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Organic electrochemical transistors (OECTs) are currently emerging as powerful tools for biosensing,

bioelectronics and nanomedical applications owing to their ability to operate under liquid phase

conditions optimally integrating electronic and biological systems. Herein we disclose the unique

potential of OECTs for detecting and investigating the electrical properties of insoluble eumelanin

biopolymers. Gate current measurements on fine aqueous suspensions of a synthetic eumelanin sample

from 5,6-dihydroxyindole (DHI) revealed a well detectable hysteretic response similar to that of the pure

monomer in solution, with the formal concentration of the polymer as low as 10�6 M. Induction of the

gate current would reflect electron transfer from solid eumelanin to the Pt-electrode sustained by redox

active catechol/quinone components of the polymer. A gradual decrease in gate current and areas

subtended by hysteretic loops were observed over 5 cycles both in the eumelanin- and DHI-based

devices, suggesting evolution of the polymer from a far-from-the-equilibrium redox state toward a

more stable electronic arrangement promoted by redox exchange with the gate electrode. OECTs are

thus proposed as valuable tools for the efficient heterogeneous-phase sensing of eumelanins and to

gauge their peculiar electrical and redox behaviour.
1 Introduction

The dynamic response of human skin and eyes to sun exposure
and oxidative stress relies for the most part on the unique
physicochemical properties of eumelanins, the black insoluble
biopolymers produced by oxidative polymerization of 5,6-
dihydroxyindole (DHI) and related metabolites.1 The central
role of eumelanins in skin and eye photoprotection, free
radical scavenging and melanoma genesis2–4 has prompted
intense studies across biology, chemistry, and physics to gain
insights into the intriguing mechanisms by which damaging
UV radiation and reactive oxygen species are efficiently
captured and quenched by the biopolymer.2 Parallel to the
rapid advances in the elucidation of the primary structure and
supramolecular architecture of natural eumelanins,3,5 consid-
erable attention has been focused over the past decade on the
development of synthetic mimics for technological applica-
tions, including surface coating and thin lms for organic
electronics.6
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Three peculiar yet highly elusive properties of eumelanins
have especially intrigued physicists and materials scientists:
their black chromophore, with a broad featureless optical
absorption and near unity nonradiative conversion of absorbed
photon energy; their paramagnetic character, revealed by a
permanent signal in the electron paramagnetic (EPR) spectrum;
and their electrical behaviour showing photoconductivity in the
solid state.2 Elucidation of these properties may provide new
impetus toward application of eumelanins as so, biocompat-
ible and bioavailable functional polymers for organoelectronic
devices and biointerfaces. Prospects in this eld are exemplied
by the burst of technological research on polydopamine, a
peculiar eumelanin-like biopolymer resembling neuro-
melanin7,8 produced by the auto-oxidation of dopamine at
alkaline pH, which combines unique adhesion properties9 with
semiconductor-like behaviour.6,10 Although early observations11

supported an amorphous semiconductor-like behaviour, more
recent studies demonstrated that optical and electrical proper-
ties of eumelanins can be better accounted for by alternative
models, e.g. the chemical disorder model,12 which takes into
account a supposedly high molecular heterogeneity and the
lack of a well dened optical gap. These concepts, together with
the strong dependence of the electrical and EPR properties on
the degree of hydration, support the view that eumelanin
behaves like an electronic–ionic hybrid conductor.13 Electrical
J. Mater. Chem. B
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conductivity would thus be induced by hydration, which denes
the balance of comproportionation/disproportionation equi-
libria between hydroxyquinone, semiquinone and quinone
species so as to dope electrons and protons into the system,
opening exciting possibilities for bioelectronic applications
such as ion-to-electron transduction.

