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ABSTRACT: Establishing structure—property relationships in

the black insoluble eumelanins, the key determinants of human g e Foe g _ Ao =
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we report a new breakthrough toward this goal by the first L - sy
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detailed investigation on the nanoscale level of the oxidative
polymerization of S,6-dihydroxyindole (DHI), a model process of
eumelanin synthesis. On the basis of a combined use of spectrophotometry, dynamic light scattering (DLS), and small-angle
neutron scattering (SANS) investigations, it was possible to unveil the dynamics of the aggregation process before precipitation,
the key relationships with visible light absorption and the shape of fundamental aggregates. The results indicated a
polymerization mechanism of the type: Polymer, + DHI, = Polymer,,,, where DHI, indicates monomer, dimer, or low oligomers
(x < S). During polymerization, visible absorption increases rapidly, reaching a plateau. Particle growth proceeds slowly, with
formation of 2-D structures ~55 nm thick, until precipitation occurs, that is, when large aggregates with a maximum
hydrodynamic radius (Ry) of ~1200 nm are formed. Notably, markedly smaller R;, values, up to ~110 nm, were determined in
the presence of poly(vinyl alcohol) (PVA) that was shown to be an efficient aggregation-preventing agent for polymerizing DHI
ensuring water solubilization. Finally, it is shown that DHI monomer can be eficiently and partially irreversibly depleted from
aqueous solutions by the addition of eumelanin suspensions. This behavior is suggested to reflect oxidant-independent
competing pathways of polymer synthesis and buildup via monomer conversion on the active aggregate surface contributing to
particle growth. Besides filling crucial gaps in DHI polymerization, these results support the attractive hypothesis that eumelanins
may behave as a peculiar example of living biopolymers. The potential of PVA as a powerful tool for solution chemistry-based
investigations of eumelanin supramolecular organization and for technological manipulation purposes is underscored.
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B INTRODUCTION

Eumelanins, the black insoluble biopolymers of human skin,

Direct experimental investigations of eumelanin samples of
coupled
suggested that the polymer is

different origin using complementary techniques,® "
to theoretical studies,">™'°
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hair, and eyes, have been the focus of unabated research interest
at a multidisciplinary level over almost a century, following the
discovery of their biogenetic origin from L-tyrosine or DOPA
(3,4-dihydroxy-L-phenylalanin) via the oxidative polymerization
of §,6-dihydroxyindole (DHI) and related compounds (Scheme
1)1

However, despite continuing efforts over the past two
decades, the basic mechanisms of buildup of these biopolymers
and the origin and features of their supramolecular architecture
have remained largely obscure, mainly due to the marked
insolubility and chemical heterogeneity of these pigments,
making their investigation a most challenging task.*~”
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composed of stacked layers of oligomeric, planar proto-entities
(four to six indolic moieties)® with spacings characteristic of
m—n interactions. In fact, most of these early structural studies
were developed around the hypothesis'® of the existence of
fundamental aggregates steering the buildup of the larger final
structures composing eumelanin particles.

Some insights into the mechanisms and dynamics of
eumelanin self-assembly and aggregation were gained by
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Scheme 1. Schematic Outline of Eumelanin Synthesis
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scattering techniques. Studies of synthetic melanin synthesis
from DOPA in acidic aqueous solution (pH 2 to 3)" indicated
two regimes of aggregation, an initial Diffusion-Limited
Aggregation (DLA) in which the particles stick on contact,
characterized by clusters with fractal dimension d = 1.8, and a
subsequent Reaction-Limited Aggregation (RLA) in which the
particles stick only after multiple collisions, with aggregates at d
= 2.2. Subsequent analysis of autoxidative and enzymatically
produced DOPA eumelanin samples suggested that synthetic
melanins grow as fractal aggregates of small units, following the
DLA or RLA kinetics depending on the medium conditions.'®
The fractal organization of eumelanins was supported by
different approaches, including an analysis of nitrogen
adsorption isotherms.'

Model studies of the oxidative polymerization of DHIs under
biomimetic conditions provided important information on the
nature of the oligomer intermediates leading to eumelanin
formation.”*>* Especially worthy of note is the main mode of
coupling of DHI and its dimers via the two-position of the
indole ring (Scheme 2).

Pulse radiolysis and computational investigations of
quinonoid species from DHI-derived biindoles showed that
these can adopt planar structures (see, for example, Scheme 2),
which can generate intense visible chromophores.” Mass
spectrometric studies on natural and synthetic eumelanins®®~>*
as well as on DHI polymerization processes™ indicated
relatively low-molecular-weight oligomer species with partial
structural degradation.

Considerable uncertainties still surround the origin of
eumelanin “black chromophore”. According to the “chemical
disorder” model,*® which conveys little or no structural
definition, eumelanins are collections of structurally diverse
molecular species with overlapping chromophores covering the
entire UV—visible range. Recently, the development of the first
water-soluble DHI-based polymer allowed showing that the
eumelanin “black chromophore” is defined not only by the
conjugation length of the isolated absorbing species®’
(“intrinsic” chromophore component) but also by the external
perturbation of chromophores followmg 1ntermolecular inter-
actions and aggregation (“extrinsic” component) Support to
this view came from the discovery that poly(vinyl alcohol)
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Scheme 2. Structures of Representative Oligomers of DHI
and Oxidized Species Thereof
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(PVA), a well-known hydrophilic polymer, can prevent the
prec1p1tat10n of the growing melanin polymer during DHI
oxidation.>" By this approach, it was possible to demonstrate
that visible chromophore development during the early
oligomer stages is independent of precipitation phenomena.

