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Abstract

The electrical properties of eumelanin, a ubiquitous natural pigment, have fasci-

nated scientists since the late 1960s. For several decades, the hydration-dependent
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electrical properties of eumelanin have mainly been interpreted within the amorphous
semiconductor model. Recent works undermined this paradigma. Here we study pro-
tonic and electronic charge carrier transport in hydrated eumelanin in thin film form.
Thin films are ideal candidates for these studies since they are readily accessible to
chemical and morphological characterization and potentially amenable to device ap-
plications. Current-voltage (I-V') measurements, transient current measurements with
proton-transparent electrodes, and electrochemical impedance spectroscopy (EIS) mea-
surements are reported and correlated with the results of the chemical characteri-
zation of the films, performed by X-ray photoelectron spectroscopy. We show that
the electrical response of hydrated eumelanin films is dominated by ionic conduction
(1004 = 1073 S cm™!), largely attributable to protons, and electrochemical processes.
To propose an explanation for the electrical response of hydrated eumelanin films as
observed by EIS and I-V, we considered the interplay of proton migration, redox pro-
cesses, ad electronic transport. These new insights improve the current understanding
of the charge carrier transport properties of eumelanin opening the possibility to as-
sess the potential of eumelanin for organic bioelectronic applications, e.g. protonic
devices and implantable electrodes, and to advance the knowledge on the functions of

eumelanin in biological systems.

Introduction

Eumelanin is the most common form of the pigment melanin in the human body, with diverse
functions including photoprotection, anti-oxidant behavior, metal chelation, and free radical
scavenging.! Melanin also plays a role in melanoma skin cancer and Parkinson’s disease.??
Recently, biologically derived batteries and chemical sensors based on eumelanins have been
reported.*® Polydopamine, a melanin-like synthetic polymer, is a versatile platform for

biofunctional coatings.”

Eumelanin is a heterogeneous macromolecule arising in part from the polymerization



HO O~ Ox HO
\ -H € \ -HY, -e \ \
| R =——> | R=e=——=> R=—7=> - R
N N . N
HO N HO H © H © H

Hydroquinone form Semiquinone form Quinone form Quinone imine form

R=H, COOH

Scheme 1: Redox forms of the final monomer precursors of eumelanin (5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)). Hydroquinone
(H2Q), semiquinone (SQ), and quinone (Q) forms. The quinone imine form (QI) is the
tautomer of Q.%!0 Reversibility of the redox processes is indicated assuming that no other
reactions occur after oxidation/reduction.

of L-dopa via 5,6-dihydroxyindole (DHI).® It is composed of oligomeric and/or polymeric
species of DHI, 5,6-dihydroxyindole-2-carboxylic acid (DHICA), and their various redox
forms, namely the ortho-hydroquinone (H5Q), semiquinone (SQ), and (indole)quinone (Q)
forms, as well as the tautomer of Q, quinone imine (QI) (Scheme 1).57'% From the struc-
tural point of view, eumelanins feature significant similarities with polyindole conducting
polymers.!11? The macro- and supra-molecular structures of eumelanin depend on the (bio)-
synthetic conditions.*® Several studies indicate the formation of planar oligomer sheets, which
stack via 7 — 7 interaction and form disk-like aggregates. 415

The electrical properties of eumelanin, characterized by a thermally activated, strongly
hydration-dependent conductivity and weak photoconductivity, have fascinated scientists
since the late 1960’s.1"! Electronic band structures in analogy to inorganic semiconductors
were suggested based on the strong broad-band UV-vis absorption and the w-conjugated
molecular structure.?%2! After the observation of a reversible resistive switching in eumelanin

23-25 and

pellets reported by McGinness et al. in 1974,?? electrical measurements on pellets
thin films?627 have been interpreted within the amorphous semiconductor model. Within
this model, the strong hydration dependence of the conductivity?® has been explained by the
increase of the dielectric constant in presence of water. This increased dielectric constant

decreases the activation energy for charge carrier hopping.'” Several reports on eumelanin

pellets or thin films also present evidence of mobile protons.!®?42729 However, apart from



t,'® none of

the early work of Powell and Rosenberg based on a coulometric measuremen
these reports assigned a dominant role to protons for charge transport. Recently, Mostert
et al. demonstrated that the amorphous semiconductor model cannot properly describe
the hydration-dependent conductivity of eumelanin pellets.?® The same authors probed the
presence of locally mobile protons and extrinsic free radicals by muon spin relaxation and
electron spin resonance measurements and concluded that eumelanin is a hybrid protonic-
electronic conductor. 3!

We recently investigated the growth and the hydration-dependent conductivity of eume-

2 and the their interaction with Au electrodes.?® It is now important to

lanin thin films,?
establish to which extent protons and electrons contribute to the electrical response of hy-
drated eumelanin in view of possible applications of eumelanin in bioelectronics. We recently
investigated the growth and the hydration-dependent conductivity of eumelanin thin films, 32
and the their interaction with Au electrodes.®® Thin films are ideal candidates for these
investigations because they are readily accessible to chemical and morphological character-
ization and potentially amenable to device applications. Electrochemical impedance spec-
troscopy (EIS), current-voltage (I-V') measurements, and transient current measurements

with proton-conducting contacts are reported and correlated with the chemical composition

of the eumelanin thin films, investigated by X-ray photoelectron spectroscopy (XPS).

Results and discussion

Electrical characterization by EIS and /-V measurements

To characterize the electrical response of hydrated eumelanin thin films, we firstly performed
an EIS survey. EIS was conducted on eumelanin films at 90% relative humidity (RH),
corresponding to a water content of about (16.8 +0.7) wt% (Figure S1 and Table S1), with
Pt electrodes in two electrode configuration (Figure 1 and S2). At zero bias, the Nyquist

plot, showing the impedance Z of the sample on the complex plane, consists of a semicircle



at high frequencies (Figure 1a) and a low-frequency tail indicating ion and electron blocking
electrodes (Figure 1b). This behavior is typical of electrolytes sandwiched between metal
electrodes with the semicircle usually assigned to the ionic resistance in parallel to the
geometric capacitance.?* 3> The blocking behavior of the electrodes dominates up to a bias of
0.2 V: the sample responds to the AC voltage by charging and discharging the double layer.

