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Abstract 

Melanins are pigmented biomacromolecules found throughout all do-
mains of life. Of melanins’ many unique properties, their malleable electri-
cally conductive properties and their ability to chelate could allow them to 
serve as material for bioelectronics. Studies have shown that sheets or pel-
lets of melanin conduct low levels of electricity; however, electrical con-
ductance of melanin within a cellular context has not been thoroughly in-
vestigated. In addition, given the chelating properties of melanin, it is pos-
sible that introducing traditionally conductive metal ions could improve 
the conductivity. 

Therefore, this study investigated the conductive properties of melanized 
cells and how metal ions change these. We measured the conductivity of 
pulverized Curvularia lunata, a melanized filamentous fungi, with and 
without the addition of copper ions. We then compared the conductivity 
measurements of the fungus to chemically synthesized, commercially 
bought melanin. 

Our data showed that the conductivity of the melanized fungal biomass 
was an order of magnitude higher when grown in the presence of copper. 
However, it was two orders of magnitude less than that of synthetic mela-
nin. Interestingly, conductance was measurable despite additional constit-
uents in the pellet that may inhibit conductivity. Therefore, these data 
show promising results for using melanized cells to carry electrical signals. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

1.1.1 Melanin: properties and sources 

Melanin, an umbrella term encapsulating a diverse family of pigmented bi-
omacromolecules, performs several biological functions in organic life 
(Meredith and Sarna 2006). However, melanins as a group, due to insolu-
bility, are resistant to many traditional biochemical techniques necessary 
to define chemical structure. Thus, there is still a lack of a consensus on 
unifying properties of melanins (Eisenman and Casadevall 2012; d’Ischia 
et al. 2013). Without further resolution melanin molecules, in general, 
have been found to have the following common characteristics: formation 
through the oxidation and polymerization of tyrosine, dopamine, and or 
phenols, high molecular weight, resistance to acids, and an overall nega-
tive charge (Riley 1997; Schmaler-Ripcke et al. 2009; d’Ischia et al. 2013; 
Solano 2014; Ambrico et al. 2015). 

Melanin can be found in animals, plants, bacteria, and fungi. There are 
three primary types of melanin found in nature: eumelanin, pheomelanin, 
and neuromelanin (Figure 1) (d’Ischia et al. 2013; Solano 2014). Addition-
ally, melanin can be produced through chemical synthesis via the oxida-
tion of various precursors, such as L-tyrosine and L-dopa (d’Ischia et al. 
2013). Of the natural melanins, eumelanin is the most common and is 
characterized by its dark brown to black appearance (Micillo et al. 2016). 
Eumelanins serve many biological functions, though primarily they aid in 
mitigating the effects of free radicals and provide ultraviolet (UV) protec-
tion (Meredith and Sarna 2006). Pheomelanin appears as a yellow to red 
pigment that is chemically distinctive from eumelanin as it incorporates 
benzothiazine and benzothiazole units as opposed to the dihydroxyindole-
2-carboxylic acid and dihydroxyindole units found in eumelanin (Micillo 
et al. 2016). Neuromelanin has some structural similarities to both 
eumelanin and pheomelanin and, like eumelanin, possesses the ability to 
mitigate free radicals (Haining and Achat-Mendes 2017); however, neuro-
melanin is found only in neurons within the brain (Graham 1979; El-Nag-
gar and El-Ewasy 2017).   
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Figure 1.  Proposed Structures of Primary Types of Melanin: (A) eumelanin, (B) 
pheomelanin, and (C) neuromelanin. Arrows indicate potential attachment sites 

to other melanin molecules. (Adapted from Ito and Wakamatsu 2008.) 

The roles that melanins play in organisms are still under investigation, in-
cluding metal chelation (Meredith and Sarna 2006), radiation and radio-
nuclide protection (Kunwar et al. 2012), photoreception and photoconduc-
tivity (Jeffery et al. 1994; Capozzi et al. 2006), tensile strength (Roy and 
Rhim 2019), optical tunability (Wang et al. 2018), supercapacitor proper-
ties (Kumar et al. 2016), and electrical conductance (Jastrzebska et al. 
1996; Mostert, Powell, Pratt, et al. 2012; Mostert, Powel, Gentle, et al. 
2012; McGinness et al. 1974) (Figure 2). 

Figure 2.  Observed functional properties of melanins. 
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1.1.2 The conductive properties of melanin 

Several naturally occurring biomolecules have demonstrated conductive 
properties, such as DNA strands (Fink and Schonenberger 1999; Rakitin et 
al. 2001; Waleed et al. 2010); protein structures, like nanowires (Waleed et 
al. 2010; Rakshit and Mukhopadhyay 2012; Ordinario et al. 2014; Lovley 
and Walker 2019); and peptide networks (Ashkenasy et al. 2006; 
Takahashi et al. 2007; Waleed et al. 2010; Ing et al. 2018). However, mela-
nin is unique as it has tunable conductive properties primarily controlled 
by its hydration state (Jastrzebska et al. 1996, Wunsche et al. 2015) and 
the method of polymerization (Solano 2014; Ambrico et al. 2015). Further-
more, melanin can exchange both ionic charge and electronic charge, a be-
havior known as hybrid ionic-electronic conductance (Meredith and Sarna 
2006; Ambrico et al. 2015, Barra et al. 2016). This could potentially allow 
melanin to translate electronic charge to a more biologically relevant ionic 
charge and vice versa (Barra et al. 2016; Paulsen et al. 2020), which would 
be key to developing bioelectronics compatible with organisms (Ambrico 
et al. 2015; Barra et al. 2016). 