Despite these and other recent advances, a number of crucial
gaps still hinder an understanding of the formation process and
supramolecular organization of natural and synthetic eumelanin
polymers and their relationships to the intriguing broadband
absorption. Specific issues that remained to be addressed
include: (i) the actual mechanism of DHI polymer growth (e.g.,
via a monomer—oligomer sequence or by oligomer—oligomer
couplings); (ii) the average size distribution and shape of the
initially formed molecular species prior to precipitation; (iii)
the relative contribution of covalent versus noncovalent
mechanisms during the early steps of polymerization; and
(iv) the relationships between polymer growth, aggregate
assembly, and visible chromophore development. Filling these
gaps is essential to dispel current uncertainties concerning the
biological roles and photoprotective functions of these
biopolymers and to orient ongoing research aimed to meet
the growing demand for rationally designed bioinspired
functional materials for application in organoelectronics or as
radioprotectors.”’ Knowing and being able to control the
aggregation processes in growing DHI polymers is moreover an
essential goal in the prospects of transferring the unique
physical properties of eumelanin-like polymers into applica-
tions.

Herein, we describe the successful elucidation of crucial
aspects of the oxidative polymerization of DHI, including the
mechanisms of particle buildup and underlying aggregation
dynamics, by a bottom-up approach including a combined
dynamic light scattering (DLS) and small-angle neutron
scattering (SANS) analysis.

B EXPERIMENTAL SECTION

DHI was synthesized as previously reported.*> Oxidation of DHI in 0.1
M phosphate buffer pH 7.0 was carried out with the substrate at 12.5
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mM using horseradish peroxidase (HRP) (25 U/mL) and H,0, (12.5
mM), and after 20 min the solution was diluted 25—100 times with 0.1
M phosphate buffer pH 7.0;** the spectrum was recorded in a
thermostated cell at 298 K with or without filtration through a
membrane with 0.47 L pores. When necessary, the mixture was treated
with a solution of NaBH, in water (20 mM). DHI was also used at
12.5 mM, and after 20 min spectra were taken on the solution after
separation of the pigment. In PVA-added medium, the buffers used
were prepared by dissolving PVA in the appropriate weight ratio and
warming to prevent cluster formation. Prior to oxidations, buffers were
then thermostated at the desired temperature.

Absorption spectra were recorded on a spectrophotometer having
the cell compartment thermostated at (25.0 = 0.2) °C. Ultraviolet—
visible (UV—vis) absorption spectra were recorded using a Jasco V 560
diode array spectrophotometer. Absorption behavior was monitored at
530 nm, where the absorbance of DHI markedly depends on its
aggregation state.>* Mass spectra were registered in ESI+ mode with
the cone and the fragmentator voltage set at 4 kV and 80 V,
respectively. 'H and *C NMR spectra were recorded at 400 and 300
MHz, respectively. Analytical and preparative TLC was carried out on
silica gel plates (0.25 and 0.50 mm, respectively) from Merck. HPLC
analysis of the reaction mixtures was carried out on a Gilson apparatus
equipped with a UV detector set at 280 nm using a Sphereclone ODS
(51m, 4.6 X 250 mm) column. 1% vol/vol acetic acid/acetonitrile 95:5
(v/v) (eluant A) and acetonitrile (eluant B) gradients were used as
follows: 0—5 min 30% eluant B, 5—40 min 30—80% eluant B, and 40—
50 min 80% eluant B (flow rate of 1 mL/min). Centrifugations were
performed with a Beckman Avant J-25 centrifuge.

Dynamic Light Scattering Measurements. DLS investigations
were performed with a setup composed of a Photocor compact
goniometer, an SMD 6000 Laser Quantum S50 mW light source
operating at 5325 A and a PMT-120-OP/B, and a correlator (Flex02-
01D) purchased from Correlator.com. All measurements were
performed at (25.00 = 0.05) °C with the temperature controlled
through the use of a thermostat bath. In DLS, the intensity
autocorrelation function g(z) (t) is measured and related to the electric
field autocorrelation function g(l)(t) by the Siegert relation®®

g2 = 1+ plg(e)P (1)

where f is the coherence factor, which accounts for the deviation from
ideal correlation and depends on the experimental geometry. The
function g(l)(t) can be written as the Laplace transform of the
distribution of the relaxation rates, I', used to calculate the translational
diffusion coefficient, D

gV = f_+°° 7A(7) exp(—é) dlnz

o)

)

where 7 = 1/T". Laplace transforms were performed using a variation of
CONTIN algorithm incorporated in Precision Deconvolve software.
From the relaxation rates, the diffusion coefficient D may be obtained
as

D

»&N| —

©)

where q = 47n/2 sin(0/2) is the modulus of the scattering vector,  is
the refractive index of the solution, 4 is the incident wavelength, and 6
represents the scattering angle.

