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Relying on the water-dependent hybrid conductor properties of
eumelanin biopolymers, a structurally controlled melanin thin film that
can be reversibly switched-on and off by hydration—dehydration
cycles and used as a biocompatible platform for stem cell growth and
differentiation up to 11 days is reported. A key feature of the new
eumelanin-based bioelectronic interface is its remarkable structural
regularity and integrity, as the result of an ad hoc fabrication protocol
involving ammonia-induced solid state polymerization (AISSP) tech-
nology of a 5,6-dihydroxyindole thin film. The AISSP technology is
operationally simple and versatile, enabling the preparation of device-
quality thin films (AFM and MALDI-MS evidence) on various substrates
with efficient chemical control over molecular complexity. Overall the
results of this study pave the way for the implementation of tailored
eumelanin thin films for bioelectronic devices, e.g., in organic elec-
trochemical transistors (OECTs).

Introduction

The implementation of organic interfaces for electrical stimula-
tion of cell-tissue constructs is a central goal in the rapidly
expanding fields of bioelectronics and nanomedicine, and is
contingent upon the development of biocompatible, easily
accessible and tailored organic semiconductors. Among the
various nature-inspired materials that hold promise for the
design of bioelectronic interfaces, eumelanins, the black insol-
uble photoprotective biopolymers of human skin and eyes,'*
occupy a prominent position. Both natural and synthetic
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Conceptual insights

This work discloses a pioneering eumelanin thin film as an operational
platform for stem cell growth and differentiation. Key elements of the
technology that allow exploitation of the natural pigment as a bioinspired
and biocompatible semiconductor thin film are the solvent-free fabrica-
tion protocol, mild reaction conditions and the chemical control of the
polymer structure. The resulting films feature remarkable adhesion
properties responsible for the film stability to water and the consequent
reversibility in water-induced eumelanin electrical property switching.
Further, the solid state procedure resulted in the retention of the pigment
backbone integrity, avoiding oxidative ring fission and associated loss of
aromatic stacking units. The convergence of all these elements provides
the groundwork for the actual exploitation of eumelanin based devices in
organic electronics.

eumelanins display peculiar optoelectronic properties,** which
are exemplified by water-dependent semiconductor-like
behavior,*® broad band absorption,”® permanent para-
magnetism'>** and efficient non-radiative UV-dissipation.'***
These features were originally attributed to an amorphous
semiconductor structure®® but, more recently, they have been
explained in terms of a chemical disorder model* integrated to
include a dynamic component of reversible intermolecular
interactions perturbing -electron systems.'®®  Structural
disorder in eumelanins derives from their complex biosynthetic
origin from the tyrosinase-catalyzed oxidation of tyrosine and/or
dopa (Scheme 1). In this process, copolymerization of the various
intermediates produced from dopa to 5,6-dihydroxyindole (DHI)
metabolites and the post-synthetic oxidative breakdown of
monomer units® generate an entire array of chemically different
species.

In line with the dynamic chemical disorder model, humidity-
dependent electrical properties of eumelanins have been
attributed to the peculiar electronic-ionic hybrid conductor
behavior,” in which thermodynamically favorable, water-driven
redox equilibria between catechol and quinone species would
generate semiquinone moieties” doping electrons and protons
into the system.
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Scheme 1 Schematic view of eumelanin synthesis from tyrosine or
dopa. Representative intermediates in the process are highlighted.

In the framework of a basic model to identify eumelanin in
its solid-state form as an amorphous semiconductor, it was
suggested that the eumelanin dielectric constant increases in
the presence of water, thus lowering the activation energy which
rules the charge carrier hopping phenomenon.*”**

This effect was also considered to justify the occurrence of
electrical switchings in eumelanin pellets and films, with the
conductivity values changing by many orders of magnitude
when the applied electrical field exceeds a threshold value.***
More recently, an alternative model was proposed pointing out
that eumelanin hydration conditions modify the compro-
portionation equilibrium, in such a way that the densities of
both electrons and protons are considerably increased in the
system, thus justifying the observed electrical conductivity
change.”

