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Over the past decade synthetic melanins, melanin-like polymers and melanin-based 

copolymers have been the focus of growing attention as soft biocompatible functional 

materials for engineering high performance, low cost optoelectronic devices, such as 

memory devices, light emitting diodes and field effect transistors. The unique combination 

of physicochemical properties of melanins, such as broad band absorption in the UV-visible 

range, intrinsic free radical character, water-dependent hybrid ionic-electronic conductor 

behaviour and excellent biocompatibility, have inspired use of melanic polymers as valuable 

functional materials for organic bioelectronics. However, several gaps and issues still hinder 

rapid progress of melanin-based organic electronics and bioelectronics, including in 

particular the limited contribution of electronic conductivity and current decay with time 

under biasing. Aim of this paper is to provide an overview of the structural and 

optoelectronic properties of melanins and to bring to focus current gaps and challenges in 

the development of melanin-based materials for bioelectronics. Starting from commercial 

samples, the paper surveys different melanin-type materials with special emphasis on the 

potential of polydopamine (pDA), a highly adhesive mussel-inspired melanin-type platform, 

for incorporation in optoelectronic devices. Simple chemical tailoring procedures for 

engineering pDA-based n-type polymers and photoresponsive materials for photocapacitive 

sensors are eventually illustrated. 

 

 

Introduction 

Definition and classification of melanins 

Originally proposed by Berzelius to denote black animal 

pigments, the use of the term melanins has evolved over the 

past decades to encompass a variable range of pigments with 

consequent generation of ambiguity and often confusion.1  

Recently, terminology issues concerning melanins and 

melanogenesis have been reviewed and debated.2 Eventually, a 

new general definition of melanins was approved and 

recommended. According to this new definition, melanins 

include pigments of diverse structure and origin which arise 

from the oxidation and polymerization of tyrosine in mammals 

and of phenolic substrates in plants and lower organisms. 
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.In mammals there are two main types of melanins formed from 

tyrosine or dopamine. (Figure 1) The most diffused variant is 

the black insoluble eumelanin, which can be identified based on 

the presence of 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) units at various 

oxidation levels and linked fairly randomly. Recent evidence 

indicates that DHI and DHICA polymers exhibit quite different 

structural characteristics which account for different 

physicochemical properties, including different optical and 

electronic behavior.3 

In red-haired individuals the main pigments are the reddish-

brown pheomelanins which arise from a deviation of the 
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eumelanin pathway via the intervention of cysteine leading to 

1,4-benzothiazine intermediates. Over the past decade, with the 

burst of organic electronics, melanins became the focus of 

increasing interest in materials science, due to the unique 

combination of intriguing optical and electronic properties in a 

biological macromolecule. Eumelanins exhibit broad band 

absorption spectrum, spanning the entire UV-visible range, 

intrinsic free radical character and, especially, a semiconductor-

like behavior strongly dependent on temperature, physical form 

and hydration state. However, despite their intriguing 

properties, several gaps and issues still hinder definitive 

recognition of melanins among state-of-the-art biomaterials for 

organic electronics. The major problem is represented by the 

lack of precise knowledge about their structure, supramolecular 

organization and optoelectronic properties. Another critical 

issue relates to the lack of standardized protocols for use of 

melanins in organic electronics, whereby it is not infrequent 

that data from materials of different origin and composition are 

compared and used to support inconsequential conclusions. 

 
Figure 1. Schematic view of the eumelanin and pheomelanin pathways   

In the framework of recent achievements in melanin-based 

devices the present paper aims to provide a critical overview 

starting from applications of commercial synthetic melanin in 

electronic devices, then describing recent achievements with 

other synthetic melanins (dopa and DHI), and finally 

illustrating the emerging potential of mussel inspired 

polydopamine (pDA) as a hitherto little explored melanin-like 

material for organic electronics. The main motivations, 

challenges and prospective solutions that drive melanin 

research in the expanding fields of organic electronics and 

bioelectronics, together with relevant gaps and issues will be 

elucidated. 

The optical and electrical properties of melanins: 

models, gaps and issues 

Evolution of concepts and models  

The pioneering studies on carrier transport mechanisms by 

McGinness4 suggested a preliminary assignment of melanins to 

the class of amorphous semiconductors. Bistable functioning of 

a melanin pellet-based device demonstrated the presence of an 

on-off current switching during voltage application.5 It was also 

observed that such a behavior was maintained only when 

melanin was in a hydrated state, thus evidencing the 

dependence of melanin conductivity on the water content. In 

subsequent work, melanin carrier transport mechanisms were 

explained in the framework of the amorphous semiconductor 

model. Jastrzebska et al. established a calibration curve 

correlating the hydration percentage (by measuring the vacuum 

level) with the observed conductivity values and activation 

energies values were estimated.6 Recently, Mostert et al. 