Provided that the solutions are quite dilute, the Stokes—Einstein
equation,®® which rigorously holds at infinite dilution for spherical
species diffusing in a continuous medium, may legitimately be used to
evaluate the hydrodynamic radius R; of the aggregates

kT
6znD

h
(4)
where k is the Boltzmann constant, T is the absolute temperature, and
n is the medium viscosity. For nonspherical particles, R, in eq 4
represents the radius of equivalent spherical aggregates with the same
diffusion coefficient.
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Because of the time evolution of the polymer growth, acquisition
time of each measurement was set as a compromise between a good
data statistics (that requires long accumulation times) and a reasonable
snapshot of the system (that needs for short accumulation times).

Small-Angle Neutron Scattering Measurements. SANS
measurements were performed at 25 °C with the KWS2 instrument
of Jiilich Centre for Neutron Science (JCNS) located at the research
neutron source “Heinz Maier-Leibnitz” (FRM II) in Garching
(Germany) and at the SANS2D instrument sited at the ISIS facility
of the Rutherford Appleton Laboratory of Chilton (United Kingdom).
In the first case, monochromatized neutrons with a wavelength spread
AA/A £ 0.2 were used. A 2-D 128 X 128 array scintillation detector at
three different wavelength (W)/collimation (C)/sample-to-detector
(D) distances (W-4CgmDam W74CgmDgm and Wg4Cg.D5.11) was used.
These configurations allowed collection of scattering cross sections in
an interval of scattering vector modulus g = 47/ sin(0/2) between
0.002 and 0.17 A", where 0 is the scattering angle. Detector efficiency
corrections and transformation to absolute scattering cross sections
dX/dQ were made with a secondarz plexiglass standard, according to
the procedure described elsewhere.”’

At the ISIS facility, pulsed neutron source SANS2D used neutrons
of wavelengths between 2 and 14 A detected by a time-of-flight
analysis on a 98 cm? 2-D detector placed at 8 m from the sample, and
the detector was offset sideways by 0.22 m and vertically by 0.15 m
giving a g range of 0.003 to 0.33 A™'. Raw data were corrected for
wavelength-dependent sample transmissions, incident spectrum, and
detector efficiency and then transformed in absolute scattering cross-
section dX/dQ by comparison with scattering from a partially
deuterated polystyrene standard.

Experimental Procedure for DLS and SANS Experiments. For
DLS investigations, the oxidative process of DHI (at 0.1 mM
concentration) was carried out in 0.1 M phosphate buffer (pH 7.0)
under two different conditions: (1) with peroxidase/H,0, and (2) by
using dissolved O, as oxidant, in the presence of tyrosinase as enzyme.
In both cases, systems were studied both in the absence and in the
presence of PVA at various concentrations. To stop the oxidation and
obtain a snapshot of the system, some selected systems were analyzed
by adding, at suitable elapsed times, 100 equiv of sodium dithionite as
polymer growth inhibitor.

More concentrated DHI samples (2.0 mM) with tyrosinase/O,
were analyzed in SANS experiments, both in the absence and in the
presence of PVA at various concentrations.

B RESULTS AND DISCUSSION

Although previous studies used scattering techniques to address
the origin of eumelanin polymers in terms of fundamental
aggregates and their supramolecular organization,'® in most
instances, the approach was based on the analysis of preformed
polymers prepared under different and often incomparable
conditions. Use of tyrosine or DOPA as the substrates, in
particular, may lead to relatively heterogeneous materials with
variable unit composition. Oxidation of these early biogenetic
precursors proceeds via a notoriously complex polymerization
pathway that involves an interplay of strictly interrelated steps
profoundly susceptible to changes in the experimental
conditions, whereby the process of particle growth can follow
several different competing routes yet. As a result, the relative
ratios of DHI building blocks and other monomer units that
concur to polymer formation may change significantly, with a
consequent increase in structural complexity and poor
reproducibility.

The present study was conceived with a view of dissecting
those crucial steps of eumelanin buildup that specifically relate
to the oxidative polymerization of DHI, one of the key ultimate
monomer precursors along with the 2-carboxylic acid. Use of
the indole building block in the place of the early biogenetic
precursors offered several important advantages, including
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Figure 1. Hydrodynamic radii R, (A) and absorbances measured at 530 nm (O) for the oxidative process of DHI with peroxidase/H,0, in
phosphate buffer in the absence (on the left) and in the presence (on the right) of 0.1 wt % PVA. R, values obtained for the oxidative process of DHI
with in the presence of 100 equiv sodium dithionite are also reported (A, on the left side).

(a)

1400 160 ®
1200 140 - LY
-
] P
1000 120 4 -y -
| ]
. 800 | 100 -
c | £ Iy A_é_%‘t
< £ |'AA e
o= 800 ] & 80 g,% :‘xf‘
|
400 I 60 4
l%
~
200 /-4 40 4
18 -
IQ.
0 T T T T T 20 T T T T T T 1

Elapsed Time / h

2 3
Elapsed Time /h

Figure 2. Hydrodynamic radii obtained by means of DLS technique for the oxidative process of DHI with tyrosinase in phosphate buffer in the
absence (a) and in the presence (b) of 0.01 (H), 0.05 (A), and 0.1 wt % (O) of PVA.

