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We report the catalytic activity of iron-eumelanin granular deposits supported on graphite for the oxygen
reduction in neutral and alkaline solutions. These deposits contain quinone groups and iron-melanin complexes
as revealed by XPS, XANES, EXAFS, and IR spectroscopy. Voltammetric data show that the iron-eumelanin
system exhibits higher electrocatalytic activity than quinone/hydroquinone films (Q/QH) on the same substrate.
In contrast to Q/QH deposits, the iron-containing eumelanin system is able to reduce oxygen with transfer of
four electrons, thus allowing the formation of reactive hydroxyl species. Our results can explain the physical
chemistry basis of the oxygen-radical induced lipid peroxidation and consequent neurodegeneration of the
melanin-containing dopaminergic neurons observed by several authors.

Introduction

Melanins are one class of biopolymers that have interesting
physical and chemical properties such as photoactivity, elec-
trochemical response, amorphous semiconductor behavior,1 and
high affinity for complexing metallic cations such as Fe, Cu,
Zn, etc.2 In normal circumstances melanins participate in
scavenging free radicals probably by hydroxyl degradation of
the biopolymer.3 However, in certain conditions when large
amounts of Fe(III) are available it is proposed that melanin
enhances the formation of oxygen reactive species able to
produce lipid peroxidation.3-5 Therefore, iron-melanin could
become the source of free radicals and cytotoxic compounds
upon degradation of highly pigmented neurons, thereby per-
petuating a cycle of oxidative stress and neuronal loss.4

However, the understanding of the physical chemistry of these
processes is difficult because the melanin structure is not
completely known and it contains proteins, lipids, and metallic
cations.

Recently we have shown that ultrathin films of eumelanins
can be formed by electrochemical-induced deposition on
Au(111)6 and highly oriented pyrolityc graphite (HOPG)7 from
alkaline solutions containing synthetic eumelanin. In this case,
the film exhibits the hierarchical structure found in natural
melanin with melanin aggregates with sizes ranging from 5 to
50 nm.6,7 We have also shown that the melanin films on Au6

and HOPG7 contain a small amount of Fe(II)/Fe(III) species
and also that the films exhibit catalytic activity for hydrogen
peroxide electroreduction, similar to those found for Fe-

containing porphyrins.8 In principle, the iron-melanin film can
be used as biomimetic system to study the oxygen reduction
on melanin granules in a controlled way by using electrochemi-
cal tools.

In this work we report the electrocatalytic activity of
iron-melanin granular deposits supported on HOPG for the
oxygen electroreduction and compare it with that found for
quinone/hydroquinone (Q/HQ) deposits on the same substrate.
Quinone and the semiquinone free radical intermediates are
moieties in most human melanin structures.9 Physisorbed or
chemisorbed monolayers of several quinones, including duro-
quinone, anthraquinone, and dopamine itself, are catalytic toward
different electrochemical reactions.10 It has also been reported
that dopamine-containing solutions allow the production of thin
melanin-like films on a variety of different solids substrates by
dip-coating.11,12

We have found that the oxygen electroreduction is catalyzed
by iron-melanin deposits on HOPG. In contrast to the Q/HQ
deposits on the same substrate, the iron-melanin system allows
the complete reduction of oxygen to hydroxyl ions with
exchange of four electrons. The first step, the reduction from
oxygen to hydrogen peroxide, involves the Q/HQ redox couple
while the second step from hydrogen peroxide to hydroxyl ions
involves the Q/HQ/iron system.

Experimental Section

Melanin deposits were electrochemically prepared as de-
scribed in ref 7. The HOPG substrates were immersed in a
synthetic eumelanin-containing aqueous 0.1 M NaOH solution
(0.3 g L-1, melanin from Sigma, M8631). This solution also
contains ∼0.3 ppm of Fe, as determined by atomic absorption
spectroscopy.6 The HOPG substrate was polarized at -1.0 V
in a conventional three-electrode electrochemical cell containing
the melanin solution for different times (4 h < t < 8 h) in order
to coat the HOPG with the melanin-Fe deposit. Q/HQ deposits
were prepared by using the same electrochemical procedure from
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an alkaline solution containing the result of the oxidative
polymerization of hydroquinone (Sigma H9003).13 The charge
density involved during the formation of the Q/HQ deposit on
the HOPG surface was ≈0.3 C cm-2, a figure equivalent to
that obtained for t ) 8 h of synthetic eumelanin deposition.