To verify that the ionic conductance associated with the semicircle can be assigned to the
eumelanin bulk as opposed to currents in the water layer adsorbed on the substrate or film
surface, ¢ we conducted EIS measurements on eumelanin films of different thickness and on
bare substrates (Figure S3). The ionic conductance was found to scale with film thickness
and currents in 50 nm thick eumelanin films were on average one order of magnitude higher
than on bare substrates. Eumelanin samples with electrode distances L of 10, 80, and
500 pum gave similar values for the ionic conductivity (Figure S4). We extracted an average
ionic conductivity of 7.1-107* S ecm™! with a standard deviation of 4.8 - 107 S em™" (13
eumelanin thin film samples). Due to the high proton concentration in eumelanin, the charge
carriers responsible for this conductivity are expected to be mainly protons. This is further
supported by literature where the mobility of protons is reported to be at least three times
larger than the mobility of other ions in hydrated polymers.3”3® The conductivity value is
comparable with the protonic conductivity of proton conducting biomaterials such as maleic
chitosan,® proline chitosan,* and squid reflectin protein.*!

With increasing bias, the onset of a second semicircle can be recognized at low frequencies
in the Nyquist plots (Figure la and b). The diameter of this semicircle decreases when the
bias is increased. This is typical of electrodes loosing their electron blocking behavior. The
size of the second semicircle depends on the in-plane electrode area A (inset of Figure 1). It
is smaller with respect to the first semicircle for samples with a larger A/W ratio (Figure S5
in SI), suggesting that it arises from a phenomenon at the interface, such as electrochemical
reactions, rather than in the bulk. In the study of mixed conductors, the appearance of a sec-

ond semicircle in the low-frequency region of the Nyquist plot and the simultaneous absence



——0QV ' v 100 - /
10l —+-o02V / [/ // e ]
—a—04V " b4 /4” s
v 06V / / 1 80~ /
08 1 ggy / /v . Y,
G [ /¥ / G .
\E-/ ‘J"‘ //;/ | g/ 60 | . /
N N /-/
£ £ - .
—I | _I 40 ./ ‘///.(f)/. -
J d ¢
200 "
AAA
0 g: 1 1 1

Re(Z) (MQ)
Figure 1: Nyquist plots of the EIS measurement on a eumelanin film at 90% RH, applying a
bias between 0 and 0.8 V (L = 10 ym, W = 24.5 mm, d = 50 nm). (a) High-frequency range.
The inset illustrates the sample geometry. (b) Entire frequency range (1072 — 10° Hz).

of a capacitive low-frequency tail, in absence of electrochemical reactions, is usually taken as
evidence of electronic conduction in parallel to ionic conduction.?**? Nevertheless, a number
of charge transfer processes at the electrodes can also cause a similar low-frequency behav-
ior, in absence of electronic conduction in the bulk. The dependence of the low-frequency
semicircle on the applied bias and the in-plane electrode area indicates its electrochemical
origin.

I-V characteristics of hydrated eumelanin thin films measured with the same electrode
configuration (Figure 2a) also support the presence of bulk ionic conductivity and interfacial
electrochemical processes. Currents at [V| < 0.2 V are primarily of capacitive origin, as
deduced from the weak dependence on voltage and the quasi-linear dependence on the voltage

‘Z—‘; yields

sweep rate (Figure S6a in SI). A linear fit of the rate-dependence according to [ = C
a capacitance C of about 1077 F (Figure S6b in SI). This corresponds well to typical values of
the double-layer capacitance at electrode/electrolyte interfaces (1075 F cm™2), when taking
into account not only the film cross section (W - d), but also the in-plane electrode area

(A = 0.8 mm?).%® The capacitance value is orders of magnitude higher than what is expected

from dielectric polarization and is thus an indication of ionic currents in hydrated eumelanin
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Figure 2: Current-voltage characteristics of a eumelanin film (d = 50 nm) at 90% RH,
measured with coplanar Pt electrodes (L = 10 pm, W = 24.5 mm). (a) Voltage sweep
rate dependence of the first cycle. (b) First five cycles of the 0.5 mV s~! measurements for
positive voltages.

films. 44
At |V]| > 0.2 V, currents show a quasi-exponential dependence on V', suggesting a non-
capacitive behavior. Figure 2b shows the positive branches of the first five I-V cycles at the

slowest sweep rate, 0.5 mV s7!

. The current decreases with each cycle and shows a broad
shoulder above 0.4 V. From an electrochemical perspective, the I-V characteristics suggest
the presence of irreversible redox processes at the Pt/eumelanin interfaces. The decrease of
the current with each cycle is attributable to the depletion of redox species or the formation
of an insulating layer at the electrode interfaces. To further investigate the importance of
electrochemical reactions as compared to ionic and electronic conduction in the bulk, we

investigated the scaling of the current with interelectrode distance L, film thickness d, and

in-plane electrode area A (Figure S7-S9 in SI). While conduction in the bulk should scale



with the film cross section (W - d) and increase with L', electrochemical reactions should
be more sensitive to the interface area, and thus A. Our results suggest that both transport
in the bulk and processes at the electrodes determine the electrical response of the films.
Interestingly, above 30 nm thickness current does not scale with film thickness any more
but seems to be limited by interface processes, in line with our attribution of the current to
electrochemical processes.

To shed light on possible redox processes at the electrodes, cyclic voltammetry (CV)
measurements were conducted on films of Sigma melanin. An intense oxidation peak, located
at about 0.5 V vs SCE, is observed (Figure S10 in SI). This peak has an irreversible character.
CV measurements were also carried out on films with a more controlled chemical composition,
using eumelanins obtained by the polymerization of DHI and DHICA (DHI melanin and
DHICA melanin). Analogously to the case of Sigma melanin, an irreversible oxidation
peak is observed during the first cycle (Figure S10 in SI).454 The irreversibility of the
oxidation peak likely originates from the covalent coupling (intramolecular reticulation) of
the intermediate species formed at the positive electrode. Indeed, radicals and Q species
formed by the oxidation of DHI moieties are reactive and may undergo coupling processes
with other radicals and nucleophilic counterparts.'®*"4 The decrease of the current density
with each CV cycle can be interpreted at least in a twofold manner: polymerizing species
are depleted under prolonged biasing and/or the reaction products have limited electronic
conductivity. We did not observe any reversible redox activity, which is typically associated

with efficient electronic conduction.

