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Introduction

Melanins are complex biopolymers that are widely distribut-
ed in living organisms. The most widespread, eumelanin,
comprises molecular species derived from the coupling of
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-car-
boxylic acid (DHICA) monomers, which aggregate and
form granules.[1] The secondary structure of melanins is still
under debate. However, compelling evidence suggests that
melanin is formed by small nanometer-sized particles that
aggregate to form hierarchical structures.[2]

Melanin exhibits interesting properties such as photoactiv-
ity and semiconducting behavior, among others.[3] The elec-
trochemical activity of different kinds of melanin adsorbed
on electrode surfaces was also described in recent papers.[4]

Therefore, melanin is interesting from the point of view of
materials science. Melanin is able to trap large amounts of
cations such as Cu, Al, Zn, and Fe.[5] In the brain melanin is
commonly associated with iron.[6] Little is known about the
state of aggregation of iron in melanins.[7] X-ray absorption
fine-structure and infrared spectroscopic studies suggested
that iron in neuromelanin is bonded to oxygen from phenol-
ic groups in an octahedral configuration.[7]

It has been reported that the melanin–redox-active-metal
systems have peroxidase activity, which promotes the forma-
tion of reactive oxygen species.[8] Structural changes in mela-
nin nanoparticles during peroxide bleaching have also been
reported.[9] Lipid peroxidation in the substancia nigra region
of the brain has been related to Parkinson7s disease.[10] Thus,
the evaluation of the peroxidase activity of the Fe–melanin
system is important for the understanding of pathogenesis in
Parkinson7s disease.
Hydrogen peroxide is produced under a variety of circum-

stances. Activated lymphocytes release hydrogen peroxide
as part of an oxidative burst as a means to kill bacteria.[11]

Several enzymatic reactions produce H2O2 as a byproduct,
while other reactions consume the molecule. The rate of mi-
tochondrial H2O2 release was found to be associated with
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life expectancy or the physiological age of organisms rather
than the chronological age.[12] In this context there is also in-
terest to develop biosensors to detect and to quantify the
amount of hydrogen peroxide in living organisms.
Electrocatalytic properties of Fe-containing organic mole-

cules have also attracted considerable interest in recent
years. In particular, FeIII–porphyrins play a crucial role in bi-
ological functions such as electron transfer, oxygen trans-
port, and catalyzing oxygen incorporation into other mole-
cules. In these materials, the catalytic properties are related
to the presence of FeIII bound in octahedral configurations.
Fe–porphyrins on gold have been characterized at the mo-
lecular level. Their electrochemical and electrocatalytic
properties in relation to oxygen and hydrogen peroxide elec-
troreduction have been carefully investigated.[13] In contrast,
Fe-containing melanins, which could also be potentially im-
portant materials in electrocatalysis and bioelectrocatalysis,
remain understudied.
We have recently reported a novel method for the electro-

chemical self-assembly of melanin films on AuACHTUNGTRENNUNG(111) from
synthetic eumelanins.[14] Unlike other electrochemical meth-
ods that involve oxidation of monomers,[4] these films are
produced under cathodic polarization in a melanin-contain-
ing aqueous 0.1m NaOH solution. In this case, melanin self-
organizes under electrochemical potential control into a hi-
erarchical structure similar to those reported for different
kinds of natural melanin. Therefore, these films could act as
biomimetic systems that can be subjected to different types
of studies. In particular, those studies related to electro-
chemical properties could have a potential impact in areas
ranging from biology to nanotechnology.
In this work we explore the electrochemical and magnetic

properties of Fe-containing, nanostructured ultrathin mela-
nin films electrochemically self-assembled on AuACHTUNGTRENNUNG(111). We
found that inorganic–organic composites are formed during
the electrochemical self-assembly. Results show that the
films contain both Fe–melanin nanoparticles and Fe3O4
nanoparticles. This material exhibits magnetic properties
and catalyzes hydrogen peroxide electroreduction in neutral
and alkaline solutions. The electrocatalytic activity of the
films is related to the Fe ion coordinated to the cathecol
units in an octahedral configuration, as concluded by com-
parison with Fe-containing porphyrins polymerized on Au-
ACHTUNGTRENNUNG(111), which exhibit similar electrocatalytic activity. On the
other hand, the magnetic properties appear to be mainly re-
lated to the Fe3O4 nanoparticles trapped in the organic
matrix.

Experimental Section

Melanin films were grown by electrochemical self-assembly as described
in ref. [14]. Briefly, this procedure consists of the immersion of a prefer-
entially oriented AuACHTUNGTRENNUNG(111) substrate (Arrandee TM 45 Berliner Glass KG,
Germany) in a synthetic melanin-containing aqueous 0.1m NaOH solu-
tion (0.3 and 0.03 gL�1, melanin from Sigma, M8631). For the more con-
centrated solution 0.28 ppm of Fe was determined by atomic absorption
spectroscopy. The Au electrodes were polarized in a conventional three-

electrode electrochemical cell for a time ta at �1.0 V (saturated calomel
electrode, SCE) in the working solution to grow melanin films.[14] The
melanin-covered Au electrodes were then removed from the cell, careful-
ly cleaned with MilliQ water, and dried under argon before characteriza-
tion.

