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Abstract: 
Today’s most pressing problems would greatly benefit from an integrated production 

method for food, water, and energy.  Biological fuel cells can offer such a production method, 

but current designs cannot be scaled to meet global demand.  The ability of five different fungal 

strains to secrete laccase was evaluated under optimized culture conditions using three inducers.  

A specialized electrode was developed to increase the loading of laccase on the cathode.  

Trametes versicolor was then immobilized at the modified cathode and shown to secrete 

electrochemically active laccase.  This hybrid design combines the power density of an 

enzymatic catalyst with the robustness of a microbial catalyst by facilitating biological renewal 

of the enzymatic catalyst laccase.  

Chapter I:  Introduction to Nexus Thinking 
Today’s Challenges 

The ever-expanding global population demands an increasing supply of food, water, and 

energy.  It is estimated that 12.5% of the global population goes to bed hungry, while nearly 2 

billion individuals use a drinking-water source contaminated with feces; additionally over one 

billion people do not have access to electricity1.  Additionally, the individuals who go without 

one of these resources are more likely to go without another, putting them at higher risk for 

poverty-related complications.  In this context, issues such as food waste, water purification, and 

non-renewable energy production become undeniable drivers of this disparity.  Health problems 

associated with malnutrition, contaminated water, and burning biomass lowers the quality of life 

for a large portion of the global population1.   

The inability to increase production of one resource without negatively impacting another 

necessitates nexus thinking when it comes to food, water, and energy2. Energy production (15%) 
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and agriculture (70%) currently account for a combined 85% of global freshwater withdrawals3; 

while 50% of energy demand is due to agriculture- (30%) and water-related (20%) uses4. 

Additionally, biofuel crops use arable land that would otherwise be allocated to growing food5. 

In the context of an expanding population it has become apparent that technologies are needed 

that facilitate nexus thinking rather than impede it.   

Fuel Cell Solutions 
Fuel cells are a promising technology that can harvest the energy from the bonds in 

chemical species and generate electricity with the resulting electron flow9.  Fuel cell technologies 

are promising due to their renewable fuel sources, beneficial byproducts, and zero emission 

nature.  The most promising applications of fuel cell technology currently include fuel cell 

vehicles, waste-to-energy systems, and self-powered sensors, but the enormous potential has 

been tempered by the high cost of catalysts and the need to use extremely pure (0.004ppm 

impurities) fuels10.  Recent breakthroughs in biological fuel cell technology have overcome the 

challenges associated with traditional fuel cells, renewing interest in applying fuel cell 

technology to a variety of promising applications.   

Biological fuel cells are a unique subset of fuel cells in which biological catalysts and/or 

fuels are leveraged. Advantages of biological fuels include ease of availability, renewability, and 

simultaneous elimination of waste and generation of electricity.  The main disadvantage 

associated with naturally occurring fuels is their complexity.  Specifically most natural fuels 

possess impurities that poison traditional fuel cell catalysts11.  To remedy the impurity problems 

associated with natural fuels, biological catalysts can be employed at one or both of the 

electrodes.  Advantages of biological catalysts over precious metal catalysts include higher 

substrate affinities in complex environments, higher reduction potentials at the cathode, and 
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much lower cost12.  Additionally, biological fuel cells offer a method of integrating the 

production of food, water, and energy as byproducts of running a cell, and can include edible 

microbial biomass, drinking water, and sustainable energy.   

Fuel Cell Parts and Operation 
The primary components of any fuel cell design are: the fuel, the anode catalyst, the 

electric circuit, the electrolyte (ionic circuit), and the cathode catalyst5.  The fuel is the chemical 

species oxidized, the source of electrons; the anodic catalyst increases the rate of fuel oxidation; 

Shewanella putrifaciens has been used extensively as an anodic catalyst6.  The electric circuit is 

responsible for conducting electrons from the anode to the cathode; conductive carbon electrodes 

are routinely connected to the electric circuit via copper wire. The electrolyte provides the ion-

conducting pathway from anode to cathode; the enzyme-supporting electrolyte reported by Sane 

et al. (2013) was composed of synthetic yeast dropout medium, succinic acid, and glucose. The 

cathodic catalyst increases the rate of the concomitant oxidation of hydrogen and reduction of 

oxygen. Laccase is a commonly used oxygen reduction catalyst.  