attempted to correlate conductivity, electron paramagnetic 

resonance (EPR) and muon spin relaxation spectroscopy data to 

re-formulate the Jastrzebska hydration-dependent  conductivity 

model. They reported that the semiquinone population of a 

synthetic dopa melanin increases with pH in the same way as 

both the conductivity and muon relaxation rates vary with 

hydration. The results underscored the hybrid ionic-electronic 

behavior of melanins and identified the hydration point at 

which H+-based ionic conductivity dominates on the electronic 

one (see below).7,8   

The subsequent examination of AC conductivities and 

dielectric polarization further confirmed that charge hopping in 

a melanin fractal structure is the possible carrier transport 

mechanism responsible of the observed polarization behavior.9 

However, the dominant charge carriers (protons or electrons) 

responsible of the hopping mechanisms are strictly dependant 

on the hydration melanin state. In this respect, the magnitude of 

the dielectric permittivity (see next sections) under two extreme 

hydration conditions (air and under vacuum) further underline 

the role of water content on conductivity.10  

Several attempts have been made to extrapolate a specific value 

of the melanin energy gap from optical absorption coefficient 

measurements, as commonly done in amorphous 

semiconductors.11–13 Moreover, the correlation between the 

activation energy for the carrier transition between the valence 

and the conduction band (as derived by the conductivity vs. 

temperature measurements) and optical gap was checked. 

However, most of the results proved to be contradictory leading 

to a wide series of uncorrelated values of energy gaps and 

activation energy.12,13 

Work by Bridelli et al.,14 whose relevance was not appreciated 

at the onset, demonstrated that hydrogen ion hopping could be 

instead considered as the main mechanism responsible of 

electrical carrier transport and that the melanin electrect 

characteristic (i.e. charge/polarization storage ability) is based 

on its hydration-dependent conductivity. From these results it 

could be argued that melanin could not be classified as an 
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amorphous–like semiconductor but rather as an H+ conductor, 

like the majority of biological conducting materials.  

Wünsche et al. investigated the interactions of commercial 

synthetic melanin with Au, Pt and PdHx metallic contacts 

giving a picture of possible species involved in the H+ ion 

carrier mechanisms15. The basic conclusion was that melanin 

current is largely, if not exclusively, ionic in character, being 

due to proton transport. 

Thus, as knowledge of eumelanin optical, electrical and 

paramagnetic properties progressed, the amorphous 

semiconductor picture of melanins was gradually abandoned in 

favor of new models aimed at clarifying the origin of the 

broadband absorption coefficient and the inability to extract a 

single energy gap value. Meredith and coworkers16 proposed 

the ‘chemical disorder model’ for modelling the optical 

absorption spectrum in terms of a linear overlapping of 

Gaussian shaped absorptions by different chromophores. 

According to this model, melanin components can be envisaged 

as separate static entities covering the entire visible spectrum, 

with no specific reference to the redox state, intermolecular 

perturbations and hydrogen-bonding effects. An important 

advance in the characterization of eumelanin intrinsic 

absorption properties derived from the development of water-

soluble eumelanins based on two different approaches, i.e. i) 

functionalization of DHI at the 3-position with an S-galactosyl 

group leading on oxidation to the first glycomelanin, and ii) 

polymerization of DHI or DHCA in in aqueous buffer 

containing 1% poly(vinyl alcohol) (PVA).17,18 Detailed studies 

carried out on soluble eumelanins allowed to disentangle 

absorption from scattering contributions thus underscoring two 

important concepts that prompted an integration and expansion 

of the chemical disorder model. First, it was found that 

eumelanin soluble chromophores contain both oxidized 

quinonoid units and reduced catechol unit. Second, eumelanin 

visible absorption is affected to a variable degree by 

intermolecular perturbations of chromophores determined by 

aggregation and stacking. These observations supported an 

improvement  of the chemical disorder model in terms of a 

“dynamic π-electron disorder model” to explain eumelanin 

black chromophore. In this model, melanin components would 

form a dynamic system in which oxidized and reduced units, 

namely catechol, semiquinone and quinone units, coexist and 

may equilibrate via intramolecular tautomerization or via 

intermolecular proton and electron exchange induced by 

aggregation, dehydration and/or pH changes.17 This model 

offers a chemical background also for the hybrid ionic-

electronic conductor model. For example, ionic transport can 

occur at least in part via tautomerization equilibria within 

oligomer scaffolds coupled with intermolecular proton 

exchange secondary to comproportionation/aggregation. On the 

other hand, electronic conductivity may be favored by redox 

interactions between catechol or quinone components in contact 

with the electrodes. In support of the dynamic π-electron 

disorder model is the recent observation of irreversible 

conductivity changes in DHI melanin suspensions following 

interaction with a gate  electrode in an organic electrochemical 

transistor (OECT) device.19 The OECT device consisted of 

source and drain electrodes made of silver, an active layer of 

PEDOT:PSS, and a gate electrode made of a platinum wire. 