The surface composition of the films was studied by using Auger electron
spectroscopy (AES). The Auger spectra were taken in the derivative
mode (dN/dE) with a single-pass cylindrical mirror analyzer (CMA,
Physical Electronics 10-155) using a 4 eV peak-to-peak modulation am-
plitude and a 15 eVs�1 scanning rate, and exciting the sample with 3 keV
electrons (10 mAcm�2).

X-ray absorption near-edge structure spectroscopy (XANES) was also
used to characterize the sample. The X-ray absorption spectra were
measured at the XANES beamline of the LNLS, Laboratorio Nacional
do Luz S?ncrotron, Campinas, Sao Paulo, Brazil. XANES spectra at the
Fe K-edge (7112 eV) for a pure melanin sample was recorded in air at
room temperature in transmission mode with three ion chambers as de-
tectors: one before the sample to measure the incident X-ray intensity
(I0), one after the sample and before the corresponding reference metal
foil to measure the intensity after the sample (I1), and one after the
metal foil (I2). The sample and the metal foil spectra were expressed as
log ACHTUNGTRENNUNG(I0/I1) and log ACHTUNGTRENNUNG(I1/I2), respectively. The corresponding spectrum from
the metal foil was used to calibrate the absolute energy scale for the cor-
responding sample spectrum by positioning the absorption edge at the
first inflection point. Monochromators on the beamlines were equipped
with Si ACHTUNGTRENNUNG(111) crystals. The 0.3 mm vertical aperture of the beam definition
slit in the hutch provided a resolution of about 2.5 eV at the Fe K-edge.
X-ray absorption data for melanin supported on Au ACHTUNGTRENNUNG(111) was obtained
by using the total electron yield (TEY) mode. The sample was mounted
in a chamber with kapton windows filled with He at atmospheric pres-
sure. The current signal for the energy of each incident photon was ob-
tained by using a positively biased collector under the ionized He atmos-
phere.

Data reduction : X-ray absorption data were analyzed by using standard
procedures.[15] A linear background was fit to the pre-edge region and
then subtracted from the entire spectrum, and the jump of the spectrum
was normalized to unity with the post-edge asymptotic value. To obtain
the mean oxidation state of the metal in each sample, the edge shift rela-
tive to the metal reference compound was determined following the
method proposed by Capehart et al.[15a] This method is based on the inte-
gration of the normalized absorption spectra for an interval extending
from well below the edge up to the first value of energy for which the
normalized absorption of the reference is equal to one (ER). Thus, the in-
tegrated absorption of the sample is obtained by integrating up to the
energy ES, with ES having such a value that the integrated area of the
sample and reference absorption are equal (the white line contribution to
the normalized absorption area was eliminated by taking 80% of the in-
tegrated absorption area of the reference). Therefore, the edge shift in
the XANES spectrum is given by DE=ES�ER. This method is independ-
ent of the fine structure, namely, the occurrence of certain peaks or
shoulders in the raising edge, contrary to what happens with the simple
determination of the inflection points. The position of the edge is related
to the oxidation state of the elements in such a way that the edge energy
shifts vary monotonically with the valence of the metal atom.[15b] In a set
of chemically similar compounds, a linear relationship has been shown to
exist between the energy shift and the oxidation state.[15c] This is true in a
model in which the energy shift of the core level is mainly due to Cou-
lombic effects.[15d] Therefore, we performed a linear fit of the oxidation
state as a function of the energy shift of different standard bulk oxide
compounds corresponding to the same element. These fits were used to
find the mean oxidation state for Fe species bonded to oxygen in the
melanin samples from the edge energy shift determined by using Cape-
hart7s method.

Film structures were determined by scanning tunneling microscopy
(STM) operating in the topographic mode at a bias voltage of �1–2 V,
tunneling current of �0.5 nA, and at scan rates of 0.5–1.5 Hz. PtIr tips
were used in these measurements. Magnetic force microscopy (MFM)
images (lift mode) taken at a scanning rate of 1 Hz with probes coated
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with magnetic CoCr film were used at a drive frequency of 61 kHz. A lift
height of 50–100 nm was used to prevent any topographic effect. Probes
and samples were magnetized by using an external 0.3 tesla magnetic
field.

Electrochemical characterization was performed in NaOH (0.1m) or in
phosphate buffer pH 7.0 (Na2HPO4, KH2PO4), with and without H2O2
addition. Electrolyte solutions were prepared with analytical grade chem-
icals and bubbled with purified nitrogen for 2 h before the electrochemi-
cal investigations.