Types of Biological Catalysts 
Two types of biological catalysts are typically used in fuel cells: whole cells and REDOX 

enzymes.  Whole cell biocatalysts are exclusively used at the anode; no cathodes exist which 

utilize an intact cell to catalyze the reduction of oxygen to water13, 14, 15.  Theoretically, any 

microorganism or REDOX enzyme can be used as an anodic catalyst, but nearly all are incapable 

of transferring electrons directly to the anode16.  Most biocatalysts require an electron mediator, a 

small chemical that shuttles electrons between the catalyst and the electrode, to generate 

significant current in a fuel cell. Species that are able to transfer electrons directly to an anode or 

from a cathode without a mediator are referred to as anodophilic or cathodophilic, respectively17.   
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Shewanella putrifaciens is an example of a microbe that has been used as an anodophilic 

biocatalyst8.  This bacterium is a facultative anaerobe that is able to utilize a wide variety of 

terminal electron acceptors including the anode of a fuel cell.  Life times of years have been 

reported, but power densities rarely exceed 1W/m3  18, 19.  Cathodophilic biocatalysts are highly 

sought after, as oxygen reduction at the cathode is a continuing bottleneck in BFC design20.  

Additionally, electron mediators have proven to have a larger contribution to fuel cell instability 

than even the enzymatic catalyst. Laccase is an example of a REDOX enzyme used as a 

cathodophilic biocatalyst in many fuel cell designs.  One of the four coppers in the enzyme 

participates in direct electron transfer with the electrode, then transfers electrons into the center 

of the enzyme where the remaining coppers are clustered and where oxygen is reduced to water.   

Microbial catalysts have the longest operational lifetimes and are able to completely 

oxidize complex fuels, but current densities are limited by mass transport phenomena due to the 

interference of cell membranes. Enzymatic catalysts rectify the problems associated with cell 

membranes by isolating the proteins of choice, but the isolated enzymes are highly unstable with 

lifetimes of days to weeks22, 23. To overcome these challenges, research has focused on 

stabilizing or renewing enzymatic catalysts of interest.  

Stabilization Strategies for Enzymatic Catalysts 
The most commonly taken approach to stabilize enzymes is to immobilize them.  Various 

enzyme immobilization strategies exist, but they can be generally classified into five categories: 

adsorption of an enzyme to the electrode, covalent binding of an enzyme to the electrode, 

covalent cross-linking of enzymes, microencapsulation of an enzyme, and entrapment of an 

enzyme into a polymer24,25,26,27.  The lattermost strategy has been most successful with 

operational lifetimes of up to a year, but the immobilization strategy is a major source of 
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instability.  Poor reproducibility and diffusion limitations plague many immobilization strategies, 

making renewal of the catalyst an attractive alternative27.   

Sane et al. (2013) introduced the idea of using crude filtrates from a laccase secreting 

fungus to renew active laccase at the cathode with extremely low cost.  The group grew 

Trametes versicolor in an electrolyte of their own design with CuSO4 as a laccase inducer.  The 

fungus grew successfully, but slowly and secreted small amounts of laccase into the electrolyte.  

The media was separated from the fungal cells, and the resulting solution was referred to as 

crude fungal supernatant. This crude supernatant performed better than the electrolyte spiked 

with pure laccase from T. versicolor.  Additionally, the authors demonstrated the capacity for 

periodic renewal of the laccase containing supernatant to prolong the cathode lifetime for the 

duration of the 120-day experiment. 

 

Laccase Secretion by Fungi 
The Fungi are a kingdom in the Eukaryota that arose around one billion years ago.  The 

Fungi are extraordinarily diverse, with filamentous molds, yeasts, mushrooms, plant and animal 

pathogens, and many lesser-known organisms.  The Fungi share numerous characteristics with 

plants: they are non-motile, reproduce sexually and asexually during their lifecycles, and can 

produce edible fruiting bodies31.  Despite the functional similarities between plants and fungi, 

fungi share a greater number of characteristics with animals.  Most notably both are eukaryotic 

heterotrophs.  These two groups facilitate their heterotrophic lifestyles with the ability to secrete 

hydrolytic enzymes.  Animals do so almost exclusively in the stomach organ, while Fungi have 

precluded the need for a stomach by digesting their food extracellularly43. This is accomplished 
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by secreting into their environment digestive enzymes that break down macromolecules and the 

resulting nutrients directly absorbed.   