Chemical characterization by XPS

To gain insight into the molecular structure and the potential nature of charge carriers of
our eumelanin samples, we performed a XPS survey. The chemical composition of eumelanin
depends on its (bio-) synthetic origin and can also be affected by thin film processing.®32

The commercial synthetic eumelanin (Sigma melanin) used in this study is synthesized by



oxidation of tyrosine. The standard oxidative path leads via L-dopa to DHI and DHICA,
which subsequently polymerize to eumelanin (Figure S11 in SI). Pyrrolic acids can form due
to oxidative degradation. We analyzed the elemental composition and the Cls, N1s, and
O1s peaks regarding the relative contribution of the various precursor units to the eumelanin
macromolecule (Figure S12 and Tables S2-S4 in SI). The N1ls peak suggests that a rather
large portion of the units, 37%, is uncyclized. The uncyclized compounds are not detectable
in the UV-Vis spectrum?® in agreement with literature reporting strong similarities between
polyphenolic and polyindolic systems.?® The elemental ratio [C]/[N]=8.8 and the portion
of C bound in -COOH moieties (8.5%), indicate a low content of pyrrolic acids. Indeed,
combining these three numbers yields a composition of 22% DHI units, 41% DHICA units
(both can be present in HyQ, SQ, or Q form), 37% of L-dopa or tyrosine, and the absence of
pyrrolic acids. Several impurities (F, Fe, S, Cl) were also detected in the wide scan survey.
Although XPS alone does not permit to draw a complete picture of the chemical composition
of Sigma melanin, it reveals the presence of about 0.8 -COOH moieties per monomer unit
and a relatively high content of uncyclized units in the eumelanin films. Based on the XPS
results, the -COOH group (pK, 4.25!) should be the dominant source of protons in the
eumelanin films. Further potential proton donors in eumelanin include the tautomer QI
(pK, 6.3%%) and the hydroxyl group of SQ. However, only about one out of 1500 indole units
is in SQ form at neutral pH.*? Regardless, the high concentration of -COOH groups suggests

a mayor contribution of protons to the ionic conductivity of eumelanin.?®?

Measurement of proton current using PdH, contacts

To establish to which extent protons contribute to the electrical current in hydrated eume-
lanin thin films, we investigated proton transport by transient current measurements with Pd
electrodes in a planar two-electrode configuration (Figure 3). Measurements were conducted
at 60-80% RH, corresponding to a water content of (11.6 &+ 1.0) wt% to (15.6 &+ 0.2) wt%

(Figure S1). PdH, contacts have been used in the past to measure the protonic conductivity



of ice, proton conducting polymers, and biomaterials.3? 415455 In its pristine state, Pd is an
excellent electronic conductor and is used to measure electronic conductivity of materials.
When exposed to Hy, Pd forms PdH,, which can transfer protons between the contact and
the material under investigation, according to PdH+= Pd+H*+e~. For every proton injected
in the material, an electron is collected by the leads that complete the circuit. As such, PdH,
contacts are able to measure both the electronic and protonic contribution to the current in
eumelanin films. For measurements at all RH (60%, 70%, and 80%) the steady-state current
in eumelanin films recorded with PdH,, contacts is higher than the current measured with the
Pd contacts before exposure to Hy. The difference increases with relative humidity. Thicker
films of eumelanin show an enhancement of the steady-state current of up to a factor of 10
with PdH, contacts and a very pronounced hydration dependence (Figure S13 in SI). This is
an indication that the protonic component of the steady state current in melanin increases at
higher RH as expected for most proton-conducting biomaterials.?> %! From the steady-state
current measured at 80% RH with PdH, contacts, we subtract the current measured with
Pd contacts at the same RH and obtain 2-107° S cm ™! as an estimate for the proton conduc-
tivity. It has to be noted that this value is affected by factors such as contact resistance and
space charge effects. Considering the difference in RH (80% for measurements with PdH,,
90% for EIS), the value is in good agreement with the data from EIS (Figure 1) .

The transient response measured with these contacts is more difficult to interpret because
it also includes a component of dielectric polarization and possibly double layer charging by
ions other than protons and is limited by the small number of data points (Figure S13
in SI). Qualitatively, the difference between the transient response versus the steady state
response is smaller for PAH, contacts. This observation confirms that the increased current
measured in the steady state with the PdH, contacts arises from protons, because protons
contribute to the transient response measured with Pd contacts, but should not contribute

to the steady-state current.

10
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Figure 3: Transient current measurements of a eumelanin film (d = 50 nm) with Pd elec-
trodes (electronic current) and PdH, (electronic and protonic current) contacts (L =9 um,
W =20 pm) at 60, 70, and 80 % RH. The applied bias is 0.5 V.

Discussion on the interplay of proton migration, redox processes,

and electronic transport

To understand the complex electrical response of hydrated eumelanin films as observed by
EIS and -V, the interplay of proton migration, redox processes, and electronic transport has
to be considered. Before biasing, the hydrated eumelanin film contains eumelanin building
blocks DHI and DHICA in different redox states (H2Q, SQ, Q, and QI tautomer, Scheme 1)
as well as protons originating from -COOH, QI, and S moieties, homogeneously distributed
within the film (Figure 4a). -COOH groups, not explicitly shown in Figure 4, leave quasi
immobile negative moieties when deprotonated. It has recently been proposed that the
electronic charge carrier in eumelanin originates from the SQ free radical.3! The density of

SQ moieties is determined by the comproportionation equilibrium,3!

HoQ + Q + 2H,0 = 2 H;0T +2 SQ ™. (1)

We first consider the case of low bias (|V| < 0.2 V), where currents are largely capacitive.
Protons migrate under the influence of the external electric field and accumulate close to
the negative electrode, creating a pH gradient across the film (Figure 4b). The electric field

within the bulk is significantly reduced due to formation of space charges. The change in local

11



pH affects protonation and the comproportionation equilibrium. In aqueous suspensions of
eumelanin, the SQ~ concentration increases up to a factor of 7 between pH 7 and 11.5%%% An
increase in SQ~ with pH has also been observed for hydrated pellets.®® Thus, the density of
SQ~ is expected to be higher at the positive than the negative electrode.

At higher bias (|V| > 0.2 V), electron transfer processes take place at the electrodes
(Figure 4c). The low pH at the negative electrode should favor the reduction of Q and SQ
moieties (Scheme 1).5” The reduction of Q to SQ~ would correspond to the injection of an
electron capable to contribute to electronic conduction.3! Several processes might hinder
the efficient injection. If two SQ~ are formed in close proximity, they might recombine by
disproportionation to HoQ and Q, assisted by the presence of protons (Equation 1) or undergo
free-radical coupling.®® In addition, SQ~ might be further reduced to H,Q incorporating H*.
Species such as H and O, could also be reduced.

At the positive electrode, the extraction of a mobile electron corresponds to the oxidation
of SQ™ to Q, a process that could extend into the bulk of the film. However, tautomer
formation from Q to QI followed by deprotonation of QI could limit electron transport.
Furthermore, HyQ could be oxidized to Q in a two-electron process with release of two H*
that subsequently migrate toward the negative electrode. Irreversible processes as those
discussed for CV measurements are also expected to take place.