The electrochemical behavior of the biopolymer-covered Au ACHTUNGTRENNUNG(111) was
compared with those exhibited by polymeric films of Fe–tetra-3-amino-
phenylporphyrin (FeIII–TAPP) and TAPP on AuACHTUNGTRENNUNG(111). Thin films of
TAPP and TAPP–(FeIII chloride) (MidCentury Co) were prepared by
electropolymerization.[16] The electropolymerization was carried out by
means of consecutive potential cycles at 0.2 Vs�1 between �1.6 and 1.5 V
in a N,N’-dimethylformamide (DMF)+ tetrabutylammonium perchlorate
solution (0.1m) containing either 0.1 mm TAPP–(FeIII chloride) or 0.1 mm

TAPP. TAPP and TAPP–(FeIII chloride) were used without further purifi-
cation. DMF (Fluka p.a.>99.5%) was treated with anhydrous Na2CO3
and then doubly distilled at reduced pressure under an argon atmos-
phere. Tetrabutylammonium perchlorate (Fluka, 99%) was recrystallized
from a 2:1 ethanol/water solution and dried at 60 8C under vacuum. The
electrolyte solutions were purged with argon and kept at room tempera-
ture for all the experiments. After the polymerization, the modified elec-
trodes were carefully rinsed with DMF and then with Milli-Q water.

Results and Discussion

AES characterization : A Typical AES spectrum for a mela-
nin film grown for ta=100 min on Au is shown in Figure 1a
(spectrum I). The N/C ratio was �0.15–0.18, similar to those
reported for different kinds of melanins.[17] The evolution of
the N/Au ratio with ta reflects the increase in the film thick-
ness (Figure 1b). In fact, for large ta values the Au signal dis-
appears, which indicates that the substrate is completely
covered by the organic film.
Spectrum I shown in Figure 1a also indicates the presence

of Fe in the Au-supported melanin film. In fact, Figure 1b
shows that both the N and Fe signals increase simultaneous-
ly with ta. For thicker films (ta=840 min) where the Au
signal does not interfere, the Fe MVV transition at 55 eV is
characteristic of oxygen-bound Fe (Figure 1a, spectrum
III).[18] The Fe/N ratio derived from the spectra of the mela-
nin film is �3, a figure that largely exceeds that expected
for Fe-bound melanin.[19] It has been reported that the maxi-
mum Fe/N ratio expected for melanin is close to 0.25. Figur-
e 1a (IV) shows the Auger spectrum of a melanin film on
Au evaporated from a methanolic solution. In this case the
Fe/N ratio is <1. These results strongly support the fact that
iron oxide species are deposited during the self-assembly
process. Further evidence for the presence of iron oxide was
obtained by acid treatment of the Au-supported melanin
films. In fact, after acid cleaning in 0.1m H2SO4 for 1 min
(Figure 1a, spectrum II) the Fe signals practically disappear
and the O signal is markedly reduced, while no significant
changes in the C and N signals are observed. This means
that iron oxide species were selectively dissolved in acids.
This is a clear indication that iron oxide species are also de-
posited during melanin film growth.

XANES characterization : In the present work, XANES
spectra were used as a fingerprint method to determine the
nature of the species located in solid melanin and Au-sup-
ported melanin films, and to rule out the presence of specif-
ic Fe environments and their oxidation states. In fact,
XANES can be used as a “fingerprint” technique if refer-
ence samples are employed for comparison. It allows the
identification of unknown species or atomic sites, even for
diluted systems. This is possible due to the nature of
XANES, which is sensitive to the electronic configuration of
the absorber atom and to the spatial arrangement of atoms
around it.[20] The near-edge structure in an absorption spec-
trum is loosely defined as the range between the threshold
energy and the point at which the extended X-ray absorp-
tion fine structure begins, and it typically extends 50–100 eV
above the X-ray absorption edge. Fe K-edge XANES spec-
troscopy has previously been successfully used to determine
the oxidation state of Fe in diluted Fe centers.[21]

Figure 2 shows the Fe K XANES spectra of melanin sam-
ples (solid melanin and Au-supported melanin films, E=
�1.0 V, ta=24 h, c=0.3 gL�1) and Fe oxide reference com-
pounds: FeO (Fe2+), Fe3O4 (Fe

2+ and Fe3+), and Fe2O3
(Fe3+). Figure 3 shows the average chemical shift of the ab-

