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ABSTRACT

The imitation of Nature’s chemical principles and logics has emerged as a competitive strategy
for the design and implementation of functional molecular systems and biomaterials for
innovative technological and biomedical applications. A unique source of inspiration in this
context is offered by phenols, polyphenols and especially catechols, in view of their disparate
biological roles. In the last decades, great interest has been directed to understand structural,
physical and chemical properties of melanins, the black or brownish-red insoluble polyphenolic
pigments of human skin, hair, eyes and melanomas."® However, the extreme heterogeneity of
their molecular systems and practical difficulties in their extraction and purification processes
from natural sources, made their structural characterization and the definition of structure-
properties relationships a most difficult task. To this aim, synthetic mimics of natural melanins
that can be obtained by oxidative polymerization of dopamine (DA), DOPA, 5-S-
cysteinyldopamine (CDA), 5,6-dihydroxyindole (DHI) or 5,6- dihydroxyindole carboxylic acid
(DHICA) hold much promise for technological applications due to their peculiar properties
which include a broad-band UV and visible absorption profile, redox properties, free radical

scavenging ability and water-dependent hybrid electronic-ionic semiconduction.>*™!"!

Of particular relevance for technological purposes is the black polymer produced by oxidation of
dopamine, polydopamine (PDA) and inspired by mussels’ unique ability to strongly adhere to
rocks underwater via catechol and amine crosslinks from DOPA and lysine residues.'*"
Because of its robustness, universal adhesion properties, biocompatibility, reversible and pH-
switchable permselectivity for both cationic and anionic redox-active probe molecules, PDA-
based coating technology has opened up the doorway to novel opportunities in the fields of

. . . .. . . . . 12.16-23
bioengineering, nanomedicine, biosensing and organic electronics. ~

So far, however, progress in polyphenol-, catecholamine- and melanin-based functional materials

and systems has been limited by a number of gaps and issues, including:

a) the lack of rational strategies based on structure-property relationships for selectively
enhancing functionality or imparting new technologically relevant properties to

polydopamine and synthetic melanins tailored to applications.



b) the lack of detailed studies on the actual scope of previous observations in the literature

on catecholamine oxidation chemistry and the coupling with carbon, nitrogen and sulfur

nucleophiles;

¢) the lack of unambiguous data about the specific structural factors underpinning the

universal material independent sticking behavior of polydopamine and other mussel-

inspired bioadhesives.

In the light of the foregoing, specific objectives of the present PhD project include:

)]

2)

3)

4)

The definition of key structure-property relationships in synthetic eumelanins for the
development of rational strategies to enhance or tailor functionality for specific
applications;

The synthesis and chemical characterization of innovative molecular systems and
functional polymers based on rational manipulation of melanin precursors, including
dopamine and 5,6-dihydroxyindole for adhesion, crosslinking and other applications;
The development of alternative mussel inspired systems for various applications based
on the oxidative chemistry of cheap, easily accessible and non-toxic natural phenolic
compounds such as caffeic acid and chlorogenic acid;

The rational design of novel fluorescence turn-on systems for sensing applications

based on catecholamine oxidation chemistry and coupling with nucleophiles.

Main results can be summarized as follows:

)]

2)

3)

The origin and structure-dependent differences of the main chromophores generated
by oxidative polymerization of DHI and DHICA to melanin-type products have been
elucidated by a combined experimental and computational approach based on an
unprecedented set of dimeric precursors. An improved model for the origin of
eumelanin broadband absorption properties has been proposed;

The impact of carboxyl group esterification on the structure and antioxidant activity of
DHICA-melanins has been clarified for the first time, providing novel directions for
the design of melanin-inspired antioxidants and functional systems;

The adhesion and pro-oxidant properties of the polymer deriving from CDA oxidation
(pCDA) were reported in comparison with PDA. This material proved capable of
accelerating the kinetics of autoxidation of glutathione in its reduced form (GSH), a

property potentially useful for sensing applications;



4) Two new sulfur-containing analogs of dopamine and 5,6-dihydroxyindole were
synthesized, 3,4-dihydroxyphenilethanethiol (DHPET) and 5,6-
dihydroxybenzothiophene (DHBT), their oxidative chemistry was investigated and the
spectrophotometric, morphological and electronic properties of the DHBT polymer
(thiomelanin) were assessed in the frame of a proof-of-concept project on novel
melanin-like materials. Part of this work was carried out during a 3-month stay at the
Catalan Institute for Nanoscience and Nanotechnologies (ICN2, Bellaterra, Spain)

5) Novel mussel-inspired adhesive films and biocompatible coatings with good metal-
chelating and dye adsorbing properties were rationally designed and characterized by
the autoxidative coupling of the natural catechol caffeic acid with the long-chain
hexamethylenediamine at pH 9. The same coupling chemistry was extended to
chlorogenic acid and two amino acids, glycine and lysine, for the synthesis of
biocompatible green pigments for food-related applications.

6) A pH-sensitive fluorescent thin film and a fluorescent polymer tag were designed and
obtained by suitable optimization of the strongly fluorogenic reaction between
dopamine and resorcinols. The reaction is efficient, develops from cheap and easily
available compounds and can be extended to a range of resorcinol and catecholamine

partners. Possible sensing of volatile amines with this fluorogenic system is disclosed.

Overall, these results fulfil the main objectives of the PhD project and expand the current

repertoire of functional nature-inspired materials and systems.



Chapter 1

Introduction

1.1 Functional systems inspired by Nature

Observation of natural phenomena and organisms has been, through the centuries, a primary
source of questions and therefore, of answers aimed at unraveling the complexity of such
systems and mimic Nature solutions to solve human problems. Indeed, learning from Nature,
researchers developed artificial materials and devices with advanced properties for sustainable
and efficient technological and biomedical solutions. Figure 1.1.1 shows the constant increasing
number of scientific works reporting advances in the field of Nature inspired materials through

the last 10 years.
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Figure 1.1.1 Histrogram reporting the results of the research topic “nature inspired materials” analyzed
by SciFinder analysis tool by year of publication.

Investigation on biological systems pointed out their ability to exhibit extremely sophisticated
features and properties that normally are not determined by their bulk properties, but more
related to their intrinsic hierarchical micro/nanoscale architecture and abundant interfacial

interactions. These latter, are mainly provided by highly specific weak interactions (i.e. hydrogen



bonding, coordination bonds, hydrophilic/hydrophobic interactions, m-stacking) than by strong

covalent bonds.

This relationship between architecture, interfacial interactions, and properties of natural
materials, supplies the inspiration to generate novel devices and materials, potentially useful for
sensing, catalysis, transport, and other applications in medicinal or engineering science both in

the biomedical or technological field.

Biomedical devices and technological applications. Natural evolution has led to highly
functional assemblies of proteins, nucleic acids, and other (macro)molecules which perform
complicated tasks that are still daunting for us to try to emulate. Tissue engineering and
regenerative medicine has been taking great inspiration from the natural world. Of particular
interest are biopolymeric matrices and bioactive nanosized fillers that thanks to their
biodegradability, high mechanical strength, and similarities with extracellular matrices help in
repair and regenerate damaged tissues and organs, especially to obtain bone-like implantable

materials. >’

Surface modification with biocompatible smart materials capable to improve cell attachment,
proliferation and adhesion to tissues is an important issue in the context of biomedical

applications because the biological response is often determined by biointerfacial interactions.”®

Likewise, the design and realization of materials and coatings with tailored
hydrophilicity/hydrophobicity properties is currently a hot topic of great technological relevance,
and nature represents in this connection a uniquely rich source of inspiration for innovative
solutions. The lotus leaf surface possesses a typical superhydrophobic ability and self-cleaning

property due to branch-like nanostructures on top of the micropapillae.”°

Super-
hydrophobicity is also found in the rose petal, that shows a strong adhesion force preventing
water droplets rolling down thanks to a “raspberry-like” microstructure of its surface that allows

drops penetration in the first levels of this fascinating structural organization.”'*

Besides hydrophobicity, optical properties are often associated with structured molecular
architectures. The color of the feathers of a peacock or the wings of a butterfly are all caused by
microstructures that exhibit periodic variations in dielectric constant in one, two or three
dimensions. Color through structure can be found in a significant number of animals, particularly
those living in poorly illuminated environments.” and they find relevant technological
applications as, light manipulation, optical sensors, light—energy conversion, plasmonic materials

with ultrahigh surface plasmon resonance (SPR) efficiency and metamaterials.>**’



Many examples of environment-friendly energy-storage materials have also been reported.*® For
example, inspired by the electron shuttles functioning in extracellular electron transfer via
reversible redox-cycling, electrode materials with similar active functional groups have been
explored.’” Nature inspired frameworks for the development of solar cells,”® photovoltaic

40,41

materials,” and systems for artificial photosynthesis also represent a highly active field of

research.

The creation of such complex functionalities in bioinspired materials certainly depends on their
multiscale structures and the rationale design of new, high performance materials requires a deep
understanding of the underlying structure—property relationships. But, from the foregoing, it is
clear that all of the above mentioned properties and functions are consequence of tailored
molecular assemblies and interfaces with specific chemical and physical features that change and
adapt in response to environmental cues. More in detail, functional changes at macroscopic scale

are always the result of a response that occurs at the molecular level.

This response, in turn, depends in most cases on the dynamic interplay of interacting molecular
systems endowed with great chemical versatility and responsiveness. In this context, polyphenols
and especially catechols, represent most versatile molecular tools exploited by nature to fulfill a
variety of roles and functions. Indeed, catechol-based compounds play a variety of roles in
biological systems , such as antioxidant and free radical scavengers (e.g. natural polyphenols of
plant origin), photoprotection (melanin pigments), molecular mediators and messengers
(catecholamine neurotransmitters and hormones) and tissue strengthening via cross-linking
(DOPA residues in mussel edulis foot proteins (mefp) and N-acetyldopamine in the

sclerotization of insect cuticle).

Noticeable examples of natural catechol-based systems and derivatives can be classified in two

main groups (Figure 1.1.2):

1. Small molecules as molecular mediators and messengers, including: catecholamine
neurotransmitters and hormones, such as dopamine, norepinephrine and epinephrine

and their metabolites and conjugates;
products of metabolic transformation of steroids, such as the catecholestrogens;
active structural components as N-acetyldopamine in the insect cuticle sclerotization;

pigments as anthocyanines and flavonoids that confer to fruits and flowers their

- 42
characteristic colours;
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anti-oxidants and free radical scavengers as hydroxytyrosol, pyrogallol, gallic, caffeic

. . . . . . . . 29
and chlorogenic acid derivatives, epicatechins, curcumin and anthocyanines;

2. Polyphenolic polymers of plant origin as lignins, tannins, characterized by a marked
structural diversity. Lignins derive from coniferyl and p-coumaryl alcohols and are
investigated for their fuel value as well as to produce plastic-like materials. Tannins
and related substances are used as clarifying agents in alcoholic drinks and as aroma
ingredient in both alcoholic and soft drinks or juices, and find extensive uses in the

wine industry,

Polyphenolic polymers can also be found in animals. Noticeable examples include the
melanins, the black (eumelanin) or reddish-brown (pheomelanin) pigments of human

skin and hair, mammalian fur, bird feathers, cephalopod ink.

Pigments

eumelanins , pheomelanins
Plant rr:efabollfes o CATECHOLS Molecular mediators
HO. NH, HO. ~
HO. N on HO IN D/\/ :O)\/
NATURE HO' HO
HO Caffeic Acid Al Hydroxytyrosol D inc (neurotr i ad (o)
v

Cross-linking agents

zT

insect sclera, mussel foot proteins

Figure 1.1.2 Representative biological roles of catechols.

Such a variety of diverse biological roles can be explained by the versatility of catechol

chemistry.
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1.2 Catechol chemistry

The presence of an ortho diphenol group confers to catechols a high oxidizability, slightly acidic
properties under specific conditions, an electron-rich aromatic ring for electrophilic reactions and
functionalization, and an ideal disposition for bidentate coordination and hydrogen bonding. As a
result, catechol chemistry is largely dominated by metal chelating properties and redox
equilibria. Moreover, upon conversion to semiquinone and quinone derivatives, catechols can
turn into free radical intermediates and highly electrophilic species, respectively, becoming
available for efficient coupling processes and for nucleophilic attack on the part of functional
groups of biomolecules such as thiols, amines, as well as carbon nucleophiles including phenolic
and catecholic rings. This peculiar chemistry is at the basis of a variety of biologically relevant
processes, such as conjugation, polymerization, cross-linking and coupling that can be
reproduced in vitro under mild biomimetic conditions. The nucleophilic character of the OH
groups, moreover, makes them susceptible of important biological reactions such as sulfation,
glucuronidation and methylation, e.g. by enzymes like catechol-O-methyl transferase (COMT)
(Scheme 1.2.1).

HO S
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-1e” 0 -1e” o R
\\\\ OH
R-NH HO
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C|J OH
© COoMT
-—
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o]
“o
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]
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Scheme 1.2.1 Catechol chemistry and biochemistry. The reaction with COMT involves preferentially
catecholamines, therefore —R= alkylamino chain.
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Coordination chemistry. The catecholic ortho hydroxyl groups can donate non-bonding
electron pair to many metal ions such as Fe*'/Fe*", Cu*', Co®", Ni*", V**, Ga** to form reversible
non-covalent complexes (chelates). The metal-to catechol complex stoichiometry is usually 1:1

and 1:2 for low-valent metals, while high-valent ions form 1:1, 1:2, and 1:3 complexes.45

The coordinative chemistry of catechols with iron (II) is particularly interesting, because the
stability constants of bis- and tris- catechol-Fe** complexes are among the highest known for
metal-ligand chelates.*® Single molecule force measurements demonstrated that the catechol—
Fe’" bond is only slightly weaker than a covalent bond but, interestingly it can spontaneously
reform after breaking.'” Stoichiometry of the catechol-Fe’" complexes has been deeply
investigated as it seems to play a fundamental role in the underwater adhesion mechanism of

48-51

mussels. It has been found that catechol coordination chemistry is strictly controlled by pH

via the deprotonation of the catecholic hydroxyl groups. The mono catechol-Fe’" complexes
dominate at pH lower than 5.6, bis at pH between 5.6 and 9.1, and tris at pH higher than 9.1."
The stoichiometry of the complex also depends on Fe’™ concentration: low iron (III)
concentrations favour the tris-complex formation, while at high Fe** concentrations, the mono
complex is formed.* Finally, the substituents on the catecholic aromatic ring affect the catechol—
Fe’" coordination by changing the pK, values of the catechol analogues. Electron withdrawing
substituents (e.g. -NO,) result in lowering of the pK, values (the pK, values for nitrocatechol are

6.7 and 10.3; and for catechol are 9.1 and 14).> Thereby, nitro-substituted catechols form

chelates and crosslinks at lower pH values.

Redox chemistry. Catechol redox systems involves the formation of quinone and hydroquinone
type equilibrium species. In fully buffered media the quinone/hydroquinone redox process
involves changes in the protonation state of the molecule, resulting in the observation that
potentiometric or amperometric equilibrium potentials vary with pH. The pH dependence of the
catechol redox process can be ascribed to a two proton—two electron (2H' 2e) transfer,
commonly known as a proton-coupled electron transfer reaction. This process is well represented
in the “scheme of squares” shown in Scheme 1.2.2.° Under biological conditions, the redox
reaction between catechol and oxygen, typically referred to as “autoxidation”, is
thermodynamically unfavourable because of the high activation energy barrier (530 mV). In
natural systems, the obstacle of the catechol auto-oxidation, is overcome by the presence of

enzymes (e.g. tyrosinase, horseradish peroxidase/H,0,) or metal ions (e.g. Fe*").”

13
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Scheme 1.2.2 Catechols redox equilibria.

Coupling with nucleophiles. Upon conversion to semiquinone and o-quinone derivatives,
catechols can turn into free radical intermediates and highly electrophilic species, respectively,
becoming available for efficient coupling processes and for nucleophilic attack on the part of
functional groups such as thiols, amines, as well as carbon nucleophiles including phenolic and
catecholic rings, allowing for conjugation, polymerization, cross-linking and coupling even

under mild biologically-relevant conditions.

As mentioned previously, the reaction between catechols and amines is of vital importance in
many natural biological processes, such as the cross-linking of adhesive proteins by marine
organisms,” the formation of cytoskeleton by insects’® and the biosynthesis of melanin.® For
instance, in blue mussels, both DOPA and L-lysine are present in large quantities in mussel
adhesive foot proteins (mfps). It has been proposed that the amino group in lysine side chains in
mfps may react with the carbonyl groups of o-quinones to form catechol-amine adducts. The
reaction between catechols and amines, together with all other possible reactions involving
catechols (coordination with metal ions, cross-coupling with other nucleophiles), contributes to

the fast solidification of freshly secreted mfps to form a tough and robust cuticle.'*

Amines may react with o-quinones to form adducts either by addition or Schiff base formation.
The factor that mainly determines which of these three reaction types will predominate, is the
type of amine. In a Michael type addition an amine is attached to the catechol ring at the 6-

position (see Scheme 1.2.1) to form amino-catechol coupling product. Three parameters can

14



affect the Michael-type addition: the pH, the type of catechol substituents and the basicity of the
nucleophilic amines. In general, an increase in pH results in a higher reaction rate. Catechols
with a substituent on the aromatic ring, have a reduced reactivity when compared to
unsubstituted catechol, mostly dependent on the steric effect of the group. A third factor is the
basicity of the nucleophilic amines: a more basic amine results in a higher reaction rate. In a
Schiff base reaction the amine attacks the 1- or 2- position and an imine is created. Schiff base

reactions are affected mainly by the pH.

Thiols can react with o-quinones by regioselective nucleophilic attack in the 2/5-position of the
ring as shown in Scheme 1.2.1. Catechol-thiol adducts have been detected in many different
natural systems. For instance, in the glue secreted by the sandcastle worm. The curing process of
these proteins give raise to 5-S-cysteinyl-dopa units formed from dopa and cysteine during the
setting process.”’ The addition efficiency of the reaction is increased by a higher oxidation rate
of the catechols. Moreover, primary thiols with less steric hindrance exhibit a higher reactivity

than secondary and tertiary thiols.

The o-quinone groups can also react via reverse dismutation to the unoxidized catechol, yielding
two highly reactive semi-quinone radicals that can couple to form dimers via C-C crosslinks. The
presence of such dimers has been assessed in many natural systems i.e. in mussels foot

proteins.”®

OH o 0 OH
HO o HO HO
OH
+ E —_—
OH

Scheme 1.2.3 Crosslinking pathway via dismutation and aryloxyl coupling.

Because of their chemically versatile structure, catechols and related systems are intensively
investigated in the frame of supramolecular structures, metal chelating or cross-linking systems
and polymers. Recent studies reported the design and biomimetic use of natural and synthetic
catechols in biomedicine, analytical chemistry, nanotechnology and materials science, offering

promising candidate structures for various technological applications.

15



1.3 Catechol-based functional materials

The broad range of functional materials achievable thanks to the versatile catechol chemistry,

can be classified in four main macroareas as recently proposed by Ruiz-Molina et al.:>

a) Hooks, in which catechol groups are incorporated into complex systems and serve as

individual binding sites to isolated molecules;

b) Switches, in which catechol-based molecules are, under certain conditions, able to

respond reversibly to external stimuli;

¢) Anchors, in which they act as passive links to surfaces and/or covalent supports to

other (functional) moieties;

d) Scaffolds, in which the catechol blocks constitute the framework for 2D or 3D
structures, either by polymerization or self-assembly, which are functional on their

own.

Hooks. Catechols reversible redox activity and their ability to strongly couple with metals and
specific molecules enabled the preparation of many device applications. In particular, the ability
of catechol groups to effectively coordinate transition metals has been extensively investigated

for therapeutic, analytical and environmental applications. These include:

o artificial siderophores, intended as therapeutic agents specifically used for the
treatment of both acute and chronic iron poisoning;*

e complexes with Gd*" ions, as contrast agents in magnetic resonance imaging (MRI);*’

e materials for chemo and biosensing, e.g. redox shuttles for NADH sensing
elec‘[rodes,62’63

e physical or chemical stimuli-responsive hydrogels for applications as self-curing or

wound healing materials.**®

Switches. Several stimulus-controlled switches have been designed exploiting catechols
coordination properties and redox chemistry for therapeutic, analytical and environmental
applications. Noticeable examples are valence tautomeric (VT) materials for molecular
electronics devices. VT materials are based on the modulation of internal electronic distribution
of transition metal complexes upon application of different external stimuli.®® Other significant
applications include: a) sensitizer in dye-sensitized solar cells (DSSC), that improve the device

efficiency;*”*® b) development of electrochromic materials capable of reversible light absorption
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in the NIR region upon the application of suitable redox potentials;*® ¢) switchable catechol-
modified chitosan films responsive to pH and voltage stimuli.”®’" d) sensing of catecholamines

by cross-coupling oxidation in the presence of resorcinol or its derivatives.”*”

Anchors. This represents the most significant field of application, therefore a large number of
studies can be found in literature describing the use of catechols to anchor molecules or polymers
to a large variety of surfaces, both nano/micro- and macroscopic. Many studies reported
synthetic catechol-based polymeric structures with recognizable biomimetic features, among
wich adhesiveness in wet condition is one of the most common. Few examples include: a) the
preparation of water-soluble random copolymers of DOPA and lysine as wet adhesives;’* b) the
synthesis of copolymers of styrene and 3,4-dihydroxystyrene which were cross-linked by
coordination with Fe** or by oxidation (periodate, permanganate and dichromate) to give layers
with measured adhesion shear forces up to 1.2 MPa;” ¢) the preparation of hydrogels based on a
branched DOPA-modified PEG polymer coordinated to Fe'", wich showed pH-dependent self-

healing properties.*

Furthermore, many examples of surface functionalization have been reported in which catechols

are meant as anchors to molecules, polymers or nanoparticles that demonstrate specific

176,77 78,7

properties, allowing the preparation of different antibacteria and antifouling”" coatings.®

Scaffolds. Phenolic biopolymers, are a noticeable example of catechol-based scaffolds with a
broad range of applications documented by a growing number of papers.’! In the field of
functional materials for organic electronics, bioelectronics and light harvesting, one of the most
intriguing sources of inspiration is provided by the familiar property of the catecholamine
metabolites DOPA and dopamine (DA) to generate on oxidation black insoluble biopolymers,

commonly referred to as melanins or, more properly, “eumelanins”."**

Originally stimulated by the central role in skin and eye pigmentation and its disorders, interest
in melanin pigments has increased dramatically over the years to exceed the traditional
boundaries of biology and medicine to include materials science. However, the notorious
difficulties in the structural investigation of natural eumelanins, due primarily to the amorphous
character, the marked insolubility in all solvents and the close association with the cellular
ingredients of the biological matrix in which they are embedded, have traditionally dominated
the chemists’ attitude toward these elusive pigments. For these reasons, considerable attention is
currently being focused on synthetic eumelanin-like polymers for their possible application as

soft, bioavailable and biocompatible functional materials.
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Structurally related to melanins is the black polymer produced by oxidation of dopamine (DA) at
pH 8.5 in the presence of oxygen reported for the first time by Messersmith, Lee and coworkers
in 2007." In an attempt to reproduce the high adhesion properties of mussel byssus, they
described a universal eumelanin-like coating material, polydopamine (PDA), which can coat
many types of surfaces, including superhydrophobic ones by a simple, one-step, dip-coating
process that allows the substrate to become coated with a PDA film up to 50 nm thick within

24h.(Figure 1.3.1)

pDA coating

Figure 1.3.1 Schematic illustration of thin film deposition of pDA by dip-coating an object into an
alkaline dopamine solution."

This black synthetic eumelanin-like polymerdisplay intriguing physicochemical propertiessimilar

to those of natural and synthetic melanins,'' including a broad band visible absorption,*’ an

84,85

intrinsic free radical character, and a water-dependent, ionic-electronic hybrid conductor

behaviour.*® These properties prompted exploitation of PDA as multifunctional platforms for

diverse technological applications, e.g. in organic electronics,”’ for the development of

20,88,89

nanoparticles with free radical scavenging propertiesor for drug delivery; in the setup of

. . . . .. 81
new systems for energy conversion, e.g. artificial photosynthetic mimics, or as

biointerface.'®!%%
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1.4 Summary of state-of-the-art, and aims of the PhD project.

The above paragraphs provide the state of the art at the beginning of the present PhD

project, which can be summarized as follows.

a) Nature inspired functional materials are attracting ever growing interest as long as
our understanding of structure-properties relationships progresses. The possibility
to investigate the structural and electronical properties of matter up to the
nanometric scale allows us to recognize the chemical basis of natural processes
and to apply them to solve technological issues.

b) Because of their versatile chemistry, catecholic compounds play a central role in a
wide range of biological processes, spurring their exploitation in a variety of
biomedical and technological fields. This state-of-affairs is exemplified by the
burst of interest in materials science eumelanins and related material deriving
from the autoxidation of dopamine (PDA) due to their outstanding

physicochemical properties.

So far, however, progress in polyphenol-, catecholamine- and melanin-based functional materials

and systems has been limited by a number of gaps and issues, including:

d) the lack of rational strategies based on structure-property relationships for selectively
enhancing functionality or imparting new technologically relevant properties to
polydopamine and synthetic melanins tailored to applications.

e) the lack of detailed studies on the actual scope of previous observations in the literature
on catecholamine oxidation chemistry and the coupling with carbon, nitrogen and sulfur
nucleophiles;

f) the lack of unambiguous data about the specific structural factors underpinning the
universal material independent sticking behavior of polydopamine and other mussel-

inspired bioadhesives.
In the light of the foregoing, specific objectives of the present PhD project include:

5) The definition of key structure-property relationships in synthetic eumelanins for the
development of rational strategies to enhance or tailor functionality for specific

applications;
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6) The synthesis and chemical characterization of innovative molecular systems and
functional polymers based on rational manipulation of melanin precursors, including
dopamine and 5,6-dihydroxyindole for adhesion, crosslinking and other applications;

7) The development of alternative mussel inspired systems for various applications based
on the oxidative chemistry of cheap, easily accessible and non-toxic natural phenolic
compounds such as caffeic acid and chlorogenic acid;

8) The rational design of novel fluorescence turn-on systems for sensing applications

based on catecholamine oxidation chemistry and coupling with nucleophiles.

Part of the work relating to research line 2) was carried out during a three-month stage in the
laboratory of Professor Daniel Ruiz Molina at Catalan Institute for Nanoscience and

Nanotecnology (ICN2, Bellaterra, Spain).

Overall, the results described in this thesis have led to significant advances in our understanding
of eumelanin and PDA properties and have disclosed novel bioinspired functional materials and

systems of potential technological and biomedical relevance.
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Chapter 2

Structure-property-function relationships for the rational design of
tailored melanins

2.1 Introduction

The structural and supramolecular bases of the characteristic broadband absorption spectrum of
eumelanins accounting for their black or dark colorations have been the subject of intensive
studies™™ > because of their close relationship to key features of these polymers including the
photoprotective and antioxidant properties, non-radiative UV energy dissipation mechanism,”®*’
the water dependent ionic-electronic conductivity, and the paramagnetic state resulting in a
permanent EPR signal.>””® Especially, their implications for the ability of eumelanins to convert
the energy of the absorbed photon into non-photochemical dissipative processes is worthy of

note for photoprotective mechanisms.' '’

According to a commonly accepted, yet simplistic view, natural eumelanins are heterogeneous

polymers consisting of DHI and DHICA units linked through diverse bonding patterns'®'"!

accounting for various levels of disorder (Figure 2.1.1).

Molecular

/

Monomer

recursor \ scaffold )
P Degree diversity /
of / Pasitional Aggrega-
polymeri- isomerism tion
[ Monoiner Zation Electronic
disorder disorder.
1 - hay s I I
[ Ollg?mer size ] Molecular disorder upramolecular
disorder disorder

Figure 2.1.1 Main levels of eumelanins disorder.

