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In Situ Formation of Dendrites in Eumelanin Thin Films 
between Gold Electrodes
 Eumelanin is a ubiquitous pigment in the human body, animals, and plants, 
with potential for bioelectronic applications because of its unique set of 
physical and chemical properties, including strong UV-vis absorption, mixed 
ionic/electronic conduction, free radical scavenging and anti-oxidant proper-
ties. Herein, a detailed investigation is reported of eumelanin thin fi lms grown 
on substrates patterned with gold electrodes as a model system for device 
integration, using electrical measurements, atomic force microscopy, scanning 
electron microscopy, fl uorescence microscopy, and time-of-fl ight secondary ion 
mass spectroscopy. Under prolonged electrical biasing in humid air, one can 
observe gold dissolution and formation of gold-eumelanin nanoaggregates, 
the assembly of which leads to the formation of dendrites forming conductive 
pathways between the electrodes. Based on results collected with eumelanins 
from different sources, a mechanism is proposed for the formation of the 
nanoaggregates and dendrites, taking into account the metal binding proper-
ties of eumelanin. The surprising interaction between eumelanin and gold 
points to new opportunities for the fabrication of eumelanin-gold nanostruc-
tures and biocompatible memory devices and should be taken into account in 
the design of devices based on eumelanin thin fi lms. 
  1. Introduction 

 Eumelanin has been the subject of intensive research in biology, 
biochemistry, and medicine due to its diverse functions in the 
human body and its involvement in diseases such as mela-
noma skin cancer and Parkinson’s disease. [  1–3  ]  In the 1960s 
and 1970s, after reports on the semiconductor-like behavior of 
eumelanin pellets, research on eumelanin extended to physics 
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and materials science. [  4–7  ]  Nevertheless, 
the limited solubility and chemical het-
erogeneity of eumelanin macromolecules, 
based on 5,6-dihydroxyindole (DHI) and 
5,6-dihydroxyindole-2-carboxylic acid 
(DHICA,  Scheme    1  ) building blocks, 
made its characterization challenging. [  8–10  ]  
Recent progress in eumelanin thin fi lm 
processing has created new opportuni-
ties for the study of the fundamental and 
functional properties of eumelanin and 
its integration into thin fi lm devices. [  11–15  ]  
Eumelanin is of potential interest for 
organic bioelectronic applications due to 
their metal chelation properties, [  16  ]  mixed 
ionic/electronic conduction, [  17  ]  broad band 
UV-vis absorption, [  18  ]  free radical scav-
enging properties, [  19  ]  and their intrinsic 
biocompatibility. [  20  ]   

 A number of studies have been 
reported on the preparation and function-
alization of coatings based on eumelanin 
for applications in catalysis, cell imaging, 
and nerve tissue engineering. [  13  ,  20–24  ]  
On the other side, only a few studies have been reported on 
the chemical and physical properties of eumelanin thin fi lms 
in device structures relevant to bioelectronics. In particular, 
eumelanin-Au nanoparticle hybrid fi lms have been prepared 
on electrode surfaces for biosensing. [  25  ,  26  ]  A piezoelectric 
sensor has been functionalized with eumelanin for metal ion 
sensing. [  27  ]  Ambrico et al. studied the memory-like behavior of 
eumelanin fi lms sandwiched between Au and doped silicon/
5591wileyonlinelibrary.com
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     Scheme  1 .     a) Main building blocks of the eumelanin macromolecule: 
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid 
(DHICA). b) Planar structure of Au electrodes and eumelanin fi lm used 
in this work.  
indium tin oxide. [  28–30  ]  To assess the potential of eumelanin 
for applications in bioelectronic devices, the properties of 
eumelanin thin fi lms interfaced with device components, such 
as metal electrodes, in presence of water and ionic species need 
to be further explored. 