Figure 1. a) AES spectra: I) for melanin films electrochemically grown
for ta=100 min, E=�1.0 V, c=0.3 gL�1. C, N, O, and Fe signals are indi-
cated; II) after acid cleaning in H2SO4 (0.1m) for 1 min; III) for a mela-
nin film electrochemically grown for ta=14 h, E=�1.0 V, c=0.3 gL�1;
IV) of an evaporated melanin film (methanolic solution) on Au. b) Plots
of the N/Au (*) and Fe/Au (*) signal ratios versus ta. (a.u.=arbitrary
units.)
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sorption Fe K-edge for all compounds shown in Figure 2. In
the following we refer to Fe oxidation states as “average”
oxidation states as our XANES experiments represent an
averaged value weighted by atomic (or site) abundance of
each type of Fe ion in each sample.
The higher the oxidation state of the metal, the more pos-

itive the overall charge of the atom, and more energy is re-
quired to excite an electron out of an orbital.[22] The first

formally allowed electric dipole transition is the 1s!4p
transition. Due to the size of the 4p orbital, it overlaps with
p orbitals of the ligands, either through p or s bonding. Con-
sequently, this transition is sensitive to the oxidation state
and the ligand environment of the metal. For certain sym-
metries around the metal, the formally electric-dipole-for-
bidden 1s!3d transition can be observed, which occurs at a
lower energy than the main edge transitions.[23] This transi-
tion gains intensity due to the mixing of metal 3d and 4p or-
bitals, and provides information about the ligand as well as
about the oxidation state and symmetry of the metal com-
plex.[24] This “orbital mixing” is favored in octahedral envi-
ronments, which can be easily distorted compared with
higher symmetric tetrahedral environments. The case of
Fe2+ and Fe3+ is a clear example of tetrahedral and octahe-
dral environments, respectively, and illustrate this concept
through the intensity of the peak at approximately 7114 eV
at the pre-edge absorption region.
Figure 2 clearly shows that the average Fe state in the Au-

supported melanin differs from the bulk one (spectra a and
b, respectively). In addition, similarities between the mela-
nin samples and reference compounds are observed. In
effect, the XANES spectrum of pure melanin exhibits simi-
lar general features and pre-peak characteristics to the
Fe2O3 spectrum (see spectra b and e, respectively). This type
of similarity is also observed between spectra corresponding
to Au-supported melanin and Fe3O4 (see spectra a and d, re-
spectively). In general, the matching between samples and
reference compounds is not complete because of the differ-
ent nature of the compounds: whereas Fe in melanin sam-
ples is highly diluted, reference compounds have concentrat-
ed Fe in crystalline systems. Moreover, unlike in pure Fe
oxides, Fe in the proposed structure for synthetic melanin is
an iron atom coordinated to two pairs of oxygen atoms that
are part of two quinone-like structures in melanin.[19,25]

The same trend is observed by simple inspection of the
energy shift of the Fe K-edge (Figure 2). Relative concentra-
tions of Fe2+ and Fe3+ can be obtained by measuring the
energy shift at the absorption edge. With this value (ob-
tained as it was indicated in the Experimental Section), the
relative concentration of Fe species in melanin films on Au-
ACHTUNGTRENNUNG(111) is estimated by considering the XANES spectra (spec-
tra a and b in Figure 2) as a linear superposition from only
two different absorbing Fe sites: Fe2+ in Fe3O4 and Fe

3+ in
melanin. The energy edge position, Fe2+/Fe3+ ratios and the
relative concentration estimated for Fe species is showed in
Table 1. As in the previous analysis of the Fe species, de-
rived from the qualitative inspection of the pre-peak and
the general features of the spectra, Fe in solid melanin is
more similar to Fe2O3 (hematite) than to any other iron
oxide, while the Fe environment in Au-supported melanin is
very close to that found in Fe3O4 (magnetite). Thus, the
main Fe species in Au-supported melanin is magnetite-like
ACHTUNGTRENNUNG(�80%) and other Fe species remaining in melanin are just
a minor component (�20%). A discussion of this relation-
ship is given below for the Au-supported melanin struc-
ture.

Figure 2. Fe K-edge XANES spectra of a) Au-supported melanin film on
Au ACHTUNGTRENNUNG(111) (E=�1.0 V, ta=24 h, c=0.3 gL�1); b) solid melanin; c) FeO;
d) Fe3O4; e) Fe2O3; f) metallic Fe (film). A qualitative analysis allows the
assignment of the Fe state in melanin samples by comparison with oxide
reference compounds (see text).

