; TA: Tannic acid.

Antioxidant activity and UV-absorbing properties of microcapsules and nanocapsules
of mixed Polyphenols

Lignin and tannic acid are characterized by radical scavenging activity due to the
presence of free phenolic groups which are able to capture the radical species by

formation of stable phenoxy radicals. The presence of ortho-substituents in the aromatic
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ring, such as the methoxyl substituents of the guaiacyl and syringyl moieties, further
increases the antioxidant activity by both steric hindering and resonance effectss1. The
antioxidant activity of selected microcapsules (CH/LS)s 3, (CH/TA/CH/LS)s 7 and
(PDDA/LS+TA)s 8, and of nanocapsules NOL(CH/LS)s 10 and NOL(CH/TA/CH/LS)s
11, was evaluated by the 2,2’-diphenyl picrylhydrazyl (DPPH) radical scavenging
analysis. These microcapsules and nanocapsules have been selected in order to compare
samples containing both polyphenols and having the same sequence in the layer
composition. Moreover, sample 8 has been selected to evaluate the antioxidant effect of
capsules containing both polyphenols in the same layer. Native LS and TA were also
studied as references. The appropriate sample was suspended in EtOH and added to
standard DPPH solution. DPPH is a table free radical, that is applied for the
spectrophotometric evaluation of the radical scavenging ability of polyphenols. The
decrease of DPPH absorbance (517 nm) was determined for each sample and the collected
data were used to calculate the ICso (defined as the pg/mL concentration of substrate that
causes 50% loss of DPPH activity)'®. Figure 2.6 reports the percentage of DPPH radical
scavenging activity and the 1Cso value for the analyzed samples. As a general trend, the
nanocapsules 10-11 showed antioxidant activity higher than microcapsules 3 and 7-8.
Moreover, the antioxidant activity of nanocapsules 10-11 was higher than that of native
LS and TA. The higher antioxidant activity of 11 with respect to 7 is in accordance with
the total amount of aromatic phenolic groups as measured by 31P-NMR analysis, that is
23.94 (mmol/gram) for 11 versus 13.52 (mmol/gram) for 7, respectively (Table 5, entries
1 and 2). Nanoscale lignin showed highest antioxidant activity when compared to micro-
scale lignin, probably due to a combination between the highest surface-area-to-volume
ratio and the emergence of specific n-r interactionsss. As a general trend, the capsules of
mixed polyphenols were the most active antioxidants, showing an ICso value of the same
order of magnitude than that of standard food antioxidants, such as BHT and ascorbate
(ICso0c.a. 10 pug). Irrespective to the scale dimension, the presence of TA always enhanced
the antioxidant activity, probably as a consequence of the higher amount of ortho-
substituted and ortho-disubstituted phenol moieties, as detected by 3:P-NMR analysis
(Table 5, entry 4).

The UV-absorbing ability of microcapsules (CH/LS)s 3, (CH/TA/CH/LS)s 7 and
(PDDA/LS+TA)s 8, and of nanocapsules NOL(CH/LS)s 10 and NOL(CH/TA/CH/LS)s
11, was determined by irradiation experiments in the energy range from 190 nm to 600
nm (from UV to visible regions) LS, TA and NOL were studied as references. As reported
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in Figure 2.17, microcapsules 3 and 7-8 showed a similar absorbance ability in the UV-C

and UV-B regions.
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Figure 2.16. DPPH antioxidant scavenging activity of investigated microcapsules and nanocapsules
presented as % of DPPH radicals inhibitions and 1C50 values (ug/mL). Relative standard deviation was
less than 3.0 %.

Note that microcapsules 3 and 7-8 were more active than native LS and TA. As a
general trend, nanocapsules 10 and 11 were photoabsorbers more efficient than 3 and 7-
8, sample 11 being the most active system. Moreover, nanocapsules 10 and 11 were more
efficient than NOL. This effect was particularly pronounced in the UV-B and UV-A
regions. The high UV-A absorption property of 10 and 11 is noteworthy, since native LS
and TA, and the corresponding microcapsules, showed only a low absorbance capacity in
this UV-region. Moreover, a bathochromic shift of the absorption peak at 280 nm
(accredited to guaiacyl units and/or to unconjugated phenolic groups)**® was observed for
both microcapsules and nanocapsules in the following order: 11>10>7,8>3. Previous
studies showed that the lignin macromolecule is organized as a flat and disk-like
aggregate in solutionss, stabilized by m—r interactions between the aromatic rings®’.
conferring an UV absorbing enhancement!®. The bathochromic shift observed in
microcapsules and nanocapsules has been related to formation of J-aggregates in which

the orientation of the adjacent aromatic rings is parallel to the longitudinal direction of
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the layer, following a head-to-tail like arrangement. A similar bathochromic shift was
also observed in the case of nanocapsules produced from Kraft lignin. The appreciable
UV absorbing enhancement suggested that nanocapsules have stronger n-n interactions
than microcapsules, while the order of the bathochromic shift previously reported
highlight that capsules containing mixed polyphenols were more aggregated than the

homo-polymeric counterpart.

B Free LS NOL (CH/TA/CH/LS); 7 NOL(CH/LS)s 10
BN Free TA (CH/LS); 3 Wm (PDDA/LS+TA); 8 NOL(CTUTA/CH/LS): 11
1.2 —
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Figure 2.17. UV-Visible radiation absorbing capacity of investigated micro and nano-capsules.

Voltammetric and amperometric characterization of nanocapsules

Cyclic voltammograms (CVs) of NOL, NOL(CH/TA)s 9, NOL(CH/LS)s 10, and
NOL(CH/TA/CH/LS)s 11 were performed, as selected examples, in the presence of
ABTS (250 uM) in the Britton-Robinson buffer (pH 6.5, 120 mM) and KCI (100 mM) as
supporting electrolyte (Figure 2.18). The CV at slow potential scan rate for the naked
modified glassy carbon (GC) electrode (dotted black line) showed two stable and
reversible redox couples, where the first anodic peak 0.5 V vs. SCE) is associated to the
formation of the ABTS+. radical cation, while the second peak (0.89 V vs. SCE)
corresponds to the formation of the ABTSz+bis-cation species. As reported in Figure 2.17,
a remarkable increasing in the anodic peak current densities was observed in the presence
of nanocapsules 9-11, due to the reactions taking place between the two oxidized forms
of ABTS and the lignin and tannic acid residues exposed on the surface of the

nanocapsules®™®. In accordance with the DPPH antioxidant data previously reported, the
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polyphenol mixed nanocapsules NOL(CH/TA/CH/LS)s 11 showed an inhibitory activity
against the electrochemical induced oxidation of ABTS (purple line) higher than that of
its homo-polymer counterparts, NOL(CH/TA)s 9 (blu line) and NOL(CH/LS)s 10 (red
line), respectively. The samples 9 and 10 were more effective than NOL as reference,
confirming the beneficial role of the sequential deposition of the TA and LS layers on the
antioxidant activity. Moreover, 9 showed lower oxidation current densities with respect
to 10, probably due to the higher amount of ortho-substituted and ortho-disubstituted
phenolic moieties in TA with respect to LS (Table 5).
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Figure 2.18. CVs performed with GCE (dash-dotted line), NOL (black line), NOL(CH/TA)5 9 (bluline),
NOL(CH/LS)5 10 (red line), and NOL(CH/TA/CH/LS)5 11 (purple line). Measurements were performed
in 250 uM ABTS solution (120 mM Britton-Robinson buffer pH 6.5 containing 100 mM KCl as supporting
electrolyte) at scan rate 20 mV s-1, T=25°C.

The effect of the pH on the antioxidant activity of nanocapsules 9-11 was successively
evaluated by analyzing the variation of the formal potential (Eo’) of the system depending
on the specific pH range appliedss. Cyclic voltammograms have been recorded at a scan
rate of 50 mV s-1 under previously described experimental conditions. Nanocapsules
retained their antioxidant activity in the pH range of 2.5-7.5 units, with the only exception
of NOL(CH/TA)s 9, which displayed the Eo” shifting versus pH only in the pH range of
4.5-7.5 units (Figure 2.19, panels A-D).
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Generally, nanocapsules showed a similar pH dependence being all slopes very close
to -60 mV/pH, which s the calculated slope for 2H+/2e- redox processes in the reduction

of quinone to hydroquinone, according to the Nernst equation®®?,
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Figure 2.19. CVs of NOL (A), NOL(CH/TA)5 9 (C), NOL(CH/LS)5 10 (B), and NOL(CH/TA/CH/LS)5
11 (D). CVs were recorded in 120 mM Britton-Robinson buffer containing 100 mM KCI as supporting
electrolyte in the range 2.5-7.5. Insets: linear dependence of the formal potential (EQ”) versus pH.

Next, the ABTS+ scavenging activity of nanocapsules 9-11 was measured in
comparison with ascorbic acid (AA) by amperometry analysis'®2. Amperograms of
nanocapsules 9-11 were recorded at the applied potential +0.55 V vs. SCE (required for
the oxidation of ABTS--), followed by the addition of several aliquots of ascorbic acid
(30 puL of 1.0 mM AA solution). The progressive decolouration of ABTS+. from blue-
green to colourless was observed during the increase of the AA concentration. As a
general trend, the oxidation current densities of ABTS+. decreased by increasing the AA
concentration, confirming the radical scavenging activity of nanocapsules (Figure 2.20,
panel A). In accordance with the previously reported voltammetric data, polyphenol
mixed nanocapsules 11 were more effective than the corresponding homo-polymer
counterparts 9-10, showing the highest slope values (Figure 10, panel B). Again, LbL

nanocapsules 9-11 were more active than simple NOL.
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Figure 2.20. (A) Amperograms of NOL (black line), NOL(CH/TA)5 9 (blu line), NOL(CH/LS)5 10 (red
line), and NOL(CH/TA/CH/LS)5 11 (purple line). Measurements were performed in 120 mM Britton-
Robinson buffer pH 6.5 containing 100 mM KCI as supporting electrolyte, adding 7 mM ABTS+e solution
followed by several additions of AA. Experimental conditions: applied potential (Eapp): +0.55 V vs. SCE;
stirring: 400 rpm ant T=25°C. (B) linear dependence of antioxidant activity on AA concentration.
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2.3 Functionalized Tyrosinase-Lignin
Nanoparticles as Sustainable Catalysts for the
Oxidation of Phenols

2.3.1 Aim of work

The supramolecular interaction between lignin and proteins has been studied in details,
identifying lignin-binding peptide sequences of affinity'? and analyzing the role that
conformational changes of the polymer played in the molecular recognition process 2,

The folding structure of the protein, associated to the prevalence of Coulombic forces
in non-ionic medium with respect to hydrogen bonding and hydrophobic polar type
interactions, emerged as crucial parameters in the self-assembly of proteins on the lignin
surface!®. Moreover, lignin showed high boosting activity towards copper oxidative
enzymes, such as Lytic Polysaccharide MonoOxygenases (LPMOs), through long-range
electron transfer mechanisms between the aromatic moieties and the metal atoms in the
active site of the enzyme!®. In this context, tyrosinase (EC 1.14.18.1) showed to further
improve the LPMOs oriented boosting activity of lignin®® performing the ortho-
hydroxylation of phenol moieties to corresponding low redox-potential catechol
derivatives (1, 2-benzene diols; monophenolase activity)*®’. Thus, lignin and tyrosinase
cooperate in synergy to realize efficient oxidative processes. Tyrosinase has been widely
studied because of its relevance in several applied areas*®®, showing better performances
in industrial applications when used in the immobilized form, as a consequence of its
reusability, enhanced stability, and easier purification procedures:®.

In recent years, we described the preparation of heterogeneous catalysts for the
synthesis of bioactive catechol derivatives by immobilization of tyrosinase on
microcapsules of the epoxy resin Eupergit!’® and in alternative, by Layer-by-layer coating
on Multi Walled Carbon Nanotubes (MWCNTS)!'L. These catalysts provided high
catalytic efficiency in the synthesis of neuroactive 3,4-dihydroxyphenylalanine (DOPA)-
containing peptides’? and of lipophilic catechols with broad spectrum antiviral activity
against both DNA and RNA viruses!”. As a general trend, nanostructured catalysts
showed greater activity, storage life, and reusability than the microcapsule

counterparts'’®. This project describes the immobilization of tyrosinase from Agaricus
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bisporus (T3824, multimeric enzyme with H2L2-type structure)!” in nanoparticles of
organosolv lignin (OL)'® by four different procedures, namely: i) encapsulation, ii)
surface adsorption, iii) Layer-by-layer (LbL) coating, and iv) LbL coating in the presence
of bovine serum albumin (BSA) and glutaraldehyde (GA). At difference from native
lignin and other technical lignins, OL has a relatively low molecular weight and a distinct
solubility in organic solvents!’’. The novel catalysts have been characterized regarding to
their structural and kinetic properties, and they have been successively applied for the

oxidation of selected phenols to corresponding bioactive catechols.

2.3.2 Experimental

Materials

Organosolv lignin (OL) were purchased from Chemical Point. Mushroom tyrosinase,
bovine serum albumin (BSA), glutaraldehyde (GA), poly(diallyldimethylammonium
chloride) (PDDA, 20% v/v water solution), 2-chloro-4,4,55-tetramethyl-1,3,2-
dioxaphopholane, chrome (I11) acetylacetonate; deuterated chloroform (CDCIs), ascorbic
acid, Bradford reagent, L-tyrosine, para-cresol, tyrosol, 4-hydroxyphenylacetic acid, 3-
(4-hydroxyphenyl)propionic acid, catechol, potassium chloride (KCI) and organic
solvents were purchased from Sigma—Aldrich and were used without any further
purification. All experiments were done in triplicate using native and immobilized

tyrosinase in Phosphate buffer saline (PBS).

Reactivity of tyrosinase with organosolv lignin

An appropriate amount of OL (70 mg) was treated with tyrosinase (1000 U) in PBS
(5.0 mL, 0.1 M; pH 7) under dioxygen atmosphere at room temperature for 24 h. This
mixture was acidified (pH 3, 1.0 M HCI) and successively centrifuged (6000 rpm, 20 min)
to remove the supernatant. The residue was rinsed with deionized water and then freeze-
dried. The qualitative and quantitative analysis of alcoholic, acidic, and phenolic OH
groups in the residual crude after tyrosinase treatment was determined by quantitative
3IP.NMR analysis!®. Typically, the lignin sample (10 mg) was dissolved in
pyridine/CDClz (300 pL; 1.6/1.0 v/v), followed by addition of chrome (IlI)
acetylacetonate solution (50 mL, 11.4 mg/ml) as relaxing agent. Then, the phosphitylation

reagent 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane (200 ul) was added under
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magnetic stirrer and gentle heating at 45 °C for 2 h. NMR analysis was performed in the
presence of cholesterol as an internal standard on a Bruker 400MHz apparatus. Gel
Permeation Chromatography (GPC) analysis of OL was carried out following the
procedure of acetobromination!’8. Briefly, an appropriate amount of lignin sample (10
mg) was suspended in acetic glacial/acetyl bromide mixture (2.5 mL of 92:8 v/v) and
stirred at room temperature. After 2 h the solvent was evaporated under vacuum and the
residue was dissolved in THF (5 ml). The GPC analysis were performed using a Shimadzu
LC 20AT liquid chromatograph with a SPD M20A ultraviolet diode array (UV) detector
at 280 nm.

Preparation of catalyst |

The preparation of catalyst | required the encapsulation of tyrosinase within the OL
nanoparticles. Briefly, an appropriate amount of tyrosinase (3.0 mg, 900 U/mg) was
added to a solution of OL in THF (2.0 mg/mL, 7.5 mL) previously filtered by 0.45 um
filter membrane. The solution obtained was dialyzed against deionized MilliQ water (500
mL) for 24 h at 25°C under slow magnetic stirring, using Spectrapore™ dialysis
membrane (3,5 kD MWCOQO). Catalyst | was recovered by centrifugation (20 min at 6000
rpm) and the surnatant was used for the calculation of the activity parameters. The catalyst
was washed several times with PBS in order to ensure the complete removal of

unbounded tyrosinase (as evaluated by the Bradford method).

Preparation of catalyst 11

Catalyst Il was prepared by direct adsorption of tyrosinase on preformed OL
nanoparticles prepared by the dialysis protocol [11]. Briefly, OL solution (THF, 2
mg/mL) previously filtered by 0.45 um filter membrane, was dialyzed against deionized
water for 24h at 25°C with slow magnetic stirring, using Spectrapore™ dialysis
membrane (3,5 kD MWCO). Finally, the OL nanoparticles obtained were centrifuged (20
min at 6000 rpm), washed with Milli-Q water and lyophilized. The appropriate amount
of tyrosinase (3.0 mg, 900 U/mg), dissolved in sodium phosphate buffer PBS (3.0 mL,
0.1 M; pH 7), was added to a suspension of OL nanoparticles (15 mg) in PBS (15 mL)
under orbital shaking at room temperature for 24 h. Catalyst Il was recovered by

centrifugation (20 min at 6000 rpm) and the surnatant was used for the calculation of
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activity parameters. The catalyst was washed several times with PBS in order to ensure

the complete removal of unbounded tyrosinase (as evaluated by the Bradford method).

Preparation of catalyst 111

The OL nanoparticles were coated with PDDA applying the LbL procedure!’®. Briefly,
a suspension (15 mL) of OL nanocapsules in MilliQ water (Img/mL, pH 4.2) was added
dropwise to PDDA solution (1mg/mL, Milli-Q water) under slow magnetic stirring. After
2 h, the final suspension was centrifuged in order to recover OL-PDDA nanoparticles
followed by washing with Milli-Q water and lyophilization. Tyrosinase (3.0 mg, 900
U/mg) was added to a suspension of OL-PDDA nanoparticles (15 mg) in PBS (15 mL)
under orbital shaking at room temperature for 24 h. Catalyst 111 was recovered by
centrifugation (20 min at 6000 rpm) and the surnatant was used for the calculation of the
activity parameters. The catalyst was washed several times with PBS in order to ensure

the complete removal of unbounded tyrosinase (as evaluated by the Bradford method).