 Here we report on the interaction of hydrated eumelanin 
thin fi lms with gold electrodes in a planar confi guration. This 
geometry represents the fi rst step towards transistor-based 
sensing devices. [  31  ,  32  ]  We observed the in situ formation of 
Au-eumelanin dendrites, leading to a resistive change in the 
eumelanin fi lm, and characterized their morphological, chem-
ical, and electrical properties. Our results suggest an active role 
of eumelanin in Au dissolution and formation of dendrites, 
based on its metal-binding phenolic hydroxyl groups. The dis-
covery of the interaction between eumelanin and Au in a thin 
fi lm device structure opens new avenues for the fabrication 
of Au-eumelanin nanostructures and biocompatible memory 
devices [  33  ]  and emphasize how crucial is the choice of the elec-
trode material in eumelanin-based electronic devices.   

 2. Results 

  2.1. Formation of Au-Eumelanin Nanoaggregates and Dendrites: 
Morphological and Photoluminescent Properties 

 Eumelanin fi lms were deposited from dimethyl sulfoxide 
(DMSO) suspensions onto SiO 2  substrates pre-patterned with 
gold electrodes (Scheme  1 ). Upon application of 1 V bias 
between the metal electrodes in air with 90% relative humidity 
at room temperature, atomic force microscopy (AFM) revealed 
the formation of nanostructures within the interelectrode 
region on the timescale of minutes to hours ( Figure    1  a–f). 
Initially, nanoaggregates (NAs) formed in proximity of the pos-
itively biased electrode (Figure  1 b). These NAs are made up of 
Au and most likely also eumelanin, as will be shown below. 
Prolonged biasing, for a few more minutes, caused the NAs 
to move towards the negatively biased electrode (Figure  1 c). A 
comparison of the fi lm cross section before (Figure  1 a) and 
after (Figure  1 c) biasing reveals a depression at the edge of 
the positive electrode (Figure  1 f). The bright line parallel to 
the positively biased electrode in Figure  1 c is likely an agglom-
eration of eumelanin and Au. Its position coincides with the 
initial position of the positive electrode edge. The depression 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
beyond this line is due to the decomposition of the Au elec-
trode (indicated with � in Figure  1 c). When the NAs reached 
the edge of the negative electrode, they nucleated and formed 
dendrite-like structures (indicated with � in Figure  1 c, see 
also Figure  1 e and Supporting Information S1), which are 
typical of diffusion-limited aggregation. [  34  ]  The growth con-
tinues as long as the bias is applied, leading to dendrites 
extending over the interelectrode region (from the negative to 
the positive electrode) and beyond (Supporting Information 
Figure S1). The profi le in Figure  1 f reveals the typical heights 
for the newly formed structures: separate NAs (indicated with 
�) were up to several tens of nanometer-high, while dendrites 
(indicated with �) had a quite uniform height between the 
electrodes of a sample, typically only 5–10 nm. This height 
difference suggests that the NAs partially decomposed during 
dendrite formation.  

 Conductive AFM measurements showed that the dendrites 
are highly conductive and in electrical contact with the gold 
electrodes ( Figure    2  ). Charges were injected from the conduc-
tive AFM tip into the dendrites only above a certain threshold 
voltage, thus suggesting the presence of a poorly conduc-
tive material on top of the conductive structures, most likely 
eumelanin-based (Supporting Information Figure S2). The 
height image in Figure  2  further shows that the dendrites 
grow higher and larger once they reach the positive electrode 
since their extension in forward direction is blocked by the 
electrode.  

 High resolution scanning electron microscopy images (SEM) 
and energy-dispersive X-ray spectroscopy (EDS) measurements 
on the dendrites are shown in  Figure    3  . The EDS spectra 
(Figure  3 e), taken at positions corresponding to those indicated 
in Figure  3 c, and the gold EDS mapping (Figure  3 d and Sup-
porting Information Figure S3) clearly indicate that the den-
drites have a high gold content. The presence of carbon (origi-
nating from eumelanin and the environment), silicon (from the 
SiO 2  substrate), and oxygen (from substrate, eumelanin, and 
the environment) is also observable in the spectra (Figure  3 e).  