Melanin, specifically eumelanin, is theorized to gain its conductive proper-
ties through the process of self-doping, or the ability to produce charge 
and charge carriers from interactions between melanin species of different 
oxidation states (Mostert, Powell, Pratt, et al. 2012; Sheliakina et al. 2018). 
When the two melanin molecules undergo redox, free radicals and protons 
are generated, allowing for the transfer of charge (Figure 3) (Meredith and 
Sarna 2006; Mostert et al. 2016). Because the transfer of charge com-
monly occurs between water molecules and melanin molecules, the result-
ing conductivity of melanin is primarily influenced by hydration state (Ja-
strzebska et al. 1996; Meredith and Sarna 2006); but temperature, and 
structure also play a crucial role (Meredith and Sarna 2006; Motovilov et 
al. 2019) and together potentially allow the conductance to be controllable. 

Figure 3.  Melanin self-doping reaction. Different melanin moieties interact with water to 
produce charged moieties and hydronium. (Adapted from Sheliakina et al. 2017.) 
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Early research into the conductivity of melanin established a conductive 
range between 10−13 and 10−5 S/cm* (McGinness et al. 1974; Jastrzebska et 
al. 1996). However, modification of the melanin super structure through 
high-temperature vacuum annealing increased the conductivity of melanin 
to 300 S/cm (Migliaccio et al. 2019). Apart from demonstrating the effi-
cacy of melanin to act as a practical conductor, Migliaccio et al. (2019) also 
demonstrated how crucial the formation and structure of melanin granules 
is to conductivity as the annealing process transformed the granules to a 
more sheet-like super structure (Migliaccio et al. 2019). While this more 
extreme process of melanin transformation increased conductivity, Mad-
khali et al. (2019) showed that metal ions, specifically Fe, Cu, and Zn, can 
favorably alter the electrochemical properties of melanin.  

Overall, the current state of research has demonstrated that the conductiv-
ity of melanin can be elevated to levels comparable to other commonly 
used conductors (based on a traditionally defined range of semiconduct-
ance [10−5 to 103 S/cm] to conductance [>104 S/cm] [Matijasevic and 
Brandt 2009]). Furthermore, the conductivity can be potentially be tuned 
depending on the polymerization (Jastrzebska et al. 1998; Solano 2014; 
Ambrico et al. 2015) and hydration state (Jastrzebska et al. 1996). 

1.1.3 Melanin in fungus 

In fungi, melanin is produced utilizing the 1,8-dihydroxynaphthalene 
pathway (Casadevall et al. 2000; Langfelder et al. 2003; Pal et al. 2014) or 
the L-3, 4-dihydroxyphenylalanine pathway (Bell and Wheeler 1986; 
Casadevall et al. 2000; Pal et al. 2014). Melanin molecules are synthesized 
in a membrane-bounded vesicle called a melanosome and are either di-
rectly integrated into the cell wall in layers or excreted (Eisenman and 
Casadevall 2012; Nosanchuk et al. 2015; Camacho et al. 2019). In some 
cases, the accumulated melanin can form a sheath or rind external to the 
cell wall (Butler et al. 2009). The distribution, quantity of melanin, and 
strategies for incorporation into or around the cell wall in fungi depends 
on the species; for example, Aspergillus fumigatus excretes melanin, 
which then binds in thin layers to hyphal walls (Heinekamp et al. 2013) 
whereas Cryptococcus neoformans produces melanin and deposits it in 

 
* For a full list of the spelled-out forms of the units of measure and chemical elements used in this docu-

ment, please refer to U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S 
Government Publishing Office, 2016), 248–252, 265, https://www.govinfo.gov/content/pkg/GPO-STYLE-
MANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf. 

https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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concentric layers within the cell wall (Nosanchuk et al. 2015). When incor-
porated as a layer in or on the cell wall, the melanin has been theorized to 
function as an impermeable boundary as a defense against bacteria, other 
fungi, and predatory microbes (Morris-Jones et al. 2003, 2005; Nosan-
chuk et al. 2015). Although the melanin layer is not entirely impermeable, 
as nuclear magnetic resonance cyroporometry has shown the melanin 
layer to have selective sized pores potentially for macromolecule transport 
(Nosanchuk and Casadevall 2006). Though the distribution of melanin in 
fungi is heterogeneous across species, the most common formation of mel-
anin granules is as stacked planar sheets (Eisenman and Casadevall 2012; 
Casadevall et al. 2012). It is predicted that melanin functions as scaffold-
ing material, providing additional structural stability to the cell wall and 
allowing for more structurally complex construction of chitin (Nosanchuk 
et al. 2015; Cordero and Casadevall 2017).  

The purpose of melanin in fungi is theorized to be similar to the role mela-
nin plays other organisms in that it is primarily a protectant against vari-
ous environmental hazardous specifically radiation (Dadachova et al. 
2007, 2008; Eisenman and Casadevall 2012). Recent research of fungal 
melanin has shown it is a protectant against UV, thermal, and high-energy 
(specifically gamma) radiation (Turick et al. 2011). In fact, studies have 
demonstrated that melanin may be involved in radiotrophism (growth to-
wards radiation) and radiosynthesis (consumption of radiation) 
(Dadachova et al. 2008). Also, in regard to protection, melanin has been 
demonstrated to be an effective binder of many molecules (Bruenger et al. 
1967); however, it has a particular affinity for chelating heavy metal ions 
(Bruenger et al. 1967; Gadd 1984; Gadd and de Rome 1988). Melanin can 
function either intracellularly or extracellularly as a barrier against metal 
toxicity (Hong and Simon 2007; Cordero and Casadevall 2017) addition-
ally a melanin molecule is capable of chelating multiple metal ions (Hong 
and Simon 2007). Melanin has a high affinity for heavy metal ions such as 
lead, iron, and copper (Gadd and de Rome 1988) the latter two being of 
specific biological significance due their role in oxidative stress (Gadd 
1984; Gadd and de Rome 1988, Cervantes and Gutierrez-Corona 1994), 
further supporting its role as multifaceted protective agent. This property 
of melanin in fungi presents many opportunities in bioelectronic materials 
as the chelating capabilities of melanin could allow it to function as a me-
diator between inorganic and organic molecules (Di Mauro et al. 2017), to 
say nothing of the mentioned inherent conductive properties as well.   
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1.2 Objectives 