Although further tests are required, it may be conjectured
that the role of water is to mediate the formation of hydrogen
bonds between parallel sheets of stacked oligomers favoring
dynamic equilibration of tautomeric molecular components
and charge movement across the film. Water may also affect the
local dielectric constant favoring ionization of acid groups
within eumelanin constituents (Scheme 2).

Despite a burst of interest in the use of synthetic eumelanins
and related biopolymers**** for organic electronics and bio-
electronics,***° the implementation of competitive eumelanin-
based technology has so far been hindered by several draw-
backs. The drawbacks include complete insolubility in all
solvents, preventing the development of standardized and
reproducible synthetic procedures, and the lack of a solid
conceptual frame of structure-property-function relationships.
In consequence, eumelanin-based thin films are commonly

This journal is © The Royal Society of Chemistry 2015

Materials Horizons

@ \
HO H
HO
HO &
HO N
H
o
HO \ ¢
. -NH
H,O
HO
.0
m/ ;
0 N H'°
H b
H’°\+ H IH O
H H(°\+ HO \ /
o HO NH
| m |
© N X ‘. Ho\*
H H NH H
40 o .0
H m\%/
HO N
H  &-NH

Scheme 2 Simplified illustration of the water-dependent self-doping
mechanism of DHI melanin based on the previously suggested water-
driven comproportionation equilibrium between o-diphenol and
o-quinone units leading to an increased proportion of semiquinone
radical anions (electrons) and hydronium ions (protons).

prepared from structurally ill-defined commercially available
materials***® or by prolonged alkaline oxidation of dopa*
dopamine,” causing severe alkali-induced post-synthetic
degradation which adds to the intrinsic structural disorder.*
Although the impact of high molecular heterogeneity on the
electrical performances of eumelanins has not been systemati-
cally assessed, several critical drawbacks can be anticipated, for
example, the lack of well-defined HOMO-LUMO gaps. A
heterogeneous composition in terms of structural units is
obviously detrimental for effective tailoring of chemical prop-
erties and for film quality, an important requisite for cell
growth. As a matter of fact, the usual translation of structure-
property relationships into rational design rules and effective
chemical manipulation strategies to engineer high quality
materials has remained a most difficult task in the case of
eumelanins.

In this paper, we report remarkable advancements in
eumelanin chemistry that surmount most of the above-
mentioned issues. Disclosed herein are: (a) an original strategy
that allowed us to overcome most of the drawbacks limiting the
competitiveness in eumelanin-based technology and leading for
the first time to high quality thin films with efficient chemical
control of structural heterogeneity and complexity; (b) the
ability of the new bio-inspired material to be reversibly switched
on and off by controlled hydration-dehydration steps; and (c)
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the efficient growth and differentiation of stem cells seeded on
the novel eumelanin thin films.

Eumelanin thin film fabrication

Typical eumelanin thin film fabrication protocols involve direct
deposition of the pigment. Because of the unfavorable proper-
ties of eumelanin (chiefly insolubility in any solvent®), film
fabrication requires a pretreatment of dopa or tyrosine derived
eumelanin to gain at least partial solubilization.”® The most
commonly adopted aqueous alkaline treatment results in
serious pigment backbone modification associated with
aromatic ring fission® and consequent loss of chemically
defined properties with the increase of chemical disorder.*

Such a scenario appears unwanted in order to achieve
chemically defined films, which is a fundamental goal because
of the impact of the chemical structure on functional proper-
ties.*® Structural control at the molecular scale level, jointly with
the knowledge of the chemical-physical properties of the film
material, is thus mandatory for rational design of eumelanin-
based devices.

The approach we devised allows for turning the intractable
nature of eumelanin into advantages.