The first level of disorder (chemical disorder)! relates to the possible participation in the
polymerization process of different monomers, e.g. DHI, DHICA or open chain derivatives,
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leading to a variety of oligomeric species that can develop complex ensembles of chromophores

spanning the entire UV-visible range.

The second level of disorder relates to the variety of structures that can arise from a single
monomer, due e.g., to molecular weight dispersion with polymerization (oligomers size
disorder), molecular scaffold diversity due to positional isomerism, and conformational disorder

reflecting atropisomerism, e.g., in DHICA oligomers (molecular disorder).

The third level of disorder (electronic disorder) refers to the existence of various possible
oxidation states for each single oligomeric scaffold: for example, a dimer can exist in its fully
reduced form and as one-electron, two-electron, three electron, and four electron (fully
quinonoid) oxidation products. In principle, each oligomer (n-mer) can exist in 2n+1 different
species, regardless of their stability. It is worth noting that it is the coexistence of oxidized and
reduced moieties that is essential for the broadband visible-light absorption spectrum of
eumelanins, as suggested by data from glycated water soluble eumelanin.*® Thus, black color
would depend not only on the degree of delocalization of m-electron conjugated
chromophores'®'® but also on intermolecular redox exchange and aggregation-dependent
interchromophoric interactions. In this connection, computational studies suggested that the
monotonic spectrum of eumelanin is due to delocalization of excitons over stacked DHI
melanin.'™ The current view is that the optical eumelanin properties can be mimicked only by

including catechol, semiquinone and quinone building blocks.'*

The fourth level of disorder (supramolecular disorder) relates to the different modes of
aggregation of oligomers as dictated by scaffold-dependent, redox state-controlled
conformations (see Figure 2.1.2) and has a major impact on morphology and scattering

properties.

In previous studies it was shown that poly(vinyl alcohol) (PVA) at 1% concentration can prevent
precipitation of eumelanin thus allowing to disentangle intrinsic absorption properties due to
chromophores from scattering effects. The results showed that besides the intrinsic chromophore
component there is an extrinsic contribute that depends on the intermolecular perturbation'*® of
n-electron systems and that is dominant in DHICA melanin, because of the lack of planar
conformations.”'”” These intrinsic and extrinsic contributes (Figure 2.1.2), together with local
effects of geometric order and disorder,'® would cooperate to generate the absorption spectrum

of eumelanin 5104108
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Figure 2.1.2 Intrinsic and extrinsic contributions to eumelanin absorption properties.

In order to elucidate the structure-properties relationships underlying the broadband spectrum
and to dissect the contributions of the different levels of disorders, part of this thesis was directed
to investigate and compare melanin chromophore formation from a collection of precursors
featuring different substituents, molecular size (monomers and dimers) and shape (isomeric
dimers). The dynamics of band broadening during eumelanin chromophore buildup and the role
of chemical disorder were addressed by spectrophotometric experiments. In particular, two
contributions to chemical disorder were considered: structural disorder, reflecting the variety of
o-scaffolds, and redox disorder, as determined by catechol-semiquinone-quinone mixing and -
electron perturbations. All data were interpreted with the support of DFT calculations (by

Professor O. Crescenzi, Department of Chemical Sciences).
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2.2 The dynamics of eumelanin chromophore evolution

Preliminary experiments were directed at comparing the generation and evolution of
chromophores from DHI in the presence and in the absence of 1% PVA to prevent solid melanin

precipitation.
To this aim, three oxidizing systems were used:

e Potassium ferricyanide in phosphate buffer at pH 7.0, K3[Fe(CN)¢], as a one-electron
oxidant (2 molar eq.)
e Sodium periodate in phosphate buffer at pH 7.0, NalO,4, operating as two—electron
oxidant via cyclic ester formation with catechols (1 molar eq.)
e Ceric ammonium nitrate (CAN) in phosphate buffer at pH 3.0, (NH4),[Ce(NO;)s],
operating by a one-electron transfer mechanism at acidic pH (2 molar eq.)
Oxidant concentration was based on a two-electron oxidation stoichiometry relative to the
monomer, formally corresponding to o-quinone formation. Monomer consumption was checked

by HPLC and was complete under these reaction conditions.

The results showed that ferricyanide and periodate can induce similar chromophoric changes and
evolution kinetics while CAN induced a less intense chromophore, possibly ascribable to the

inhibition of deprotonation at acidic pH (Figure 2.2.1).

Potassium ferricyanide Sodium periodate, Ceric ammonium nitrate (CAN),
phosphate buffer, pH 7.0 phosphate buffer, pH 7.0 phosphate buffer at ,pH 3.0

05 - 0.4 0.4
o 0 min 0 min 0 min
’ 5 min 03 5min | 93 5 min
0.3

§ 0.2 §0.2
0.2

Abs

0:1 0.1
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200 400 600 80 200 400 600 80( 200 400 600 800}
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Figure 2.2.1 Generation of chromophores from DHI (50 upM) using different oxidizing systems:
potassium ferricyanide in phosphate buffer pH 7.0, sodium periodate in phosphate buffer at pH 7.0 or
ceric ammonium nitrate (CAN) in phosphate buffer at pH 3.0.

On this basis, ferricyanide was selected as the oxidant and oxidations were carried out with DHI

and other selected monomers and dimers (Figure 2.2.2) at 50 uM concentration.
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Figure 2.2.2 Structures of monomers and dimers investigated in this thesis.

Data from DHI oxidation over 24 hours reaction time showed the generation of a broad visible

chromophore around 560 nm, referred to as melanochrome based on an old nomenclature (Figure

2.2.3).%

Further addition of 2 molar equivalents of potassium ferricyanide did not affect the maximum

intensity and persistence of the chromophore suggesting the occurrence of oxidation processes

unrelated to chromophoric species.
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Figure 2.2.3 Generation and evolution of chromophores from DHI (50 uM) oxidation by ferricyanide (2
molar equivalents) in the absence or the presence of 1% PVA.
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In order to quantify scattering contributions to the final spectra, spectra were recorded before and
after filtration through a 0.45 micron nylon membrane. At 5 min spectral analysis did not show

detectable absorption in filtrate.

Notably, all oxidation mixtures slowly darkened both in air and under an argon atmosphere due
to broadening of the absorption band accompanied by extensive precipitation, as measured by
filtration at 24 h. In the presence of 1% PVA melanin precipitation was inhibited at least in part,

but melanochrome formation proceeded in a similar manner (Figure 2.2.4).

Phosphate buffer, pH 7.0, 1% PVA
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Figure 2.2.4 UV-vis spectra of DHI (50 uM) oxidation mixtures by ferricyanide (2 molar equivalents) in
the absence and in the presence of 1% PVA. Green traces were recorded before filtration, brown traces
were recorded after filtration.

These results allowed to identify three distinct phases of chromophore generation and evolution:

I) Fast generation of the melanochrome, whose absorption is mainly due to intrinsic

10
chromophores.'”

II) Slow band broadening process, mainly due to extrinsic contributions (i.e.

intermolecular chromophore perturbations)

IIT) Melanin precipitation and consequent scattering.
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While Phase I depends on the presence of the oxidant, phase II is oxygen independent. PVA
allowed to disentangle contributions from phases II and III that otherwise would have been

superposed.

Digital pictures in Figure 2.2.5 show the gradual darkening of the oxidation mixtures and the
deposition of melanin pigment. At 5 min, it was possible to observe the development of a bluish
coloration due to the melanochrome. The effect of PVA in preventing solid precipitation during

phase III is well apparent from these comparative pictures.

Before After Before After
filtration filtration filtration filtration

-
l .

Without PVA 5% PVA

Figure 2.2.5 Digital pictures of the reaction mixtures obtained by ferricyanide oxidation of DHI (500 uM)
over 24 h in the absence and in the presence of 5% PVA.

In order to examine the effect of ring substituents on the dynamics of DHI polymerization, the
same experiment was performed on the N-methyl derivative of DHI (N-MeDHI), DHICA and
MeDHICA.

The results show that the effect of the methyl group is negligible and the spectra are similar in

the case of DHI and N-MeDHI (Figure 2.2.6).
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Figure 2.2.6 Generation and evolution of chromophores from N-MeDHI (50 uM) oxidation by
ferricyanide (2 molar equivalents) in the absence or in the presence of 1% PVA.

In the case of DHICA a deep violet chromophore broadly centered between 500-550 nm and a
well-defined UV absorbing band around 330 nm were observed both in the presence and in the

absence of PVA (Figure 2.2.7). Spectra recorded at 5 min and 2h showed that the inhibition of
aggregation by PVA delayed the decay of melanochrome.
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Figure 2.2.7 Generation and evolution of chromophores from DHICA (50 uM) oxidation by ferricyanide
(2 molar equivalents) in the absence or in the presence of 1% PVA.
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Digital pictures before and after filtration, in the presence and in the absence of PVA, confirmed

the role of aggregation in color development (Figure 2.2.8).

Before After Before After Before After Before After
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Figure 2.2.8 Digital pictures of the mixtures obtained by ferricyanide oxidation of N-MeDHI or DHICA
(500 M) over 24 h in the absence and in the presence of 5% PVA.

In contrast with the case of DHICA, MeDHICA did not lead to significant visible chromophores

nor to an appreciable rise of scattering by oxidation with ferricyanide (Figure 2.2.9).
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Figure 2.2.9 Generation and evolution of chromophores from MeDHICA (50 uM) oxidation by
ferricyanide (2 molar equivalents) in the absence or in the presence of 1% PVA.
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The lack of aggregated unsoluble materials was also confirmed by the lack of variations

choromophore intensity by filtration (Figure 2.2.10).

Before After Before After
filtration filtration filtration filtration

5 min

w

2h

24h ( & -

Without PVA 5% PVA

Figure 2.2.10 Digital pictures of the oxidation mixtures obtained by ferricyanide oxidation of MeDHICA

(500 uM) over 24 h in the absence and in the presence of 5% PVA.

A complete set of the UV spectra recorded for N-MeDHICA, DHICA and MeDHICA is shown

in Figure 2.2.11-13.
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Figure 2.2.11 UJl-vis spectra of N-MeDHI (50 uM) oxidation mixtures by ferricyanide (2 molar
equivalents) in the absence and in the presence of 1% PVA. Green traces were recorded before filtration,
brown traces were recorded after filtration.
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Figure 2.2.12 UV-vis spectra of DHICA (50 uM) oxidation mixtures by ferricyanide (2 molar equivalents)
in the absence and in the presence of 1% PVA. Green traces were recorded before filtration, brown traces
were recorded after filtration.
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Figure 2.2.13 UV-vis spectra of MeDHICA (50 uM) oxidation mixtures by ferricyanide (2 molar
equivalents) in the absence and in the presence of 1% PVA. Green traces were recorded before filtration,
brown traces were recorded after filtration.

To assess the effect of molecular disorder as contributed by molecular weight dispersion and
scaffold diversity, in a separate set of experiments oxidative polymerization was run on dimers
and its spectrophotometric course compared to that of the corresponding monomers. Use of
dimers would lead to a halved oligomer population with respect to monomers because of the lack
of components with an odd number of units. In addition, constraints to scaffold diversity within
each oligomer populations are posed by the dimer interring bond whereby only a fraction of the
possible 2n-mers produced by oxidative polymerization of the monomer can be formed from

each dimers.

Interestingly, marked differences were apparent in the early chromophores generated by the
isomeric 2,4’-, 2,7’- and 2,2’- dimers of DHI both in the presence and in the absence of PVA
(Figure 2.2.14).
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Figure 2.2.14 UV-vis spectra of 2,2°-, 2,4’- and 2,7 -dimers of DHI (50 uM) oxidation mixtures by
ferricyanide (2 molar equivalents) in the absence and in the presence of 1% PVA.

The almost overlapping traces recorded at 5 min, 2 h and 24 h in the absence of PVA, suggest

that the evolution of the melanochrome is faster in the case 2,2’ dimer. It is concluded that in the

first phase of chromophore evolution the way the indole units are bound is more important than

the decrease in molecular weight dispersion.

Comparison of the spectra of the oxidation mixture of the 4,4’-dimer of DHICA with those of the

monomer indicated a faster rate of melanochrome evolution (Figure 2.2.15). Similar was also the

course of the oxidation of the 4,7’—dimer compared to the monomer (not shown).

0 min
5 min

Phosphate buffer, pH 7.0,

Phosphate buffer, pH 7.0,

without PVA 1% PVA
1.5 1.5
1
3
<
0.5F \‘ 0.5
. \ \ 0 L‘ .
200 400 600 800 200 400 600

Wavelength [nm]

Wavelength [nm]

N

Figure 2.2.15 Generation and evolution of chromophores from 4,4-DHICA (50 uM) oxidation by
ferricyanide (2 molar equivalents) in the absence or in the presence of 1% PVA.
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A complete set of UV spectra recorded for 2,4’-, 2,7°- and 2,2’-dimers of DHI and for the 4,4’-
dimer of DHICA is shown in figures 2.2.16-19.
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Figure 2.2.16 UV-vis spectra of 2,2 -dimers of DHI (50 uM) oxidation mixtures by ferricyanide (2 molar
equivalents) in the absence and in the presence of 1% PVA. Green traces were recorded before filtration,
brown traces were recorded after filtration.
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Figure 2.2.17 UV-vis spectra of 2,4 ’-dimers of DHI (50 uM) oxidation mixtures by ferricyanide (2 molar
equivalents) in the absence and in the presence of 1% PVA. Green traces were recorded before filtration,
brown traces were recorded after filtration.
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Figure 2.2.18 UV-vis spectra of mixtures by ferricyanide oxidation (2 molar equivalents) of 2,7 -dimers
of DHI (50 uM) in the absence and in the presence of 1% PVA. Green traces were recorded before

filtration, brown traces were recorded after filtration.
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Figure 2.2.19 UV-vis spectra of 4,4 -dimer of DHICA (50 uM) oxidation mixtures by ferricyanide (2
molar equivalents) in the absence and in the presence of 1% PVA. Green traces were recorded before

filtration, brown traces were recorded after filtration.

To compare the shapes of the final spectra of the polymers from dimers with those of the

polymers from monomers, absorbance data at fixed visible wavelengths were normalized against

the UV band at 300 nm and the resulting traces were matched against the theoretical monotonic

profile (Figure 2.2.20).

35



1.2 4 12 4

g 14 3 1 -

o o

c c

< <

2038 - Q038

o o

3 2 \

® 0.6 ® 0.6

o o

7] 9]

N N

= 04 < 04

£ €

2 0.2 Z 0.2 —

= § \
0 T T T T T T ) 0 T T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
—DHICA = DHI —DHICA = DHI
= NMeDHI =—2,2"-DHI == NMeDHI —2,2"-DHI
w—2,4'-DHI ——2,7"-DHI e 2,4'-DHI 2, 7"-DHI
4,4'-DHICA —Theoretical profile 4,4'-DHICA —Theoretical profile

Figure 2.2.20 Relative absorbance of the oxidation mixtures of the indole compounds at 24 h over the
UV-visible region in the absence (left) and in the presence of 1% PVA (right). Values normalized against
the absorbance at 300 nm for each mixture.

DHICA and its dimer show a similar trend while the traces for DHI and its dimers are different,
with more marked differences in the presence of PVA. The intensity of the visible chromophore

decrease in the order 2,4’- > 2,2’- > 2,7’-isomers.

To clarify the role of monomer disorder in eumelanin formation, the course of oxidation mixtures
of 3,4-dihydroxyphenylalanine (DOPA) and dopamine (DA) were investigated. Since DHI and
DHICA are produced from DA and DOPA by a four electron oxidation process, 6 molar
equivalent of potassium ferricyanide were used (Figure 2.2.21). These absorption profiles
substantially lack the maximum due to melanochrome formation. The absorption in the visible
range for DA is lower compared to DOPA, on account of its lower tendency to cyclize. The
absorption maximum at around 420 nm observed in the spectra taken at 5 min is due to residual

ferricyanide.
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Figure 2.2.21 Generation and evolution of chromophores from DOPA or DA (50 uM) oxidation by
ferricyanide (6 molar equivalents) in the absence or in the presence of 1% PVA.

Formal extinction coefficients (&), were determined at 450, 550 and 650 nm for the

chromophores produced at different reaction times in the presence of PVA.

&= Alle

(A 1s the absorbance, c is the initial monomer concentration and 1 is the optical path in cm)
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Table 2.2.1 Formal extinction coefficients at different wavelengths and reaction times of the eumelanin
chromophores investigated.

Precursor(50 uM) | &7(450) | &¢(550) | &¢(650) | & ratio 550/450 | s ratio 650/550

5 min

DHI 2460 2909 2343 1.18 0.81

DHICA 1788 2618 1176 1.46 0.45

DOPA 3059 1267 256 0.41 0.20

DA 2589 1419 440 0.55 0.17

2h

DHI 3210 3369 2787 1.05 0.83

DHICA 1957 1990 1212 1.02 0.61

DOPA 3106 2478 1956 1.62 0.79

DA 1529 661 306 0.43 0.20
24 h

DHI 3423 2603 1467 0.76 0.56

DHICA 2304 1493 705 0.65 0.47

DOPA 4042 2441 1316 0,60 0.54

DA 1915 967 344 0.50 0.36

a) DHI melanin exhibits higher formal extinction coefficients than DHICA melanin at

650 nm.

b) 650/550 nm coefficient ratios for DHICA are invariably lower than for DHI at each

time;

c) 550/450 nm and 650/550 nm ratios at 5 min are respectively higher and lower for
DHICA compared to DHI. This can be considered as a measure of melanochrome

intensity and is consistent with a more defined band shape.

d) The 550/450 nm coefficient ratio decreases passing from 5 min to 2 h while 650/550

nm ratio increases. This can considered an index of band broadening.

The lower extinction coefficient at 550 nm after 5 min for DHICA relative to DHI confirms the
important role of the carboxyl group in DHICA in inhibiting the development of the visible
chromophore at all three phases. Moreover, DHICA chromophore is more defined than that of

DHI.
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The role of redox disorder. The possible occurrence of each structural component at different

oxidation levels would imply a redox disorder.

Experiments aimed at probing susceptibility of eumelanin final chromophore to modification by
oxidant or reducing agents can give indirect information about the average redox state. The
addition of sodium dithionite or sodium borohydride to eumelanin samples produced in the

presence of PVA caused a detectable decrease in the visible absorption (Figure 2.2.22).
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Figure 2.2.22 Effect of addition of sodium dithionite or sodium borohydride to the oxidation mixtures of
DHI or DHICA in the presence of 1% PVA.

Despite the failure to attain complete color suppression, quinonoid species seem to be important
determinants of the visible chromophores. Separate experiments carried out in the absence of
PVA using an excess of reducing agents showed comparable decrease of the absorption in the

visible region, indicating that the PVA chain does not affect the action of reducing agents.

Acidification to pH 2 caused a detectable ipsochromic shift of the visible chromophore of
eumelanins and a bathochromic shift of the UV band (Figure 2.2.23). Alkalinization of the
oxidation mixtures induced no detectable change. It is suggested that chromophoric species are

present in an ionized quinonoid form at neutral pH.
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Figure 2.2.23 Effect of acidification on the chromophores from DHI or DHICA oxidation mixtures (50
uM).

These experiments overall confirmed the fundamental contribution of oxidized quinonoid units

to eumelanin chromophore.

In a final set of experiments eumelanin samples prepared by ferricyanide oxidation of DHI or
DHICA were exposed to the same concentration of the relevant monomer both in the presence or

in the absence of PVA.

The addition of monomer DHICA to DHICA melanin and the addition of DHI to DHI melanin
did not induce significant monomer conversion or chromophore change, suggesting the lack of

redox activity for both the melanins (Figure 2.2.24).
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Figure 2.2.24 Effect of addition of DHI and DHICA at 50 uM to the respective melanin generated in the
presence of 1% PVA.

In order to confirm the hypothesis that DHICA generates a poorly delocalized intrinsic
chromophore and to prove the generation of extrinsic visible chromophores via intermolecular
interaction of dimers from DHI and DHICA at different oxidation levels, computational studies

were carried out in collaboration with the Institute of Chemistry of Organometallic Compounds
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(ICCOM-CNR) and the Department of Chemistry and Industrial Chemistry of University of Pisa
(Italy).

107109 and confirm lack of visible

Preliminary calculations agree with experimental data
absorption both in the case of DHI and DHICA monomers and dimers in the reduced catechol
form (HQ), while the calculated spectra of the 2-electron oxidation products (Q) of DHI and

DHICA dimers are different.

To consider the possible role of non-covalent intermolecular interactions between the intrinsic

MO 3 number of stacked configuration were assembled, for each of the

83,109

chromophores
investigated dimers, taking into account the coexistence and the approach to each other of

reduced and oxidized forms.

Three stacked conformers for each investigated species were selected after evaluating the
reliability and accessibility of the possible conformations and their absorption spectra computed

at TD-DFT level.

All Q forms of DHI dimers exhibit intense visible bands, that is particularly evident in the case
of the planar 2,2’ dimer (according with the evolution of chromophore in the absence of PVA),
suggesting a strong influence of the stacking with a red-shift of main bands accompanied,
especially at short stacking distances, by broadening and increased low-energy absorption. The
same effect of band broadening was observed in the case of optimized geometry of the 2,4’-
dimer. A remarkable effect due to stacking was predicted for the DHICA dimer. The spectrum of
the HQ/Q complex obtained by approaching the dimers is different from the spectra of separated
HQ and Q forms (virtually superimposable) and displays a marked bathochromic shift in the UV
band.

These data support the existence of stabilizing intermolecular interactions causing the

appearance of low energy transitions in the visible range.

As a further insight into chromophore development from oxidation of melanin precursors, in
subsequent experiments autoxidation was run in the presence of biologically relevant metal ions.
The oxidation was carried out in (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES)
buffer at pH 7.5 in the presence of equimolar amounts of zinc, copper and iron ions. The course
of the oxidation reaction was followed spectrophotometrically using the substrate at 50 uM

concentration (Figure 2.2.25-28).
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Figure 2.2.26 Generation of chromophores from N-MeDHI in the presence and in the absence of 1 molar
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Figure 2.2.27 Generation of chromophores from DHICA in the presence and in the absence of 1 molar
equivalent of Zn>* or Cu’* or Fe'".
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Figure 2.2.28 Generation of chromophores from MeDHICA in the presence and in the absence of 1
molar equivalent of Zn’* or Cu’* or Fe'".

Intense chromophores in the visible region were observed in oxidation mixtures catalyzed by
metal ions. DHI and Me-DHI gave rise to more intense absorptions in the visible range under all
the oxidation conditions. DHICA developed a visible chromophore only in the metal catalyzed
oxidation whereas MeDHICA did not generate colors under the various oxidation conditions. In
contrast to the case of zinc, copper and iron proved able to induce the decay of all the monomers
within a few minutes suggesting a redox exchange between the indole and metal rather than
aerobic oxidation. Purple to blue colors were observed for the reaction in the presence of copper
in the case of both DHI and MeDHI, that are likely to arise from chelates of dimers or higher
oligomers. By contrast in the presence of iron a brownish color prevailed. This is also well
apparent in Figure 2.2.29 showing the colors of the oxidation mixtures in the presence of copper
and iron ions at 10 min reaction time with the substrates at 100 uM. When treated with a
reducing agent as sodium dithionite a complete discharge of the visible chromophore was
observed for both DHI and DHICA with either metal ions suggesting that the chromophore
derived from quinonoid forms of dimers or oligomers are possibly stabilized to further

polymerization by the metal ions thus being more easily reducible.
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DHI

DHICA

Figure 2.2.29 Color of the oxidation mixtures of DHI or DHICA in the presence of equimolar metal ions
with the substrate at 100 uM. Left: at 10 minutes reaction time; Right: soon after addition of excess
dithionite.

These experiments indicate that the presence of metal ions is an important determinant of

transient and final chromophores and color properties.

Conclusions. The contribution of the structural (scaffold-controlled) and redox (m-electron-
controlled) disorder to the unusual broadband absorption spectrum of eumelanins has been
disentangled through an integrated experimental-theoretical approach based on poly(vinyl
alcohol)-controlled polymerization of a large set of 5,6-dihydroxyindoles and related dimers.
The results a) uncover the impact of the structural scaffold on eumelanin optical properties,
disproving the widespread assumption of a universal monotonic chromophore; b) delineate
eumelanin chromophore buildup as a three-step dynamic process involving the rapid
generation of oxidized oligomers, termed melanochromes (phase I), followed by a slow
oxidant-independent band broadening (phase II) leading eventually to scattering (phase III); ¢)
point to a slow reorganization-stabilization of melanochromes via intermolecular redox
interactions as the main determinant of visible broadband absorption; d) highlight the influence

of metal cations on the chromophoric properties of melanins.
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2.3 Effect of esterification on the antioxidant activity and oxidative

polymerization of 5,6-dihydroxyindole-2-carboxylic acid

The effects of carboxyl group on eumelanin properties. One of the main variation that can be
observed and that strongly affects melanin properties, is the presence or the absence of the
carboxyl group in the precursors.°

The rearrangement of dopachrome to DHI or DHICA'"? constitutes an important branch in
melanogenesis as carboxyl retention results in essential biological consequences such as
antioxidant eumelanin properties that are enhanced in the case of DHICA melanin.” In vitro and
at neutral pH, dopachrome spontaneously decomposes to give DHI and DHICA in a 70:1 ratio'"?
but in the presence of dopachrome tautomerase or of metal cations, the formation of DHICA is

114-11
favored. 7

Oxidative polymerization of DHI and DHICA produces eumelanin via a wide range of
oligomers, mainly coupled through 2,2°-, 2,4’-and 2,7’-bonding in the case of DHI,”8_120
through 4,4’-, 4,7°- and 7,7’-bonding in the case of DHICA (Figure 2.3.1). This different
reactivity is due to the electron-withdrawing carboxylic acid group that decreases the

nucleofilicity of the pyrrole moiety and the reactivity of the 3- posi‘[ion.ng’120
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Figure 2.3.1 DHI and DHICA dimers.
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While DHI oligomers exhibit a planar conformation with m-stacked supramolecular aggregates,
DHICA mainly polymerizes through biphenyl-type bond, adopting a non-planar conformation

with a hindered rotation at the inter-ring bonds, giving reason to atropisomerism.'*'"°

Negative
charges on the carboxylate groups reinforces this deviation from planarity, so while DHI
oxidation produces planar species absorbing visible radiation, DHICA oligomers do not absorb

above 400 nm because a significant interruption of n-electron delocalization. "%

These structural differences between DHI and DHICA melanins strongly affect their physic-
chemical properties. Mayor differences in DHICA and DHI monomers and polymers are

comparatively summarized in Table 2.3.2.

Table 2.3.2 Comparison of the properties of eumelanins from carboxylated/non-carboxylated
precursors.

DHI DHICA

Monomer characteristics

Reactive sites At least 4 Usually 2

Oxidizability High Low

Polymer properties

Solubility (neutral pH) Nihil Very slight

EPR signal intensity Strong Weak

Visible absorption Intense Poor

Photophysical properties Efficient excited More efficient excited
state decay state decay

Chemical properties Antioxidant More potent antioxidant

Three features could account for differences in carboxylated or non carboxylated rich units in

melanin:

e Lower number of reactive sites available for polymerization and cross-linking
e Lower oxidation potential

e Negative charge
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This last characteristic can affect the structural properties of oligomers and their susceptibility to
post-synthetic modifications. All these data suggest that retention of carboxyl group modulates

pigment properties in eumelanins.

Effects of carboxylate esterification on eumelanin properties. In order to understand the role
of the carboxyl group as determinant of the chemical properties of the 5,6-dihydroxyindole
system, DHICA and its methyl ester (MeDHICA) were compared. Their conversion to

eumelanin chromophore and their antioxidant properties were investigated.