Preparation of catalyst 1V

The OL-PDDA nanoparticles were prepared as described above and then used in order
to immobilize BSA and tyrosinase by crosslinking with GA. Briefly, tyrosinase (300 uL,
3.4 mg/ mL in PBS) and BSA (1.5 ml, 2.0 mg/mL) were added to OL-PDDA
nanoparticles suspension (3.5 mg ml, PBS 1.4 ml), and the mixture was shaken for 30
min at room temperature. Finally, GA (150 ul, 2.5% v/v water solution) was added and
the mixture was shaken again at room temperature for 30 min and then at 4 °C overnight.
Catalyst 1V was recovered by centrifugation (20 min at 6000 rpm) and the surnatant was
used for the calculation of activity parameters. The catalyst was washed several times
with PBS in order to ensure the complete removal of unbounded tyrosinase (as evaluated
by the Bradford method).

SEM caracterization

For Scanning Electron Microscopy (SEM), catalysts (I-1V), were fixed with 3%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), washed and post-fixed in OsO4 (1.0%
in weight) in the same buffer at room temperature. The samples were dehydrated in a
graded ethanol series before the analysis. They were then air dried and sputter-coated
with gold in a Balzers MED 010 unit. The observation was made by a JEOL JSM 6010LA
electron microscope.
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DLS and Zeta potential

Measurements of particle size and Zeta potential were performed on freshly prepared
aqueous suspensions (pH = 7) of OL nanoparticles and Catalyst I-1V dispersed in water
were performed before and by dynamic light scattering (DLS) using using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) equipped with a He-Ne laser (633 nm,
fixed scattering angle of 173°, 25°C). Prior to perform size measurements, suspensions
were filtered with a 0.45-mm filter membrane. Measurements were performed at least in

triplicate at room temperature (T=25°C).

Determination of the catalyst activity

The catalyst activity of the native and immobilized enzyme was determined by
measuring the tyrosinase-catalyzed oxidation of L-tyrosine. The reaction was started by
adding the substrate to the solution containing the appropriate amounts of the native
enzyme, and in alternative, of catalysts I-IV in PBS under magnetic stirring. The initial
rates were measured as the linear increase of the optical density at 475 nm, due to
dopachrome formation. One unit of enzyme activity was defined as the increase in
absorbance of 0.001 unit per minute at pH 7 and 25 °C, measured in a 3.0 mL reaction
cuvette containing 0.83 mM of L-tyrosine and 67 mM PBS (pH 7.0). Spectrophotometric
data were analyzed with Cary WinUV. All experiments were conducted in triplicate using

free and immobilized tyrosinase.

Determination of the kinetic constants

Kinetic parameters, Km, Vimax and Vmax/Km, were determined spectrophotometrically by
measuring the enzyme activity at different concentrations of L-Tyrosine (0.33-0.10 mM)
and by plotting data in Lineweaver—Burk. All experiments were conducted in triplicate
using native and immobilized tyrosinase. Reactions were carried out by means of the
same procedure as for activity assay and measuring absorbance at 475 nm as described

above.

Electrochemical characterization

Cyclic voltammetry experiments were performed by using a PGSAT204N potentiostat
(Eco Chemie, The Netherlands) controlled by Nova 2.1 software (Eco Chemie, The
Netherlands) with a conventional three-electrodes electrochemical cell equipped with a

modified glassy carbon (GC) electrode as working electrode (d=3 mm, Cat. 6.1204.300,
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Metrohm, Herisau, Switzerland), a saturated calomel electrode (SCE, 244 mV vs. NHE,
Cat. 303/SCG/12, AMEL, Milano, Italy) and a glassy carbon rod electrode (d = 2 mm,
Cat. 6.1241.020, Metrohm, Herisau, Switzerland), as reference and counter electrodes,
respectively. All electrochemical measurements were performed in 50 mM PBS buffer
pH 6.5 plus 100 mM KCI containing 250 uM cathecol, used as electrochemical mediator.
GC electrodes (d=3 mm, Cat. 6.1204.300, Metrohm, Herisau, Switzerland) were polished
with alumina slurries (Al20s, particle size of 0.3 and 0.05 um) on cloth pads wet with
Milli-Q water (SIEM, Bologna, Italy), thoroughly rinsed with Milli-Q water and further
sonicated for 5 min between each polishing step. For the bio-modification, GC electrodes
were modified by drop-casting 5 pL of sample OL nanoparticles (2 mg/mL), catalyst I (2
mg/mL), catalyst Il (2 mg/mL), catalyst 111 (2 mg/mL), and catalyst 1V (2 mg/mL),

respectively. For each different modification, three replicates have been performed.

General procedure for the oxidation of phenols

As a general procedure, phenols 1-4 (0.02 mmol), tyrosinase (540 IU) and ascorbic
acid (2 eq) were placed in PBS 5.0 mL (0.1 M; pH 7) at 25°C for 24 h, and the mixture
was stirred under Oz atmosphere. Oxidations were performed using homogeneous and
heterogeneous conditions. The reactions were monitored by thin layer chromatography
(TLC, n-hexane/EtOACc=2.0:1.0). After the disappearance of the substrate, the reaction
mixture was acidified with a solution of HCI 2.0 M and extracted twice with EtOAc. The
organic extracts were treated with a saturated solution of NaCl and dried over anhydrous
Na2SOgs, then filtered and concentrated under vacuum. In the case of immobilized
enzyme, catalysts I-1VV were recovered by centrifugation (6000 rpm) for 20 minutes and
the solution was subjected to the same work up as described above. The residue was
treated with pyridine, HMDS and TMCS (HMDS-TMCS, 2:1 v/v) under vigorous
stirring at room temperature for 2 h. Products were identified by gas-chromatography
associated to mass-spectrometry analysis (GC-MS). The analyses were performed by 450
GC-320 MS apparatus using a VF-5MS column and an isothermal temperature profile of
100 °C for 2 min, followed by a 10 °C/min temperature gradient to 280 °C for 25 min.
The injector temperature was 280 °C. Chromatography-grade helium was used as the
carrier gas with a flow of 2.7 mL/min. Mass spectra were recorded with an electron beam
of 70 eV.
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2.3.3 Results and discussion

Reactivity of tyrosinase towards organosolv lignin (OL)

The reactivity of tyrosinase towards lignin is debated. Lignans, the secondary
metabolites resembling the dimeric units of lignin, generally showed inhibitory activity
against tyrosinase®, and the catalytic effect of tyrosinase in the oxidation of milled wood
lignin was found to be negligible with respect to that of laccase and horseradish
peroxidase!®’. On the other hand, tyrosinase from Agaricus bisporus was reported to
cleave the 4-O-5 and Co-Cp bonds of some representative dimeric lignin model
compounds (4-phenoxylphenol and guaiacyl glycerol-B-guaiacylether)!®2. For this
reason, we decided to study the reactivity of tyrosinase from Agaricus bisporus towards
organosolv lignin (OL) before the immobilization procedures. OL (70 mg) was treated
with tyrosinase (1000 U) in phosphate buffer (5.0 mL, 0.1 M; pH 7) under dioxygen
atmosphere at room temperature.

After 24 h, the mixture was acidified (pH 3, 1.0 M HCI) and successively centrifuged
(6000 rpm, 20 min) to remove the supernatant. The residue was washed with deionized
water and freeze-dried to yield OL-tyr. A sample of OL, treated under similar
experimental conditions in the absence of tyrosinase, was used as reference. The amount
of characteristic OH groups in OL-tyr and OL samples was determined by quantitative
3P NMR. Briefly, the samples were dissolved in pyridine/CDCls (300 pL; 1.6/1.0 v/v)
under sonication conditions and phosphitylated in situ with 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphopholane. Table 6 shows the relevant experimental data collected. More
specifically, aliphatic, condensed, guaiacylic, para-hydroxy phenyl, and acidic lignin OH
groups were measured. Data are averages of three phosphitylation experiments. The 3P-
NMR data showed a modest decrease of the total phenolic OH and of the total OH groups
after the enzyme treatment (11% and 9%, respectively), confirming the low reactivity of

tyrosinase towards lignin.
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Table 6. Functional OH distribution (mmol/gram) for parent OL and for OL-tyr after treatment with

tyrosinase.?

Sample Carboxylic | Aliphatic - | Condesed - hPe(ljra- Guaiacyl - Total | Total
acid OH OH ydroxy OH phenolic | group
Phenyl -OH -OH -OH
oL 0.22 0.99 195 0.24 0.68 2.87 408
OL-tyr 0.19 0.97 1.79 0.17 0.59 2.55 371

?Quantitative 3'P-NMR spectra were performed after dissolution of the sample in pyridine/CDCls (300
pL; 1.6/1.0 v/v) under sonication conditions and phosphitylation with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphopholane. OL: original sample of organosolv lignin; OL-tyr: organosolv lignin after treatment with
tyrosinase. PMaximum standard deviation: 2 x 102 mmol/gram. Maximum error: 1x102 mmol/gram.

Structural modifications in OL-tyr were further evaluated by Gel Permeation
Chromatography analysis (GPC) of the residue. In Table 7 are reported the weight
average molecular weight (Mw), the number average molecular weight (M) and the
polydispersity (Mw/Mn) of OL-tyr compared to parent OL. Tyrosinase treatment induced

an appreciable increase in the My and M, values.

Table 7. My, M, and My/M, of OL tyr compared with the parent OL.

Sample Mw Mn Muw/Mn
oL 154.670? 15.104 10.2
OL-tyr 202.828 18.803 18.8

aAnalyses were repeated in triplicate.

Thus, in our hand tyrosinase showed a low reactivity towards OL, affording a modest
decrease of the total amount of phenolic OH, associated with a modest, although if
significant, increasing in the weight average molecular weight of the polymer, probably

as a consequence of oxidative coupling processes*®?,

Encapsulation and direct adsorption procedures
Alkali Lignin nanoparticles have been previously reported as containers for drug

delivery systems!®4,

The encapsulation procedure consisted in the formation of
nanoparticles by slow solvent exchange in the presence of the bioactive principle to be
immobilized, such as resveratrol, sorafenib, benzazulene and ibuprofen®. Lignin
nanoparticles showed high antioxidant protective effect, successfully releasing the
bioactive principle in the cell. A similar procedure was applied in the encapsulation of

dyes'®

. We decided to apply this procedure for the encapsulation of tyrosinase in OL
nanoparticles. Tyrosinase (3.0 mg, 900 U/mg) was added to a solution of OL in THF (2.0
mg/mL, 7.5 mL) at room temperature, and the solution was dialyzed against MilliQ water
(500 mL) for 24 h. During the slow exchange of the solvent, the lignin molecules
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interacted together to close the nanoparticles, tyrosinase being entrapped inside their
empty core cavity. At the end, the encapsulated tyrosinase system (catalyst 1) was
recovered by centrifugation and washed to remove the excess of the enzyme (Scheme
2.21, pathway A). Scanning electron microscopy (SEM) images of catalyst | are reported

in Figure 2.21.

Lignin nanoparticles " Caialyst I

Catalipst 1T

Catalyst TTT

Lignin

Calalyst IV

Figure 2.21. Schematic representation for the preparation of catalysts I-1V.

The SEM image of catalyst | showed spheres of regular shape (Figure 2.22, panel A) with
an average diameter of 0.19+0.01 um, as evaluated by Dinamic Light Scattering (DLS)
analysis (Figure 2.23).
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Figure 2.22. SEM images of catalyst | and catalyst I1. (a) General overview of catalyst I; (b) Selected
magnification of catalyst I; (c) General overview of catalyst I1.
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Fragmented particles were characterized by the presence of empty cavity (Figure 2.22,
panel B). The presence of the enzyme in catalyst I was observed by confocal analysis
using a tyrosinase previously marked with Fluorescein isothiocyanate (FITC)!®. As
reported in (Figure 2.24, panel A), catalyst I showed the expected green fluorescence
signal inside nanoparticles. The entrapment of tyrosinase was further confirmed
measuring the value of the Zeta potential of the particle surface, that was found to be very
similar to the value obtained for the parent OL nanoparticles (Figure 2.25).
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Figure 2.23. Particle diameter distributions of OL nanocapsules and Catalyst 1-1V

Figure 2.24. Confocal images of (a) Catalyst I; (b) Catalyst I1.

As an alternative, catalyst Il was prepared by direct adsorption of tyrosinase on
preformed OL nanoparticles (Scheme 2.21, pathway B). Briefly, tyrosinase (3 mg, 900

U/mg) dissolved in sodium phosphate buffer PBS (3.0 mL, 0.1 M; pH 7) was added to a
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suspension of OL nanoparticles (15 mg) in PBS (15 mL) under orbital shaking at room
temperature overnight. Catalyst 11 was recovered after centrifugation and rinsed with PBS
to remove the excess of the enzyme. (Figure 2.21, panel C) reports the SEM image of
particles of catalyst I1, characterized by an average diameter of 0.20+0.01 um (Figure
2.23). The confocal image of catalyst 1 (Figure 2.24, panel B), performed in the presence
of the marked enzyme, showed a relatively weak green fluorescence signal only on the
surface of nanoparticles (the background azure emission of the core being associated to
the known auto-fluorescence of lignin®’. Moreover, the Zeta potential of catalyst II
varied with respect to parent OL nanoparticles (Figure 2.25). These data confirmed that
the adsorption of tyrosinase was limited to the surface of the nanoparticles.
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Figure 2.25. Zeta potential values of OL nanoparticles, OL PDDA nanoparticles and catalysts I-1V.

Layer-by-layer immobilization procedure

The LbL procedure, based on the consecutive deposition of alternatively charged
polyelectrolytes onto an appropriate support, protects enzymes from denaturing agents
and allows regulation of the permeability towards small substrates, which can cross the
multilayer and react with the catalytic site!®. The use of the LBL procedure for the
immobilization of tyrosinase from Agaricus bisporus on Multiwalled Carbon Nanotubes
(MWCNTS) has been previously reported to increase the activity of the enzyme. Since
lignin nanoparticles are characterized by a negative value of the Zeta potential (-42 mV
at pH 4.2), we started by the deposition of a first positive charged layer of
polydiallyldimethylammonium chloride (PDDA), able to efficiently interact with the
lignin surface by cation-n interactions®®. Briefly, a suspension (15 mL) of OL

nanoparticles in MilliQ water (1.0 mg/ml, pH 4.2) was added dropwise to PDDA solution
84



CHAPTER 2 BIO-NANO TECHNOLOGIES

(1.0 mg/mL, Milli-Q water) under slow magnetic stirring for 2 h. The deposition of the
PDDA layer was monitored by UV-visible analysis, following the appearance of typical
peak at 276 nm, which corresponds to the shift of the characteristic PDDA B-band after
adsorption on lignin. This result was further confirmed by the Zeta potential analysis
(Figure 2.25), the system reaching the value of -22 mV. Tyrosinase (3 mg, 900 U/mg)
was then added to OL/PDDA nanoparticles (PBS; 3mL) to yield catalyst 11 (Figure 2.20,
pathway C). Scanning electron microscopy (SEM) image of catalyst 111 (Figure 2.26,
panel A) showed regular spherical particles with a wrinkled surface and an average
diameter of 0.22+0.02 um. Catalyst 111 showed a Zeta potential value of -40 mV (Figure
2.25).
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Figure 2.26. SEM images of catalyst 111 in the first panel (a) and of catalyst 1V in the second panel (b).
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Finally, we applied the glutaraldehyde (GA)-assisted co-immobilization of tyrosinase
in the presence of Bovine Serum Albumin (BSA)®°. As a general trend, the
immobilization efficiency of tyrosinase is dependent upon the number of the enzyme
molecules loaded on the selected surface. The enzyme strives for the greatest surface
coverage, leading to conformational changes that could influence the activity. BSA
performs as an inert protein with an isoelectric point close to that of tyrosinase, to partially
reduce the amount of surface area available for the enzyme, while GA forms a protective
three-dimensional network!®. Briefly, the suspension of OL/PDDA nanoparticles (3.5
mg/mL) in PBS (1.4 mL) was added to tyrosinase (300 pL, 3.4 mg/mL in PBS) and BSA
(1.5 ml, 2.0 mg/mL) under gentle shaken for 30 min at room temperature. Finally, GA
(2.5% v/v water solution) was added to yield catalyst 1V (Figure 2.21, pathway D). Figure
2.26 (panel B) reports the SEM image of catalyst 1V. The surface of catalyst IV appeared
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as a roughly aggregate of small clumps with an average diameter of 0.22+0.02 um (Figure
2.22) and a value of the Zeta potential of -32 mV, that is significantly different from that
previously measured for catalyst I11.

Activity parameters of catalysts I-1V

The Tyrosinase (Tyr) activity was determined by the dopachrome assay*®! following
the oxidation of L-tyrosine at 475 nm, the enzyme unit being defined in terms of the
increase in absorbance of 10~ unit/min at 25 °C in 0.1M phosphate buffer (pH 7.0). The
immobilization and activity yields were evaluated as reported in equations 1 and 2,

respectively:

Activity (units/mg) = Ux/Wsupport 1)
Activity yield (%) = [Ux/(Ua — Ur)] x 100 2
Immobilization yield (%) = [(Ua — Ur)/Ua] x 100 3)

Where Ua is the total activity (units) of the enzyme added to the solution and Ur is the
residual activity (units) evaluated by the dopachrome method in the washing solutions.

As reported in Table 8, catalysts 111-1V showed a value of the immobilization yield
higher than that of catalysts I-11, suggesting a better performance of the LbL procedure
in the immobilization of tyrosinase with respect to encapsulation and direct adsorption
processes (entries 3-4 versus entries 1-2). The activity yield followed a similar trend. Note
that catalyst 1V was characterized by the highest value of the activity yield confirming
the beneficial role of BSA and GA in the retention of the tyrosinase catalytic performance
after the immobilization process. The activity of catalyst 11-1VV was comparable to that

previously reported tyrosinase based nanocatalysts®*.

Table 8. Activity parameters of catalysts I-1V.