Figure 3. Energy shift of Fe K-edge in relation to metallic Fe (E0). Oxide
compounds are taken as the reference for “average” oxidation state cali-
bration. Average oxidation state of Fe in solid melanin clearly differs be-
tween bulk state and Au-supported melanin (see Table 1 for numeric
values of shifting).
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STM and MFM characterization : STM images of the films
grown at E=�1.0 V, ta=100 min, and c=0.3 gL�1 (Fig-
ure 4a, b) show 40–60 nm granules formed by 3–8 nm-sized
nanoparticles, which also cover the substrate (Figure 4b). As
already discussed, the film structure cannot be related to a
simple electrodeposition process as it exhibits the hierarchi-
cal structure found in natural melanins.[14] The fine structure
of the large granules is also observed for the films after acid
cleaning (Figure 4c). However, some granules and nanopar-
ticles that cover the Au substrate in Figure 4b have been re-
moved so that the triangular terraces of Au ACHTUNGTRENNUNG(111) are now
clearly observed. The nanometer-size thickness of these
films is clearly revealed in these images.
We have used MFM to detect

iron-rich granules in the mela-
nin film (Figure 5). Figure 5a
shows melanin granules imaged
in the topographic mode,
whereas Figure 5b corresponds
to the phase shift of the oscillat-
ing magnetic cantilever (operat-
ing in the lift mode).
It is evident that defined

magnetic fields are concentrat-
ed in some granules while they
are too weak in others, irrespec-
tive of the topography. It is rea-
sonable to assume that granules
with higher contrast are formed
by Fe3O4 nanoparticles, as al-
ready determined by XANES
data. The film structure can be
used to understand the relative
amount of Fe species estimated
from the XANES characterization. The main Fe species in
Au-supported melanin is a magnetite-like species (�80%),
while those Fe species remaining in the same state as they
exist in pure melanin form just a minor component (
�20%). Taking into account that the fine structure of the
film is composed of 6–8 nm melanin nanoparticles contain-
ing 16–30 protomelanin units,[14] and that each protomelanin
unit binds an Fe atom,[19] the maximum number of Fe atoms
per melanin nanoparticle is �20–30. On the other hand, a
8 nm Fe3O4 nanoparticle contains �1000 Fe atoms. There-

fore, a film consisting of 50% melanin nanoparticles and
50% Fe3O4 nanoparticles should have no more than 3% of
Fe species remaining, like in pure melanin. The 20% con-
tent estimated from the XANES spectra should imply that
the melanin nanoparticle/Fe3O4 nanoparticle ratio is �7.
From the XANES, STM, and MFM results one can con-

clude that the film is formed from two components: Fe-con-
taining melanin nanoparticles and Fe3O4 nanoparticles. We
suggest that, during electrochemical self-assembly of mela-
nin on the Au electrode, Fe3O4 nanoparticles are electroad-

Table 1. Energy edge positions for Fe reference compounds and melanin
samples. The Fe2+/Fe3+ ratio derived from XANES data (Figure 3) and
relative concentration of magnetite-like species in the samples are also
indicated.

Sample Energy edge
position [eV]

Fe2+/Fe3+

ratio
Fe3O4 relative
concentration [%]

FeO 7120.6 1 –
Fe3O4 7125.0 0.5 100
Fe2O3 7127.3 0 –
solid melanin 7127.0 0 0
Au-supported
melanin film

7125.4 0.37 80

Figure 4. STM images of a melanin film (E=�1.0 V, c=0.3 gL�1, ta=
100 min) showing a) melanin granules 40–60 nm in size and b) the film
structure at higher magnification. Small particles in the large granules
and covering the substrate are observed; c) STM image of the film after
acid cleaning.

Figure 5. 600T600 nm2 MFM images of the melanin film (E=�1.0 V, c=0.3 gL�1, ta=30 min): a) topographic
image; b) phase image (lift mode). Different magnetized granules are visible through the relative size and in-
tensity of the green zones. The white arrows in (a) show large granules that have no intense magnetic counter-
parts in (b). The yellow arrows in (a) and (b) indicate small granules that exhibit magnetic properties.
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sorbed and stored into the film. In fact, iron oxide nanopar-
ticles can be synthesized by coprecipitation of Fe3+ and Fe2+

in NaOH solutions.[26]

Electrochemical characterization : Figure 6 shows voltammo-
grams recorded at 0.02 Vs�1 for Au-supported melanin elec-
trodes (E=�1.0 V, c=0.03 gL�1) in 0.1m NaOH for ta=
100 min and ta=24 h (Figure 6a and b, respectively). As al-

ready reported,[14] these voltammograms show four redox
processes with anodic peaks at �0.40 V (A’I), �0.63 V (AI),
�0.85 V (AII), and �1.15 V (AIII), and cathodic peaks at
�0.43 V (C’I), �0.73 V (CI), �0.93 V (CII), and �1.2 V
(CIII) preceding the hydrogen evolution reaction. All these
redox processes are absent in the uncovered Au electrode.
Here we have extended the electrochemical characterization
to neutral media because it is important for biological appli-
cations. The voltammetric features are also observed in

phosphate buffer (pH 7.0) for thick melanin films, with the
exception of peaks AIII/CIII (Figure 6c).
To identify the redox couple corresponding to the Fe–mel-

anin system, we have electropolymerized TAPP–(FeIII chlor-
ide) and iron-free TAPP[16] on Au ACHTUNGTRENNUNG(111) substrates. The por-
phyrin contains octahedrally coordinated Fe bound to the
organic material. The voltammetric response of these films
(Figure 7) in 0.1m NaOH exhibits broad anodic current