Comparison of the autoxidation reaction of DHICA and MeDHICA (50 uM) in phosphate buffer
(pH 8.5) showed in both cases a progressively decrease of the maximum of the indole at 320 nm
with concomitant development of the featureless broadband absorption typical of melanins.

However, a much slower rate was observed in the case of MeDHICA with the monomer indole

still detectable at 48 h (Figure 2.3.2).

Phosphate buffer, pH 8.5

DHICA MeDHICA

200 400 600 goo 200 40(‘)N - 600 800
Wavelength [nm] avelength [nm]

Figure 2.3.2 Spectrophotometric course of the autoxidation mixture of DHICA or MeDHICA (50 mM) in
0.1 M phosphate buffer, pH 8.5.

Monitoring the course of the oxidation by reverse phase HPLC, a complete consumption of the
monomer was observed at 72 h, while at 48 h the decay of the starting indole was about 40%.
The elutographic profile showed other more retained components of which the first eluted was
clearly predominant (Figure 2.3.3). A similar product pattern is obtained using potassium
ferricyanide as oxidant, while the addition of metal ions like copper or cobalt to the autoxidation
mixture markedly accelerated the process, favoring the formation of the first eluted component,

This latter was isolated by preparative HPLC from the oxidation mixture of the indole at 10 mM

47



concentration in the presence of equimolar cobalt sulphate in 0.2 M HEPES buffer pH 7.5 over

15 min reaction time.

mau | MeDHICA
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. e
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Figure 2.3.3 HPLC profile of the MeDHICA oxidation mixture with UV detection (280 nm). Blue trace:
t=0; red trace: t= 48 h.

The product was identified as the 4,4’-biindolyl based on NMR analysis in comparison with data
reported for DHICA dimers.” Since the 4,4’ dimer is the major oligomer also in the case of
DHICA it can be concluded that the regioselectivity of the oxidative coupling observed for
DHICA is not affected by derivatization of the carboxyl group.

Melanins from MeDHICA and DHICA, for comparison, were prepared using different oxidizing
conditions including autoxidation in phosphate buffer at pH 8.5 and chemical oxidants like
ferricyanide. The reaction was run until complete consumption of the monomer as determined by
HPLC analysis. The oxidation mixtures were then acidified and the melanin pigment was

separated by centrifugation.

The solubility properties of MeDHICA and DHICA melanins prepared by autoxidation were
assayed in different organic solvents selected among those with high miscibility in water, using a
test concentration of 0.3 mg/mL and stirring the materials in the appropriate solvent for 15 min.
Digital pictures of the solution/suspension in methanol or dimethyl sulfoxide (DMSO) chosen as

representative solvents are shown in Figure 2.3.4.
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Methanol DMSO

Figure 2.3.4 Digital pictures of 0.3 mg/mL DHICA (left) or MeDHICA (right) melanin prepared by
autoxidation and stirred in methanol or DMSO for 15 minutes.

In DMSO, MeDHICA melanin proved to be completely soluble whereas DHICA melanin did
not, while in methanol as well as in other solvents only a partial solubilization was obtained.
Absorption spectra of the supernatants, after discarding the solid materials and appropriate
dilution, showed a maximum around 330 nm in the case of MeDHICA melanin whose intensity

correlated fairly well with the observed solubility in the solvents examined (Figure 2.3.5).
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Figure 2.3.5 Uv-vis spectra of DHICA and MeDHICA melanin in DMSO.

Mass spectrometric analysis in the MALDI mode was run using 2,5-dihydroxybenzoic acid as
the matrix, the melanin was applied to the plate from a fine suspension in ethanol obtained by
homogenization in a glass to glass potter. The spectrum of the MeDHICA melanin prepared by
aerobic oxidation displays a well distinct pattern of signals corresponding to oligomers from the
dimer to the octamer, peaking at the trimer (Figure 2.3.6). Though it cannot be ruled out that

other high molecular weight components are not detected by this methodology, the spectrum
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provides evidence for a clean collection of intact oligomers as constituents of MeDHICA
melanin. A similar though less defined spectrum was obtained for MeDHICA melanin prepared

by ferricyanide oxidation (data not shown).
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Figure 2.3.6 MALDI spectrum of the MeDHICA melanin prepared by aerobic oxidation.

EPR spectra of different MeDHICA melanins in comparison with one representative DHICA
melanin were recorded. Almost identical g-values were exhibited by all melanins and signal
amplitudes (AB) were comparable and relatively narrower (Table 2.3.3) compared with those

reported for DHI and other melanins.”

Table 2.3.3 EPR spectral parameters for MeDHICA and DHICA melanin prepared under different
conditions

Sample AB (G) spin/g g-factor
MeDHICA melanin 18
44+0.2 6.2x10 2.0029 + 0.0002
(autoxidation)
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MeDHICA melanin

4.0+0.2 2.4x10" 2.0029 % 0.0002
(ferricyanide)
DHICA melanin .
45+0.2 8.2 x10 2.0029 + 0.0002
(autoxidation)

These data coupled with analysis of the power saturation curves (Figure 2.3.7) indicated a
similar free radical character for the various melanins with a good degree of homogeneity and

low dispersion of the free radical components.

1

L L
—&— DHICA autooxidation melanin

—#— MeDHICA autooxidation melanin

Figure 2.3.7 Power saturation curves for MeDHICA and DHICA melanin prepared by auto oxidation.

Spin densities of MeDHICA melanins were of higher magnitude with respect to DHICA
melanin, suggesting the presence of radical centers arising from intermolecular aggregation
equilibria of localized quinone and indole units inside the pigment backbone. Conversely, in
DHI-melanin’ the paramagnetic centers belong to extensively delocalized m-electron systems

across largely planar scaffolds.®

Antioxidant properties of MeDHICA melanins (in comparison with respective monomers and
4,4’ dimers) were assayed by two chemical tests, namely the 2,2-diphenyl-1-picrylhydrazy
(DPPH),'* an assay that measures the H-donor ability of a given species and the ferric reducing

123

antioxidant power (FRAP),'” which measures the ability of the antioxidant to reduce a Fe''-

tripyridyltriazine complex to a dark blue Fe*” complex with absorption maximum at 593 nm.

51



In the case of DPPH (Figure 2.3.8) the ECs values (i.e. the dose of the material at which a 50%
DPPH reduction is observed), were determined. Very low and similar values were obtained for
both monomers, whereas for the dimer the values were comparable and as low as 2.4 pug/mL.
This is in line with the high antioxidant potential of DHICA as reported in previous work by

different assays which is substantially unaltered in the ester.

In the case of melanins, a fine suspension was obtained by homogenization in a glass/glass
potter. MeDHICA melanin obtained by autoxidation proved to be a very effective antioxidant to
an extent comparable or even higher with respect to DHICA melanin, but either pigment was

less potent that their monomer or 4,4’-dimer.
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Figure 2.3.8 ECs, values from DPPH assay on DHICA and MeDHICA monomers, dimers, and melanin
prepared by autooxidation. Data are expressed as mean = SD of three independent experiments, each
performed in duplicate.

In the case of FRAP (Figure 2.3.9), results were expressed as trolox equivalents and show

comparable values in the case of the monomer and of the dimer, while MeDHICA melanin

proved to be a stronger antioxidant than DHICA melanin.
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Figure 2.3.9 Ferric reducing power of DHICA and MeDHICA monomers, dimers, and melanin prepared
by autoxidation, expressed as trolox equivalents. Data are expressed as mean = SD of three independent
experiments, each performed in duplicate.

These results suggest that the role of the carboxyl group in melanogenesis from DHICA is more
complex than simply blocking the 2-position of the indole ring, and can be modulated through
the control of ionization of carboxylate anion. Based on the behavior of the ester, it is suggested
that suppression of carboxylic acid ionization under the acidic conditions of melanosome interior
enhances antioxidant properties while hindering dark melanin formation. However, data

presented in this paragraph are only preliminary and still underway.
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2.4 Methods and experimental procedures

3,4-Dihydroxy-L-phenylalanine (L-DOPA), dopamine hydrochloride, hydrogen peroxide (30%
V), potassium ferricyanide, sodium periodate, nickel sulfate eptahydrate, copper acetate, zinc
sulfate heptahydrate, cobalt sulfate, ferric chloride,4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ceric ammonium nitrate (CAN), sodium dithionite,
sodium borohydride, horseradish peroxidase (HRP; donor: H,O,oxidoreductase, EC 1.11.1.7)
and sodium fert-butoxide, oleoyl chloride, triethylamine (TEA), anhydrous tetrahydrofuran
(THF) 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2.4,6-tris(2-pyridyl)-s-triazine, and 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox) were purchased from Sigma-Aldrich. All

solvents were HPLC grade. Bidistilled deionized water was used throughout the study.

HPLC analyses were performed on a Agilent 1100 binary pump instrument equipped with and a
SPD-10AV VP UV-visible detector using an octadecylsilane-coated column, 250 mm x 4.6 mm,
5 um particle size (Phenomenex Sphereclone ODS) at 0.7 mL/min. Detection wavelength was

set at 280 nm.

Analysis of oxidation mixtures of melanin precursors was performed using 1% formic acid:
methanol 60:40 v/v as eluant in the case of MeDHICA and the following gradient in the case of
DHICA: 1.5% formic acid (eluant A)/ methanol (eluant B) from 5 to 90% b, 0-45 min.

UV spectra were recorded on a Jasco V-730 Spectrophotometer.

EPR measurements were performed using an X-band (9 GHz) Bruker Elexys E-500 spectrometer
(Bruker, Rheinstetten, Germany), equipped with a super-high sensitivity probe head.

Samples were transferred to flame-sealed glass capillaries which, in turn, were coaxially inserted
in a standard 4 mm quartz sample tube. Measurements were performed at room temperature. The
instrumental settings were as follows: sweep width, 100 G; resolution, 1024 points; modulation
frequency, 100.00 kHz; modulation amplitude, 2.0 G. The amplitude of the field modulation was
preventively checked to be low enough to avoid detectable signal over modulation.
Preliminarily, EPR spectra were measured with a microwave power of ~0.5 mW to avoid
microwave saturation of resonance absorption curve. Several scans, typically 16, were
accumulated to improve the signal-to-noise ratio. Successively, for power saturation
experiments, the microwave power was gradually incremented from 0.02 to 160 mW. The g
value and the spin density were evaluated by means of an internal standard, Mn”"-doped MgO,

prepared by a synthesis protocol reported in literature.'**
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MALDI analysis mode was run on a AB Sciex TOF/TOF 5800 instrument using 2,5-
dihydroxybenzoic acid as the matrix and the melanin applied to the plate from a fine suspension
in ethanol obtained by homogenization in a glass to glass potter. Spectrum represents the sum of
15,000 laser pulses from randomly chosen spots per sample position. Raw data are analyzed
using the computer software provided by the manufacturers and are reported as monoisotopic

masses.

Preparation of 5,6-dihydroxyindole monomers. 5,6-dihydroxyindole (DHI),'” 5.6-
dihydroxyindole-2-carboxylic acid (DHICA)'* and 5,6-dihydroxy-N-methylindole (N-MeDHI)

1120
were prepared as described.

MeDHICA was prepared starting from DOPA methylester prepared by reacting DOPA (2.0 g) in
methanol (20 mL) with 96% sulfuric acid (2 mL) under reflux. After 24 h the mixture was
allowed to cool and sodium bicarbonate was added to neutrality. The solution thus obtained was
reacted in water with potassium ferricyanide under the same conditions used for preparation of

DHI'* and after 15 min extracted with ethyl acetate to give pure Me-DHICA (1.3 g, 61% yield).

Preparation of 5,6-dihydroxyindole dimers. 2,2 -biindolyl,'*® 2,4’-biindolyl and 2,7’-biindolyl
from DHI were prepared as previously described with slight modifications. Briefly, a solution of
DHI (300 mg, 2.0 mmol) in 0.05 M phosphate buffer (pH 6.8, 120 mL) was treated with
horseradish peroxidase (36 U/mL) and H,O, (266 pL of a 30% solution, 2.3 mmol). After 25 s,
the oxidation reaction was stopped by addition of a solution of sodium dithionite and rapidly
extracted with ethyl acetate. After acetylation of the residue obtained following evaporation of
the combined organic layers with acetic anhydride-pyridine overnight at room temperature the
mixture was fractionated by column chromatography (gradient elution, CHCl;—ethyl acetate
from 9:1 to 6:4) to afford the 2,7’-biindolyl (45 mg, 10% yield, > 95% pure) and the 2,4’-
biindolyl (53 mg, 11%, > 95% pure) as acetylated derivative. For isolation of the 2,2’-biindolyl
as the O-acetyl derivative (30 mg, 12% yield) DHI (150 mg, 1.0 mmol) was oxidized in air in
0.05 M HEPES buffer (pH 7.5) in the presence of NiSO4-7H,0 (560 mg, 2.0 mmol). After
acetylation treatment of the ethyl acetate extracts the residue was taken up in acetone and the
product was recovered by filtration as white prisms.

4,4’-Biindolyl from DHICA was prepared as previously described®”” with modifications. A
solution of DHICA (100 mg, 0.51 mmol) in 0.1 M HEPES buffer (pH 7.5, 495 mL) was treated
with copper acetate (I molar equivalent) and the reaction mixture was taken under vigorous

stirring. After 10 min, the oxidation reaction was stopped by addition of sodium dithionite,
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acidified to pH 2 and rapidly extracted with ethyl acetate. The residue obtained following
evaporation of the combined organic layers was fractionated by preparative HPLC. (16 mg, 16%
yield, >90% pure).

4,4’-Biindolyl from Me-DHICA was prepared as previously described''* with modifications. A
solution of Me-DHICA (110 mg, 0.51 mmol) in 0.2 M HEPES buffer (pH 7.5) (33 mL) was
treated with cobalt sulfate (I molar equivalent) and the reaction mixture was taken under
vigorous stirring. After 20 min, the oxidation reaction was stopped by addition of sodium
dithionite, acidified to pH 2 and rapidly extracted with ethyl acetate. The mixture was
fractionated by preparative HPLC. (18 mg, 12% yield, >90% pure).

Oxidation of 5,6-dihydroxyindole monomers and dimers. 15 puL of a 10 mM solution of the
appropriate indole monomer or 4,4’DHICA-dimer were added to 3 mL of 0.1 M phosphate
buffer (pH 7.0) to reach a final concentration of 50 uM followed by 2 molar equivalents of
potassium ferricyanide (30 uL of a 10 mM solution in water). In the case of DOPA and DA the
reaction was carried out with 6 molar equivalent of ferricyanide. The reaction mixtures were
taken under vigorous stirring and periodically analyzed by UV-vis spectrophotometry. Spectra
were registered at 5 min, 2 h and 24 h. After 5 min in air, reaction mixtures were degassed and
kept under stirring in an argon atmosphere.

In other experiments the reaction was performed:

1) in the presence of sodium periodate (1 molar eq.)

i1) in the presence of CAN (2 molar eq.) in 0.1 M phosphate buffer (pH 3.0).

iii) adding sodium dithionite or sodium borohydride after the addition of potassium

ferricyanide (2 or 40 molar equivalents).

iv) in the presence of ferric chloride or zinc sulfate or copper acetate(l molar eq.)in 0.2 M

HEPES buffer

When required, oxidation mixtures were filtered through a 0.45 micron nylon membrane.
Substrate consumption was determined by HPLC analyses under the conditions described above.
When required the reaction was carried in 0.1 M phosphate buffer (pH 7.0) containing 1%
poly(vinyl alcohol) (PVA) to prevent polymer precipitation.
In the case of acetylated dimers the following protocol was followed: 5 mL of a 3.6 mM solution
of the acetylated dimer in methanol were treated under an argon atmosphere with sodium fert-
butoxide (8 molar equivalents) and after 5 min the pH of the solution was taken to 2 by addition
of 4 M HCI. 42 uL of the resulting mixture was added to 3 mL of 0.1 M phosphate buffer (pH
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7.0) to reach a final concentration of 50 uM followed by 2 molar equivalents of potassium

ferricyanide.

Preparation of melanin from DHICA and MeDHICA. Autoxidation melanins were obtained
by autoxidation of 10 mM solutions of DHICA or MeDHICA in 0.1 M phosphate buffer at pH
8.5. The oxidation mixtures were allowed to stand at room temperature under vigorous stirring.
Oxidation was halted at complete monomer consumption as determined by HPLC analysis and
then acidified to pH 2. The melanin precipitate was collected by centrifugation (7000 rpm, 10
min, 4 °C) and was washed three times with 15 mL of 0.01M hydrocloridric acid (95% and 65%
yield). In another set of experiments, 3 molar equivalents of potassium ferricyanide were added
to 10 mM solutions of DHICA or MeDHICA in 0.1 M phosphate buffer at pH 7.0. The oxidation
mixture was allowed to stand at room temperature under vigorous stirring for 10 min and then
acified to pH 2. The melanin precipitates were collected by centrifugation (7000 rpm, 1020 min,
4 °C) and washed three times with 15 mL of 0.1 M hydrocloric acid (86% and 93% yield).

Test of the solubility of melanin from DHICA and MeDHICA. Melanin prepared by
autoxidation from DHICA or MeDHICA (0.3 mg/mL) were suspended/dissolved in methanol or
DMSO. The materials were stirred in the appropriate solvent for 15 min and UV-vis spectra of
supernatants were registered after centrifugation (5000 rpm, 10 min, and 4 °C) and appropriate

dilution.

2,2-Diphenyl-1-picrylhydrazy (DPPH) assay. The assay was performed as previously
described.'** Briefly, to a 200 uM DPPH solution in methanol, a proper amount of a methanolic
suspension of each melanin homogenized with a glass/glass potter was added and rapidly mixed.
The reaction was followed by spectrophotometric analysis measuring the absorbance at 515 nm
after 10 min. Values are expressed as the ECs i.e. the dose of the material at which a 50% DPPH

reduction is observed,

Ferric reducing/antioxidant power (FRAP) assay. The assay was performed as described.'?
To a solution of FRAP reagent, a proper amount of a methanolic suspension of each melanin
homogenized with a glass/glass potter was added and rapidly mixed. After 10 minutes, the
absorbance at 593 nm was measured. Trolox was used as the standard and results were expressed
as Trolox equivalents. The FRAP reagent was prepared freshly by mixing 0.3 M acetate buffer
(pH 3.6), 10 mM 2.,4,6-tris(2-pyridyl)-s-triazine in 40 mM HCI, and 20 mM ferric chloride in

water, in the ratio 10:1:1, in that order.
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Chapter 3

Sulfur-nitrogen replacement strategy for eumelanin manipulation

3.1 Introduction

The rational design of melanin-type functional materials and systems with tailored opto-electronic,
free radical, antioxidant and metal chelating properties is currently a most active and challenging
issue in materials science, nanotechnology and biomedicine. Since a decade ago, a prominent place
in this field has been occupied by polydopamine (PDA), a eumelanin-type polymer inspired to
mussel byssus with unusual underwater adhesion properties for surface functionalization and
coating.'” Material-independent adhesion layers produced with PDA can be exploited for the
immobilization of biological molecules, production of self-assembled monolayers, nanoparticle
modification, bio-optoelectronic materials, and fouling-resistant systems.'”” The processes and
mechanisms underlying deposition of PDA coatings have been investigated in detail,*"'**"** and
the importance of specific cooperative effects between functional groups in the adhesion
mechanisms has been emphasized, including mainly the coexistence of catechol/quinone and
primary amine functionalities.” Because of ist robustness, universal adhesion properties and
biocompatibility, PDA-based coating technology has opened up unprecedented opportunities in
biomedicine and nanomedicine, e.g. nanoparticle functionalization, drug delivery and interfacing
with cells.*"*"*! The simple and accessible methodology for preparation of PDA particles and films
provides moreover a unique tool for functionalization and post-modification, including deposition

on metal films, self-assembly of monolayers, and grafting to macromolecules.

Recent work directed at elucidating PDA structure'** '

revealed the presence of different
functional units which account altogether for the extraordinarily versatile and multifunctional nature
of this material, diplaying high affinity for biomolecules, metal ions, synthetic polymers and

organic compounds.

Although the development of functional platforms capable of influencing the redox state of cells
provides an attractive strategy for bioelectronic applications,'*>!** little attention has been placed so
far to rationally designing bioinspired coating materials that combine the unique adhesion and film

quality properties of PDA with intrinsic and tunable redox properties.
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Another useful and versatile platform for the realization of bioinspired and biocompatible
eumelanin-type polymers is provided by the 5,6-dihydroxyindole (DHI) system, the main building
block of human pigments. Several studies have illustrated the manifold synthetic opportunities
offered by the 5,6-dihydroxyindole system, including the acid-mediated conversion into

triazatruxene scaffolds with electroluminescence properties.®’

So far, however, progress in the exploitation of eumelanin-related systems in materials science has
been hindered by the intrinsic complexity of these biopolymers, as determined by multiple levels of
structural, redox and supramolecular disorder, as well as their instability to oxidative degradation,
their hydration-dependent conductivity properties and the difficulty to control their m-electron
properties, which overall limit their performances e.g. in electronic devices. The development of
DHI analogs and derivatives amenable to chemical modification thus represents a desirable

achievement both to improve the robustness and tailor the properties of eumelanin-type polymers.

Previous attempts toward this goal were mainly based on monomer modification by judicious
choice of substituents and bonding patterns to control structural, optical and electronic properties of

134 to stabilize the 7-

the conjugated polymer. Examples include substitution of the ring with iodine,
electron system of 5,6-indolequinone, or alkynyl groups, to provide conformationally-controlled -
electron delocalization. However, systematic studies aimed at clarifying the role of nitrogen in DHI

n-electron system, its redox properties and oxidation reactivity, are so far missing.

In an attempt to set up a chemical manipulation strategy for controlling and tailoring the
physicochemical properties of melanin-type materials, we focused our attention to the potential

opportunities offered by the use of sulfur for rationally modifying monomer properties.

A main source of inspiration, to this aim, came from the unique physicochemical properties of
pheomelanins, the sulfur-containing variant of melanin pigments implicated in the abnormal
susceptibility of red-haired individuals to sunburn and skin cancer.'*>'*® Chemical and biological
evidence indicates that both natural and synthetic pheomelanin pigments not only are potent
photosensitizers but can also promote depletion of key cellular antioxidants, such as glutathione and
NADPH, and can induce DNA damage by oxygen-dependent, UV-independent mechanisms relying

on redox cycling of 1,4-2H-benzothiazine units."*” ">

In the pheomelanin pathway, 1,4-2H-benzothiazine units are generated by the oxidative cyclization
of cysteine-catechol conjugates derived from attack of cysteine onto o-quinone intermediates

(Scheme 3.1.1).
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Scheme 3.1.1 The pheomelanin biosynthetic pathway.

Inspired by these properties, we recently developed the first PDA-based photoresponsive polymer

40 The new material, named

by inclusion of the benzothiazine units of red hair pigments.
polycisteynildopamine (PCDA), was obtained by oxidative polymerization of 5-S-
cysteinyldopamine (CDA), an important dopamine metabolite precursor of the brain pigment
neuromelanin, which gives on oxidation benzothiazine intermediates similar to pheomelanin

building blocks (Scheme 3.1.2).'%*!%!
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Scheme 3.1.2 Structure and oxidation chemistry of CDA leading to PDCA.""!

Whit the aim to reach new insights in the structure-property relationships between eu/pheo-
melanins and their dramatically different properties, another attractive approach was based on the
replacement of nitrogen with sulfur both in the dopamine and DHI scaffolds that are, as already

explained, the main monomer precursors of eumelanins.

Prior to our studies, systematic work aimed at clarifying the role of nitrogen in DHI m-electron
system, its redox properties and oxidation reactivity, was missing. It was expected that a rational N-
to-S replacement strategy could integrate and expand the current framework of structure-property-
function relationships for eumelanin biopolymers and to set up novel rational strategies toward

eumelanin manipulation and tailoring.

This chapter summarizes the results from two separate studies aimed at investigating the potential
role of S-substitution and N-replacement in dopamine and DHI oxidative chemistry, as an entry to

novel functional materials.
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3.2 S-Csteinyl-substitution as a strategy for manipulating polydopamine

properties.

The main rationale of this study was to produce a new PDA variant combining the adhesion
enhancement capabilities of dopamine with the peculiar redox and photochemical properties of the
1,4-2H-benzothiazine system found in photoactive red hair pigments. As recently reported,
synthetic pheomelanin-like materials can be easily fabricated by oxidation of 5-S-
cysteinyldopamine (CDA), a product of DA metabolism resembling the pheomelanin precursor 5-S-
cysteinyldopa but replacing the alanyl side chain with an ethylamine side chain on the catechol

ring.'"!

Reported in this section is:

a) the first use of a CDA polymer (pCDA) as a strongly adhesive variant of pDA for dip-
coating of glass surfaces via autoxidation of CDA at pH 8.5, i.e. using the reported
methodology for pDA;'

b) the morphological, and chemical characterization of pCDA thin films in comparison with
pDA;

c) the ability of pCDA thin films to accelerate the autoxidation of two important natural

reducing agents, glutathione and nicotinamide adenine dinucleotide (NADH), in analogy

with the behaviour of aqueous suspensions of natural and synthetic pheomelanin polymers.
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Surface functionalization with pCDA and thin film characterization. CDA, synthesized using a
reported method,'* was allowed to autoxidize at 10 mM concentration in 0.05 M bicarbonate
buffer, pH 8.5 in the presence of quartz and other materials, e.g. glass, metal objects or plastic
cuttings. Under these conditions, thin films of pCDA were deposited on their surfaces. Dip-coating
of quartz surfaces with pCDA for various periods of time was thus compared with pDA films
obtained under the same conditions, up to 24 h of polymerization time (Figure 3.2.1, digital
picture). Solid state UV-visible spectra indicate the gradual polymerization and time dependent
generation of a broad band at around 400 nm accounting for the lighter yellow-brown coloration of

the pCDA films, with respect to pDA (Figure3.2.1).
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Figure 3.2.1 Solid state UV-vis absorbance spectra of pCDA thin films on quartz obtained at 3, 6 and 24 h
oxidation time and pDA at 24 h oxidation time. Digital picture of pDA (middle) and pCDA (right) thin films
on quartz surfaces produced by oxidation of DA and CDA for 24 h against control, no coating (left).
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The morphology of pCDA versus pDA films was investigated by scanning electron microscopy
(SEM) and tapping mode atomic force microscopy (AFM) analysis. AFM imaging of three areas of
1 mm? (randomly selected across the surface) revealed that the pCDA films are much smoother at
the nanoscale compared to pDA films. Indeed, fewer agglomerates exceeding the average surface
height (around 7 and 10 nm for pCDA and pDA, respectively) were detectable through this imaging

method (Figure 3.2.2), along with narrower height value frequency distributions.

200nm
T

200nm - £ 0

Figure 3.2.2 Topography (1) height cross section profile (2) and phase (3) AFM images of pCDA-8 h (a)
and pDA-8 h (b) surfaces. Analyses were performed in air at 298 K on 1 um’ areas.

Water contact angles (WCAs) for thin films were also determined. After 8 h oxidation time WCA
value was of 57.8 = 0.5 for pCDA vs. 42.6 = 2.8 for pDA, increasing to 73.8 £ 1.1 and64.0 + 1.3,
respectively, when films were left standing under an ambient atmosphere. This may suggest the
presence of a certain level of moisture on the as prepared surfaces, and the convergence of the

WCA value for the pDA surface toward the literature reported value of 65°.'+

Detailed chemical characterization of pCDA was reported previously,'*" confirming the formation
of benzothiazine and benzothiazole units similar to those found in natural and synthetic
pheomelanin pigments. To substantiate this conclusion, and to probe possible structural
modifications with time, pCDA thin films were investigated by X-ray photoelectron spectroscopy

(XPS). The results confirmed complete retention of sulfur atoms during oxidative polymerization of
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CDA, with limited variations in compositions (Figure 3.2.3), and complete stability of the sulfur-
containing structural moieties during polymerization. No sulfur was consistently detected in pDA
during polymerization. Overall, chemical and spectral data were consistent with the presence of

benzothiazine units within the structure of pCDA as previously reported.'*’
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Figure 3.2.3 XPS-based assessment of the organic moiety composition of pCDA and PDA films on to glass
coverslips after 3, 5 and 8 hours of polymerization. Atomic percent (At%) are reported with black squares
for C Is, red pyramids for O Is, blue circles for N s and orange triangles for S 2p.