The oxygen electroreduction reaction was studied in oxygen
containing TRIS (tris(hydroximethyl)aminomethane)HCl buffer)
at pH 7.4 and 0.1 M NaOH solutions at room temperature and
without stirring of the solutions. In all electrochemical measure-
ments a saturated calomel electrode (SCE) and a platinum foil
were used as reference and counterelectrode, respectively.
Characterization of the Fe-melanin deposits on the HOPG
surface was made using atomic force microscopy (AFM) and
magnetic force microscopy (MFM) (Nanoscope IIIa, Veeco
Instruments). MFM images were performed by interleaving the
topographic scan with the “Lift mode” scan, i.e., the AFM tip
was made to scan the sample at lift heights ranging from 25 to
50 nm above the topographic height of the sample at each point
in order to prevent any topographic effect. Images were taken
at a scanning rate of 1 Hz with tips coated with magnetic CoCr
film working at a drive frequency of ca. 65 kHz. X-ray
phothoelectron spectroscopy (XPS) was made using a Mg KR
source, XR50 (Specs GmbH), and a hemispherical electron
energy analyzer (PHOIBOS 100, Specs GmbH).

Different oxygen concentrations were used. The highest
concentration was prepared by oxygen bubbling into the
different solutions for 5 min. Solutions containing lower levels
of oxygen were prepared starting from the oxygen-saturated
solution by nitrogen bubbling for different times. Immediately
afterward, the diffusional limiting current corresponding to the
oxygen electroreduction on a smooth platinum electrode with
real surface area of 1 cm2 was recorded in each solution. Then,
the oxygen concentration was calculated from the Cottrell
equation by using the measured diffusional currents and taking
the saturated oxygen concentration at 25 °C equal to 1.2 × 10-3

M as it has been reported for pH values ranging from 5.5 to
13.14a,b

FTIR studies were carried out with a Bruker IFS66/
Spectrometer provided with a Globar detector and a crystal
diamond ATR module. For each spectrum 128 interferograms
were collected with a resolution of 8 cm-1. Spectra are
represented as the ratio R/R0 where R and R0 are the reflectance
corresponding to the sample and to the HOPG free surface,
respectively.

X-ray absorption near-edge structure spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS) were
employed to analyze the nature of the synthetic eumelanin solid
sample. The X-ray absorption spectra were measured at the
XAFS-1 beamline of the LNLS, Laboratorio Nacional do Luz
Sı́ncrotron, Campinas, São Paulo, Brazil. XANES and EXAFS
spectra at the Fe K-edge (7112 eV) were recorded in air at room
temperature in transmission mode with three ion chambers as
detectors: 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 absorption spectrum
of the sample and the metal foil were expressed as log(I0/I1)
and log(I1/I2), respectively. The spectrum of the metal foil was
used to calibrate the absolute energy scale for the corresponding
sample spectrum by positioning the absorption edge at the first
inflection point. Monochromator at the beamline was equipped
with Si(111) crystals. The 0.3 mm vertical aperture of the beam
definition slits in the hutch provided a resolution of about 2.5
eV at the Fe K-edge.

Results and Discussion

Characterization of the Iron-Eumelanin Deposits on
HOPG. Figure 1a-b shows XPS data for iron-melanin deposits
on HOPG (t ) 4 h). The N 1s signal at 400 eV (Figure 1a),
typical of melanin,15 and Fe 2p at 710 eV (Figure 1b), typical
of oxidized iron7 are observed.

The IR spectra (Figure 1c) obtained from our system for t )
4 and 8 h exhibit the signals corresponding to the melanins,16

namely the characteristic quinone CdO stretching vibration at
1720 cm-1, and a broadband around 1630 cm-1 related to CdC
stretching vibration of aromatic units of the indole residues in
the polymer. The strong and broadband around 1376 cm-1

involves contributions from aromatic CdN stretching and N-H
bending modes17,18 while bands ranging from 1000 to 1240 cm-1

should be assigned to C-O stretching vibration of alcoholic
(phenolic) moieties.18 The intensity of the melanin bands
increases with the deposition time, i.e., as more melanin
deposited on the HOPG surface. On the other hand, the low-
frequency signals can be assigned to the C-H deformation of
the aromatic rings and the C-O deformation of the phenol
moieties. Contributions of oxidized iron species appear at
frequencies smaller than 600 cm-1 (not shown).19-22 It should
be noted that similar spectra are recorded for the iron-melanin
films grown on Au(111) and also in melanin powders.