Given the unique conductive properties of melanin, there are many poten-
tial electronics applications as it could serve as an organic charge carrier. 
We further theorized that given these same properties and the presence of 
melanin within the cell walls of fungi, it could also serve as a conduit for 
electrical signals while still part of the organism. Because melanin has also 
shown to be an efficient chelator of metal ions, we also theorized that 
when exposed to metal ions, the melanin would bind them and further im-
prove the conductivity, similar to how doping (the intentional introduction 
of impurities) increases the conductivity of semiconductors by increasing 
the concentration of charge carriers (Jastrzebska et al. 1996). We hypothe-
sized that if additional metal ions (specifically copper) were available for 
chelation, then the conductivity of melanin in a cellular context would in-
crease to a level comparable to pure synthetic melanin. To address this hy-
pothesis, we sought to accomplish the following objectives: 

1. Identify a nonvirulent melanin-producing fungal candidate for study. 
2. Compare the conductivity of melanized fungal cells to purified synthetic 

melanin. 
3. Determine the tolerance of a fungal culture to copper so it could be effec-

tively grown in its presence. 
4. Evaluate how the addition of copper to fungal growth media affects the 

conductivity of the cells.  

1.3 Approach 

To study and evaluate the conductive properties of our fungal candidates, 
we combined culturing techniques with electrical engineering and materi-
als testing. We cultured three fungal candidate species: Kluyveromyces 
marxianus, Aureobasidium melanogenum, and Curvularia lunata. Only 
candidates that produced melanin in the laboratory were evaluated for 
conductive properties. Further analysis consisted of measuring the con-
ductivity of both the fungal biomass and synthetic melanin. To examine 
how metal ions affect conductivity, we added copper to the growth media. 
In so doing, we sought to reveal the intrinsic conductive nature of 
melanized biomass and the impact of copper doping and thus begin to un-
derstand how melanized fungi could function as a biological carrier of 
electrical signals.   
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2 Methods 

2.1 Fungal candidate culturing 

2.1.1 Fungal species selection  

The American Type Culture Collection (Manassas, VA, USA) provided the 
following fungal species: Kluyveromyces marxianus (ATCC® 26548; Rech 
et al. 1999), Aureobasidium pullulans var. (ATCC® 15233; Hermanides-
Nijhof 1977), and Curvularia lunata (ATCC® 42011; Malik et al. 1979). 
Criteria for species selection included no known virulence and docu-
mented production of melanin when grown under laboratory conditions 
(Hewedy and Ashour 2009; Siehr 1981; Rižner and Wheeler 2003).  

2.1.2 Media preparation 

To promote the growth of the fungal candidates, several types of broth and 
agar plates were created according to the nutrient and growth require-
ments of the fungi and the recommendations of the supplier. 

Agar: All agar was prepared in accordance with standard preparation 
techniques. Ingredients were completely dissolved on a stirring hot plate 
and then autoclaved such that the liquid temperature reached 121°C and 
6.9 kPa for at least 25 minutes. Molten agar was then allowed to cool 
slightly before being poured into sterile petri plates. 

Broths: The ingredients were combined and dissolved before they were 
autoclaved, such that the liquid temperature reached 121°C and 6.9 kPa for 
at least 25 minutes.  

Yeast malt agar/broth (K. marxianus and A. pullulans): Yeast 
malt broth (YMB) was made up with the following concentrations of ingre-
dients in deionized water: 3.0 g/L yeast extract, 3.0 g/L malt extract, 
10.0 g/L dextrose, and 5.0 g/L peptone. The recipe for yeast malt agar 
(YMA) was the same as for YMB but with the addition of 20.0 g/L agar.  

Malt extract agar/broth and thickened malt extract broth (C. 
lunata): Malt extract broth (MEB) was made up with the following con-
centrations of ingredients in deionized water: 20 g/L malt extract and 5 g/L 
peptone. Malt extract agar (MEA) contained the same ingredients as MEB 
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but with the addition of 20 g/L agar. To make thickened malt extract broth 
(tMEB), standard MEB was prepared with the addition of 2 g/L agar. 

Yeast extract peptone D-xylose agar/broth (K. marxianus and 
A. pullulans): Yeast extract peptone D-xylose broth (YEPDxyl) was 
made by combining the following concentrations of ingredients in deion-
ized water: 20 g/L D-xylose, 5 g/L yeast extract, 5 g/L peptone, and 5 g/L 
NaCl. YEPDxyl agar plates were made using the recipe of the YEPDxyl 
broth with the addition of 20 g/L agar.  

Potato dextrose agar/broth and thickened potato dextrose broth 
(C. lunata): Potato Dextrose Broth (PDB) was made following the manu-
facturer’s (BD, Franklin Lakes, NJ, USA) recommendation of 24 g/L po-
tato dextrose broth powder in deionized water. Similarly, potato dextrose 
agar (PDA) was made under the manufacturer’s (BD, Franklin Lakes, NJ, 
USA) instruction of 39 g/L potato dextrose agar powder in deionized wa-
ter. Thickened potato dextrose broth (tPDB)was made by combining 2 g/L 
agar with standard PDB. 

2.1.3 Propagation and culturing 

Fungi were received in a dried state and revived following the manufac-
turer’s instructions. Each dehydrated organism was rehydrated in 6 mL 
sterile filtered water and incubated at room temperature (approximately 
23°C) for 24 hours prior to inoculation in the appropriate growth media. 

The rehydrated fungal stocks were initially inoculated in various medias 
(broth and agar plates) as described below. The fungal candidates 
(500 µL) were inoculated in 30 mL of either YMB or MEB depending on 
the fungi’s nutrient requirements. The inoculated cultures were mixed well 
and placed in an orbital shaking incubator set at 120 rotations per minute 
(RPMs) and 28°C.  