Prooxidant properties of pCDA thin films. Figure 3.2.4 shows the effect of pCDA thin films and
suspensions on the autoxidation of glutathione (GSH), a primary cellular antioxidant, a substrate for
detoxifying enzymes such as glutathione-S-tranferaseand glyoxalase, and a cofactor of glutathione
peroxidase, and NADH, a central component of the respiratory chain and a critical index of the

metabolic state of the mitochondria.

Data showed that pCDA either as a thin film or as suspension can markedly accelerate the
autoxidation of GSH in phosphate buffer pH 7.4, leading to 65-80% depletion in less than 3 h
incubation time, while PDA did not affect the reaction rate significantly. No accelerating effect was
observed under an oxygen depleted atmosphere, indicating an essential role of oxygen in the
pCDA-promoted oxidation of GSH. Similar though less marked effects were observed in the case of

NADH.
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Figure 3.2.4 Effect of pCDA on the autoxidation of GSH at 150 uM (left panel) and NADH at 300 uM (right
panel) at 3 h reaction time in 0.1 M phosphate buffer pH 7.4 as determined by HPLC-ED/UV. Shown is
residual GSH or NADH conc (%). Open bars: control; light grey bars: pCDA thin film; grey bars: pCDA as
0.05 mg/mL suspension, black bars: pDA thin film. Data are expressed as mean = SD of three independent
experiments, each performed in triplicate.

Toward structure—property relationships for polydopamine-based biopolymers. Combining
together the results of this and the previous study'*’ some important analogies and differences

between pCDA and pDA can be highlighted.

pCDA proved to be more competent to mediate electron exchange by chemical processes, e.g. with
thiols, compared to pDA, but is less efficient in mediating electron transport. Such a difference can
be ascribed to the different chemistry of the specific redox moieties of pDA and pCDA, namely the
catechol—quinone and the o-aminophenol-o-quinoneimime couples. These related couples operate
through free radical intermediates, namely semiquinone and semiquinone-imine (aminophenoxyl
radicals), which are believed to be responsible for eumelanin and pheomelanin paramagnetic
properties, respectively. It can be speculated that in pDA catechol/quinine couples tend to
comproportionate in an irreversible hydration driven manner to give semiquinones that eventually

furnish protons and electrons as free charge carriers (Scheme 3.2. 1.}
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Scheme 3.2.1. The comproportionation reaction.

This process would evolve until the m-electron system attains an equilibrium condition in which

redox exchange, e.g. with thiols, becomes increasingly difficult. Conversely, in pCDA electronic

conduction would be limited by the lack of significant comproportionation processes, despite

efficient shuttling between different redox states upon interaction with GSH and oxygen (Scheme

3.2.2).1°%13% In pCDA, ionic conductivity would be mainly due to proton transport and may be

mediated by protonated amine groups, including the o-aminophenol groups of dihydrobenzothiazine

moieties.
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Scheme 3.2.2 Schematic illustration of redox cycling mechanisms supposedly involved in pCDA prooxidant

properties toward GSH.
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Conclusions. The combination of the unique adhesion properties of mussel inspired eumelanin-type
pDA with the redox behaviour of benzothiazine systems of red human hair pigments led to the
development of pCDA as a novel multifunctional material with remarkable adhesion and pro-
oxidant properties. pCDA thin films proved capable of accelerating the kinetics of autoxidation of
GSH, a property potentially useful for sensing applications, and is proposed as a novel melanin-
based electroactive biomaterial for redox interactions with biomolecules, serving as a potential
transducer of electrical, redox and luminous signals. More work is necessary to assess
biocompatibility, however, based on the present and previous data, it can be suggested that while
PDA may be suitable to implement signal transducing biointerfaces allowing for significant electron
transport, pCDA may be exploited to implement photoresponsive bioelectronic components. The
development of bio-devices capable of influencing the redox state of cells is also an attractive

application of pCDA versus pDA.
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3.3 Sulfur-based nitrogen-replacement strategy for enmelanin manipulation.

In the following section, we report a proof-of-concept investigation on the oxidative polymerization
of 2-(3,4-dihydroxyphenyl)ethanethiol (DHPET), the thia-analog of dopamine, as well as of 5,6-
dihydroxybenzothiophene (DHBT), the thia-analog of 5,6-dihydroxyindole in order to probe
heteroatom replacement as a strategy to expand the scope of eumelanin-based functional materials

(Figure 3.3.1).
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Figure 3.3.1 Graphic representation of the N to S substitution strategy applied to dopamine (DA) and to 5,6-
dihydroxyindole (DHI) leading to their thia-analog respectively, 5,6-dihydroxyphenylethanethiol (DHPET)
and 5,6-dihydroxybenzothiophene (DHBT).

The project was carried out in the frame of a collaboration with the Catalan Institute of Nanoscience

and Nanotechnology (ICN2) in Bellaterra (Barcelona, Spain). Main goal of this project were:

a) To assess the nature of the oxidation products of DHPET and their intermediates under
different oxidation conditions, with a view to verifying the possible generation of cyclized
benzothiophene-like species;

b) To assess the oxidation products of DHBT under different oxidative conditions;

c) To investigate absorption, free radical and morphological properties of deriving polymeric
materials compared to pDA, to define their melanin-like character and to assess whether it

has antioxidant/free radical scavenger functions in standard assays.

Since this work is currently under completion and partly under consideration for patents, only a

summary of main results is reported.
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Synthesis of 2-(3,4-dihydroxyphenyl)ethanethiol (DHPET). In preliminary experiments, DHPET
was synthesized and its oxidation chemistry was investigated under different conditions. Besides
drawing a more defined set of structure-property-function relationships in eumelanin-type materials,

specific aims of the experiments were:

a) to verify the feasibility of this approach as an expedient entry to DHBT via
nucleophilic attack of the SH group onto the o-quinone groups;
b) to assess whether a pDA like material is formed regardless of DHBT formation,

and to investigate its absorption, free radical and adhesion properties.

DHPET was efficiently synthesized as depicted in Scheme 3.3.1. The synthesis consists in three
steps of which, only the first requires flash chromatography purification. The overall yield is of

77.5%.

10 o
\gf
2 7
1 8
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0 OH 0 s
~ I .7 I
0 04
5 (1a)
"Ho_3 A _~_ _sAc HO_3 5. _“_ _sH
8 8
g HO4 ° HO 4 °
5 (1b) 5 (1)

Scheme 3.3.1 DHPET (1) synthetic route.

Step I, 1a is obtained as a brown oil after mesylation of 2-(3,4 —dimetoxyphenyl)ethanol and
subsequent reaction of the mesylate intermediate with potassium thioacetate. Before step II,

purification is needed by water/ethyl acetate extraction and flash silica chromatography.

Step II and 11, the following two steps consist in deprotection of the catechol and thiol moieties by
BBr; and HCI mediated hydrolysis of the metoxy groups and of the thioester, respectively.

Interestingly, DHPET could not be achieved inverting the order of the deprotection reaction.
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DHPET oxidation chemistry. DHPET autoxidation (1 mM) in 50 mM bicarbonate buffer at pH
8.5 was monitored by UV-visible analysis. After an initial red phase, attributable to the o-quinone, a
brown insoluble precipitate was observed with almost complete loss of the catechol absorption. A
similar behaviour was observed with K;[Fe(CN)g]. Attempts to reduce or acetylate the brown solid

were however unsuccessful.

The oxidation of DHPET was then investigated at lower pH using NalO4 (2 eq) in phosphate buffer
(pH 6.8) or (NH4)2[Ce(NO3)s] (2 eq) in phosphate buffer pH 3 as the oxidants. In both cases, TLC
of the extractable organic fraction (CHCl; :AcOEt 8:2) showed a significant amount of unreacted

thiol after 2 h.

Complete substrate conversion was observed using Horseradish Peroxidase (HRP)/H,O, as the
oxidizing system. TLC of the extractable organic fraction (CHCI; :AcOEt 8:2) showed a distinct
UV visible spot with no unreacted thiol left. Acetylation of the organic extract followed by
purification of the resulting mixture on PLC led to the isolation of two main fractions which were
analyzed by 'H and C NMR and ESI-Ion Trap mass spectrometry. For comparison, the mass

spectrum of the monomer was also recorded.

The ESI mass spectrum of DHPET showed no pseudomolecular peak but a small peak at m/z = 169
[(M-2) +H]" suggesting loss of H,, a common phenomenon with catechol compounds. MS-analysis
of Fraction 1 showed a base peak at m/z 545 [M + Na]" (Figure 3.3.2A, left), compatible with a
thiosulfinate derivative (2) (Figure 3.3.2B, left). Consistent with this conclusion was the 'H-NMR
spectrum revealing the effect of the sulfur stereogenic center on the adjacent CH; spin system. The
hypothesized structure was confirmed by >*C NMR analysis. MS-analysis of Fraction 2 showed a
base peak at m/z 529 [M + Na]" (Figure 3.3.2A, right), compatible with a disulfide derivative (3)
(Figure 3.3.2B, right). This conclusion was supported by the 'H and '*C NMR spectra that showed a
highly symmetric distribution of NMR signals.
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Figure 3.3.2 4) MS-analysis of Fraction 1, left and Fraction 2, right. B) Hypothesized structures of main

oxidation products from DHPET.

Synthesis of 5,6-dihydroxy-2,3-diidrobezothiophene (H,-DHBT). Based on these experiments,

which ruled out DHPET oxidation as a viable route to the thia-analog of pDA, the synthesis of the

target thiomelanin was next pursued by by-passing the cyclization stage through use of H,-DHBT,

the putative cyclization product of DHPET quinone. Synthesis of H,-DHBT was achieved slightly

modifing literature reported synthetic protocols.'**'*> The complete synthetic route is summarized

in Scheme 3.3.2, it consist of six synthetic steps and three flash chromatography purifications

leading to the desired product with an average overall yield of 40%. All intermediates were

characterized by 'H and *C NMR.
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Scheme 3.3.2 Synthetic scheme for H-DHBT.

Step 1. 4 is obtained from benzyl bromide by the nucleophilic substitution of the bromide group due
to potassium thioacetate. 4 is recovered as a pale yellow oil by extraction (water/ethyl acetate) of
the dried reaction mixture. Steps Ila and I1b. Intermediate 5 is obtained through two steps from 3,4-
dimetoxyphenyl-1-ethanol. The primary alchol group is previously derivatized to mesylate (//a, 5a),
then substituted to iodine using sodium iodide. Step IIb is followed by flash chromatography
purification leading to 5 as a yellow oil. Step IIl. Intermediates 4 and S are then reacted in a 0.5 M
NaOH/CH;0H 1:2 mixture for 24 h to obtain 6 as a crystalline solid after water/CH,Cl, extraction
followed by flash chromatography purification (hexane : ethyl acetate 9:1). Steps IVa and IVb.
Cyclization of the thio-ether 6, is achieved by reaction with the ipervalent iodine reagent
bis(trifluoroacetoxy)iodo benzene (BTIB) and BF;-EtO,. Hypervalent iodine reagents are reported
as low toxic, ready available and easy handling chemicals to obtain sulfur-containing heterocycles
from phenol ethers bearing an alkyl sulfide side chain. The hypotesized reaction mechanism is
depicted in Scheme 3.3.3. The electron-rich aromatic ring is initially oxidized by the activated
hypervalent iodine reagent via single electron transfer, then the sulfide side chain attacks the radical
cation to exclusively form the isolable and stable sulfonium salt. The benzyl group was easily

cleaved by treatment with MeNH, to give the corresponding sulfur-containing heterocycle (7a).'**
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Scheme 3.3.3 Proposed mechanism for the reaction between BTIB and phenol ethers bearing an alkyl
sulfide sidechain to give sulphur-containing heterocycles."*

The final product 7 (H,-DHBT) is thus obtained by BBr; mediated deprotection of metoxyl groups.
H,-DHBT is recovered by extraction of the reaction mixture, no further purification is needed

(yield: 90 %).
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H,-DHBT oxidation chemistry. Spectrophotometric analysis of the oxidation of H,-DHBT was
carried out on a UV-vis spectrophotometer mounting a diod array detector (DAD). In a first set of
experiments, H,-DHBT oxidation was promoted by K;[Fe(CN)s] (2 m. eq.) in 50 mM phosphate
buffer pH 7.4, spectra were recorded every 30 seconds. Figure 3.3.3 shows the fast generation of a
deep red coloration (A 480 nm), most likely due to the quinone, which slowly discharged within

1 minute (absorption maxima of K;[Fe(CN)¢] are also detectable at 220 and 350 nm).

2.5
No Ks[Fe(CN)ﬁ]
20 + K [Fe(CN) ], t=0
—— 30 sec
—— 60 sec
—— 90 sec
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Figure 3.3.3 Spectrophotometric analysis of 0.05 mM H-DHBT oxidation in 50 mM phosphate buffer pH
7.4, K;[Fe(CN)4] (2 m. eq.).

To avoid overlapping of the K;[Fe(CN)s] UV-vis profile, in a second sets of experiments, the
analysis was repeated in the absence of any oxidizing agent besides oxygen, at alkaline pH
(autoxidative conditions). Figure 3.3.4 shows UV-vis spectra recorded every 30 seconds during the
early stages of H,-DHBT autoxidation in phosphate buffer at pH 8.8. It can be noticed the
instantaneous raising of a maximum of absorption at 480 nm, slowly decreasing in absorption
intensity over the following 2 minutes. Interestingly, analysis of the UV region of the spectrum
reveals simultaneous increasing of an absorption maximum at 230 nm probably due to the

formation of a different chromophoric specie.
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Figure 3.3.4 Spectrophotometric analysis of 0.05 mM H,-DHBT autoxidation in 50 mM phosphate buffer pH
8.8.

To identify the oxidation products, H,-DHBT was allowed to oxidize in air, in 50 mM phosphate
buffer pH 7.4 under stirring for 24 h. Ethyl acetate extraction of the reaction mixture led to a light
grey powder in 75% yield that upon 'H, *C NMR and GC-MS analysis proved to be the aromatic
heterocycle 5,6-dihydroxy[b]benzothiophene (DHBT). No traces of sulfur oxidized species or other
oxidation products were detected (GC-MS and elemental analysis evidences, data not shown).
Oxidation with potassium ferricyanide in 50 mM phosphate buffer pH 9.0 under argon atmosphere

for 30 min allowed to isolate DHBT in higher yields (90 %).

The mechanism of the reaction involves oxidation of the catechol to the o-quinone followed by
sequential isomerization steps based on proton shifts akin to the generation and isomerization of

dopaminochrome to DHI.

D = w R —

H,-DHBT DHBT (8)
Scheme 3.3.4 H-DHBT proposed oxidation and isomerization steps to DHBT.

76



The oxidative chemistry of H,-DHBT was then investigated in order to define whether the chemical
oxidant or pH conditions could influence the nature of products. All reactions have been performed
dissolving H,-DHBT in CH30H and aqueous buffer in a closed vial, under Ar atmosphere. Three

different oxidants have been tested:

e Horse radish peroxidise (HRP)/H,0, (50 U mL", leq, 50 mM phosphate buffer pH 7.7);
o Kj[Fe(CN)g] (1.7eq, 50 mM phosphate buffer pH 8.8);
e (NH4)Ce(NO3)s (1 eq, S0 mM phosphate buffer pH 3.5).

Reactions were monitored by HPLC. 0.1% formic acid —acetonitrile in 8:2 ratio was selected as
eluant. H-DHBT retention time in the elutographic condition was about 6.5 min. In any oxidative
condition, the major product was represented by a peak with Ry: 9.8 min assigned to the aromatic
derivative DHBT by comparison with a standard solution of the isolated product. Further addition
of any of the above mentioned oxidants, led to precipitation of solid material that upon extraction
with ethyl acetate, proved to consist mainly of DHBT accompanied by other oxidation products
with longer retention times. Oxidation of H,-DHBT with the total amount of chemical oxidant led

to the formation of the same species as inferred by HPLC analysis.

Accordingly, in order to assess the nature of the oxidation products, subsequent analysis were
conducted on DHBT as starting material using controlled amount of oxidant. Reactions were
monitored by HPLC (same eluting conditions as above). At reaction completion, (disappearing of
the 9.7 min, DHBT peak) reaction mixtures were extracted with ethyl acetate and the dried organic
layers acetylated using acetic anhydride and pyridine at room temperature overnight. Acetylated
mixtures were analyzed by LC-MS. As inferred from HPLC-MS comparison of acetylated organic
layers, the oxidant does not have any influence on products from DHBT (Figure 3.3.5, top).
Although its oxidation is never complete probably due to solubility issues (precipitation of products
and starting material), the formation of three different dimeric species (m/z: 521) was observed. As
an example, Figure 3.3.5 (bottom) reports the mass spectrum of the product eluting at 31 min after

DHBT oxidation with potassium ferricyanide.
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Figure 3.3.5 Top) TIC traces of the acetylated ethyl acetate extracts from DHBT oxidation with (HRP)/H,0,
(50 UmL, I eq, red), K;[Fe(CN)4] (I eq, black) or (NH,)Ce(NO;)s (1 eq, blue). Bottom) Representative MS
spectrum of the acetylated dimeric species.

In order to isolate the dimers, ferricyanide mediated oxidation was selected as the most convenient

condition. The acetylated organic layer was then subjected to carefull purification by silica-gel

chromatography (hexane : ethyl acetate 7:3). Although low yields, this purification step allowed to

recover three fractions containing respectively: dimers, trimers and tetramers from DHBT. MALDI-

TOF analysis of recovered fractions showed good separation of the oligomers in terms of size

distribution however, "H NMR spectra confirmed the presence in each fraction of many isomeric

species with the same m/z ratio (see experimental section).
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Spectral, morphological and chemical properties of polyDHBT (thiomelanin, pDHBT). Under
more forcing conditions, (e.g. 3 eqK;[Fe(CN)s]) oxidation of DHBT gave a highly insoluble greyish
solid via dimeric and oligomeric intermediates that was collected by centrifugation and subjected to

spectral and morphological analysis.

LDI-MS analysis of the mixture revealed the presence of oligomeric species ranging from the dimer
(m/z [M+Na]'= 353) up to the decamer ([M+Na]'= 1664). A [M+K]" serie is also detectable
(Figure 3.3.6). Spectral analysis revealed a substantial integrity of oligomer scaffolds without
extensive degradative breakdown, as usually observed in the case of DHI polymers/melanins.

Notably, inspection of m/z values indicated a prevalence of reduced catechol forms of the

oligomers.
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Figure 3.3.6 MALDI-MS spectrum of pDHBT
Consistent with this conclusion from MS data, the UV-visible absorption profile of thiomelanin in

suspension indicated relatively poor visible extinction properties, on account of a low proportion of

oxidized quinone-type species (Figure 3.3.7).
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Figure 3.3.7 UV-Vis spectra of a 0.25 mg/mL pDHBT suspension in 0.05 M carbonate buffer pH 9.

ATR/FT-IR analysis of the polymeric material also revealed the presence of a broand band centered

at 3600 cm "' mainly ascribable to phenolyc oxydril groups. Interestingly, it is not very dissimilar

from the monomer spectrum (not reported) suggesting at least, a retention of its structural features.
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Figure 3.3.8 ATR/FT-IR spectrum of DHBT (red trace) and pDHBT (blue trace).

80



Figure 3.3.9 shows the EPR spectrum of a thiomelanin sample from ferricyanide oxidation of

DHBT. Data showed a relatively intense signal much narrower than that of polydopamine and DHI

melanin, indicating a lower degree of structural disorder and heterogeneity. This conclusion was

confirmed by the power saturation curve, which was different from that of eumelanin samples, in

line with a higher degree of structural and electronic homogeneity.

AB [G] Spin density
+0. .
g (20.0003) (=0.05 G) [spin/g]
pDHBT 2.0032 437 3.8x10"
pDA 2.0035 4.8
DHI melanin 2.0035 5.6
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3 0.4+
0.2-
pDHBT 0.0
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Magnetic field [G] (M/MO)W

Figure 3.3.9 EPR signal (left) and power saturation profile (right) of pPDHBT.
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Conclusions. A proof-of concept study aimed at clarify structure-properties reletionships in
eumelanin-like polymers was reported. Two new sulphur-substituted dopamine and 5,6-
dihydroxyindole derivatives were synthesized, their oxidative chemistry was investigated and
Spectrophotometric, morphological and electronical properties of DHBT-deriving polymer were
preliminarly assessed. Compared to pDA or DHI melanin, thiomelanin showed less intense
absorption in the visible region, less pronounced EPR properties and proved to consist of mixtures
of oligomers up to the 10-mer (LDI-MS evidence). N-to-S heteroatom replacement is thus proposed
as an efficient strategy for modifying and tailoring physical and chemical properties in eumelanin-

type functional materials.
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3.4 Experimental methods and supporting information

All reagents were obtained from commercial sources and used without further purification. Organic
solvents were used as purchased. Water was of MilliQ®™ quality. Buffers were prepared by standard
procedures. A Crison pH-meter equipped with a 5014 Crison electrode was used for pH

measurements at room temperature.

UV-Vis absorption spectra were registered at room temperature on a V-560 JASCO
spectrophotometer using calibrated 2 mL cuvettes and, for solid state samples, on a Cary 4000 UV-
Vis spectrophotometer using the solid sample holder. '"H-NMR and *C-NMR spectra were recorded
in deuterated solvents at 400 MHz on a Bruker DRX 400 or Bruker Avance DRX 400 and at 500
MHz on a Varian Inova 500, & values are reported in ppm and coupling constants are given in Hz.
HPLC analyses for reaction monitoring were performed on an Agilent 1100 series instrument
equipped with an LC-10AD VP pump and a G1314A UV-Vis detector using a Sphereclone C18
column (4.6 x 150 mm, 5 pm). LC-MS analysis was conducted on an ESI-TOF 1260/6230DA
Agilent Technologies in positive ion mode. IR spectra were recorded on Nicolet 5700 FT-IR +
Smart performer spectrometer mounting a Continuum FT-IR Microscope and on Bruker Optics

TENSOR 27 FT-IR.

CDA was synthesized following a previously reported procedure.'*’

X-ray photoelectron spectroscopy (XPS). All the analysis were performed on a Thermo Scientific
K-Alpha XPS system (Thermo Fisher Scientific, UK). Spectra were collected using a
monochromatized Al-K o radiation (1486.6 eV). The surface emitted photoelectrons were analysed
in a double-focusing hemispherical analyser and recorded on a multi-channel detector. All the
spectra were acquired in the constant analyser energy mode. The ThermoScientific Avantage

software (Thermo Fisher Scientific) was used for digital acquisition and data processing.

Water contact angle assessment (WCA). Static contact angle analyses were performed with 1 uL

droplets for water, and carried out on a TBU9OE Dataphysics contact angle goniometer.

Atomic Force Microscopy (AFM). Measurements were carried out on air at 298 K by using a
Nanoscope V (model MMAFMLN, Digital Instrument Metrology Group). The tips used in all
measurements were antimony-doped silicon cantilevers (T = 3.54.5 um, L = 115-135 um, f, =
271-305 kHz, k = 20-80 N m™, Bruker) at a resonant frequency of ca. 280 kHz. The collected
images were then analysed with WsxM 5.0 software (Nanotec Electronica S. L.) to acquire the

cross-sectional values and profiles of the processed images.
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Coating experiments. Glass coverslips, quartz slides or the other materials (cuttings of
polyethyleneterephthalate (PET), coins) were dipped in a solution of either dopamine
hydrochloride, or 5-S-cysteinyldopamine at 10 mM concentration in 0.05 M bicarbonate buffer, pH
8.5 and kept under stirring in air. At the proper times the coated materials were rinsed with

deionized water and air dried.

GSH and NADH oxidation. A 150 uM solution of GSH or a 300 uM solution of NADH in 0.1 M
phosphate buffer (pH 7.4) was allowed to stand at room temperature under vigorous stirring in the
presence and in the absence of pCDA (1 mg) or pCDA thin film. Aliquots of the reaction mixtures

were periodically withdrawn and analyzed by HPLC with UV and electrochemical detector.

EPR measurements were performed using an X-band (9 GHz) Bruker Elexys E-500
spectrometer(Bruker, Rheinstetten, Germany), equipped with a super-high sensitivity probe head.

Samples were transferred to flame-sealed glass capillaries which, in turn, were coaxially inserted in
a standard 4 mm quartz sample tube. Measurements were performed at room temperature. The
instrumental settings were as follows: sweep width, 100 G; resolution, 1024 points; modulation
frequency, 100.00 kHz; modulation amplitude, 2.0 G. The amplitude of the field modulation was
preventively checked to be low enough to avoid detectable signal overmodulation. Preliminarily,
EPR spectra were measured with a microwave power of ~0.5 mW to avoid microwave saturation of
resonance absorption curve. Several scans, typically 16, were accumulated to improve the signal-to-
noise ratio. Successively, for power saturation experiments, the microwave power was gradually
incremented from 0.02 to 160 mW. The g value and the spin density were evaluated by means of an

internal standard, Mn*"-doped MgO, prepared by a synthesis protocol reported in literature.'**

MALDI analysis was run on a AB Sciex TOF/TOF 5800 instrument using 2,5-dihydroxybenzoic
acid as the matrix and the melanin applied to the plate from a fine suspension in ethanol obtained by
homogenization in a glass to glass potter. Spectrum represents the sum of 15,000 laser pulses from
randomly chosen spots per sample position. Raw data are analyzed using the computer software

provided by the manufacturers and are reported as monoisotopic masses.

Synthesis and structural characterization of 3,4-dihydroxyphenyl ethanethiol (DHPET, 1).
Step I, Synthesis of S-3,4-dimethoxyphenethyl ethanethioate (1a). To a solution of 2-(3,4 —
dimetoxyphenyl)ethanol (1.5 g, 8.24 mmol) in dry tetrahydrofuran (THF, 42 mL) methanesulfonyl
chloride (MsCl, 1.55 mL, 21.3 mmol) and triethylamine (Et;N, 2.51 mL) were added dropwise

under N, atmosphere. The reaction mixture was stirred at r.t. for 2 h. Potassium thioacetate (3 g)
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was dissolved in dry DMF (36 mL). The latter solution was slowly added to the reaction mixture.
After 4 h, the solvent was evaporated under reduced pressure and extracted (water/ethyl acetate),
the combined organic layers were dried over anhydrous Na,SQO4, evaporated and purified by flash
silica chromatography (hexane:ethyl acetate 9:1). The desired product (1a) was obtained as a brown

oil (2.6 mg, 87 % yield).

(1a): "H NMR (400 MHz, CDCl;) 8 6.80 (d, J = 8.1 Hz, H-6), 6.77 (s, H-2), 6.73 (d, J = 8.0 Hz, H-
5), 3.88 and 3.86 (s, H-11, H-12), 3.10 (t, J = 7.7 Hz, H-8), 2.81 (t, J = 7.7 Hz, H-7), 2.33 (s, H-10).
3C NMR (91 MHz, CDCls) § 193.2 (C-9), 149.0 (C-3), 148.0 (C-4), 133.0 (C-1), 122.0 (C-6),
115.2 (C-5), 112.1 (C-2), 56.1 and 55.8 (C-11, C-12) 36.1 (C-8), 33.2 (C-7), 30.3 (C-10).

Step II, Synthesis of S-3,4-dihydroxyphenethyl ethanethioate (1b). To a solution of 1a (1.53 g, 5.88
mmol) in CH,Cl, (24 mL) a 1 M solution of BBr3; in CH,Cl, (32 mL) was slowly added under N,
atmosphere at -5 °C. After 6 h, the reaction mixture was extracted with water. The combined
organic layers were dried over anhydrous Na,SO,4 and evaporated to give 1b (1.0 g, yield >> 99%)).