Despite the increasing recognition of both pro-oxidant and
antioxidant behaviours of eumelanins with important medical
implications, electrical characterization of these polymers has
been carried out for the most part on thin lms or bulk solids,
since colloidal eumelanin particles have been reported to be
typically electrochemically silent.14

On this basis, direct investigation of eumelanin electrical
response in a more biomimetic aqueous suspension state is a
challenging issue in view of the possible development of a
biosensor aimed at assessing biopolymer concentration and
redox state in its environment. Dysfunctions of eumelanin
levels have been associated with different disorders, from
melanoma (the most diffuse skin cancer) to neurodegenerative
disorders, and the direct determination of eumelanin redox
states and levels in a pathological setting would be an ambitious
yet highly desirable goal.

Recently, organic electrochemical transistors based on
conductive polymers, such as poly(3,4-ethylenedioxythio-
phene):poly(styrene sulfonate), PEDOT:PSS, have emerged as
ideal platforms to interface bio-signalling with electronics.15,16

These devices appear to be most suited for biosensing, due to
their ability to work in liquid environments at low voltages
(<1 V). In this respect, several studies dealing with OECTs as
sensing devices for different species of analytes, such as
hydrogen peroxide,17,18 glucose19,20 or ions,21 have been pub-
lished. More complex systems, such as DNA, dopamine and
cells, have been reported in the literature,22 together with some
emerging developments in neuroscience, consisting of the
control of electronic ion signalling in individual cells,23 moni-
toring of brain electrical activity24 and delivery or detection of
neurotransmitters.25,26

Herein, we disclose an organic electrochemical transistor
based on PEDOT:PSS as a biosensor device allowing for the rst
time detection and characterization of a colloidal suspension of
a synthetic eumelanin from DHI. With detection sensitivity up
to 10�6 M formal concentration, the OECT is the rst purposeful
device to detect insoluble redox-active materials and to provide
insights into their electrical behaviour in aqueous suspensions
by analysis of the gate current.
Fig. 1 Schematic diagram and electrical circuit of the OECT-based biosensor for
the detection of eumelanin pigment in colloidal suspension, here a saline elec-
trolyte solution (PBS 0.1 M). The black stripe represents the active layer of
PEDOT:PSS, the OECT channel being defined by the overlapping of the electrolyte
with the polymer. The figure also represents the mechanism for the pigment
detection, based on a redox reaction of eumelanin at the gate electrode.
2 Experimental
2.1 Device fabrication and characteristics

A solution of poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate), PEDOT:PSS (Clevios PH500, purchased from Her-
aeus Conductive Polymers Division), has been doped with
ethylene glycol 20% (Sigma Aldrich) and with a 5% of dodecyl
benzene sulfonic acid (DBSA) surfactant (Sigma Aldrich), in
order to enhance its electrical conductivity.27,28 The transistor
channels of 1 mm width have been patterned on a glass slide of
2.5 � 7.5 cm and the PEDOT:PSS has been spun onto the
J. Mater. Chem. B
substrate at 1500 RPM for 30 s. The lm thickness is d� 80 nm.
Slides were nally baked on a hot plate at 120 �C for 75 min. A
PDMS well of about 100 mL volume has been used to conne the
electrolyte solution upon the channel of the transistor, the
channel dened by the overlapping of the electrolyte with the
organic polymer. The nal device aspect ratio is L/W ¼ 10
(channel width W ¼ 1 mm, channel length L ¼ 10 mm). Elec-
trical measurements with the OECT device were obtained by a 2
channel source/measure precision unit (Agilent B2902A),
controlled by a home-made LabView soware.

2.2 Synthetic eumelanin

Synthetic eumelanin was prepared by oxidative polymerization
of 5,6-dihydroxyindole (DHI) with the horseradish peroxidase/
hydrogen peroxide system, as described previously.29 Eumela-
nin concentration in aqueous suspensions is dened in terms
of formal monomer concentration (DHI, Mw 149).

3 Results and discussions
3.1 The device

Fig. 1 shows a schematic view of the OECT electrical circuit and
the sensing mechanism in the case of eumelanin biopolymer
dispersed at several concentrations in Phosphate Buffered
Saline (PBS) solution. The device active layer is made of
PEDOT:PSS, a conductive polymer with excellent biocompati-
bility properties.15,22,23 The gate electrode, aimed at inducing an
electrochemical reaction in the presence of eumelanin, consists
of a platinum wire, while source and drain electrodes are made
of silver.