circumvention of competing pathways preceding the branching
point of dopachrome rearrangement®® (Scheme 1) and
chemically more homogeneous reaction mixtures, consisting
exclusively of indole-based oligomers. When carried out under
typical biomimetic conditions, for example, in phosphate buffer
at pH 74 in the presence of HRP/H,0, or tyrosinase,
oxidation of DHI results in the rapid development of a dark
coloration, followed by precipitation of black eumelanin-like
polymers. Whereas use of these oxidants is commonly reported
for polymerization studies, selection of reaction conditions was
not straightforward and was adapted to the specific
experimental requirements of the various analytical techniques.
For example, the development of dark colored species during
DHI polymerization critically affected DLS measurements due
to the decrease in incident light intensity by absorption.
Accordingly, in all DLS experiments (see below), DHI
oxidation was investigated at a substrate concentration of 0.1
mM, under which conditions absorption effects were not
critical and reaction rates were suitable for obtaining “snap-
shots” of the system.

Dynamic Light Scattering. Figure 1 shows the time
evolution of the hydrodynamic radius (R;) of DHI oxidation
products upon the addition of peroxidase/H,0O, in the absence
(panel a) and in the presence (panel b) of 0.1 wt % PVA as a
polymer solubilizing agent.
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In the absence of PVA, soon after the addition of the
oxidizing system, for example, at 1 min reaction time, the Ry
value was ~300 nm, growing steadily up to ~1200—1300 nm
after 1 h and reaching ~1500 nm after 2 h. In this latter time
range, the formation of small black particles was detected.
Therefore, these Ry values represent the maximum apparent
size attainable by the growing polymer before precipitation.
The addition of sodium dithionite to the oxidation mixture
markedly slowed down the particle growth process, without
modifying the size aggregates, as can be observed in Figure la.
A plot of the absorbance at 530 nm with time showed the
generation, already at 1 min, of an intense visible chromophore
that remained stable as a plateau before decreasing after ~1 h
due to incoming precipitation.

In the presence of 0.1 wt % PVA, a marked inhibition on
eumelanin polymer growth was noted (Figure 1b), leading to a
R, value of only 110 nm after 1 h of reaction time, without
apparent precipitation. Interestingly, absorbance determination
at 530 nm with time revealed again the immediate development
of a visible chromophore, which, however, was less intense and
did not level off, as in panel a, but increased smoothly by an
additional 40% plateauing not earlier than ~1 h. Comparative
analysis of these data would suggest that PVA entraps the
growing polymer particles and prevents them from further

dx.doi.org/10.1021/bm3006159 | Biomacromolecules 2012, 13, 2379-2390
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Figure 3. Hydrodynamic radius distribution functions measured at 90° for various elapsed times for the oxidative process of DHI with tyrosinase in
phosphate buffer in the absence (a) and in the presence (b) of 0.5 wt % PVA.

increase, probably by posing physical constraints to covalent
bonding or aggregation.

In another series of experiments, the oxidation of DHI was
carried out as above but in the presence of tyrosinase, under
which conditions the oxidative polymerization proceeded at
slower pace. Data in Figure 2 (panel a) indicated again a
maximum Ry value of ~1200 nm before detectable polymer
precipitation, which occurred not earlier than 3 h of reaction
time.

It is interesting to note a substantial difference existing
among the assembly mechanism occurring in DHI solutions at
physiological values and the one found by Huang that involves
two different regimes.'” In the present case, according also to
the simple kinetic model developed, only a RLA regime is
observed, in which the molecular reactivity slows down as long
the polymeric adduct progressively increases.

In the presence of 0.1 wt % PVA, the Ry, value increased from
an initial value of ~30 to ~100 nm over 5 h (Figure 2b). Small
aggregates were detected at the very beginning of the reaction
due to the slower reaction rate with respect to the peroxidase/
H,0, conditions.

The effects of varying PVA concentration (0.01 to 0.5 wt %)
on the tyrosinase-promoted polymerization were next inves-
tigated (Figure 2, panel b). Complete inhibition of polymer
growth was observed even at the lowest additive concentration.
Increasing PVA concentrations resulted in slower kinetics of
polymer growth with a decrease in the hydrodynamic radius of
the aggregates by at least one order of magnitude with respect
to the normal process in the absence of PVA. However, it is to
note that above PVA 0.05 wt % no differences were detected in
the DHI kinetic growth.

In all DLS experiments, only a single R, distribution was
detected in PVA-free systems. (The aggregate distribution is
monomodal, as can be observed in Figure 3a.) In the presence
of PVA, two aggregate populations are detected, the first
corresponding to the PVA presence (R, & 5 to 6 nm) and the
second distribution attributable to the eumelanin aggregates
(Figure 3b). The invariant value of the hydrodynamic radius as
well as its size distribution suggests that PVA does not interact
significantly with DHI-derived growing polymer.

The lack of detectable species of intermediate molecular size
throughout the entire polymerization process and the finding
that most of the hydrodynamic radius values fall within 30% of
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the mean Ry value are both consistent with a relatively regular
polymer growth mechanism involving sequential coupling
processes of the monomer—polymer type rather than
oligomer—polymer or polymer—polymer couplings.