In this picture, under sufficiently high electrical bias, an increasing number of DHI and
DHICA moieties get fully reduced at the negative electrode and fully oxidized at the positive
electrode. At least two processes might lead to the continuous decrease of the electronic
current in eumelanin: the formation of Ho() at the negative electrode and QI™ at the positive
electrode. Both reduce the number of potential hopping sites for electrons. For a certain
time, a non-capacitive current can flow even in absence of a continuous electron path between

the two electrodes, the electric circuit being closed by proton migration.

12
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Figure 4: Illustration of the most important concepts of the model proposed for the electrical
response of hydrated eumelanin films between co-planar Pt electrodes. (a) Composition of
the eumelanin film before biasing including the various redox forms of DHI and DHICA (H,Q),
SQ, Q, QI tautomer). (b) Under electrical bias, proton migration affects protonation and
the comproportionation equilibrium (Equation 1). (¢) Possible electron transfer reactions at
higher bias include the oxidation (brighter background) and reduction of eumelanin (darker
background) according to Scheme 1. Moieties that changed their redox state are marked in
green. While Hy(Q might form an insulating layer at the negative electrode, Q provides a
transport path for the electronic charge carriers.
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Conclusion

In conclusion, we show that eumelanin films are proton conductive over micrometric dis-
tances and that the contribution of protons to the electrical current strongly increases with
hydration. The ionic conductivity reaches about 10™* — 1072 S cm™! at 90% RH, largely
attributable to protons. Our results point to the importance of electrochemical reactions in
the electrical response of hydrated eumelanin thin films. We propose a qualitative model to
describe how the interplay of proton migration, comproportionation equilibrium, and redox
processes could limit electron transport through eumelanin films. Reversible and irreversible
redox processes have to be properly recognized to improve the understanding of electrical
conduction in eumelanin. We are currently carrying out a systematic CV survey considering
different pH and electrolyte conditions.

In perspective, two approaches can be adopted to observe electronic currents in eumelanin
films. From the structural point of view, electron transport could be enabled by the use
of eumelanin derived from DHI. It has recently been suggested that DHI-derived eumelanin
forms planar oligomers, which assemble via 7-stacking.®® In contrast, eumelanin derived from
DHICA, while leading to superior proton donating and free radical scavenging properties,
forms non-planar structures.® The high content of -COOH and uncyclized building blocks,
as detected by XPS, indicate that there might be room to improve the electronic conduction
by engineering the molecular structure of eumelanin. Other H-bonded pigments, which show
strong intermolecular m-stacking, have recently emerged as ambipolar semiconductors. %06

Furthermore, electron and hole injection might be enhanced by the use of different elec-
trode materials. The lack of well-defined highest occupied and lowest unoccupied molecular
orbital energies for eumelanin makes a rational choice of the electrode material based on
energy-level alignment difficult. In this regard, carbon nanotube electrodes, which have
been shown to enhance electron and hole injection in different organic semiconductors,®

could help to ensure that electronic currents in eumelanin are not limited by injection. In

addition, a systematic cyclic voltammetry survey is being carried out on eumelanin and eu-

14



melanin building blocks, both in suspension and thin film forms, to locate the HOMO and
LUMO levels of eumelanin.

Our results point to the need for a holistic approach, including chemical, electrochemical,
and structural contributions, to uncover the charge transport properties of eumelanin films.
A good understanding of these properties holds the potential to reveal bioelectronic applica-
tions of eumelanin and to advance the knowledge on the functional properties of eumelanin

in biological systems.

Experimental

Sample preparation

Si/Si0O4 substrates with 50 nm thick co-planar Pt or Pd electrodes patterned by photolithog-
raphy were wet-cleaned and UV-ozone treated. Eumelanin thin films were deposited from
a suspension of synthetic eumelanin (Sigma Aldrich) in dimethyl sulfoxide (sonicated and
filtered) by spin-coating (1 min at 1000 rpm + 30 s at 4000 rpm, 30 mg ml~! suspension).
Some thicker films were prepared by drop casting a diluted eumelanin suspension. Film
thicknesses were determined by atomic force microscopy measurements on a scratch. Films
were kept in humid air (90% relative humidity (RH)) without heating for at least 24 h be-
fore characterization for evaporation of residual solvent and hydration. The effect of residual
DMSO and different thermal treatments on the electrical properties of the films is currently
investigated. In measurements with Pt electrodes, two different electrode geometries were
compared: an interdigitated circular design with interelectrode distance L = 10 pm, elec-

trode width W = 24.5 mm, and total in-plane electrode area A = 0.8 mm?

, and a design
with a straight single channel with L = 10 pgm, W = 4 mm, and A = 8 mm? (see Figure 1
for definition of sample dimensions). DHI melanin and DHICA melanin used for CV mea-

surements were obtained from DHI and DHICA by the procedure reported in Ref. 63. DHI
and DHICA were prepared according to Ref. 8. Suspensions of DHI melanin and DHICA
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melanin in methanol (30 mg ml™!) were spin-coated on ITO substrates using a rotation
speed gradient from 2000 rpm to 4000 rpm. For CV measurements, Sigma melanin was

spin-coated on I'TO substrates as described above.

Sample characterization

I-V and EIS measurements were performed in a chamber with controlled RH at 90% RH in
air. The Pt electodes were contacted with micromanipulated tungsten probes. A software-
controlled source/measure unit (Agilent B2902A) was used for I-V measurements. EIS data
was acquired from 1 MHz to 0.01 Hz (10 points per decade, 50 mV oscillation amplitude) with
a potentiostat (Versa STAT 4, Princeton Applied Research). The ion conductivity was evalu-
ated from measurements on five independent samples with L=10 um (several measurements
each). For transient current measurements with proton-transparent electrodes, eumelanin
was deposited on Si/SiO, substrates with pre-patterned Pd electrodes (L=9 pm, W=20 pm).
Measurements were conducted with a semiconductor parameter analyser (Agilent 4155C) in
an environmental chamber with controlled humidity under Ny atmosphere, with and with-
out 5% Hy. XPS measurements were taken with an ESCALAB 3 MKII from VG Scienta
with a Mg Ka source. CV measurements were conducted with Versa STAT 4 (Princeton
Applied Research) in 0.01 M phosphate-buffered saline solution (PBS, pH 7.4). Eumelanin
films were deposited on ITO on glass, used as the working electrode (area 0.63 cm?). A sat-
urated calomel electrode (SCE) and a Pt foil were used as reference and counter electrode,
respectively. The voltage was scanned from 0 V to positive and then to negative voltages at

a rate of 50 mV s~ 1.
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ABSTRACT: The electrical properties of eumelanin, a ubiquitous natural pigment,
have fascinated scientists since the late 1960s. For several decades, the hydration-
dependent electrical properties of eumelanin have mainly been interpreted within the
amorphous semiconductor model. Recent works undermined this paradigm. Here we
study protonic and electronic charge carrier transport in hydrated eumelanin in thin
film form. Thin films are ideal candidates for these studies since they are readily
accessible to chemical and morphological characterization and potentially amenable to
device applications. Current—voltage (I-V) measurements, transient current measure-
ments with proton-transparent electrodes, and electrochemical impedance spectros-
copy (EIS) measurements are reported and correlated with the results of the chemical
characterization of the films, performed by X-ray photoelectron spectroscopy. We
show that the electrical response of hydrated eumelanin films is dominated by ionic
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Melanin JPEN
SlOz