Laccase is the hydrolase secreted by white rot fungi that holds the most promise as a fuel 

cell catalyst.  Laccases are secreted primarily to degrade plant cell walls and are commonly 

found in white-rot and plant-pathogenic fungi.  Laccases contain four copper molecules, three 

are located in the center of the protein; this region is aptly named the tri-copper cluster.  The 

fourth copper is located near the substrate binding site and is rapidly oxidized and reduced to 

shuttle electrons between the active site and the tri-copper cluster20. Though laccase can operate 

as an anodophilic catalyst by oxidizing phenolic fuels, research has focused on cathodic 

catalysis. As a cathodic catalyst, electrons can be fed directly to the active site of laccase 

precluding the need for a substrate in the catholyte. Despite the prevalence of laccase genes in 

fungal genomes, the enzyme is under strict gene regulation and specialized media and culture 

conditions must be used to produce laccase from most fungi.  

Inducers and Inhibitors of Laccase Secretion 
Laccase is most commonly produced by adding chemical inducers to the growth medium 

to promote expression of the enzyme.   Additional methods of increasing the amount of laccase 

include optimizing the shaking speed, culture age, and reaction size for individual strains.  Fungi 

respond most dramatically to chemical inducers, but the optimization of culture conditions has 

appreciable effect in many cases.  Laccase has reportedly been chemically induced by a number 

of compounds most notably copper salts and naturally occurring surfactants51.  Copper salts are 

thought to put heavy metal and oxidative stress on the fungus inducing laccase expression by 

metallospecific and stress-related transcription factors.   Naturally occurring surfactants are 

thought to facilitate the secretion of laccases through the fungal cell wall65.  Despite the different 
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proposed mechanisms of action, different assay conditions make it difficult to directly compare 

the effects of the two different inducers.   

The culture conditions that promote the secretion of laccase vary widely and sometimes 

conflict.  It is apparent that individual strains respond uniquely to the conditions under which 

they are cultured.  Temperature and light do not appear to have a significant effect on laccase 

production, but higher temperatures do improve the kinetics of laccase catalysis.  Reaction size is 

rarely studied in-depth, but lower activities are frequently reported when moving to large-scale 

bioreactors54.  The effect of shaking is highly strain dependent; many authors report using 

shaking flask cultures with good results, but Vasdev et al. (1994) report complete inhibition 

when shaking Cyathus bulleri61.  The sheer stress place on the mycelia when shaking can break 

hyphae causing the fungus to expend more energy toward growth than enzyme production and 

secretion, but shaking significantly increases the dissolved oxygen content promoting aerobic 

metabolism and the secretion of oxygen-utilizing proteins such as laccase.    

Fungi Used In This Study 
The species that were selected for laccase production were: Pleurotus ostreatus, Trametes 

versicolor, and Fusarium oxysporum.  Both P. ostreatus and T. versicolor are in the 

Basidiomycota, the phylum of fungi known for mushroom formation.  P. ostreatus is a species 

complex that produces gourmet mushrooms with high levels of medicinal compounds. In nature 

P. ostreatus is a white rot saprotroph that can be found decomposing fallen deciduous trees71.  Its 

mycelia and fruiting bodies contain high levels of beta-glucans and antioxidants both of which 

have been shown to improve cardiac health.   

T. versicolor is another white rot mushroom-producing fungus. The fruiting bodies of T. 

versicolor are hard and woody and are traditionally consumed as an extract derived from 
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grinding and steeping the fruiting body72.  Recent research has shown that the consumption of T. 

versicolor mycelia has been shown to increase the natural killer and lymphocyte counts of 

patients affected by breast cancer86.  A study conducted by the National Center for 

Complementary and Alternative Medicine concluded that T. versicolor provides an effective 

complement to current cancer treatments and improves the immune status in patients undergoing 

radiation therapies86.   

Fusarium oxysporum is a plant pathogenic fungus in the Ascomycota known to cause 

Fusarium wilt.  Like most necrotrophic fungi, F. oxysporum secretes many extracellular 

hydrolytic enzymes that break down the host plant’s cell walls.  Laccase has been identified in 

the cause of Fusarium wilt by F. oxysporum, with laccase being much more highly expressed in 

pathogenic lines than non-pathogenic lines94.   