The rationale that inspired this approach was the use of DHI
as the eumelanin precursor in place of commonly used dopa or
dopamine, for the following reasons: (1) DHI is soluble in
organic solvents and is the ultimate monomer precursor in the
pathways of natural and synthetic eumelanins, ensuring the
generation of homopolymers rather than copolymers of various
intermediates, as in the case of dopa and dopamine mela-
nins;>**?* (2) the mode of polymerization of DHI and its dimers
and oligomers,”*** the mechanisms of aggregation underlying
particle growth,*® and the optical and free radical properties of
DHI melanin'"*® have all been clarified in detail; (3) the elec-
trical properties of DHI melanin suspensions have been char-
acterized using an organic-electrochemical transistor;*” (4) DHI
melanin can be used to prepare thin films by a variety of
methodologies, although their morphological properties are
not always of high quality.***°

The manifold problems associated with the limited proc-
essability of insoluble eumelanins were then overcome by
rational development of a procedure, referred to as ammonia-
induced solid state polymerization (AISSP), which is based on
the uniform deposition by spin coating of the soluble DHI
monomer as highly homogeneous thin films, followed by solid
state polymerization induced by exposure to gaseous ammonia
in an air-equilibrated atmosphere (Scheme 3).

Film fabrication on suitable quartz substrates allowed us to
easily follow the polymerization process by UV-vis spectroscopy,
observing the spectral evolution with time.

In Fig. 1 the film absorption spectra are reported at several
times after AISSP was started. Here, the spectrum of the DHI
film is also reported for comparison. From the absorption
profile at 60 min reaction time, it is clearly evident how the DHI
spectrum has completely evolved into the typical eumelanin
profile.**'¢*® Moreover, the clear occurrence of the melano-
chromic intermediate phase is noteworthy, characterized by a
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Scheme 3 Schematic illustration of the AISSP procedure for DHI
melanin film deposition and the FET device setup for the determina-
tion of electrical properties of the eumelanin film.
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Fig.1 UV-vis profiles of a DHI thin film fabricated by AISSP. Plots are
taken at 5, 15, 30, 45, 60 and 180 min after exposition to a polymeri-
zation inducing atmosphere. Arrows denote evolution. The UV-vis
profile of the DHI film (bottom line) is also reported. See Fig. S1 of ESIt
for corresponding images of the films on quartz.

broad, but distinctive, maximum around 540 nm (ref. 40) in the
UV-vis plots in the range of 10-30 min.

SEM images were also taken in order to check the film
compactness and the quality of the adhesion on the substrates.
These images (see Fig. S2 of ESIt) demonstrate definitely that
eumelanin films obtained by the AISSP procedure are struc-
turally compact, being able to homogeneously cover the
substrate surface.

More insights into the morphology of the eumelanin films
were gained by acquiring AFM images on different length
scales, going from 2 pm x 2 pm to 30 pm x 30 pm (see Fig. 2
and S3 of ESIT). From the AFM images, it becomes clear that the
film surface is characterized by a very smooth matrix where the
only specific morphological feature is the presence of some
columnar structures having heights of a few nm. On a2 pm x 2
um scale, the average roughness is found to be lower than 0.3
nm, while it increases up to about 1 nm, when larger scales are
considered.

The chemical nature of the DHI melanin films obtained by the
AISSP methodology was investigated by matrix-assisted laser
desorption ionization (MALDI) mass spectrometry in comparison

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (top) AFM topographical maps on different scales of a DHI
melanin thin film grown by AISSP ((left), 10 x 10 um, (right), 2 x 2 um);
(bottom) height profile obtained from the red line on the map (red line).

with a dopa melanin sample, prepared by auto-oxidation in an
alkaline medium according to a reported protocol (Fig. 3).”
MALDI-MS data allowed us to appreciate several important
chemical and technological advances associated with the AISSP
technology. From the chemical viewpoint, when compared with
representative films obtained by deposition of preformed
eumelanins, such as tyrosinase-catalyzed DHI melanin and
autoxidative dopa melanin, AISSP DHI films exhibited greater
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Fig. 3 MALDI-MS spectra of eumelanin thin films on a standard MALDI
plate. (A) Dopa melanin prepared by alkaline autoxidation.?? (B) DHI
melanin prepared by the AISSP methodology. Asterisks denote impu-
rities. See Fig. S2 of ESI{ for further details on structural identification.