W et

Voltage V)

conduction (107*—=107* S cm™"), largely attributable to protons, and electrochemical processes. To propose an explanation for
the electrical response of hydrated eumelanin films as observed by EIS and I-V, we considered the interplay of proton migration,
redox processes, and electronic transport. These new insights improve the current understanding of the charge carrier transport
properties of eumelanin opening the possibility to assess the potential of eumelanin for organic bioelectronic applications, e.g.
protonic devices and implantable electrodes, and to advance the knowledge on the functions of eumelanin in biological systems.

Bl INTRODUCTION

Eumelanin is the most common form of the pigment melanin
in the human body, with diverse functions including photo-
protection, antioxidant behavior, metal chelation, and free
radical scavenging.' Melanin also plays a role in melanoma skin
cancer and Parkinson’s disease.” Recently, biologically derived
batteries and chemical sensors based on eumelanins have been
reported.* ® Polydopamine, a melanin-like synthetic polymer, is
a versatile platform for biofunctional coatings.

Eumelanin is a heterogeneous macromolecule arising in part
from the polymerization of L-dopa via $,6-dihydroxyindole
(DHI).® It is composed of oligomeric and/or polymeric species
of DHI, §,6-dihydroxyindole-2-carboxylic acid (DHICA), and
their various redox forms, namely the ortho-hydroquinone
(H,Q), semiquinone (SQ), and (indole)quinone (Q) forms, as

-4 ACS Publications  © 2014 American Chemical Society
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well as the tautomer of Q, quinone imine (QI) (Scheme 1)871°

From the structural point of view, eumelanins feature
significant similarities with polyindole conducting poly-
mers.' '
eumelanin depend on the (bio-)synthetic conditions.'® Several
studies indicate the formation of planar oligomer sheets, which
stack via 7—7 interaction and form disklike aggregates.'*'®
The electrical properties of eumelanin, characterized by a

thermally activated, strongly hydration-dependent conductivity,

The macro- and supramolecular structures of

and weak photoconductivity, have fascinated scientists since the
late 1960s."”~" Electronic band structures in analogy to
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Scheme 1. Redox Forms of the Final Monomer Precursors of Eumelanin (5,6-Dihydroxyindole (DHI) and 5,6-

Dihydroxyindole-2-carboxylic Acid (DHICA))“
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“Hydroquinone (H,Q), semiquinone (SQ), and quinone (Q) forms. The quinone imine form (QI) is the tautomer of Qe Reversibility of the
redox processes is indicated assuming that no other reactions occur after oxidation/reduction.
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Figure 1. Nyquist plots from EIS measurements on a eumelanin film at 90% RH, applying a bias between 0 and 0.8 V (L = 10 ym, W = 24.5 mm, d =
50 nm). (a) High-frequency range. The inset illustrates the sample geometry. (b) Entire frequency range (107>—10° Hz).

inorganic semiconductors were suggested based on the strong
broad-band UV—vis absorption and the z-conjugated molecular
structure.””*" After the observation of a reversible resistive
switching in eumelanin pellets reported by McGinness et al. in
1974,%> electrical measurements on pellets*>* and thin
films***” have been interpreted within the amorphous
semiconductor model. Within this model, the strong hydration
dependence of the conductivity”® has been explained by the
increase of the dielectric constant in the presence of water. This
increased dielectric constant decreases the activation energy for
charge carrier hopping.'” Several reports on eumelanin pellets
or thin films also present evidence of mobile protons.'®***7>*
However, apart from the early work of Powell and Rosenberg
based on a coulometric measurement,'® none of these reports
assigned a dominant role to protons for charge transport.
Recently, Mostert et al. demonstrated that the amorphous
semiconductor model cannot properly describe the hydration-
dependent conductivity of eumelanin pellets.** The same
authors probed the presence of locally mobile protons and
extrinsic free radicals by muon spin relaxation and electron spin
resonance measurements and concluded that eumelanin is a
hybrid protonic-electronic conductor.®*

We recently investigated the growth and the hydration-
dependent conductivity of eumelanin thin films*> and their
interaction with Au electrodes.” It is now important to
establish to which extent protons and electrons contribute to
the electrical response of hydrated eumelanin in view of
possible applications of eumelanin in bioelectronics. Thin films
are ideal candidates for these investigations because they are
readily accessible to chemical and morphological character-
ization and potentially amenable to device applications.

437

Electrochemical impedance spectroscopy (EIS), current—
voltage (I—V) measurements, and transient current measure-
ments with proton-transparent contacts are reported and
correlated with the chemical composition of the eumelanin
thin films, investigated by X-ray photoelectron spectroscopy
(XPS).

B RESULTS AND DISCUSSION

Electrical Characterization by EIS and /-V Measure-
ments. To characterize the electrical response of hydrated thin
films of synthetic eumelanin (Sigma-Aldrich, Sigma melanin),
we first performed an EIS survey. EIS was conducted on
eumelanin films at 90% relative humidity (RH), which
corresponds to a water content in the eumelanin of about
(16.8 + 0.7) wt % (Figure S1 and Table SI in the Supporting
Information (SI)), with Pt electrodes in a two electrode
configuration (Figures 1 and $2).** At zero bias, the Nyquist
plot, showing the impedance Z of the sample on the complex
plane, consists of a semicircle at high frequencies (Figure la)
and a low-frequency tail that indicates ion and electron
blocking electrodes (Figure 1b). At blocking electrodes (ideally
polarizable electrodes) faradaic reactions are not taking place,
and capacitive charging of the double layer is the only process
occurring at the electrode/electrolyte interface. This behavior is
typical of electrolytes sandwiched between metal electrodes
with the semicircle usually assigned to the ionic resistance in
parallel to the geometric capacitance. The deviation from a
vertical line at low frequencies is a general observation for solid
electrolyte/electrode interfaces and reflects the nonideal
properties of the blocking interface, associated with interface
roughness and ion diffusion, among others.>>>® The blocking

DOI: 10.1021/cm502939r
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behavior of the electrodes dominates up to a bias of 0.2 V; the
sample responds to the AC voltage by charging and discharging
the double layer.