The AFM image of the HOPG surface after depositing
iron-melanin for t ) 4 h shows ramified structures formed by
granules with sizes ranging from 5 to 35 nm (Figure 2a). The
electrochemical growth of melanin deposits on HOPG consists
in the formation of a granular deposit that gradually covers the
HOPG surface.7 The deposition process starts at steps of the
HOPG basal plane with the formation of small particles that
reach sizes around 10 and 0.35-1 nm in height in 2 h. For t >
2 h these particles begin to aggregate forming big ramified
islands which finally overlap. After a 24 h polarization the film
covers almost the entire surface, reaching heights in the order
3-10 nm. It is interesting to notice that even for the biggest
aggregates it is always possible to distinguish small particles

Figure 1. XPS data for iron-melanin (t ) 4 h). (a) N 1s, (b) Fe 2p.
(c) FTIR spectra of iron-melanin deposits supported on HOPG; t ) 4
(black) and 14 h (red)
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as building blocks, whose sizes increase slightly with the
electrodeposition time. This structure is particularly well detected
using AFM imaging under the contrast phase mode (Figure 2a).
Stabilization of the melanin deposits on the HOPG terraces could
arise from π-π interactions as the melanin granules exhibit a
graphitic-like structure as suggested by the granule and island
height (0.35-1.0 nm). Contributions from electrostatic interac-
tions and hydrogen bonding can also play a key role at HOPG
step edges, where different types of functional groups are
present, explaining the preferential nucleation at these defects.

The magnetic contrast phase image (Figure 2b-c) shows very
different iron-containing zones on the surface. Most of the iron-
rich eumelanin deposits appear exactly following the HOPG
steps, giving a strong magnetic contrast phase along those steps.
In addition, on the terraces between steps (lower left corner)
some isolated iron rich zones can be also detected with a strong
magnetic phase contrast as well and randomly distributed.
Finally, the rest of the surface shows a very weak phase contrast
or even an almost no phase contrast at all. This magnetic
behavior observed in the iron-melanin films grown on HOPG
and on Au(111)8 is in good agreement with previously reported
magnetic character of the synthetic iron-melanins.23

The electrochemical response of iron-melanin deposits of
different thickness (t ) 4 and 8 h) in degassed TRIS pH 7.4
and in 0.1 M NaOH solutions is shown in Figure 3a-b. The
melanin modified HOPG surface is electrochemically active in
a wide potential range. As already reported the broad redox
couple at -0.15/-0.30 V (AI′/CI′) shown in Figure 3a is
assigned to the quinol/quinone redox couple present in the
biopolymer while the broad peaks -0.6/-0.8 V (AI,CI,CII,CIII)

can be assigned to Fe(III)/Fe(II) species coordinated to the
melanin protomolecules.7,8 It was proposed that four indol units
coordinate single Fe ion.24 As expected in alkaline medium the
quinol/quinone redox couple (AI′/CI′) moves in the negative
direction defining two waves at -0.3/-0.4 and -0.6/-0.8 V25

that overlap in some extent to the Fe(II)/Fe(III) redox couples
(AI/CI,CII,CIII) (Figure 3b).7 The intensity of the voltammetric
peaks and the charge involved increases markedly with the
deposition time indicating an increase in the iron-melanin
surface coverage, in agreement with the IR data.

The assignation of the AI′/CI′ voltammetric waves of the
iron-melanin deposits to the quinone/quinol redox couples was
confirmed by the voltammograms recorded for Q/QH supported
on HOPG in degassed TRIS buffer pH 7.4 (Figure 3c) and 0.1
M NaOH (Figure 3d). In fact, the Q/HQ originates the AI′/CI′
redox couples in both neutral and alkaline solutions and also
contributes in the potential range of AI/CI,CII in alkaline media.

Characterization of the Fe Sites in the Eumelanin. Con-
cerning to the nature of Fe sites in eumelanin we perform XAFS
characterizations on that sample and Fe-oxide reference com-
pounds in order to determine the concentration of Fe(II)/Fe(III)
ions and their local environment (symmetry, coordination,
atomic distances, and density of Fe ions) in our synthetic
eumelanin. A detailed discussion on these techniques, experi-
mental results, and data analysis is presented in the Supporting
Information. Here, we present a brief summary of our XAFS
results that are important to understand the catalytic effect of
the Fe species present in the eumelanin deposit.