This journal is © The Royal Society of Chemistry 2015

Materials Horizons

structural integrity, as evidenced by the regular clusters of peaks
centered around the expected pseudomolecular ion peak, and a
limited degree of polymerization (the highest oligomer detected
at the hexamer-eptamer stage, to be compared with the 30-mer
identified in the polymerization mixture of DHI).*

The main structural components accounting for the mass
spectrum of the DHI melanin produced by AISSP are illustrated
in Fig. S3 of ESLt

Apparently, ammonia is not incorporated into the chemical
structure of the DHI polymer. Both structural integrity (i.e.
preservation of indole units and avoiding aromatic ring
fission?) and control of polymerization can be attributed to the
specific constraints and the lack of water associated with the
solid state conditions, limiting water and/or hydroperoxyl anion
induced oxidative cleavage of indole units** and uncontrolled
oligomer chain growth.

In contrast, preformed eumelanins are shown by mass
spectrometry to be highly heterogeneous as a consequence of
disordered polymerization of different units, higher molecular
weight dispersion and extensive post-synthetic degradation
under the solution conditions of the polymerization processes.

From the technological viewpoint, AISSP thin films proved to
be more adhesive (over 3 days in aqueous media without
detectable detachment) and smooth. By contrast, films
obtained by previously reported techniques exhibited marked
surface roughness*® and, most importantly, could be easily
detached from the supporting surface by an aqueous medium
(not shown). Such worse features can be attributed to the
generation of a range of morphologies and to degradative
fission of structural units of preformed eumelanins during the
harsh synthetic process, decreasing adhesive functionalities of
the biopolymer. Indeed, low adhesion and tendency to detach
on water exposition was also observed with a smooth film
obtained from dopa fabricated according to a reported proce-
dure®® that has been known to provide very smooth surfaces.
This was expected, again, on the basis of the structural modi-
fication induced by aqueous alkaline treatment and the asso-
ciated backbone fragmentation and carboxyl group generation
with consequent loss in adhesion to water resistance.

Finally, avoiding water and polar solvents in the film fabri-
cation combined with the pigments’ backbone structural
integrity preservation also allowed us to virtually eliminate the
known morphological modifications associated with prolonged
electrical biasing.**

Effect of sample hydration on film
electrical properties

As experimentally demonstrated in several studies reported in
the recent past, the electrical properties of eumelanin films or
pellets are largely dominated by the material hydration state.”**

Independent of the physical origins, the possibility to exploit
such a hydration dependence in the development of eumelanin-
based devices appears quite appealing in technological terms
and, undoubtedly, worthy of further investigation.

Mater. Horiz., 2015, 2, 212-220 | 215
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In our work, the electrical tests were conducted for DHI
melanin thin films deposited on multilayer structures
composed of a thick (500 pm) highly doped (Si"") substrate, a
200 thin SiO, insulating barrier and gold pre-patterned elec-
trodes with interdigitated layout (see Fig. S5A and B of ESIf).
These Si"*/SiO,/Au structures were considered for investigating
the possibility to further modulate the charge transport through
eumelanin channels connecting the gold electrodes (source-
drain contacts) by applying a gate voltage (Vg) to the Si'"
substrate, as has been commonly done in basic field-effect
transistors (FETs). Our measurements, however, indicated
clearly the lack of any detectable field-effect response and,
hence, the current Ipg discussed hereafter is referred to the
basic condition with Vg = 0 V.

Ins curves were recorded by sweeping the related Vpg voltage
first between 0 and 50 V and then in the backward direction
(from 50 to 0 V), with the aim to highlight the presence of
hysteresis phenomena. The exemplificative measurement
reported in Fig. S5Ct confirms the presence of hysteretic
behavior with the Ig values measured in the backward scan
being lower than those measured in the forward cycle (clock-
wise hysteresis). This phenomenon is quite typical of electrically
active materials characterized by poor structural order and gives
indications of the occurrence of charge trapping phenomena.

For eumelanin layers, in any case, this effect should be
associated also with the presence of proton space charge accu-
mulation effects in the regions close to the electrodes.