A question then arose of what model could fit the above data
in the advanced stages of the process, when most of the starting
monomer is consumed. To address this issue, the oxidative
polymerization of a dimer of DHI, namely, the 2,7’-biindole,
was investigated to assess whether the kinetics and overall
features of the polymerization process, including Ry, distribution
with growing polymer, matched those observed during
monomer oxidation. The results reported in Figure 4 indicated
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Figure 4. Hydrodynamic radii obtained by means of DLS technique
for the oxidative process of 2,7’-biindole with tyrosinase in phosphate
buffer.

that monomer and dimer polymerization proceed with quite
similar features, suggesting similar oxidative coupling mecha-
nisms. It is, however, apparent that the scattering technique
cannot distinguish between the monomer and dimers or,
possibly, low-molecular-weight oligomers, so, in principle, all of
the initially formed low-molecular-weight species, within a low
mass limit, can take part in the polymerization. On this basis, it
appears that the process involves initially the addition of
monomer units to the growing polymer but in the subsequent
stages, when monomer levels decrease, the lower oligomers, for
example, dimers, trimers, and so on, sustain polymer growth.

dx.doi.org/10.1021/bm3006159 | Biomacromolecules 2012, 13, 2379-2390
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Small-Angle Neutron Scattering. Whereas DLS data
provided insight into the size distribution profile of the growing
oligomers and the effects of PVA, information about the
morphology and the structural parameters of the growing DHI
polymer was sought using SANS (Figure S). Measurements in
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Figure S. Scattering cross sections obtained for DHI with tyrosinase
2.0 mM in phosphate buffer at pH 7.4 in the absence (O) and in the
presence of PVA at 0.5 (#), 1.0 (A), and 1.5 wt % (H). The
measurements in the presence of PVA have been performed in a D,O/
H,0 mixture such to mask the PVA scattering, as described in the text.
PVA-free system has been analyzed in D,O. Solid lines represent the
fitting curves obtained from the application of the model described in
the text. To allow for a better visualization, scattering cross sections
have been multiplied for a scale factor, as indicated.

the absence of PVA were performed in a deuterated phosphate
buffer to minimize the incoherent scattering contribution to the
total cross section. In the presence of PVA polymer, a suitable
H,0/D,0 mixture (%0 = 0.816 and xp = 0.184 molar

fractions) was used to mask scattering arising from polymer and
selectively analyze DHI aggregates.®® In all cases, DHI substrate
concentration was increased with respect to the DLS
experiments to allow for reliable acquisition of data under the
specific instrumental conditions due to the lower sensitivity of
SANS with respect to DLS.

PVA-free system was analyzed just after 20 min from the
system preparation, that is, after the addition of tyrosinase,
whereas systems containing PVA were analyzed after 24 h, to
ensure that the oxidation process was complete. We note that
due to the rapid time evolution occurring in the absence of
PVA measurement duration was ~15 min long, hence well
before precipitation phenomenon. Inspection of Figure 5
indicated a power law of —2 for the decay of the scattering
cross section dX/d€2 vs the scattering vector modulus, g, which
is consistent with large 2-D structures, such as bilayers or discs.
Inspection of the scattering intensity profile did not reveal any
peak or shoulder in the intermediate q range (0.02 to 0.04 A™")
that would suggest the presence of detectable small aggregates.
This observation is in agreement with the DLS results and
concurs to rule out the absence of small oligomers (<10 nm)
during the reaction progress. Omitting or varying PVA
percentage from 0.5 to 1.5 wt % did not cause any significant
change in the essential characteristics of the polymer
intermediates.

More detailed interpretations were obtained using the length
Schulz polydisperse disk model.** If r and d represent the disk
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radius and thickness, then for such a model scattering cross
sections dX/d€ can be written as

d

d_g = kfomf(d)P(q; ry d) dr + (j_szz)

incoh

where f(d) is the normalized Schulz distribution function of the

thickness
Z+1
) )

P(qr,d) is the normalized form factor of a disk and k represents
a proportionality factor depending on the disk particle density
and scattering contrast. Finally, (dX/dQ),,.; is the incoherent
contribution to the total scattering cross sections, mainly due to
the presence of hydrogenated molecules. In the Schulz
distribution function, d represents the average disk thickness,
whereas Z is a parameter that takes into account the
polydispersity index iy = 1/(Z + 1).

Indeed, the randomly oriented planar sheet model*' and the
monodisperse disk model** were also examined, but the
polydisperse length disk model allowed having better results in
terms of y* parameter, as reported in Figure Sl of the
Supporting Information, except for the PVA-free system, where
the disk length polydispersity has been observed to be
negligible if compared with systems containing PVA.

From the model, the disk thickness d was obtained, along
with its polydispersity i; as detailed in Table S1 of the
Supporting Information. It is worthy to note that the lack of
Guinier regime for all the measurements did not allow getting
the disk radius, whose estimation would require data in the
USANS domain.

Disc thickness d estimated through the fitting was ranged
from (S5 = 2) nm for the system PVA-free to (21 + 2) nm in
the presence of PVA 1.5 wt %. At 1.0 wt % of this polymer, an
intermediate value of (33 + 1) nm was obtained. The

V4
X

€
rz+1) ¢

Z+1

d

o (2

calculated values determine the maximum g, where the g
power law dependence still occurs, that is, ge, = 27/d.*°

The thickness values found would suggest a spatial
disposition in which planar oligomer structures interact to
form typical more-or-less regular 7 stacks (Figure 6). Assuming
typical spacing in the order of 3.4 A, it can be deduced that each
aggregate would contain many tenths of planar oligomer
structures.