No further purification was needed.

(1b): '"H NMR (400 MHz, CDCl3) § 6.82 (d, J = 8.0 Hz, H-6), 6.73 (s, H-2) 6.65 (d, J= 8.0 Hz, H-
5),2.82 (d, J = 6.6 Hz, H-7), 2.79 (d, J = 6.6 Hz, H-8), 2.07 (s, H-10).

3C NMR (91 MHz, CDCL3) & 193.2 (C-9), 145.0 (C-3), 144.0 (C-4), 133.0 (C-1), 122.0 (C-6),
116.2 (C-5), 115.4 (C-2), 36.1 (C-8), 33.6 (C-7), 30.5 (C-10).

Step 111, Synthesis of S-3,4-dihydroxyphenyl ethanethiol (DHPET, 1). To a solution of 1b (1.0 g,
5.85 mmol) in CH30H (90 mL) 12 M HCI was added (50 drops). The mixture was left to react
under stirring overnight under reflux. After 12 h, the solvent was evaporated under reduced pressure
and the reaction extracted by water/ethyl acetate. DHPET was recovered without further

purification as a brown oil (900 mg, yield = 90%).

(1): '"H NMR (360 MHz, CDCl3) § 6.80 (d, J = 8.0 Hz, H-6), 6.77 (s, H-2), 6.73 (d, J = 8.0 Hz, H-
5), 2.98 (t, J = 6.8 Hz, H-7), 2.85 (t, J = 6.8 Hz, H-8). °C NMR (91 MHz, CDCls) § 149.0 (C-3),
148.1 (C-4), 131.0 (C-1), 121.0 (C-6), 120.9 (C-2), 112.2 (C-5), 38.7 (C-7), 35.2 (C-8).

Synthesis and structural characterization of 5,6-dihydrobenzo[b]thiophene (DHBT, 8).

Step I, Synthesis of S-benzyl ethanethioate (4). To a solution of benzyl bromide (1.26 g, 7.4mmol)

in Acetone (20 mL) potassium thioacetate (0.9 g, 7.88 mmol) was added . The reaction mixture was
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heated at reflux for 2h, evaporated and extracted with ethyl acetate, the combined organic layers

were dried over anhydrous Na,SO4 and evaporated, affording 4 as a colourless oil (1.20 g, 99%).

(4): '"H NMR (360 MHz, CD;Cl) & 7.29 (m, protoni aromatici), 4.12 (s, H-5), 2.35 (s, H-7). °C
NMR (91 MHz, CDCls) & 137.57 (C-1), 128.80 (C-3,3’), 128.63 (C-2,2), 127.27 (C-4), 33.46 (C-
7), 30.34 (C-5).

Step Ila and IIb, Synthesis of 2-iodoethyl-3,4-dimethoxybenzene (5). To a solution of 2-(3,4 —
dimetoxyphenyl)ethanol (1.5 g, 8.24 mmol) in CH,Cl, (20 mL) at 0 °C pyridine (0.73 mL, 9.06
mmol) and methanesulfonyl chloride (0.66 mL, 9.06 mmol) were added. The reaction mixture was
stirred at rt for 12 h, poured into 5% aqueous HCI (12 mL), and extracted with CH,Cl,, the
combined organic layer was dried over anhydrous Na,SO,, evaporated and used without further

purification for the next step of the synthesis (yield: 85%).

(5a):

'H NMR (360 MHz, CDCls) & 6.80 (d, J = 8.0 Hz, H-6), 6.77 (s, H-2), 6.73 (s, H-5), 437 (t, ] = 6.9
Hz, H-8), 3.86 (s, H-10), 3.84 (s,H-9), 2.98 (t, ] = 6.8 Hz, H-7), 2.85 (s, H-11)."*C NMR (91 MHz,
CDCl3) & 149.0 (C-3), 148.0 (C-4), 131.0 (C-1), 121.0 (C-6), 112.2 (C-5), 112.1 (C-2), 70.52 (C-8),
55.9 (C-10), 55.8 (C-9), 37.3 (C-11), 35.2 (C-7).

Subsequently, to a solution of 5a (2.0 g, 7.83mmol) in acetone Nal (1.76 g, 11.7mmol) was added.
The mixture was heated at reflux overnight, cooled, and evaporated. The oily mixture was then
added to water and extracted with CH,Cl,, the combined organic layers were dried over anhydrous
Na,;SO4 and evaporated. Flash chromatography of the crude mixture, with Hexane: Ethyl Acetate
9:1 as eluting system, afforded 1.39 g (61%) of 5 as a pale yellow oil.
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(5):

10 8

'H NMR (360 MHz, CDCl3) 6 6.8 (d, ] = 8.1 Hz, H-6), 6.75 (s, H-2) 6.6 (d, J = 8.1 Hz, H-5), 3.9
(s, H-10), 3.8 (s, H-9), 3.3 (t, J = 7.8 Hz, H-8), 3.1 (t, ] = 7.8 Hz, H-7). >C NMR (91 MHz, CDCl;)
§ 148.9 (C-3), 147.9 (C-4), 133.3 (C-1), 120.4 (C-6), 111.6 (C-2), 111.3 (C-5), 55.9 (C-9,10), 40.0
(C-8), 6.2 (C-7).

Step III, Synthesis of benzyl(3,4-dimethoxyphenethyl)sulfane (6).To a solution of 5 (1.2 g, 4.1
mmol) in MeOH (20 mL) at 0 °C 0.5 M NaOH in MeOH (10 mL) was slowly added and then a
solution of 4 (0.68 g, 4.1mmol) in MeOH (10 mL). The reaction mixture was stirred at room
temperature for 24 h, poured into water, and extracted with CH,Cl,, and the combined organic
layers were dried over anhydrous Na,SO, and evaporated. Flash chromatography of the crude
mixture with Hexane: Ethyl Acetate 9:1 as eluting system, afforded 0.98 g (85%) of 6 as a colorless

oil.

Step IVa and 1V, Synthesis of 1,2-dihydro-3,6-dihyroxybenzothiophene (7). A DCM (66 mL)
mixture of PIFA and BF3-Et,0 is added dropwise to a solution of 6 (0.95 g, 3.3 momol) in DCM
(95 mL) at -78 °C under N,. The reaction is stirred for 20 minutes, then quenched with MeNH,
(40%), stirred for 30 minutes and acidified with HCI 10% until pH 6.5. The mixture was extracted
with CH,Cl, and purified by flash chromatography using Hexane : Ethyl acetate 9:1 as eluting
system affording to 0.4 g (63%) of 5,6-dimethoxy-2,3-dihydrobenzo[b]thiophene as a white solid.
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(7a):

'H NMR (360 MHz, CDCls) & 6.8 (s, H-7), 6.7 (s, H-4), 3.84 (s, H-9), 3.83 (s, H-10), 3.4 (t, J = 7.7
Hz, H-2), 3.2 (t, J = 7.7 Hz, H-1). >C NMR (91 MHz, CDCls) 5 148.84 (C-6), 146.64 (C-5), 132.29
(C-3), 131.57 (C-8), 108.73 (C-4), 105.86 (C-7), 56.39 (H-11), 56.23 (H-10), 36.50 (C-1), 34.28 (C-
2).

In the next reaction, BBr; (5 mL) was added dropwise to a solution of 7a (0.17 g, 0.89 mmol) in
DCM (4 mL), at 0 °C and under N, atmosphere. After 90 minutes, the reaction mixture was

evaporated and extracted with HO/Diethyl Ether affording to 0.13 mg (90%) of 7 as a white solid.
(7):

HO~ 6 8 °S
7

'"H NMR (360 MHz, CD;0D) 8 6.66 (s, H-4), 6.58 (s, H-7), 3.27 (t, ] = 7.7 Hz, H-1), 3.08 (t, ] = 7.6
Hz, H-2). °C NMR (91 MHz, CD;0D) § 144.4 (C-5), 142.1 (C-6), 130.8 (C-3), 130.7 (C-8), 111.7
(C-4), 108.7 (C-7), 35.7 (C-1), 33.3 (C-2).

HO 5 2 3 2
S92
HO 6 8 °S

7

®):

'"H NMR (360 MHz, CD;0OD) & 7.23 (d, J = 5.4 Hz, H-1), 7.20 (s, H-7), 7.17 (s, H-4), 7.09 (d, J =
5.4 Hz, H-2). *C NMR (91 MHz, CD;0D) § 140.3 (C-5), 140.1 (C-6), 136.8 (C-8), 133.8 (C-3),
111.5 (C-4), 108.57 (C-7), 127.9 (C-2), 123.3 (C-1).
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Oxidation of DHPET or DHBT. To a methanolic solution of DHPET or DHBT, the proper buffer

was added to achieve the desired substrate concentration (1 or 10 mM). Different oxidative

conditions were tested:

a)
b)
c)
d)
e)

0O, mediated oxidation in 0.05 M Na,COj; buffer pH 8.5-9;

sodium periodate (1-2 molar eq.) in 0.1 M phosphate buffer (pH 7.4);

Cerium Ammonium Nitrate (1-2 molar eq.) in 0.1 M phosphate buffer (pH 3.0);
potassium ferricyanide (1-3 molar equivalents).

Horse radish peroxidise (HRP)/H,0, (50 U mL™, leq) in 0.05 M phosphate buffer pH
7.7.

Substrate consumption was determined by HPLC analysis (0.1 % HCOOH-ACN 8:2).

Synthesis and structural characterization of DHPET dimers

Dimers were obtained oxidizing DHPET in the conditions described at line e) of the previous

paragraph. Purification was achieved by Preparative Layer Chromatography (PLC), CHCI; : AcOEt

8:2 was selected as eluant.

(2) R¢: 0.8, 'H NMR (400 MHz, CDCl)

35 34 33 32 31 30 29 28
1 (ppm)

I

85 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0
f1 (ppm)

13C NMR (101 MHz, CDCl3) § 168.5 (C-9), 142.1 (C-3), 141.0 (C-4), 137.9 (C-1), 137.1 (C-6),
127.0 (C-2), 123.6 (C-5), 56.70 (C-8), 39.6 (C-10), 36.7 (C-7), 34.1 (C-11), 20.8 (C-9).
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(3): Re: 0.6

oooooo
SRR

NNNNNN

7.10
7.09
7.09
7.03

%
4
\

'"H NMR (400 MHz, CDCl3) & 7.10 (s, H-2), 7.09 (d, H-5), 7.03 (d, H-6), 3.01 — 2.94 (t, J=2.98 Hz,
H-7), 2.93 — 2.86 (t, J=2.90 Hz, H-8), 2.28 (s, H-9). >C NMR (101 MHz, CDCl3) & 168.4 (C-9,10),
141.9 (C-3), 140.4 (C-4), 138.8 (C-1), 126.8 (C-6), 123.5,(C-2) 123.3 (C-5), 39.4 (C-8), 34.9 (C-7).

Synthesis and preliminar structural characterization of DHBT oligomers

Oligomers were obtained by DHBT oxidation with 2 eq of potassium ferrycianide following the
procedure reported in the related paragraph. Purification of the reaction mixture was performed by
silica gel chromatograph whit hexane:ethyl acetate 7:3 as the eluant. As no signals were detected in
the high-field region, "H NMR spectra are reported as expansion of the low-field region. All 'H
NMR spectra are recorded at 400 MHz in CDCl;.
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Chapter 4

Multifunctional mussel-inspired biomaterials and molecular systems by
amine-controlled oxidative polymerization of natural catechols

4.1 Introduction
As illustrated in detail in Chapter 1, catechol chemistry is largely dominated by

e redox equilibria with semiquinone radicals and highly electrophilic quinines capable of
efficient coupling with nucleophilic functional groups such as thiols, amines, as well as

carbon nucleophiles including phenolic and catecholic rings;
e metal chelation, especially towards biologically relevant ions such as Fe’*, Zn*" and Cu*".

These properties render catechol compounds versatile intermediates for conjugation,
polymerization, cross-linking and coupling even under mild biologically-relevant conditions

(Scheme 4.1.1).

OH o 0 OH

Scheme 4.1.1 Catechol chemistry.

In this chapter, the attention will be focused on the oxidatively-induced cross-linking reaction of
catechols with amines/amino acids as a bio-inspired process of increasing impact for the design and

development of functional biomaterials and systems.
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By far, the most relevant example of such a reaction in nature comes from mussels’ ability to cling
to rocks underwater. Extensive biochemical studies of wet adhesion have demonstrated that the
main players in this process are the proteins secreted by mussel byssus: mussel foot protein (mfp)-1
and mfp-5 which exhibit an unusually high content of DOPA and lysine residues.'* These amino
acids, in the slightly alkaline sea water, undergo fast oxidative coupling via amine-quinone
reactions and are capable of establishing coordinative interactions with inorganic ions allowing

.13
strong adhesion.

As previously mentioned, studies of the autoxidation of the catecholamine dopamine, featuring the
catechol and amine functional groups of mussel byssus proteins, led to development of a black
melanin-like adhesive polymer termed polydopamine (pDA), which can be used to coat any kind of

12,16
surface. =

HO NH,
—_—
HO Dopamine
Oxidation l

Mussel byssus proteins

V7, = Peptide backbone Polydopamine

Figure 4.1.1 Catechol and amino groups are the core reactive unit in mussels’ and pDA adhesion

mechanisms.

Although PDA is currently the reference material for surface functionalization and coating, some
issues relating to the toxicity of the precursor dopamine and the limited number of functional
groups available for post-synthetic modification have prompted intense studies toward novel
mussel-inspired surface chemistry beyond pDA-based technology. An attractive approach to this
goal may be based on the development of alternative dip-coating methodologies based on separate
catechol and amine components allowing access to tailored materials via rational combination of

148,149
precursors.

In this chapter, the results of proof-of-concept investigations are presented demonstrating that the

combination of caffeic acid (CA), a cheap, non-toxic and easily accessible natural catechol, with
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hexamethylenediamine (HMDA), as a lysine mimic, provides the basis for a novel, costly effective
and simple methodology to achieve a biocompatible organic thin film which can adhere to a broad
range of surfaces. The coating exhibits metal-chelating properties comparable to those of pDA and

dye-adsorbing ability of potential interest for various applications.

Based on this chemistry, in a related series of experiments the preparation and characterization of
green biocompatible coloring substances will also be reported, which take inspiration from the
marked greening of some vegetables, such as sweet potato, burdock, and sunflower seeds shown
during cooking, or other food processing e.g. alkali extraction of proteins from sunflower meal
(Figure 4.1.2). Studies aimed at identifying the structure of the green pigment demonstrated that it is
formed by the reaction between the esters of caffeic acid, expecially chlorogenic acid (CGA) and
amino acids under enzymic conditions (mainly due to polyphenol oxidases) or alkaline

aeration, >%!!

Figure 4.1.2 Picture of sunflower seeds before (left) and during (vight) the alkaline protein extraction

process.

Since green synthetic food dyes have progressively been banned, e.g. triarylmethanegreen S (also
E142) that is now still admitted only in Europe, the search for natural based colorants is nowadays
very active. Moreover, apart from chlorophylls and the semisynthetic copper chlorophyllins (natural

green 3, E141), this latter recently used also as food supplement for its additional benefical

132 no other natural product-based colorants are available for green coloring.

effects,
On this basis, starting from a comparative analysis of the conditions of formation of the

153,154
d,””

benzacridine pigment previously reporte we developed a procedure for its purification and
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evaluated the pH dependence and the thermal stability of the chromophore. Moreover, we
demonstrated the straightforward formation of the pigment from protein and protein rich food
matrices. Other possible applications of food relevance like sensing of fish deterioration were
explored. The toxicity of these pigments was determined at different doses on two human cell lines

like Caco-2 and HepG2 cells.
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4.2 Thin films and coatings from caffeic acid and a cross-linking diamine

Autoxidation of caffeic acid (1 mM) at pH 8.5-9, in phosphate or bicarbonate buffer did not result
in detectable coatings on glass or quartz, despite apparent polymerization with evident darkening of
the mixture.' Likewise, no visible coating was observed upon addition of ammonia, Tris buffer,
butylamine, dodecylamine or ethylenediamine to the catechol solution up to 50 mM concentration.
However, in the presence of equimolar amounts of HMDA, the autoxidation of caffeic acid led to
the deposition of greenish-blue films (An.x 660 nm) on a glass surface within a few hours which
could be detected by UV-vis spectrophotometry (Figure 4.2.1, left). Efficient HMDA-mediated

deposition of CA films was observed also on quartz and other materials (Figure 4.2.1, right).

0.20
—— Hexamethylenediamine
—— Ethylenediamine

——— Dodecylamine
Butylamine

TRIS buffer

—NH,

0.15

0.10 4

Abs (a.u.)

0.05 +

o-oo T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 4.2.1 UV-vis spectra of cover glasses dipped into 1 mM solution of CA in 50 mM Na,CO; buffer in
the presence of equimolar amounts of various amines over 3 hours and picture of CA/HMDA coated A)
quartz, B) borosilicate glass, C) polystyrene with uncoated control, D) aluminum with uncoated control, E)
polyethylene and uncoated polyethylene.

Morphological characterization. Spectrophotometric monitoring of film deposition kinetics on a
glass coverslip showed a steep increase of the absorbance at 660 nm over 6 hrs (Figure 4.2.2). 3
hour coated substrates were selected for morphological characterization. CA/HMDA thin films
were characterized by atomic force microscopy (AFM, Figure 4.4.1), water contact angle (WCA),
ellipsometry and X-ray photoemission spectroscopy (XPS) and the results were compared to pDA
films produced in the presence of Tris and HMDA.CA/HMDA coatings were ca. 10 nm thick,
smooth, and homogeneous and exhibited lower WCA than pDA/Tris films. pDA/HMDA films
showed intermediate properties in terms of thickness and hydrophobicity, but a significantly higher
roughness. XPS data showed a higher N content in the pDA films prepared in the presence of
HMDA vs. those obtained in Tris buffer (Table 4.2.1).
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Figure 4.2.2 Time course of the absorption at 660 nm of a glass coverslip dipped into 1:1 solution of CA and
HMDA (5 mM) in 50 mM Na,COj; buffer pH 9.

Table 4.2.1 Characterization of thin films from CA/HMDA and PDA on silicon wafers.

. Thickness Water contact angle o
Film (nm) Roughness (nm) (deg) Comp.(atom, %)
C1s54.5+0.4
Caffeic acid/
9.4+04 1.0 69.4+1.7 0 1527.9+0.1
HMDA
N 15 3.8+0.1
C 15 48.5£0.9
PDA/
16.9+1.7 5.1 76.0+2.0 O 15 29.9+0.5
HMDA
N 15 3.3+0.1
C1s23.1£0.9
PDA/
23.7+0.4 0.4 86.2+1.2 O 15 48.2+0.5
Tris
N 15 0.8+0.2

Data collected at Max Plank institute by Dr Julieta Paez and co-workers

Structural and electronical characterization. Based on these findings, the CA/HMDA film was
next subjected to structural analysis to elucidate the chemical nature of the main species. To this
aim, the greenish-blue precipitate obtained by autoxidation of CA in the presence of HMDA in

bicarbonate buffer at pH 9 was collected, extensively washed and analyzed by °C and "N CP-MAS
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NMR (Figure 4.2.3, spectra recorded by Dr. M.E. Errico and co-workers from the Institute of
Chemistry and Technology of Polymers, National Council of Research (CNR), Pozzuoli, Italy)
combined with ATR/FT-IR (Figure 4.4.2) and LDUMALDI-MS (Figure 4.2.4). The *C NMR
spectrum (Figure 4.2.3a) displayed aliphatic chain signals of HMDA denoting extensive
incorporation of the diamine. Major bands at & 95-105 indicated the presence of shielded aromatic
carbons adjacent to amine groups. Signals at & 125, 138 and 148 were attributed to aromatic ring
signals. Intense sp” carbon bands at & 168 and 175 were due to conjugated carbonyl and carboxyl
groups. The "N NMR spectrum (Figure 4.2.3b) revealed an intense amine resonance and two broad
bands around & 90 and 120, consistent with shielded imine and heteroaromatic structures.'>®
Overall, these data, integrated by LDI-MS analysis and supported by previous literature on the
reactions of CA esters with amines,'”''described the CA/HMDA coating as consisting of a
mixture of trioxygenated carboxylated benzacridinium derivatives including tethered dimeric
species (Figure 4.2.5).Several trihydroxybenzacridine derivatives green in color had already been
identified by reaction of caffeic acid esters (mostly chlorogenic acids) with different
aminoacids,”*"*"">® but use of free carboxyl groups as in the CA/HMDA coating reaction may
account for specific effects on product properties. A mechanistic path to the proposed structures

including the decarboxylation step is shown in Figure 4.4.3.

a

\fA/\/\

200 160 120 30 50 20 -10

Figure 4.2.3 °C (a) and °N (b) CP-MAS NMR spectra of the CA/HMDA polymer. Spinning sidebands are
marked by a dot.
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Figure 4.2.4 MALDI-MS (top) and LDI-MS (bottom) spectra of the solid separated from the CA/HMDA
mixture after centrifugation and washings with water. Molecular peaks that have been structurally assigned
are in bold. In the case of MALDI-MS analysis, 2,5-dihydroxybenzoic acid was used as matrix. Sample
preparation as described under experimental.
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175 COOH HOOC

170
95 § 30 HIN QS/Q/\/
3® HoN o~ 48 NH;

m/z 447 m/z 521

175 COOH

m/z 735

Figure 4.2.5. Proposed structures for representative components of CA/HMDA films as inferred from LDI-
MS. Shown are the m/z values for the pseudomolecular ions. °C NMR and "N (red) NMR resonance
assignments are highlighted.
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Interestingly, electron paramagnetic resonance (EPR) spectra showed distinct paramagnetic

properties, consistent with the occurrence of the polycyclic systems in different redox states, e.g. the

catechol and quinone forms represented in Figure 4.2.5. Inspection of the EPR spectrum suggested

mainly carbon-centered radicals (g= 2.0037) with negligible involvement of O-centered

semiquinone radicals or of nitrogen centered radicals. Both the power saturation profile and the

broad signal amplitude (AB= 6.47 G) were consistent with a high degree of heterogeneity (Table

4.2.2 and Figure 4.2.6).

Table 4.2.2. Electron Paramagnetic Resonance (EPR) characterization of CA/HMDA solid material.

Spin density

CA/HMDA

2.0037+0.0003

cafHMDA

T T
3460 3480

Figure 4.2.6. EPR signal (left) and power saturation profile (right) of CA/HMDA solid material.

Magnetic field [G]

n,

0,8

0,6

04

0,2 1

0,0 H
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Stability and pH-dependence. The chemical stability of the CA/HMDA films was tested under
different conditions. Exposure of as prepared films to aqueous solutions containing hydrogen
peroxide or reducing agents, such as or sodium borohydride, glutathione or dithiothreitol, did not
result in detectable modification of the UV-visible absorption spectra (data not shown).
Interestingly, acid vapors caused visible and color change from green to greysh, revertable by
exposure to ammonia vapors, denoting pH-dependent chromophores (Figure 4.2.7). No detectable

film detachment was induced by oxidative, reductive or acidic treatments.

0.10
—A
—B
—C
0.08 -
..1
~  0.06-
3 .
s £ 4
3
< 004 A B C
0.02 -
0.00

T T T T T T T T T T T T T T T T T |
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.2.7 UV-Vis spectra of CA/HMDA coated glass under neutral conditions (A), after exposure to HCI
vapours (10 seconds, B), and further exposure to NH; vapours (10 seconds, C). Shown is a digital picture of
the glass exposed to the different conditions.

To clarify the structural requisites of the film-forming catechols, in further experiments CA was
replaced with4-methylcatechol (MC) in the HMDA-containing mixture. A deep-yellow coating
(Amax 405 nm) was obtained (Figure 4.2.8) which on ellipsometric (Table 4.4.1) and spectral
characterization (Figure 4.4.4-6) proved to consist of variously substituted quinine imine species
deriving from nucleophilic addition of HMDA to MC deriving O-quinone moieties (Figure 4.2.9).
No UV-detectable surface coating was observed in the absence of HMDA.
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Figure 4.2.8 UV-vis spectrum of a glass coverslip dipped into 1:1 solution of MC and HMDA (1 mM) in 50
mM Na,CO; buffer pH 9 over 3 hours and picture of the MC/HMDA coated coverslip.
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180
© 0o
NH, AN
e g HN N X

N
o NS T U,
95 %
\N/\/\/\/N\ 155 o
120 HN
H,N

m/z 422 m/z 672 o

Figure 4.2.9 Proposed structures for representative components of MC/HMDA polymer as inferred from
LDI-MS. Shown are the m/z values for the pseudomolecular ions. >C NMR and °N (red) NMR resonance
assignments are highlighted.

These results unambiguously demonstrated the covalent coupling of HMDA with autoxidatively
generated quinone intermediates as a general cross-linking mechanism underlying film formation. It
was concluded that the nature of the catechol is not critical, but it is the combination of a long

aliphatic chain and two amine groups in HMDA that is crucial to confer to catechol polymers a
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suitable balance of hydrophobicity, aggregation and cross-linking, since neither simple monoamines
(n-propylamine or the long chain n-dodecylamine) nor short chain diamines (1,2-ethylenediamine)

were able to lead to film deposition from autoxidizing catechols.

Metal chelating and dye adsorbing properties. Subsequent experiments were directed to assess
the metal binding ability of CA/HMDA coatings by means of colorimetric assays.'”” '®!
Experiments were conducted in comparison to pDA. CA/HMDA proved to be more efficient than
pDA in binding iron and comparable to pDA for copper binding (Figure 4.4.7). On this basis the
metal-binding ability of octadecylsilane silica (55-105 um particle size), as a high surface area
support, following functionalization by the CA/HMDA or pDA coating (Figure 4.2.10A) was then
comparatively assessed. Almost complete (97%) removal of iron from the solution was obtained by
passing it through 100 mg of CA/HMDA-coated C;g while the same amount of pDA-functionalized
C1g led to 78% removal of Fe*". Lower amounts of functionalized resin (50 mg) led to the almost
complete removal of copper (97% for CA/HMDA C,3 and 93% for pDA Cig) (Figure 4.2.10B).
Interestingly, the efficiency of the CA/HMDA C,gremainedvirtually unaffected after 4 passages of

the fresh metal containing solution through the resin (Fe*" chelation= 97%, Cu®" chelation= 77%)

and still effective after up to 6 passages (Fe’" chelation= 47%, Cu®" chelation= 47%) (Figure 4.4.8).

