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Abstract

The biopigment eumelanin, ubiquitous in flora and fauna, is made up of chemically heterogeneous macromolecules based
on the 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid building blocks. The exciting possibility of designing
eumelanin-based technologies for bioelectronics and sustainable electronics has to be properly assessed by gaining insights
on the charge transfer and charge carrier transport in the pigment, preferably in film form, easily amenable to devices. In this
work, we report a study on the electrochemical behaviour of films of eumelanin and its derivatives synthesized in dimethyl
sulfoxide (DMSO eumelanins) in different aqueous electrolytes, with different chemical compositions and pH. DMSO eumelanins
feature an improved solubility in the solvent DMSO, of relevance for processing purposes. The voltammetric currents are higher
at relatively low pH (5.5), as expected considering the well-established proton transport properties of the biopigment. Raman
spectroscopy and atomic force microscopy performed on eumelanin films were combined with thermogravimetry with the
aim of advancing knowledge on the molecular and supramolecular features of synthetic commercially available eumelanin,
DMSO eumelanins as well as natural eumelanin (Sepia melanin). The results collected permit unprecedented insights on the
physicochemical properties of eumelanin.
© 2016 Society of Chemical Industry
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INTRODUCTION
Eumelanin is a natural pigment found in several biological
systems1,2 where it is responsible for different functions such
as pigmentation, photo-protection and thermoregulation.3,4 In
the human body, eumelanin (named hereafter melanin for sim-
plicity) is present in skin, eyes, hair and inner ear. Sepia melanin,
obtained from the ink sac of the cephalopod Sepia officinalis,
has been intensively studied in the last decades because of its
similarity to mammalian melanins.5 – 8 Furthermore, Sepia melanin
has recently been identified as a model to study neuromelanin,9

another subclass of melanin that accumulates within the dopamin-
ergic neurons.10 The broad UV− visible absorption, thermal and
photo-stability, and humidity-dependent electrical response of
melanin, together with its biocompatibility and biodegradability,
have fascinated scientists for decades11 – 13 and render the pig-
ment an interesting candidate for emerging technologies in the
field of bioelectronics and sustainable electronics.14,15 Melanin
forms from the building blocks 5,6-dihydroxyindole (DHI) and
5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Scheme 1) and
their redox forms, hydroquinone, semiquinone and quinone.16

From four to eight building blocks form planar covalently bonded
oligomers (protomolecules) that stack via 𝜋–𝜋 interactions to
form onion-like nanostructures.17

Despite melanin’s attractive physicochemical properties, the
demonstration of melanin-based technologies represents a

serious challenge since melanin is chemically heterogeneous
and exhibits low solubility in common solvents.1 –3 Several syn-
thetic routes in vitro have been explored to overcome these
obstacles.18 – 21 Recently, a method for in situ controlled depo-
sition of melanin nanoparticles from the enzymatic reaction
of L-3-(3,4-dihydroxyphenyl)-alanine (L-DOPA) with tyrosinase
resulting in films with controlled growth and thickness has
been reported.22 The oxidation of L-DOPA with benzoyl peroxide
in dimethyl sulfoxide (DMSO) leads to the synthesis of DMSO
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Scheme 1. (a) Building blocks of eumelanin (DHI and DHICA) and (b) DMSO melanins.

melanin (Scheme 1), with good solubility in DMSO, functional
for the production of high quality films.23 – 29 Increasing the tem-
perature during the synthesis of the DMSO melanin significantly
increases the reaction rate and induces the decarboxylation of
DHICA, thus increasing the number of positions available in the
molecule for polymerization.26

Hydrated films of melanin and DMSO melanin included between
gold electrodes28 have been studied in the presence of an elec-
trical bias. The fact that the formation of electrically conductive
dendrimers was observed only for non-derivatized melanin was
attributed, at least in part, to the limited chelating properties of
the building blocks of DMSO melanin. The presence of sulfonated
groups in DMSO melanin prevents an effective chelating action at
the gold electrodes.

Despite the possibility offered by DMSO melanin to produce
homogeneous and smooth films, of relevance for technological
applications such as melanin-based cathodes30 and anodes,31 the
electrochemical properties of DMSO melanin, possibly related to
the electrochemical properties of non-derivatized melanin, are
largely undiscovered.