Reduction of transversal thickness d observed with the
increasing of PVA content is coupled to a decrease in

Figure 6. Schematic representation of the fundamental aggregate as
inferred from SANS data.
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polydispersity of this parameter: this confirms that PVA does
not directly interact with polymer growth, but its role seems
limited to the creation of a cage thwarting DHI adduct growth,
at least along the two main dimensions. In other words, it acts
through an excluded volume effect'> by confining the
polymer growth in a restricted region. Indeed, such behavior
has already been observed in PVA-containing systems in the
presence of micelle aggregates. There, the micellar structure
was not influenced by the presence of PVA; only a marked
decrease in aggregate diffusivity was detected.”
DHI-Eumelanin Interactions. The results of the above
experiments concurred to support a polymerization model in
which monomer and low-molecular-weight units are rapidly
consumed by coupling to the larger growing entities. Although
these steps are oxidative in character, it seemed of interest to
assess whether adsorption mechanisms independent of
solution-phase oxidative coupling play any role in particle
buildup during the later stages after precipitation has initiated.
To this aim, subsequent experiments were directed to
determine whether DHI can interact with the eumelanin
polymer in the absence of added oxidants and whether this
interaction is reversible. When a DHI eumelanin, obtained as
previously reported,®® was finely suspended into a freshly
prepared solution of DHI at 2 mM concentration in phosphate
buffer pH 7.4, a relatively rapid drop in indole concentration
occurred, as determined by HPLC analysis of the supernatant
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following periodical centrifugation of aliquots of the mixture to
remove the suspended solid (Figure 7). These data are the first
to demonstrate that eumelanin monomer precursors can be
efficiently adsorbed onto the solid polymer in the absence of
external oxidants.

Repetition of the same procedure using the finely suspended
polymer recovered from the mixture gave similar results, which
were confirmed at least after three cycles of adsorption
recovery, suggesting that iterating monomer adsorption does
not affect the binding ability of the synthetic eumelanin.
Interestingly, a significant decrease in the extent of DHI
adsorption was noted under an argon atmosphere or
pretreating the DHI eumelanin with sodium dithionite as
reducing agent, suggesting that oxidation processes on the
surface of the eumelanin particles play a role. When a
eumelanin sample recovered after repeated exposures to DHI
was stirred in MeOH for at least 10 min, HPLC analysis of the
filtrate indicated that only a small amount of DHI, not
exceeding 10% of the initial concentration, could be released in
the medium. Slightly higher DHI levels were released from the
samples obtained under an argon atmosphere or following
reductive treatment with sodium dithionite.

To determine whether redox processes are involved in DHI
binding to eumelanin polymer, the interactions of catechol-
protected DHI derivatives, namely, S,6-diacetoxyindole (DAI)

dx.doi.org/10.1021/bm3006159 | Biomacromolecules 2012, 13, 2379-2390
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Scheme 3. Summarizing View of the Proposed Mechanism of Polymerization of DHI and Aggregation
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and $,6-dimethoxyindole (DMI), with DHI eumelanin were
next investigated (Figure 8).

Interestingly, a rapid decay of DMI was observed after 10
min in the presence of suspended eumelanin, indicating that
oxidation processes at the susceptible catechol moiety are not
primarily responsible for monomer—polymer interactions. A
slower rate of decay was determined in the case of DAL
Detectable monomer release (20%) by treatment with EtOAc
was noted only in the case of DAI, whereas DMI was
completely retained by the polymer. It is possible that the
higher affinity of DMI for the eumelanin polymer depends on
the higher electron density imparted to the indole ring by the
methoxy, relative to the acetoxy groups, but this remains
speculative at present.

Overall, these preliminary results disclose the ability of
synthetic DHI eumelanin to bind indole monomers tightly, a
property that seems to have escaped the attention of previous
workers. The process can be accounted for in terms of an
efficient adsorption phenomenon that is partially reversible and
that may be further driven to completion by the oxidizing
properties of the polymer surface and the availability of oxygen.
It is likely that under these latter conditions oxidation reactions
on the particle surface lead to covalent coupling with exposed
polymer endings and reactive sites of the aggregate. Clearly,
further work is required to obtain more in-depth information
on the DHI—eumelanin interaction and, particularly, to
determine to what extent such adsorption phenomena take
place also on the growing particles on the nanoscale prior to
precipitation.

Improved Mechanistic Model for Polymer Growth
and Particle Assembly. Altogether, the results reported
above are compatible with a kinetic model of DHI polymer-
ization based initially on sequential interactions between the
monomer/low oligomers and the growing aggregates. During
the very early stages, that is, until the monomer concentration
is high, eq 5 would dominate the kinetics of polymer growth

P +DHI - P, (%)

with n varying throughout the entire polymerization range.
Gradually, as dimers, trimers, and low oligomers are formed,
the growth process can be described by a more general

equation of the type

where DHI,« is an ensemble of low-molecular-weight
oligomers contributing to polymer growth. (Formally, we
would have been able to indicate them as P,,«.) The accurate
evaluation of the whole distribution of m* value is difficult, but
the upper value is clearly set by the instrumental detection
limits and is reasonably predicted to be low, for example, <S.