peaks in the potential range of �0.6 to �0.8 V, and broad
cathodic ones in the �0.65 to �0.9 V range. These voltam-
metric peaks can be assigned to the Fe3+/Fe2+ redox couples
present in the polymerized porphyrin film. Although a
straightforward assignment of voltammetric peaks in the
Fe–melanin system is difficult, results from Figures 6a and 7
suggest that AI/CI-AII/CII peaks in melanin could involve
the Fe3+/Fe2+ redox couple of Fe coordinated to the DHI
and DHICA monomers.
On the other hand, the absence of the AIII/CIII peak in

acidic media,[14] and also in the phosphate buffer (Fig-
ure 6b), suggests that these peaks are related to the redox
behavior of the iron oxide nanoparticles trapped in the film.
In fact, it has been shown that Fe2O3 nanoparticles support-
ed on ITO electrodes in phosphate buffer at pH 8 are dis-
solved in the first scan at �0.66 V, and yield soluble Fe2+ .[27]

Hydrogen peroxide electrocatalysis : When hydrogen perox-
ide (4 mm) is added to a 0.1m NaOH solution (Figure 8a),
the cathodic polarization curve for the Au electrode shows
two well-defined current peaks. The first one at ��0.2 V
(peak CA) corresponds to the electroreduction of oxygen to
hydrogen peroxide, and the second one at �1.2 V (peak
CB) is related to the electroreduction of hydrogen peroxide
to hydroxyls ions. In fact, Au electrodes reduce O2 in two
well-defined steps[28] according to Equations (1) and (2):

O2 þ 2H2Oþ 2 e� Ð H2O2 þ 2OH� ð1aÞ

H2O2 þ 2 e� Ð 2OH� ð1bÞ

Figure 6. Typical stabilized voltammograms for Au ACHTUNGTRENNUNG(111)-supported mela-
nin films (E=�1.0 V, c=0.03 gL�1) recorded in NaOH (0.1m) at
0.02 Vs�1 from 0.0 to �1.3 V for a) ta=100 min and b) ta=24 h; c) Stabi-
lized voltammograms for Au ACHTUNGTRENNUNG(111)-supported melanin films (E=�1.0 V,
c=0.03 gL�1, ta=40 h) recorded in phosphate buffer pH 7 at 0.02 Vs

�1

from 0.0 to �0.9 V.

Figure 7. Typical stabilized voltammograms for TAPP (a) and TAPP–
(FeIII chloride) (c) electropolymerized on Au ACHTUNGTRENNUNG(111) (300 cycles) record-
ed in NaOH (0.1m) at 0.02 Vs�1.
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Similar curves recorded for the melanin-covered Au elec-
trode show that while peak CA shifts slightly in the negative
direction, peak CB shifts �0.5 V in the positive direction.

We have confirmed that CA corresponds to the reaction[1a]

by bubbling N2 into the electrochemical cell. In fact, as the
bubbling time is increased, the peak CA decreases marked-
ly, while peak CB remains practically unchanged (Fig-
ure 8b). We have also demonstrated, from the linear de-
pendence of the stationary current read at �0.75 V (jc) on
the hydrogen peroxide concentration (c) (Figure 8c), that
peak CB corresponds to the electroreduction of hydrogen
peroxide [Eq. (1b)]. In agreement with this conclusion we
observed that the CB peak potential moves slightly in the
positive direction as the hydrogen peroxide concentration is
increased. The shift of peak CB from �1.2 to �0.75 V,
shown in Figure 8a when melanin covers the AuACHTUNGTRENNUNG(111) sur-
face, indicates that the film efficiently catalyzes hydrogen
peroxide electroreduction. The catalytic effect appears in
the potential range where the Fe–melanin film is electro-
chemically active (peaks AI/CI).
Note that the current density plotted in Figure 8c corre-

sponds to the electrocatalytic reduction of hydrogen perox-
ide without any contribution from the current density of the
melanin redox couples, because we have subtracted the cur-
rent density measured in a hydrogen peroxide free solution.
After acid cleaning, the catalytic effect is still evident with
peak CB at ��0.8 V, indicating that the Fe3O4 nanoparti-
cles[29] are not essential in the hydrogen peroxide enhanced
electroreduction (Figure 8a).
Similar results were observed for hydrogen peroxide elec-