In this work, a comparative study was performed to gain
insight on the electrochemical activity of DMSO melanin with
respect to the commercially available, non-derivatized, Sigma
melanin, prepared by oxidation of tyrosine with hydrogen per-
oxide. Cyclic voltammetry measurements were performed using
melanin-based working electrodes in aqueous electrolytes. Raman
spectroscopy and AFM, complemented by TGA, contributed to
advance knowledge about the physicochemical properties of
melanin and melanin derivatives for application in biocompatible
coatings, bioelectronic interfaces and human and environmentally
friendly electrochemical energy storage solutions.

EXPERIMENTAL
Materials
Sigma melanin (powder), Sepia melanin (powder), L-DOPA, ben-
zoyl peroxide, acetonitrile, acetic acid and phosphate buffered
saline (PBS) tablets were purchased from Sigma-Aldrich (Ontario,
Canada). DMSO and ammonium acetate (NH4CH3COO) were pur-
chased from Caledon Laboratories (Ontario, Canada). Acetate
buffer (from acetic acid and KOH) pH 5 was purchased from ACROS
Organics (New Jersey, NJ, USA). Porous carbon paper (2050 series)
was purchased from Spectracarb (Shelton, CT, USA) with 10 mils
and 0.2 mm thickness.

Synthesis and processing of melanins and fabrication of films
DMSO melanin synthesized at room temperature (RT) and DMSO
melanin synthesized at 100 ∘C were obtained as already reported
in the literature.25,26

Melanin films were spin-coated on previously cleaned glass
substrates (2.5 cm× 2.5 cm) from DMSO suspensions, 30 mg mL−1

(1 min at 1000 rpm, then 30 s at 4000 rpm).

Raman spectroscopy
Raman measurements were carried out using a Renishaw Invia
reflex confocal Raman microscope with a CCD detector. Raman
spectra were collected at room temperature with 10% of maxi-
mum laser power, 30 s exposure time and five accumulations in
static mode. A 1800 lines mm−1 grating was used in conjunc-
tion with 25 mW, 488 nm and 514 nm laser lines, focused on the
samples using a 50× objective lens. Five samples of each type of
melanin were measured and different points (at least three) were
considered for each sample. To properly identify the functional
groups, Raman spectra were fitted through deconvolution with
Gaussian functions using Origin Pro 8.5.1. Before fitting, a base-
line was performed for each spectrum in order to remove lumines-
cence effects.

Thermogravimetry
TGA was performed using a TA Instruments TGA 2950 ther-
mogravimetric analyser. Tests on the powders conditioned for
24 h were performed in the range 25–500 ∘C (25–700 ∘C only
for Sepia melanin at 70% relative humidity) under a nitrogen
atmosphere (90 cm3 min−1) at a heating rate of 10 ∘C min−1. Tests
on powders hydrated for less than 24 h were performed in the
range 25–1000 ∘C under an argon atmosphere (90 cm3 min−1)
at a heating rate of 10 ∘C min−1. Powders were conditioned in
a Cole-Parmer mini humidify/dehumidify chamber (03323–14),
with an automatic humidity controller and an ultrasonic humidifi-
cation system. It should be noted that, between the conditioning
at a certain relative humidity level and the beginning of each
TGA, the powders were at ambient relative humidity for a few
seconds during the loading in the TGA furnace. The num-
ber of samples investigated is specified in the Supporting
information.

AFM and thickness measurements
AFM measurements, performed on films fabricated as for the
Raman investigations, were taken using an atomic force micro-
scope Dimension 3100 (Digital Instruments) with Si probes (tip
radius <10 nm, spring constant 42 N m−1) in tapping mode. AFM
images were analysed with Bruker Nanoscope Analysis. Film thick-
ness was measured using a Dektak 150 profilometer (after scratch-
ing the film with a blade). Four films for each type of melanin were
measured by AFM and profilometry.
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Electrolytes
NH4CH3COO pH 5.5 (1 M and 7.5 M) was prepared in deionized
water (a few drops of acetic acid were added to bring the pH of
the solution to 5.5). PBS electrolyte at pH 7.4 was obtained by dis-
solving one tablet (1.8–2 g tablet−1) in 200 mL of deionized water,
which yields 0.01 M phosphate, 0.0027 M potassium chloride and
0.137 M sodium chloride, pH 7.4, at 25 ∘C.