Entry Catalyst Immobilization Activity yield %2 Activity
yield % (units/mg)®
1 I 69 34 6.8
2 ] 71 31 6.2
3 i 90 42 8.4
4 v 87 58 11.6

2The activity of native tyrosinase, evaluated by the dopachrome method, was 900 units/mg of enzyme.
The enzyme loading is referred to the percentage of the initial tyrosinase supported on the catalyst.
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Cyclic voltammetry analysis

Cyclic voltammograms (CVs) of catalysts I-1V were recorded at 25°C in comparison
with parent OL nanoparticles as a reference. The analyses were carried out in 250 uM
catechol solution (PBS buffer, 50 mM; pH 6.5), in the presence of KCI (100 mM) as
supporting electrolyte. Irrespective to the catalysts studied, the electrocatalytic wave in
CVs started in the correspondence of the formal potential (E°”) of catechol (0.190 V)
measured versus Saturated Calomel Electrode (SCE). Data are reported in Figure 2.27
(panels A-D; catalysts are marked by a red line, while the reference is reported as black
line). As a general pattern, the CVs confirmed the previously observed trend for the
activity parameters (Table 8). In particular, the CV of catalyst | (Figure 2.27, panel A)
showed a well-defined electrocatalytic wave starting from 0.190 V vs. SCE and rising up
to -20 pA cm? at -0.2 V vs. SCE. This data indicated that tyrosinase retained an
appreciable electrocatalytic activity also in the encapsulation state. Catalyst Il (Figure
2.27, panel B) was characterized by a weakly electrocatalytic responsiveness
(electrocatalytic wave from 0.190 V vs. SCE to -4 pA cm? at -0.2 V vs. SCE), in
accordance with the low activity yield previously measured (Table 8, entry 2).
Afterwards, the electrocatalytic responsiveness of catalyst 111 was found to be increased
(electrocatalytic wave from 0.190 V vs. SCE to -30 A cm™2 at -0.2 V vs. SCE). Finally,
catalyst 1V showed the highest electrocatalytic wave compared to the other catalysts
starting from 0.190 V vs. SCE to -56 pA cm™ at -0.2 vs. SCE.
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Figure 2.27. Cyclic voltammograms of OL nanocapsules (black line, A-D), Catalist I (red line, A), Catalyst
11 (red line, B), Catalyst 111 (red line, C) and Catalyst 1V (red line, D) performed in 250 uM catechol
solution (50 mM PBS buffer pH 6.5 + 100 mM KCI) at scan rate 5 mV s,

87



CHAPTER 2 BIO-NANO TECHNOLOGIES

Kinetic properties of catalysts I-1V and synthesis of catechol derivatives

Catalysts 1-1V were characterized for their kinetic properties using L-Tyrosine (in the
range 0.33-0.1 mM) as substrate and plotting data to a double reciprocal Lineweaver—
Burk plot (Table 9). Data for native Tyrosinase are also reported as a reference (table 9,
entry 1). Irrespective from the procedures used for the immobilization, Vmax decreased
and Km increased for supported tyrosinase, which led to a partial reduction in the catalytic
efficiency with respect to free enzyme. Similar trends in K and Vmax vValues have been
reported for tyrosinase immobilized on other carriers, they being attributed to mass

transfer limitation processes'®.

Table 9. Kinetic parameters of Tyr and catalysts I-1V.

Vmax X107

Entry Catalyst Km(mM) (AAbs min pgenzyme)™

Vmax/Km (X10_3)

1 Tyr 0.18 6.02 33.44
2 I 0.51 3.40 6.77
3 1 0.67 1.14 1.70
4 i 0.37 3.89 10.51
5 v 0.25 4.10 16.40

All experiments were conducted in triplicate using free and immobilized tyrosinase. Average errors in
kinetic parameters were 2—4% for Km and 1-3% for Vmax. L-Tyrosine was used as substrate.

Catalysts I11-1V showed a higher rate and catalytic efficiency than catalysts I-11 (Table
9, entries 4-5 versus entries 2-3), confirming the beneficial role of the LbL. Note that
catalyst | was more active than catalyst Il (Table 9, entry 2 versus entry 3), probably as
a consequence of conformational changes occurring when the enzyme was directly
adsorbed on the surface of the OL nanoparticles.

The synthetic versatility of catalysts I-1V was then evaluated in the oxidation of a
panel of selected phenols 1-4 (Figure 2.28) to obtain the corresponding catechol
derivatives  5-8, including  bioactive  hydroxytyrosol 6%, and  3,4-

dihydroxydihydrocinnamic acid 8%,
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Figure 2.28. Oxidation of phenols 1-4 with catalysts 1-1V

Catechols are characterized by several biological activities and are well recognized as
antioxidant compounds®®*. The biotechnological potential of tyrosinase in the synthesis
of catechols has received a great degree of attention because they are difficult to obtain
under environmentally friendly conditions by means of traditional chemical
procedures'®. As a general procedure, phenols 1-4, catalysts I-1V (540 units), and
ascorbic acid AA (2.0 equiv) were stirred in PBS (0.1 M, pH 7.0, 5.0 mL) at room
temperature, under a dioxygen atmosphere (O2). Ascorbic acid was used as an internal
reducing agent to avoid the polymerization of the quinone intermediates!®®. As a general
trend, catalysts I-1V were able to oxidize phenols to corresponding catechols from
moderate to high yield. No oxidation was observed in the presence of OL alone.
Irrespective from the experimental conditions, catalysts 111 and IV were more reactive
than catalyst 11, affording the desired catechol in acceptable yields. The oxidations were
very selective, catechol derivatives being the only isolated products besides to unreacted
substrate. In the case of catalyst I, a lower selectivity was observed, since catechols were
detected only in low yield with respect to the total conversion of substrate (Table 10, entry
2-5).
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Table 10. Oxidation of Phenols 1-4 with Native Tyrosinase and Catalysts I-1V.

Entry  Catalyst Substrate Product(s) % Conversion %Yield
1 Tyr 1 5a 99 98
2 I 1 5a[5b] 91 20
3 ] 1 5a 40 39
4 i 1 5a 59 59
5 v 1 5a 75 75
6 Tyr 2 6 96 96
7 I 2 6 35 25
8 1 2 6 20 18
9 i 2 6 38 37
10 v 2 6 46 46
11 Tyr 3 7 77 77
12 | 3 7 18 7
13 1 3 7 15 15
14 i 3 7 21 20
15 v 3 7 28 28
16 Tyr 4 8 78 78
17 | 4 8 34 12
18 1 4 8 30 30
19 i 4 8 57 56
20 [\ 4 8 67 65

The oxidation was performed on 0.02 mmol of substrate with the appropriate catalyst
(540 units) in PBS (0.1 M pH 7) at 25°C under O, atmosphere for 24 h.

The low mass balance was probably due to over-oxidation processes, as confirmed by

the isolation of a product of oxidative coupling, compound 5b, in the oxidation of para-

cresol 1 (Table 10, entry 2). Moreover, the low yield observed in the oxidation of phenol

3 (Table 10, entries 11-15) was probably ascribable to the known inhibitory activity

reported for this compound against tyrosinase!®’. Recycling experiments proceeded with

success in the oxidation of phenol 1, as a selected example. After the first oxidation,

catalysts I-1VV were recovered by centrifugation, washed, and reused with fresh substrate.

As shown in Table 11, catalysts I-1VV were used for at least 5 cycles with only a slight

decrease of activity.

Table 11. Recycling of catalyst I-IV in the oxidation of para-cresol 1.

Entry Run Catalystl Catalystl CatalystIIl  Catalyst IV
(Yield %)  (Yield %) (Yield %) (%Yield)
1 1 20 39 59 75
2 2 20 39 59 75
3 3 15 32 51 70
4 4 11 27 46 67

5

5

9

21

42

61

Reusability is expressed as the yield in % of catechol 5a obtained by

oxidation of 1 with catalyst I-IV.
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2.4 Functionalized Laccase-Lignin Nanoparticles as
Sustainable Catalysts for the Oxidation of Alcohol

2.4.1 Aim of work

In line with the previous work, in this project we exploited the ability of lignin to
interact with laccase?. Laccases (benzenediol:oxygen oxidoreductases, EC
1.10.3.2)(Lac) are the simplest multi-copper enzymes in nature®®. They oxidize phenols
and other organic compounds by copper-mediated four electrons reduction of molecular
oxygen to water, without the intermediate formation of hydrogen peroxide®®. The
industrial interest in these enzymes lies in their low substrate selectivity, high catalytic

200 yseful properties for bio-refinery processes?™,

constants and thermal resistance
biosensors and biofuel cells?2, The immobilization of Lac on solid supports improves the
electro-chemical efficiency?®, the recovery of products and the multiple reuses in
catalysis, with rapid termination of reactions and greater variety of bioreactor designs?®,

Different strategies have been reported for the Laccase immobilization on several
support, including 1-aminopyrene mediated rt-stacking interactions?®®, amino linkers?%,

hydroxyapatite nanocomposites?®’

, and cross-linking with glutaraldehyde/bovine serum
albumin (BSA)?%, with or without the presence of redox mediators?®®. Redox mediators
act as electron shuttles for the oxidation of substrates with high redox potential, diffusing
far away from the active site?!®. These procedures show different degree of efficiency,
due to conformational changes that can partially deactivate the enzyme (mainly in the
case of covalent bonds)?:.

The folding structure of the protein, associated to the prevalence of Coulombic forces
in non-ionic medium with respect to hydrogen bonding and hydrophobic polar type
interactions, emerged as crucial parameters in the self-assembly of proteins on the lignin
surface'®,

Moreover, lignin showed high boosting activity towards copper oxidative enzymes,
such as Lytic Polysaccharide MonoOxygenases (LPMOs), through long-range electron
transfer mechanisms between the aromatic moieties and the metal atoms in the active site

of the enzyme!®®.
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The novel catalysts have been characterized regarding to their structural and kinetic
properties, and they have been successively applied for the oxidation of selected alcohol
to corresponding aldehyde.

Laccase is a promising biocatalyst with many possible applications, including
bioremediation, chemical synthesis, bio-bleaching of paper pulp, biosensing, textile

finishing and wine stabilization.

2.4.2 Experimental part

Preparation of cationic lignin

The cationization reaction of lignin was performed following the procedure from
literature®®. Briefly, a 10 mg/ml solution of lignin organosolv was prepared in 0.1 M
NaOH followed by addition of glycidyl tetramethyl ammonium chloride (2 mg per mg of
lignin) dropwise. The reaction occurred at 60 °C for 2 hours under magnetic stirring.
Reaction product was dialyzed for 24 hours against deionized H20 using Spectrapore™
dialysis membrane (3.5 kD MWCO) (SPECTRUM, Dallas, TX, USA). The final yields
of pH 7 soluble was 100% respect to initial lignin dry weight.

Preparation of Catalyst I

Catalyst | preparation consist of encapsulating the enzyme in the OL nanocapsule.
Briefly, an appropriate amount of laccase (2.0 mg, 1,05 U/mg) was added to a solution of
OL in THF (2.0 mg/mL, 5.0 mL) previously filtered by a 0.45 pum filter membrane
(PALL, Port, Washington, NY, USA). The solution obtained was dialyzed against
deionized MilliQ water (SIEM, Bologna, Italy) (500 mL) for 24 h at 25 °C under slow
magnetic stirring (STUART, Staffordshire, UK), using a Spectrapore™ dialysis
membrane (3.5 kD MWCO) (SPECTRUM, Dallas, TX, USA). Catalyst | was recovered
by centrifugation (20 min at 6000 rpm) (HETTICH, Tuttlingen, Germany) and the
surnatant was used for the calculation of the activity parameters. The catalyst was washed
several times with sodium acetate buffer 0.1M in order to ensure the complete removal

of unbounded laccase (as evaluated by the Bradford method).
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Preparation of Catalyst 11

Catalyst 11 was prepared by the random adsorption of laccase on preassembled OL
nanoparticles prepared by the dialysis protocol”. Briefly, OL solution (THF, 2 mg/mL)
previously filtered by a 0.45 um filter membrane, was dialyzed against deionized water
for 24 h at 25 °C with slow magnetic stirring, using a Spectrapore™ dialysis membrane
(3.5 kD MWCO). Finally, the OL nanoparticles obtained were centrifuged (20 min at
6000 rpm), washed with Milli-Q water, and lyophilized. The appropriate amount of
laccase (2.0 mg, 1.04 U/mg), dissolved in sodium acetate buffer (1.0 mL, 0.1 M; pH 5),
was added to a suspension of OL nanoparticles (10 mg) in same buffer (15 mL) under
orbital shaking at room temperature for 24 h. Catalyst 11 was recovered by centrifugation
(20 min at 6000 rpm) and the surnatant was used for the calculation of activity parameters.
The catalyst was washed several times with sodium acetate 0.1M buffer in order to ensure

the complete removal of unbounded laccase (as evaluated by the Bradford method).

Preparation of Catalyst 111

The OL nanoparticles were coated with PDDA applying the LbL procedure.
Briefly, a suspension (15 mL) of OL nanocapsules in MilliQ water (1 mg/mL, pH 4.2)
was added dropwise to PDDA solution (1 mg/mL, Milli-Q water) under slow magnetic
stirring. After 2 h, the final suspension was centrifuged in order to recover OL-PDDA
nanoparticles followed by washing with Milli-Q water and was then lyophilized. Laccase
(2.0 mg, 1,04 U/mg) dissolved in sodium acetate buffer 0.1M (1.0 mL, 0.1 M; pH 5) was
added to a suspension of OL-PDDA nanoparticles (10 mg) in same buffer (15 mL) under
orbital shaking at room temperature for 24 h. Catalyst 111 was recovered by centrifugation
(20 min at 6000 rpm) and the surnatant was used for the calculation of the activity
parameters. The catalyst 111 was washed several times with sodium acetate buffer 0.1M
in order to ensure the complete removal of unbounded laccase (as evaluated by the
Bradford method).

Preparation of Catalyst IV

The OL-PDDA nanoparticles were prepared as described above and then used in
order to immobilize BSA and laccase by crosslinking with GA. Briefly, laccase (2.0 mg)
and BSA (2.0 mg) were added to OL-PDDA nanoparticles suspension (4 mg/mL, 3 mL

sodium acetate buffer 0.1M), and the mixture was shaken for 30 min at room temperature.

93



CHAPTER 2 BIO-NANO TECHNOLOGIES

Finally, GA (150 uL, 2.5% v/v water solution) was added and the mixture was shaken
again at room temperature for 30 min and then at 4 °C overnight. Catalyst 1V was
recovered by centrifugation (20 min at 6000 rpm) and the surnatant was used for the
calculation of activity parameters. The catalyst was washed several times with sodium
acetate buffer 0.1M in order to ensure the complete removal of unbounded laccase (as
evaluated by the Bradford method).

Preparation of Catalyst V

The OL nanoparticles were coated with CATLIG applying the LbL procedure®.
Briefly, a suspension (15 mL) of OL nanocapsules in MilliQ water (20 mg/mL, pH 4.2)
was added dropwise to CATLIG solution (1 mg/mL, Milli-Q water) under slow magnetic
stirring. After 2 h, the final suspension was centrifuged in order to recover OL-CATLIG
nanoparticles followed by washing with Milli-Q water and was then lyophilized. Laccase
(2.0 mg, 1,04 U/mg) dissolved in sodium acetate buffer 0.1M (1.0 mL, 0.1 M; pH 5) was
added to a suspension of OL-CATLIG nanoparticles (10 mg) in same buffer (15 mL)
under orbital shaking at room temperature for 24 h. Catalyst V was recovered by
centrifugation (20 min at 6000 rpm) and the surnatant was used for the calculation of the
activity parameters. The catalyst V was washed several times with sodium acetate buffer
0.1M in order to ensure the complete removal of unbounded laccase (as evaluated by the
Bradford method).

SEM Characterization

For Scanning Electron Microscopy (SEM), catalysts (I-V) were fixed with 3% GA
in 0.1 M cacodylate buffer (pH 7.2), washed, and post-fixed in OsO4 (1.0% in weight) in
the same buffer at room temperature. The samples were dehydrated in ethanol series
before the analysis, air dried, and sputter-coated with gold in a Balzers MED 010 unit
(Balzers, Liechtenstein). The observation was made by a JEOL JSM 6010LA electron

microscope (Tokyo, Japan).

Enzyme activity assay

Free laccase and each catalyst activity were assayed using 2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt as the substrate. The reaction
mixture for the standard assay contained 5 mM ABTS, sodium acetate buffer (pH 5.0),

and the enzyme solution in a total volume of 200 uL. The formation of the cation radical
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was detected by measuring the absorbance increase at 420 nm (£420= 36,000 M-1 - cm-
1). One unit of laccase activity was defined as the amount of enzyme that catalyzed the

oxidation of 1 umol of ABTS in 200 pL reaction mixture at 25 °C in 1 min.

Kinetic Constants of Laccase

Michaelis-Menten constants (Km) and catalytic constants (Kca) of free laccases and
each system were determined using various ABTS concentrations (125 uM-5000 uM) in
sodium acetate buffer (pH 5.0). Lineweaver-Burke plots were drawn from the initial rates
obtained at various substrate concentrations while the amount of enzyme was kept

constant. The value are calculated by GraphPad software.

Identification and characterization of products

GC-MS analyses were performed on a Varian 450GC-320 MS apparatus using a SPB
column (25 m x 0.25 mm and 0.25 mm film thickness) and an isothermal temperature
profile of 70°C for 2 min, followed by a 10 °C min—1temperature gradient to 280 °Cfor
25 min. The injector temperature was 280 °C. Chromatography-grade helium was used
as the carrier gas with a flow of 1 ml/min. Mass spectra were recorded using a Varian 300

MS/MS with an electron beam of 70 eV. Acetophenone was used as internal standard.

Catalyst recycling

The reusability of catalysts 111-1V was evaluated as follows: 4-methoxybenzyl
alcohol (20 mM), immobilized Lac (0.65 U), and TEMPO (6 mM) were placed in Na-
acetate buffer 0.1 M pH5 (1.0 ml). After 16 h, the catalyst was recovered by centrifugation
and reused with fresh TEMPO (6.0 mM) and substrate (20 mM). For each run, the

reaction mixture was extracted with EtOAc and the products analyzed by GC-MS.

Oxidation of alcohols: General procedure

Several aliphatic and aromatic alcohols was oxidized, including benzylalcohol 1, 4-
methoxybenzyl alcohol 2, cinnamyl alcohol 3, geraniol 4, 4-cholorobenzyl alcohol 5. The
oxidations were carried out using the following conditions: alcohol (20 mM), catalysts -
V (0.65 U) and the mediator (TEMPO; 6.0 mM) were placed in 0.1 M Na-acetate buffer
pH 5 (1.0 ml) in vigorous stirring at room temperature in presence of O,. Reactions were
monitored by thin layer chromatography (TLC). After the disappearance of the substrate,
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the reaction mixture was extracted with ethyl acetate (EtOAc) (10 ml x 2 times). The
organic extracts were treated with a saturated solution of NaCl and dried over anhydrous
NaxSOg4, then filtered and concentrated under vacuum to yield the crude. In the case of
immobilized enzyme, catalysts 1-V were recovered by filtration and the solution were

subjected to the same work up described above.