YMA and MEA plates were inoculated by taking 200 µL of the rehydrated 
cultures, pipetting onto the plates, and spreading them on the appropriate 
plates using a flame-sterilized glass spreader. The inoculated plates were 
placed in an incubator set to 28°C. In both cases, uninoculated broth flasks 
and agar plates containing only media as a control were kept with the inoc-
ulated samples to check for contamination. The cultures were monitored 
for growth and production of dark pigmentation, suggesting the creation 
of melanin.  
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To improve or promote melanin production, the fungal candidates were 
also cultured in media demonstrated in the literature to elicit the genera-
tion of melanin. The 500 µL of the rehydrated spores for K. marxianus 
and A. pullulans were added to 30 mL of YEPDxyl. Then, 100 µL of the re-
hydrated cells were also spot plated on YEPDxyl agar plates. Both cultures 
were put into an incubator set to 32°C (Hewedy and Ashour 2009), the 
broth cultures were set on an orbital shaker set to 120 RPM, and the plates 
were put on a shelf. The organisms were monitored for 10 days.  

The melanin-producing colonies of C. lunata were cultured on tMEB to al-
low for more stability and improved growth. Then, 500 µL of the previous 
melanin-producing C. lunata cultures grown in MEB were added to steri-
lized tMEB and incubated on an orbital shaker at 28°C. Additionally, C. 
lunata also propagated on tPDB and PDA. To inoculate the tPDB, 
3 × 3 mm plugs of the melanin-producing C. lunata cultures grown on 
MEA were cut out using a flame-sterilized scalpel and transferred to 
30 mL of sterilized tPDB in a 125 mL flask. PDA was inoculated by taking 
3 × 3 mm plugs using a flame-sterilized scalpel of the same MEA cultures, 
dabbing them around the center of the PDA plate, and then depositing the 
plug in the center culture-side down. All inoculated tPDB and PDA plates 
were incubated at 28°C. All tPDB flasks were set on an orbital shaker 
within the incubator set at 120 RPM, and PDA plates were on a shelf in the 
same incubator. 

2.2 Copper tolerance assay 

To ascertain the concentration of copper sulfate C. lunata could tolerate 
without suffering deleterious effects in growth or appearance, we per-
formed a copper tolerance assay. The 40 mM of copper sulfate stock was 
prepared by suspending copper sulfate in deionized water and then filter 
sterilizing (0.22 µm) the stock via vacuum filtration. Next, varying concen-
trations of copper sulfate agar plates of PDA were made by following the 
protocol for PDA described in section 2.1.2). Additionally, the sterilized 
molten PDA was transferred to five sterilized 250 mL Nalgene bottles. 
Each bottle corresponded to a concentration of copper sulfate (0.0 mM, 
0.01 mM, 0.10 mM, 0.5 mM, and 1 mM) and was brought to that concen-
tration by adding the appropriate amount of 40 mM copper sulfate to the 
PDA such that the final volume was 200 mL for each bottle. The copper-
sulfate-containing molten agar was poured into sterile petri plates and al-
lowed to cool.  
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To plate the organism, 2 × 2 mm fungal plugs of C. lunata were taken 
from the outer perimeter one of the PDA stock cultures with a flame-steri-
lized scalpel, dabbed gently on the surface of the plates containing copper 
sulfate, and then deposited culture side down on the center. Inoculated 
plates were incubated at 28°C for 10 days and then assessed for growth 
and tolerance. 

2.3 Fungal biomass collection and preparation 

Biomass was collected from mature cultures that had incubated for at least 
10 days. To collect C. lunata biomass from agar media plates, cultures 
were scrapped off the agar surface using flame-sterilized scalpels and spat-
ulas. Scrapped cultures from multiple plates were combined in one steri-
lized (autoclaved) glass petri plate until processing. The cultures were then 
put in a stainless-steel mesh filter and washed three times with boiling de-
ionized water to remove any excess agar. Next, the cleaned felts were fro-
zen for at least 2 hours in a −80°C freezer prior to being lyophilized on a 
VirTis FreezeMobile 12XL (Gardinar, NY, USA) overnight (12−16 hours). 

Once samples were dried via lyophilizaton, they were milled using an Ika 
A11 Basic Analytical Mill (Wilmington, NC, USA) for 60 total seconds in 5 
second pulses. Milled samples were stored in a desiccator until use. 

2.4 Current-voltage sweeps 

2.4.1 Scanning electron microscope material characterization 

To visualize the materials and characterize their structure, high-resolution 
images of the synthetic melanin, fungal biomass, and copper-doped fungal 
biomass were captured with a scanning electron microscope (SEM) oper-
ating in a low-vacuum, backscatter imaging mode (Phenom ProX, Thermo 
Fisher Scientific, Waltham, MA, USA). The accelerating voltage was set to 
10 kV. A small amount of melanin was sprinkled onto conductive carbon 
tape, which was attached to a standard SEM aluminum stub. Prior to load-
ing the specimen into the SEM, excess melanin was removed with com-
pressed air. 

2.4.2 Pellet preparation 

To provide samples of a consistent shape and a stable surface to attach 
electrodes to, each of our sample materials were pressed into circular pel-
lets as in Mostert, Powel, Gentle, et al. (2012). Pellets were formed from 
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the milled biomass (copper doped and standard) and from commercial 
synthetic melanin (M8631, Sigma Millipore, Burlington, MA, USA) to 
function as a pure melanin comparison. The synthetic and milled samples 
were individually crushed using an agate mortar and pestle for 20 minutes 
to ensure reduction in particulate size and to improve pellet adhesion. Ap-
proximately 200 mg of powder was pressed into a 13 mm diameter pellet 
using a manual hydraulic pellet press (Specac Atlas 15T, Specac Ltd, Or-
pington, UK). The powder was loaded into the dye assembly, and the ap-
plied pressure was increased in increments of 1 ton every approximately 15 
seconds and held at that pressure for 1 minute. The pressure was ulti-
mately increased to 10 tons and held for 3 minutes. The resulting pellet ap-
peared black and smooth with a somewhat shiny finish. If the pellet was of 
poor quality (i.e., with cracks or rough surface), it was ground up with the 
mortar and pestle, and the process was repeated. No vacuum was applied 
during the pellet-making process.  