Figure 4.2.10C reports the metal binding capacity q. (mg of metal/g of C;g) for the CA/HMDA Ci3
and pDA Cig calculated using the equation q.= (Co-Ceq)(V/W), where Cy (mg/L) is the actual
starting metal concentration as analytically determined from blank experiments, C.q (mg/L) is the
metal concentration remaining in solution after incubation with the resins , V (L) is the volume of
the incubation mixture and W (g) is the resin dose. In all cases the curves were characterized by an
increased uptake following a rise in metal concentration. With an increase of the starting metal
concentration from 10 to 100 uM, the amount of Fe*" binding rises up to 4.7 mg/g for CA/HMDA
C1g vs 4.0 mg/g for pDA C,g and the amount of Cu®" binding up to 10.1 mg/g for CA/HMDA C g vs
8.3 mg/g for pDA C;s.
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Figure 4.2.10 A) From left to right: Uncoated C;s resin, CA/HMDA C,s and pDA C,s. B) Binding of iron
(left) and copper (right) on different amounts of C,g resins coated with CA/HMDA (open circles) and pDA
(full circles). C) Binding isotherms of iron (left) and copper (vight) by C;s resins coated with CA/HMDA
(open circles) and pDA (full circles). Initial concentration range, 10-100 uM for iron and copper, amount of
functionalized resin, 0.25 mg/mL, temperature 37 °C, contact time 2 h. Shown are mean values of three
separate experiments + SD.
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The ability of CA/HMDA coating to interact with or retain other molecules, was also tested by

immersing coated glasses into 0.4 mg/mL solutions of commercial dyes, such as Congo Red and

Methylene Blue in 0.1 M phosphate buffer at pH 7. Even after extensive rinsing with water,

detectable adsorption of the dye was evidenced in the UV-visible spectra (Figure 4.2.11, top) as

well as by visual inspection. For comparison the same experiments are run on pDA films (Figure

4.2.11, bottom) showing some binding ability only in the case of Methylene Blue.
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Figure 4.2.11 UV-visible spectra of CA/HMDA (top) and pDA (bottom) coated glass after dipping into a 0.4
mg/mL solution of Congo Red or Methylene Blue in phosphate buffer pH 7.0.
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Biocompatibility. The biocompatibility of the CA/HMDA coating and the ability to support cell
growth was also assessed on two different cells lines: Cultured Human Keratinocites (HaCat) and
embryonic stem cells (ESCs). Experiments were carried out by Professors Pizzo and Falco and their
co-workers at the biology department of the University of Naples Federico II. Briefly HaCaT cells
adhered to CA/HMDA pre-treated dishes, remained viable, and showed comparable morphology as
on tissue culture plates. The CA/HMDA coating efficiently supported the growth of HaCat cells
(Figure 4.4.9), with a statistically significant increase in the proliferation rate at 72 h compared to
pDA-coated plates (p< 0.01). These results showed good biocompatibility of CA/HMDA coatings
and a positive effect as cell cultures surfaces and encouraged further experiments on embryonic
stem cells. ESCs were cultured for 3 days in regular culture medium on cell culture plates coated
with either CA/HMDA, or with PDA, or with gelatin. ESCs cultured on CA/HMDA coated plates
formed round-shaped colonies (Figure 4.4.10A-a), while ESCs cultured on pDA-coated plates
formed flat-shaped colonies (Figure 4.4.10A-b) consistent with high self-renewal, and low-self-
renewal, respectively. As expected ESCs cultured on gelatin, as control, aggregated in spheroid cell
structures floating in the medium (Figure 4.4.10A-c). Altogether, the data showed that CA/HMDA
coated plates are able to improve both clonogenic and attachment capability of ESCs. Remarkably,
ESCs cultured on CA/HMDA showed significantly higher number of colonies than ESCs cultured
either on pDA coated plates or on gelatin coated plates (Figure 4.4.10B).

Conclusions. The autoxidative coupling of the natural catechol caffeic acid (CA) with the long-
chain diamine (HMDA) at pH 9 leading to deposition of thin films was investigated an expedient
strategy for surface functionalization and coating. The specific film-forming properties imparted by
HMDA to autoxidizing catechols can be attributed to the efficient cross-linking properties ensuring
flexibility and an optimal balance of hydrophobicity and ionic character. The two-component
coating procedure reported in this study does not require organic solvents, oxidants or other
additives, nor long coating deposition times, is versatile (can be extended to a range of catechols
and substrates, as apparent from preliminary observations) and is based on a cheap, non-toxic and
easily accessible natural compound like CA. Considering the previous studies on gallic acid and
DA,'*'%? this results expand the current repertoire of catechol-based coatings with the additional
advantage that HMDA 1is used herein in equimolar amounts with the catechol and at 1 mM
concentration, much lower than in previous reports. CA/HMDA films are cyto-compatible and
appear to support more efficiently stem cell growth than films obtained from pDA/Tris. Of interest
in the perspectives of exploitation of these materials is the ability of CA/HMDA to efficiently bind

metal ions and organic dyes.
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4.3 The development of benzacridine-based green coloring agents for food

related applications.

In a separate investigation the potential usefulness of the caffeic acid/amine reaction for generation
of green coloring pigments for food related applications was assessed. Preliminarily, the procedures
reported for the formation of the benzacridine pigments were comparatively evaluated using
chlorogenic acid (CGA, Figure 4.3.1) as the catechol substrate in view of its solubility and
widespread occurrence in plant-derived food preparations, while glycine (GLY) was selected as the
amine component, as it was previously shown by Yabuta et al. to lead to most intense pigment
chromophore at 680 nm." Since Shilling et al. reported a detailed mechanistic investigation on the
reaction of CGA with lysine (LYS) using reaction conditions diverging from those reported
previously,'>* the investigation was extended also to this amino acid. CGA concentration varied in
the range 10-20 mM and different CGA/amino acid ratios were used. In all cases the pH of the

reaction medium was around 9.0-9.5 as reported.

HO

HO

Figure 4.3.1 5-O-Caffeoylquinic acid (chlorogenic acid, CGA) chemical structure.

Table 4.3.1 reports the absorbance value at 680 nm due to the green pigment formation together

with quantitative determination of the residual CGA by HPLC analysis.
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Table 4.3.1 Comparative analysis of the reaction of CGA with GLY and LYS under different reaction
conditions.

Item CGAconc AA/CGA Reaction Temp Residual

# (mM) ratio Ao * time (h)  (°C) CGA*? Lit
1 20 GLY 1 0.280 2 50 36552  Yabuta et al.
2001
2 14 GLY 4 0.398 24 25 31.7 = 0.6  Prigent et al.
0.4684 36 232 + 08 2008
3 14 GLY 1 0.440 24 25 21.0% 07
0.478 36 16.1 0.5
4 14 LYS 4 0.194 24 25 21.7+0.6 Prigentet al.
0.328 36 214 + 04 2008
5 14 LYS 1 0.218 24 25 17.5+03
0.236 36 172 + 0.1

"Tnormalized to starting CGA concentration of 0.1 g/L* “"HPLC determination

The highest intensity of the visible chromophore was obtained running the reaction at room
temperature (#2 and #3). An excess of amino acid with respect to CGA (# 2) did not favor pigment
formation with respect to equimolar conditions (#3), while prolonging the reaction time up to 36 h
increased pigment formation and consumption of the CGA under either condition (#2 and #3).
Using LYS as the amino acid (#4 and #5) resulted in a chromophore with slightly less intense
absorbance in the visible region, while consumption of CGA was comparable to that observed with
GLY. On this basis it appears that the optimal reaction conditions in terms of pigment formation,
CGA consumption and minimal excess of the reactants is achieved in either cases using a 1:1 CGA
to amino acid ratio, at room temperature at pH 9.0 over 36 h reaction time. These latter conditions

were therefore adopted to run the reaction of CGA with the two amino acids on a preparative scale.

Purification of the green pigment. To purify the pigment from the starting materials and saline
components, dialysis through a membrane with a cut-off range of 100-500 Da was initially
attempted, but without success: the pigment slowly diffused into the dialysate that was shown to
contain also CGA and excess amino acid by spectrophotometric and HPLC analysis. In subsequent
experiments the reaction mixtures CGA-GLY and CGA-LYS obtained using 0.5 g of CGA (1:1
amino acid ratio) were loaded on a Sephadex G10 column from concentrated water solutions and
eluted with distilled water. A brownish fraction likely due to oxidation products of CGA was
initially eluted followed by the green pigment appearing as a single band, and then by a fraction
containing CGA (Figure 4.4.11). In addition to the broad band centered at 680 nm two maxima at

260 and 320 nm were observed in the UV region. HPLC analysis of the purified fraction showed no
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residual CGA. Based on the ratio Aggo nm by weight of material, a ca 2.5 fold purification was
achieved with respect to the starting reaction mixture for the CGA-LYS pigment, but far lower (1.2
fold) for the CGA-GLY (Figure 4.4.12). The 1% extinction coefficient of the purified fraction at
678 nm was 28.67+ 0.063for CGA-LYS and 19.05+ 0.83for CGA-GLY. On this basis the CGA-
LYS pigment was preferred for subsequent application purposes. Digital pictures of the lyophilized

green pigments are reported in Figure 4.3.2.

Figure 4.3.2 Digital pictures of green pigments obtained after purification and lyophilization from CGA-
GLY (left) and CGA-LYS (right).

LC-MS analysis. The purified CGA-GLY and CGA-LYS pigments were analyzed by UHPLC with
DAD and MS/MS detection using the conditions previously developed.'® These experiments were
run in collaboration with professor A. Schieber and associates of the Institute of Nutritional and
Food Sciences, University of Bonn. Traces of the Figure 4.3.3-4 and data in Table 4.3.2-3 provided
evidence for the presence of several compounds with the same molecular mass and absorption
characteristics in line with the results of previous papers.'>*!'®*!®* Peaks Lys 1 to Lys 4 exhibited a
molecular ion peak at m/z 829 corresponding to a trihydroxybenzacridine comprising the whole
lysine residue, whereas Lys 5 to Lys 10 peaks had a molecular ion peak at m/z 700 corresponding to
the benzacridine system not comprising the amino acidic residue. These compounds were identical
to compounds Gly 1 to Gly 6. Infact, in the case of Gly (Figure 4.3.4 and Table 4.3.4) ring closure
of the benzacridine system is associated with decarboxylation and loss of the side chain. These
results confirm previous observations'® indicating that only in the case of Lys, possessing two NH,
groups, two series of benzacridine derivatives can be obtained. Notably, those products having the
€ —NH, group incorporated in the benzacridine scaffold do not undergo loss of the amino acidic
residue that is invariably observed with other o-amino acids (Scheme 4.3.1). In addition,

isomerization at the quinic acid moiety during the formation of the benzacridine system at the
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slightly alkaline pHs of the reaction medium may likely account for the number of isomers

observed for each series, as described even under milder and physiologically relevant conditions.'®*
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Figure 4.3.3 Top: UHPLC chromatograms (MS m/z 700 and 829) and DAD (280 nm and 450 nm) of the
CGA-LYS pigment analyzed in the Selected lon Monitoring (SIM) mode. Bottom. Representative mass
spectra of Lys 1-4.
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Table 4.3.2 Retention times, UV-vis absorption and mass spectrometric data for the benzacridine isomers
of the CGA-LYS pigment.

MS* Ms’ Ms*
[m/z, relative [m/z, relative [m/z, relative
abundance] abundance | abundance |

RTUV l(TMS UVmax
Cmp | [ i) [min] [nm]
515/
Lysl 8.58 8.64 652
939 946 519/
647
Lys2
12.12 1222 517/
Lys3 647
1231 1237 519/
Lysd 647
Lys5 | 1327 1332 455/
1443 1448 461/
Lysé 645
Lys7 | 15.53 15.55 426/-
Lys8 | 1658 16.63 461/-
Lys9 | 17.50 17.55 462/
Lysl0 | 17.93 17.95 431/-

700.2 (100), 336.1 (26),
334.2(7), 510.2 (5),
290.1 (3)

700.1 (100), 336.1 (12),
510.1 (7)

700.1 (100), 336.0 (12),
510.1 (6)

334.0 (100), 526.1 (83),
654.2 (21), 262.1 (13),
508.2 (7), 682.2 (5),
480.2 (3), 352.1 (3)

700.2 > 334.1 (100),
262.1 (31), 508.2 (9)

700.1 > 334.1 (100),
526.1 (87), 654.2 (24),
262.0 (15), 508.1 (8),
480.1 (6), 682.2 (5),
352.1 (4)

700.1 > 334.1 (100),
526.1 (47), 654.2 (33),
262.0 (14), 508.1 (10),
682.3 (6), 352.1 (2)

334.0 > 262.2 (100)

334.1 > 262.1
(100), 334.2
(7), 306.0 (2)
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Figure 4.3.4 Top: UHPLC chromatograms (MS m/z 700) and DAD (280 nm and 450 nm) of the CGA-GLY
pigment analyzed in the Selected lon Monitoring (SIM) mode. Bottom: Representative mass spectrum of Gly
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Table 4.3.3 Retention times, UV-vis absorption and mass spectrometric data for the benzacridine isomers
of the CGA-GLY pigment.

1{TUV RTMS UVmax
Cmp [min] [min] [nm]
Glyl | 13.28 13.33 462/
643
Gly2 | 14.44 14.49 462/
643
Gly3 | 15.52 15.57 462/
642
Gly4 | 16.60 16.66 462/
643
Gly5 | 17.51 17.55 462/
642
Gly6 | 17.90 17.97 462/
643
Gly7 | 18.28 18.33 462/-

MS’ ms’ ms*
[m/z, relative [m/z, relative [m/z, relative
abundance] abundance | abundance |

334.1 (100), 526.1 (30),
508.1 (13), 262.1 (12),
654.1 (5)

334.1 (100), 526.1 (72),
654.2 (36), 262.1 (18),
508.1 (6)

526.1 (100), 334.0 (95),
508.1 (15), 262.1 (15),
352.0 (5), 682.2 (4)

334.1 (100), 526.1 (26),
508.1 (18), 262.1 (12),
654.2 (6)

334.0 (100), 526.1 (61),
508.2 (31), 654.2 (24),
262.1 (10), 682.2 (4)

334.0 (100), 526.1 (40),
654.2 (30), 262.1 (16),
682.2 (5)

334.1 (100), 526.2 (81),
508.2 (33), 262.1 (13),
352.1 (5), 654.2 (5),
682.3 (4)

334.1 > 262.1 (100)

334.1 >262.0 (100)

526.1 > 334.1 (100),
352.1 (62), 508.1 (5),
308.2 (3)
334.0 > 262.1 (100)
334.1 ©262.1 (100)

334.1 ©262.0 (100)

334.0 >262.1 (100)

334.1 >262.1 (100)

262.1 >
262.2 (100),
206.1 (39),
234.0 (26),
178.1 (12),

216
(12),188.1 (3)

334.1 >262.1
(100), 306.2

3

262.1 >262.1
(100), 206.2
(32),216.1
(23), 178.1
(16),234.2
(15),233.2

(3)

262.0 >262.1
(100), 206.2
(42), 234.1
(32), 178.3
(11),216.0
(11),207.1

(5)

262.1 >262.1
(100), 206.2
(32),234.1
(20), 178.3
(15),216.0
(13), 244.0

(2)

262.1 >262.1
(100), 206.1
(22), 216.1
(17),234.1
(17), 178.1
(14), 151.1

(5), 188.1 (3)
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Scheme 4.3.1 Proposed mechanicistic pathway for the decarboxylation and loss of the a-amino acid side
chain occurring during the benzacridine formation steps.

pH-dependence of the chromophore. The pH dependence of the chromophores from both the
CGA-GLY and CGA-LYS pigments was systematically investigated. Figure 4.3.5 reports the
absorption maxima of the purified CGA-LYS pigment at different pHs. Data indicate the existence
of three prototropic forms of the benzacridine pigment: in the alkaline pH range 7-9 the species with
visible absorption at 680 nm was dominant, but at pH 4 it was converted to a species with
maximum at 620 nm, and at acidic pH below 2 the form with A, at 500 nm was prevalent. All the
shifts proved to be reversible. The same shifts were observed in the case of the CGA-GLY pigment
(Figure 4.4.13). Based on these and previously reported data, the species likely involved in the

proton transfer equilibria are shown in figure 4.3.6.
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Figure 4.3.5 Digital pictures (top) and absorption spectra (bottom ) of 0.1 g/L solutions of the purified CGA-
LYS pigment in 0.1 M phosphate buffers at pH ranging from 1.0 to 9.0.
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Figure 4.3.6 Proposed prototropic species of the benzacridine pigments responsible for the absorption
maxima observed at different pHs.

Generation of the benzacridine pigment from proteins and protein-rich food matrices. The
access to benzacridine pigment from low-cost easily available sources of amino acids was then
explored with the view to assessing the potential of this reaction for food coloring. Initially CGA
was reacted at 0.1 w/v % in the presence of bovine serum albumin (BSA) at 1% in aqueous solution

pH 9 in air at room temperature. The green color increased over time showing an absorption
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spectrum in the visible region almost identical to that of the pigment obtained with GLY or LYS
with no further development after 24 h. At this time residual CGA was evaluated by HPLC analysis
around 16%. By increasing the amount of CGA to 0.5 or to 1% the yield of the green pigment was
not increased but the solution was yellow suggesting failure of the protein amino residues to divert
the oxidation pathway of CGA toward benzacridine formation. Keeping the amount of CGA
constant at 0.1% and varying the amount of albumin in solution, the intensity of the green color
resulted to be of 0.24 and 0.38 for the reaction carried out with 1% and 5% albumin respectively
(value of the absorbance at 680 nm normalized to starting CGA concentration of 0.1 g/L). Neither

higher (10%) nor lower (0.5%) amounts of albumin resulted in green color development.

On this basis in further experiments chicken egg white (CEW, albumen) was used as the protein
source. The intrinsically alkaline pH of this matrix allowed rapid development of the green pigment
in the presence of 0.1% CGA. Solutions of albumen at different dilution in water from 1:1
(CEWS50), 1:5 (CEW20) to 1:10 (CEW10) with CGA at 0.1% also yielded the green pigment with a
linear increase of the absorbance at 680 nm (Figure 4.3.7, left). A significant and well appreciable
development of the color was obtained using either lower or higher concentrations of CGA ranging
from 0.05% to 1% (Figure 4.3.7, right). However, 5 fold excess of CGA (0.5%) did not lead to a
linear increase of the absorbance at 680 nm. Residual CGA determined by HPLC analysis proved to
be of 5.5% % 1.0 in the case of the reaction carried out with 1% CGA, while it resulted under the

detection limit in the other reaction conditions.

1.2 - 25 -
1 - 5
— 0.8 - —
g € 15 -
g 06 - 2
o ©
o] 7.} 1 .
< 04 - < -
0.2 - - . 0.5 - . .
0 T T T 1 0 T T T T 1
CEW10 CEW20 CEW50 CEW 005 0075 0.1 0.5 1.0

CGA concentration (%)

Figure 4.3.7 Absorbance at 680 nm of CEW at different dilutions in water in the presence of CGA 0.1% at
room temperature after 24 h (left) or CEW containing different amount of CGA (right). Spectra were
recorded after 10-fold dilution in 50 mM carbonate buffer pH 9.
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Cytotoxicity assays. The toxicity of benzacridine pigments in on human intestinal CaCo-2 cells and
hepatoma cell line (HepG2) was finally evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) reduction assay at different times of incubation (see Methods,
experiments carried out by Professor Pizzo and Dr. Valeria Pistorio, department of Biology,
University of Naples Federico II). The assay was run on the pure pigments and the pigmented
protein matrices as obtained from albumin or CEW. In all cases the amounts added to the cell
culture was evaluated based on the absorbance at 680 nm. Different doses of CGA-LYS in the
range 0.2- 5 pg/mL (Agso in the range 0.001-0.02) did not produce significant alteration of the cell
viability in Hep G2, unless for a slight decrease only after 72 at the maximum dose tested. A similar
behavior was observed in the case of CGA-GLY pigment. No toxic effects were obtained on CaCo-
2 with either pigments, though also in this case after 48 h some decrease of viability was observed
at the highest dose. Albumin at 1% with CGA at 0.1% and CEW-CGA 0.1% were also tested. Both
pigments did not show toxicity on Hep G2 over the whole range of concentrations tested (Data not

shown).

Food applications. In a final set of experiments purified benzacridine pigments were tested as food
coloring agents in model systems. Figure 4.3.8A shows the CGA-LYS pigment incorporated at 0.5
% in beads of alginate hydrogels. Two different food matrices namely cow milk and soybean milk
were then tested for coloring with the benzacridine pigments. An intense green color was obtained
using as low as 0.05% of CHL-LYS pigment (Figure 4.3.8B,C). Similar results were obtained also
with the CHL-GLY (Figure 4.4.14). A powder obtained from freeze drying of the green solution of
CEW20 with CHL at 0.1% (1% extinction coefficient at 678 nm: 1.9 + 0.085) was prepared and
used at 1% to impart green coloring in cow milk (Figure 4.3.8D).
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Figure 4.3.8 Food coloring with benzacridine pigments. A) Calcium alginate hydrogel beads incorporating
CGA-LYS pigment 0.5%, B)cow milk and C) soy milk, no addition (left) and with CGA-LYS (right) at 0.05%;
D) Powder from CEW20 with CGA 0.1% (left) and the powder incorporated in cow milk at 1% (right).

In order to assess the potential of the pigment as food colorant, its thermal stability was then
investigated under different conditions. Figure 4.3.9A shows that the pigment developed in CEW
with 0.1 % CGA does not show appreciable color changes with cooking. For thermal stability
assessment, a diluted solution of CEW (CEW10) was reacted with CGA 0.1% and then exposed to a
range of temperatures up to 90 degrees over 30 min no appreciable color modification occurred as
assessed by visual inspection and spectrophotometric analysis (Figure 4.3.9B,C and Figure
4.4.15A). Finally also the stability in cow milk was assayed using CEW10 with CHL 0.1% as
dyeing agent (Figure 4.3.9D and Figure 4.4.15B).
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Figure 4.3.9 4) CEW reacted with 0.05% CGA before and after cooking. Heating at different temperatures
over 30 min of B) CEW10 with 0.1% CGA at r.t. (left) and 90 °C (right), C) Visible spectra of 10 fold diluted
solution of CEW10-CGA 0.1% after exposure over 30 min at different temperatures; D) digital picture of
CEWI10 with CHL 0.1% in cow milk at 1:1 dilution at r.t. (left) and 90 °C (right).

Sensing of food deterioration. In a final set of experiments, the utility of pH dependent color
changes of the benzacridine pigments for sensing basic amine-containing volatiles (e.g., NH3 and
NMes) generated during food spoilage caused by microbial growth was preliminarily investigated.
Filter paper sheets, silica gel plates or alginate hydrogel films loaded with an acidic aqueous
solution of the CHL-LYS pigment were exposed to vapours from decomposing fish fillets at room
temperature in a closed chamber. As a control, the same conditions at -20 °C under an argon
atmosphere were selected. Figure 4.3.10 shows the shift after 48 h of the originally red color of the

pigment at acidic pHs to the intense green associated to neutral and slight alkaline conditions.
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Figure 4.3.10 Top: Filter paper sheets (left), silica gel plates (right) or Bottom: alginate hydrogel films
loaded with an 1% aqueous solution of the CHL-LYS pigment at pH 3 exposed to decomposing fish fillets at
T=0 (left) and T=48 h (right).

In conclusion, the reaction leading to green trihydroxybenzacridine pigments by aerial oxidation of
CGA in the presence of a source of primary amino groups under slightly alkaline conditions was re-
examined and conditions were optimized. Gel filtration chromatography of the green reaction
mixtures containing CGA-LYS pigment led to a satisfactory purification of the pigment with
complete removal of CGA. The presence of the benzacridine components was further supported by
the fragmentation pattern observed in the LC MS/MS analysis in full agreement with previous
reports.'***#1 Green pigments were also produced from CGA and low cost proteins and protein-
rich matrices such as chicken egg white CEW in the presence of very low amounts of CGA,
corroborating potential use of these pigments as food coloring agent. Preliminary toxicity test
indicated no toxic effect on two different cellular lines. Different food matrices commonly used for
preparation of creamy desserts like cow and soy milk were imparted green hues on addition of the
pure pigments or those obtained with diluted CEW. The low toxicity and thermal stability of these
formulations over a range of temperature of relevance to industrial transformations or home
cooking was satisfactory, at variance with what is observed in the case of the other commonly used
natural green dyes like chlorophylls. In addition, benzacridine pigments hold promise also for
exploitation in other food related applications such as the sensing of volatiles amines developed by

fish decomposition.
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4.4 Experimental methods and supporting information, paragraph 4.2

Materials. All reagents are purchased from commercial sources and used without further
purification. Substrates (quartzes, silicon wafers and borosilicate coverslips) are cleaned by soaking
in piranha solution (H,SO4/30% H,0, 5:1) overnight, then rinsed with distilled water and dried

under vacuum.

General procedure for substrate coating. To a 1 mM, 10 mM or 50 mM solution of the appropiate
amine (HMDA, ethylenediamine, butylamine or dodecylamine) in 0.05 M sodium carbonate buffer
pH 9, CA, MC or dopamine are added under vigorous stirring in a 1:1 molar ratio. For PDA
coatings a previously reported procedure is followed involving oxidation of dopamine at 1 mM
concentration in 0.05 M TRIS buffer pH 8.5. Under these conditions no coating is obtained using
CA or MC. In other cases the oxidation is run dissolving CA or MC in 1% NH; at 1 mM
concentration. Substrates are dipped into the reaction mixture after complete dissolution of the
catechol and left under stirring for 3~6 hours, then rinsed with distilled water, sonicated and dried
under vacuum. For preparation of the coated cell culture plates, a solution of 1 mM HMDA and 1
mM CA in 0.05 M Na,COs; buffer (pH 9) or 1 mM PDA in 0.05 M Tris buffer (pH 8.5, 15 mL) is
poured into the plate and left overnight in air. After 24 h, the coated plates are extensively washed
with water, sonicated and dried under vacuum.55-105 um C,g silica gel resin (Millipore) is used
as purchased. 650 mg of resin are suspended in a 1:1 solution of 25 mM HMDA and CA or 25
mM dopamine hydrochloride in 50 mM carbonate buffer (pH 9, 45 mL) under vigorous stirring.
After 15 hours, the coated resins are filtered under vacuum and washed with water (4 x 10 mL) and
methanol (1 x 5 mL). Washing solutions are monitored by UV-Vis spectrometry until no absorption

is found in the eluates.

Sample preparation for MALDI-LDI-MS, FT-IR and CP-MAS NMR analysis. CA (540 mg, 3
mmol) is added to a solution of HMDA (348 mg, 3 mmol) in 0.05 M sodium carbonate buffer (pH
9, 300 mL) and the reaction mixture is left under stirring overnight. The deep green precipitate that
separates is collected by centrifugation (5000 rpm, 4 °C, 15 minutes) and washed with distilled
water (3 x 20 mL) (124 mg). MC (366 mg, 3 mmol) is dissolved in a 1% KCI solution (150 mL)
and then added to a solution of HMDA (348 mg, 3 mmol) in 0.05 M Na,CO; buffer pH 9 (150 mL),
and the reaction mixture is left under stirring for 6 h. The orange precipitate that separates is
collected by centrifugation (5000 rpm, 4 °C, 15 minutes) and washed with distilled water (3 x 20
mL) (225 mg). For LDI-MS analysis, a suspension of the solid in water (1 mg/mL), is loaded onto
the target plate and allowed to dry before analysis. In the case of MALDI analysis 10 mg/mL 2,5-
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dihydroxybenzoic in water is added to the suspension at a 1:1 ratio v/v. FT-IR and CP-MAS

analysis are run on the solid samples after lyophilization.

Ellipsometry. Ellipsometric thickness of the films on silicon wafers is measured in air using a EL
X-02C ellipsometer at a wavelength of A = 632.8 nm and at an angle of incidence of 70°. Dry
thickness values are estimated by numerical fitting of the ellipsometric data (A and ) to a four
layer model (silicon/silica/film/air) taking 3.912, 1.4571 and 1 as refractive index (n) values for
silicon, silica and air respectively. The films are assumed to be transparent and homogeneous with a
negligible extinction coefficient (kg = 0) and with an n value of 1.63. The parameters for the
ellipsometry experiments are taken from our previous extensive ellipsometry studies on catechol

layers. This model gave the best fit.%’

Water contact angle. The water contact angles are measured on a KRUSS DSA 10 Mk2 drop shape
analysis system with 3 puL deionized water as the probe fluid. The average value of the water
contact angle is obtained by measuring the same sample at 3-5 different locations on the modified

silicon wafer.

Atomic Force Measurements. Measurements are conducted over modified silicon wafers using a
Bruker Dimension Icon® with ScanAsyst in the tapping mode in air. An Olympus OMCL-
AC160TS cantilever is used in non-contact mode (K = 42 N/m, range: 33.5 — 94.1 N/m, F, = 300
kHz, range: 278 — 389 kHz). The Root Mean Square roughness (RMS) values are determined using

the following formula:

RMS = \/ ?I=1(Zi_zave)2
N

Zave 1s the average Z value within the given area, Z; is the current Z value, and N is the number of

points within a given area. Zjmi: 3 pm.