 In Figure  3 a, the horizontal bright line included in the 
upper circle corresponds to the edge of the positive electrode 
before electrical biasing. The dark regions beyond this line 
indicate that the nanostructures were formed under dissolu-
tion of gold at the electrode edge. The high-resolution images 
(Figure  3 b,c), corresponding to the regions marked with cir-
cles in  Figure    4  a, show that the dendrites initially had a porous 
fi ne structure (Figure  3 b) but became more and more compact 
during the growth (see the dendrite trunk in Figure  3 c). In 
the initial stage of dendrite growth, many gold-rich dendrite 
parts were not in direct contact with each other but appeared 
like equally spaced fi laments and nanoparticles (Figure  3 b and 
Supporting Information Figure S4). This suggests that the 
gold portion of the NAs is surrounded by eumelanin, which 
affects their assembly.  

 Fluorescence microscopy provided us with further insight 
on the nature of the nanostructures formed. In contrast to 
eumelanin, which has an extremely low fl uorescence yield, [  35  ]  
and large Au particles, Au clusters can be fl uorescent. [  36  ,  37  ]  A 
weak emission around 655 nm, attributable to Au clusters of 
about 25 atoms, was detected after biasing the eumelanin fi lm 
(Supporting Information Figure S5). [  36  ,  38  ]  The fl uorescence 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5591–5598
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     Figure  1 .     AFM images of eumelanin thin fi lms between Au electrodes ( L   =  6  μ m) a) before electrical biasing and b–d) after biasing at 1 V for increasing 
times. Numbers in (c) mark the distinct features of the growth of the nanostructures: � Decomposition of the positively biased Au electrode, � NAs 
moving towards the negatively biased electrode, and � dendrite growth. e) AFM height and phase image of dendrite structures. f) Height profi le for 
the sections in (a) (green) and (c) (red).  
signal disappeared after removing eumelanin by exposing 
the sample to a 1-h-long UV-ozone treatment (Supporting 
Information Figure S6). A possible interpretation of this result 
is that eumelanin stabilizes the Au clusters and that the clus-
ters aggregate to form relatively large, non-fl uorescent Au parti-
cles in the absence of eumelanin.   
© 2013 WILEY-VCH Verlag G

     Figure  2 .     AFM and corresponding conductive AFM image of the den-
drite-like structures extending from the negative to the positive electrode. 
The voltage applied to the AFM tip was −10 V.  

Adv. Funct. Mater. 2013, 23, 5591–5598
 2.2. Resistive Change in Eumelanin Films on Au Electrodes 

 We carried out transient measurements of the electrical cur-
rent between the Au electrodes during the formation of nano-
structures (Figure  4 a). The rapidly decreasing current during 
the fi rst few minutes was likely dominated by ionic currents 
(capacitive currents), in agreement with recent works sug-
gesting the presence of mobile ions (such as H  +   and OH  −  ) in 
eumelanin fi lms. [  17  ,  29  ]  It was followed by a slowly decreasing 
current including contributions from electrochemical reactions 
and, possibly, purely electronic charge transport. After several 
minutes to a few hours of biasing, a sudden increase of cur-
rent over 3–6 orders of magnitude was observed. The onset of 
this increase corresponded to the fi rst dendrite connecting the 
two electrodes, as indicated by AFM images (Supporting Infor-
mation Figure S7). The shape of the current transient after 
this fi rst increase varied from sample to sample (Supporting 
Information Figure S8). However, some features were typical: 
the current initially alternates between high and low values; the 
further increase occurred in discrete steps or under strong fl uc-
tuations, and the current saturated around 10  − 2 –10  − 3  mA (for 
an electrode geometry with  L   =  6 or 10  μ m,  W   =  2 or 4 mm 
with a fi lm thickness about 30 nm; see Figure  4 a,b, and Sup-
porting Information Figure S8). 
5593wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) SEM images of the dendrites growing on the eumelanin fi lm between the Au elec-
trodes using the backscattered electron signal (BSE). b,c): High-resolution SEM-BSE images 
taken at positions similar to those marked in (a). d) Mapping of the gold distribution based on 
the EDS signal. e) EDS spectra taken at positions similar to those marked in (c).  
 The fl uctuations in the electrical current are due to the growth 
of an increasing number of conductive dendrites between 
the electrodes and to the continuous evolution of the contact 
between the dendrite and the positive electrode, including 
also a possible breaking of the contact. In some devices, the 
variation of the current between discrete values of conductance 
(Figure  4 b,c) reminds of the quantized conductance of atom-
sized conductors, which is well studied for gold. [  39  ,  40  ]  The con-
ductance of the sample of Figure  4 b,c preferably varied between 
multiples of  G  0 /4, where  G  0   =  2e 2 /h  =  77.48  μ S, the quantum of 
conductance. This could be an indication of both the atom-size 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
of the contact between the dendrite and the 
electrode and the organic-inorganic hybrid 
character of the eumelanin-Au dendrites 
(since conductance values smaller than  G  0  
were found). [  40  ]  However, the current steps 
we observed varied from sample to sample 
and were not always well defi ned, which 
should be due to the hybrid character of the 
eumelanin-Au dendrites and their complex 
environment. 