Fig. 2a shows the output characteristics (Ids vs. Vds, at
different gate voltages, Vgs) of the device measured in PBS 0.1 M
with eumelanin at 10�9 M formal concentration suspended in
solution. The transfer characteristics (expressed as current
modulation DIds/Ids,0 vs. Vgs, Vds ¼ �0.4 V) are shown in Fig. 2b
for the highest concentration of eumelanin (10�2 M) and for the
PBS electrolyte solution based device, acting as a blank.

Output curves were acquired by sweeping Vds between 0 and
�0.8 V, in steps of 0.1 V, at xed Vgs between 0 and 0.8 V
(Vgs steps of 0.1 V). Transfer characteristics of OECT were
acquired by measuring Ids vs. time, xing Vds at �0.4 V and
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Output characteristics of the OECT measured with eumelanin at the
concentration of 10�9 M suspended in 0.1 M PBS. (b) Transfer characteristics of
the OECT with a Pt gate electrode characterized both with eumelanin in
suspension and without (0.1 M PBS only), Vds ¼ �0.4 V.
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pulsing Vgs between 0 V and 0.8 V with a step of 0.2 V. The
source–gate current (Igs) was acquired simultaneously during Ids
measurement in order to monitor the electron transfer reaction
occurring at the gate electrode. The Igs acquisition provides
information both on the operational mode of the OECT, that is
faradaic or non-faradaic mode,21 and on the electrical and redox
activity of the eumelanin components. It is assumed that cate-
chol-type structures belonging to reduced DHI units undergo
oxidation at the gate electrode providing electrons to the Igs
current of the gate circuit. For each Vgs step applied across the
gate electrolyte, the drain current was acquired for 60 s, e.g. a
long time scale aimed at achieving a nearly steady drain current
value for the related Vg, shown by a saturation of the channel
current in time. The phosphate buffer solution (PBS) (pH ¼ 7.2)
was used as the electrolyte for all the measurements to ensure
pH stabilization. The application of Vds induces a dri of the
holes along the PEDOT:PSS channel, generating a drain–source
current (Ids). Upon application of a positive gate voltage (Vgs),
cations (M+) from the electrolyte enter the PEDOT:PSS channel
causing its de-doping according to the eqn (1):30

PEDOT+:PSS� + M+ + e� 4 PEDOT0 + M+:PSS� (1)
This journal is ª The Royal Society of Chemistry 2013
This is referred to as the de-doping process, as its effect
causes a decrease in the modulus of drain current |Ids|.31 This
effect is due to the smaller number of holes available for
conduction, as a consequence of incorporation of cations into
the PEDOT:PSS backbone. Here, according to eqn (1), cations
tend to be adsorbed by the PEDOT+:PSS� thin lm causing a
reduction of the oxidized PEDOT+ and a consequent decrease
of conductivity upon reduction to the reduced form PEDOT0.
This process is reversible, in fact, when Vgs is switched off
(Vgs ¼ 0 V), ion diffusion occurs from the PEDOT:PSS to the
electrolyte, increasing the number of conducting holes and,
consequently, |Ids|. Such a process is referred to as doping.17

In this paper, the OECT current response is expressed as
current modulation DI/I0 ¼ (I � I0)/I0, where I is the drain
current value measured for Vgs > 0 V and I0 is the Ids value for
Vgs ¼ 0 V.17,21 The current values were determined from
current transient measurements considering the quasi-steady
state current level.
3.2 Eumelanin response in the OECT device