This specific feature will be discussed in detail elsewhere,
where a set of dynamic electrical measurements will be repor-
ted. Here, indeed, the attention was basically focused on the
general capability of AISSP-deposited eumelanin films to carry
electrical charges. In this regard, Fig. 4A reports the Ipg curves
measured only during the forward Vps scan for a sample stored
in air within a prolonged period.

From this plot, it is possible to appreciate that the
measurements carried out on freshly prepared moisture-equil-
ibrated films exhibited well-defined ohmic behavior (i.e. Ips is a
linear function of Vi) with a conductivity (¢) value of about
1077 Scem™.

The conducting properties of a pristine eumelanin film were
also assessed by the application of continuously repeated IV
measurements (Fig. S6 of ESIf). Under this condition, the
current flow between the two gold electrodes displayed only a
limited (by a few percent) decrease over time. This effect should
be basically ascribed to the same charge trapping processes
invoked above to justify the hysteretic behavior of these chan-
nels. It is worth mentioning, however, that all the repeated IV
curves preserve the basic ohmic response.

On the other hand, Fig. 4A shows that, after a prolonged (30
days) standing in air, a gradual drop by about one order of
magnitude in conductivity of the same film has occurred.
Apparently, the ¢ lowering was related to the drying process of
eumelanin films during the storage in air. In order to confirm
this conclusion, eumelanin channels were re-hydrated by
covering them with de-ionized water which was left to evaporate
for 30 minutes. A final drying with nitrogen gas was carried out
to complete the procedure.

216 | Mater. Horiz., 2015, 2, 212-220

Communication

= S R TER WWMERSION W A O —a— Day 1
1x107 45 ., | —=—Day16 A)
4 ; 1ox10” ~ —o— Day 30
3 @ : —#— Day 30 (After H O)
3 2
8x10° 13 :
_— T soxte’ :
< 18 » :
N o ~ !
~ A3
£ 6x10°1 ; \
Q 0 10 20 30 .
g b Daysin Air ’...0 . \
3 0% 1
QO 4x1074 0 oy
[
4 .o" !
oo*** )
2x10° 1 ",x"’:;'i..‘. !,!gauﬁgusa!! [
0® SLLLLL .
0 | Gﬁgﬂ.gé;:’““““‘E!!B““ oooooooowmoeﬂ ¥
T T T T T T
0 10 20 30 40 50 60
Voltage (V)
Mel.in Air Day 1 B
1] —=—Mel.in AirDay 31 )
1X10_7‘: —*— Mel.in H,0
] ——Mel.in Airafter H,0
] - - H_ O on free electrodes
2 A3
2 1x107° 5 #’*__*_.*—‘ﬂ”*'***“*
e — »’/
S 1x10° S
X i
= - 4.1*111*“"““"‘“
= -—-" _qA 444
O a0 ] gt =
1x10 3 —=F e{e/e)e_e,e-e o®®
] o
4 e T
10»11 4 o
4 T
0.1 1
Voltage (V)

Fig. 4 (A) Current—voltage curves for DHI melanin thin films on Si**/

SiO,/Au substrates recorded after prolonged intervals of storage in air
and after the rehydration procedure. In the inset, the related
conductivity behavior extracted from /V curves. (B) IV curves measured
by sweeping the Vps voltage from O to 0.7 V under different envi-
ronmental conditions.

As shown, the subsequent IV curve recorded in air confirmed
the eumelanin channel capability to recover completely the
initial conductivity state. In particular, for these films, several
desiccation-hydration cycles (not shown) could be performed,
which states the fully reversible character of the charge doping/
de-doping process.

After the electrical characterization in air, specific measure-
ments were carried out by keeping the eumelanin channels
directly immersed in water. In this case, IV curves were recorded
by sweeping Vpg voltages between 0 and 0.7 V in order to
minimize the occurrence of electrical currents related to the
water electrolysis effect.