 The highly conductive state was stable up 
to 0.55 V (Figure  4 d). At 0.60 V and above, 
current fl uctuations occurred in the current 
vs time plot, caused by breaking and creating 
contacts between the dendrites and the elec-
trode, likely due to electrochemical reactions 
(Supporting Information Figure S4b). Within 
the stability window from  − 0.5 V to 0.5 V, the 
samples displayed highly linear  I – V  char-
acteristics, even at a conductance below  G  0  
(Supporting Information Figure S9).   

 2.3. Effect of Electrical Bias, Sample 
Hydration, and Processing Solvent on the 
Formation of Nanoaggregates and Dendrites 

 We investigated the conditions that promote 
the formation of Au-eumelanin nanostruc-
tures between planar Au electrodes. NAs 
formed upon application of an electrical 
bias of 0.7 and 1 V, whereas 0.3 and 0.5 V 
were not suffi cient (Supporting Informa-
tion Figure S10). This is in agreement with 
the voltage-step measurement reported in 
Figure 6d and suggests that the electrochem-
ical reactions leading to the formation of 
NAs set in for biases larger than 0.55 V. 

 The presence of water in the fi lm was 
crucial for the formation of NAs. When 
eumelanin was deposited from anhydrous 
DMSO suspensions and sample processing 
and electrical characterization were con-
ducted under dry nitrogen atmosphere (H 2 O 
and O 2  content  < 0.1 ppm), no NA formation 
could be observed and the eumelanin fi lm 
was not conductive enough to yield currents 
above noise level. 
 Another requirement for the formation of dendrites was 
the presence of traces of the low- volatility solvent DMSO that 
leaves the fi lm in a gel-like state, enhancing the mobility of the 
NAs on the fi lm surface. After solvent removal by heat treat-
ment, NAs still formed under electrical bias but they were 
confi ned to a small region close to the positive electrode (Sup-
porting Information Figure S11). The dendrite growth and the 
highly conductive state were also reproduced with eumelanin 
fi lms deposited from dimethyl formamide (DMF) suspensions 
indicating that the phenomenon is not specifi c to suspensions 
of eumelanin in DMSO (Supporting Information Figure S12).   
heim Adv. Funct. Mater. 2013, 23, 5591–5598
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   Table  1.     Summary of results from electrical measurements, AFM/optical 
microscopy, and nuclear activation analysis of Cl  −   concentration on 
eumelanins obtained from different sources. 