In the assumption that each step occurs with the same kinetic
constant k, no matter of the species involved and in the absence
of significant PVA—DHI interactions,*" it is possible to derive
an equation correlating the diffusion coefficient D to the kinetic
characteristics of the process. The equation can be obtained
considering momenta of the polymer size distribution
according to an analysis reported elsewhere**

Dp(m*N, — ¢) exp(—kN,t) + Da{i[(m*Na — ¢) exp(—kN;t) + I+ (m*N, — c)(exp(—kNjt) — 1)}

(D) =

where ¢ is the stoichiometric monomer concentration, Dpy; and
D, are the diffusion coefficients of DHI unimer and the final
adduct, whereas N, represents the molar concentration of
polymer adducts.
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(m*N, — c) exp(—kN;t) + {NL[(m*Na — ¢) exp(=kNt) + c]* + (m*N, — c)(exp(—kN,t) — 1)}

(7)

On the basis of the above data, an improved model for the
mechanism of polymerization of DHI is proposed (Scheme 3).
In this model, oligomer chains grow rapidly triggering fast
and efficient aggregation processes. These result in the
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formation of sheet-like aggregates up to a critical size limit. The
relatively uniform R, distribution suggests that aggregation
occurs throughout the entire polymerization process, although
it appears that the monomer and the dimers as well as the
smaller oligomers, are the main species that sustain polymer
growth.

Figure 9 shows the plots obtained through the fitting of eq 7
to the experimental data, and the fitting parameters are
presented in Table S2 of the Supporting Information.
Inspection of the Table suggests that small oligomers (with
m* =~ 4), formed in the early stages of the DHI oxidation
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Figure 9. Diffusion coefficients measured by DLS experiments at 25
°C for DHI polymer growth in the presence of PVA at (a) 0.01, (b)
0.05, and (c) 0.1 wt %. DHI stoichiometric concentration was set to
0.1 mM.
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process are the “seeds” from which the polymer growth
originates.

A comparison of the present model with those of the
previous studies on synthetic eumelanins discloses interesting
aspects of synthetic relevance. As previously mentioned, in the
early studies,'”'® measurements of the polymerization kinetics
of self-oxidative and enzymatically prepared DOPA eumelanins
samples showed different behaviors in the time evolution of the
average dimensions of the granules that reflected different
kinetic regimes with experimental conditions. Apparently, this
was not the case with DHI polymerization. It is possible that
this difference reflects the diverse chemical properties of DOPA
and DHI oxidation products, whereby the lower solubility and
early onset of precipitation in the case of DHI oligomers would
favor a single regime, namely, that called RLA regime, dictated
by the pro%ressively reduced reactivity of the large polymeric
adducts."”!

It should be emphasized, in this regard, that the kinetic
model does not take into account whether polymer growth
occurs by covalent bonding or whether adsorption and
aggregation phenomena also play a role on the nanoscale
because no data are available to support or rule out either of the
two possibilities. Most likely, noncovalent aggregation
processes are responsible for the large particles preceding
precipitation in the absence of PVA, but detailed information is
not yet available regarding the molecular weight limits of
oligomer/polymer chains in DHI eumelanin. On the basis of
previous mass spectrometric data of DHI polymers, ruling out
very high-molecular-weight species,”’lz’1 27294748 it can be
speculated that growing oligomer/polymer chains rapidly
aggregate to form small entities that then gradually increase
in a relatively homogeneous fashion to form larger structures up
to an apparent radius of ~1200 nm. These structures exist as
apparently 2-D assemblies resembling graphene-like sheets or
discs, reflecting preferentially edge-to-edge arrangements as in
brickwork-type J-aggregates rather than parallel interactions as
in 7-stacked battery-like aggregates. In the presence of PVA, the
initially formed aggregates would be physically entrapped
within the entangling network of the hydrophilic polymer
chains, thus being hindered from aggregation beyond a
threshold size limit corresponding to R; values of ~120 nm.
This value is roughly comparable to the mesh size (~1000 nm)
of the poor polymer phase present in PVA network formed
through freeze/thaw process, suggesting a physical control over
eumelanin particle growth. As a result, fine eumelanin
aggregates of relatively uniform size are produced in the
presence of PVA.>**

The visible absorption versus Ry, profiles with time observed
in the presence and in the absence of PVA (Figure 1) provide
further insight into the origin and characteristics of eumelanin
black chromophore. In the absence of PVA, absorbance at 530
nm attains its maximum value soon after DHI oxidation has
started, indicating that visible chromophore development from
the colorless DHI substrate occurs during the very early
oxidation steps’’ and does not proceed further despite
continuing oligomer chain growth and aggregation. It is
noted from Figure 1la that visible absorbance intensity plateaus
when the particle hydrodynamic radius is still relatively small, in
the range of 250—300 nm. The latter values would therefore
indicate the apparent size of the “minimal eumelanin unit”, that
is, the minimal particle size necessary to generate light-
absorbing properties equivalent to those of a typical eumelanin-
type polymer and beyond which no significant absorbance