X-ray photoelectron spectroscopy. Measurements are performed on a Kratos AXIS Ultra DLD
instrument using a monochromatic Al Ka x-ray source. Atomic composition (%) is measured for C,

N, and O.

MALDI and LDI-MS analysis. Positive Reflectron MALDI and LDI spectra are recorded on a
4800 MALDI ToF/ToF instrument (Sciex). Spectrum represents the sum of 15,000 laser pulses
from randomly chosen spots per sample position. Raw data are analyzed using the computer

software provided by the manufacturers and are reported as monoisotopic masses.
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Solid state CP-MAS NMR. NMR spectra are acquired on a Bruker Avance II 400 spectrometer
equipped with a 4 mm Bruker MAS probe for solid samples. All spectra are recorded in cross
polarization mode with a 'H n/2 pulse width of 3.8 s and a relaxation delay of 5 s. For "°C
experiments a contact time of 2 ms and a spinning rate of 9 kHz are selected, for "°N the contact

time is set to 2.5 ms and the spinning rate is 6 kHz.

ATR/FT-IR analysis. Infrared spectra are acquired using a Thermo Fisher Nicolet 5700
spectrophotometer equipped with a Smart Performer accessory mounting a ZnSe crystal for the

analysis of solid samples.

Metal binding."”’ ' 0.4- 1.8 mg of CA/HMDA or pDA in water (5 mg/mL) are finely suspended
using a glass/glass potter and then added to 3 mL of a 100 uM solution of FeCl,*4H,0 in water,
under stirring. Control experiments are performed in the absence of material. After 5 min, the
samples are centrifuged (3 min, 7500 rpm) and 100 pL of a 5 mM ferrozine aqueous solution is
added to the supernatants. The absorbance at 562 nm is measured after 5 min. Experiments are run
in triplicate. For the copper binding assay. 0.04- 0.18 mg of CA/HMDA or PDA are finely
suspended in water (3 mg/mL) using a glass/glass potter and then added to 2 mL of a 66.7uM
solution of copper(Il) acetate in 50 mM phosphate buffer (pH 6.2), under stirring. After 5 minutes,
the samples are centrifuged (3 min, 7500 rpm) and 75 puL of an aqueous solution of 4 mM
pyrocatechol violet are added to the supernatants. Control experiments are performed in the absence
of material. The absorbance at 616 nm is measured after 5 min. Experiments are run in triplicate. In
other experiments, 3 mL of a 100 uM solution of Fe(Il) in water or 2 mL of 66.7 uM solution of
Cu(II) in 50 mM phosphate buffer (pH 6.2) are filtered through coated C,; silica (50- 100 mg for
iron and 2- 50 mg for copper binding) using a 5 mL syringe equipped with a filter at a flux of
approximately 1 mL/min. Metal concentration in eluted fractions is determined as described above.
To determine the binding ability of the coated silica, 5 mg of CA/HMDA C;s or pDA C,3 are
incubated in solutions of Fe*" in water or Cu”" solutions in 50 mM phosphate buffer (pH 6.2) at
concentrations of 10, 25, 50 and 100 uM (final volume of 20 mL). Suspensions are incubated for 2
h at 37 °C under stirring, then filtered through a nylon 0.45 pm membrane, and analyzed for metal
concentration as described above. Metal chelation ability of the uncoated resin and of the filtering

device are tested comparatively.

Organic dyes adsorption. pDA/Tris and CA/HMDA coated glasses are dipped in 0.4 mg/mL
solutions of Congo Red or Methylene Blue in phosphate buffer (0.1 M, 20 mL, pH 7.0). After 15

126



min, the glasses are washed with distilled water and dried under vacuum, UV-vis spectra are

recorded.

Cell cultures. The HaCat cell line is maintained in our laboratory. Cells are cultured in Dulbecco's
Modified Eagle's Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (Euroclone)
and penicillin (100 U/mL) / streptomycin (100 mg/mL). Cells are maintained at 37 °C under a 5%
CO3: 95% air humidified atmosphere. Cell growth rate experiments are performed using untreated
coverslips (control), or CA/HMDA or pDA/Tris coated coverslips. All coverslips are placed in a 24
well plate and re-sterilized by UV before use. Cells are then seeded onto coverslips (30,000 cells/1
mL DMEM for each coverslip) and grown for 24, 48 and 72 hours in a 5% humidified CO,
incubator at 37 °C. Cell counts are performed in triplicate on days 1, 2 and 3. Cell morphology is
observed by inverted microscope. The murine Embryonic Stem Cells (ESCs) line E14Tg2a.4
derived from strain 129P2/OlaHsd, is cultured for two passages on feeder-free low adhesion plates
coated with either gelatin, CA/HMDA or PDA/Tris. The cultures are subsequently maintained in
complete Embryonic Stem (ES) medium: Glasgow Minimum Essential Medium (GMEM, Gibco),
15% Fetal Bovine Serum (FBS, EuroClone), 1,000 U/mL Leukaemia Inhibitory Factor (LIF)
(EuroClone), 1.0 mM sodium pyruvate (Invitrogen), 0.1 mM non-essential amino acids
(Invitrogen), 2.0 mM L-glutamine (Invitrogen), 0.1 mM B-mercaptoethanol and 500 U/mL
penicillin/streptomycin (Invitrogen). ESCs are incubated at 37 °C in 6% CO,; medium is changed

daily and cells are split every 2 to 3 days routinely.
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Figure 4.4.1 AFM images of thin films from CA/HMDA on silicon wafer.Topography on the left side, phase
contrast on the right side. 500 nm x 500 nm.
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Figure 4.4.2 ATR/FT-IR spectrum of the solid separated from the CA/HMDA mixture after centrifugation

and washings with water.
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Table 4.4.1. Characterization of thin films from MC/HMDA. Measurements performed on coated silicon
wafers.

. Thickness  Roughness Water contact o
Film (nm) (nm) angle (deg) Comp.(atom, %)
Methylcatechol/
HMDA 11.3 =0.4 4.9 89.0+1.0
C1s31.6+6.6
(region 1)
O1s445+39
Methylcatechol/
N1s13+0.2
HMDA 272+1.2 4.1 64.0 + 0.1
(region 2)
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Figure 4.4.4 (up) °C and (down) "N CP-MAS NMR spectra of MC/HMDA polymer:
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Figure 4.4.5 ATR/FT-IR spectra of the solid separated from the MC/HMDA (down) mixture after
centrifugation and washings with water.
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Figure 4.4.6 MALDI-MS (top) and LDI-MS (bottom) spectra of the solid separated from the MC/HMDA
mixture after centrifugation and washings with water. Enbolded are the molecular peaks that have been
structurally assigned in the main text.
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Figure 4.4.7 Binding of iron (left) and copper (right) by CA/HMDA (open circles) and PDA (full circles) at
variable solid material amounts.
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Figure 4.4.8 Binding of iron (white bars) and copper (grey bars) by respectively 100 and 50 mg of
CA/HMDA coated C,g during 6 elution of 3 mL 5.6 mg/L iron solution and 4.2 mg/L copper solution. Shown
are mean values of two separate experiments + standard deviation (SD).
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Figure 4.4.9 Growth curve of HaCaT cells during 72 h. Cells (3x10°) were seeded on low adhesion (m),
coated PDA (¢) or coated CA/HMDA (A ) plates and triplicate cultures counted at daily intervals. (*) Welch

t-test p-value < 0.01.
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Figure 4.4.10. (4) From left to right: ESCs grown on cell cul-ture low adhesion plates coated with:
CA/HMDA (a), PDA (b), and gelatin (c). Black arrows: round-shaped, white arrows: flat-shaped ESC
colonies. (B) Quantitative colony number analysis per 1.2 x 106 E14Tg2a.4 mouse ESCs on cell culture
plates coated with CA/THMDA (254 + 10), or with PDA (223 £ 12), or with gelatin (116 = 5). ESC colonies in
3 (10%) microscopic fields are counted. Colony numbers are expressed as mean + standard deviation (n =
3). Welch Two Sample t-test: (*) p-value = 0.02968; (**) p-value = 0.001818.
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Experimental methods and supporting information, paragraph 4.3

Chemicals.All reagents were purchased from commercial sources and used without further
purification. Bovine serum albumin (BSA), chlorogenic acid (CGA) were from Sigma-

Aldrich.Chicken egg white (CEW), bovine and soy milk were purchased from local markets.

General Experimental Methods. Gel filtration was carried out on Sephadex G-10 using water as
the eluant. A LLG unistirrer 5 plate equipped with a remote PT-1000 temperature probe was used
for thermostability assays. UV-vis absorption spectra were registered at room temperature on a V-
560 JASCO spectrophotometer using calibrated 2 mL quartz cuvettes. HPLC analyses for reaction
monitoring and determination of residual CGA were performed on an Agilent 1100 series
instrument equipped with an LC-10AD VP pump and a G1314A UV-Vis detector using a
Sphereclone C;g column (4.6 x 150 mm, 5 pm), 0.5 % formic acid — acetonitrile (ACN) from 0% to

90% in30 min was selected as the eluant, flow rate: 0.7mL min ' ,detection wavelength 330nm.

General procedure for the preparation of the benzacridine pigments. The reactions were carried
out according to previously reported procedures.'*%'>®
CGA and GLY at 20 mM in 0.1 M Na,COsbuffer pH 9.0 was heated at 50°C for 2hunder air

bubbling. Entry #2-5: Aqueous solutions of GLY or LYS(112 or 28 mM) and CGA at 28mM were

Entry #1 in Table 1: Equimolar mixture of

mixed at a ratio of 1/1 (v/v). The resulting mixtures were adjusted to pH 9 with 0.1MNaOHat start
and after 10 and 30 min. The samples were stirred up to 48 h at room temperature. In other
experiments, CGA (0.1, 0.5 or 1% w/v) was added to albumin (0.1, 0.5, 1, 5% w/v) in water (10
mL) and the pH of the reaction mixture was adjusted to 9with 0.1MNaOH.Similarly, CGA was
added to pure CEW (10 mL) at 0.05, 0.075, 0.1, 0.5 or 1% w/v, or, at 0.1 % concentration in CEW
diluted at 1:10(CEW 10), 1:5 (CEW20), 1:1 (CEW50) in water (10 mL). Mixtures were allowed to

react for 24 h at r.t., under stirring.

Purification of CGA-GLY/LYS pigments. 0.50 g of CGA were reacted with 0.12 g or 0.26 g of
GLY and LYS respectively, under the reaction conditions of entry 3 and 5. After 36 h, reaction
mixtures were concentrated and loaded on a Sephadex G-10column (60 x2.5 cm) using water as the
eluant. 20 fractions (5 mL each) were collected and analysed spectrophotometrically. Fractions 4-8
(CGA-GLY) or 3-12 (CGA-LYS) showing the highest absorbance at 680 nm and a 680 /330 nm
ratio higher than 0.4 (CGA-GLY) or 0.3 (CGA-LYS) were combined and lyophilized to give 300
mg (60% w/w yield) of the CHL LYS pigment and 100 mg (20 % w/w yield) of the CHL-GLY

pigment. Purification of the pigmented material from 1% Albumin 0.1% CGA was likewise
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performed by loading 2 mL of the reaction mixture on a 10x 0.5 cmSephadex G-10 column. The

green fraction was analyzed by HPLC for evaluation of residual CGA and used for cellular assays.

LC-MS analysis of benzacridin derivatives were performed on an Waters Acquity UPLC system
(Milford, MA, USA) including a binary pump (BSM), an autosampler (SM; cooled to 20 °C), a
column oven (CM) set to 40 °C and a diode array detector (PDA) scanning from 200 to 800 nm.
Separation was conducted on an AcquityHSS T3 RP 18 column (150 x 2.1 mm, 1.7 pm) and an
AcquityHSS T3 RP 18 precolumn (5 x 2.1 mm, 1.7 um) both by Waters with water (A) and
acetonitrile (B) as eluents, both acidified with formic acid (0.1 %). The flow rate was set to
0.4ml/min with a gradient elution:0 min, 2%B; 20 min, 18%B; 23 min, 100%B; 25 min, 100%B; 26
min, 2%B; 28 min, 2%B. A LTQ XL linear ion trap by Thermo Scientific (Waltham, MA, USA)
with an electrospray interface operating in positive ion mode was used. The MS settings were as
follows: source voltage: 3.0 kV; sheath gas flow: 60 arb; auxiliary gas flow: 8 arb; sweep gas flow:
1 arb; capillary temperature: 350 °C; capillary voltage: -25.0 V; multipole 00 offset: +5.0 V;
multipole 0 offset: +5.75 V; multipole 1 offset: +8.0 V; front lens: 6.25 V; normalized collision

energy: 35%.

Cytotoxicity assays. Cytotoxicity of the pigments either pure or generated in the protein matrices on
human epithelial colorectal adenocarcinoma cells (CaCo-2) and on human liver cancer cells (HEP-
G2) was assessed by performing the (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) reduction inhibition assay. Both human cell lines were obtained from the A.T.C.C.
(American Type Culture Collection, Manassas, VA, USA) and grown at 37°C in a humidified
incubator containing 5% CO; in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 4 mM glutamine, 400 units per ml penicillin and 0.1 mg mL’
streptomycin. The cells were plated on 96-well plates at a density of 5x10° per well in 100 pL of
medium. After 24 h, different amounts of the pure pigments or the pigmented protein matrices or of
the non-pigmented matrices as a control were added. In all cases the amount of the pigmented
material tested was normalized on the absorbance at 680 nm. After 24, 48 and 72 h of incubation,
10 pL of a 5 mg ml™" MTT stock solution in DMEM without red phenol, corresponding to a final
concentration of 0.5 mg L in DMEM (final volume of 100 pL) were added to the cells. After 4 h
incubation, the MTT solution was removed and the MTT formazan salts were dissolved in 100 uL
of 0.1N HCI in anhydrous isopropanol. Cell survival was reported as the relative absorbance, with
respect to control, of blue formazan measured at 570 nm with Synergy Multi Plate Reader. The

contribution by the benzacridine pigments to the formazan absorption at 570 nm was negligible at
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the highest concentrations tested. Cytotoxicity experiments were performed at least three times

independently. Standard deviations were always <5% for each experiment.

Food related applications. For preparation of alginate hydrogels, CHL-LYS was dissolved in water
at 0.5%, then sodium alginate was added (2% w/w). Beads were prepared dropping the freshly
prepared gel in a 0.1 M solution of CaCl, allowing alginate reticulation for few minutes followed by
beads filtration. Films were similarly fabricated spreading the gel on a smooth surface followed by
dipping in the CaCl, solution for about 60 s. Exposure to decomposing fish fillets was carried out in

sealed Petri dishes at room temperature.
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Figure 4.4.11 UV-vis spectra of representative fractions from CGA-LYS (left) and CGA-GLY (right)
chromatographic purification. Spectra were recorded after 40 fold dilution of the original solutions in 50
mM Na,CO; buffer pH 9.
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Figure 4.4.12 UV-vis spectra of purified pigments (4) or reaction mixtures (B) of CGA-LYS (left) or CGA-
GLY (right). Spectra were recorded on 0.1 g/L solutions of lyophilised samplesin 50 mM Na,COj; buffer pH
9.

138



1.25

1.00

Abs (a.u.)

0.50 -

0.25 -

0.00

— + 1 r 1 1 1 1 T 1

— T T — T
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.4.13 Digital pictures (top) and absorption spectra (bottom ) of0.1 g/L solutions of the purified
CGA-GLY pigment in 0.1 M phosphate buffers at pH ranging from 1.0 to 9.0.

A)

Figure 4.4.14 Food coloring applications. A) cow milk and B) soy milk, no addition (left) and with CGA-
GLY pigment (right) at 0.05%.
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Figure 4.4.15 Digital picture of 4) CEWI10 with 0.1%CGA and B) CEWI10-CGA 0.1% dilute 1:1 in Cow
Milk, after 30 min heating at different temperatures.
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Chapter S

Dopamine-based multifunctional fluorescence turn-on systems

5.1 Introduction

The advancing developments in fluorescence-based analytical, imaging and functionalization
techniques have spurred increasing efforts toward the design of highly efficient, robust and versatile
chromophores and complexes which respond to specific recognition events or stimuli with a strong
emission (the “turn-on” modality). The advantages of fluorescence “turn-on” related to “turn-oft”
systems are manifold and include mainly the easier determination of low-concentration contrast
relative to a “dark” background, reducing the effects of false positive signals and increasing both
sensitivity and specificity. Compared to the turn-off approach, which usually requires quenching or
switching of a preformed fluorophore, fluorescence turn on is less straightforward and is achieved
in most cases by use of preformed emitting systems, e.g. perylene or fluorescein derivatives, via
removal of specific quenchers. Conversely, relatively few reports deal with reactivity-based
fluorescence turn-on systems. Representative examples include the generation of fluorescent
triazoles by reaction of non-emitting o-diaminoaromatics with nitric oxide-derived nitrosating
systems,'®  2-ethynyl-benzothiazolederivatized ‘click-on’ fluorogenic dyes for cellular

LI72 the oxidative cyclization

173,174

imaging,'®"'™® fluorogenic azide probes activated by click chemistry,
of non emissive azo-anilines into highly fluorescent benzotriazoles for Cu(Il) sensing, and
tandem reaction cascades to unmask a fluorogenicscaffold.'”” Although several modifiable
platforms have become available for turn-on responses, including BODIPY,'’® fluorescein,'”’
because of the increasing importance gained by reaction-based fluorescence turn on systems for a
variety of applications, there is considerable interest in the development of novel efficient
fluorophore-generating processes that can be triggered in response to specific stimuli and that can

be applied for thin film deposition or for inclusion in hydrogels and biomatrices without significant

loss of properties.

A unique, still little explored source of inspiration for novel strategies and solutions in the field of
functional materials and systems is offered by the broad pool of natural products and biologically
relevant systems. In line with this view, our entry to novel fluorescence turn-on systems was
inspired by an early observation showing that autoxidation of natural catecholamine compounds,

such as the amino acid L-dopa and the neurotransmitter dopamine (DA), in the presence of
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phloroglucinol and other resorcinol derivatives, leads to the efficient formation of strongly

fluorescent methanobenzofuroazocinone coupling products (Scheme 5.1.1)."

HO NH, O NH, HO OH @O O ’
= + — @]
m m pH > 8.5 H
HO 0 R)
R2

Ry: -H, -COOH Ry: -H, -OH

Scheme 5.1.1 The reaction of catecholamines with resorcinol derivatives to give fluorescent

methanobenzofuroazocinone coupling products.

The first step of the reaction involves nucleophilic attack of the resorcin ring onto the electrophilic

moiety of the transient o-quinone produced by oxidation of the catecholamine. A second oxidation

step generates the furan ring via intramolecular attack by the OH group to an o-quinone

intermediate. Finally intramolecular attack by the ethylamine side chain leads to ring closure of the

azocine system and development of fluorescence.
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Scheme 5.1.2 Proposed mechanism of the reaction of DOPA (R;= -COOH) or dopamine (R;=

-H) with

resorcinol (R;= H) or phloroglucinol (R,= -OH) to give fluorescent methanobenzofuroazocinone coupling

products.
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This unusual scaffold is akin to that of matlaline, the fluorescent product produced in the infusion
known as lignum nephriticum. Since many centuries ago, it was known that the alkaline infusion of
the wood of a Mexican tree (Eysenhardtia polystachya) used by Aztecs to treat kidney diseases and
later classified in Europe as Lignum nephriticum exhibits a strong blue fluorescence.'”*'” In 2009,
Acuna et al. retraced the botanical history of L. Nephriticum and isolated from this wood two
possible bio-synthetic precursors of the fluorophore: coatline A (1) and coatline B (2) (Figure
5.1.1).

HO
|O 2
Ri OH

OH 0]

COOH

Coatline A (1): Ry= C-Glu, Ry=-H
Coatline B (2). Ry= C-Glu, R,=-OH

Matlaline (3): Ry= C-Glu

Figure 5.1.1 Matlaline (3) and its putative biogenetic precursors.

The authors found that an aqueous solution of 2 at slightly alkaline pH undergoes a fast, irreversible
reaction giving rise to a strongly blue-emitting compound with ca. 100% yield, matlaline (3), which
matched the fluorophore of the L. Nephriticum featuring a methanobenzofuroazocinonic aglycone
(Scheme 5.1.3). Under the same conditions, 1 proved to be unreactive confirming the hypothesized
reaction mechanism triggered by the ionization of 2 at the 4’ position in neutral or slightly alkaline

medium (pK'a ) 6.5 ( 0.2)."*°
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Scheme 5.1.3 Plausible sequential reaction from Coatline B to Matlaline.

In a recent reexamination of this chemistry, to include the aza analog described by our group, it was
demonstrated that the fluorophore can exist in different prototropic species, of which only the anion
form is strongly blue emitting."®" Despite high emission quantum yield in water, pH-dependent
switching between bright and dark states, and full compatibility with aqueous solvents, the potential
of this fluorogenic reaction for turn-on sensing and other applications has remained virtually
unexplored. The only relevant report deals with use of this chemistry for the fast and low-cost turn-

- . 182
on fluorescence detection of dopamine.

Accordingly, in the present PhD thesis the attention was directed to the potential use of resorcinol
derivatives as a means of manipulating catecholamine-based processes to implement novel reaction-

based fluorescence turn on systems of biomedical and technological relevance.

Besides DOPA, other catechol-containing compounds are able to react with resorcinol to give
fluorescent adducts such as: hydroxytyrosol, salvianic acid, and dopamine.'”®' Noteworthy,
equimolar amounts of resorcinol can efficiently inhibit the autoxidative conversion of dopamine to
black, insoluble PDA at alkaline pH leading to the strong fluorophore in high yields.

The high emission quantum yield in water ¢50%, pH 9), pH-controlled reversible switches between
bright and dark states, and full compatibility with aqueous solvents suggested the potential of this

fluorogenic reaction for turn-on sensing and other applications.
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In this chapter, the design, synthesis and characterization of resorcinol-based couplers for the
catecholamine dopamine will be discussed, as an entry to reaction-based fluorescence turn-on

systems for novel functionalization and sensing applications.

Specific aims of this study are:

1) to investigate the scope of dopamine-resorcinol chemistry for fluorescence turn on
systems;

2) to develop fluorescent surface functionalization and coating methodologies based on the
rational design of resorcinol-based cross-linking compounds;

3) to probe the performance of the system in bio-based hydrogels, as a step toward
implementation of amine-sensing devices and smart packaging components.

4) to develop a reaction-based fluoresce turn-on tagging system via functionalization of an
amine-rich polymer with a carboxylated resorcinol derivative and subsequent “trapping”

of dopamine
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5.2 Results and discussions

Reexamination of the catechol-resorcinol reaction: behaviour in acids and substrate selectivity.
Figure 5.2.1 shows the typical course of autoxidation of 1 mM dopamine in 0.05 M ammonium
bicarbonate (pH 8.5) at room temperature in the absence and in the presence of equimolar
resorcinol. Data showed complete suppression of the broadband eumelanin-like absorption profile
of PDA and its replacement by a yellow chromophore at 420 nm strongly emitting at 460 nm. As
expected, emission was completely quenched at acidic pH, an effect that was attributed to
suppression of ionization'®! and not to any acid-promoted ring opening of the

methanobenzofuro[2,3-d]azocin-5(2H)-one scaffold (Figure 5.2.2).
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Figure 5.2.1 UV-Vis spectra and digital pictures of DA oxidation mixtures in the absence (black trace,
picture a) or in the presence of equimolar resorcinol (ved trace, picture b and c, respectively under natural
light and 365 nm emitting lamp).
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Figure 5.2.2 UV-Vis and emission spectra of the fluorescent product from the reaction between DA and
resorcin at different pH, sample concentration 50 uM.

Interestingly, 4-methycatechol that lacks of an ethyl-substituted side chain, gave a reaction product
that displayed a totally different spectroscopic behavior (Figure 5.2.3), with an absorption
maximum at 480 nm (versus 420 nm) which shifted to 410 nm in acids (pH 3), and proved to be
devoid of fluorescence at both alkaline and acidic pH. Although the product could not be isolated

and characterized due to its instability, it was confidently assigned the structure reported in Figure
5.2.3 on the basis of previously reported literature.””
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Figure 5.2.3 UV-vis and fluorescence spectra of the reaction between resorcinol and 4-methylcatechol and
putative structure of the main reaction product.
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It was concluded that the ethylamine side chain is necessary for fluorescence development.

Other biologically relevant catecholamines, such as epinephrine and norepinephrine, were also
tested under similar reaction conditions. Inspection of the chromophores revealed a main peak at ca.
310 nm accompanied by a very weak absorption (inflection) around 490 nm, with no significant
fluorescence (Figure 5.2.4). These results suggested that intramolecular cyclization to give orange-

colored aminochrome derivatives prevails over nucleophilic attack by resorcinols.
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Figure 5.2.4 UV-vis spectra of the reactions between epinephrine or norepinephrine + resorcinol.

On the basis of these results it was concluded that the fluorogenic reaction between catecholamines
and resorcinols is highly specific for dopamine and DOPA but does not proceed with beta -OH

substituted catecholamines. The actual cause of this difference will be the subject of future work.

In another series of experiments the reaction of dopamine with resorcinol was carried out at various
concentrations to assess the limits for fluorophore detection and linearity of response. Figure 5.2.5
shows that the minimum dopamine concentration leading to detectable fluorophore with 500 uM

resorcin is 1 pM.
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Figure 5.2.5 Fluorophore development from reaction of dopamine with resorcin in 50 mM bicarbonate
buffer, pH 8.5 (spectra recorded without dilution).

It was concluded that the coupling reaction is efficient even under high dilution conditions and
selective for dopa and dopamine versus the other catecholamines such as norepinephrine and

epinephrine.

In another series of experiments, the fluorogenic reaction between resorcinol derivatives with
dopamine was investigated with the aim of developing fluorescent thin films for surface
functionalization via the dip-coating methodology commonly used for polydopamine (PDA).'?
While many examples have been reported of switchable and tunable fluorescent coatings obtained

1837185 5nly few options are available by the

by self-assembled monolayer or sol—gel methodologies,
dip-coating approach.'®®'®” This represents a gap in the current toolbox for surface
functionalization, since fluorescent coatings may have manifold potential applications, e.g. for

188-190 S
Preliminarily,

monitoring pH changes and for sensing metabolic activity in cell cultures.
deposition of dopamine-based fluorescent thin films on glass and quartz substrates was investigated
by immersing the substrate into a dopamine solution at pH 8.5 in Tris buffer containing resorcinol
and related derivatives, e.g. floroglucinol at various concentrations and molar ratios, but under no

condition could deposition of a stable fluorescent film be observed.