Sample Resistive 
change

Nanostructures [Cl] 
[mg g  − 1 ]

Sigma melanin Yes Dendrites 7.0  ±  0.3

Sepia melanin Yes Diffi cult to image due to fi lm 

inhomogeneity
64.1  ±  2.6

DHICA melanin No Strong accumulation at positive 

electrode
0.28  ±  0.02

DHICA monomer Yes Dendrites 0.20  ±  0.02

DMSO melanin No No 0.34  ±  0.02

NaOH-treated 

DMSO melanin

Yes Dendrites Not measured

     Figure  4 .     a) Transient current measurement for a eumelanin fi lm between Au electrodes ( L   =  10  μ m,  W   =  2 mm, applied voltage 1 V) at 90% relative 
humidity. The sample was left hydrating for 24 h before biasing. b) Example for the resistive change of eumelanin fi lms with Au-eumelanin dendrites 
between states of discrete resistance ( L   =  6  μ m,  W   =  4 mm, applied voltage 1 V). c) Conductance histogram corresponding to (b). d) Voltage-step 
measurement of an Au-eumelanin-Au structure ( L   =  6  μ m,  W   =  4 mm). The sample was biased at 1 V beforehand to attain the highly conductive state. 
The dashed lines separate the region of linear  I – V  characteristics from the region of electrochemical reactions.  
 2.4. Investigation of Eumelanins from Different Sources 

 To investigate the mechanism of Au dissolution and dendrite 
formation, we tested eumelanins with different chemical com-
positions, obtained by different synthetic routes or as natural 
eumelanin. [  9  ,  41  ]  More precisely, we investigated: commer-
cial eumelanin (Sigma Aldrich) obtained by the oxidation of 
tyrosine (from now on indicated as  Sigma melanin ), used for 
all experiments presented above; eumelanin obtained by the 
non-enzymatic polymerization of DHICA in aqueous solution 
( DHICA melanin ); the  DHICA monomer  without further polym-
erization; [  42  ]  eumelanin obtained by the oxidation of 3,4-dihy-
droxy-L-phenylalanine (dopa) in DMSO solution ( DMSO 
melanin ); [  11  ]   DMSO melanin  treated with NaOH; natural 
eumelanin extracted from Sepia offi cinalis ( Sepia melanin ). [  41  ]  
The results are summarized in  Table    1   and described in detail 
in the Supporting Information (Figures S13-S17). In particular, 
we quantifi ed the Cl  −   concentration in the different eumelanins 
by nuclear activation analysis (NAA, Table  1 ), because halides, 
especially Cl  −  , are known to enable the electrochemical oxida-
tion and dissolution of Au. [  43–45  ]  Br  −   and I  −   concentrations were 
negligible compared to Cl  −   and are therefore not listed.  

  Sigma melanin  and  Sepia melanin  both led to sudden resis-
tive change, although it was diffi cult to image the dendrites 
for  Sepia melanin , due to a very inhomogeneous substrate 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5591–5598
coverage.  Sepia melanin  had the highest Cl  −  , amongst the 
eumelanins investigated, followed by  Sigma melanin , whereas 
all other eumelanins had much lower Cl  −   concentrations. 

  DHICA melanin  clearly interacted with the Au electrodes 
under electrical bias, as evident from the strong accumulation 
at the positive electrode (Supporting Information Figure S14). 
However, no NAs or dendrites were formed, possibly related to 
a high degree of polymerization and limited substrate coverage. 
5595wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Therefore, we also prepared fi lms directly from the  DHICA 
monomer , which was easier to process. In this case, we observed 
dendrite formation and resistive change (Supporting Informa-
tion Figure S15). 

 Films of  DMSO melanin , having a slightly higher Cl  −   con-
tent than the  DHICA monomer  and  DHICA melanin , did not 
seems to react with the Au electrodes or yield any other sig-
nifi cant change under electrical bias (Supporting Information 
Figure S16). As recently discovered,  DMSO melanin  differs in 
molecular structure from  Sigma  and  DHICA melanin  by the 
incorporation of sulfonate groups–SO 2 CH 3 , primarily binding 
to the phenolic hydroxyl groups. [  41  ]  The latter are known to be 
metal chelation sites of eumelanin. [  16  ,  46  ]  Only after removal of 
the sulfonate groups by treatment with NaOH, [  41  ]   DMSO mel-
anin  also led to dendrite formation and resistive changes (Sup-
porting Information Figure S17). This result is a strong indica-
tion for the active participation of the eumelanin metal binding 
sites, particularly phenolic hydroxyl groups, in the process of Au 
dissolution and the subsequent formation of nanostructures. 