Platinum electrodes were deposited onto the freshly made pellet using a 
brass shadow mask. The electrode pattern was engraved onto the thin 
brass metal with a Printed Circuit Board engraver (ProtoMat S63, LPKF, 
Garbsen, Germany). Each square electrode area was ~5.67 × 10−2 cm2, and 
the spacing between the four electrodes was ~1.587 × 10−1 cm. Platinum 
metal deposition was carried out for 60 seconds inside a sputtering cham-
ber (Denton Vacuum DESK-II, Denton, Moorsetown, NJ, USA). To mini-
mize motions due to vacuum pump vibrations, the pellet and the shadow 
mask were attached to the interior of the sputtering chamber with adhe-
sive Scotch tape (3M, St. Paul, MN, USA). Immediately after the electrode 
deposition, the pellet was placed on a Teflon holder, and thin magnet 
wires (36 AWG) were attached to the electrodes with conductive silver 
paste (735825-25G, Sigma Aldrich; Burlington, MA, USA). The magnet 
wires were attached to the Teflon surface with Kapton tape (7770807, 
Fisher Scientific; Waltham, MA, USA). 

2.4.3 Current-voltage characteristics 

To obtain current-voltage characteristics, commonly used to determine 
how a material behaves under certain electrical impulses (e.g., current or 
voltage application), we performed current sweeps and measured the cor-
responding voltage. Sweeps were performed on the pellets of synthetic 
melanin (to serve as a baseline comparison), the copperless C. lunata bio-
mass, and copper-doped C. lunata biomass. To minimize the effects of hu-
midity, the pellet with the attached wires was stored inside a desiccator 
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jar. Measurements were carried out in the van der Pauw configurations 
(van der Pauw 1958) using a Keithley 2450 source meter unit. The source 
meter unit was programmed to provide a triangular current waveform 
while measuring voltage. A typical current sweep started from −2.5 nA, 
ramped up to 2.5 nA, and then ramped back down to −2.5 nA. The ampli-
tude of the current sweep was chosen such that the measured voltage was 
within the limit of the SMU (20 V maximum). Eight configurations were 
tested for each pellet (Figure 4). Measurements were carried out in ambi-
ent environment (~50% relative humidity) at approximately 12 hours after 
attachment of the wires to the electrodes to ensure the silver paste had 
dried. As the synthetic melanin served as the baseline, replicate trials were 
conducted in triplicate whereas duplicate trials were conducted on the 
pelletized biomass.  

The current-voltage curves were plotted within ggplot in R, and scatter 
plots of voltage versus current were smoothed using the Lowess method 
to aid in trend and pattern visualization (Wickham 2016; R Core Team 
2013). To calculate the conductivity, the slope of the voltage versus cur-
rent measurements was calculated using the linear regression model 
function within R.  

Figure 4.  Eight different positions of the van der Pauw configuration measurements. I 
represents current, and V represents voltage.  
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3 Results 

3.1 Fungal candidate culturing 

The first objective in this project was to determine if any of the fungal can-
didates selected could produce melanin in visible quantities. We initially 
cultured the three candidates cultured according to the manufactures’ rec-
ommendations for media and incubation temperature to ensure proper re-
vival and to ascertain regular growth. Then, in an attempt to optimize or 
initiate melanin production the media, we modified the culturing condi-
tions to match parameters found in studies where melanin production was 
observed for the species in question.  

3.1.1 Qualitative assessment of melanin production 

All fungal cultures grown using the supplier’s recommended agar and broth 
media (YMB and YMA: K. marxianus and A. pullulans) produced visible 
cultures within 1 to 2 days after inoculation. K. marxianus and A. pullulans 
appeared to be nonfilamentous in their growth as evidenced by the cloudy 
particulate appearance of the broth (Figure 5A and B) and slime-like ap-
pearance on the plates (Figure 6A and B). After 7 days, the K. marxianus 
and A. pullulans cultures had visible growth but little evidence of melanin 
production. The YEPDxyl media was selected for K. marxianus and A. pul-
lulans to encourage the production of melanin as recommended in Hewedy 
and Ashour (2009). Xylose and peptone in the media have been shown to 
promote melanin production (Hewedy and Ashour 2009; Pradeep and Pra-
deep 2013; El-Naggar and El-Ewasy 2017). After incubating for 10 days, 
melanin production was not observed in K. marxianus and A. pullulans 
(Figure 7A and B); therefore, this study did not use them further.  

Curvularia lunata was grown initially using the supplier’s recommended 
plate and broth media (MEB). C. lunata appeared black and was a promis-
ing candidate for melanin production. C. lunata appeared filamentous 
when grown on solid media (Figure 6C) and grew as large hyphal aggre-
gates in the initial broth (Figure 5C). At first we thought the agar cultures 
of C. lunata were be contaminated, as the first inoculated cultures ap-
peared to have two species, one light and one dark (Figure 6C). However, 
we determined that the lighter culture was a different sexual state of C. 
lunata by comparing more mature cultures (greater than 20 days) to the 
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light culture (see Alex et al. 2013). Only the dark cultures were propagated 
for further analysis because of their potential melanin production.  

Figure 5.  Liquid cultures of (A) Kluyveromyces marxianus, (B) Aureobasidium 
pullulans, and (C) Curvularia lunata in YMB (A, B) and MEB (C). 
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Figure 6.  Plate cultures of (A) Kluyveromyces marxianus and (B) Aureobasidium pullulans 
grown on YMA and (C) Curvularia lunata grown on MEA. 

 

Figure 7.  Liquid cultures of (A) Kluyveromyces marxianus and (B) 
Aureobasidium pullulans in YEPDxyl. 