2.4.3 Results and discussion

Preparation of catalyst 1-V

A total of five enzyme immobilization procedures were used: encapsulation (1),
random adsorption (I1), layer-by-layer adsorption using PDDA (I11) or cationic lignin
(CatLig) as positive layer, (V) and cross-linking method (1V).

Alkali Lignin nanoparticles have been previously reported as containers for drug
delivery systems'®*, The catalyst | consisted in the formation of nanoparticles by slow
solvent exchange in the presence of the Laccase to be immobilized. At the end, the
encapsulated laccase was recovered by centrifugation and washed to remove the excess
of the enzyme (Figure 2.29). Scanning electron microscopy (SEM) images of catalyst |
are reported in Figure 2.30.

Catalyst 11 was prepared by exploiting the random interactions between the enzyme
and the surface of lignin nanospheres such as n-n interaction, H-bond, hydrophobic and

Van der Waals interactions.
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Jist
g CATI Laccase encapsulated CATIV  Laccase adsorbed and crosslinked
& “ with BSA on PDDA/NOL

(LbL procedure)

CAT Il Laccase directly adsorbed CATV  Laccase adsorbed on CATLIGY/NOL

(LbL procedure)
CATLIG: cationic lignin ,"g,',h Laccase TvL 6}%“ A BSA _ Gluteraldehyde
PDDA: poly diallyldimethyl ammonium &5 (Trametes Versicolor) P (Bovine serum albumine) crosslink

Figure 2.29 Schematic representation of the lignin nanosphere/laccase preparation procedure.

Recent studies explain that the peptides containing histidine, phenylalanine, proline,
and serine residues had the best affinity to the lignin surface!*2. In this procedure the
enzyme is immobilized maintaining its catalytic efficiency. Here the preformed lignin
nanospheres are immersed directly in the enzyme solution. At the end, the randomly
adsorbed laccase was recovered by centrifugation and washed to remove the excess of
the enzyme. Scanning electron microscopy (SEM) images of catalyst Il are reported in
Figure 2.30.

Lignin nanospheres have a typical negative surface Z potential. This property makes
it possible to coat the lignin surface with an opposite charge polyelectrolyte stabilized by
the electrostatic attractions, typical of Layer by Layer technique (LbL). Catalyst 111 and
V were prepared using LbL procedure, where the lignin nanosphere was coated with
PDDA or Catlig respectively. The preformed nanospheres were coated by immersion in
the appropriate polyelectrolyte solution and subsequently washed to remove the non-
adsorbed excess. The coated nanospheres obtained are suitable for immobilization of the
enzyme which instead shows an opposite negative charge. Generally, the nanospheres
were immersed in the enzymatic solution where adsorption will take place. Scanning
electron microscopy (SEM) images of catalyst 111 and V are reported in Figure 2.30.

The PDDA coated nanospheres were also used to prepare catalyst 1V via cross-linking
technique. Briefly, they were immersed in a solution of Laccase and BSA to achieve a
co-adsorption process. After the washing step to remove the non-adsorbed protein excess,

the nanospheres were inserted into a glutaraldehyde solution that cross-links the proteins
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together. BSA performs as an inert protein with an isoelectric point close to that of
tyrosinase, to partially reduce the amount of surface area available for the enzyme, while
GA forms a protective three-dimensional network. Scanning electron microscopy (SEM)
images of catalyst IV are reported in Figure 2.30.

Figure 2.30 SEM images of standard nanosphere and catalysts

Activity parameters of catalysts I-V

The Laccase (Lac) activity was determined by the ABTS assay?!!, which accumulates
following the oxidation of ABTS at 436 nm (the enzyme unit is defined as the increase in
absorbance of 103 unit/min at 25 °C in 0.1M Na-acetate buffer, pH 5.0).

The immobilization and activity yields were evaluated as reported in equations 1 and
2, respectively:

Activity (units/mg) = Ux/Wsupport 1)
Activity yield (%) = [Ux/(Ua — Ur)] x 100 (2)
Immobilization yield (%) = [(Ua — Ur)/Ua] x 100 3)

Where Ua is the total activity (units) of the enzyme added to the solution and Ur is the
residual activity (units) evaluated by the ABTS assay method in the washing solutions.

As reported in Table 12, catalysts 111-1V-V showed a value of the immobilization yield
higher than that of catalysts I-11, suggesting a better performance of the LbL procedure

in the immobilization of laccase with respect to encapsulation and direct adsorption
98



CHAPTER 2 BIO-NANO TECHNOLOGIES

procedures (entries 3-4 versus entries 1-2). The activity yield followed a similar trend.
Note that catalyst IV was characterized by the highest value of the activity yield
confirming the beneficial role of BSA and GA in the retention of the tyrosinase catalytic
performance after the immobilization process. The activity of catalyst 11-1V was

188 124

comparable to that previously reported laccase**® and tyrosinase based nanocatalysts**.

Table 12. Loading factor and activity parameters of each catalyst.

Catalyst £ oading (%) Activityb Activity Immobilazatcion
nzyme loading (%) vigiq (06)”  (U/mg) yield (%)

I 51,1 5,6 0,12 6,9

1 31,6 20,6 0,31 25,8

i 69,4 65,4 0,59 64,1

\Y] 72,1 65,7 0,71 66,6

\% 60,6 54,1 0,56 55,2
Free LAC - - 1,066 -

Kinetic study of alcohol oxidation

Catalysts I-1V were characterized for their kinetic properties using ABTS (in the range
0.33-0.5 mM) as substrate and plotting data to a double reciprocal Lineweaver—Burk plot
(Table 13). Data for native laccase are also reported as a reference (table 9, entry 6).
Irrespective from the procedures used for the immobilization, Vmax decreased and K
increased for supported laccase, which led to an expected partial reduction in the catalytic
efficiency with respect to free enzyme. Similar trends in K and Vmax values have been
reported for laccase immobilized on other carriers, they being attributed to mass transfer

limitation processes®®,

Table 13. Kinetic parameters of each catalyst.

3d R -

Run  Catalyst K, (mM) V.o (x10) VK (x10) K_(s)
1 Catl  09+0,001 99+ 2 0,100 4482
2 Catll  0,21+0,002 501 + 12 2,385 41£1,1
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3 Cat 111 0,17 + 0,002 1245+ 19 7,323 70+2,0
4 Cat IV 0,16 + 0,001 1525+ 21 9,531 89+19
5 CatVv 0,17 £ 0,003 1141+ 18 6,711 6414
6 Free Lac 0,13+ 0,002 1980 = 29 15,230 98 +1,7

Catalysts 1V followed by 111-V showed the highest rate and catalytic efficiency with
respect to catalysts I-11 (Table 13, entries 3-4-5 versus entries 1-2), further confirming

the beneficial role of the LbL procedure.

Synthetic applications of catalysts 1-V

The synthetic versatility of catalysts I-V was then evaluated in the oxidation of a panel
of selected alcohols: benzyl alcohol 1, 4-methoxybenzylalcohol 11, cinnamyl alcohol 111,
geraniol 4 and 4-cholorobenzyl alcohol 5 to obtain the corresponding aldehyde
derivatives 6-10 (Figure 2.30).

0 | Chh Ay
1 Q/OH 2 \©\/OH E T T ©\///\,OH 5 | AN_OH

Aldehyde

Aleohol TEMPO Catalyst 24h TA Adehyde

(1,234,5) > (5,7,89,10)
0O, Buffer acetate pH 5

Figure 2.31 Substrates (alcohols) and products (aldehydes) and condition used for catalysis oxidation

The oxidative synthesis of aldehydes usually requires organometallic species with low
selectivity and high environmental impact?*4. Briefly, compounds 1-5 (20 mM) and
TEMPO (6 mM) were treated with catalysts I-V (0.65 U) in 0.1 M Na-acetate buffer pH
5 (1.0 ml) at 25°C for 24 h (Figure 2.31). In the absence of the redox mediator, the
oxidation was not observed, probably because none of the substrates are natural targets
for Lac?®™. It is known that the active form of TEMPO is the oxoammonium ion. This
intermediate oxidizes the alcohol to aldehyde producing the corresponding

hydroxylamine that can be regenerated by reaction with the oxoammonium cations?:®.
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As expected, lignin nanosphere alone showed any catalytic activity. Catalysts 1V and

V showed a reactivity higher than catalyst 11 and I11 (see table 14). The presence of the

LbL coating resulted in any appreciable kinetic barrier for the diffusion of the substrate.

Catalyst I instead showed very low activity, probably for impossibility of the substrate to

cross lignin shell towards inner. This behaviour of catalyst I was further confirmed by

electrochemical studies. Generally, note that catalysts 11-V performed better than Lac on

Eupergit C250L, producing highest yield of aldehydes with a smaller amount of enzyme
(i.e., 0.65 U for catalysts 11-V compared to 10 U in the case of Eupergit C 250 L and

respect to laccase immobilized on MWCNT?!?,

Table 14. Yield of alcohol oxidation for each catalyst

% Yield

Entry Catalyst Substrate Product(s) % Yield Entry Catalyst  Substrate Product(s)
1 [ 1 6 0,1 16 [ 4 9 0,1
2 I 1 6 35 17 I 4 9 49,8
g i 1 6 45 18 m a 9 84,1
4 Iv 1 6 201 19 \% 4 9 99
5 v 1 6 11,9 20 Vv 4 9 99
6 I 2 7 0,1 21 | 5 10 4
7 L 2 7 22,1 22 Il 5 10 6.3
8 i 2 7 359 23 I 5 10 36,5
9 v 2 Z =2 24 \Y 5 10 99
10 v 2 7 98 25 Vv 5 10 98
11 [ 3 8 0,1
12 . 3 8 35,4 Oxidation yield
13 I 3 8 50,6
14 v 3 8 99
15 v 3 : 95

Yield (%)

mlmllwlll sV ay

.l J I

Data on variation of yield in function of time for the oxidation of compounds 2 with

catalyst V are reported in figure 2.32, as selected representative examples. In accordance

with reactivity of benzyl alcohol derivatives using catalyst Lac/TEMPO under similar

experimental conditions, the rate of variation of yield increased by increasing the number

of electron donor groups on the aromatic ring?*’.
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KINETIC OXIDATION ASSAY
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Figure 2.32 Kinetic study oxidation of catalyst V

The reusability of catalysts 111-1V were evaluated by oxidation of 4-methoxybenzyl
alcohol 2, as a selected representative example. As a general trend, catalysts 1V retained
a reactivity higher than 111, showing c.a. 50% con-version of substrate after 6 runs (Figure
2.33). These results further confirm the capability of the LbL procedure to create a

specific microenvironment to protect the enzyme from denaturing agents:2,

CAT IV AND Il REUSABILITY ASSAY
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Figure 2.33. Catalysts recycle. Compounds 2 (20 mM) and TEMPO (6 mM) was treated with catalysts 11—
IV (0.65 U) in 0.1 M Na-acetate buffer pH 5 (1.0 ml) at 25°C for 16 h. Results are the mean of three different
experiments. Standard deviations were less than 3%.
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Electrochemistry study

- Pseudo-Direct electron transfer

In order to demonstrate the influence of different immobilization methods of laccase
(TvL) in/onto lignin nanocapsule (NOL) and the electrocatalytic behaviour of the so
prepared catalysts, cyclic voltammogramms (CVs) were carried out in 120 mM Britton-
Robinson (B-R) buffer pH 5.5. added with100 mM KCIO4 (pseudo-DET) and in ABTS
solution prepared in 120 mM Britton-Robinson (B-R) buffer pH 5.5 added with 100 mM
KCIO4 (MET). The pseudo-DET mechanism occurs at the electrode according to the
following scheme (figure 2.34):

DET mechanism MET mechanism

w w
E . :
0 [ COMPETITION
i i
] -

A’ﬁ? u

\) %1\ pesudo-DET mechanism pseudo-DET mechanism
’_;
Lignin nanocapsules Lignin nanocapsules

Figure 2.34. Electrocatalytic mechanism in absence and in presence of ABTS as freely diffusing mediator.

Figure 2.35 shows the CVs in absence of TvL (black line) and in presence of TvL
encapsulated in the lignin nanocapsules (red line), where it is not possible to observe any
catalytic effect. This result could be ascribed to the impossibility for laccase to be in direct
contact with the electrode. On the one hand, it is impossible for the latter to donate
electrons to the T1 site, hindering the internal electron transfer to T2/T3 cluster where the
reduction of O to H,O occurs. On the other hand, it is possible to assume a hindering of
O diffusion occurring at the interface solution/nanocapsule, being low the amount of O
available as substrate for TvL.

Figure 2.35 B displays the CVs in absence of TvL (black line) and in presence of
TvL randomly adsorbed onto NOL surface with a slight electrocatalytic wave starting at
approximately EONSET= 0.398 V vs. SCE rising up to -23 pA cm-2 at 0 V' vs. SCE. In
this case, the result can be explained with the random orientation of enzyme onto the
nanocapsules.

Afterwards, by applying a positive layer of PDDA on the layer-by-layer coating of

NOL, it was possible to obtain a higher catalysis starting at approximately EONSET=
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0.320 V vs. SCE rising up to -35 pA cm-2 at 0 V vs. SCE, as shown in the CV reported
in Figure 2.35 C (red line). As mentioned before, the higher performance of this catalyst
is ascribable to the positive electrostatic interaction between the PDDA layer, that is
positively charged (6+) at pH 5.5, and the partially negatively charged enzyme. Moreover,
the hydrophobic interactions between PDDA and the hydrophobic pocket of the enzyme
may positively affect the electrocatalytic properties of this catalyst.

Figure 2.35 D presents the CVs in absence of TvL (black line) and in presence of TvL
cross-linked onto the PDDA layer by using BSA and GA (red line) with a slight
electrocatalytic wave starting at approximately EONSET= 0.290 V vs. SCE rising up to
-18 HA cm-2 at 0 V vs. SCE. In this case, the low effect can be ascribed to the packing of
the enzyme associated to the cross-linking procedure which may hinder the oxygen
diffusion and the electron transfer process.

Finally, Figure 2.35 E shows the CVs in absence of TvL (black line) and in presence
of TvL adsorbed onto cationic lignin nanocapsules with a clear electrocatalytic wave
starting at approximately EONSET=0.315 V vs. SCE rising up to -25 pAcm-2 at 0 V vs.
SCE. This result can be ascribed to the electrostatic interaction between the positively

recharged nanocapsules (cationic lignin) and the negatively recharged laccase.
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Figure 2.35 CVs of NOL (A-E, black line), Cat I (A, red line), Cat Il (B, red, line), Cat 111 (C, red line),
Cat IV (D, red line) and Cat V (E, red line) performed in 120 mM Britton-Robinson buffer pH 5.5 + 100
mM KCIO; at a scan rate of 5 mV s2,
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- Mediated electron transfer

In order to elucidate the mechanism governing the electron transfer of the different
catalysts, we have performed also experiments in mediated electron transfer by using
ABTS as mediator. Figure 2.36 A shows the CVs in absence of TvL (black line) and in
presence of TvL encapsulated in the lignin nanocapsules (red line), where it is possible to
observe a clear catalytic wave starting at approximately Eonser= 0.398 V vs. SCE rising
up to -110 pA cm? at 0 V vs. SCE. In the black CV it is possible to observe only one
couple of peaks even if there are two redox processes occurring at the electrode surface,
namely ABTS/ABTS™ redox process and QH2/Q (for the lignin nanocapsules). This can
be probably ascribed to the small difference in terms of formal potential and slow kinetics
of the aforementioned redox processes. Since the electrocatalytic wave start
approximately at the formal potential of ABTS and no other contributions can be
observed, we can assume that the ABTS diffuses through the lignin nanocapsules
donating the electrons to the T site. However, the lower catalytic performance can be
ascribed to the poor diffusion of O, through the lignin nanocapsules, as observed in the
previous section for pseudo-DET experiments.

Figure 2.36 B displays the CVs in absence of TvL (black line) and in presence of TvL
randomly adsorbed onto NOL surface with an evident electrocatalytic wave starting at
approximately Eonser= 0.6 V vs. SCE rising up to -147 pA cm? at 0 V vs. SCE. In this
case, it is possible to observe two contributions on the electrocatalytic signal, one for the
mediated electron transfer operated from ABTS (catalytic wave starting at Eonsetr= 0.6 V
vs. SCE) and the other for the pseudo-DET occurring at lignin nanocapsule surface
(catalytic wave starting at Eonset=0.32 V vs. SCE). The low electrocatalytic performance
can be mainly ascribed to the random orientation of the enzyme onto the nanocapsules
surface.

Afterwards, by applying a positive layer of PDDA on the layer-by-layer coating of
NOL, it was possible to obtain the highest effect starting at approximately Eonset= 0.6 V
vs. SCE rising up to -193 pA cm™2 at 0 V vs. SCE, as shown in the CV reported in Figure
2.36 C (red line). As mentioned before, there are two contributions on the electrocatalytic
signal, one for the mediated electron transfer operated from ABTS (catalytic wave starting
at Eonset= 0.6 V vs. SCE) and the other for the pseudo-DET occurring at lignin
nanocapsule surface (catalytic wave starting at Eonser= 0.32 V vs. SCE). However, the
highest performance of this catalyst is ascribable to the positive electrostatic interaction

between the PDDA layer, positively charged (&) at pH 5.5, and the partially negatively
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charged enzyme. Moreover, also the hydrophobic interactions between PDDA and the
hydrophobic pocket of the enzyme may positively affect the electrocatalytic properties of
this catalyst.

Figure 2.36 D presents the CVs in absence of TvL (black line) and in presence of TvL
cross-linked onto the PDDA layer by using BSA and GA (red line) with a lower
electrocatalytic wave starting at approximately Eonser= 0.580 V vs. SCE rising up to -78
HA cm? at 0 V vs. SCE. In this case, it is still possible to observe both contributions
(MET and pseudo-DET) but the low electrocatalytic wave can be ascribed probably to
the hard packing of the enzyme through the cross-linking procedure which may hinder
the oxygen diffusion and electron transfer process.