Electrochemistry
Cyclic voltammetry was performed using a software-controlled
(EC-Lab V10.39) Multi Potentiostat VSP 300 from Biologic Science
Instruments. A carbon paper strip acted as the counter electrode
and aqueous silver chloride (0.197 V versus SHE) as the reference
electrode. The electrochemical cell was purged with N2 to limit the
O2 presence during the measurements.

Fabrication of melanin electrodes on carbon paper (Mel/CP
electrodes)
A melanin suspension was prepared by mixing 3 mg mL−1 of
melanin in DMSO in a planetary mixer (Thinky ARM-310) at
2000 rpm for 30 min. 10 μL of suspension drop-cast onto carbon
paper (geometric area of 0.25 cm2), dried at 55 ∘C under vacuum
(ca 40 mbar) for 2 h to facilitate DMSO removal, acted as the

working electrode. Five working electrodes per type of melanin
were measured.

RESULTS AND DISCUSSION
Raman spectroscopy
Raman spectroscopy was used to gain insight on the molecular
structure of the melanins investigated in this work. Both, films
fabricated by spin-coating and powders were considered. Raman
spectra indicate that films and powders do not differ significantly
in their molecular structure, thus suggesting, as expected, that the
processing steps do not affect the molecular structure of melanin.
A considerable number of vibrational modes contribute to the
Raman spectra (Figs 1 and S1, Tables S1 and S2). Bands G (at ca
1590–1605 cm−1) and D (at ca 1350–1380 cm−1) are the dominant
modes and are attributable to disordered graphitic carbon.32 – 34

Contributions of the quinone C=O stretching are observ-
able at about 1690 cm−1 whereas contributions from C=N ring
stretching (from semiquinone structure) and N−H bending vibra-
tional modes are observable at 1510 cm−1 33 for Sigma melanin
and 1535 cm−1 for DMSO melanins. The band at 1771 cm−1 for
Sigma melanin can be assigned to C=O stretching in carboxylic
acid.33 – 35 The absence of such band for DMSO melanins can be
related to the presence of the sulfonated groups.25,26 The mode at

Figure 1. Raman spectra for the melanin films deposited by spin-coating on glass substrates investigated in this work: (a) Sigma melanin; (b) DMSO
melanin RT; (c) DMSO melanin 100 ∘C. Experimental Raman spectra (black, continuous line), spectra resulting from a deconvolution of the experimental
bands by means of Gaussian bands (black dashed lines) and the sum of the Gaussian bands (red continuous line) are shown. The location of the bands
G and D were fixed during the fitting procedure: 1590–1380 cm−1 for Sigma melanin, 1605–1350 cm−1 for DMSO melanins. The quality of the fitting is
remarkable: (a) chi-squared is 0.99921, (b) chi-squared is 0.99638 and (c) chi-squared is 0.99983.
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1220 cm−1 is attributable to C−OH phenolic stretching and C−O
stretching of carboxylic acid.34,35

Thermogravimetric analysis
TGA was carried out in order to gain insights into the water
content of the pigment and its molecular and supramolecular
structure, both dramatically affecting the functional properties of
the pigment.

Each minimum of the thermogravimetric derivative (DTG) corre-
sponds to the completion of a thermogravimetric phenomenon,
while the abscissa of each maximum of the DTG represents the
temperature at which the thermogravimetric phenomenon takes
place at its fastest rate; examples of thermogravimetric phenom-
ena taking place are water loss and the decomposition of the
protomolecules as well as of the nanostructures that make up the
biomaterial.