 

The aggregate-like growth of C. lunata was deemed suboptimal for poten-
tial melanin production as the hyphal aggregates were limited in size and 
only lightly pigmented. Therefore, the broth was thickened with agar (final 
concentration 2%) to provide more stability for growth by providing an-
chor points and to encourage mat formation. Additionally, to encourage 
melanin production, the growth media was altered to tMEB as the pep-
tone, coenzymes, and vitamins in the media have been demonstrated to 
stimulate melanin production (Pradeep and Pradeep 2013). The change in 
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thickness for the broth used in C. lunata resulted in large cultures of 1–3 
individual colonies after 3–5 days of incubation. The colonies became 
darkly pigmented, suggesting melanin production (Figure 8).  

Selvakumar et al. (2008) suggested that PDB and PDA could encourage 
melanin production in C. lunata, and thus we used agar plugs from tMEB 
grown cultures to inoculate PDB and PDA media as well. Cultures grown 
on PDB and PDA appeared much darker than those grown in tMEB and on 
MEA. The cultures grown in PDB and on PDA also produced pigments 
throughout the culture after 1 day of incubation and appeared to grow a 
thicker felt-like mat on the agar than cultures grown on MEA (Figure 9).  

Figure 8.  Replicate liquid cultures of Curvularia lunata in tMEB: (A) starting culture, (B) 
incubation after 10 days, and red-labeled flask is media control. Replicates show different 

levels of apparent melanin, ranging from dark brown to black. 

 

Figure 9.  The 2-day (A) and 10-day (B) cultures of Curvularia lunata on potato dextrose agar. 
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In the PDB, cultures produced large singular dark mats that consumed the 
entirety of the liquid present in the container into the cultures’ biomass 
unlike the tMEB cultures, which produced a limited number of smaller in-
dividual colonies. As the cultures grown on PDA and PDB produced larger 
cultures with potentially more melanin, all further analyses used C. lunata 
cultures grown on PDA and PDB. 

3.1.2 Copper tolerance assay 

To determine a sublethal concentration of copper that would not harm the 
growth of the organism but would potentially allow for binding to the cel-
lular melanin, we performed a growth phenotype assay. C. lunata was 
grown on PDA with no addition of copper sulfate and four increasing con-
centrations of copper sulfate: 0.01 mM, 0.10 mM, 0.50 mM, and 1.00 mM. 
Concentrations of 0.5 mM and 1.0 mM copper sulfate inhibited growth 
(Figure 10). Melanin production and fungal growth did not appear ad-
versely affected by the addition of 0.01 mM or 0.1 mM copper sulfate (Fig-
ure 10). Therefore, further experimentation used PDA plates containing 
0.1 mM copper sulfate.   

Figure 10.  Cultures of Curvularia lunata exposed to increasing concentrations of copper 
sulfate after 10 days. Rows represent replicate cultures. 

 

3.2 Scanning electron microscope imaging 

To better understand and investigate structural properties of the materials 
used in this study, we imaged them with a scanning electron microscope. 
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3.2.1 Synthetic melanin  

SEM scans of the synthetic melanin revealed the powder to have a fairly 
uniform granular structure (Figure 11). Individual granules of melanin 
ranged from less than 1 µm to approximately 3 µm in size.  

Figure 11.  Scanning electron microscope image of synthetic melanin. 

 

3.2.2 C. lunata biomass 

Scans of the C. lunata biomass show that after milling the sample was 
composed of many types of fungal cells and structures both intact and par-
tially intact. The long tube-like structures are likely conidiophores or hy-
phae, elongated stalk-like structures used to disperse conidia, the smaller 
raisin-like spores of C. lunata (Figure 12) (Babu et al. 2018).   
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Figure 12.  Scanning electron microscope image of C. lunata biomass. 

 

3.2.3 Copper-doped C. lunata biomass 

Like the biomass produced in standard media, the copper-doped biomass 
was composed of many cells and structures of C. lunata. Both the conidia, 
conidiophores, and hyphae appeared to have both whole cells and frag-
ments represented in the sample (Figure 13).  
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Figure 13.  Scanning electron microscope of copper-doped C. lunata biomass. 

 

3.3 Current-voltage characteristics 

3.3.1 Current-voltage characteristics of synthetic melanin 

Synthetic melanin had a uniformly linear response (slope) to changes in 
current for all replicate measurements (Figure 14). While Figure 14 shows 
only test configuration 8, Appendix A shows all test configurations and 
replicates. The curve passes roughly through the origin and maintains a 
constant slope in all test configurations, both of which are behaviors ob-
served in resistors. Current-voltage response was very similar across con-
figurations (Figure A-1), suggesting relative spatial uniformity of the pel-
leted material.   
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Figure 14.  Current-voltage characteristic curve of synthetic melanin pellets test 
configuration 8. Each point indicates one measurement event. 

 

3.3.2 Current-voltage characteristics of C. lunata biomass 

Pellets made of ground C. lunata biomass showed a heterogeneous re-
sponse to applied current (Figure A-2). In configuration 8, when current 
increased, the measured voltage increased rapidly; the observed differ-
ences in voltage response across replicates (Figure 15) is likely due to elec-
trochemical effects (Wunsche et al. 2015). The voltage response behaved 
linearly in isolated sections of middle to low current, which is also behav-
ior observed in semiconductive material. The current-voltage relationship, 
however, varied substantially between replicate measurements (Figure 15). 
This variability could be attributed to both the surface heterogeneity of the 
pellet as demonstrated in the dissimilarity of curves between test configu-
rations (Figure A-2). Test configurations 2, 3, 5, and 7 showed the greatest 
difference between replicates, though the reason why these configurations 
in particular are more variable is unclear (Figure A-2).  
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Figure 15.  Current-voltage characteristic curves of copperless C. Lunata biomass test 
configuration 8. Each point indicates one measurement event. 