Eumelanin sensing is based on the redox behaviour of the
polymer in contact with the gate electrode. In detail, oxidation
of eumelanin units at the Pt gate electrode–electrolyte inter-
face promotes electron injection into the gate electrical circuit.
As a consequence, the OECT is said to work under a faradaic
regime, characterized by a negligible potential dropping at the
gate–electrolyte interface.17,32 In this operating regime the
applied gate voltage is almost entirely transferred as effective
gate voltage (Veffg ) acting at the electrolyte–polymer interface
and the cations produced upon DHI oxidation in the electro-
lyte are forced to move toward the PEDOT:PSS by the gate
voltage. The sensing mechanism would therefore be similar to
the sensing of hydrogen peroxide,32 halide,21 or dopamine33

previously reported with OECT devices operating in faradaic
mode.17 However, in all the above cases the sensing process
was aimed at monitoring soluble components, and the elec-
trical behaviour of insoluble polymer suspensions has been so
far little explored.2 Fig. 3a shows the OECT response (DI/I0) as
a function of the eumelanin concentration for two gate volt-
ages (Vg ¼ 0.3 V and Vg ¼ 0.6 V). The dynamic sensing range
spans between 1 � 10�6 M and 1 � 10�2 M, the signal
becoming about 3-times larger for Vg ¼ 0.6 V and reaching a
modulation value close to 0.8 for the highest concentration
of 10�2 M.

In detail, above 1.3 � 10�6 M the OECT response increases
almost monotonically from a value of about 0.25 up to 0.79,
indicating an increase of 0.54 in current modulation, corre-
sponding to an increase of about 86% with respect to the base
signal. In Fig. 2b, showing the transfer curves of OECT char-
acterized both without and with eumelanin suspension, the
transfer curve shis to a lower gate voltage (hundreds of mV),
indicating that the effective gate voltage (Veffg ) is increased due to
the electro-oxidation of eumelanin at the Pt gate electrode.
Fig. 3b shows the expected gate current increase in the presence
of eumelanin, such an increase being the ngerprint of the
faradic mode of operation.21,34
J. Mater. Chem. B
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Fig. 3 (a) Sensing plot (DI/I0 vs. concentration) expressed as the OECT response
at varying eumelanin concentrations, for an OECT sensor working with a Pt gate
electrode. (b) Corresponding OECT gate current flowing in the gate circuit, with
(red curve) and without (blue curve, PBS electrolyte only) the eumelanin in
suspension; when the pigment is not present in solution, no faradaic gate current
is flowing and the OECT is working under a capacitive (non-faradaic) mode of
operation.

Fig. 4 Hysteresis loop cycles of the gate current acquired for DHI (a) and
eumelanin pigment (b). Vds ¼ �0.4 V.
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3.3 Eumelanin versus DHI redox behaviour

A close analysis of device curves in the presence of eumelanin or
DHI gave some qualitative insight into the effect of the ionic
circuit (gate–source current, Igs) on the underlying electronic
circuit (drain–source current, Ids). An initial consideration
regards the PBS-based benchmark device. In the latter, the
leakage through the gate related to the PBS solution provides the
baseline for comparing eumelanin and DHI, since both the gate
current value (much lower than those exhibitedbyeumelaninand
DHI) and the small hysteresis are preserved in different testing
devices, denoting an excellent reproducibility. On this basis,
analysis of OECT features may allow for a reliable comparison
between the electrical properties of eumelanin and DHI.

Data in Fig. 4a and b, obtained by recording cyclically
(5 cycles) hysteretic Igs loops in the presence of eumelanin- and
DHI-based electrolytes, allowed for an insightful analysis of the
J. Mater. Chem. B
ionic circuit. The data acquisition mode (i.e., long time scale
between adjacent step voltages for the saturation of the polymer
dedoping process) would ensure control of the hysteresis shape
and minimization of memory effects35 and/or trapping/detrap-
ping phenomena. Since a PBS based device does not display a
faradaic behaviour in the presence of a Pt gate electrode, the
observation that the initial gate current in the DHI- and
eumelanin-based testing devices is almost 5 times higher than
that recorded for the benchmark system would clearly provide a
demonstration for the faradaic behaviour induced by the
biopolymer and the indole monomer. Interestingly, the curves
in Fig. 4a and b show that both the gate current and the area
subtended by each loop gradually decrease following each cycle,
the latter approaching baseline behaviour.