The TGA of Sigma melanin reveals three main phenomena
associated with five extrema of the DTG (Fig. 2(a), Tables S3
and S4). The weight loss until the first minimum of the DTG,
occurring at 130± 4 ∘C, can be ascribed to the loss of weakly
bound water.29,36 – 39 Other low molecular weight molecules,

such as ammonia, may be removed in this temperature range.40

The second phenomenon, taking place between 130± 4 ∘C and
731± 46 ∘C, may be ascribed to the decarboxylation of the DHICA
units,40 reported in the literature41 in a range in good agreement
with the position of extremum 3.1, 220± 15 ∘C, as well as to
the rupture of the covalent bonds formed during the melanin
polymerization, implying the evolution of CO2.42 Degradation
of uncycled moieties cannot be excluded considering the fact
that the decomposition of tyrosine has been reported between
250–400 ∘C.43 The last phenomenon, starting at 731± 46 ∘C and
not completed at 1000 ∘C, may be tentatively associated with
the rupture of covalent bonds, the decomposition of indole and
pyrrole rings, possibly accompanied by the evolution of CO2

and NH3.40

The typical TGA for DMSO melanin RT comprises five decompo-
sition steps whereas DMSO melanin 100 ∘C only comprises three
(Fig. 3, Tables S5–S8), with the first two decomposition steps being
the same for both.

Surprisingly, and differently from Sigma melanin, no minimum
related to water loss can be detected. The weight loss at 150 ∘C
is 1.8%± 0.2% for DMSO melanin RT and 1.0%± 0.1% for DMSO

Figure 2. Thermogravimetry and water content analyses. (a) Thermogravimetry and DTG of Sigma melanin powder hydrated for 1 h at 48% relative
humidity; the numbers refer to the extrema of the DTG (Table S4). (b) Water intake versus hydration time of Sigma melanin. The dashed line refers to
the logarithmic law that describes the absorption trend. (c) TGA and DTG of Sepia melanin powder hydrated for 1 h at 70% relative humidity; extrema in
the DTG as in Table S10. (d) Water content versus relative humidity (circles correspond to Sigma melanin and triangles to Sepia melanin). The line is a guide
for the eye for the data for Sigma melanin, 24 h hydration, taken from a previous work.16
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Figure 3. Thermogravimetric analysis: (a) DMSO melanin RT, powder; (b) DMSO melanin 100 ∘C, powder. The numbers refer to the extrema of the DTG
(Tables S6 and S8).

melanin 100 ∘C, in good agreement with previous work.29,44 The
negligible amount of water can be ascribed to the non-aqueous
medium employed during the synthesis and to the subsequent
storage in an N2 glovebox. In both cases, the minimum of the
DTG located at approximately 350 ∘C (extremum 4, Tables S6 and
S8) can be associated with the beginning of the desulfonation, as
reported in the literature.45,46 The weight left at 1000 ∘C (35%± 5%
for DMSO melanin RT and 30%± 10% for DMSO melanin 100 ∘C) is
most probably composed of graphitic-like sheets.29

In order to obtain a deeper insight on the molecular and
supramolecular structure of melanins, we extended our thermo-
gravimetric survey to natural melanin (Sepia melanin, extracted
from the ink sac of a cuttlefish). The thermal degradation for Sepia
melanin (Fig. 2(c), Tables S9 and S10) shows similarities with Sigma
melanin. Nonetheless, a second maximum in the DTG is observable
at 124± 5 ∘C, which partially overlaps with the first and shifts the
completion of the water loss at higher temperatures. The tempera-
ture at which the first minimum of the derivative (water loss) takes
place is slightly higher than for Sigma melanin, 171± 5 ∘C, in good
agreement with the literature.44 The second maximum could ten-
tatively be ascribed to the loss of strongly bound water; however,
in the literature it has been reported at higher temperatures.47,48

The second decomposition step can be tentatively ascribed to
the decarboxylation of DHICA building blocks41 as well as to
the rupture of the supramolecular structure and substructure of
natural melanin and to the non-covalent bonds between lay-
ers in oligomer planes.47 The further three steps are associated
with breaking of the bonds between the indole units and to
the opening of pyrrole and indole rings.47 The presence of a
higher number of decomposition steps for Sepia than for Sigma
melanin can be explained considering that the supramolecular
structure of Sepia melanin is more complex than Sigma melanin,
conferring the ability to ‘store’ both weakly and hardly bound
water49 as well as implying multiple degradation steps during
its heating.