 To gain further insight into the chemical properties of the 
eumelanin-Au interface, time-of-fl ight secondary ion mass 
spectroscopy (ToF-SIMS) measurements were conducted on 
selected eumelanin-Au samples after electrical biasing. Den-
drites could be located only if they were exceptionally large 
(about 100 nm in height and 1  μ m in width) as in the sample 
of  Sigma melanin  in Supporting Information Figure S18. In this 
case, ToF-SIMS indicated the presence of Cl  −   in the dendrite 
region. A preliminary analysis of the high-mass region of the 
ToF-SIMS revealed the presence of a number of ionic com-
plexes of the type [(M-H v ) x -Au y Cl z ]  − −/−/ + / +  +   (M  =  DHI monomer, 
v  =  {0,2}, x  =  {1,2,3}, y  =  {1,2}, z  =  {0,1}). A chemometric anal-
ysis of the ToF-SIMS spectra is underway to get more insights 
into complex formation between eumelanin, Au, and Cl  −  .    

 3. Discussion 

 AFM and SEM images show that the positively biased Au elec-
trode in contact with the hydrated eumelanin fi lm is partially 
dissolved upon application of an electrical bias above 0.55 V. 
Details of the Au dissolution and the role of Cl  −  , present in 
all eumelanin samples, sometimes only in trace amounts, 
require further investigation. We hypothesize that the Au dis-
solution is due to the electrochemical oxidation of Au enabled 
by Cl  −   [  44  ]  and that eumelanin with active phenolic hydroxyl 
groups, which act as metal binding sites, strongly enhances 
the Au dissolution. This hypothesis is supported by the results 
obtained on eumelanins with low Cl  −   concentrations, having 
different molecular structures, namely  DHICA melanin , 
 DHICA mono mer  as well as untreated, and NaOH-treated 
 DMSO melanin . The presence of a eumelanin with active phe-
nolic hydroxyl groups was required to obtain dendrite growth 
and resistive changes at low Cl  −   concentrations. The eumelanin 
analogue polydopamine and the eumelanin precursor dopa 
have been recognized as effi cient binding and reducing agents 
for Au cations, which was ascribed to their phenolic hydroxyl 
groups. [  23  ,  26  ,  47  ]  Understanding the (electro-)chemical reac-
tions leading to eumelanin-enhanced dissolution of Au is of 
signifi cant interest. Nevertheless, at present, any conclusion 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
supported by experimental evidence is challenged by the diffi -
culties in locally probing the chemical compounds formed at 
the positive electrode and in predicting (electro-)chemical reac-
tions in a hydrated solid-state environment with unknown local 
pH. Based on the process suggested for the halide-catalyzed 
dissolution of Au in acetonitrile, [  44  ]  we suggest that Cl  −   adsorbs 
on the surface of the positively biased Au electrode and ena-
bles the electrochemical oxidation of Au by the displacement 
of water and under formation of AuCl x . Eumelanin binds and 
partly reduces Au x   +   ions from AuCl x  complexes mainly through 
its phenolic hydroxyl groups. This leads to the release of Cl  −  , 
which subsequently can facilitate the electrochemical oxidation 
of further Au atoms. Cl  −   could thus have a purely catalytic role, 
when present at low concentrations. 

 Polydopamine and dopa have been exploited as reducing 
agents for the formation of Au nanoparticles in HAuCl 4  solu-
tion. [  23  ,  26  ,  47  ]  Along this line of thought, eumelanin can be 
expected to promote the formation of Au nanoparticles in our 
case. The NAs we observed are likely to contain Au cluster 
and/or nanoparticles, which is supported by fl uorescence 
measurements. 