Eumelanin sensing was based on oxidation of suspended 

eumelanin at the Pt gate electrode/electrolyte interface 

promoting electron injecton into the gate electrical circuit 

(faradaic regime). Analysis of the resulting hysteretic Igs loops 

in the presence of melanin revealed a progressive and 

irreversible decrease in the redox activity of the polymer with 

an abatement in current intensity with decreased hysteretic loop 

area after each cycle..  

The marked decrease observed in gate current and areas 

subtended by hysteretic loops observed over 5 cycles suggested 

evolution of the polymer from an unstable redox state toward a 

more stable electronic arrangement promoted by redox 

exchange with the gate electrode. Specifically, the catechol–

quinone units would be initially “frozen” by aggregation into an 

unstable redox state. Repeated redox interactions with the gate 

electrode would then provide the input for a progressive 

redistribution of the redox centers within the polymer, leading 

eventually to equilibration to a more stable electronic 

arrangement. 

Proton Migration, Redox Processes, and Electronic 

Transport.  

As anticipated earlier, the complex interplay between proton 

migration, redox processes and electronic transport involved in 

the electrical response of eumelanin films has been the subject 

of growing interest.7,20 It is assumed that before biasing the 

eumelanin contains DHI and DHICA or similar units in 

different redox states, i.e. catechol (H2Q) semiquinone (SQ) 

and quinones (Q) tautomer as well as protons originating from 

−COOH, Q and SQ moieties. It has also been proposed that the 

electronic charge carrier in eumelanin originates from the SQ 

free radicals,17 whose density is increased by the water-driven 

comproportionation equilibrium.21 In aqueous suspensions of 

eumelanin, the SQ− concentration increases up to a factor of 7 

between pH 7 and 11. The reduction of Q to SQ− would 

correspond to the injection of an electron capable to contribute 

to electronic conduction.17 At the positive electrode, the 

extraction of a mobile electron corresponds to the oxidation of 

SQ− to Q. The transient current behaviors at different hydration 

states highlighted better on the importance of the proton-

determined component of the electrical current and of the 

elicited electrochemical reactions  Specifically, the initial fast 

decreasing component is attributable to the proton current 

blocked at the electrode while the slower one is a result of the 

superposition of a slower decaying ionic current and of the 

electrochemical reaction or electronic current.15 Finally, the 

proton current component supported a mechanistic scenario in 

which eumelanin films are proton conductive over micrometric 

distances and the proton-determined component of the 

electrical current is strongly sustained by hydration, with an 

ionic conductivity of 10−4−10−3 
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Technological issues 

Deposition of homogeneous eumelanin layers for 

optoelectronics application is an issue of considerable 

technological relevance which depends on the solubility 

properties. Although it has been reported that eumelanins are 

soluble in several solvents including concentrated aqueous 

sodium hydroxide solutions, aqueous ammonium hydroxide 

solutions, and dimethylsulfoxide (DMSO), attention is called to 

the fact that solubility depends on the nature of the polymer 

(i.e. its monomer composition), the degree of polymerization 

(short or long reaction times for polymer synthesis), and the 

marked susceptibility of the catechol and quinone moiety to 

undergo oxidative breakdown or decarboxylation in alkali and 

acids, respectively.1 It follows that the process defined as an 

apparent solubilization may in fact be either a degradation or 

the dissolution of small fragments with a limited degree of 

polymerization. 

In any case, the choice of the solvent proved to be crucial for 

smooth film production. In this respect, dimethyl-sulfoxide 

(DMSO), N,N-dimethylformamide (DMF) or DMSO/DMF 

based solutions seemed more promising than ammonia aqueous 

solution in dissolving melanins making possible the deposition 

of smooth thin films.15,22 

However, the surface of films deposited from ammonia based 

solution were also found smooth, although with a slight 

incorporation of ammonia ions.10 

Achieving a good degree of filmability of melanin materials on 

common supports, such as ITO/glass, Si or SiO2/Si,23,10,20 is 

mandatory for its application in optoelectronics. With respect to 

other polymers or organic semiconductors, melanins require an  

almost hydrophilic surface, while the majority of surfaces of the 

supports for devices possess higher affinity for hydrophobic 

materials. Therefore, the unavailability of an effective 

procedure for depositing homogeneous and stable melanins 

layers on such supports limited, till now, the exploitation of 

melanins in the simplest electrical devices with metal-insulator-

metal (MIM) or metal-insulator-semiconductors configuration 

(MIS). (Figure 2) Recently, our group successfully overcame 

this issue by adopting a proper strategy to enhance the affinity 

between melanins and the supports, thus paving the route to the 

investigation of the performances and possible applications of 

melanins in bio-inspired devices.10,23. 

An interesting protocol to obtain good quality films of DHI 

melanin starting from aqueous suspensions utilizes matrix 

assisted pulsed laser evaporation (MAPLE).24 Another 

important contribution toward this goal is provided by the 

recently reported ammonia-induced solid state polymerization 

(AISSP) procedure, in which melanin synthesis is induced in 

the solid state by exposing a film of the soluble monomer DHI 

to ammonia vapors.25 Important advantages of the AISSP 

procedure with respect to previously reported protocols include: 

1) efficient chemical control on structural disorder and film 

morphology, due to the facile deposition of the soluble DHI 

monomer allowing for 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 procedures; 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. The 

AISSP procedure is thus of general relevance, being applicable 

to any easily oxidizable and filmable polyphenolic substrate. 