As reported in Fig. 4B, the IV curve measured for the eume-
lanin film covered with water displayed considerably higher
values than those of the corresponding measurements recorded
in air at different times (namely, under different hydration
conditions). Moreover, the semi-log plot allows us to clarify that
the electrical current flowing through the water-covered eume-
lanin channel exceeds by about one order of magnitude that
flowing between two free gold electrodes immersed in the same
amount of de-ionized water.

This journal is © The Royal Society of Chemistry 2015
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Investigation of film biocompatibility

In a final series of experiments, we investigated the biocom-
patibility of the DHI melanin films for potential use as bio-
interface for stem cell (Murine Embryonic Stem Cell - ESC)
growth.

The only previous paper in the field reported the ability of
thin films from commercial eumelanin to enhance Schwann
cell growth and neurite extension compared to collagen film
growth,*” but the compatibility with stem cell** growth has not
yet been reported. This cell population is of particular interest
for tissue engineering application and is under scrutiny for
compatibility with classical electro-active materials.**

In a series of experiments we addressed the survival and
proliferation of undifferentiated ESCs grown on eumelanin
films, the preservation of ESC morphology and the occurrence
of differentiation.

To assess the ability of eumelanin to support the survival of
ESCs, undifferentiated ESCs were trypsinized to obtain a single-
cell suspension and 6 x 10* cells per cm” were plated on a 100
mm melanin-coated dish in ESC medium. The medium was
changed every day for three days. As shown in Fig. 5 eumelanin
coating has supported adhesion and colony formation of ESCs.

Fig. 5 Phase contrast image of ESC colonies three days after seeding
on dishes coated with melanin or gelatin. Stem cells grown on a DHI
melanin film (upper image: (A)), and on a gelatin-coated Petri plate as a
control (lower image: (B)). Scale bars: 250 pm.

This journal is © The Royal Society of Chemistry 2015
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ESC proliferation was evaluated by counting cells after trypsi-
nization and dissociation at 2 and 4 days in colonies grown on
dishes coated with eumelanin or with gelatin (as control). As
reported in Fig. S7 of ESI,T the growth curves of ESCs plated on
eumelanin show a trend comparable with the same cells plated
on gelatin indicating that eumelanin supports ESC proliferation.

We have also verified that eumelanin does not impair the
ESC morphology by staining F-actin. Fig. 6 shows that the
structural arrangement of ESCs grown on eumelanin is indis-
tinguishable from those conventionally grown on gelatin. To
confirm that the presence of healthy colonies highlighted by the
morphological analysis corresponds to the absence of abnormal
cell death we have analyzed the level of active caspase-3, an
apoptosis hallmark. As shown in Fig. 7, western blot analysis
revealed that there is no accumulation of cleaved caspase-3 to
the detriment of the uncleaved one that is normally present in
healthy cells.

Since we planned to exploit eumelanin films not only to
support ESC growth but also to apply, in future, these substrates
to direct the differentiation of pluripotent stem cells into a
specific cell fate such as specific neuronal subpopulations (i.e.
dopaminergic neurons, motor neurons, etc.), we have tested the

A)

Fig. 6 Confocal analysis of undifferentiated ESCs grown for 2 days on
(A) melanin or (B) gelatin-coated plates and stained with TRITC-
labeled phalloidin that binds to F-actin. Nuclei were counterstained
with DRQ5. Scale bars: 25 um. For single channels see Fig. S8 of ESI.{

Mater. Horiz., 2015, 2, 212-220 | 217
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Fig. 7 Western blot analysis of uncleaved and cleaved caspase-3.
ESCs were grown on (A) gelatin or (B) melanin-coated dishes and
collected after 48 hours. The positive control (C) is ESCs exposed to
X-rays (15 Gy) to induce apoptosis. See Fig. S9 of ESIt for bar graphs
depicting the densitometric analysis.

ability of melanin to allow neuron formation from undifferen-
tiated ESCs.

To this aim, we have used a reporter cell line bearing Green
Fluorescent Protein (GFP) under the control of al-tubulin
promoter.*® Thus, the GFP is expressed only when the ESCs
differentiate into neuronal precursor or mature neurons. We
have employed two differentiation protocols to verify the
versatility of the melanin film.