According to the XANES results, sensible to electronic and
symmetry characteristic of Fe absorbent atoms, the energy shift
of the Fe K-edge in the corresponding sample spectra indicates
a Fe3+/Fe2+ ratio of about 9:1 being octahedral the symmetry
of these sites (see Supporting Information, Figure S1a and b).
EXAFS allow us the analysis of the local environment of
Fe ions. The spectrum can be described by only one type of Fe
site (central atom) in a structurally distorted arrangement close
to Fe in Fe2O3 with a well-defined bond length, i.e., with three
pairs of oxygen atoms as first neighbors (see Table 1). In a
previous work Kropf and co-workers24 assign two pairs of those
oxygen atoms (O1 in Table 1) as forming part of two quinone-
like structures having (as in present case) a first-shell coordina-
tion number of about six (oxygen atoms). These authors suggest
that the remaining pair of oxygen atoms (O2, in Table 1) can
be attributed to the hydration of the sample, out of the plane

Figure 2. (a) 500 × 500 nm2 AFM phase contrast image of the melanin
deposit (t ) 4 h) showing the formation of a granular structure. (b-c)
2500 × 2500 nm2 MFM images of the melanin deposit (t ) 8 h): (b)
topographic image; (c) magnetic phase contrast image (lift mode).
Different magnetized regions are visible through the relative size and
intensity

Figure 3. Stabilized voltammograms for iron-melanins covered
HOPG; black, t ) 0; clean HOPG: red, t ) 4 h; blue, t ) 8 h. (a)
TRIS buffer pH 7.4, (b) 0.1 M NaOH. Stabilized voltammograms for
HOPG (black) and QH/Q covered HOPG (red). (c) TRIS buffer pH
7.4, (d) 0.1 M NaOH. Scan rate 0.2 V s-1.
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determined by the two quinone-like structures. In the present
case the corresponding Fe-O bond of 2.18 Å for oxygen from
hydration results 0.18 Å larger than the four oxygen atoms
bonded to Fe from the quinone structures (Table 1). Finally,
according to EXAFS fitted parameters for Fe-Fe coordination
shells, Fe centers appear nearly coordinated with three types of
iron atoms (Fe1, Fe2, and Fe3 in Table 1) at distances between
2.8 and 3.2 Å. According to the Fe-Fe total average coordina-
tion number in the sample (corresponding to the sum of the
individual Fei contributions of each average Fe-Fe coordination
number N, i.e., 0.9 + 0.3 + 0.2 ) 1.4), the melanin clusters
appear coordinated with more than one Fe ion in average (i.e.,
forming dimers or trimmers of Fe units), which clearly differs
from the Fe coordination of 6 as in the bulk Fe-oxide structure
(see Figure 2S in Supporting Information).

Oxygen Electroreduction on HOPG and Modified HOPG
Surfaces. In Figure 4a-c the voltammetric responses of clean
HOPG and iron-melanin-covered HOPG surfaces in TRIS
buffer (pH 7.4) at different oxygen concentrations are shown.

The oxygen electroreduction reaction (OER) on the clean
HOPG surface in the TRIS buffer shows only a reduction wave
at very negative potential values, E < -1.1 V, The current
density associated to this wave increases with the oxygen
concentration (Figure 4a). This wave can be assigned to the
first electron step of the OER leading to hydrogen peroxide
formation. The low reactivity of the graphite basal plane, which

requires high overpotentials, is a result of its low density of
electronic states and the lack of functional groups and adsorption
sites.26,27 The basal plane of HOPG is unusual in that all the
valencies are satisfied in the plane of surface.28,29 In contrast,
the OER on the iron-melanin-modified HOPG surface (t )
4 h) shows a well-defined wave at -0.65 V that also depends
on the oxygen concentration (Figure 4b). As can be seen, the
OER is positively shifted ≈0.45 V on the iron-melanin-covered
surfaces in relation to the clean HOPG surface. Figure 4c also
shows that thicker iron-melanin deposits (t ) 8 h) produce a
similar potential shift than thinner deposits. However, the
electroreduction currents becomes larger than those recorded
on the thinner iron-melanin deposits (t ) 4 h). These results
mean that increasing the surface coverage and thicknesses by
iron-melanin results in larger electroreduction currents due to
the increase in the number of active sites.