 

What melanins for organic- and bio-electronics ? 

Intimately connected with the technological issues is the 

selection of a melanin with suitable characteristics to meet the 

specific requisites of processability for deposition and device 

implementation. A vast body of literature deals with 

commercial synthetic melanin (SM, from Aldrich). SM is a 

black soluble material which is currently prepared by oxidation 

of tyrosine with hydrogen peroxide (previously with 

persulfate). From the structural viewpoint, SM appears to be 

considerably different from natural melanins or from synthetic 

dopa, DHI or DHICA melanins, as well as from most 

catecholamine-derived polymers because it is freely soluble in 

slightly alkaline aqueous medium and affords, on degradation, 

very low yields of pyrrole carboxylic acids, suggesting a virtual 

lack of indole units.2 This would be consistent with the lack of 

dopaquinone formation as a crucial requisite for indole ring 

closure, thus questioning the claimed analogy of SM with other 

synthetic melanins, e.g. from dopa, DHI or DHICA. While the 

relevance of the structural issue may not seem to be compelling 

from the technological viewpoint, it assumes fundamental 

importance when attempting to draw structure-property 

relationships that are crucial for rationally designing melanin-

based materials with well-defined conductivity properties and 

HOMO-LUMO gaps for bioelectronics. A most relevant issue 

in a realistic melanin device application is the observed current 

decay under biasing, which is also strictly linked to the hybrid 

ionic-electronic conducting mechanisms.15 In principle, such an 

effect would rule out or limit some applications of eumelanins 

unless chemical modifications are adopted. However, from a 

different perspective, this may pave the way to alternative 

device applications like  charge storage, memory devices or 

proton-conductor  polymers which are very important in bio-

inspired applications.26 

 

Biocompatibility 

Bettinger et al.27 assessed eumelanin biocompatibility in vitro 

by Schwann cell attachment and growth and by determining 

neurite extension in PC12 cells. Thin films of SM were found 

to enhance Schwann cell growth and neurite extension 

compared to collagen films in vitro. Melanin films also induced 

an inflammation response that was comparable to silicone 

implants in vivo and the implants were significantly resorbed 

after 8 weeks. These results supported solution-processed 

melanin thin films for use as biodegradable semiconducting 

biomaterials for tissue engineering. 
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Figure 2. Sketches of melanins –based MIS(left) and MIM (right) devices and of 

the measurement set up. 

In another study of the biocompatibility of DHI melanin thin 

films produced by the AISSP  procedure,25  the growth and 

differentiation of undifferentiated murine embryonic stem cells 

was investigated in comparison with gelatin. The results 

demonstrated  the adhesion and proliferation of stem cells on 

the melanin film. Notably, melanin thin films proved also 

capable of directing the differentiation of pluripotent stem cells. 

Using a reporter cell line bearing Green Fluorescent Protein 

(GFP) under the control of α1-tubulin promoter, it was possible 

to demonstrate that the melanin film effectively supports the 

growth of undifferentiated stem cells and their differentiation 

into neuronal precursors and neurons. These results are of 

potential interest for the implementation of OECTs which can 

translate cellular activity into electrical signals.19,28,29  

SM electrical properties in devices  

Charge storage behavior of SM-based MIM devices  

The transient current behaviour occurring after a voltage pulse  

was a well know effect observed in pellets as such as in 

melanin layers.30  

These led to consider SM as a capacitor able to act as a charge 

storage device. The estimate of the SM layer dielectric 

permittivity via impedance measurements returned a value of 

the dielectric permittivity ranging from εr = 100 to εr = 10  at 

high hydration level while lowering in the de-hydrated state.10 

Moreover, the dielectric permittivity vs. frequency dispersion is 

closely resembling to that of biological items since it shows a 

specific feature in the range 10Hz-10kHz termed as β-region 

whose magnitude depends on hydration conditions.31,32 The 

permittivity values higher than that of water are also observed 

in some highly conjugated polymers, entailing a redistribution 

and reordering of the adsorbed water molecules when 

increasing the humidity level.33,34  

The possible application of SM as active layer in charge storage 

device was assessed by current–voltage hysteresis loop in SM-

based MIM devices (Figure 2, right) whose areas were found 

increasing with the loop amplitude or voltage sweep speed. 23. 

The H+ ion drift mechanisms and charge exchange reaction via 

SQ electron release can be considered as responsible of space 

charge generation.7 These effects suggested that SM is able to 

store/trap/displace an amount of charges depending on the 

applied voltage and voltage sweep speed stimulus, in a fashion 

commonly observed in other polymers tested for charge storage 

device applications35 therefore providing interesting perspective 

for similar application of SM –based MIM structures. 