troreduction in the phosphate buffer (Figure 9). For the Au
electrode a small peak at �0.20 V (CA), assigned to oxygen
electroreduction, and a wave at �0.8 V (CB) assigned to hy-
drogen peroxide electroreduction, were observed.[30] For the
melanin-covered Au the electrocatalytic effect appears in
the 0.0–0.5 V range where the Au electrode shows negligible
activity. After bubbling N2 through the solution, the contri-
bution of both processes is more clearly seen (Figure 9c). In
fact, peak CA appears as a hump while peak CB is clearly
resolved. Again the hydrogen peroxide electroreduction on
the melanin-covered Au takes place 0.4 V more positive
than on the Au electrode. The fact that the electrocatalytic
effect is also observed in phosphate buffer, where the Fe3O4
nanoparticles are dissolved,[26] confirm our previous observa-
tion that these nanoparticles are not essential for hydrogen
peroxide electrocatalysis.
In Figure 10, we have compared the electroreduction

curves of hydrogen peroxide (2 mm) in NaOH (0.1m) re-
corded for melanin-covered, polymerized TAPP–(FeIII chlor-
ide), and polymerized Fe-free TAPP on Au ACHTUNGTRENNUNG(111) electrodes.
While the Fe-free TAPP polymer shows no enhanced elec-
trocatalytic activity for hydrogen peroxide electroreduction,
with the current peak CB at �1.1 V (close to that observed
for the plain Au electrode in Figure 8), the Fe–melanin and
Fe-containing TAPP polymer exhibit peak CB in the range
�0.75–0.85 V. This is good evidence that the electrocatalytic
activity of Fe–melanin is related to Fe–melanin nanoparti-
cles. Note also that the potential of peak CB is slightly more
positive and the electrocatalytic current higher for the Fe–
melanin film than for the Fe–porphyrin polymer. Further-

Figure 8. a) Cathodic polarization curves recorded at 0.02 Vs�1 from 0.0
to �1.3 V in NaOH (0.1m)+H2O2 (4 mm) for Au ACHTUNGTRENNUNG(111) (*), melanin-cov-
ered Au ACHTUNGTRENNUNG(111) (E=�1.0 V, ta=60 min, c=0.03 gL�1) (c), and melanin-
covered Au ACHTUNGTRENNUNG(111) (E=�1.0 V, ta=60 min, c=0.03 gL�1) after acid clean-
ing in H2SO4 (0.1m) for 1 min (d); b) Cathodic polarization curves re-
corded under the same experimental conditions as those in (a) but with
bubbling of N2 into the electrochemical cell for 5 (c), 15 (g), and
30 min (b). The arrow indicates the decrease in peak CA with N2 bub-
bling; c) Stationary current density jc�j(c=0) versus H2O2 concentration
plot for a melanin-covered Au ACHTUNGTRENNUNG(111) electrode (E=�1.0 V, ta=100 min,
c=0.3 gL�1). jc is the stationary current density read at �0.75 V for the
sample, and j(c=0) is the stationary current read at �0.75 V for a H2O2-
free solution.
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more, the behavior of the melanin film compares [after pH
correction of the peak potential according to Equation (1b)]
very well with the electrocatalytic behavior of iron octae-
thylporphyrin monolayers on AuACHTUNGTRENNUNG(111), as reported in refer-
ence [13].
To obtain more evidence about the role of Fe on the elec-

trocatalytic process, melanin-covered Au was immersed in
disodium ethylenediaminetetraacetic acid (EDTA) aqueous
solution. It was expected that EDTA not only eliminates the
Fe3O4 nanoparticles from the film, but also eliminates octa-
hedrally coordinated Fe from the melanin. In fact, experi-
mental data have shown that EDTA is able to remove Fe
from Fe–melanin granules in solution without changes in the
granule shape.[31]

The voltammetric response of a melanin film on Au, re-
corded in NaOH (0.1m) after contact with NaOH (0.1m)
containing EDTA (20 mm) for different times, is shown in
Figure 11a. It is evident that the voltammetric peaks AIII/

CIII related to the Fe3O4 nanoparticles are strongly affected,
while the other voltammetric peaks show relatively smaller
changes.
We conclude that Fe3O4 nanoparticles are rapidly elimi-

nated, while the Fe coordinated to the melanin nanoparti-

Figure 9. Cathodic polarization curves recorded at 0.02 Vs�1 from 0.0 to
�0.8 V for a) AuACHTUNGTRENNUNG(111) and b) melanin-covered Au ACHTUNGTRENNUNG(111) (E=�1.0 V, ta=
15 h, c=0.03 gL�1) in phosphate buffer (pH 7.0) at different H2O2 con-
centrations: I) 2.44, II) 4.59, and III) 6.5 mm ; c) Similar cathodic polariza-
tion curve for melanin-covered Au ACHTUNGTRENNUNG(111) (E=�1.0 V, ta=15 h, c=
0.03 gL�1) in phosphate buffer (pH 7.0)+H2O2 (4.59 mm) after 5 min N2
bubbling.

Figure 10. Cathodic polarization curves recorded at 0.02 V from �0.1 to
�1.4 V in NaOH (0.1m)+H2O2 (2 mm). Melanin-covered Au ACHTUNGTRENNUNG(111) (E=
�1.0 V, ta=60 min, c=0.3 gL�1) (~), TAPP–(FeIII chloride) (&), TAPP
(300 cycles) (*).