To verify that the jonic conductance associated with the
semicircle can be assigned to the eumelanin bulk as opposed to
currents in the water layer adsorbed on the substrate or film
surface,>” we conducted EIS measurements on eumelanin films
of different thickness and on bare substrates (Figure S3). The
ionic conductance scaled with film thickness and currents in 50
nm thick eumelanin films were on average 1 order of magnitude
higher than on bare substrates. Eumelanin samples with
electrode distances L of 10, 80, and 500 #m had similar values
for the ionic conductivity (Figure S4). We extracted an average
ionic conductivity of 7.1 X 107* S cm™' with a standard
deviation of 4.8 X 107* S cm™ (13 eumelanin thin film
samples). While the contribution of other ions cannot be
entirely ruled out at this stage, it is conceivable to assume that
the charge carriers involved in this conductivity are mainly
protons. These protons would arise in melanin from the
comproportionation reaction®’ and —~COOH groups (see XPS
data below). Furthermore, the mobility of protons in hydrated
polymers is typically at least three times larger than the mobility
of other ions in hydrated polymers.**** The conductivity value
is comparable with the protonic conductivity of proton
conducting biomaterials such as maleic chitosan,* proline
chitosan,*" and squid reflectin protein.42

With increasing bias, a second semicircle onsets at low
frequencies in the Nyquist plots (Figure la and b). The
diameter of this semicircle decreases when the bias is increased.
This behavior is typical of electrodes losing their electron
blocking behavior. The size of the second semicircle depends
on the in-plane electrode area A (inset of Figure 1) and is
smaller with respect to the first semicircle for samples with a
larger A/W ratio (Figure SS in the SI). This dependence on A
suggests that this semicircle arises from phenomena at the
interface, such as electrochemical reactions, rather than in the
bulk. In the study of mixed conductors, the appearance of a
second semicircle in the low-frequency region of the Nyquist
plot and the simultaneous absence of a capacitive low-frequency
tail, in the absence of electrochemical reactions, is usually taken
as evidence of electronic conduction in parallel to ionic
conduction.>>* Nevertheless, a number of charge transfer
processes at the electrodes can also cause a similar low-
frequency behavior, in the absence of electronic conduction in
the bulk. The dependence of the low-frequency semicircle on
the applied bias and the in-plane electrode area indicates its
electrochemical origin.

I-V characteristics of hydrated eumelanin thin films measured
with the same electrode configuration (Figure 2a) also support
the presence of bulk ionic conductivity and interfacial
electrochemical processes. Currents at [Vl < 0.2 V are primarily
of capacitive origin, as deduced from the weak dependence on
voltage and the quasi-linear dependence on the voltage sweep
rate (Figure S6a in the SI). A linear fit of the rate-dependence
according to I = C((dV)/(dt)) yields a capacitance C of about
1077 F (Figure S6b in the SI). This is in good agreement with
typical values of the double-layer capacitance at electrode/
electrolyte interfaces (10> F cm™>), when taking into account
not only the film cross section (W-d) but also the in-plane
electrode area (A = 0.8 mm?).** The capacitance value (1077 F)
is orders of magnitude higher than what is expected from
dielectric polarization and is thus an indication of ionic currents
in hydrated eumelanin films.*
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Figure 2. Current—voltage characteristics of a eumelanin film (d = S0
nm) at 90% RH, measured with coplanar Pt electrodes (L = 10 ym, W
= 24.5 mm). (a) Voltage sweep rate dependence of the first cycle. (b)
First five cycles of the 0.5 mV s™' measurements for positive voltages.

At IVl > 0.2V, currents show a quasi-exponential dependence
on V, suggesting a noncapacitive behavior. Figure 2b shows the
positive branches of the first five I-V cycles at the slowest sweep
rate, 0.5 mV s™'. The current decreases with each cycle with a
broad shoulder above 0.4 V. From an electrochemical
perspective, the I-V characteristics suggest the presence of
irreversible redox processes at the Pt/eumelanin interfaces. The
decrease of the current with each cycle is attributable to the
depletion of redox species or the formation of an insulating
layer at the electrode interfaces. To further investigate the
importance of electrochemical reactions as compared to ionic
and electronic conduction in the bulk, we investigated the
scaling of the current with interelectrode distance L, film
thickness d, and in-plane electrode area A (Figures S7—S9 in
the SI). While conduction in the bulk should scale with the film
cross section (W-d) and increase with L™, electrochemical
reactions should be more sensitive to the interface area and
thus A. Our results suggest that both transport in the bulk and
processes at the electrodes determine the electrical response of
the films. Interestingly, above 30 nm thickness current does not
scale with film thickness any more but seems to be limited by
interface processes, in line with our attribution of the current to
electrochemical processes (Figure S8).

To shed light on possible redox processes at the electrodes,
cyclic voltammetry (CV) measurements were conducted on
films of Sigma melanin in a conventional electrochemical cell.
An intense oxidation peak, located at about 0.5 V vs SCE, is
observed (Figure S10 in the SI). This peak has an irreversible
character. CV measurements were also carried out on films with
a more controlled chemical composition, using eumelanins
obtained by the polymerization of DHI and DHICA (DHI
melanin and DHICA melanin). Analogously to the case of Sigma
melanin, an irreversible oxidation peak is observed during the
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first cycle (Figure S10 in the SI).***” The irreversibility of the
oxidation peak likely originates from the covalent coupling
(intramolecular reticulation) of the intermediate species formed
at the positive electrode. Indeed, radicals and Q_species formed
by the oxidation of DHI moieties are reactive and may undergo
coupling processes with other radicals and nucleophilic
counterparts.">***’ The decrease of the current density with
each CV cycle can be interpreted at least in a 2-fold manner:
polymerizing species are depleted under prolonged biasing
and/or the reaction products have limited electronic con-
ductivity. We did not observe any reversible redox activity,
which is typically associated with efficient electronic con-
duction.