Hysteresis is known to reect the mismatch between the
scan rate and the time scale on which doping/dedoping occurs.
On this basis, the hysteretic behaviour of eumelanin- and DHI-
based devices would suggest a progressive and irreversible
alteration of the samples associated with a decreased redox
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Drain–source current vs. time of the OECT characterized upon addition of
a 10 mL drop of eumelanin at different concentrations. It is found that the lowest
eumelanin detection limit of OECT in real-time mode is 1 � 10�9 M. The black
arrow represents the exact time of injection of the drop.
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activity for both polymer and monomer following repeated
modication of their redox states.36 Consistent with this inter-
pretation, a partial or complete loss of response was observed in
the case of eumelanin samples that were allowed to stand for
prolonged periods of time as suspensions without deoxygen-
ation or deep freezing.

The analysis of the shapes of the Igs curves shows in the case of
DHI a saturating behaviour starting at Vg ¼ 0.6 V of gate bias,
whichwas not apparent in the eumelanin-based devices, where a
monotonic trend was visible in the spun gate voltage range. This
behaviour could indicate that the redox activity of DHI is almost
saturated at lower voltages compared to the eumelanin, in accord
with a substantial conversion to less responsive polymeric
components during the initial cycles. Generally, as mentioned
above, a gate voltage shi is expected for faradaic like systems
due to redox transformation of the analytes at the gate electrode,
resulting thus in an effective gate bias drop at the dielectric–
polymer interface. As a consequence, a more efficient ionic
penetration inside the polymeric layer is induced and a stronger
channel current modulation occurs at lower gate biases. This is
apparent from the shi toward lower gate voltage biases of
transfer curves recorded in the presence of DHI or eumelanin
relative to the PBS baseline prototype (see Fig. 2b). Another
important implication of the effective gate voltage can be shown
by coupling the Bernard's equation of OECT source–drain
current (1a) and the expression of the effective gate voltage31 (1b):

Ids ¼ �G
�
Vg � Vp

�2

2Vp

(1a)

V eff
g ¼ Vg þ ð1þ gÞ kT

2e
ln½M� þ const:; (1b)

where G is the conductance of the organic semiconductor, Vp is
the pinch-off voltage, g is the ratio between the capacitances of
the two interfaces (electrolyte–PEDOT:PSS and electrolyte–
gate),32 k is the Boltzmann's constant, T is the absolute
temperature and e is the elementary charge. As a result, a linear
dependence of the source–drain current on the logarithm of the
concentration is predicted:

Ids � G

Vp

KT

2e
ln½M� þ cos t

�
Vg;Vp

�
(2)

This linear relationship between Ids and ln[M] was experi-
mentally conrmed, as shown in Fig. 3a, where the curves of the
OECT response as a function of ln[M] are nearly linear in the
dynamic range investigated (that is from 10�6 M up to 10�2 M).
3.4 Real-time monitoring

In order to study the drain current evolution at xed voltages, Ids
was monitored upon in situ addition of eumelanin. The OECT
response was monitored in real-time (Vgs ¼ 0.6 V, Vds ¼ �0.4 V)
following injection of 10 mL eumelanin suspension during
acquisition. Fig. 5 shows that in real-time mode the OECT
sensor is eumelanin-sensitive down to the nM range, the sensor
reacting almost instantaneously with a rapid relative change of
This journal is ª The Royal Society of Chemistry 2013
the drain current (DIds � 1 mA) in less than 3 s. A more signif-
icant |Ids| decrease was observed at higher concentrations
(10�8 to 10�7 M). Since the sensitivity of the OECT device is
higher in the real-time monitoring mode compared to the
dynamic range achieved by the modulation response, as previ-
ously observed with other bioanalytes,33,37 it can be concluded
that 10�9 M is the lowest detection limit for the eumelanin
pigment in the OECT.

3.5 Toward a chemical model for eumelanin electrical
response

Eumelanin formation from DHI is known to involve oxidative
polymerization of indole via the 2-, 4- and 7-positions of the
indole ring to give mixtures of oligomeric/polymeric chains at
various levels of oxidation (Scheme 1). Depending on the reac-
tion conditions, the redox characteristics of the environment
and the extent of polymer exposure to oxygen and other
oxidizing agents (i.e. the extent of “aging”), the relative
proportion of reduced (catechol, DHI) versus oxidized (indole-
quinone) units may vary signicantly.