Finally, Figure 2.36 E shows the CVs in absence of TvL (black line) and in presence
of TvL adsorbed onto cationic lignin nanocapsules with a clear electrocatalytic wave
starting at approximately Eonset= 0.620 V vs. SCE rising up to -157 pA cm2at 0 V vs.
SCE. In this case, it is still possible to observe both contributions (MET and pseudo-DET)
while the clear electrocatalytic wave can be ascribed probably to the electrostatic
interaction between the positively recharged nanocapsules (cationic lignin) and the

negatively recharged laccase.
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Figure 2.36 CVs of NOL (A-E, black line), Cat I (A, red line), Cat 11 (B, red, line), Cat Il (C, red line),
Cat 1V (D, red line) and Cat V (E, red line) performed in 500 uM ABTS solution (120 mM Britton-Robinson
buffer pH 5.5 + 100 mM KCIOQy) at a scan rate of 5 mV s7!,
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- Kinetic parameters determination

To be able to investigate the influence of nanocapsules and different immobilization
methods, several amperograms were recorded by applying a fixed potential of -0.050 V
vs. SCE and injecting 25 uM ABTS every 40 s. The kinetic parameters (Jmax, Km*P) are
listed in Table 15. The results are in good agreement with the results obtained by using
CV. Figure 2.36 A presents the amperograms recorded for the different catalyst, while
Fig. 3B displays the fitting obtained by using the Michaelis-Menten kinetic model.

Table 15. kinetic parameters (Jmax, Km?P) for the proposed catalysts.

Catalysts Jmax (MA cm??) Km?PP (mM)
| 171.5+3.9 0.67 £0.05
1 247.7+£5.7 0.44 +£0.02
il 381.0+8.7 0.46 £0.03
v 152.4+35 0.38+£0.03
\' 209.6+4.8 0.32+0.04

For the Jmax values it is possible to establish a trend as follows: Cat IV < Cat | < Cat V
< Cat Il < Cat Ill, while the Km?P seems to be quite similar except for the Cat | were the

Km®P is higher probably due to the diffusion of O, and ABTS through the nanocapsules.
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Figure 2.37. Chronoamperogram of Cat | (black), Cat Il (red), Cat 111 (blue), Cat IV (purple) and Cat V
(green) recorded by applying a fixed potential Eapp = -0.050 V vs. SCE under constant stirring: 400 rpm.
ABTS adding: 25 uM.
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3.1 Tyrosinase mediated oxidative functionalization in
the synthesis of DOPA-derived peptidomimetics with
anti-Parkinson activity

3.1.1 Aimofwork

Peptidomimetics are modified peptides?® with optimal bioavailability and biological
activity’®. The modifications usually involve N-alkylation, Cao-substitution, Co. and N-
replacement, heterocyclic generation, and backbone or side-chain transformations??t. Among
peptidomimetics, DOPA derivatives are of interest in the therapy of the Parkinson disease (PD)?%.
PD is one of the most important neurodegenerative disorder, characterized by dopamine (DA)
neuron loss in the substantia nigra pars compacta (SNpc) and depletion of DA content in the dorsal
striatum, which causes tremor at rest, muscle rigidity, akinesia (or bradykinesia) and postural
instability??,

DOPA peptides penetrate the blood brain barrier (BBB) by the aid of specific peptide-mediated
carrier transport systems (PMCTS)??, restoring adequate DA concentration in the surviving
dopaminergic (DAergic) neurons?®. They also preserve DOPA from the occurrence of fast
metabolic decarboxylation, avoiding the peripheral DA-related side effects (cardiac arrhythmias,
vomiting and hypotension)??, DOPA peptides showed bioavailability and anti-PD activity higher
than DOPA%,

The main synthetic pathway for the preparation of DOPA peptides is the solid-state

procedure??®

. This synthesis often requires tedious and long-time protecting/de-protecting steps,
with intrinsic low selectivity?®. As an alternative, procedures based on the oxidative side chain
modification of amino acids have been applied?®. The synthesis of DOPA peptides by selective
oxidation of tyrosine residues with tyrosinase from Agaricus bisporus was reported?. Tyrosinase
(monophenol, o-diphenol: oxidoreductase, E.C. 1.14.18.1) is a metalloprotein able to activate di-
oxygen for the conversion of tyrosine to DOPA (creolase or monophenolase activity) and to
DOPA quinone (catecholase or diphenolase activity, respectively). The replacement of the natural
amide bond in peptides with unusual covalent linkages is a general strategy to improve the stability
and activity of the molecule®?. We recently reported the synthesis of DOPA peptidomimetics with
stable O-C and N-C covalent bonds by oxidative functionalization of tyrosine with 2-

iodoxybenzoic acid (IBX)?, that is a biomimetic system of tyrosinase. The reaction proceeded
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through a Michael-like 1,4-addition of oxygen and nitrogen centred o—amino acids to reactive
DOPA ortho-quinone intermediate?. DOPA peptidomimetics containing glycine residues
showed the highest antioxidant effect in the 2,2-diphenyl picrylhydrazyl (DPPH) test, while valine
derivatives were the most active compounds in the comet assay in L5178Y (TK+/-) mouse
lymphoma cells.

The role of the oxidative stress in PD has been debated and reviewed”®. Data suggested that
the oxidative damage by active radical species might contribute to the cascade of events leading
to degeneration of DAergic neurons?®.

In this project was studied the directly application of tyrosinase for the nucleophilic oxidative
functionalization of tyrosine residues to yield DOPA peptidomimetics bearing stable O-C and N-
C bonds and characterized by antioxidant and anti-Parkinson activities. The reaction was effective
under heterogeneous conditions after immobilization of tyrosinase on multi walled carbon
nanotubes (MWCNTS). The main advantages of heterogeneous catalysis derive from the easy
product isolation, high enzyme loading and recyclability, thus minimizing the cost of the

processes®’

. The anti-Parkinson activity of novel DOPA peptidomimetics was evaluated by
electrophysiological recordings on individual dopaminergic neurons in rat ex vivo midbrain slices,
based on the ability of novel DOPA peptidomimetics to reproduce the effects of DA and DOPA
observed on the DAergic neurons in physiological conditions. Indeed, the low content of DA in
the basal ganglia nuclei occurring in PD is currently mainly treated with DOPA which is converted
to DA by the aromatic amino acid decarboxylase enzyme. Therefore, the efficacy of potential anti-

PD drugs should be expressed through their ability to mimic DA/DOPA effects.

3.1.2 Experimental

Materials

Mushroom tyrosinase from Agaricus bisporus (Tyr), multi-walled carbon nanotubes
(MWCNTSs), L-tyrosine, bovine serum albumin (BSA), glutaraldehyde (GA),
polydiallyldimethylammonium chloride (PDDA), sodium sulfate anhydrous (Na:SOs), Boc-
Tyrosine-OMe, amino acids differently protected and organic solvents were purchased from
Sigma—Aldrich. All spectrophotometric measurements were made with a Varian Cary50 UV-Vis
spectrophotometer equipped with a Peltier thermostatted single cell holder. 1H and 13C NMR

spectra were recorded on a Bruker (400 MHz) spectrometer. Mass spectra were recorded on a VG
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70/250S spectrometer with an electron beam of 70 eV. All experiments were done in triplicate using
native and immobilized tyrosinase in EtOH/buffer system and in H,O medium. Sodium phosphate
[(PBS) 0.1 M, pH 7.0] was used as the buffer solution.

Preparation of catalyst MWCNT/Tyr.

MWCNT/Tyr was prepared as previously reported®. Briefly, PDDA coated MWCNTS in PBS
were treated with a mixture of Tyr (0.2 mg) and BSA (0.6 mg) for 30 minutes. Glutaraldehyde (GA,
2.5%) was added to reach a final volume of 800 pL and the mixture was shaken at 25°C for 30 min
and at 4°C overnight. The excess enzyme and GA were removed by centrifugation (6000 rpm x 20
min) and the surnatant was used for the calculation of activity parameters. The catalyst was finally
treated with 1.5 mL TRIS-HCI 0.1M pH 7.2 by shaking for 1h at 4°C and centrifuged.
MWCNT/Tyr was washed several times with PBS in order to ensure the complete removal of

unbounded Tyr (as evaluated by the Bradford method).

Activity data.

The activity of native and immobilized Tyr was determined by measuring the oxidation of L-
tyrosine. The reaction was started by adding L-tyrosine to the solution of Tyr or MWCNT/Tyr in
PBS under magnetic stirring. The initial rates were measured as linear increase in optical density at
475 nm, due to dopachrome formation. One unit of enzyme activity was defined as the increase in
absorbance of 0.001 per minute at pH 7, 25°C in a 3.0 mL reaction cuvette containing 0.83 mM of
L-tyrosine and 67 mM of PBS pH 7.0. The activity was expressed as activity unit per milligram of
support:

Activity (U/mg) = Ux/Wsupport

where Ux is the activity of the immobilized enzyme assayed by dopachrome method. The
activity yield represents the % of the ratio of activity of the immobilized enzyme to the total units of

native enzyme used:

Activity Yield (%) = [Ux/(Ua—Ur)] -100

where Ua is the total activity of enzyme (unit) added in the solution and Ur is the activity of the
residual Tyr (unit) evaluated by dopachrome method in the washing solutions. The immobilization

yield is defined as:

111



CHAPTER 3 BIO-MIMETIC SYSTEMS

Immobilization Yield (%) = [(Ua— Ur)/Ua] -100

General procedure for preparation of Dopa peptidomimetics

BTO 1 (0.068 mmol) was dissolved in 12 mL of EtOH/ PBS v/v, then amino acid (0.68 mmol)
and tyrosinase from Agaricus bisporus or Tyr/MWCNT (600 UA) were added. The reaction
mixture was stirred at 25°C for 24h. 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 HO and 2.0 eq. of NaxS20; 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 H>O. The organic layers were collected dried with Na;S204 and
concentrated under reduced pressure. The crude product was purified by flash-chromatography.
Compounds Gly-N-C-Dopa 6, Val-N-C-Dopa 7, Gly-O-C-DOPA 8, and Val-O-C-DOPA 9 were
obtained from compounds 2,3,4 and 5 respectively using an aqueous solution of HCI 6N for 2h at
reflux. The crude was then concentrated under reduced pressure and washed with hexane to yield

the desired products.

Spectroscopic data

OMe-Gly-N-Boc-DOPA-OMe (2) Oil 1H NMR (400 MHz, CDCI3): 8H (ppm) = 1.44 (9H, s,
3xCH3), 2.90-3.10 (2H, m, CH2), 3.74 (3H, s, OCH3), 3.93 (2H, s, CH2), 4.11 (3H, s, OCH3),
462-5.14 (1H, m, CH) , 7.24 (1H, s, CH), 7.42 (1H, s, CH) 13C NMR (100 MHz, CDCI3): 8H
(ppm) = 28.04 (3xCH3), 32.21 (CH2), 42.89 (CH2) 52.47 (OCH3), 52.59 (OCHS3), 56.59 (CH),
80.48 (-C[1), 113.58 (Car), 117.31 (Car), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car),
158.32 (C=0), 171.90 (C=0), 172.64 (C=0). MS (EIl): 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.

N-Boc-Gly-N-Boc-Dopa-OMe (3) Oil 1H NMR (400 MHz, CDCI13): 6H (ppm) = 1.28(9H, s,
3xCH3), 1.44 (9H, s, 3xCH3), 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, CDCI3): H
(ppm) = 28.08 (3xCH3), 28.70 (3xCH3), 32.47 (CH2), 42.89 (CH2) 52.47 (OCHS3), 55.79 (CH),
79.53 (-CLJ), 80.48 (-CL1), 113.58 (Car), 117.31 (Car), 119.31 (Car), 141.44 (Car), 144.76 (Car),
146.56 (Car), 155.80 (C=0), 158.32 (C=0), 171.90 (C=0), 172.64 (C=0). MS (El): 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.

112



CHAPTER 3 BIO-MIMETIC SYSTEMS

OMe-Val-N-Boc-Dopa-OMe (4) Oil 1H NMR (400 MHz, CDCI3): 6H (ppm) = 0.89 (6H, d,
2xCH3) J=4, 1.32 (9H, s, 3xCH3), 2.90-3.10 (3H, m,CH,CH2), 3.74 (3H, s, OCH3), 3.76-3.83
(1H, m, CH), 3.81(3H,5,0CH3), 4.49-5.10 (1H, m, CH), 7.49 (2H, s, 2xCH) 13C NMR (100 MHz,
CDCI3): 8H (ppm) = 19.25 (2xCH3), 28.04 (3xCH3), 30.63 (CH), 32.21 (CH2), 52.47 (OCH3),
52.59 (OCHS3), 55.81 (CH), 74.30 (CH), 80.48 (-C[1), 113.58 (Car), 117.31 (Car), 119.31 (Car),
142.34 (Car), 144.76 (Car), 146.56 (Car), 158.32 (C=0), 171.90 (C=0), 172.64 (C=0). 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.

N-Boc-Val-N-Boc-DOPA-OMe (5) Oil 1H NMR (400 MHz, CDCI3): 8H (ppm) = 0.89-0.98
(6H, d,2xCH3) J=4, 1.07(9H, s, 3xCH3), 1.30 (9H, s, 3XCH3), 2.96-3.03 (3H, m,CH,CH2), 3.74
(3H, s, OCH3), 3.74-3.85 (1H, m, CH), 4.52-5.14 (1H, m, CH) 7.49 (2H, s, 2xCH) 13C NMR (100
MHz, CDCI3): 6H (ppm) = 18.90 (2xCH3) 28.08 (3xCH3), 28.70 (3xCH3), 30.41(CH), 32.47
(CH2), 52.47 (OCHB), 55.79 (CH), 62.71 (CH), 79.53 (-C[1), 80.48 (-C(1), 113.58 (Car), 117.31
(Car), 119.31 (Car), 141.44 (Car), 144.76 (Car), 146.56 (Car), 155.80 (C=0), 158.32 (C=0), 171.90
(C=0), 172.64 (C=0). 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

Gly-N-C-Dopa (6) White solid 1H NMR (400 MHz, D20): 6H (ppm) =2.90-3.08 (2H, m,
CH2),3.92(2H, s, CH2), 4.59-5.15 (1H, m, CH) J=4, 7.24 (1H, s, CH), 7.42 (1H, s, CH). 13C NMR
(100 MHz, D20): 8H (ppm) = 34.70 (CHZ2), 46.29 (CH2), 56.69 (CH), 99.58 (Car), 115.21 (Car),
117.54 (Car), 134.44 (Car), 139.16 (Car), 145.65 (Car), 176.70 (COOH), 182.24 (COOH). MS
(EDN: m/z 271.09; Elemental Analysis calcd: C, 48.89; H, 5.22; N, 10.37; O, 35.52 Elemental
Analysis found: C, 48.86; H, 5.19; N, 10.36; O, 35.53.

Val-N-C-Dopa (7) White solid 1H NMR (400 MHz, D20): 8H (ppm) = 0.89 (6H, d, 2xCH3)
J=4, 2.34 (1H, m,CH), 2.89-3.10 (2H, m, CH2), 4.25-4.37(1H, m, CH), 4.50-5.10 (1H, m, CH),
7.30 (1H, s, CH) 7.50 (1H, s, CH) 13C NMR (100 MHz, D20): 8H (ppm) = 19.25 (2xCH3), 30.33
(CH), 34.71 (CH2), 56.74 (CH), 76.86 (CH), 99.54 (Car), 115.81 (Car), 116.35 (Car), 134.34 (Car),
139.76 (Car), 146.56 (Car), 179.84 (COOH), 180.25 (COOH). MS (EI): m/z 313.14; Elemental
Analysis calcd: C, 53.84; H, 6.45; N, 8.97; O, 30.74 Elemental Analysis found C, 53.80; H, 6.50;
N, 8.93; O, 30.77.
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Gly-O-C-Dopa (8) White solid 1H NMR (400 MHz, D20): 6H (ppm) = 2.90-3.10 (2H, m,
CH2), 3.93 (2H, s, CH?2) 4.62-5.14 (1H, m, CH), 7.21 (1H, s,CH), 7.40 (1H, s, CH). 13C NMR
(100 MHz, D20): H (ppm)= 33.57 (CH2), 39.89 (CH2), 56.77 (CH), 107.23 (Car), 110.66 (Car),
119.31 (Car), 127.46 (Car), 145.61 (Car), 146.30 (Car), 168.20 (COOR), 174.24 (COOH). MS (EI):
m/z 271.09; Elemental Analysis calcd: C, 48.89; H, 5.22; N, 10.37; O, 35.52 Elemental Analysis
found: C, 48.80; H, 5.18; N, 10.42; O, 35.59.

Val-O-C-Dopa (9) White solid 1H NMR (400 MHz, D20): 6H (ppm) = 0.80-0.95(6H,
d,2xCH3) J=4, 2.50-2.60 (1H, m, CH), 2.90-3-10 (2H, m, CH2),4.11-4.20 (1H, m, CH) 4.50-5.02
(IH, m, CH) 7.45 (2H, s, 2xCH) 13C NMR (100 MHz, D20): 8H (ppm) = 18.90 (2xCH3),
30.43(CH), 33.57 (CH2),57.75 (CH),59.21 (CH), 111.26 (Car), 117.61 (Car), 120.36 (Car), 143.56
(Car), 146.73 (Car), 146.91(Car), 168.95 (COOH), 174.14 (COOH). MS (El): m/z 313.14;
Elemental Analysis calcd: C, 53.84; H, 6.45; N, 8.97; O, 30.74 Elemental Analysis found: C, 53.78;
H, 6.52; N, 8.94; O, 30.79.

Electrophysiological recordings

- Slice preparation for electrophysiology

Preparation of midbrain slices was performed as described previously?*® from Wistar rats (P18—
P23, either sex). Horizontal slices (thickness 250 or 300 um) containing the substantia nigra pars
compacta (SNpc) and the ventral tegmental area (VTA), were cut with in ice-cold modified artificial
CSF (ACSF). This solution contained (in mM): 126 NaCl, 2.5 KCI, 1.2 MgCI2, 1.2 NaH2PO4, 2.4
CaCly, 10 glucose, and 24 NaHCO3, 290 mOs/L, and was gassed with 95% O>-5% CO», pH 7.4.
Slices were kept in a holding chamber containing ACSF at 32°C, gassed with 95% 02-5% CO»
for at least 40 min after slicing procedures. After recovery period, one single slice was transferred

to the recording chamber.

