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Abstract: The development of innovative dip-coating technologies for surface functionalization has
been a very active issue over the past decade following the discovery of the adhesion properties of
polydopamine, a eumelanin-like material. New opportunities have derived from the discovery that
hexamethylenediamine (HMDA) markedly enhances film deposition from a variety of catechol,
including the key eumelanin precursor 5,6-dihydroxyindole (DHI). The remarkable antioxidant
properties of synthetic eumelanins from the other main melanogenic precursor 5,6-
dihydroxyindole-2-carboxylic acid (DHICA) and its methyl ester (MeDHICA) have recently been
described. In this work the film forming properties of MeDHICA melanin generated in the presence
of HMDA or other diamines/monoamines and the antioxidant activity of the resulting films were
investigated. Further to a systematic investigation, the most promising results were obtained
running the aerobic oxidative polymerization of MeDHICA in aqueous buffers at pH 9.0 at 1 mM
in the presence HMDA at 1:1.5 molar ratio. Under these conditions a dark yellow pigment is formed
over 24 h exhibiting good film forming properties on different supports. HPLC analysis of the film
solubilized in organic solvents indicated a mixture of oligomers of MeDHICA up to hexamers.
Further polymerization of the film was obtained by exposure to ammonia vapors. The films showed
high antioxidant activities in the 2,2-diphenyl-1-picrylhydrazyl and Ferric Reducing Antioxidant
Power assays. Biocompatibility of MeDHICA/HMDA films was assessed on HaCat cells.
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1. Introduction

The development of innovative and versatile dip-coating technologies for surface
functionalization has been a very active issue over the past decade following the discovery of the
extraordinary wet adhesion properties of polydopamine (PDA), a black insoluble and structurally
disordered eumelanin-like material produced by the oxidative polymerization of dopamine under
alkaline conditions. This material has been first described in 2007 following inspiration to the robust
adhesion properties of mussel byssus proteins (Figure 1) [1]. These proteins, such as Mytilus edulis
foot proteins-3 and -5 (Mfp-3 and -5), located in the distal portion of the mussel byssus where the
byssal foot engages the substrate surface, have two key features that inspired PDA:
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(1) high primary and secondary amine content due to lysine (Lys) and histidine (His) residues;
(2) high catechol content due to the presence of 3,4-dihydroxy-L-phenylalanine (DOPA).

Figure 1. Mussel byssus.

An interplay of several chemical factors has been proposed to explain the excellent adhesion
(between different materials) and cohesion (between different parts of the same material) properties
of byssus proteins, such as H-bonding, electrostatic, hydrophobic, coordination and m-cation
interactions [2]. The combination of the functional groups of the amino-acids lysine and DOPA of
byssus proteins (Figure 2) allows PDA to form polymeric films that can be easily deposited at the
interface of different materials and can be used to control or modify the hydrophobicity of a variety

of interfaces [3].
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Figure 2. Dopamine structure highlighting the catechol (blue) and amine (red) components.

PDA film properties, including hydrophilicity and thickness, can be finely tuned by a variety of
experimental parameters including dopamine concentration [4], nature of the buffer [5], oxidant [6—
8], and pH. Polydopamine displays also many properties including optical, paramagnetic and
electrical properties, and, most importantly, it exhibits excellent biocompatibility. Given these
benefits, the use of polydopamine is not restricted to surface coating and has been rapidly extended
to a wide range of applications across the chemical, biological, medical, and materials sciences, as
well as in applied science engineering, and the technology fields [9]. In addition, in recent studies
Chen et al. (2014) first reported that copolymerization of gallic acid and hexamethylenediamine
(HMDA), along chain aliphatic diamine, leads to films that can be deposited on various surfaces [10].
Addition of HMDA during PDA deposition was also proposed as a means of obtaining films rich in
amine groups, with a high cross-linking degree and resistance to hydrolysis and swelling [11].
Moreover it was found that in the presence of HMDA the oxidation of caffeic acid, which itself has
no adhesive properties despite apparent polymerization and darkening of the mixture, produces an
adhesive greenish-blue material with high stability and biocompatibility [12]. Chemically stable
functional biocompatible thin films were obtained also by a cross-linking reaction between
pyrocatechol and HDMA under oxidizing condition[13].