 

3.3.3 Current-voltage sweep of copper-doped C. lunata 

Results from the copper-doped C. lunata pellets were highly variable 
across test configurations (Figure A-3), suggesting the heterogeneity of the 
pellet surface due to the irregularity of the material (i.e., microscale differ-
ences of cell abundance, shape, size, etc.) (Figure 16). Test configuration 8 
shows the most linear response of the configurations in a similar form to 
the synthetic melanin. However, several configurations showed abnormal-
ities. Test configuration 1 specifically demonstrated an erroneous current 
range in replicate 1 as it far exceeded the maximum values of all other tests 
(Figure A-3). Tests configurations 5 and 7 also demonstrated an abnormal 
voltage range in comparison to the other configurations and between the 
replicates (Figure A-3). Configurations 2, 3, 5, and 7 registered a very nar-
row range of voltages (−2.5 V to 2.5 V) which was lower than that of the 
other configurations, which ranged between −5 and 5 V (Figure A-3).  
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Figure 16.  Current-voltage characteristic curves of copper-doped C. lunata biomass test 
configuration 8. Each point indicates one measurement event. 

 

3.3.4 Comparison across all sample types 

To compare the conductivity of the tested materials, the smoothed line av-
erages of the test configurations in which all samples had a linear relation-
ship between current and voltage were potted together (Figure 17). Syn-
thetic melanin was the most conductive as it has a steeper slope than both 
the copper-doped and copperless C. lunata samples (Figure 17). The con-
ductivity of synthetic melanin was at least an order of magnitude higher 
than either of the biologically derived samples (Table 1). The copper-doped 
C. lunata pellets, while less conductive than the synthetic melanin, had 
greater conductivity than the copperless C. lunata pellets by an order of 
magnitude. The C. lunata sample alone had a very shallow slope, indica-
tive of a stronger insulative tendency and further supported by its low con-
ductivity of 3.47 × 10−13 S/cm. This suggests that the presence of copper in 
the media improved the conductivity of pelleted C. lunata biomass.  
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Figure 17.  Comparative current-voltage characteristic curves of synthetic 
melanin, copper-doped, and copperless C. lunata biomass. 

 

Table 1.  Conductivity of synthetic, copper-doped, and copperless samples. 

Sample Type Conductivity σ (S/m) Conductivity σ (S/cm) 

Commercial Synthetic 2.759e-09 2.759e-11 
Copper-doped 4.048e-10 4.048e-12 
Copperless 3.470e-11 3.470e-13 
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4 Discussion 

Synthetic and extracted melanins possess a wide array of properties, prin-
cipally electrical conductivity and broad affinity for binding to molecules, 
such as heavy metals (Jastrzebska et al. 1996, 2002; Hong and Simon 
2007; Mostert, Powell, Pratt, et al. 2012). There is, however, limited 
knowledge of the conductive properties of biological melanin while it is 
still bound to or in host cells and how molecules bound to melanin may 
influence the conductivity as they can change the balance of electron car-
riers (Hong and Simon 2007). Fungi are known producers of melanin, 
which can aggregate within the fungal cell wall. Fungi have also demon-
strated the use of their melanin to bind toxic metals (Cu, Pb, Zn, etc.) 
from the environment to prevent damage to cellular components (Gadd 
and de Rome 1988; Fogarty et al. 1996), forming metal-melanin com-
plexes, similar to material doping. By performing current-voltage sweeps 
on synthetic melanin, melanized C. lunata biomass, and melanized C. 
lunata biomass grown in copper-containing media, we were able to com-
pare their electrical characteristics, such as conductivity. We demon-
strated that while the melanized fungal biomass had lower conductivity 
than synthetic melanin, the presence of copper in the media may have in-
fluenced changes in the fungal biomass (either through binding or in-
duced structural changes) to increase the conductivity.  

The conductivity of synthetic melanin has been experimentally defined in 
a large range. Specifically, synthetically derived melanin has demonstrated 
conductivities ranging from the unprecedented high conductivity, 
318 S/cm, demonstrated by Migliaccio et al. (2019) using vacuum-an-
nealed melanin, to the more moderate measurements, 10−13 to 10−5 S/cm, 
demonstrated in one of the initial studies performed Jastrzebska et al. 
(1996) on chemically synthesized pelleted melanin. In our study, the con-
ductivities measured from 10−13 to 10−11 S/cm, which fall within the range 
of the Jastrzebska (1996) study though are certainly on the more insulative 
end of the conductivity spectrum (i.e., higher resistance). However, this is 
a highly promising result as it demonstrates the potential to achieve com-
parable conductivity to synthetic melanin using melanized fungal biomass 
despite the melanin being bound in a fungal cell.  

While there are many to variables to consider that could influence the con-
ductivity of cellular melanin, the conductivity of pure melanin is still under 
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review. Many factors have been shown to impact synthetic melanin con-
ductivity, such as hydration state, light, and temperature (Jastrzebska et 
al. 1996, 2002; Morresi et al. 2010), that future studies involving cellular 
melanin should consider. Temperature in particular can strongly influence 
melanin conductivity as Morresi et al. (2010) demonstrated, finding that 
between 300 K and 480 K, the conductivity of synthetic melanin increased 
from 10−13 S/cm to 10−6 S/cm, showing a broad sweep of temperature-de-
pendent conductivity and again encapsulating the range of the conductiv-
ity observed in this study. In fact, until Migliaccio et al. (2019) achieved a 
conductivity of 318 S/cm, 10−5 S/cm was the highest conductivity reported 
for synthetic melanins, which would classify it as a moderately conductive 
material (Matijasevic and Brandt 2009). With Migliaccio et al. (2019) be-
ing a notable exception, manipulating melanin to achieve conductivity 
above 10−5 S/cm has been a challenging endeavor due in part to our in-
complete understanding of the current generation and transport mecha-
nisms for electrons (Meredith and Sarna 2006). While the impact of envi-
ronmental factors on melanin have been studied, to our knowledge, 
though, there is limited research directly describing the impact that other 
biological molecules might have on the conductivity of melanin as would 
be relevant to this study.  