 

A Novel Strategy to Overcome Laccase Inactivation at Fuel Cell Cathodes 
This thesis presents a novel method for the renewal of REDOX enzyme biocatalysts at 

the cathode surface using a novel 3D electrode and the natural secretory pathways of filamentous 

fungi.  Specifically, different fungal species were tested for their ability to secrete laccase into a 

fuel cell electrolyte.  Culture conditions were optimized, and different inducers were tested on 

three different species of fungi.  The effect of CuSO4 on the relative abundance of laccase was 

analyzed using proteomic approaches.  Next, a three dimensional coating was optimized to 

produce power from crude fungal supernatant.  Finally a laccase-producing fungus was 

immobilized at the cathode surface using a modified coating.  The resulting cathode is referred to 

as hybrid because it incorporates the stability of a microbial catalyst with the high power density 

of an enzymatic catalyst.   
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Chapter 2. Production of Fungal Laccases in Fuel Cell 
Electrolyte 
 

Abstract:   
Some filamentous fungi naturally secrete hydrolytic enzymes to degrade lignin in plant 

cell walls.  Recently it has been shown that these fungi can be grown in biological fuel cell 

electrolyte to continually produce the enzymatic catalyst needed by the fuel cell.  In this work, 

three different fungal species with differing ecological roles for laccase production in fuel cell 

electrolyte: Trametes versicolor, Pleurotus ostreatus, and Fusarium oxysporum. The P. ostreatus 

strain initially selected (N001) was a poor laccase producer, and two additional strains were 

added with an eye toward producing edible biomass as a secondary benefit from the production 

of enzyme for biological fuel cell application.  Finally, tween-20 was found to induce similar 

levels of laccase as copper sulfate in all fungal strains tested, indicating the promise of a 

biological fuel cell producing food, water, and energy.   
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Introduction:  
Biological fuel cells are devices that produce electric current from a biochemical 

reaction.  Two catalysts are needed to facilitate the generation of the electric current: a fuel 

oxidation catalyst at the anode and an oxygen reduction catalyst at the cathode.  The reduction of 

oxygen at the cathode is recognized as one of the rate-limiting steps in the production of power 

from biological fuel cells.  Numerous approaches have been taken to improve the cathode 

performance in biological fuel cells including the use of different types of catalysts and different 

methods of catalyst stabilization.  When attempting to improve the cathode performance it is 

useful to work with an electrochemical half-cell, a method in which the potentiostat, rather than 

an anode, provides electrons.  The half-cell configuration isolates the cathode, and eliminates 

complications from the anode.     

The majority of biological fuel cells utilize microbial or enzymatic catalysts.  Microbial 

fuel cells use whole microbes as the biocatalyst, such as Shewenella putrefaciens or Aeromonas 

hydrophila6.  Advantages of microbial catalysts include low cost and long lifetimes, but 

membrane transport limitations and the large size of the microbe itself mean microbial catalysts 

consistently create lower power densities than traditional catalysts6.  Enzymatic fuel cells have 

traditionally utilized purified or partially purified enzymes as the biocatalyst.  The small size of 

enzymes like laccase (65×55×45Å3) increase the amount of catalyst that can be in contact with 

the electrode, which in turn, increases the amount of power that can be generated20.  Despite the 

high power densities generated by enzymatic catalysts, isolated proteins have lifetimes of hours 

to days severely limiting the industrial use of enzymatic fuel cells up to this point.   

Strategies to overcome the inactivation of enzymes at electrode surfaces have focused 

primarily on two areas: modification of the enzyme’s primary structure and immobilization of 
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the enzyme.  Primary structure modifications have been directed in two areas, rational protein 

design and directed protein evolution.  Rational protein design utilizes genetic engineering 

methods to alter specific amino acids to achieve or eliminate a desired function.  Rational protein 

design requires intimate knowledge of the protein structure and the relationship of that structure 

to the desired function.  Directed protein evolution uses generations of mutant libraries to select 

for proteins with improved characteristics.  Both methods of modifying the protein primary 

structure require specific knowledge and are labor intensive.  Despite these negatives, 

modification of the primary structure has successfully increased the duration that power can be 

produced from a laccase cathode.    

Recently Sane et al. (2013) reported the use of Trametes versicolor crude culture 

supernatant as the catholyte in a biological half-cell22.  T. versicolor was grown in succinic acid 

buffered fungal growth medium and laccase secretion was induced by copper sulfate.  The 

resulting supernatant had a higher open circuit potential and generated more current than pure T. 

versicolor laccase in a biological half-cell.  Additionally, multiple batch cultures were grown, 

and it was shown that aseptically removing old catholyte and replacing it with fresh catholyte 

was able to prolong the cathode lifetime for the duration of the 120-day experiment22.  Fokina et 

al. (2014) reported the use of crude Pycnoporus sanguineus filtrate in a similar electrolyte23.  