dx.doi.org/10.1021/bm3006159 | Biomacromolecules 2012, 13, 2379-2390



Biomacromolecules

increase occurs. In the presence of PVA, particle growth is
severely constrained by the added polymer, which appears to
efficiently hinder both oligomer chain elongation and
aggregation processes. The main detectable consequence is a
slower rate of visible chromophore plateauing associated with a
lower absorbance value. It can be concluded that visible
chromophore development in the presence of PVA follows a
dual kinetic profile. Initially, a very fast process occurs,
corresponding to DHI oxidation and formation of small
colored quinonoid species (it should be noted here that even
dimers are dark blue in color when oxidized),*" followed by a
much slower one, in which visible absorption intensity increases
modestly with increasing Ry. The early rapid increase in visible
absorbance would thus denote the very fast generation of the
oxidized low-molecular-weight population(s) responsible for
visible light absorption. The slow process that then ensues
would reflect two main factors: (a) the continuing increase in
the population of the early low-molecular-weight chromo-
phores as slowed down by the gradual monomer consumption,
(b) the effect of growing oligomer chains on 7z-electron
delocalization, and especially (c) intermolecular chromophore
perturbation secondary to aggregation effects.>* These latter
effects, however, are not so pronounced as in the absence of
PVA due to the hindering and tangling effect of added polymer.
Overall, these observations are in line with the recently
proposed chromophoric dynamic disorder model** and
corroborate the view that eumelanin black chromophore
reflects both an intrinsic component, due to the absorption
properties of individual molecular constituents, and an extrinsic
dynamic component, which refers to intermolecular inter-
actions broadening intrinsic absorption bands and increasing
visible light extinction.

The technological prospects of this size-controlling effect of
PVA are manifold and would deserve further attention. The
new information derived from this study would be most useful
for the design of eumelanin-based nanostructured materials for
technological applications. Further work is needed to identify
the chemical structures of the molecular building blocks and
thereby develop an understanding of the forces that govern the
formation of the observed structures.

Finally, the demonstration in the present study that
monomer units in solution can be strongly adsorbed by the
solid eumelanin particles and that the adsorption, although
partially dependent on the redox state of the polymer surface
and the presence of oxygen, is largely irreversible opens new
scenarios in the mechanisms of polymerization and aggregate
formation. This phenomenon might entail hitherto unrecog-
nized surface polymerization processes independent of external
oxidants, which would impart a “living polymer”-like behavior
to eumelanins, accounting for the generation of multilayered
supramolecular aggregates once the solution phase polymer-
ization processes preceding precipitation have been com-
pleted.'® In line with the conclusions from the previous
study,'® it can be hypothesized that the direction of growth of
the particles in DHI eumelanin is casual, as the granules are
obtained by the addition of small units.

It is difficult at present to assess to what extent the results of
this model study are relevant to the process of eumelanin
synthesis in vivo. The organelle nature of melanosomes and the
role of melanosomal proteins like Pmel 17 are critical in this
regard.* Morphological investigations indicated that the
molecular constituents of melanosome surface have a maximum
spatial scale of ~10 nm and are held together by noncovalent
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bonds. The presence of ~30 nm substructures in melanosomes
from various sources was also established.>® On this basis, it was
argued that there is a hierarchy in the aggregation process in
vivo, involving the generation of small fundamental aggregates
that subsequently assemble into larger species via edge-to-edge
or stacking interactions.”'* On the basis of the present data, it
can be concluded that such aggregation processes are of general
relevance to eumelanin architecture and physicochemical
properties both in vitro and in vivo.

B CONCLUSIONS

Currently, there is no satisfactory theory describing the
oligomer growth mechanisms and factors affecting aggregate
assembly during DHI polymerization. In this Article, we have
reported the first insight into this intriguing issue through a
detailed analysis of the biomimetic process by two comple-
mentary scattering techniques. Several important results have
been disclosed herein, which can be summarized as follows: (a)
DHI polymers grow mainly via monomer—polymer or low
oligomer—polymer coupling steps, rather than by large
oligomer-oligomer interactions; (b) particle size increases
steadily during polymerization with a very limited Ry
dispersion; (c) the maximum apparent size attainable by
aggregates before precipitation is ca. 1200 nm; (d) visible
chromophore development reflects a dual component, an
intrinsic one, and an extrinsic dynamic one, which account
overall for the apparent lack of linear correlation with increasing
particle size throughout the entire DHI polymerization process;
(e) the fundamental aggregates look like 2-D planar sheets ~55
nm thick; and (f) DHI and related indole derivatives are
strongly adsorbed onto DHI eumelanin suspensions even on
repeated additions, suggesting a new concept of eumelanins as a
peculiar case of living polymer.

Although the chemistry emerging from this study is an
oversimplification of the actual complexity of the eumelanin
assembly process in vivo, it provides new mechanistic
paradigms of general relevance to the processes of polyphenol
synthesis and opens the doorway to a more in-depth
understanding of the structure—property—function relation-
ships underpinning eumelanin biological roles and exploitation
for practical applications. Another important outcome of this
study is the potential of PVA for a solution chemistry approach
to eumelanin growth and supramolecular organization. Used as
an additive to the oxidation medium, PVA allows disentangling
the overlapping effects of polymer chain growth, aggregate
assembly, and visible chromophore development on pristine
DHI-derived species without making recourse to functionaliza-
tion. Considerable opportunities are anticipated by the
development of PVA-based protocols as a strategy to control
polymer size and aggregation for the engineering of tailored
eumelanin-inspired functional materials.
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