With a view to imparting adhesion properties to the dopamine based fluorophores, the attention was
then directed to the rational functionalization of the resorcinol coupler to increase hydrophobicity

and affinity for glass, polymers and substrates with different surface properties.
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To this aim, we were inspired by previous studies reporting that hexamethylenediamine, a long-
chain diamine acting as a lysine mimic in mussel-inspired adhesive systems, may enable formation
and deposition of adhesive films from gallic acid polymers.'>"**!%1°! Accordingly, a novel
symmetrical bis-resorcinol derivative (BisRes) in which the two aromatic rings are held together by
a hexamethylenediamine (HMDA) tether was designed and synthesized (Scheme 5.2.1). BisRes was
prepared by mixing2,4-dihydroxybenzaldehyde (0.4 M) and hexamethylenediamine in ethanol, and
leaving the reaction under stirring for 15 min. The yellow precipitate was centrifuged, washed with
cold ethanol and vacuum dried to give the imine intermediate. The "H NMR spectrum exhibited one
singlet at 6 8.30 (H-7), a singlet at & 6.13 (H-3) and two doublets at 6 7.13 (H-5, J= 8.5 Hz) and
6.22 (H-6, J= 8.4 Hz) respectively, consistent with the presence of a resorcinol subunit. The
aliphatic region of the spectrum was characterized by a triplet at 6 3.48 (H-8 J= 6.6 Hz), and two
broad multiplets at & 1.59 and 1.36 (H-9 and H-10). The >*C NMR spectrum exhibited resonances
for CH; groups at 6 56.4 (C-8), 30.4 (C-9) and 26.1 (C-10), beside the imine signal at 6 164.5 (C-7)
and six resonances for aromatic carbons at 6 165.7 (C-2), 162.3 (C-4), 133.0 (C-6), 111.1 (C-1),
106.7 (C-5) and 102.9 (C-3), suggesting a highly symmetric structure. The imine was then dissolved
in glacial CH3;COOH and reduced with NaBH4s. When hydrogen evolution was complete the
mixture was dried under vacuum, then dissolved in distilled water, brought to pH 2 with 3 M HCl
and chromatographed on a DOWEX resin to remove inorganic components. The fractions eluted
with 6 M HCI, containing the desired product, were evaporated to dryness under reduced pressure.
The brownish orange solid was identified as the desired BisRes by 'H and C NMR analysis,
showing a singlet at & 4.09 (H-7) and a signal at & 47.8 respectively corresponding to the benzylic

methylene group, while the imine resonances at 6 8.30 and 6 164 were absent.

0 HO OH
EtOH 2 7 8 10
2 H o+ HzN’Hs\NHz —_— i@AN/\/\/\/N\
9
HO™ 4 6

HO OH
5 BisRes_Im (1a)
OH Nl’HgN| OH \/\©/
10 eq NaBH, /\/\/\/N
CHaCOOH
HO OH
BisRes (1)

Scheme 5.2.1 Synthetic route to BisRes.
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Stirring 1 mM BisRes with 2 mM dopamine in carbonate buffer at pH 9 (Scheme 5.2.2) led to
development in solution of an intensely emitting yellow chromophore accompanied by deposition

of a fluorescent thin film on a quartz substrate immersed in the reaction flask (Figure 5.2.6).

OH OH

HO 0 OH
HN H
HO OH HO OH Q N
. NH - HO NH\\/\G OH
NMN
pH > 8.5 0

2

Scheme 5.2.2 Expected structure of the reaction product of BisRes with the catecholamine dopamine, in
auto-oxidative condition (I mM in Na,COj; buffer pH 9).
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Figure 5.2.6 Picture and UV-Vis and fluorescence spectra of a BisRes-dopamine coated quartz before and
after exposure to HCI vapours.

Profilometry data (Table 5.4.1) indicated film thickness of 55 + 2.7 nm with a roughness of 15 nm.
Spectrophotometric analysis of the coating in the solid state revealed an absorption maximum at
420 nm and an intense fluorescence emission, suggesting adduct formation of dopamine with
BisRes. In support of this conclusion, LC-MS analysis of the reaction mixture (Figure 5.4.1)
revealed formation of a main species with m/z = 510 [M+H]" consistent with the coupling product

depicted in Scheme 5.2.2.
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Exposure to HCI vapours caused a marked hypsochromic shift of the absorption maximum, a
decrease in emission intensity and, most notably, a marked drop in the water contact angle of the
film, from ca. 50° to values below instrumental limits, indicating conversion into a superhydrophilic
material (Figure 5.2.7, left). The HCl-induced absorption shift proved to be completely reversible
upon exposure to ammonia vapours over at least 5 cycles (Figure 5.2.7, right). This behaviour was
attributed to acid-induced protonation of amine residues linked to the methanobenzofuroazocinone

scaffold with generation of positively-charged sites increasing the hydrophilic character of the film.
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Figure 5.2.7 Left: Water droplet on the BisRes-dopamine coating before a) and after b) exposure to HCI
vapours. Right: Relative absorbance changes at 420 nm of BisRes-dopamine film following repeated
sequential exposure to HCIl and NH; vapours.

To assess this hypothesis ATR/FT-IR spectra of the film deposed on aluminum substrate were
recorded, showing at ~ 3300 cm™ a broad signal attributed to the N-H and O-H stretching that, after
exposure to HCI vapours, shifted to lower wave numbers (~3100 cm™); C-H stretching bands of the
aliphatic chain were visible at 2900-2800 cm™. A weak band at 1735 cm™ was attributed to the
carbonyl group. After exposure to acid, a marked change in the low frequency bands was observed

with apparent loss of the carbonyl band (Figure 5.4.2).

Toward amine-sensing, smart packaging, and polymer fluorescence-tagging applications. The
dopamine resorcinol reaction described in this chapter displays several features of potential
usefulness for derivatization and sensing applications, in particular the fast and efficient
fluorescence response to moderately alkaline inputs and the chemical versatility deriving from
decoration of the resorcinol coupler with a range of functional groups amenable to further

derivatization. In this thesis, two aspects of possible relevance to applications were considered:
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a) the ability of the system to respond to ammonia and volatile amines or to oxygen or the

combination of the two in different supports and environments;
b) the possibility to develop fluorescent tags on polymers and other supports on demand.

Detection of basic nitrogenous volatiles is an issue of considerable importance for a variety of

applications e.g. for assessment of air quality and for food spoilage determination.'**'"?

Initially, the scope of the reaction was tested using different hydrogel supports. To this aim, films or
beads of alginate hydrogels prepared in the presence of 5 mM dopamine and resorcinol were
exposed to gaseous ammonia in a closed chamber at room temperature. A strong fluorescence
developed rapidly, accompanied by a yellow coloration, denoting in situ formation of the
methanobenzofuroazocinone anion. Complete discoloration with quenching of fluorescence was

induced by exposure of the yellow beads to HCI vapours (Figure 5.2.8a).

Since the generation of basic amine-containing volatiles (e.g., NH; and NMe;) is also a primary
index of food spoilage due to microbial growth,'”* alginate hydrogel films loaded with equimolar
dopamine and resorcinol were exposed to vapours from decomposing fish fillets for 24 h at room
temperature in a closed chamber. As a control, the same conditions at —20 °C under an argon
atmosphere were selected. A marked fluorescence response was noticed under fish decomposition
conditions, (Figure 5.2.8b) but not in the controls suggesting exploitation of this reaction in smart

packaging for expedient monitoring of fish quality.

To probe the efficiency of fluorescence turn-on in a complex biological matrix with several
potentially interfering species, equimolar dopamine and resorcinol (0.3 % m/v) were thoroughly
mixed in raw chicken egg white (CEW) under vigorous stirring (Figure 5.2.8c). The rapid
generation of a yellow colour and a strong fluorescence was direct evidence for an efficient
coupling reaction even in a complex biological medium with intrinsically alkaline pH. Complete
inhibition of the reaction under an argon atmosphere suggested use of this system as an all-natural

oxygen sensor, e.g. to reveal leaks in a vacuum package.
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Figure 5.2.8 @) Dopamine and resorcinol loaded alginate beads before (left) and after (middle) exposure to
ammonia under natural light and 365 nm lamp (right). b) Alginate film exposed to decomposing fish fillets.
Left: t = 0, middle and right: after 24 h and detail of the gel under 365 nm lamp. c) Fluorescence developed
in CEW. Left: t = 0, middle and right: after 5 min under natural light and 365 nm lamp.

Fluorescence tagging is an important application of fluorophores of both biological and
technological relevance.'” Accordingly, the potential of the dopamine resorcinol reaction for
fluorescence tagging was next investigated in a simple model of polymer derivatization and tagging

on demand.

A resorcinol compound substituted with a carboxyl group was selected in order to ensure facile
functionalization for applications, e.g. for polymer derivatization and the amine-rich polymer
polyethyleneimine (branched PEI, 25 kDa) was chose as anchoring backbone. Aim of the
experiment was to assess whether polymer-bound resorcinol could efficiently trap autoxidatively

generated dopamine quinone preventing melanin precipitation.

Initially, the efficiency of the fluorogenic coupling of 3-(2,4-dihydroxyphenyl)propionic acid
(DHPPA) with dopamine was tested. The reaction was conducted in alkaline buffer under stirring in
an open vial under the usual conditions and led to the fast development of fluorescence. Attempts to
isolate and characterize the reaction product using semipreparative HPLC (eluting system: 0.1%
HCOOH-acetonitrile 6:4) were however unsuccessful. In order to characterize the fluorescent
adduct, DHPPA methyl ester was synthesized and reacted with dopamine in alkaline buffer (pH 9)
under stirring for two days. The reaction was periodically monitored by UV spectroscopy, showing

a maximum at 431 nm attributable to the fluorescent reaction product. The solution was
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subsequently extracted with ethyl ether to remove unreacted reagents and subsequently desalted on

a Sephadex G 10 resin using distilled water as eluting system.

"H NMR of the aqueous fraction showed the conversion of the ABX system of the resorcinol ring in
two singlets at & 7.21 (H-7) and 7.15 (H-10). The six signals in the aliphatic region at 6 3.07-2.87
(m, H-2a), 2.47-2.39 (m, H-2b), 2.35 (d, H-3a), 2.22 (d, H-3b), 2.03-1.93 (m, H-1a) and 1.46 (d, H-
1b) and the singlet at & 5.95 are in accord with the methanobenzofuroazocine skeleton. The
methanobenzofuroazocinone structure was also confirmed by LC-MS analysis showing [M+H]" at

346 m/z, besides [M+Na]" and [M+K]" peaks (see experimental section).

To assess the applicability of the fluorescent tagging and sensing system, a 25kDa branched PEI
was functionalized with the resorcinol derivative (Scheme 5.2.3) and characterized by "HNMR

(Figure 5.4.3).

OH

H
COOH 1,2
@N ——»  HN \/N\/\H/\/N\/\N/\/N\/ NH,
HO OH O

Scheme 5.2.3 Condensation of PEI and DHPPA. 1) 1.14 eq TEA, Ethylchloroformate, DMF, 2 h, 0 °C.2)
PEI 55 °C.

The degree of functionalization of PEI with DHPPA was determined by measuring the absorbance
at 280 nm using a UV-Vis spectrophotometer.'”® DHPPA solution in methanol was used to generate
a standard curve for concentration (ranging from 50 pM to 200 uM). The calculated molar
absorptivity of DHPPA was &= 2860 M'cm™. On this basis, the PEVDHPPA solution in methanol
(4 mg/mL) exhibited ca. 20% w/w polymer functionalization.

On this basis, DHPPA-functionalized PEI was next reacted with dopamine (Scheme 5.2.4). The
reaction was conducted by mixing dissolved PEI/DHPPA and dopamine in water (173 pM) and
raising pH to 9 with 2 M NaOH. The efficiency of the reaction was apparent from UV spectroscopy

(maximum at 432 nm). After 1 h, the reaction was dialyzed against distilled water. No absorption
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was detected in dialysis water, confirming that the reaction was complete and the

methanobenzofuroazocine moiety was linked to PEL

HoN
HZNI ] Ho NH, NH; \LNH
NH2 NH j@/\/ \ ’
H HO - HZN/\/N\/\H/\/N\/\N/\/N\/\NHZ
S I oH > 8.5 o o N
OH O H O ﬁ/\/NI
DMH/\/N\L 0 NH;
| HO NHz | n - n
HN
OH O (6)

Scheme 5.2.4. Reaction between DHPPA functionalized PEI and dopamine.

Fluorescence measurements were performed on the functionalized polymer at three different pH
values, i.e. 3, 7 and 9 in phosphate buffers. In accord with the reported behavior of
methanobenzofuroazocine species, progressive quenching of fluorescence emission and an

hypsochromic shift of the absorption maximum were observed with decreasing pH (Figure 5.2.9).
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Figure 5.2.9 Absorption and emission spectra of the fluorescent polymer measured at three different pH.
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5.3 Conclusions

The strongly fluorogenic reaction between dopamine and resorcinols is proposed as a convenient
tool for surface functionalization based on fluorescent thin film deposition by dip coating, for
sensing volatile amines in biocompatible hydrogels or natural matrices such as CEW, and for
polymer functionalization. The reaction is efficient, develops from cheap and easily available
compounds and can be extended to a range of resorcinol and catecholamine partners.

Work is now in progress to assess the scope of dopamine-resorcinol-based chemistry for biomedical
and technological applications. On-demand generation of the fluorophore via a reaction-based
sensing mechanism would allow to combine signal read-out with a functional process, such as
cross-linking, covalent conjugation, coating deposition or synthesis of an active target, opening

novel perspectives in biomedicine and materials science.
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5.4 Experimental methods and supporting information

Materials. All reagents were obtained from commercial sources and used without further
purification. Organic solvents were used as purchased. Water was of MilliQ® quality. Buffers were
prepared by standard procedures. A Crison pH-meter equipped with a 5014 Crison electrode was
used for pH measurements at room temperature. Analytical thin layer chromatography (TLC) was

performed on 0.25 mm thick pre-coated silica gel plates (60 Fysa).

Methods. UV-Vis absorption spectra were registered at room temperature on a V-560 JASCO
spectrophotometer using calibrated 2 mL cuvettes and, for solid state samples, on a Cary 4000 UV-

Vis spectrophotometer using the solid sample holder.

Steady-state fluorescence excitation and emission spectra of optically diluted samples were

recorded with an FP-750 JASCO spectrofluorimeter.

"H-NMR and "C-NMR spectra were recorded in deuterated solvents at 400 MHz on a Bruker DRX
400 or Bruker Avance DRX 400 and at 500 MHz on a Varian Inova 500, o values are reported in

ppm and coupling constants are given in Hz.

HPLC analyses for reaction monitoring were performed on an Agilent 1100 series instrument
equipped with an LC-10AD VP pump and a G1314A UV-Vis detector using a Sphereclone C18
column (4.6 x 150 mm, 5 pm).

LC-MS analysis was conducted on an ESI-TOF 1260/6230DA Agilent Technologies in positive ion

mode.

IR spectra were recorded on Nicolet 5700 FT-IR + Smart performer spectrometer mounting a

Continuum FT-IR Microscope and on Bruker Optics TENSOR 27 FT-IR.

Oxidation of methylcatechol, noradrenaline and adrenaline in the presence of resorcinol. To
resorcinol and the proper catechol (1:1 molar ratio) dissolved in 50 mM Na,CO; buffer, pH 9, a
solution of potassium ferricyanide (4 eq) in water was added under vigorous stirring, and the
reaction mixture was allowed to stand under argon atmosphere for 1.30 h. The reaction was
monitored by UV-VIS absorption and fluorescence spectroscopy. For UV-VIS analyses, aliquots

were acidified to pH 3 to stop the reaction before measurement.

Synthesis and structural characterization of BisRes (1). A mixture of hexamethylenediamine
(1.81 mmol, 210 mg) and 2,4-dihydroxybenzaldehyde (3.62 mmol, 500 mg) in absolute ethanol (18

mL) was stirred at room temperature for 1 h. The yellow solid that separated was centrifuged 3
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times at 5000 rpm and washed with cold ethanol then dried in vacuo to give compound 1a (570 mg,
88.5 % yield). The Schiff base was then rinsed in glacial acetic acid (10 mM, 160 mL) and reduced
by NaBH,4 (16 mmol, 605 mg). When hydrogen evolution was ceased 3 M HCI was added until pH
5. The mixture was dried under vacuum, then rinsed in 1 mL of water before desalting on DOWEX
resin S0W X 4 using a gradient of HCI from 0.5 M to 6 M as the eluant. Fourteen fractions of 250
mL each were collected and analyzed by UV-VIS spectrometry. The desired product eluted with 6
M HCI (7 fractions). After removal of the acid under reduced pressure, compound 1 was obtained as

di-hydrochloride salt in the form of a brownish orange solid, yield= 75 %.

(1a): Ry = 0.27 (CHCL-MeOH 9:1). UV-Vis: Anax (MeOH) = 301 nm (e= 33410 L-mol™-cm™) and
371 nm (e= 15879 L-mol"-ecm™).m/z = 357.18 [M + H]". ATR (cm™) 1227 (phenolic C-O stretch),
1358 (phenolic C-O bend), 1637 (C=N stretch), 2932 (aliphatic C-H bend and stretch), 3065
(aromatic C-H stretches), 3509-3638 (phenolic O-H stretches). '"H NMR (400 MHz, DMSO-dg) &
8.30 (s, H-7), 7.13 (d, J = 8.5 Hz, H-6), 6.22 (d, J = 8.4 Hz, H-5), 6.13 (s, H-3), 3.48 (t, /= 6.6 Hz,
H-8), 1.59 (br. m, H-9), 1.36 (br. m, H-10).">C NMR (101 MHz, DMSO-d¢) 8 165.7, 164.5, 162.3,
133.0, 111.1, 106.7, 102.9, 56.4, 30.4, 26.1.

(1): UV-Vis: Amax (MeOH) = 279 nm (e= 4944 L-mol™-cm™).m/z: 361.21 [M + H]"."H NMR (400
MHz, MeOH-dy4) 6 7.12 (d, J = 8.2 Hz, H-6), 6.39 (s, H-3), 6.33 (d, J = 6.8 Hz, H-5), 4.09 (s, H-7),
3.01 — 2.93 (br. m, H-8), 1.73 (br. m, H-9), 1.43 (br. m, H-10).Resonance assignment follows from
analysis of "H,'"H COSY spectrum.”>’C NMR (101 MHz, MeOD-d,) & 161.4 (C-4), 158.6 (C-2),
133.5 (C-6), 109.8 (C-1), 108.1 (C-5), 103.4 (C-3), 47.8 (C-7), 47.6 (C-8), 27.1 (C-9), 26.6 (C-10).
Resonance assignment follows from analysis of 'H,"*C HSQC and HMBC spectra. ATR-FT/IR (cm’
1172 (C-N stretch), 1593 (N-H bend), 2796-2935 (aliphatic C-H bend and stretch), 3041 (aromatic
C-H stretches), 3235-3292 (N-H stretch), 3531-3622 (phenolic O-H stretches).

Oxidative coupling of 1 with dopamine. 1 dihydrochloride (1 mM) and dopamine (2 mM) were
dissolved in 0.05 M sodium carbonate buffer, pH 9. After complete dissolution, a neat substrate
(glass or quartz coverslip rinsed with piranha mixture H,SO4:H,O, 5:1) was immersed in the
reaction mixture for3-6 h. The development of a blue fluorescence was rapidly observed followed
by deposition of a thin layer of organic material on the substrate and concomitant separation of a
brownish-green solid. Attempts to purify the reaction products by extraction with organic solvents
(ethyl acetate, dichloromethane, chloroform), preparative HPLC or filtration through Sephadex G10
or other resins proved unsuccessful. However, LC-MS analysis of the reaction mixture showed a
main component with a pseudomolecular ion peak corresponding to the monoadduct 2 shown in the

scheme 5.2.2.
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Figure 5.4.1 LC-MS analysis of the reaction mixture between 1 (R,: 8.9 min) and dopamine (R,. 4 min). Top)
Total ion currrent chromatogram after 0 (black) and 150 min (red). Right) Mass spectrum of the peak
eluting at 5.1 min, base peak [M + H]": m/z 510.4, eluting system: 0.1 % HCOOH - MeOH 8.2.

Table 5.4.1 Profilometry data of the BisRes-dopamine coating on glass before and after HCl,,,, exposure.

Amavex Aem Thickness Roughness Water Contact Angle

Coating
(nm) (nm) (nm) (nm) (deg)
BisRes/DA 420 464 55+2.7 15 52+3.6
BisRes/DA-HCI 400 no 48+0.2 16 Notcalculable
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Preparation of Fluorescat-alginate hydrogels. Dopamine (0.1 mmol, 19 mg) and resorcinol (0.1
mmol, 11 mg) were dissolved in distilled water (20 mL), then sodium alginate was added (2%
w/w). Beads were prepared dropping the freshly prepared gel in a 0.1 M solution of CaCl, allowing
alginate reticulation for few minutes followed by beads filtration. Films were similarly fabricated
spreading the gel on a smooth surface followed by dipping in the CaCl, solution for about 60 sec.
Exposure to acid or alkaline vapors or to decomposing fish fillets was carried out in sealed glass
chambers containing aqueous hydrochloric acid (35 %) or ammonia (28%) solution or decomposing

fish fillets at room temperature.

Synthesis and characterization of 3-(5,7-dihydroxyphenyl)propanoic acid (DHPPA) methyl
ester. To a solution of DHPPA (0.82 mmol, 150 mg) in methanol (1.6 mL), 160 puL of H,SO, were
added and the reaction mixture was left under reflux and under stirring overnight. After
neutralization with 1% NH3, methanol was evaporated under vacuum and the mixture was extracted
with ethyl acetate (3x 20 mL), the resulting organic layer was re-extracted with distilled water (1x 5
mL) and saturated NaCl (I1x 5 mL), and the combined organic layers were dried over anhydrous
Na;SO4. Column chromatography (hexane-ethyl acetate 1:1) purification led to isolation of the
desired ester 3 (R 0.4) in 70 % yield, together with lower amounts of another product (R¢ 0.6) that
proved to be the methyl 3-(5-hydroxy-7-methoxyphenyl)propanoate (3a).

©)

HO" 7 OH

methyl 3-(5,7-dihydroxyphenyl)propanoate
3
'H NMR (400 MHz, MeOH-dy) & 6.83 (d, J = 8.3 Hz, H-9), 6.26 (d, J = 2.0 Hz, H-6), 6.19 (dd, J =
8.2,2.2 Hz, H-8), 3.63 (s, H-17), 2.77 (t, J = 7.7 Hz, H-2), 2.55 (t, J = 7.6 Hz, H-3)."*C NMR (101
MHz, MeOH-d4) 6 176.1 (C-1), 158.0 (C-7), 157.2 (C-5), 131.4 (C-9), 119.3 (C-4), 107.6 (C-8),
103.5 (C-6), 52.0 (C-17), 35.6 (C-2), 26.5 (C-3).
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(3a)

methyl 3-(5-hydroxy-7-methoxyphenyl)propanoate
3a

'"H NMR (400 MHz, MeOH-d,) & 6.92 (d, J = 8.1 Hz, H-9), 6.34 (d, J= 2.3 Hz, H-6), 6.31 (dd, J =
8.3, 2.3 Hz, H-8), 2.80 (t, J = 7.7 Hz, H-2), 2.56 (t, J = 7.7 Hz, H-3), 3.69 (s, H-10), 3.62 (s, H-
1”).3C NMR (101 MHz, MeOH-d,) 8 175.8 (C-1), 160.4 (C-5), 157.0 (C-7), 130.9 (C-9), 120.3 (C-
4),105.2 (C-8), 102.1 (C-6), 55.3 (C-10), 51.7 (C-1°), 35.0 (C-2), 26.2 (C-3).

Oxidative coupling of 3 or 3a with dopamine. 3 or 3a and dopamine at 1 mM were dissolved in
50 mM Na,COs buffer, pH 9. The mixture was stirred at room temperature until reaction
completion (UV-Vis monitoring, 3 h for 3 and 24 h for 3a).In the case of 3, the main reaction
productwas isolated by desalting of the aqueous layer by Sephadex G10 filtration following
extraction with ethyl acetate of the mixture to remove excess of the reactant. It was assigned
structure 4 based on 'H NMR and LC-MS spectrometry. On the other hand, 3a did not react with
dopamine as evidenced by UV-Vis, TLC and NMR analysis of the organic and aqueous layers.

Scheme 5.4.1. Oxidative coupling between dopamine and 3.

(4)'H NMR (400 MHz, MeOH-d,) & 7.21 (s, H-7), 7.15 (s, H-10), 5.95 (s, H-6), 3.63 (s, H-15), 3.07
—2.87 (m, H-2a), 2.80 — 2.75 (t, J= 7.4 Hz, H-12), 2.59 (t, J = 7.4 Hz, H-13), 2.47 — 2.39 (m, H-
2b), 2.35 (d, J=10.6 Hz, H-3a), 2.22 (d, J= 10.4 Hz, H-3b), 2.03 — 1.93 (m, H-1a), 1.46 (d, J =
12.4 Hz, H-1b).LC-MS spectrometry. base peak: m/z 368.04 = [M + Na]", m/z 346.32 =[M + H]",
m/z 384.26 = [M + K] eluting system: HCOOH 0.1 % - MeOH 8:2,R; = 9.1 min.
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Synthesis and characterization of PEI-DHPPA (5). DHPPA (20 mg, 0,1 1mmol) was dissolved in
dry dimethylformamide (DMF, 1 mL), then triethylamine (TEA, 17 pL, 0.12 mmol) and
ethylchloroformate (10.6 pL, 0.11 mmol) were added under stirring at 0 °C. The reaction was
monitored by TLC (CHCI3-MeOH 9:1) until consumption of the starting material. 25 kDa PEI (12.3
mg in 1 mL of dry DMF) was added after 1.30 h. The reaction was left under stirring at 55 °C for 4
h, then dried under vacuum, rinsed (10 mL) and dialysed against distilled water (500 mL x 3).The
resulting material was analysed by proton NMR. A 19 % w/w functionalization of polymer was
determined by measuring the absorbance at 280 nm using a calibration curve built on DHPPA (Apax

280 nm, &= 2863.5 M'em™).

3:31 Methanol-d4

o
<

T \‘-‘ T
6.9

T
7.1

6.7 6.5
f1 (ppm)

LJM

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

85 80 75 70 65 60 55 50 45
f1 (ppm)

Figure 5.4.3. 'H NMR (400 MHz, MeOH-d,) § 6.88 (d, J = 7.5 Hz), 6.33 (s), 6.26 (d, J = 7.4 Hz). The
aromatic region shows the signals expected for a resorcinol moiety.
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Oxidative coupling of PEI-DHPPA with dopamine. PEI-DHPPA and dopamine (0.17 mM) were
dissolved in distilled water, then the pH of the reaction was raised to 9 by addition of 2 M NaOH.
The mixture was stirred at room temperature and monitored by UV-Visible spectrophotometry.
After 2 h, the reaction mixture was dialyzed against distilled water (4 x 500 mL) to remove salts
and unreacted dopamine. The purified polymer was subjected to UV-Visible and fluorescence

analysis.

UV-Vis: Amax (phosphate buffer, pH 9) = 432 nm; A, (phosphate buffer, pH 7) = 427, 400 nm; Apax
(phosphate buffer, pH 3) = 400 nm. Fluorescence: Ax = 420 nm, A, (phosphate buffer) =475 nm.
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LIST OF ABBREVIATIONS

AFM. Atomic Force Microscopy

BSA. bovine serum albumin

BTIB. bis(trifluoroacetoxy)iodo benzene
CAN. Ceric ammonium nitrate

CDA. Cysteinyldopamine

CEW. chicken egg white

CGA. Chlorogenic acid

DA. Dopamine

DHBT. 5,6-dihydroxybezothiophene
DHI. 5,6-didydroxyindole

DHICA.
acid

5,6-didydroxyindole-2-carboxylic

DHPET. 2-(3,4-dihydroxyphenyl)ethanethiol

DHPPA.  3-(2,4-dihydroxyphenyl)propionic
acid

DPPH. 2,2-diphenyl-1-picrylhydrazy
FRAP. ferric reducing antioxidant power
GLY. Glycine

GSH. glutathione

H,-DHBT.
diidrobezothiophene

5,6-dihydroxy-2,3-

HEPES. ferric chloride,4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

HMDA. hexamethylenediamine
HRP. horseradish peroxidase

L-DOPA. 3,4-Dihydroxy-L-phenylalanine

LYS. Lysine

NADH. nicotinamide adenine dinucleotide
N-MeDHI. 5,6-dihydroxy-N-methylindole
NMeDHI. N-methyl-5,6-didydroxyindole
pCDA. Polycysteinyldopamine

pDA. Polydopamine

PVA. poly(vinyl alcohol)

SEM. scanning electron microscopy

TEA. triethylamine

THF. tetrahydrofuran

Trolox. 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid

WCA. Water Contact Angle

XPS. X-ray Photoelectron Spectroscopy
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