New opportunities in PDA based surface chemistry have derived from the discovery that
HMDA also induce film formation from DHI, which has been shown to give eumelanin-type
polymers devoid of adhesion properties under PDA deposition conditions[14-16]. On this basis the
research activity of the present work has been directed to assess whether HMDA can promote film
deposition from other eumelanin precursors besides DHI, in particular 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), the other main melanogenic precursor with high antioxidant activity and
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to investigate the mechanisms by which HMDA can induce film deposition from non-adhesive
melanin type polymers by defining structure-property relationships.

2. Experiments Materials and Methods

3,4-dihydroxy-L-phenylalanine (L-DOPA), potassium ferricyanide, sodium bicarbonate,
sodium dithionite, hexamethylenediamine (HMDA), 1,2-ethylenediamine 1,4-butanediamine, 1,12-
dodecanediamine, butylamine, 2,2-diphenyl-1-picrilhydrazyl (DPPH), ferric chloride (III)
hexahydrate and trispyridylhydrazine (TPTZ) were purchased by Sigma-Aldrich. The UV-vis spectra
were recorded on a Jasco V-730 Spectrophotometer. 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 established at 300 nm). Eluent system: Gradient of water—
acetonitrile from t5 to 45 min from 40 to 70% of acetonitrile. Positive Reflectron MALDI spectra were
recorded on a AB Sciex TOF/TOF 5800 instrument using 2,5-dihydroxybenzoic acid as the matrix.
Substrates (quartzes, borosilicate coverslips) were cleaned by soaking in a solution of H2504/30%
H:0: 5:1 overnight, then cleaned with distilled water. Quartz substrates were dipped in the mixtures
and after 24 h were rinsed with distilled water, sonicated in methanol/water solution 1:1 v/v, and air-
dried. The coated substrates thus obtained were analysed by ultraviolet-visible (UV-vis)
spectrophotometry.

2.1. Preparation of DHICA Methyl Ester (MeDHICA)

DHICA methyl ester was obtained 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. In addition, 1 L of bi-distilled water was
degassed under argon flow. After 30 min 2 g of L-DOPA (final concentration 0.01 M), 13.4 g of
potassium ferricyanide (4 molar equivalents) and 5 g of NaHCQOs3, dissolved in 50 mL of distilled
water, were added. The mixture was kept under vigorous stirring and under argon flow for about 90
min, until the red color due to the dopacrome disappeared. The mixture was then treated with
sodium dithionite, acidified to pH 3.0 with 4 M HCl and extracted three times with ethyl acetate. The
combined organic phases were dried with sodium sulfate and dried under vacuum to give a dark
powder (1.3 g, 64% yield) as a dark yellow-brown solid [17].

2.2. Oxidative Polymerization of MeDHICA in the Presence of Amines

A solution 1 mM of MeDHICA at molar ratio 1:1 with different monoamines such as butylamine
or diamines such as ethylenediamine, 1,4-butanediamine, hexamethylenediamine, 1,10-
diaminodecane and 1,12-dodecanediamine in 50 mM carbonate buffer was stirred and a quartz
substrate was dipped into the mixture. After 24 h the quartz was dried and analysed by UV-vis
spectrophotometry. In control experiments the reaction was run in the absence of diamine or at
different pH or under an argon atmosphere.

2.3. DPPH, ABTS and FRAP Assay

The assays were performed in this way: the glass substrates coated with MeDHICA/HMDA
were immersed in an ethanolic solution of DPPH 50 uM (20 mL) or ABTS for 30 min and the
antioxidant power was evaluated by UV-vis recording spectra every 5 min monitoring the
progressive reduction of the absorbance at 515 nm for DPPH and at 734 nm for ABTS. In the case of
the FRAP assay the development of a maximum at 594 nm was monitored [18-20].
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3. Results

A first series of experiments were aimed at evaluating whether HMDA could promote film
deposition from the eumelanin precursor MeDHICA, which can be prepared on gram scale following
a procedure previously developed.The oxidative polymerization of MeDHICA was run in aqueous
buffers at pH 9.0 at different concentrations and in the presence of HMDA at different molar ratios.
The most promising results were obtained using MeDHICA and HMDA at 1 mM at 1:1.5 molar ratio.
Under these conditions a light brown pigment is formed over 24 h exhibiting good film forming
properties on quartz slides as shown in Figure 3.
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Figure 3. UV-vis spectrum of the quartz substrate dipped in the MeDHICA/HMDA mixture.