Testing the conductivity of a biological material is challenging, as the ma-
terial is often irregularly structured and can be strongly influenced by even 
minute changes in environmental factors, such as temperature and humid-
ity (Meredith and Sarna 2006). In the case of the melanized fungal bio-
mass, it is likely that the heterogeneous nature of the material (Figures 12 
and 13) used in the sample pellet caused surface irregularities that influ-
enced how current passed through the sample. Unlike the synthetic mela-
nin, which was fairly uniform, the microstructures created when pelletiz-
ing the fungal biomass likely formed complex pathways for current to 
travel that invariably limited the viable configurations, as evidenced by the 
observed differences in the current-voltage curves. This highlights the im-
portance of material uniformity in conductivity and perhaps the limita-
tions of biological material to meet that level of uniformity. It is possible 
that were the fungal biomass to be ordered or structured more consist-
ently, the conductive properties would improve. As several studies have 
shown, how melanin is structured and dispersed can impact the overall 
conductivity (Bothma et al. 2008, Bernsmann et al. 2009). Thin sheets 
having shown a higher conductivity than unstructured melanin (Morresi et 
al. 2010). This is further supported by Migliaccio et al. (2019), which 
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demonstrated that the melanin sheets that formed through the vacuum-
annealing process played an integral role in improving the conductivity of 
melanin, and it is possible that this structural advantage could be mirrored 
in the orientation of the material or how melanin is organized within the 
cell wall. However, this cannot account for the other inhibitors present in 
samples. For future research, we would carry out specimen fabrication and 
electrical measurements in environmentally controlled conditions (i.e., in-
side and in an environmental chamber) to limit the influence of environ-
mental conditions. Further, testing melanin films instead of pellets could 
yield samples with improved electrical performance. This is because films, 
when created under optimized fabrication conditions, generally have 
more-controlled morphology and fewer defects than bulk pellets. Finally, 
use of clean-room, lithographic techniques to deposit high-quality elec-
trodes on the melanin surfaces would likely be beneficial in future experi-
ments. Lithography ensures high-fidelity patterning and miniaturization 
of electrodes, compatible with existing device technologies.   

We used melanized fungal biomass as a first step in understanding the 
electrical characteristics, particularly conductivity, of more intact and con-
tinuous melanized fungal structures such as a melanized mycelium. How-
ever, this included additional biomolecules (proteins, lipid layers, chitin, 
etc.) for the current to interact with, which could inhibit the electron flow. 
This, in addition to the aforementioned surface heterogeneity, are possible 
explanations for why the synthetic melanin was more conductive than the 
melanized fungal biomass even with the addition of copper ions. It is also 
worth noting that in the preparation of the pellet in our study, the fungal 
biomass samples were freeze dried, and thus the amount of available water 
was highly reduced. It is possible that fully hydrated melanized fungal bio-
mass could have improved conductance as hydration state has been shown 
to be an integral aspect of melanin conductivity (Jastrzebska et al. 1996). 
More research is necessary that investigates how concentration and type of 
ion contributes to this effect and the impacts of the hydration state, but 
this study serves as preliminary data demonstrating the potential of metal 
ions to increase the conductivity of fungal biomass. 

Additionally, while we found that the fungal biomass is more conductive 
when grown in the presence of copper, this does not prove that copper was 
actively chelated to the melanin within the biomass. To ascertain whether 
the increase in conductivity is from the binding of copper to melanin mole-
cules (the doping effect) will require further research, such as identifying 
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characteristic structural changes via infrared spectroscopy (Bilińska et al. 
2001). However, recent research focusing on electrolytic conductivity 
demonstrated that the conductivity of plant-derived melanin was greatly 
improved after the melanin molecules had bound to metal ions (Madkhali 
et al. 2019). Our research suggests that there is potential for a similar ef-
fect to occur in intracellular melanin.  
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5 Conclusion 

Our objective was to assess the conductive characteristics of melanized 
fungal biomasses from our melanin-producing fungal candidate cultures 
compared to synthetic melanin and to examine how the presence of metal 
ions in the growth media might influence the conductivity. Our results 
demonstrated that relative to synthetic melanin, fungal biomass is less 
conductive. However, our results also suggest that when our candidate 
fungus, Curvularia lunata, is grown in copper-containing media, the bio-
mass collected is more conductive in comparison to biomass produced on 
standard media. In spite of the improvement in the conductivity of the 
melanized fungal biomass, the tests indicate that on average the copper-
doped biomass is less conductive than synthetic melanin. Numerous com-
peting factors could cause this disparity, such as the comparative quanti-
ties of melanin, but it is likely primarily due to a combination of the irregu-
lar pellet structure and interference by other biological molecules.  

Though synthetic melanin was several orders of magnitude more conduc-
tive than the melanized fungal biomass, our results suggest that the con-
ductive properties of the biomass can be modified through fairly simple 
means, such as growing the fungi in the presence of copper to increase 
conductivity. The limits of this improvement, such as the upper bounds of 
conductivity, will require further study that focuses on the fungal struc-
tures; orientation of melanin; and the type, concentration, and binding of 
conductive ions to the melanin. While our results found that the conduc-
tivity of melanized fungal biomass of our fungal candidate was not on par 
with synthetic melanin, we have demonstrated the potential for metal ions 
to influence the conductivity of melanized fungal biomass, which presents 
an exciting new avenue of exploration into fungal melanin and suggests 
that melanin can be conductive while bound to the cell wall. Given the po-
tential for cellular melanin to be conductive, there are promising applica-
tions for fungally derived biobased electronics and the development of 
conductive fungal structures, such as wire connections.  
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Appendix A: Current-Voltage Characteristic 
Curves of all Replicates and Test  
Configurations 

Figure A-1.  Current-voltage characteristic curves of synthetic melanin pellets for all test 
configurations and all replicates. 
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Figure A-2.  Current-voltage characteristic curves of copperless C. lunata 
biomass for all test configurations and all replicates 
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Figure A-3.  Current-voltage characteristic curves of copper-doped C. lunata biomass 
for all test configurations and all replicates. 
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