The results for the iron-melanin-modified surfaces are
compared to those obtained for the Q/HQ-modified HOPG
surfaces prepared with an amount of material comparable to
that of the Fe-melanin system of t ) 8 h (Figure 4d). In this
case two waves in the oxygen-containing TRIS buffer are
observed. The first one, poorly defined, appeared at -0.6/-0.7
V and can be assigned to the catalytic activity of the HQ/Q
redox couple. In fact, it is well known that surface quinone
groups are efficient electrocatalysts for OER.30 The second one
at -1.1 V can be associated to uncovered HOPG domains on
the basis of the results shown in Figure 4a.

Some interesting conclusions can be drawn from the results
shown in Figure 4. The first one is that the iron-melanin system
exhibits a high OER catalysis in a potential range where the
clean HOPG surface is inactive. This catalytic activity can be
related to the quinol/quinone redox system present in the
biopolymer as it is observed in the same potential range where
the Q/HQ redox couple is active on HOPG. On the other hand,
the HOPG surface modification is easier for the iron-melanin
than for HQ/Q because it results in a larger number of active
sites leading to well-defined electroreduction waves and higher
currents.

The voltammograms recorded in 0.1 M NaOH are shown in
Figure 5. First, the HOPG substrate exhibits a small prewave
around -0.5 V (Figure 5a) that can be assigned to the catalytic
activity of a small amount of active surface groups present on
the carbon surface.31,32 In particular, surface functionalities at
plane defects of graphite are known to significantly increase
O2 reduction activity by acting as adsorption sites for oxygen
and other intermediates. As already reported this prewave is

TABLE 1: Fitted EXAFS Parameters (See Supporting Information

for Experimental and Fitting Details) for First Oxygen
Coordination Shell of Fe Present in the Eumelanin Samplea

coordination
shell

average
coordination
number (N)

radial
distance (Å)

Debye-Waller
factor
(Å-2)

O1 (quinone units) 4.2(1) 2.00(5) 0.008(1)
O2 (H2O) 1.6(3) 2.18(5) 0.008(1)
Fe1 0.6(5) 2.81(5) 0.004(3)
Fe2 0.5(5) 2.95(5) 0.004(3)
Fe3 0.3(5) 3.24(5) 0.004(3)

a Fei represents the different contributions to the total Fe-Fe first
coordination shell. The total average coordination number N for
Fe-Fe is obtained by the sum of the three Fei contributions: Fe1 +
Fe2 + Fe3 ) 0.6 + 0.5 + 0.3 ) 1.4. The Debye-Waller factor
represents the thermal and structural disorder for the corresponding
bonds to each coordination shell. Errors in last digit appear between
brackets.

Figure 4. Voltammograms recorded at 0.2 V s-1 in TRIS buffer, pH
7.4, at different oxygen concentrations: 0 M (black), 2.75 × 10-4 M
(red), 7 × 10-4 M (green), and 1.2 × 10-3 M (blue). (a) Clean HOPG,
(b) iron-melanin on HOPG (t ) 4 h), (c) iron-melanin on HOPG (t
) 8 h), (d) QH/Q on HOPG.

Figure 5. Voltammograms recorded at 0.2 V s-1 in 0.1 M NaOH at
different oxygen concentrations: 0 M (black), 2.75 × 10-4 M (red), 7
× 10-4 (green), and 1.2 × 10-3 M (blue). (a) Clean HOPG, (b)
iron-melanin on HOPG (t ) 4 h), (c) iron-melanin on HOPG (t )
8 h), and (d) QH/Q on HOPG.
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only evident for pH values greater than 10.25 However, net
currents related to OER are observed only in a poorly defined
wave at E < -1.2 V.

On the other hand, for the iron-melanin-covered HOPG we
observe two well-defined waves at -0.5 and -0.9 V (Figure
5b-c). In principle the second wave can be assigned to the
hydrogen peroxide electroreduction. In fact, in Figure 6a the
voltammograms recorded for iron-melanin-covered HOPG in
degassed 0.1 M NaOH solution containing different amounts
of hydrogen peroxide are shown. The hydrogen peroxide
electroreduction originates well-defined waves at -0.9 V with
a concentration-dependent current density.