The memory-like capabilities of SM layers were also tested in 

SM MIM devices.23 An on/off resistance effect ascribed to a 

writing status, with a current on/off ratio of around 100 was 

detected.(Figure 3) Following Chua, the hysteresis behavior 

and resistance transition are both evidencing a possible 

intriguing   application of SM-layer as memristor then 

constituting a viable alternative to in-organic materials, organic 

or bio-  polymers.23,36–39 The absence of any erasing effect 

underlined a behavior like a write once read many times 

(WORM) device. The space charge generation and storage 

were observed also when the white light was illuminating the 

SM-based MIM structures under vacuum. while memory effect 

was evidenced by the photocurrent behavior resulting after 

consecutively switching on-off of a continuous white light.23 

 

 
Figure 3. Resistance on/off (memristor-like effect) and WORM-like  behaviour  

observed in a SM MIM device. 

 

Electrical transport in SM-based MIS devices on Si 

Polymer-based MIS devices are commonly employed as 

backbone in charge storage or memory devices. Sometimes the 

issue that has firstly to be solved is the introduction sites 

suitable for electron or holes trapping. The commonly adopted 

procedure is that of embedding properly functionalized metallic 

clusters into the polymer matrix that are selective irrespective 

to the particular type of charge to be trapped (i.e. electron or 

holes).40 The read out of the C vs. V hysteretic behaviour is a 

fundamental test not only on polymer –based MIS devices, 

since it enables to evidence the type of charges trapped in the 

device and to estimate the trapping centre density. The basic 

MIS device parameters, i.e. the flat band capacitance and 
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voltage constituted the fundamental ones able to give 

information on the device functioning. The reasoning behind 

this property descends from the origin of the hysteretic 

behavior as due to the flat band voltage shift occurring when 

the MIS device is biased from depletion to accumulation and 

viceversa.41 The flat band voltage shift relates both to trapped 

charges or to mobile ions densities and results in a specific 

hysteresis loop rotation i.e a net positive (negative) trapped 

charge density corresponds to a counter-clockwise (clockwise) 

hysteresis loop direction. In the case of SM-base MIS device 

(both on pSi and nSi, see Figure 2, left) the charge trapping 

effect was achieved without embedding any kind of metallic 

nano-clusters acting as trapping centre as resulting by the 

Capacitance-Voltage curves (Figure 4).10  

 
Figure 4. Scheme representing the holes/electrons injection and trapping 

phenomena responsible of the observed melanins based MIS C-V hysteresis ( 

from ref.20).  

 

Such results disclosed for the first time a viable route for the a 

melanin-based MIS device working via hybrid electron/hole –

ion conductivity mechanisms with the on-off of the two 

conductivity mechanisms dictated by the hydration level. In 

fact, in air, the detected loop directions suggested that the 

majority Si carriers (holes in pSi , electrons in nSi) are injected 

and trapped inside the SM evidencing the ambipolar 

characteristics of carrier transport and that water generated trap 

are responsible of such a behaviour. In vacuum, i.e. at a low 

hydration state, (Figure 5) the residual inner H+ displacement 

and polarization effect were invoked as responsible of the 

observed hysteresis.10 

Further studies subsequently directed to  possible applications 

of melanin based MIS structure in memory devices,  disclosed a 

writing step due to carrier injection and trapping (holes) with a 

signal retention time t = 105 sec. Interestingly, the applic 

erasing effect, but rather it produces a polarization induced 

writing step due to a surface dipole addition.42 Considering the 

hybrid ionic-electronic model the surface dipole forms since the 

negative pulses causes a migration of  H+ toward the SM/pSi 

interface while the hole injection is forbidden.20  

A further advance toward implementing SM in bio-electronics was 

to consider its insertion in devices build up on a nanotextured 

support working via impedance coupling mechanism. The elicited 

mechanism is commonly adopted in bio-sensing application. 

Moreover, embedding a nanotextured surface in bio-sensors is useful 

for enhancing device sensitivity because of the increased useful 

active sensing area.43–45  

 

 
Figure 5. Series of C vs. V hysteresis loops for a melanins-MIS structure on pSi 

taken real time during vacuum procedure evidencing the pressure of progressive 

loop direction reversal . 

 

As a proof of concept, SM-layers were implemented on 

nanotexured and functionalized p-silicon surfaces (NTpSi) 

produced by single step plasma processing.46,47 The device 

impedance response collected in a wide frequency range 

showed that melanin adsorption greatly modify the impedance 

response via impedance coupling mechanism and both 

texturing topology and chemistry at SM/NTpSi interface were 

affecting the overall SM/NTpSi bio-interface response (Figure 

6).48 

 

 
Figure 6 (a) SEM enlarged view nanotextured NT and SM/ NTpSi surface.  b) 

Simplified sketch showing the correspondence between the circuit fragments 

and the corresponding part of the Au/ SM/ NTpSi interface (partially reproduced 

from ref 41) 