The film forming properties were observed on a variety of materials such as glass, polystyrene,
polycarbonate (Figure 4)

(a) (b) (©)
Figure 4. MeDHICA/HMDA coatings on (a) glass, (b) polyethylene, (c) polystyrene.

For comparison, the same reaction was carried out on MeDHICA at the same concentration but
in the absence of HMDA, indicating that HMDA was critical to confer adhesive properties to
MeDHICA. Various monoamines and diamines of different chain length were also investigated in
place of HMDA, but no significant film deposition was observed in all cases. In a final set of
experiments, the same reaction was run at different pHs and under argon atmosphere, but no film
deposition was observed under these latter conditions.To clarify the mechanism underlying film
deposition, the quartz surface of MeDHICA/HMDA was dissolved in methanol and the resulting
solution was subjected to HPLC (Figure 5) and MALDI analysis.
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Figure 5. Elutographic profile of the material deposited on the quartz slide dissolved in DMSO. UV
detection at 300 nm.

The chromatographic profile showed the presence of MeDHICA (Rt 12 min), a dimer (Rt 17 min)
and other oligomeric species, suggesting that the coating is composed of a mixture of low oligomeric
species. This was also confirmed by MALDI analysis (Figure 6).
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Figure 6. Mass Spectrum MALDI of the film that was directly deposited on the MALDI plate.

The antioxidant properties of the MeDHICA/HMDA film were then evaluated by the 2,2-
diphenyl-1-picrilhydrazyl-(DPPH) assay. To this aim, glass substrates obtained as described above
were immersed in a beaker containing 20 mL of a solution of DPPH (50 uM) in methanol care being
taken to dip all the glass slides up to a fixed level into the solution. The absorption of the DPPH
solution was monitored over time. The same procedure was followed for other antioxidant assays,
i.e the 2,2"-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)-ABTS and Ferric reducing antioxidant
power- FRAP (Figure 7).
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Figure 7. (a) Kinetics of development of the absorption of Fe?-tripyridyl triazine complex (b)
reduction of DPPH (50 pM) and (c¢) ABTS (50 uM) over time by immersion of glass substrates
MeDHICA/HMDA.

MeDHICA/HMDA film obtained after 6 h showed a 50% higher antioxidant power with respect
to those obtained after 24 h of dipping (Figure 8).
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Figure 8. (a) Kinetics of development of the absorption of Fe?-tripyridyl triazine complex (b)
reduction of DPPH (50 pM) and (c¢) ABTS (50 uM) over time by immersion of glass substrates
MeDHICA/HMDA.

4. Discussion

The systematic investigation of the aerobic oxidation of MeDHICA in aqueous buffers at pH 9.0
at different concentrations and in the presence of various diamines and monoamines at different
molar ratios indicated as the best conditions the reaction run using MeDHICA and HMDA at 1 mM
at 1:1.5 molar ratio. Good film forming properties on various materials were observed for the yellow
dark pigment formed under these conditions. In addition this film was endowed of high antioxidant
activity. The chemical composition of the film as investigated by HPLC and MALDI analysis
indicated a mixture of low oligomers of the indole and the presence of HMDA not linked to the
oligomer omponets. On this basis, it is proposed an adhesion mechanism, based on m-cations
interactions. (Figure 9).
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Figure 9. Adhesion mechanism of the film MeDHICA/HMDA.

Further investigation will be devoted at evaluating the applications of the films from
MeDHICA/HMDA e.g., in wound healing or tissue repair starting from in vitro cellular models.

5. Conclusions

Based on the results of the present work it is concluded that the combination of a long aliphatic
chain with two amine groups is crucial to confer to catechol polymers a suitable balance of
hydrophobicity, aggregation, and crosslinking. In addition based on HPLC and MALDI analysis is
proposed a mechanism based on an interaction between the aromatic ring of MeDHICA and also its
oligomeric species with the amine groups of HMDA, which is protonated under the reaction
conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

HMDA Hexamethylenediamine

DHI 5,6-dihydroxyindole

DHICA 5,6-dihydroxyindole-2-carboxylic acid

MeDHICA  Methyl ester 5,6-dihydroxyindole-2-carboxylic acid

HPLC High performance liquid chromatography
MALDI Matrix assisted laser desorption ionisation
DPPH 2,2-diphenyl-1-picrilhydrazyl radical
ABTS 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
FRAP Ferric reducing antioxidant power
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