Chemical Characterization by XPS. To gain insight into
the molecular structure and the potential nature of charge
carriers of our eumelanin samples, we performed a XPS survey.
The chemical composition of eumelanin depends on its
(bio-)synthetic origin and can also be affected by thin film
processing.>*> The commercial synthetic eumelanin (Sigma
melanin) used in this study is synthesized by oxidation of
tyrosine. The standard oxidative path leads via L-dopa to DHI
and DHICA, which subsequently polymerize to eumelanin
(Figure S11 in the SI). Pyrrolic acids can form due to oxidative
degradation. We analyzed the elemental composition and the C
1s, N 1s, and O 1s peaks regarding the relative contribution of
the various precursor units to the eumelanin macromolecule
(Figure S12 and Tables S2—S4 in the SI). The N 1s peak
suggests that a rather large portion of the units, 37%, is
uncyclized. The uncyclized compounds are not detectable in
the UV—vis spectrum®® in agreement with literature reporting
strong similarities between polyphenolic and polyindolic
systems." The elemental ratio [C]/[N] = 8.8, and the portion
of C bound in —COOH moieties (8.5%) indicate a low content
of pyrrolic acids. Indeed, combining these three numbers yields
a composition of 22% DHI units, 41% DHICA units (both can
be present in H,Q, SQ, or Q form), 37% of L-dopa or tyrosine,
and the absence of pyrrolic acids. Several impurities (F, Fe, S,
Cl) were also detected in the wide scan survey. Although XPS
alone does not permit the drawing of a complete picture of the
chemical composition of Sigma melanin, it reveals the presence
of about 0.8 —COOH moieties per monomer unit and a
relatively high content of uncyclized units in the eumelanin
films. Based on the XPS results, the —COOH group (pK, 4.2°%)
should be the dominant source of protons in the eumelanin
films. Further potential proton donors in eumelanin include the
tautomer QI (pK, 6.3°°) and the hydroxyl group of SQ.
However, only about one out of 1500 indole units is in the SQ
form at neutral pH.53 Regardless, the high concentration of
—COOH groups suggests a major contribution of protons to
the ionic conductivity of eumelanin.>*

Measurement of Proton Current Using PdH, Contacts.
To establish to which extent protons contribute to the electrical
current in hydrated eumelanin thin films, we investigated
proton transport by transient current measurements with Pd
and PdH, electrodes in a planar two-electrode configuration
(Figure 3).>* Measurements were conducted at 60—80% RH,
corresponding to a water content of (11.6 + 1.0) wt % to (15.6
+ 0.2) wt % in the eumelanin thin films, respectively (Figure
S1). PdH,, contacts have been used in the past to measure the
protonic conductivitz of ice, proton conducting polymers, and
biomaterials.**~*>*5°¢ In its pristine state, Pd is an excellent
electronic conductor and is used to measure electronic
conductivity of materials. When exposed to H,, Pd forms
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Figure 3. Transient current measurements of a eumelanin film (d = S0
nm) with Pd electrodes (electron injecting) and PdH, (proton and
electron injecting) contacts (L = 9 ym, W = 20 um) at 60, 70, and
80% RH. The applied bias is 0.5 V.

PdH,, which can transfer protons between the contact and the
material under investigation, according to PdH = Pd + H" +
e”. For every proton injected in the material, an electron is
collected by the leads that complete the circuit. As such, PdH,,
contacts are able to measure both the electronic and protonic
contribution to the current in eumelanin films. For measure-
ments at all RH (60%, 70%, and 80%) the steady-state current
in eumelanin films recorded with PdH, contacts is higher than
the current measured with the Pd contacts before exposure to
H,. The difference increases with relative humidity. Thicker
films of eumelanin show an enhancement of the steady-state
current of up to a factor of 10 with PdH,, contacts and a very
pronounced hydration dependence (Figure S13 in the SI). This
is an indication that the protonic component of the steady state
current in melanin increases at higher RH as expected for most
proton-conducting biomaterials."""** From the steady-state
current measured at 80% RH with PdHx contacts, we subtract
the steady state current measured with Pd contacts at the same
RH (80%) and obtain an estimate for the proton conductivity.
This estimate is 2 X 10 S em™}, which is lower but
comparable to the conductivity estimated from EIS (7 X 107 S
cm™). DC measurements were performed at lower RH (80%)
than EIS (90%), thus a lower protonic conductivity, which is
highly hydration dependent, is expected. Additionally, other
factors such as contact resistance might contribute to the lower
conductivity recorded for the DC measurements compared to
the EIS.

Discussion on the Interplay of Proton Migration,
Redox Processes, and Electronic Transport. Our results
point toward the important role of proton conduction and
electrochemical processes in the complex electrical response of
hydrated eumelanin films. We discuss in what follows the
possible interplay between proton migration, redox processes,
and electronic transport. Before biasing, the hydrated
eumelanin film contains eumelanin building blocks DHI and
DHICA in different redox states (H,Q, SQ, Q, and QI
tautomer, Scheme 1) as well as protons originating from
—COOH, QI, and SQ moieties, homogeneously distributed
within the film (Figure 4a). —COOH groups, not explicitly
shown in Figure 4, leave quasi immobile negative moieties
when deprotonated. It has recently been proposed that the
electronic charge carrier in eumelanin originates from the SQ
free radical.’' The density of SQ moieties is determined by the
comproportionation equilibrium>"

H,Q + Q + 2H,0 = 2H,;0" + 2SQ_ (1)
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Figure 4. Illustration of the most important concepts of the model
proposed for the electrical response of hydrated eumelanin films
between coplanar Pt electrodes. (a) Composition of the eumelanin
film before biasing including the various redox forms of DHI and
DHICA (H,Q, SQ, Q, QI tautomer). (b) Under electrical bias, proton
migration affects protonation and the comproportionation equilibrium
(eq 1). (c) Possible electron transfer reactions at higher bias include
the oxidation (brighter background) and reduction of eumelanin
(darker background) according to Scheme 1. Moieties that changed
their redox state are marked in green. While H,Q might form an
insulating layer at the negative electrode, Q might provide a transport
path for the electronic charge carriers.

We first consider the case of low bias (IV1 < 0.2 V), where
currents are largely capacitive. Protons migrate under the
influence of the external electric field and accumulate close to
the negative electrode, creating a pH gradient across the film
(Figure 4b). The electric field within the bulk is significantly
reduced due to formation of space charges. The change in local
pH affects protonation and the comproportionation equili-
brium. In aqueous suspensions of eumelanin, the SQ~
concentration increases up to a factor of 7 between pH 7
and 11.°**7 An increase in SQ~ with pH has also been observed
for hydrated pellets.”’” Thus, the density of SQ~ is expected to
be higher at the positive than the negative electrode.

At higher bias (IVl > 0.2 V), electron transfer processes take
place at the electrodes (Figure 4c). The low pH at the negative
electrode should favor the reduction of Q and SQ_ moieties
(Scheme 1).>® The reduction of Q to SQ~ would correspond to
the injection of an electron capable to contribute to electronic
conduction.’® Several processes might hinder the efficient
injection. If two SQ_ are formed in close proximity, they might
recombine by disproportionation to H,Q and Q, assisted by the
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presence of protons (eq 1) or undergo free-radical coupling.*’
In addition, SQ~ might be further reduced to H,Q
incorporating H', acting as proton scavenger. Species such as
H* and O, could also be reduced.