Synthetic dopa and DHI melanins: electrical 

properties and their tuning 

Several papers reported use of dopa melanin prepared by 

alkaline oxidation as a useful polymer for organic electronics.49 

Bothma et al. reported device quality thin films obtained with 

dopa melanin prepared by ammonia induced polymerization 

and investigated their conduction properties.50 In a four-

terminal measurement, DC electrical conductivities were 

recorded and the conductivity proved to be strongly dependent 

on the hydration state of the sample. The film showed Ohmic 

behavior and had a conductivity of σ= 2.5 x 10-5 S cm-1 at a 

relative humidity of 100% and a temperature of 24°C. No trace 

of metals were detected. In a later paper the same group 

confirmed a strong hydration dependence of the conductivity 
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(approximately 2 orders of magnitude dry to wet) that increases 

rapidly once the water content is greater than approximately 12 

% by weight.8  

Such melanins, however, exhibit a high degree of structural 

disorder as mentioned earlier, due to the harsh alkaline 

conditions favoring oxidative breakdown of quinone moieties.25 

It is thus very difficult to provide even a tentative and general 

structural picture of this type of dopa melanins.  

Very recently, we disclosed a route for obtaining a water 

soluble melanin from DHI via N-functionalization of DHI with 

a hydrophilic TEG chain (Figure 7).51 

Current-Voltage measurements in MIM devices indicated 

markedly higher open circuit values and hysteresis loop areas in 

 
Figure 7 (a) Formation of TEG-melanin by N-functionalization of DHI. 

the case of triethyleneglycol-melanin (TEGM) compared to 

SM, suggesting in the former a more effective space charge 

mechanism.51 Impedance data consistently indicated for TEGM 

a higher dielectric constant than for SM. These results point to 

DHI functionalization with TEG residues as an effective 

approach to confer polyelectrolyte behavior to eumelanin 

materials, possibly via the formation of a tightly retained 

hydration shell during film deposition, due to the hydrophilic 

chains of the oligomer molecular component.51 

The electrical properties of the DHI melanin thin films obtained 

with the AISSP procedure were investigated using a field effect 

transistor (FET) device with a gold-patterned Si substrate.25 

Freshly prepared moisture-equilibrated films showed a 

significant current IDS in the 45-65 nA range which was not 

affected by the gate voltage VGS indicating the lack of 

significant field effect. Current/voltage curves run at VGS = 0 V 

showed a well-defined hysteretic behavior, which did not vary 

after annealing. After 30 days, a marked drop in conductivity 

was observed, due apparently to irreversible dehydration. 

Immersion of the film in deionized water resulted in an 

immediate recovery of the conductivity properties, exceeding 

the starting value. Careful desiccation of the re-hydrated film 

resulted again in a decrease in conductivity, an effect that could 

be determined on several cycles of desiccation-hydration, 

indicating reversibility. Interestingly, the electrical current 

measured on re-hydrated DHI melanin exceeded the sum of the 

currents measured on dry eumelanin and in pure water. 

Polydopamine as versatile platform for organic 

electronics  

Comparatively little attention has been focused on 

polydopamine (pDA) as convenient material for organic 

electronic applications despite the recent burst of interest in this 

highly adhesive and filmable material. pDA is a polymer 

obtained by autoxidation of dopamine under slightly alkaline 

conditions at pH 8.5. It was developed by Messersmith, Lee 

and coworkers in 2007 taking inspiration from the highly 

adhesive mussel byssus proteins containing dopa and lysine 

residues. Accordingly, interest in pDA applications stemmed 

mainly from its highly adhesive properties.52–55,21 

The structure of pDA (Figure 8) was addressed by several 

groups and the basic picture emerging from this studies is that 

of a mixture of oligomers of different nature and composition 

which contain three main types of structural units: uncyclized 

dopamine units, DHI units and degraded pyrrolecarboxylic acid 

units 

 

 
Figure 8 representative structure of pDA highlighting three main types of 

structural units.
 
 

pDA electrical properties 

pDA constitutes in principle an attractive platform in organic 

electronics because of the facile deposition by dip-coating and 

the eumelanin-like properties consistent with an intrinsic 

semiconductor behaviour.10,56,57 Although, in comparison to 

SM, pDA showed dielectric permittivity behaviour similar to 

that of a polyelectrolyte and absence of the β relaxation region, 

it is suitable as insulating layer in MIS devices since its 

performances are similar to that of SM-based devices 

irrespective on the amount of trapped charge density.10,57. In 

this framework, our research was directed at tuning the 

electronic properties of bio-inspired copolymers obtained by 

incorporation of amine-containing aromatic monomers into 

pDA matrix. The organic chemistry strategy relied on the in-air 

NH2HO
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co-oxidation of dopamine with aromatic amines, specifically 3-

aminotyrosine (AT) or p-phenylenediamine (PD), leading to 

copolymers, referred to as pDA-AT and pDA-PD, respectively. 