 The migration of NAs to the negative electrode indicates 
their residual positive charge. The drift and the residual 
charge of the NAs prevent their assembly to larger structures 
before arrival at the negative electrode. Once in contact with 
the negative electrode (directly or via dendrite), the NAs are 
electrochemically reduced, which is likely to break up some 
of the eumelanin-Au complexes. The NAs nucleate at the 
negative electrode and dendrites start to grow from the nega-
tive towards the positive electrode. This direction of growth is 
in agreement with the working principle of electrochemical 
metallization cells. [  33  ]  SEM images suggest that eumelanin is 
an integral part of the initial dendrite structure but that the Au 
parts of the dendrites become more and more connected as the 
growth continues. Eumelanin has been reported to chemisorb 
on negatively biased Au surfaces, permitting effi cient charge 
transfer, [  25  ,  48  ]  which favors the charge transport along the Au-
eumelanin dendrites. 

 The conductive path created by the dendrites and their con-
tinuously evolving contact with the positive electrode lead to 
sudden changes in conductance, similar to resistive switching 
memory devices based on electrochemical metallization. [  33  ]  
Such devices are composed of a solid electrolyte layer, as well 
as one electrochemically active, where faradic processes take 
place, and one inert metal counter electrode. By reversing the 
bias, the devices can be switched between the on- and off-state. 
Due to its chemical properties, Au is usually used as the inert 
electrode. [  33  ]  In this work, Au forms the electrochemically active 
and counter electrodes and eumelanin the solid electrolyte, 
playing an active role in the Au dissolution. We suggest that, in 
principle, biocompatible eumelanin-Au based memory devices 
could be built by exchanging the counter Au electrode for a con-
ductive material that is non-reactive with eumelanin. 

 Our fi ndings on the interaction of Au, eumelanin, and Cl  −   
shed light on previously reported results about the electrical 
properties of eumelanin fi lms in presence of Au electrodes. 
Ambrico et al. reported memory switching in vertical Au/
eumelanin/p-Si and Au/eumelanin/indium tin oxide struc-
tures, claiming the absence of metallic nanoclusters in the 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5591–5598
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eumelanin fi lm without however reporting experimental evi-
dence. [  28–30  ]  Au electrodes were also used in several other works 
to characterize the conductivity of hydrated eumelanins. [  17  ,  20  ,  49  ]  
In particular, Bettinger et al. reported negligible contact resist-
ance for hydrated fi lms of  Sigma melanin  with Au electrodes. [  20  ]  
Our results suggest that electrode materials alternative to Au, 
such as Pt, graphene, carbon nanotubes, or conductive poly-
mers, should be considered to study the intrinsic properties of 
eumelanin.   

 4. Conclusion 

 We showed that hydrated eumelanin fi lms between Au elec-
trodes under electrical bias lead to the formation of Au-
eumelanin NAs and dendrites in the interelectrode region. This 
phenomenon was observed with eumelanins from different 
sources, as long as they have active phenolic hydroxyl groups. 
We suggest that the dissolution of the Au electrode is enabled 
by low amounts of Cl  −  , present in eumelanins, and that the 
reducing and metal binding ability of eumelanin is responsible 
for a strong enhancement of Au dissolution and the formation 
of NAs. The interaction between eumelanin and Au can poten-
tially be exploited for the  in situ  formation of Au-eumelanin 
nanostructures and biocompatible resistive switching memory 
devices. Moreover, the interaction between Au and eumelanin 
has to be taken into account for the design of bioelectronic 
devices based on eumelanin thin fi lms.   