- Multi-electrode assay recordings

Extracellular signals were acquired on a planar multi-electrode array (MEA) device using the
MEDG64 System (Alpha MED Sciences, Osaka, Japan). Horizontal midbrain slices (300 pum) were
placed over an 8x8 array of planar microelectrodes, each 20x20 um in size, with an interpolar
distance of 100 um (MED-P2105, Alpha MED Sciences, Osaka, Japan) as previously described?®.
Signals were low-cut filtered at 100 Hz and digitized at 100 kHz using Mobius software (Alpha
MED Sciences, Osaka, Japan). The fast transients corresponding to spontaneous action potentials

were captured off-line and sorted using Spike2 6.0 software (Cambridge Electronic Design Ltd,
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Cambridge, UK). The basal firing frequency was measured over a period of 3 min, before
challenging the slices with a 30 sec perfusion of DA 30 uM. The relative change in firing frequency
was calculated by the mean frequency during the last few seconds of DA perfusion with respect to
the control period. Only cells that were inhibited by DA, with inhibition exceeding 15% of control

firing, were considered in the present study.

- Whole cell patch clamp recordings in SNpc DAergic neurons.

Recordings were performed accordingly to Guatteo et al.”*. SNpc DAergic neurons, localized
in a region of tightly packed neurons adjacent to the medial terminal nucleus of the accessory optic
tract, were identified based on a slow and regular spontaneous firing (1-5 Hz),
hyperpolarizing/outward response to dopamine (DA, 30 pM), prominent lh in response to
hyperpolarizing voltage steps (-60 to -120 mV, 20 mV increment, holding potential, Vh, -60 mV/)?*
and, in current-clamp mode, a depolarizing sag upon application of negative currents?*2. Patch
pipettes (2-5 MQ) were filled with a solution containing (in mM): K-gluconate (135), CaCl2 (0.1),
MgCl> (2), KCI (10), EGTA (0.75), HEPES (10), Mg>-ATP (4), and Nas-GTP (0.3),
phosphocreatine-Nay (10), pH 7.3, osmolarity 280 mOs/L.

3.1.3 Results and discussion

Synthesis of DOPA peptidomimetics under homogeneous conditions.

The tyrosine derivative Boc-Tyr-OMe (BTO) 1 protected at both the amino moiety (as tert-
butoxycarbonyl; Boc, green) and carboxylic group (as methyl ester; cyano) was used as starting
material. Reactions were designed according to the general procedure previously applied with

IBX and are generalized in Figure 3.1.

o
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Figure 3.1 General reactivity scheme of Boc-Tyr-OMe (BTO) 1 with a-amino acids in the presence of tyrosinase from
Agaricus bisporus. Step A: oxidation of tyrosine to DOPA-quinone. Step B: Michael-like 1-4-addition of o-amino acids
on the DOPA-quinone intermediate, followed by the reduction step with Na,S;0a.
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Briefly, the oxidation of BTO 1 (20 mg, 0.068 mmol) with tyrosinase from Agaricus bisporus
(600 UA) was performed in the presence of the appropriate a-amino acid derivative (0.68 mmol)
in phosphate buffer solution (PBS; pH 7) and EtOH (from 9:1 v/v to 1:9 v/iv PBS/EtOH ratio,
respectively) at 25 °C, followed by the reduction step with NaS>04. EtOH showed a complete

miscibility and high compatibility with PBS in various enzymatic reactions®®

. Initially, glycine
methyl ester (NH2-Gly-OMe) was used as nitrogen centred nucleophile for the addition on the
reactive DOPA ortho-quinone intermediate. The DOPA peptidomimetic OMe-Gly-N-Boc-
DOPA-OMe 2 was obtained in the highest yield (87%) in the presence of PBS/EtOH 3:7 v/v after

24h, besides to unreacted BTO (Figure 3.2; Figure 3.3, pathway A; Table 12).

60
50
40
20
10 '
. N
20 30 40 50 60 70 80 90

10

Yield of OMe-Gly-N-Boc-DOPA-OMe 2 (%)
w
o

EtOH/ PBS ratio values (%)

Figure 3.2. Yield (%) of OMe-Gly-N-Boc-DOPA-OMe 2 during the oxidation of BTO 1 with tyrosinase from Agaricus
bisporus in the presence of NH,-Gly-OMe at different EtOH/ PBS ratio values.

The oxidative functionalization of BTO 1 was then repeated using N-Boc-glycine (Boc-Gly-
COOH) as oxygen centred nucleophile under optimal conditions, to yield N-Boc-Gly-N-Boc-
DOPA-OMe 3 in 80% yield (Table 12, entry 3), besides to residual BTO (Figure 3.3, pathway B).
To evaluate the generality of the transformation, we used the more hindered amino acids NH.-
Val-OMe and N-Boc-Val-COOH as nucleophiles.
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Figure 3.3. Synthesis of DOPA peptidomimetics 2-5 by oxidative functionalization of BTO 1 with tyrosinase from
Agaricus bisporus in the presence of glycine and valine nucleophiles.

The corresponding DOPA peptidomimetics OMe-Val-N-Boc-DOPA-OMe 4 and N-Boc-Val-
N-Boc-DOPA-OMe 5 were obtained in 77% and 74% yield, respectively (Table 12, entries 2 and
4), besides to residual BTO (Figure 3.3, pathways A and B). As a general trend, N-centred
nucleophiles were slightly more efficient than the O-centred counterpart. Moreover, glycine
nucleophiles were more reactive than valine nucleophiles, probably due to side-chain steric

hindrance effects.
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Table 16: Synthesis of O-C and N-C bonded DOPA peptidomimetics under homogeneous and heterogeneous

conditions.

Entry Nucleophile Catalyst product Yield (%)
1 NH2-Gly-OMe  tyrisonase®  OMe-Gly-N-Boc-DOPA-OMe 2 87
2 N-Boc-Gly-COOH  tyrosinase  N-Boc-Gly-N-Boc-Dopa-OMe 3 80
3 NHz-Val-OMe tyrosinase®  OMe-Val-N-Boc-Dopa-OMe 4 77
4 N-Boc-Val-COOH  {yrosinase  N-Boc-Val-N-Boc-Dopa-OMe 5 74
5 NH2-Gly-OMe  1yr/MWCNT® OMe-Gly-N-Boc-DOPA-OMe 2 85
6 N-Boc-Gly-COOH  Tyr/MWCNT  N-Boc-Gly-N-Boc-Dopa-OMe 3 79
7 NHz2-Val-OMe  1yr/MWCNT®  OMe-Val-N-Boc-Dopa-OMe 4 75
8 N-Boc-Val-COOH  1yr/MWCNT  N-Boc-Val-N-Boc-Dopa-OMe 5 70
9 NH2-Gly-OMe  Tyr/MWCNT®  OMe-Gly-N-Boc-DOPA-OMe 2 88
10 NH2-Gly-OMe  Tyr/MWCNT  OMe-Gly-N-Boc-DOPA-OMe 2 85
11 NH»-Gly-OMe  Tyr/MWCNT  OMe-Gly-N-Boc-DOPA-OMe 2 85
12 NH2-Gly-OMe  Tyr/MWCNT  OMe-Gly-N-Boc-DOPA-OMe 2 83
13 NH2-Gly-OMe  Tyr/MWCNT  OMe-Gly-N-Boc-DOPA-OMe 2 81

2BTO 1 (20 mg, 0.068 mmol) was treated with tyrosinase from Agaricus bisporus (600 UA) and different o-amino acid
residues (0.68 mmol) in PBS/EtOH (3:7 viv; mL) at 25 °C for 24 h, followed by the reduction step with Na,S;04."BTO
1 (20 mg, 0.068 mmol) was treated with Tyro/MWCNT (600 UA) and different o-amino acid residues in PBS/EtOH (3:7
viv; 12mL) at 25 °C for 24 h, followed by the reduction step with Na,S,04. ¢Reusability is expressed as the yield in % of
DOPA peptidomimetic 2 obtained by oxidation of BTO 1 with MWCTN/Tyr under optimal conditions.

Synthesis of DOPA peptidomimetics in heterogeneous conditions.

The oxidative functionalization of BTO 1 was then performed using tyrosinase supported on
multi-walled carbon nanotubes (MWCNTS) applying the Layer by Layer (LbL) procedure
previously developed®®, Briefly, oxidized MWCNTSsM 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®®. Glutaraldehyde (GA) increased the reticulation grade and the
stability of the system (Figure 2)?*. The structural characterization and the activity parameters of
catalyst MWCNT/Tyrosinase/BSA (Tyr/MWCNTS), as well as its application in the synthesis of
bioactive catechol derivatives are in reference?®. The oxidation of BTO 1 (20 mg, 0.068 mmol)
with Tyro/MWCNT (600 UA) in PBS/EtOH (7:3 viv, 12 mL) at 25 °C for 24 h in the presence of
NH.-Gly-OMe or N-Boc-Gly-COOH (0.68 mmol) afforded compounds 2 and 3 in 85% and 79%

yield, respectively (Table 12, entries 5 and 6). In a similar way, the oxidative functionalization of
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BTO 1 (20 mg, 0.068 mmol) with NH>-Val-OMe and Boc-Val-COOH (0.68 mmol) afforded
compounds 4 and 5 in 75% and 70% yield, respectively (Table 12, entries 7 and 8).

Figure 34. Loading of Tyrosinase (white) on oxidized MWCNTs coated with positively charged poly
(diallyldimethylammonium) chloride PDDA (blue). Bovine Serum Albumin (BSA; orange) was used to reduce undesired
tyrosinase conformational changes and glutaraldehyde (GA black lines) to increase the reticulation grade and the stability
of the overall system.

Recycling experiments proceeded with success in the oxidation of compound BTO 1 with NH,-
Gly-OMe as selected nucleophile. As shown in Table 12 (entries 9-13), MWCNT/Tyr was used for

at least five catalytic cycles with only a slight decrease of efficiency to give 2.
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Figure 3.5 Deprotection of peptidomimetics 2-5 to afford Gly-N-C-Dopa 6, VVal-N-C-Dopa 7, Gly-O-C-DOPA 8, and
Val-O-C-DOPA 9.

Finally, DOPA peptidomimetics 2-5 were deprotected under standard conditions?® using 6M
hydrochloric acid heating at reflux for 2h. Gly-N-C-Dopa 6 and Val-N-C-Dopa 7 were obtained in
quantitative yield, while Gly-O-C-DOPA 8 and Val-O-C-DOPA 9 were isolated in 73 % and 68 %
yield respectively, probably due to the competitive hydrolysis of the novel C-O bond (Figure 3.5).
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Evaluation of anti-Parkinson activity

Preliminary studies showed that DOPA peptidomimetics 2-5 were characterized by an
antioxidant activity higher than that of the corresponding DOPA peptides?. On the basis of these
data, we decided to evaluate the anti-PD effect of peptidomimetics 2-9 (protected and deprotected
forms) on DAergic neurons. Since PD is characterized by low content of DA in the basal ganglia
nuclei, potential anti-PD drugs should mimic the effects of DA and/or DOPA. Thus, the activity
of DOPA peptidomimetics 2-9 was evaluated by measuring the effects on single neuron
firing/membrane currents in comparison to those evoked by exogenous DA/DOPA applied to
DAergic neurons of the rat substantia nigra pars compacta (SNpc)?®. Simultaneous neuronal
firing of a large population of neurons located in the SNpc was recorded by multi electrode array
(MEA). Spontaneously active neurons were firstly challenged with DA (30 M, 2 min, Figure
3.6) and only neurons that were inhibited by DA (>15% spontaneous firing inhibition); were
considered in the present study. Similarly, the effect of the DOPA peptidomimetics 2-9 was
evaluated in those DA sensitive neurons, which responded to drug perfusion with at least a 15%

change in firing rate.
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Figure 3.6 Acute effects of Gly-N-C-Dopa 6 on SNpc DA neurons. (A) Raster plot of the spontaneous firing recorded
with MEA form a single SNpc DA neuron. DA (30 uM) robustly inhibited firing and, after complete washout of the
DA effect, Gly-N-C-Dopa 6 (300 uM) caused a similar slow-onset inhibition of firing. Application of Sulpiride (10 M)
completely reversed Gly-N-C-Dopa 6 -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, Gly-N-C-Dopa
6 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,
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washout, Gly-N-C-Dopa 6 and Sulpiride, in 16 SNpc DA neurons poorly sensitive to DA. Similarly, to DA, also Gly-
N-C-Dopa 6 exerted only a limited inhibition of firing. Sulpiride effect was minimal. (D) Raster plot of the spontaneous
firing recorded with MEA form a single SNpc DA neuron. DA (30 uM) robustly inhibited firing and, after complete
washout of the DA effect, the protected form OMe-Gly-N-Boc-DOPA-OMe 2 (300 M) did not affect neuronal firing.
No effect was also evident in Sulpiride (10 uM). (E) Group data showing mean firing frequencies, normalized to control
value, in 40 SNpc DA neurons during application of DA, washout, OMe-Gly-N-Boc-DOPA-OMe 2 and Sulpiride.
Note that no significant change of firing frequency was observed from DA washout. (F) Voltage clamp recording (Vh=
-60 mV) from a single SNpc DA neuron showing Gly-N-C-Dopa 6 activated an outward current that was completely
blocked by Sulpiride.

We recorded 39 neurons inhibited by DA, and in 24%* of them the application of Gly-N-C-Dopa
6, (300 uM) caused a slow onset firing inhibition that was completely reversed by the D2 receptor
antagonist Sulpiride (10 uM; Figure 3.5, panels A and B). The extent of firing inhibition by Gly-
N-C-Dopa 6 paralleled that of DA. Indeed, the effect of Gly-N-C-Dopa 6 was more pronounced (P
=0.00014; Figure 3.5, panel 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 3.5, panel C) inhibited by DA by a
lesser extent (35.96 + 9.03%, N=16). In 6 out of the 39 SNpc DA neurons, Gly-N-C-Daopa 6 (300
uM) did not cause firing inhibition (< 15%), although they responded to DA with 26.73 + 10.88%
firing inhibition (data not shown). To further investigate the neuronal response to Gly-N-C-Dopa 6
we performed voltage clamp experiments from single DA neurons. We found that application of
Gly-N-C-Dopa 6 activated a slowly developing outward current of about 60 pA in 1 out of 3
DAergic neurons tested (Figure 3.5, panel F). This current was completely blocked by the D2
receptor antagonist Sulpiride. In the remaining 2 neurons Gly-N-C-Dopa 6 was ineffective. By
contrast, the protected form OMe-Gly-N-Boc-DOPA-OMe 2 (300 uM) did not cause significant
modifications of firing activity of DAergic neurons (N = 40, P = 0.36744; Figure 3.5 D, E). These
data suggested that the deprotection of 2 was a key step for the appearance of DA-like effects in the
subpopulation of DAergic neurons. Since Gly-N-C-Dopa 6 cannot release DA due to the stable N-
C linkage between the amino acid residues, the observed activity could be explained by the direct
interaction with D2 receptors in the extracellular environment.

Has been tested the DA/DOPA-like effects of OMe-Val-N-Boc-Dopa-OMe 4 and Val-N-C-
Dopa 7, respectively. We recorded 15 SNpc neurons inhibited by DA, and in 12 of these neurons
the application of Val-N-C-Dopa 7 (300 M) caused a pronounced (P =0.000001) firing inhibition.
This inhibition was completely reversed by the D2 receptor antagonist Sulpiride (10 uM; Figure
3.7, panels A and B). In these experiments, 3 out of 15 DAergic neurons were insensitive to Val-N-
C-Dopa 7, (300 uM; < 15%) despite they displayed an inhibition by DA of 84.34 + 0.79% (data
not shown). In a large set of population (53 out of 62) of SNpc neurons inhibited by DA OMe-Val-
N-Boc-Dopa-OMe 4 (300 uM) caused marked firing inhibition (Figure 3.7, panels C and D),
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however, differently from Val-N-C-Dopa 7, the cellular inhibition seemed to be unspecific, as it

was not reversed by Sulpiride.
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Figure 3.7. Acute effect of Val-N-C-Dopa 7 and OMe-Val-N-Boc-Dopa-OMe 4 on rat SNpc DAergic neurons. (A)
Raster plot of the spontaneous firing recorded with MEA. DA (30 uM) strongly inhibited firing and, after complete
washout, the deprotected form of Val-N-C-Dopa 7 (300 uM) caused a slow-onset inhibition of firing, which was
reversed by Sulpiride (10 uM). (B) Group data showing mean firing frequencies in the presence of DA, washout,
deprotected Val-N-C-Dopa 7 and Sulpiride, in 12 SNpc DA neurons. (C) Raster plot of the spontaneous firing recorded
with MEA. DA (30 uM) strongly inhibited firing and, after complete washout, OMe-Val-N-Boc-Dopa-OMe 4 (300
pM) caused a slow-onset inhibition of firing. However, application of Sulpiride (10 pM) did not reverse OMe-Val-N-
Boc-Dopa-OMe 4 effect. (D) Group data showing mean firing frequencies in the presence of DA, washout, L-DOPA
Val Ome and Sulpiride, in 53 SNpc DA neurons. (E) Patch clamp recording of membrane current (Vh=- 60 mV) of a
single SNpc DA neuron. Application of OMe-Val-N-Boc-Dopa-OMe 4 (300 uM) activated an outward current that
was insensitive to Sulpiride and fully blocked by Tolbutamide (100 pM).

These results were further confirmed by patch-clamp recordings. In the example trace of Figure
3.7 (panel E), OMe-Val-N-Boc-Dopa-OMe 4 caused an outward current that was insensitive to
Sulpiride. By contrast, the outward current was completely blocked by the KATP channel blocker
Tolbutamide (100 uM). These data suggested that OMe-Val-N-Boc-Dopa-OMe 4 caused firing
inhibition through a mechanism other than D2 receptor stimulation, possibly involving a drop in
intracellular ATP content, which causes KATP channel opening. In alternative, the direct action on
KATP channels in SNpc DAergic neurons cannot be completely ruled out.