In Figure 6b we compare voltammograms recorded in oxygen
saturated solution and that recorded in 12 mM hydrogen
peroxide. From these results we can conclude that the second
wave at -0.9 V recorded in the oxygen-containing solutions is
due to the hydrogen peroxide electroreduction. Note also the
enhanced electrocatalysis for oxygen and hydrogen peroxide
electroreduction of the iron-melanin system in relation to the
clean HOPG surface.

Voltammograms recorded for HQ/Q deposits on HOPG
(similar amount of deposited charge to the iron-melanin deposit
of t ) 8 h) exhibit the first reduction wave related to the oxygen
electroreduction to peroxides in the same potential range than
that observed for the iron melanin modified HOPG, although
the associated currents are smaller (Figure 5d). Besides, the
second wave at -0.9 V is also too small in relation to the first
one indicating that the contribution of the hydrogen peroxide
electroreduction to hydroxyl species is not significant on the
Q/HQ modified HOPG, in agreement with previous observa-
tions.25

Figure 7a-b summarizes OER results by plotting the station-
ary current density jc - j(c ) 0) versus O2 concentration plot for
clean HOPG and iron-melanin-covered HOPG in TRIS buffer
(Figure 7a) and 0.1 M NaOH (Figure 7b) solutions. These plots
demonstrate the linear correlation between the measured currents
and the oxygen concentration, as well as the strong influence
of iron melanin on modifying the surface chemistry of the
HOPG substrate increasing the catalytic activity.

Finally, the open circuit potential (ocp) of the iron-melanin-
covered HOPG (t ) 8 h) was measured in the oxygen saturated

TRIS buffer. After immersion the ocp rapidly reaches a stable
value around -0.05 V, that is the potential region of the Q/HQ
redox couple observed in Figure 3c. The increase in pH to 13
results in a decrease in the ocp that stabilizes at -0.15 V. The
0.02 V/pH unit is consistent with previous observations for the
pH dependence of iron(II) phthalocyanines.33 The nitrogen
bubbling (to remove oxygen) in the solution or the increase in
pH also result in an ocp shift toward more negative values.
Therefore, the spontaneous potential that the iron-melanin
modified HOPG reaches in neutral media is controlled by the
quinol/quinone species, O2, and pH.

Now we discuss the processes taking place during oxygen
reduction on the iron-melanin-covered HOPG. We propose that
the first wave in the electroreduction curve is related to O2

reduction to peroxide species mediated by the quinol/quinone
groups present in the iron-melanin films (see Figure 1c). In
the -0.2/-0.4 V potential range, where the electrocatalytic
process for O2 starts to be observed (Figure 4-5), semiquinone
radicals are produced as the quinone species are reduced to
quinol (Figure 3). In fact, it is believed that the oxygen reduction
rate is proportional to the surface concentration of the semi-
quinone radical formed by the electrochemical reduction of
quinone groups.32 The radical anion O2

•- reacts with molecular
oxygen to yield the superoxide anion, O2

-, which either
disproportionates or follows an electrochemical-chemical mech-
anism.32 The reactions catalyzed by the quinone/quinol redox
couple of the iron-melanin granules can be written as follows

Note that the participation of iron species in this reaction is
unlikely in the potential windows of the quinol/quinone redox
couple. In fact, in the -0.2/-0.4 V range the iron atom, which
is coordinated with the two pairs of oxygen atoms that form
part of two quinone-like structures (see Supporting Information
and ref 21), should be in the Fe(III) oxidation state as it occurs
for the iron atoms in our synthetic eumelanin exposed to ambient
conditions (Fe(IIII)/Fe(II) ratio ≈ 9). It is well known that Fe(III)
is not favored as active site for O2 reduction because H2O bonds

Figure 6. (a) Voltammograms recorded for iron-melanin covered
HOPG (t ) 8 h) on HOPG at 0.2 V s-1 in degassed 0.1 M NaOH at
different hydrogen peroxyde concentrations: blank (black), 4 mM (red),
and 12 mM (blue). (b) Voltammograms recorded for iron-melanin
covered HOPG (t ) 8 h) at 0.2 V s-1: 12 mM hydrogen peroxide in
degassed 0.1 M NaOH (red). Oxygen saturated 0.1 M NaOH (black).