In the first protocol, we have allowed neuronal differentia-
tion of ESCs by plating them on gelatin or melanin at low
density in a chemically defined medium (see Materials and

A)

Fig. 8 Fluorescent live inspection of al-tubulin-GFP ESCs differenti-
ated for 4 days into neuronal lineage on (A) melanin or (B) gelatin-
coated plates. The presence of GFP indicates the formation of
neuronal precursors. The presence of mature neurons is indicated by
the GFP signal in the neurites. Scale bars: 250 um.
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methods in the ESI and ref. 46). As shown in Fig. 8, after 4 days
of differentiation we have found that the differentiation yield
reached on eumelanin is comparable to that on gelatin. The
presence of both neural precursors and mature neurons with
their axonal extensions is visible in both conditions.

In the second differentiation method, we have induced the
formation of serum-free embryoid bodies in suspension SFEBs
(see Materials and methods and ref. 47) that allow the forma-
tion of neuronal precursors and then, upon adhesion to an
appropriate substrate, the formation of mature neurons.
Fig. S10 of ESIT shows that melanin supports the development
of mature neurons from neural precursors derived from SFEBs
after 11 days of differentiation.

All together these results suggest that eumelanin is able not
only to support normal growth of ESCs without impairing
proliferation and survival but, importantly, this substrate is also
able to allow the formation of neuronal precursors and neurons
starting from undifferentiated ESCs (first differentiation
method) and the development of mature neurons from already
established neural precursors (second differentiation method).

Conclusions

In light of chemical properties of 5,6-dihydroxyindole, chiefly its
high oxidizability, we speculated on the possibility to access
eumelanin films circumventing typical difficulties connected
with the intractable nature of this pigment and, at the same
time, gain a chemical control of the pigment backbone.

We have reported herein high quality eumelanin thin films
displaying appealing features, such as reversible conductivity by
controlled hydration-dehydration steps, excellent biocompati-
bility with stem cells and water-resistant adhesion, for bio-
electronic applications.

The morphology and the chemical uniformity and nature of
the eumelanin films may be expected to play a key role in
allowing cell cultures. Stem cells are highly sensitive to the
environment, and their adhesion and healthy growth on
eumelanin films reported here denote not only generic
biocompatibility of these films but also their identification as a
safe substrate that does not induce apoptosis and capable of
supporting differentiation up to 11 days.

Important advantages of the AISSP procedure with respect to
previously reported protocols include: (1) efficient chemical
control of structural disorder and film morphology, due to the
facile deposition of the soluble DHI monomer opening the way
to more efficient chemical manipulation and tailoring; (2)
robustness and strong adhesion of the resulting film to a variety
of substrates, from glass to silicon and plastic polymers; (3) the
lack of artifacts associated with post-synthetic work-up proce-
dures; (4) synthetic versatility for controlled polymerization and
copolymerization with other co-substrates or for engineering
wafer architectures; (5) low environmental impact due to the
solvent-free, oxygen-based protocol. Very significantly, the
AISSP procedure is of general relevance by being applicable to
any easily oxidizable and filmable polyphenolic substrate.

Moreover, in this work, the AISSP technique was applied to
various types of substrates. In particular, eumelanin films were

This journal is © The Royal Society of Chemistry 2015
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deposited on quartz (see Fig. S1 and S11 of ESI}), SiO,, and ITO
(indium-tin oxide), and exhibited substantially the same struc-
tural and morphological properties. In principle, the AISSP
technique has no limitation with respect to the substrate.
Indeed eumelanin coating via the AISSP technique is achievable
for any substrate (organic as well as inorganic) featuring a low
contact angle (below 30°) with a solvent capable of sustaining a
DHI concentration of up to 30 mg ml~".

The properties of the eumelanin films described herein may
pave the way for the design and implementation of organic
electrochemical transistors (OECT)***° featuring full biocom-
patibility even with highly sensitive stem cell cultures and
capable of translating cellular activity into electrical signals.
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