Different relative humidity levels and hydration times were stud-
ied for Sigma and Sepia melanin (Fig. 2(d)). Concerning the hydra-
tion kinetics for Sigma melanin, after 24 h of conditioning most
of the water present (>75%) was actually absorbed during the
first hour (Fig. 2(b)). The higher the relative humidity level is,
the more Sepia melanin absorbs water (as much as half of the
weight of the pigment is ascribable to water for a conditioning

of 24 h at 90% relative humidity, in good agreement with what
was reported in the literature4). Concerning the hydration kinet-
ics, the higher the relative humidity level is, the smaller is the per-
centage of water absorbed in the first hour with respect to the
amount after 24 h. This may tentatively be explained consider-
ing that for longer hydration times water is able to ‘soak’ into the
most remote crevices contributing to the hardly bound water frac-
tion. Analysing Fig. 2(d) it may be inferred that Sepia melanin is
more hygroscopic than Sigma, as opposed to dopa-melanin.49 It
is worth noting that the conditioning at different relative humid-
ity levels does not influence either the position of the extrema
or the weight losses related to different decomposition phenom-
ena (Figs S2, S3, S4 and S5), except for the first one (water loss)
already discussed.

Atomic force microscopy
The morphologies of the spin-coated films prepared from Sigma
melanin, DMSO melanin RT and DMSO melanin 100 ∘C were stud-
ied by AFM. AFM permits light to be shed on the continuity
of the films, the degree of coverage of the substrate and the
smoothness of the surface, key parameters to assess the applica-
bility of films in device architectures. Films obtained from Sigma
melanin showed the highest root mean square roughness (Rq), i.e.
0.40± 0.17 nm, followed by DMSO melanin 100 ∘C (0.29± 0.11 nm)
and DMSO melanin RT (0.14± 0.06 nm; Fig. 4, Table S11). The cor-
responding thicknesses measured by profilometry were found to
be about 57± 4, 42± 6 and 31± 3 nm (Fig. S6, Table S11). Thicker
films, obtained after three sequential spin-coating runs from the
same three types of melanin, were found to be about 155± 9,
131± 8 and 114± 7 nm thick. Their Rq showed the same ten-
dency as for their thin counterparts, i.e. 0.70± 0.16, 0.58± 0.19 and
0.42± 0.09 nm (Fig. 4, Table S12).

The low roughness of the films obtained from DMSO melanins
is probably due to their good solubility in DMSO.25 Moreover, the
relatively high temperature required to prepare DMSO melanin
100 ∘C, promoting a relative increase in DHI concentration and
leaving, at the same time, an increased number of positions avail-
able for polymerization,26 is likely to be the cause of an increased
roughness and thickness for DMSO melanin 100 ∘C with respect
to DMSO melanin RT. A considerable number of agglomerates are
observed for DMSO melanin 100 ∘C compared with DMSO melanin
RT, probably related to a higher polymerization degree.

Polym Int 2016; 65: 1315–1322 © 2016 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 4. 15 μm× 15 μm AFM topography images of spin-coated melanin films: (a)–(c) melanin thin films with one spin-coating run; (d)–(e) melanin thick
films with three sequential spin-coating runs.

Cyclic voltammetry

To gain insight into the electron transfer properties of Sigma
melanin, DMSO melanin RT and DMSO melanin 100 ∘C,
their electrochemical behaviour was investigated by cyclic
voltammetry.50,51 The working electrode was constituted by
melanin drop-cast from DMSO suspensions onto carbon paper,
with 120 μg cm−2 melanin loading. Electrolytes with different
chemical compositions and with different pH were employed to
gain insight on the effect of the electrolyte on the electrochemical
behaviour of melanin: 7.5 M NH4CH3COO pH 5.5 and PBS pH 7.4
(Figs 5, S7 and S8).

As a general observation, the voltammetric currents are higher
at relatively low pH, as expected considering the well-established
proton transport properties of melanin.16

Independently of the type of melanin and electrolyte, during the
first two to three voltammetric cycles a broad, irreversible anodic
response is observed,16 between 0.25 and 0.9 V versus Ag/AgCl
for 7.5 M NH4CH3COO pH 5.5 and between 0.15 and 0.9 V versus
Ag/AgCl for PBS pH 7.4. Such anodic response is attributable, at
least in part, to the formation of oxidized species at the positive
electrode, eventually coupling to lead an increased intermolecular
reticulation.5,16,52 For Sigma melanin, the broad signal includes,
during the first cycle, a shoulder located at about 0.4 V versus
Ag/AgCl.