Figure 7. Stationary current density jc - j(c) 0) versus O2 concentration
plot for free HOPG (black square), t ) 4 (red circle) and 8 h (green
triangle) iron-melanin covered HOPG. jc is the stationary current
density read for the sample at -0.5 V for pH 7.4 (a) and at -0.9 V for
pH 12.6 (b), and j(c) 0) is the current density read for a O2-free solution
at the same potential.

O2 + e f O2
•- (1a)

O2
•- + H2O + e f HO2

- + OH- (1b)
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strongly to this site as we observe in the synthetic eumelanin
(hydration molecules, Table 1), blocking it against O2 adsorp-
tion.34 In contrast, Fe(II) is predicted to be the active site for
the four-electron reduction of oxygen by iron macrocycles.35,36

The Fe(II) species become predominant at potentials more
negative than -0.6/-0.7 V. Thus, in this potential range O2

molecules can bind the Fe(II) sites to form (OHOH) species.34

The O lone-pair donation bond to the Fe(II) center is proposed
to prevent hydrogen peroxide from leaving as a two-electron
reduction product providing a path for reduction to water. Also
O2

•- species can reduce Fe(III) to Fe(II) species37 according to

The presence of Fe(II) in the biopolymer explains the second
wave clearly observed in alkaline solutions. In this case the
reactions leading to radical formation catalyzed by the
Fe(II)-quinone/quinol redox couples of the iron melanin
granules can be written

In neutral media only one oxygen reduction wave is observed
suggesting either a direct four-electron reduction (reaction 2a)
or a partial overlap of the potential range where reaction 1 and
2b take place.

This interpretation accounts for the key role of iron-melanin
system in lipid peroxidation. In fact, the strong ability of
eumelanins to produce reactive oxygen species arises from a
synergistic action of the quinone/quinol and Fe/quinone/quinol
redox couples that allow oxygen reduction in a wide potential
range. The quinone/quinol pathway leads to the formation of
peroxide species that then can enter into the Fe/quinone/quinol
system yielding the highly aggressive hydroxyl species. This
species resulting from reaction 2 lead to lipid (LH) peroxidation
according to

In contrast to HO•, the O2
•- radical resulting from reaction

1a is too weak oxidant to initiate reaction 3.3 Increased levels
of iron have been observed in dopaminergic neurons in
Parkinson disease.38 Iron levels in the order of 3.3 mg/g were
determined in purified neuromelanin.39 The iron-chelating
feature of some quinones in conjunction with their moderate
hydrophylicity are the more important requisites for lipid
peroxidation.40 The iron-rich regions of the granular melanin
deposit (Figure 2) can be responsible for the production of
hydroxyl species.

It has been reported that eumelanins are unable to reduce O2

by themselves.41 In fact, the electrochemical potential of
neuromelanin granules and melanosomes is -0.35 ( 0.2 V vs
SCE that is not sufficiently reductive to generate a high level
of oxidative stress.39 It has not been possible to assign the
electrochemical potential to a specific chemical species on the
surface because the molecular structure of these pigments
remains elusive, and also they contain lipids, proteins, and
metallic cations.41 However, it has also been observed that this
potential is independent of Fe(III) concentration.42 We note that

the -0.350 ( 0.2 V potential value is not far to the potential
range of the quinone/quinol redox couple observed in our
electrochemical experiments. We suggest that the electrochemi-
cal potential of eumelanins is determined by these functional
groups.

Conclusions and Outlooks

Our results show that iron-containing eumelanin granules are
efficient catalysts to reduce oxygen to water, thus producing
reactive oxygen species along the reaction. Therefore, the iron-
rich melanin granules should be able to couple oxygen reduction
with lipid oxidation. The quinone/quinol groups in melanins
determine the open circuit potential suggesting that they also
determine the electrochemical potential observed in eumelanin
granules and melanosomes. The quinone/quinol groups are also
responsible of the O2

•- production. The key role of Fe(II) species
to catalyze the complete oxygen reduction to water producing
aggressive HO• radical is also stressed. Our electrochemical
study provides new evidence for a better understanding the
neurotoxic effect of the iron melanin system.

Finally, from the point of view of electrocatalysis it should
be interesting to explore the ability for oxygen reduction of
melanin-like films prepared by different strategies such as those
described in refs 11 and 12.
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