(Figure 9) The copolymers formed good quality films and 

pDA-AT and PD-based MIS devices were afterwards tailored 

on pSi for the electrical characterization.57 In air, pDA-AT and 

pDA-PD based devices entailing a similar hole trapping 

phenomenon with a reduction of the net density of trapped 

positive charges identifying a ‘doping effect’. ‘Doping’ was 

furthermore evidenced by the flat band voltage shifting to 

higher values (going from pDA to pDA-AT and pDA-PD) as a 

result of the Fermi level position displacement towards the  

 
Figure 9. Simplified scheme showing the main proposed units of pDA-AT and 

pDA-PD 

conduction band (n-doping effect). In the specific pDA-PD/pSi 

case, the increased electron density was furthermore marked (in 

air and under vacuum) by specific features (bumps) in low 

frequency C vs.V ascribed to the minority pSi carriers 

(electrons) and to the in-born PD electron whose density 

overwhelming the Si dopant concentration. Such carriers are 

termed as charge inversion layer and are readable at a voltage 

value (i.e. the threshold voltage) whose value depends on the 

MIS band energy structure (i.e. the higher the MIS barrier, the 

lower the threshold voltage).41 

 
Figure 10 (a) C-V of pDa, pDa-DA, pDA-AT based MIS devices on pSi in air at 1 

MHz; the arrows evidence the flat band voltage shifting going from pDa topDA-

PD; b) Energy band diagrams explaining the observed flat band shift as a 

consequence of the “doping” effect ( partially reproduced from Ref 52 ) 

The charge inversion layer can be obviously detected provided 

that the threshold voltage lies within the measuring range. 

Although the reasoning of this mechanism, occurring at a low 

frequency signal only, is still unclear, it is believed that it 

originate by a slow generation of silicon minority carrier by 

thermal excitation.41 In the specific pDA-PD case, as a result of 

the particular. high value of the flat band voltage, (Figure 10), 

the threshold voltage Vt lied at around V=-2.0 V i.e. the charge 

inversion layer is detectable during C vs.V measurements.41  

Red-hair inspired manipulation of pDA leading to a 

photoresponsive material 

In the framework of a bio-inspired strategy to improve the light 

response of pDA, our attention was directed to investigate the 

incorporation of pheomelanin-type units, such as benzothiazine 

and benzothiazole moeities, within the pDA scaffold serving as 

photosensitizing components. Although pheomelanins exhibit 

intrinsically poor emission properties, they can easily eject 

electrons upon photoexcitation58 The use of pheomelanin-like 

materials for technological purposes has been recently 

considered as an alternative bio-friendly route for the 

enhancement of the optical response of the Si substrate.59 

Implementation of this strategy was based on the synthesis of 5-

S-cysteinyldopamine, a product of DA metabolism resembling 
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the pheomelanin precursor 5-S-cysteinyldopa.59(Figure 11), 

and its copolymerization in variable proportions with dopamine 

to give poly(dopamine/5-S-cysteinyldopamine) (p(DA/CDA)). 

Such an approach was innovative in that it combined the 

features of the photosensitizing pheomelanin-related units into 

a eumelanin-type skeleton aiming at the enhancement of the 

light response of the bare polymer.  

 
Figure 11. Schematic illustration of pCDA main units 

The bio-inspired p(DA/CDA) materials, due to their DA-related 

basic units, can be considered as a biological–type item. This 

was confirmed by copolymer AC permittivity signal response 

similar to that of a biological item and one order of magnitude 

higher than  that detected in commercial SM.  

A detectable photocapacitive response was observed only in 

p(DA/CDA) MIM devices starting at a signal frequency of 10 

kHz, with photo-impedance oscillating at a frequency lower 

than the testing one and particularly pronounced at 1.0 kHz and 

100 Hz. (AFM) The results were interesting since for the first 

time evidenced that the CDA addition promote a peculiar light-

induced photo-impedance effect. Implementing pDA, pCDA 

and p(DA/CDA) in a MIS photo-capacitors device on pSi 

enables to exploit pCDA and p(DA/CDA) as optically active 

layers on Si surface. Interestingly, the increase of the CDA 

content enhanced the sensitivity to white light of the MIS 

photo-capacitor in the frequency range 100 kHz - 1 MH 

illumination, suggesting a fast response of the device to light 

stimuli. (Figure 12) These results were explained as being due 

to a combined effect of the pCDA-driven yield enhancement 

towards the high signal frequency (see Figure 12a), the higher 

optical absorption cross-section observed in mixed polymer-

based structure and of a CDA surface dipole promoting a more 

efficient carrier transfer from the gold electrode toward the pSi 

active layer (Figure 12b).  

 

 

 

 

 

 

Conclusions and outlook 

Why melanin-based bioelectronics ? 

 

The above survey has provided an overview of the current 

status and perspectives of melanin research in the field of 

organic electronics and bioelectronics. Is it realistic to develop 

melanin-based bioelectronics in the near future ? Why melanins 

instead of other polymers ? A number of arguments are listed 

below. 