At the positive electrode, the extraction of a mobile electron
corresponds to the oxidation of SQ™ to Q, a process that could
extend into the bulk of the film. However, tautomer formation
from Q to QI followed by deprotonation of QI to QI could
limit electron transport. Furthermore, H,Q could be oxidized
to Q in a two-electron process with release of two H* that
subsequently migrate toward the negative electrode. Irreversible
processes as those discussed for CV measurements are also
expected to take place.

In this picture, under sufficiently high electrical bias, an
increasing number of DHI and DHICA moieties get fully
reduced at the negative electrode and fully oxidized at the
positive electrode. At least two processes might lead to the
continuous decrease of the electronic current in eumelanin: the
formation of H,Q at the negative electrode and QI™ at the
positive electrode. Both reduce the number of potential
hopping sites for electrons. For a certain time, a noncapacitive
current can flow even in the absence of a continuous electron
path between the two electrodes, the electric circuit being
closed by proton migration. To verify this picture and to
properly identify the chemical nature of the redox species
participating in the electrochemical processes, we are currently
carrying out nano-IR spectroscopy and a systematic CV survey
considering different pH and electrolyte conditions.

H CONCLUSION

In conclusion, we show that eumelanin films are proton
conductive over micrometric distances and the contribution of
protons to the electrical current strongly increases with
hydration. The ionic conductivity reaches about 107*~1073 S
cm™! at 90% RH, largely attributable to protons. Our results
point to the importance of electrochemical reactions in the
electrical response of hydrated eumelanin thin films. We
propose a qualitative model to describe how the interplay of
proton migration, comproportionation equilibrium, and redox
processes could limit electron transport through eumelanin
films. Reversible and irreversible redox processes have to be
properly recognized to improve the understanding of electrical
conduction in eumelanin.

In perspective, two approaches can be adopted to observe
electronic currents in eumelanin films. From the structural
point of view, electron transport could be enabled by the use of
eumelanin derived from DHI. It has recently been suggested
that DHI-derived eumelanin forms planar oligomers, which
assemble via ﬂ—stackjng.60 In contrast, eumelanin derived from
DHICA, while leading to superior proton donating and free
radical scavenging properties, forms nonplanar structures.®’
The high content of —COOH and uncyclized building blocks,
as detected by XPS, indicate that there might be room to
improve the electronic conduction by engineering the
molecular structure of eumelanin. Other H-bonded pigments,
which show strong intermolecular 7-stacking, have recently
emerged as ambipolar semiconductors."%

Furthermore, electron and hole injection might be enhanced
by the use of different electrode materials. The lack of well-
defined highest occupied and lowest unoccupied molecular
orbital energies for eumelanin makes a rational choice of the
electrode material based on energy-level alignment difficult. In
this regard, carbon nanotube electrodes, which have been
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shown to enhance electron and hole injection in different
organic semiconductors,®® could help to ensure that electronic
currents in eumelanin are not limited by injection. In addition,
a systematic cyclic voltammetry survey is being carried out on
eumelanin and eumelanin building blocks, both in suspension
and thin film forms, to locate the HOMO and LUMO levels of
eumelanin.

Our results point to the need for a holistic approach,
including chemical, electrochemical, and structural contribu-
tions, to uncover the charge transport properties of eumelanin
films. A good understanding of these properties holds the
potential to reveal bioelectronic applications of eumelanin and
to advance the knowledge on the functional properties of
eumelanin in biological systems.

B EXPERIMENTAL SECTION

Sample Preparation. Si/SiO, substrates with S0 nm thick
coplanar Pt or Pd electrodes patterned by photolithography were
wet-cleaned and UV-ozone treated. Eumelanin thin films were
deposited from a suspension of synthetic eumelanin (Sigma-Aldrich)
in dimethyl sulfoxide (sonicated and filtered) by spin-coating (1 min at
1000 rpm +30 s at 4000 rpm, 30 mg mL™" suspension). Some thicker
films were prepared by drop casting a diluted eumelanin suspension.
Film thicknesses were determined by atomic force microscopy
measurements on a scratch. Films were kept in humid air (90%
relative humidity (RH)) without heating for at least 24 h before
characterization for evaporation of residual solvent and hydration. The
effect of residual DMSO and different thermal treatments on the
electrical properties of the films is currently investigated. In
measurements with Pt electrodes, two different electrode geometries
were compared: an interdigitated circular design with interelectrode
distance L = 10 pm, electrode width W = 24.5 mm, and total in-plane
electrode area A = 0.8 mm? and a design with a straight single channel
with L = 10 ym, W = 4 mm, and A = 8 mm” (see Figure 1 for
definition of sample dimensions). DHI melanin and DHICA melanin
used for CV measurements were obtained from DHI and DHICA by
the procedure reported in ref 64. DHI and DHICA were prepared
according to ref 8. Solutions of DHI and DHICA in methanol (30 mg
mL™") were spin-coated on ITO substrates using a rotation speed
gradient from 2000 to 4000 rpm. For CV measurements, Sigma
melanin was spin-coated on ITO substrates as described above.

Sample Characterization. I-V and EIS measurements were
performed in a chamber with controlled RH at 90% RH in air. The
Pt electodes were contacted with micromanipulated tungsten probes.
A software-controlled source/measure unit (Agilent B2902A) was
used for I-V measurements. EIS data was acquired from 1 MHz to 0.01
Hz (10 points per decade, S0 mV oscillation amplitude) with a
potentiostat (Versa STAT 4, Princeton Applied Research). The ion
conductivity was evaluated from measurements on five independent
samples with L = 10 um (several measurements each). For transient
current measurements with proton-transparent electrodes, eumelanin
was deposited on Si/SiO, substrates with prepatterned Pd electrodes
(L =9 ym, W = 20 um). Measurements were conducted with a
semiconductor parameter analyzer (Agilent 4155C) in an environ-
mental chamber with controlled humidity under N, atmosphere, with
and without 5% H,. XPS measurements were taken with an ESCALAB
3 MKII from VG Scienta with a Mg Ka source. CV measurements
were conducted with Versa STAT 4 (Princeton Applied Research) in
0.01 M phosphate-buffered saline solution (PBS, pH 7.4). Eumelanin
films were deposited on ITO on glass, used as the working electrode
(area 0.63 cm?). A saturated calomel electrode (SCE) and a Pt foil
were used as reference and counter electrode, respectively. The voltage
was scanned from 0 V vs. SCE to positive and then to negative
voltages at a rate of S0 mV s\,
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