The cyclic voltammograms of DMSO melanin RT and DMSO
melanin 100 ∘C show, for the first three to four cycles, a shoulder
located at about 0.4 V versus Ag/AgCl in 7.5 mol L−1 NH4CH3COO
at pH 5.5 and at 0.35 V versus Ag/AgCl in PBS pH 7.4. For these two
types of melanin, a cathodic peak at about 0.25 V versus Ag/AgCl
is observable, during the first three to four cycles, in 7.5 mol L−1

NH4CH3COO at pH 5.5. The cathodic peak shifts to 0.1 V versus
Ag/AgCl in PBS pH 7.4. The difference in the cyclic voltammograms
of DMSO melanins with respect to Sigma is probably due to the sul-
fonate termination. The contribution due to the possible oxidation
of species susceptible to polymerization at the positive electrode,
already discussed for Sigma melanin, has to be contemplated even
for the DMSO melanins.

Interestingly, for the three melanins investigated, a (pseudo)
capacitive behaviour is observable after the third cycle, where
voltammograms exhibit a quasi box-shape.

To better understand the effect of the concentration, compo-
sition and pH of the electrolyte on the cyclic voltammograms in
acetate-based medium, i.e. the medium where the highest voltam-
metric currents were recorded, additional electrochemical studies
were performed, focusing on Sigma melanin (Figs S9 and S10). The
concentration does not play a primary role in the voltammetry
whereas the acetate buffer at pH 5 shows an anodic peak at around
0.7 V versus Ag/AgCl persistent even under prolonged biasing. This
peak may be attributed to the oxidation of the building blocks to
the quinone form with consequent favourable interaction with K+

ions from the buffer; the species resulting from such an interaction
might dissolve during the cathodic scan, where the quinone form
is reduced to hydroquinone.

CONCLUSIONS
With the aim of designing technologies based on the
biocompatible, biodegradable, abundant at low cost biopig-
ment melanin, we performed a systematic comparison between
commercially available Sigma melanin and melanin deriva-
tives synthesized in DMSO (DMSO melanin) characterized by an
improved solubility in common solvents. After a Raman spec-
troscopy investigation of the different types of melanin, we
characterized by scanning probe microscopy films based thereon
for their continuity and smoothness. We confirmed the enhanced
processability of films based on DMSO melanin. TGA showed
that a negligible amount of water is included in DMSO melanin.
An extension of the TGA to natural Sepia melanin showed a
higher number of decomposition steps for Sepia than for Sigma
melanin, attributable, among other factors, to the ability of the
former to store both weakly and hardly bound water. The results
of the thermogravimetric studies are of primary importance
for the development of melanin-based technologies exploiting
the proton transport properties of the pigment. Spectroscopic,

wileyonlinelibrary.com/journal/pi © 2016 Society of Chemical Industry Polym Int 2016; 65: 1315–1322
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Figure 5. Cyclic voltammograms (total 10 cycles) of different types of melanins in 7.5 mol L−1 NH4CH3COO pH 5.5 and PBS pH 7.4 electrolytes; 120 μg cm−2

of melanin on carbon paper is the loading in the working electrode. (a), (b) Sigma melanin; (c), (d) DMSO melanin RT; (e), (f ) DMSO melanin 100 ∘C.
Voltammograms (a), (c) and (e) are in 7.5 mol L−1 NH4CH3COO pH 5.5, whereas (b), (d) and (f ) are in PBS pH 7.4. Carbon paper strips were used also as
counter electrode; scan rate 50 mV s−1; geometric area of the working electrode 0.25 cm2.

topographical and thermogravimetric studies were the under-
pinning for the exploration of the electrochemical properties
of the films. Cyclic voltammetry shows that currents are higher
in electrolytes with relatively low pH, in agreement with the
well-established proton transport properties of melanin. The orig-
inality of our contribution consists in advancing the knowledge

about molecular structure, film morphology and functional
properties in melanin films to try to predict the performance of
devices based thereon. Our findings are indeed functional for
an improved design of melanin-based technologies for appli-
cations such as neural interfaces and electrochemical energy
storage.
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