1) Melanins are soft, biocompatible, bioavailable and 

biodegradable. These are Nature-related properties that can 

hardly be found in common organic polymers for organic 

electronics 

2) Melanins meet all requisites of versatile materials for 

bioelectronics. They are the sole class of natural polymers 

exhibiting a broadband featureless optical absorption 

throughout the entire UV-visible range, nearly quantitative non-

radiative conversion of absorbed photon energy, 

photoconductivity in the solid state, electronic-ionic hybrid 

conductor properties and hydration-dependent free radical 

properties. They provide: a) controllable uptake of water up to 

> 10% w/w; b) a suitable interface endowed with acidic, basic 

and chelating groups optimally suited to interact with cells; c) 

ionic and electronic currents coupled with visible light-induced 

stimulation, accounting for unique bio-optoelectronic 

properties. 

3) Melanins differ from common biocompatible polymers in 

that they exhibit efficient and tunable antioxidant and free 

radical scavenger properties, redox activity, aggregation 

dependent behavior, and exhibit an intrinsically high affinity 

for biomolecules, such as proteins, lipids and nucleic acids as 

well as for several organic substances, drugs and metal cations. 

electronic networks capable of responding dynamically a) to 

chemical stimuli, via acid and basic carboxylic/carboxylate 

groups, chelating catechol moieties, redox 

catechol/semiquinone/o-quinone systems, H-atom donor 

groups, and b) to physical signals by efficient light absorption, 

non-radiative excited state deactivation, electron photoejection.  

4) Melanins can be built from a variety of monomer 

precursors, from catecholamines to 5,6-dihydroxyindoles to 

catechols, to create versatile multifunctional structural and 

 

 

N

S

(HOOC)

NH2

OH

N

S

NH2HO

(HOOC)

NH2HO

HO

H2N S

HOOC

CDA

oxidation

Page 9 of 13 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Figure 12. (a) Photo-capacitance effect with compensation at 1 kHz of the pDA, 

p(DA/CDA) and pCDA-based MIS capacitors. (b) Scheme of the mechanisms 

explaining the photo-enhanced capacitive response of p(DA/CDA)-based MIS 

photocapacitors. [from ref. 54 ] 

 

5) Melanins can form highly adhesive thin films, can self-

assemble, can be manipulated through rational strategies 

targeted at the molecular and supramolecular level, can be 

functionalized with biomolecules to induce selective biological 

recognition, impart specific properties and enhance 

functionality, can be included in biopolymers, can be processed 

by different methodologies in the absence of toxic organic 

solvents, and are compatible with sterilization protocols.25 

The burst of pDA onto the scene of materials science and 

nanomedicine  is but one example of the enormous 

technological and biomedical potential of melanin biopolymers 

which hold promise as biocompatible and biodegradable 

materials for nerve tissue engineering and other applications.  

What challenges?  

The above analysis has reported the latest advances in 

eumelanin applications for organic electronics highlighting 

major gaps and limitations. A crucial challenge in the 

development of melanin-based bioelectronics is the 

improvement of conductivity properties, and especially the 

control of current decay with time under biasing and a proper 

balance of ionic (protonic) and electronic transport.  A useful 

approach may be based on the definition of a clear framework 

of structure-property-function relationships that may guide the 

elaboration of new design rules for melanin-based materials.  

Another important challenge is to develop effective strategies to 

control disorder and to engineer melanin based materials with 

better-defined HOMO LUMO gaps.  

 

What solutions ? 

The present paper reported recent achievements by the authors 

as possible solutions for a viable inclusion of multifunctional 

melanin related matrixes into bio-friendly devices. 

Optoelectronic peculiar performances of basic building blocks 

of solid state and organic electronic devices (MIM, MIS) 

embedding melanins and eumelanin-like layers have been 

described. The charge storage and memory effect behaviours, 

doping and photocapacitive effects in basic and modified 

melanin-like materials have been presented via device 

characterization techniques. The study of optoelectronic 

response in melanin-based MIM and MIS devices under two 

extreme environmental conditions [i.e. in ambient air and under 

vacuum at p= 10-5 mbar] enlighten the hybrid ion-electronic 

carrier transport mechanisms and possible expected 

performances and exploitation of melanin-based devices. The 

feasibility of melanin layer following the contour of a 

nanotextured surfaces paves the route for a high sensitive 

nantextured biosensing device. N-functionalization with TEG 

hydrophilic chains and copolymerization with aromatic amines 

is proposed as a valuable strategy to enhance the electronic 

component of charge transport in melanins. Likewise, 

incorporation of cysteinyldopamine and related benzothiazine 

units allows for the induction of a photoresponsive behavior in 

pDA. The potential of pDA as a tuneable platform is still 

undervalued, and a systematic investigation of tailoring 

strategies like those illustrated in this overview will eventually 

open novel perspectives in the development of efficient 

biointerfaces for bioelectronic applications. 
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Current issues/challenges are presented in the biocompatible 

eumelanin-based devices development ranging from commercial 

eumelanins through 5,6-dihydroxyindole polymers to mussel-

inspired polydopamine  
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