Both the key features of the curves in Fig. 4b, i.e. the
progressive decrease in gate current and hysteretic loop areas,
would suggest that in fresh eumelanin samples the catechol–
quinone units are initially “frozen” by the mode of aggregation
of the molecular components into a redox state that is far from
the equilibrium and that the repeated redox interaction with the
gate electrode provides the input for a progressive redistribu-
tion of the redox centres within the polymer, leading eventually
to a more stable, overall less responsive electronic arrangement.
In line with this view, the low or null response of “aged”
eumelanin samples might suggest either a higher degree of
oxidation of indole units or the slow spontaneous attainment of
the nal equilibrium conditions between the interacting redox
centres of the polymer aggregates.

On the other hand, the analogous behaviour of DHI in
solution may be interpreted by assuming that the initial
oxidation product, 5,6-indolequinone, as soon as it is gener-
ated, is immediately trapped by the excess reduced indole
J. Mater. Chem. B
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Scheme 1 Simplified view of eumelanin formation by oxidative polymerization
of DHI. A representative structural motif is highlighted, showing the coexistence
in the polymer of oxidized (quinone) and reduced (catechol) units.
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present in solution to give eumelanin-like intermediates that
irreversibly alter the analyte electric response aer each cycle.

Since injection of electrons from the eumelanin into the gate
electrode can occur only from reduced DHI units (Scheme 2),
the voltage values determined by the OECT device may be taken
as roughly reecting the proportion of reduced indole units in
Scheme 2 Schematic illustration of eumelanin oxidation at the gate electrode.
Reduced DHI units release two electrons and two protons to generate oxidized
quinone units.

J. Mater. Chem. B
the polymer. It is noted that DHI unit oxidation results in the
generation of protons in the medium, which may be involved in
the ionic circuit.

An interesting implication is that, taking the OECT response
of monomer DHI in solution as the maximum response of a
hypothetical, fully reduced eumelanin sample, with the null
response of an oxidized (aged) eumelanin sample at the oppo-
site extreme, it could be possible in principle to gain informa-
tion about the average redox state of a given polymer sample
simply by determining its onset voltage relative to that of DHI.
From the data in Fig. 3, for example, it can be concluded that
the oxidation potential of the investigated eumelanin samples
approaches a value that is around 200 mV, suggesting a similar
proportion of reduced catechol units. This is a rough estimation
and a more accurate evaluation requires the application of
narrower gate bias steps below 200 mV. It would be interesting
to compare these data with those obtained in a previous study
on the electrochemical behaviour of DHI polymer lms,14 which
gave an oxidation potential E1/2 of 150 mV. Therefore our
interpretation of the threshold oxidation potential could be
reasonable.
4 Conclusion

In this paper we report for the rst time the characterization of
the electrical properties of an insoluble eumelanin sample as an
aqueous suspension using OECT technology. The most
outstanding nding of this study that deserves further investi-
gation is the high sensitivity of the device response to eumela-
nin, supporting a hitherto unrecognized versatility of the OECT
for sensing insoluble redox active materials. In this respect, gate
current analysis underscored the ability of the dynamic DHI–
quinone system in the fresh eumelanin biopolymers to
exchange electrons with the gate even under heterogeneous
phase conditions by shuttling between accessible redox states.
Worthy of note is also the observed abatement in current
intensity with decreased hysteretic loop area aer each cycle
suggesting irreversible conversion of eumelanin from an origi-
nally unstable electronic arrangement toward a p-equilibrated
state less responsive to the gate electrode. Elucidation of the
processes underlying gate current characteristics and hysteretic
behaviour of eumelanin may not only guide ongoing efforts
toward the rational design and implementation of bio-inspired
devices with tailored electrical behaviour for bio-electronics,
but may yield new insights into the redox properties of
the biopolymer that have otherwise escaped previous
investigations.
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