In 9 out of the 62 SNpc DAergic neurons OMe-Val-N-Boc-Dopa-OMe 4 (300 uM) did not
cause firing inhibition (< 15%), although they responded to DA with 85.78 + 6.49% firing inhibition
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(data not shown). Note that O-C peptidomimetics 3, 5, 8 and 9, were not active under the same
experimental conditions, suggesting a structure activity relationship between the inhibition of
neuronal firing and evoked outward currents of DAergic neurons and the type of covalent bond.
Future experiments will address the possible mechanisms underlying Gly-N-C-Dopa 6 and Val-N-

C-Dopa 7 mediated activation of D2 receptors, and their ability to enter DAergic neurons.
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3.2 Preparation of wrapped carbon nanotubes poly(4-
vinylpyridine)/MTO based heterogeneous catalysts for
the oxidative desulfurization (ODS) of model and
synthetic diesel fuel

3.2.1 Aim of work

The removal of sulfur compounds in fuel is an important tool for the environmental

protection®*’

since the combustion process produces SOx derivatives that affect the stability of
the atmospheric ozone layer, increasing the formation of acid rains?*® Therefore, the sulfur
content in diesel fuel is limited by U.S. Environmental Protection Agency (EPA) and Euro V
standard protocols?*®. Hydrodesulfurization (HDS) is the conventional procedure for the
removal of sulfur derivatives in fuel>> by hydrogenolysis at both high temperature (300 to 400
°C) and pressure (10-130 atm)?®1. However, HDS achieves limited performances in the removal
of recalcitrant aromatic compounds, such as benzothiophene (BT), dibenzothiophene (DBT)
and their derivatives, which can irreversibly inactivate the catalyst, influencing the kinetic and
the performance of the reactors®®2. The oxidative desulfurization (ODS) is a promising
alternative to HDS?3. In the ODS process, BT and DBT derivatives are oxidized to
corresponding sulfones and sulfoxides under low temperature and pressure conditions, followed
by extraction or adsorption processes with polar phases®®* The oxidation of BT and DBT
derivatives in the ODS process is usually performed by stoichiometric oxidants, such as sodium
bromate (NaBrOs3)?®°, potassium permanganate (KMnO4)?®®, carboxylic and sulfonic
peracids®®’nitric acid (HNOs3), tert-butyl-hydroperoxide (TBHP)?*® superoxides®®® and

ozone?%®

. Among the stoichiometric reagents, hydrogen peroxide (H20>) is frequently applied
due to its environmental benign properties?. In a previous study, we described the activation
of H20, in the oxidation of BT and DBT derivatives with poly(4-
vinylpyridine)/methyltrioxorhenium (CH3ReOs, MTO) adducts as heterogeneous catalysts?®2,
In these reactions, MTO forms mono-peroxorhenium [MeRe(0O)2(02)] and bis-peroxorhenium
[MeRe(0)(02)2] complexes?®3, which can transfer the oxygen atom to sulfur substrates?®*. The
heterogeneous catalysis is of relevance in ODS processes, since it reduces the leaching of active
species and favors the recovery and reuse of the catalyst for successive transformations?®. In

the last years, multiwalled carbon nanotubes (CNTs) have been used to design novel and
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efficient nanostructured heterogeneous catalysts?®®. CNTs are quasi one-dimensional materials
(Iengths range from less than 100 nm to several centimetres, and diameters of typically 0.8 to 2
nm and 5 to 20 nm), and show unique electronic, mechanical and structural properties''®. They
are chemically stable with high surface to volume ratio, and undergo chemical functionalization
for the preparation of catalysts with specific and carefully tuned properties. The combination
of CNTs with titanium species®®’ polyhetero acids (Cs 2.5 H0.5 PW12040)?%® manganese oxides
and palladium derivatives, has been reported in ODS model processes, with different degree of
success depending on the specific experimental conditions. Recently, we described the use of

188 Here, we describe the

CNTs as anchoring supports for different oxidative enzymes
preparation of a novel family of MTO heterogeneous catalysts based on either, the
immobilization of preformed poly(vinyl-4-pyridine)/MTO [PVP/MTQO] or poly(vinyl-4-
pyridine-N-oxide)/MTO [PVPN/MTO] adducts on pristine CNTSs, or the direct loading of MTO
on previously wrapped CNTs with PVP and PVPN resins. The novel catalysts were successfully
used for the activation of H,O> in the oxidation of BT and DBT derivatives, and in the treatment
of model fuel oil (MF) and synthetic diesel fuel (SDF) as representative systems for the ODS

process.

3.2.2 Experimental part

Materials

Methyltrioxorhenium (MTO), H.O> (35% wi/w, aqueous solution), poly(4-vinyl
pyridine) PVP-2% cross-linked with divinylbenzene, 3-methyl-thiophene (3-MeT), 2-
methyl-benzothiophene (2MeBT), 3-methyl-benzothiophene (3MeBT),
dibenzothiophene (DBT), 4,6-dimethyl-dibenzothiophene (DMDBT), and CNTs (D =
110-170 nm; L = 5-9 um) were obtained from a commercial source (Aldrich). All
commercial products and solvents (CH2Cl., n-octane, CH3CN) were of the highest grade
available. The diesel fuel sample was obtained from an italian commercial source, having
a density of 0.713 g/mL, 0.34% w/w of total sulfur, 73 ppm of total nitrogen (N), and
18% wi/w of total aromatic fractions. The reaction mixtures were analyzed by a Hewlett
Packard 6890 series gas chromatograph equipped with a FID, using a 30 m x 0.32 mm X
0.25 mm film thickness (cross-linked 5% phenylmethylsiloxane) column, and helium as
carrier gas. The identification of the peaks by gas-chromatography mass-spectrometry
(GC-MS) has been performed by means of a Varian 2000 GC-MS instrument. Yields
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and conversions have been quantified using n-hexadecane as internal standard or, when
necessary, after flash-chromatographic purification (silica gel, 230-400 mesh). Product
yields were calculated on the basis of the substrate conversion. *H and 3C NMR spectra
were recorded on a Bruker AC 400 MHz spectrometer. Inductively coupled plasma mass
spectrometry (ICP-MS) analyses were performed on Agilent 7500a model ICP mass

spectrometer.

Preparation of catalyst CNT/MTO |

CNTs (10 mg) were suspended in EtOAc (10 mL) and treated in ultrasonicator
apparatus for 30 min. MTO was added to the suspension of CNTs in EtOAc (1:1, 1:2 and
1:5 CNTs/MTO w/w ratio) at 25°C for different times (30, 60, and 2 h) under magnetic
stirring. At the end, the catalyst CNT/MTO | was recovered by centrifugation (12.000
rpm), washed with a low amount of EtOAc (2.0 mL) and dried. The washing solvent was
stored in order to evaluate the loading factor (LF). The highest LF was obtained for
CNT/MTO 1:2 wiw ratio, after 2h.

Preparation of catalysts CNT/[PVP-MTQ] Il and CNT/[PVPN-MTO] Il

The PVP/MTO and PVPN/MTO adducts were prepared as previously reported?®?,
Briefly, the appropriate resin (80 mg) was suspended in EtOH (2 mL), and treated with
freshly prepared MTO (20 mg, 0.08 mmol) under magnetic stirring for 1 h at 25°C. At
the end, the mixture was filtered and washed with EtOH (2.0 mL) to yield the desired
adducts. The wrapping of preformed PVP/MTO and PVPN/MTO adducts on CNT was
performed by grinding the mixture in agate mortar (CNT/adduct 1:3 w/w) for 20 min at
25 °C. At the end, the material was suspended in EtOAc (5.0 mL) and catalysts
CNT/[PVP-MTO] Il and CNT/[PVPN-MTO] 111 were recovered by centrifugation
(12.000 rpm), washed with a low amount of EtOAc (2.0 mL) and dried. The washing
solvent was stored in order to evaluate the LF.

Preparation of catalysts CNTW/MTO 1V and CNTw'/MTO V

The wrapping by grinding of CNTs with poly(4-vinyl pyridine) (CNTw) or poly(4-
vinyl pyridine N-oxide) (CNTw') 2% cross-linked with divinylbenzene resins was
performed by a slightly modification of previously reported procedures [27a]. Briefly,
CNT were grinded in agate mortar with the appropriate resin (1:3 w/w CNT/resin) for 20
min at 25 °C. At the end, the material was suspended in EtOAc (5.0 mL) and the support
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was recovered by centrifugation (12.000 rpm). Next, the grinded supports (5 mg) were
suspended in EtOAc (5.0 mL) and treated with MTO (1:2 w/w) under magnetic stirring
at 25°C for 2 h. The novel catalysts CNTW/MTO IV and CNTw’/MTO V were recovered
by centrifugation (12.000 rpm), washed with a low amount of EtOAc (2.0 mL) and dried.

The washing solvent was stored in order to evaluate the LF.

Determination of the loading factor

The loading factor (LF; defined as mmol of MTO immobilized per gram of support)
was measured by 'H NMR titration, and by inductively coupled plasma mass
spectrometry (ICP-MS) analysis. In the *H NMR analysis, the LF was calculated on the
basis of the residual amount of MTO in washing solutions. Briefly, after evaporation, the
crude was dissolved in CDCI3 (0.7 mL) in the presence of n-octane (0.5 mmol) as internal
standard. The amount of MTO was evaluated by quantitative integration of the
characteristic Re-Me peak at 2.6 ppm. In the case of ICP-MS analysis, the concentrations
of Re were measured by constructing the calibration curve at 5-point in the range 0-50
ppb, and were reported in % by weight with respect to the original sample (see 2.3.4

paragraph).

Scan electron microscopy (SEM) and Transmission electron microscopy (TEM) analyses

The morphology of catalysts I-V was studied by SEM and TEM analyses. For the
SEM, the samples were dispersed in milliQ water, sonicated for 5 min at room
temperature, and a drop of each solution was taken and deposited onto silicon substrates
(Si). At the end, the samples were subjected to annealing at 50 °C to quickly evaporate
the solvent (water). Samples were analyzed by Zeiss, LEO 1530 apparatus, equipped with
a field emission electron gun. In TEM analysis, droplets of sample suspensions (10 pl)
were placed on formvar-carbon coated grids and allowed to adsorb for 60 sec. Excess
liquid was removed gently touching the filter paper. The adsorbed specimen was then
processed for negative-staining, by washing the specimen grid on a drop of negative stain
(2% uranyl acetate in distilled water), blotting and repeating this step once more, this time
leaving the specimen grid for 60 sec on a new drop of negative stain solution. Samples
were observed at a JEOL 1200 EX Il electron microscope. Micrographs were acquired by
the Olympus SIS VELETA CCD camera equipped with the iTEM software.
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X-ray photoelectron spectroscopy (XPS)

The chemical state of the different elements of catalysts 11-V was analysed using a X-
ray photoelectron spectroscopy (XPS) system (PHI 1257), equipped with a hemispherical
analyser. The X-ray was generated by a non-monochromatized Mg source (hv = 1253.6
eV), and the measurement was performed at ultrahigh vacuum (about 2x10° Torr). All
the reported binding energy (BE) data have been calibrated using the carbon sp? bond of
the CNTSs, positioned at BE of 284.8 eV. Moreover, XPS can also provide information of
the chemical environment of the surface elements according to peak-fitting of X-ray
photoelectron spectral envelopes, based on the fact that the BE of the photoelectron is not
only determined by the element itself but also influenced by the chemical environment.
Therefore, the analysis of XPS data was performed using the XPS Peak Fitting
Programme version 4.1. The C 1s, N 1s, O 1s, and Re 4f photoemission peaks were

detected and analysed (not shown here).

ICP-MS analyses of catalyst -V

About 4 mg of samples were mineralized in opened fluorinated ethylene propylene
(FEP) vials on a heating block at 148 °C. Samples were treated with 0.5 mL of 70% HNOs
at 148 °C to incipient dryness; 2.0 mL of deionized water (from a Milli-Q system) were
then added. The obtained solution was centrifuged at 2500 rpm for 4 minutes, in order to
separate it from the solid residue, collected and diluted with deionized water to have Re
concentration in the ng/g range before ICP-MS measurements. A second extraction, using
the same procedure, has been performed on the solid residue of each vial. A 102 g/g
certified standard rhenium solution (AccuStandard Lot Number B4065078) was used to
calibrate the instrumentation. The relative uncertainties in rhenium concentration, given
with one standard deviation, are in the order of 5%. The Re extraction efficiency [%] of
the adopted procedure was calculated based on the measurement of the two solutions

obtained for each sample.

Oxidation of thiophene derivatives 1-5. General procedure.

Dibenzothiophene (DBT) 1, 4,6-dimethyl-dibenzothiophene (DMDBT) 2, 2-methyl-
benzothiophene (2-MeBT) 3, 3-methyl-benzothiophene (3-MeBT) 4, and 3-methyl
thiophene 5 (3-MeT), were oxidized as representative aromatic sulfur compounds in fuel

oil. Initially, DBT 1 was treated with catalysts 1-V and H2O in CH2Cl> or n-octane.
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Briefly, the appropriate catalyst (3% w/w of MTO with respect to substrate) was added
to 1 (0.1 mmol) in CH2Cl> or n-octane (2.0 mL), followed by treatment with H2O, (4.0
equivalents, 35% water solution), under magnetic stirring at 60°C for 24 h. The progress
of the oxidation was monitored by GC-MS analysis of periodically withdrawn samples
(2.0 uL of sample were taken out the reaction solution). The catalyst was recovered by
filtration and MnO; (1.0 mg) was added under stirring at 25°C to eliminate the excess of
H20- (the reaction mixture was found to be unchanged after the MnO- treatment). The
organic solvent was dried on Na>SOs, filtered and evaporated under reduced pressure.
Next, the oxidation of compounds 1-5 with catalysts 1-V was repeated under similar
experimental conditions using n-octane/CH3CN mixture in three different ratio (1:1, 2:1
and 3:1 v/v ratio), to evaluate the optimal amount of the co-solvent. At the end of the
oxidation, the catalyst was removed by centrifugation (12.000 rpm), the n-octane and
CH3CN phases were separated, dried and analysed by GC-MS in the presence of
acetophenone as internal standard. As expected, sulfone derivatives were detected in the
polar CH3CN phase. When necessary, crude sulfone derivatives were obtained by
distillation under reduced pressure of the n-octane and CH3CN phases, and the recovered

organic phases were used for further transformations.

Catalyst recycling and leaching experiments

Recycling experiments with catalyst V, as a selected representative sample, were
performed for the oxidation of either DBT 1 alone or MF, in the optimal n-octane/CH3CN
mixture (3:1 v/v) for 1, or MF/CHsCN (3:1 v/v) for MF. After the first run, the catalyst
was recovered by filtration, washed with n-hexane and dried under vacuum for 1 h. More
runs were performed, working under optimized experimental conditions. To evaluate the
presence of a real heterogeneous catalytic activity, the organic layer obtained after any
recycle was analyzed by *H NMR analysis, as previously reported for the determination
of the loading factor (LF). The absence of the characteristic 'H NMR Re-Me peak at 2.6
ppm, even after the last recycling run, suggested that MTO was not released in the
reaction medium, thus working as purely heterogeneous system. These data were further

confirmed by the lack of catalytic activity for the recovered organic solution.

Preparation and oxidation of model fuel (MF) and synthetic diesel fuel (SDF) samples
The model fuel (MF) sample was prepared by adding equimolar amounts (in the range

of 0.01-0.03 mmol) of each substrate 1-5 into n-octane (from 1.5 to 2.0 mL), in order to
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obtain a total sulfur concentration of 2.8 mg/mL, which is indicative of a real sample. In
a similar way, equimolar amounts (0.02 mmol) of each substrate 1-5 were added to an
authentic sample of diesel fuel (SDF, 1.5 mL) to gain a total sulphur concentration of 3.8
mg/mL. The MF and SDF samples were oxidized with the most reactive catalyst V, under
previously optimized experimental conditions. In particular, MF or SDF samples added
with one third of acetonitrile (with respect to their original volume) were treated with
catalyst V (3% w/w of MTO with respect to total substrate) and H>O> (4.0 equiv., added
in two steps to reduce thermal decomposition; 8.0 equiv. in the case of SDF), under
magnetic stirring at 60 °C. The reaction progress was monitored by GC-MS analyses of
periodically withdrawn samples (0.1 mL samples were taken out the reaction solution),
until the substrate was entirely consumed. At the end of the oxidation, the catalyst was
removed by centrifugation (12.000 rpm), the n-octane (or diesel fraction) and CH3CN
phases were separated, dried and analysed by GC-MS in the presence of acetophenone as

internal standard. The sulfone derivatives were detected in the polar CH3CN phase.

3.2.2 Results and discussions

3.1 Preparation of catalysts I-V

Three novel types of MTO heterogeneous catalysts were prepared starting from
commercially available carbon nanotubes (CNTs). CNTs are excellent supports for
immobilization of active organometallic compounds, since they offer a high surface area
for loading, as well as biocompatibility and mechanical resistance?’. Initially, MTO was
loaded on CNTSs through physical adsorption by noncovalent interactions?’2. In particular,
MTO was added to a suspension of CNTs in EtOAc (1:1, 1:2 and 1:5 CNT/MTO w/w
ratio) under magnetic stirring at 25°C for 2 h. CNT/MTO | was recovered by
centrifugation, washed and used without any further purification (Figure 3.8, pathway A).
The loading factor (LF) of catalyst I (defined as mmol of MTO per gram of support) was
measured by 'H NMR titration of the residual MTO in washing solutions, and in
alternative, by inductively coupled plasma mass spectrometry (ICP-MS) analysis of the
final product. Irrespective to experimental conditions, low values of LF were obtained
(Table 17, entry 1), suggesting the ineffectiveness of the simple physical adsorption of
MTO on CNTs. CNTs and poly(4-vinylpyridine) (PVP) undergo metal-induced self-
aggregation processes to form tight stable bundles in which metal ions can be trapped by
coordination with the pyridinyl moiety?”®. On the basis of these data, we evaluated the
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possibility to load two preformed MTO adducts, namely poly(4-vinylpyridine)/MTO
[PVP-MTO] and poly(4-vinylpyridine)N-oxide/MTO [PVPN-MTO] on CNTs. The
adducts were prepared as previously reported by us?’4, and added to a suspension of CNTs
in EtOACc [2:1 w/w, (resinfMTQ)/CNT ratio] under magnetic stirring at 25°C for 2 h, to
yield catalysts CNT/[PVP-MTO] Il and CNT/[PVPN-MTO] 11 (Figure 3.8, pathway B).
LFs and immobilization yields of catalysts 11 and 11 were in the range of 0.33-0.36, and
16.6-17.9%, respectively (Table 17, entries 2 and 3).

Table 17. Loading factors and immobilization yields of catalysts I-V.