Figure 11. a) Stabilized voltammograms for melanin films (ta=60 min, c=
0.3 gL�1, E=�1.0 V) recorded in NaOH (0.1m) at 0.02 Vs�1 after immer-
sion for different times (t) in EDTA (20 mm) aqueous solutions;
b) Cathodic polarization curves recorded at 0.02 V from �0.1 to �1.4 V
in NaOH (0.1m)+H2O2. (2 mm) for the melanin films shown in (a). t=0
(c); t=1 min (d); t=10 min (– · ·– · ·); t=20 min (b) for both (a)
and (b).
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cles is slowly removed from the film. Accordingly, the elec-
trocatalytic activity shows no marked changes for Fe–mela-
nin films that have been in contact with the EDTA-contain-
ing solutions for immersion times shorter than 10 min (Fig-
ure 11b). In fact, during this period Fe3O4 is preferentially
removed while the content of Fe in the melanin nanoparti-
cles is only slightly affected. Note that this assumption is
supported by AES data (Figure 1), which shows a marked
decrease in the oxygen-bound Fe after acid cleaning. In fact,
it is well known that magnetite dissolves readily in acid
media.[32] On the other hand, for longer immersion times,
the Fe present in the melanin nanoparticles is removed and
the electrocatalytic activity is practically eliminated. Voltam-
metric results (not shown) obtained for Au-supported mela-
nin films, grown from a melanin solution kept in contact
with EDTA for six days, show peaks AI’/CI’ as the main
redox contributions. Therefore, these peaks should be relat-
ed to the quinone/hydroquinone system.
It should be noted that some loss of melanin granules

from the film is also possible during the treatment with
EDTA. Recent data have shown that multicharged ions play
an important role in assisting, or templating, the assembly of
the metal-free organic components to form three-dimension-
al substructures distributed along the protein scaffold within
granules.[31]

A possible pathway for the electrocatalytic activity of
melanin films, when the Au electrode potential is polarized
at �0.75 V (peak CB), is shown in Scheme 1. This pathway

first involves the oxidation of Fe2+ to Fe3+ (iron-bound mel-
anin) by hydrogen peroxide, which is reduced to HO� ions
and OHC radicals, as in the Fenton reaction. Then, Fe3+ is re-
duced to Fe2+ by quinol groups (in this potential range they
are completely reduced), which are oxidized to quinone
groups. Finally, the quinone groups can be reduced again to
quinol at the electrode surface to complete a catalytic cycle.
This scheme is supported by the fact that melanosomes are
able to reduce the FeIII–cytochrome system.[33]

Conclusions

We have prepared nanostructured, ultrathin melanin films
supported on AuACHTUNGTRENNUNG(111) by electrochemical self-assembly.

XANES, AES, MFM, and voltammetric data indicate two
types of Fe in the film: Fe3O4 nanoparticles and Fe-bound
melanin nanoparticles. Thus, the system can be described as
a nanostructured organic–inorganic composite with magnet-
ic and electrocatalytic properties. In fact, the Fe–melanin
system exhibits electrocatalysis for hydrogen peroxide elec-
troreduction in the potential range in which the film pres-
ents redox couples. The main electrocatalytic activity of the
film is related to the Fe coordinated to the cathecol units in
an octahedral configuration, as concluded by comparison
with Fe-containing porphyrin polymers that exhibit a similar
activity for hydrogen peroxide electroreduction. Note, how-
ever, that the preparation of the melanin film is performed
directly in aqueous solutions without the use of organic sol-
vents, as for polymerized Fe-containing porphyrins. Howev-
er, the magnetic properties are concentrated in Fe3O4 nano-
particles trapped in the organic matrix.
Results from this work can be important for the prepara-

tion of biomimetic systems. In particular, Fe–melanin films
supported on Au open the possibility to study the influence
of melanin structure (film thickness, granule size) on Fe
uptake and storage, and to correlate this information with
the peroxidase activity of the Fe–melanin systems. These
systems could also be tested in different electrolytes in the
presence of other metal cations and complexing substances.
The Fe–melanin system supported on Au electrodes or
other metals could also be used for oxygen reduction elec-
trocatalysis, and for oxygen and hydrogen peroxide biosen-
sors,[34] as they exhibit similar activity to Fe porphyrins.
Metal-supported Fe melanins could also be explored as a
decontamination system through the production of reactive
oxygen species in the presence of hydrogen peroxide.[35] Fi-
nally, it is well known that iron oxide nanoparticles must be
coated with biocompatible polymers for biological and med-
ical applications.[36] The interaction of Fe3O4 nanoparticles
with melanin granules in our films suggests that this biopoly-
mer could be a good candidate for these applications.
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