 5. Experimental Section 
  Materials and Sample Preparation : Synthetic eumelanin (Sigma 

Aldrich,  Sigma melanin ) was dissolved in dimethyl sulfoxide (DMSO, 
Sigma Aldrich, purity  > 99.9%) to yield a 15 mg mL  − 1  suspension, 
unless otherwise stated. The suspension was stirred for 30 min and 
fi ltered. The substrates were silicon wafers with 200 nm thermal SiO 2  
and 30-nm-thick Au electrodes on a 4-nm-thick adhesion layer of Cr, 
deposited by e-beam evaporation and patterned by photolithography. 
Before fi lm deposition, substrates were cleaned in an ultrasonic bath 
with acetone, isopropanol, and de-ionized water, followed by 20 min 
UV-ozone treatment. Eumelanin suspension is spin-coated onto the 
substrate at 1000 rpm for 2 min followed by 4000 rpm for 30 s. For a 
control experiment, dimethylformamide (Caledon Laboratories, purity 
 > 99.8%) was used instead of DMSO.  DHICA  was synthesized according 
to the procedure reported in the literature. [  42  ]  For non-enzymatic 
polymerization,  DHICA  was dissolved in distilled water (12.5 mM). 
Oxygen was bubbled through the solution for 20 min, followed by 
exposure to ammonia vapors for further 20 min. Finally, the solution 
was kept under stirring for another 4 h in air. The  DHICA polymer  was 
extracted by lyophilization.  DMSO melanin  was synthesized and part 
of it was treated with NaOH according to the procedures described 
in the literature. [  41  ]   Sepia melanin  was purchased from Sigma Aldrich. 
The  DHICA monomer ,  DHICA melanin ,  Sepia , and  DMSO melanin  
were dissolved in DMSO (15 mg mL  − 1 ) and spin-coated on the same 
substrates and with the same parameters as  Sigma melanin .  DMSO 
melanin  treated with NaOH was deposited by drop casting due to its 
limited solubility in DMSO. 

  Sample Characterization : Current transients and current-voltage 
curves were measured with a semiconductor parameter analyzer (Agilent 
B1500A) or software-controlled source/measure unit (Agilent B2902A). 
Measurements were taken in air with a controlled humidity of 90% 
after at least 1 h time to hydrate the eumelanin fi lm, unless otherwise 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5591–5598
stated. W or Pt probes were used to contact the Au electrodes. AFM 
measurements were taken with a Dimension 3100 (Digital Instruments) 
with Si probes (tip radius  < 10 nm, spring constant 20–100 N m  − 1 ) in 
Tapping mode. Images were analysed with Nanoscope Analysis from 
Bruker. For conductive AFM measurements, a Pt cantilever (constant 
force  < 6 nN) was used. A voltage of  − 10 V was applied between the tip 
and the Au electrodes on the sample. 

 SEM measurements were conducted with a Hitachi SU–8000 cold 
fi eld emission scanning electron microscope combined with a silicon 
drift detector provided by Oxford Instruments for EDS. Imaging was 
performed at 5 keV with a through the lens (TTL) backscattered electron 
(BSE) detector. Most images were taken in BSE mode, since the BSE 
signal is more sensitive to the chemical composition of the sample 
than the secondary electron signal. Photoluminescence spectra and 
images were obtained with a hyperspectral imaging system (PARISS, 
LightForm Inc), using the (550  ±  10) nm emission of a X-Cite Series 
120 short arc lamp. ToF-SIMS measurements were conducted with an 
ION-TOF SIMS IV using a Bi 1  source at 15 kV and 0.7 pA for spectral 
measurements and a Bi 3   +  +   source at 25 kV and 0.013 pA for imaging 
(both with 200  μ s cycle time). The primary ion dose was limited to 1  ×  
10 13  ions cm  − 2 . Spectra were recorded in Bunch mode using a 19.9 ns 
primary ion pulse to provide a mass resolution (m/ Δ m)  > 8000 on  29 Si. 
Images were recorded in Burst mode, in which the lens magnifi cation 
is set to zero to provide both high lateral resolution of  < 300 nm and 
high mass resolution  > 5000 simultaneously. Nuclear activation analysis 
was performed with a SLOWPOKE nuclear reactor (Atomic Energy of 
Canada Limited) and a Ge semiconductor gamma-ray detector (Ortec, 
GEM55185). The samples were irradiated for 600 s at a thermal neutron 
fl ux of 5.4  ×  10 11  cm  − 2  s  − 1 . Gamma rays were detected after 120 s for 
600 s at a distance of 35 mm.   
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