Entry Sample Loading factor*  Immobilization yield® (%)
1 Cat | 0.01¢(n.d.) 0.4¢
2 Cat 11 0.33(0.31) 16.6
3 Cat Il 0.36 (0.32) 17.9
4 Cat IV 0.47 (0.42) 24
5 CatV 1.43 (1.40) 71.6

ammol of catalyst (MTO) per gr of support (MWCNTS). ° Immobilization yield is defined as
supported MTO with respect to total MTO. ®Value calculated by ICP-MS analysis. “Value
calculated by *H NMR analysis.

Finally, we applied the wrapping procedure. The wrapping procedure in solid state®”

is the simplest alternative to physical adsorption for the functionalization of CNTs. For
example, the wrapping of PVP on CNTSs successfully separates single walled carbon
nanotubes from the ropes they formed because of intra-strand van der Walls attractive
interactions. Moreover, CNTs wrapped PVP systems show highly modified solubility
properties?’®. As a general procedure, PVP (or PVPN) and CNTs (2:1 w/w ratio) were
grinded in an agate mortar for 1 h at 25°C to afford the desired PVP/CNT and PVPN/CNT
composite supports?”’ About the efficacy of the deposition, previously reported
thermogravimetric analysis (TGA) of PVP/CNT showed the presence of c.a. 0.04 mmol
of PVP per mg of aggregate®’3. Successively, PVP/CNT and PVPN/CNT were dispersed
in EtOAc (2.0 mL) and loaded with MTO (support:MTO ratio 1:2 w/w) under magnetic
stirring for 2 h at 25°C, to yield CNTW/MTO IV (CNTw=PVP/CNT) and CNTw/MTO V
(CNTw'=PVPN/CNT), respectively (Figure 3.8, pathway C). Catalyst IV and V showed
values of LF and immobilization yield higher than Il and 111 (Table 17, entries 4-5 versus
entries 2-3), confirming the efficacy of the wrapping procedure for the deposition of MTO
on CNTs.
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Figure 3.8. Preparation of catalysts CNT/MTO I, CNT/MTO-L II-111, and CNTW/MTO IV-V

Morphological characterization of catalysts 11-V

Figures 3.9-3.13 show a set of scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) photographs of catalysts 11-V. Figure 3.9 reports the SEM
image of the commercially available CNTs used in the preparation of catalysts I-V. CNTs
are rigid rods, with a perfectly smooth surface and different diameter depending on the

number of the graphitic cylinders involved?’®,

By
)
/

‘ 200 nm

Figure 3.9. SEM image of pristine CNTSs.

SEM and TEM photographs of catalyst 11 showed a quite different morphology (Figure
3.10). The organic resin clearly covers CNTs in the SEM image, yielding objects of
fusiform shapes and diameter of average size of the order of 200 nm (Figure 3.10, panel
A). TEM confirms the coating, the fusiform CNTs black core being homogeneously
covered along its extension (Figure 3.10, Panel B). At a largest magnification (Figure

3.10, panel C), small protrusions emerging from the surface are visible.
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Figure 3.10. Panel A: SEM image of catalyst Il. Panels B and C: TEM images of catalyst I1.

The morphology of catalyst 111, is similar to that of catalyst Il. Again, CNTs are
completely covered by the organic resin (Figure 3.11, panel A), that appears as a
continuous layer in the TEM image (Figure 3.11, panel B).

Figure 3.11 SEM image (Panel A) and TEM image (Panel B) of catalyst I11.

The wrapping procedure afforded objects with a more organized surface structure. The
SEM image of catalyst IV shows coated CNTs with small and well-defined protrusions
of regular shape, arranged on the surface (Figure 3.12, panel A). Protrusions are clearly
visible as polygonal-like small grumes in TEM (Figure 3.12, panel B). The scaffold was

characterized by an average size of the order of 200-300 nm, similar to that of catalyst I1.
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Figure 3.12 Panel A: SEM image of catalyst IV with an organized and regular surface structure. Panel B:
TEM image of catalyst IV showing protrusions as polygonal-like small grumes.

Catalyst V showed a behavior similar to 1V, again characterized by well-defined
protrusions on the surface (Figure 3.13, panels A and B). The presence of regular
aggregates after the wrapping procedure is in accordance with the known supramolecular
self-assembling properties of PVVP resins, which are able to generate highly organized

structures by non-covalent (van der Waals, induced dipoles, etc.) and m-interactions.

Figure 3.13 Panel A and B: SEM and TEM images of catalyst V, respectively.

XPS analysis

Table 18 reports the XPS binding energies (BEs) of catalysts 11-V, obtained through
the fitting procedure of the N 1s and Re 4f peaks. The Re 4f region showed two different
double peaks, corresponding to 4f7;2 and 4fs;, levels, with a spin orbit splitting of 2.4 eV.
The BEs peaks at 46.4, 44.1-44.5 and 44.8-45.0 eV were assigned as Re 4f7> level for
Re’™, Re>*** and Re®* species, respectively. In addition, the band of the pyridine-N-oxide

fragment was detected at about 403 eV?%, The presence of different oxidation state for
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rhenium suggests the occurrence of redox processes during the immobilization of MTO
on the resins. An analogous behavior was previously observed in the XPS analysis of
polyaniline/MTO complexes®®L. In the case of catalysts 11 and V, the higher values of
BEs peaks positions of Re 4f level (44.8 and 45.0 eV, respectively, assigned to a Re®*
oxidation state) with respect to Il and 1V, indicates that the redox process is less relevant
for the PVPN resin. The N 1s peak (at around 401 eV) in catalysts 11-V, due to a charge
transfer from pyridine moiety to rhenium center, definitively confirms the coordination

of rhenium, irrespective to the immobilization procedure.

Table 18. Selected Binding Energies (BEs) by XPS analysis on catalysts 11-V and relative assignments?

Element 1 1] v V Assignments

398.8 399.3 399.3 399.2 Pyridine®

N 1s 401.0 4011 4009 4012 Re-pyr interactions
- 4030 - 402.8  Pyridine-N-oxide®
44.1°  44.8%  445° 4509  Re®4*
46.4 46.4 46.4 46.4 Re™

3BEs measured in eV units. °See Table 5 on reference [35d]. °Tentatively assigned to Re5*/4*,
dTentatively assigned to Ref*.

Re 4fp

Oxidation of thiophene, BT and DBT derivatives

In ODS model processes, the oxidation is usually performed in organic solvents with
a low value of dielectric constant, since they show a polarity similar to original fuel diesel.
With the aim to evaluate the efficacy of catalysts 1-V, we initially studied the oxidation
of DBT 1 in CH2Cl; and n-octane, under the experimental conditions previously applied
by us with the simple PVP/MTO and PVPN/MTO adducts?®?. Briefly, the reaction was
performed in the presence of the appropriate catalyst (3% w/w of MTO with respect to
substrate, based on LF) by addition of a small excess of H20> (4.0 equiv) in two steps (to
reduce thermal decomposition) at 25°C (CH2Cl.) or 60°C (n-octane)?2,
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Figure 3.14. Catalytic Oxidation of model aromatic sulfur derivatives 1-5.
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Table 19. Oxidation of DBT 1 to sulfone 6 with catalysts I-V in CH,Cl; (25 °C) or n-octane (60°C).2
aThe appropriate catalyst (3% w/w of MTO with respect to substrate) was added to 1 (0.1 mmol) in CH,Cl,
or n-octane (2.0 mL), followed by treatment with H,O, (4.0 equivalents, 35% water solution), under
magnetic stirring at 25°C and 60°C, respectively. ®Yields correspond to substrate conversion.

Entry  Catalyst Solvent Time (h) Yield (%)°
1 | CH.Cl> 6 <3
2 1 CHxCl; 6 >99
3 I CH.ClI 6 >99
4 v CHxCl; 6 >99
5 V CH.ClI 6 >99
6 | n-octane 24 n.d.
7 PVP/MTO n-octane 24 51
8 PVPN/MTO n-octane 24 60
9 1 n-octane 24 47

10 1 n-octane 24 59
11 v n-octane 24 79
12 V n-octane 24 91

Irrespective to experimental conditions, the sulfone 6 was obtained as the only

recovered product, the yield of 6 corresponding to the conversion of substrate (Figure

3.14, Table 19, entries 1-12). As expected, catalyst |1 showed a negligible activity,

probably due to the low value of LF (Table 19, entries 1 and 6). As reported in Table 19,

the oxidation of compound 1 with catalysts 11-V in CH2Cl> do in quantitative yield and

conversion of substrate, to yield the sulfone 6 after only 6 h (Table 19, entries 2-5). A

lower reactivity was observed in n-octane, in which case higher temperature and longer
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reaction times were required (Table 19, entries 9-12). The low reactivity of MTO during

the oxidation of aromatic sulfur derivatives in n-octane was previously reported?.
Catalysts Il and 111 showed a reactivity similar to PVP/MTO and PVPN/MTO alone,
confirming that the adsorption of the MTO adducts on CNTSs did not alter their catalytic

performance (Table 19, entries 7-8 versus 9-10). On the other hand, catalysts IV and V

were more reactive than catalysts Il and 111, catalyst VV being the most active system

(Table 19, entries 11 and 12).

Table 20. Oxidation of thiophene derivatives 1-5 with catalysts 11-V in n-octane/CH3;CN mixture.?

Entry Substrate Catalyst Product Yield (%0)
1 1 & 6 83
2 1 Ve 6 >90
3 1 V 6 >99
4 1 1 6 52
5 1 i 6 64
6 1 v 6 81
7 1 PVP/MTO 6 56
8 1 PVPN/MTO 6 67
9 2 I 7 30
10 2 i 7 41
11 2 \Y) 7 70
12 2 \% 7 80
13 3 1 8 18
14 3 i 8 21
15 3 v 8 69
16 3 \% 8 78
17 4 1 9 16
18 4 i 9 21
19 4 v 9 42
20 4 \% 9 51
21 5 1 10 5
22 5 i 10 7
23 5 v 10 19
24 5 V 10 28

aThe oxidations were performed with catalysts 11-V (3% w/w of MTO with respect to substrate) in the
presence of n-octane/CH3CN 3:1 v/v mixture at 60°C for 3h. Pn-octane/CH3sCN 1:1 v/v mixture at 60°C for
3h. °n-octane/CH3CN 2:1 v/v mixture at 60°C for 3h.
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Thus, the properties of the support (wrapped CNTw), and the oxidation state of the
resin (that is PVP versus PVPN) tuned the reactivity of the catalyst, in accordance with
the results previously reported for the MTO adducts?’. This effect may be in part ascribed
to the different structure of the active site?®®. Co-solvents with high value of dielectric
constant (acetonitrile, DMF and DMSO) have been applied in ODS processes to optimize
the sulfur removal, since they can extract the sulfoxide and sulfone derivatives produced
during the oxidation?. The advantage of the extraction-oxidation process is the high
sulfur removal under lower H2O/sulfur ratio, with concomitant improvement of catalyst
stability?®*. For this reason, the oxidation of compounds 1 in n-octane was repeated with
the most active catalyst V in the presence of acetonitrile (CH3CN) in three different ratio
values (n-octane/CH3CN, 1:1, 2:1 and 3:1 v/v, respectively) at 60°C (Table 20, entries 1-
3; Scheme 2). CH3CN really increased the efficiency of the oxidation, leading to
formation of sulfone 6 in high yield after 3 h (Table 20, entry 3), the 3:1 n-octane/CH3CN
v/v being the optimal mixture (Table 20, entry 1). These experimental conditions were
successively applied for the oxidation of compound 1 with catalysts 11-1V (in this set of
experiments catalyst | was not analysed, due to its low reactivity). In accordance with
data previously reported, catalysts 1V and V were more reactive than 11-111 (Table 20,
entries 3 and 6 versus entries 4 and 5), these latter showing a reactivity similar to
PVP/MTO and PVPN/MTO adducts (Table 20, entries 4-5 versus 7-8). To evaluate the
generality of the transformation, the attention was next focused on the oxidation of 4,6-
DMDBT 2, 2-MeBT 3, 3-MeBT 4, and 3-MeT 5 (Figure 3.13). Irrespective to
experimental conditions, sulfones 7-10 were detected as the only recovered products
(Table 20, entries 9-24). Again, catalysts 1V and V were the most efficient systems (see
for example, Table 20, entries 11-12 versus 9-10, and entries 15-16 versus 13-14). As a
general trend, sulfones from dibenzothiophene and monobenzothiophene derivatives
(products 6-9) were obtained in an average yield higher than that from 3-methylthiophene
(product 10), with the following order of reactivity: DBT>4,6-DMDBT>2-MeBT=3-
MeBT>3-MeT. This order of reactivity is in accordance with previously reported data for

the oxidation of thiophene derivatives with nanosized catalysts?®

, representing the effect
of aromatic moieties and electron donating substituents on the electron density of sulfur
atom?®®, Next, catalyst V was applied to a model fuel oil (MF) prepared by addition of
equimolar amounts of 1-5 in n-octane, to gain an overall sulfur content of 2.8 mg/mL
typical of a real fuel sample?®’. Treatment of the sample mixture MF/CH3sCN (3:1 v/v)

with catalyst V (3% w/w of MTO with respect to total substrate) and H20: (4.0 equiv.),

138



CHAPTER 3 BIO-MIMETIC SYSTEMS

at 60 °C yielded the quantitative conversions of 1-5 in 2 hours (Table 21, entry 3). The
oxidation of compounds 1-5 in MF was more efficient and faster than that of any isolated
substrates, suggesting the presence of synergic effects or autocatalysis phenomena (Table
21, entry 3 versus entry 2). Noteworthy, the highly recalcitrant substrate 5 was oxidized
in a quantitative manner. In this latter case, the disproportionation reaction between two
sulfoxide (or sulfoxide and sulfoxide-like) intermediates might be responsible for the
increased yield of sulfones from the most recalcitrant substrates?®. Previously, we
observed a similar behaviour in the oxidation of MF with PVP/MTO and PVPN/MTO?®,
We can emphasize that catalyst V was more reactive than the corresponding PVPN/MTO
system in the oxidation of MF, affording the quantitative conversion of substrates 1-5
with a lower LF value (Table 21, entry 3 versus entry 1). Finally, catalyst V efficiently
oxidized compounds 1-5 when embedded in a real sample such as the synthetic diesel
fuel (SDF) sample (3.8 mg/mL of total sulfur content) (Table 21, entry 4).

Table 21. Oxidation of model fuel oil (MF) and synthetic diesel fuel (SDF) samples by either catalyst V or

PVPN/MTO.
Entry  Substrates Solvent Catalyst Time (h) Product (yield%)
12 1-4in MF n-octane PVPNO<MTO 2 6-9 (>99)
2b 1-5 n-octane/CH3CN \Y 3 6 (>99); 7 (80); 8 (78); 9 (51), 10 (28)
3¢ 1-5in MF MF/CHsCN \ 2 6 (>99); 7 (>99); 8 (>99); 9 (>99), 10 (>99)
4 1-5inSDF  SDF/CHsCN \Y; 2 6 (>99); 7 (>99); 8 (>99); 9 (>99), 10 (47)

aexperimental conditions as reported in ref. 16: PVPN/MTO (5% w/w of MTO, LF=5.0), 4.0 equiv. of
H202, 1.5 mL of MF having a total S concentration of 2.8 mg/mL, 70 °C.

The oxidations of isolated compounds 1-5 were performed with catalysts V (3% w/w of MTO with respect
to substrate), 4.0 equiv. of H,O; in n-octane/CH3CN (3:1 v/v) mixture, at 60 °C.

Catalyst V (3% w/w of MTO with respect to substrate), 4.0 equiv. of H,O2 in MF/CH3CN (or 8.0 equiv.
of H,O; for SDF/ CH3CN) (3:1 v/v) mixture (2.0 mL), at 60 °C.

Note that catalyst V showed a similar performance when applied in the optimal
conditions to SDF samples larger than 1000 ml, suggesting the feasibility of this process
for a large scale.

Catalyst V was a stable system in the oxidation of substrate 1 in n-octane/CHsCN (3:1
v/v ratio) mixture, as selected representative sample. In particular, it was recovered and
recycled ten times, with only a slight decrease of the reactivity after the sixth run, after

which it was stabilized at around 60% of the initial value (Table 22).
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Table 22. Stability of catalyst V in the oxidation of DBT 1 and MF.2

Substrate Conversion (%)
Run | Run Run Run Run Run Run Run Run Run
n.1 n. 2 n. 3 n. 4 n.5 n. 6 n.7 n. 8 n. 9 n. 10
DBT
>99 95 89 87 81 56 64 61 58 65
1)
DBT
MF O >99 >99 >99 90 84 68 71 65 61 64
DMDBT
@ >09 >09 >99 97 93 73 70 61 72 66
2-MeBT
) >09| >99 >99 96 90 64 66 61 59 65
3-MeBT
@ >09| >99 95 87 89 78 72 69 68 67
3-MeT
- >99 88 78 67 57 39 43 40 38 45

aAfter the first reaction, catalyst V was recovered by filtration; following runs were performed working
under the same experimental conditions. ®Yields of corresponding sulfones match with substrates
conversion values.

Interestingly, catalysts V showed to be a stable system also in the oxidation of a MF
sample (Table 22). Irrespective to the type of substrate, the conversion was high until the
fifth run, after which it was stabilized at around 65% of the initial value (only in the case
of 5 we observed a slightly lower value stabilized around 40%). These results are in
accordance with the previously reported trend of stability in ODS processes of
heterogeneous catalysts based on other active species. For example, TiO2 nanoparticles
retained the catalytic activity in the oxidation of DBT in MF at least for five runs?, poly-
oxometalates (POMs) nanoparticles for ten runs?®, and titanium Ti-modified SBA-15
(Ti-SBA15) for four runs?®.

Leaching experiments were performed to evaluate the absence of MTO in the
homogeneous phase. In particular, the organic layer from any recycle of catalyst VV was
analyzed by 'H NMR. The absence of the Re-Me peak (2.6 ppm), even after the sixth
recycling run, highlighted that MTO was not released during the reaction. These results
were further confirmed by the lack of catalytic activity in the washing solutions®®:.
Moreover, the value of the total amount of immobilized rhenium was constant during the
recycling runs (ICP-MS analysis). Based on these data, the slight decrease of the
reactivity after the sixth run may be probably due to the formation of low reactive rhenium
species, as confirmed by XPS analysis.
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