Again the crude fungal filtrate outperformed the purified laccase with a higher open circuit 

potential and a higher current density.  

To date these are the only crude fungal supernatants that have been used in a biofuel cell 

cathode.  It is thought that fungi differ in the thickness and porosity of their cell walls for a 

variety of factors including ecological niche. In this work, the suitability of five different laccase-

secreting organisms was explored for laccase secretion in the succinate electrolyte: Trametes 
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versicolor, Fusarium oxysporum, Pleurotus ostreatus var. N001, P. ostreatus var. blue, and P. 

ostreatus var. white. Culture conditions were optimized and different inducers were explored for 

the purpose of laccase production in biological fuel cell electrolyte.  

Materials and Methods:  
Unless otherwise stated, all chemicals were of reagent grade and purchased from Sigma 

Aldrich (St. Louis, MO).  Bacto yeast extract was obtained from Fisher Scientific (San Diego, 

CA); T. versicolor laccase standard (13.6 U/mg) was purchased from MyBioSource (Cerritos, 

CA).  P. ostreatus var. pearl, P. ostreatus var. blue, and T. versicolor were purchased from Fungi 

Perfecti (fungi.com/shop); P. ostreatus var. N001 was purchased from American Type Culture 

Collection (http://www.atcc.org/~/ps/32783.ashx); F. oxysporum f.s. lycopersici was obtained 

from Dr. Hans VanEtten.  Two hundred mL media bottles and 50 mL mini-bioreactors were 

purchased from Corning.   

Fungal Strain Maintenance 
All fungi were maintained on 100 mm X 15 mm petri dishes containing glucose yeast 

extract agar (GYEA) composed of 10 g/L glucose, 10 g/L yeast extract, 15 g/L agar. Ten mL of 

Acidified Glucose Yeast Extract Broth at pH 4.5 (10 g/L glucose, 10 g/L yeast extract, 1 g/L 

succinic acid) was dispensed onto a 7-day-old culture to create pre-inoculum.  The mycelium 

was dislodged from the plate using a 10mL wide-bore pipette and the resulting slurry was added 

to 190 mL of AGYEB in a sterile 500mL reagent bottle.  The reagent bottles were kept shaking 

at 250 rpm and 27 C for 7 days.  The resulting inoculum was used at 10% volume-to-volume 

ratio to inoculate all experimental cultures.   

Experimental culture conditions were as follows: 500mL media bottles or 50mL 

bioreactors were filled were with 200mL or 20mL AGYEB, respectively.  Cultures were either 
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kept shaking at 250 rpm or 0 rpm.  Regardless of the culture conditions, all fungi were grown at 

27 C for the appropriate time course.  After 72 hours of growth one of three inducers was added 

aseptically to promote laccase secretion.  After the appropriate time course, cultures were filtered 

through pre-weighed cheesecloth, then cell free filtrate was collected using 0.45 um milipore 

filters.     

 

Laccase Activity 
Laccase activity was determined spectrophotometrically using a Bio Tek Synergy II 

microplate reader with microinjector.  100 uL of sample, standard, or blank was pipetted into the 

corresponding well, then 100 uL of 2 mM ABTS (2,20-azino-bis(3-ethylbenzthiazoline-6-

sulphonic acid) was injected into each well of the plate and absorbance was read at 410 nm 

continuously after injection.  The reaction was allowed to proceed for 10 minutes at 27 C under 

medium shaking.  Data reduction was performed according to the standard fluorometric protein 

quantification parameters in the Gen5 software provided with the reader.   

Dry Biomass 
After straining, the fungal biomass and the cheesecloth were placed into beakers, frozen 

at -80C, and lyophilized under a 200 militorr vacuum at -60 C.  Dry biomass was determined by 

weighing the biomass-cheesecloth combination and subtracting the weight of the cheesecloth.   

Total Protein 
Bradford assay was performed as proposed by Kruger et al. (2009) for total protein 

quantification114.  Briefly, one part cell-free filtrate was used to one part Bradford reagent, and 

absorbance was monitored at 595 nm after 10 minutes.   

Proteomics 
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Cell-free filtrates for proteomics were prepared as before, then passed through 0.22 um 

low-protein binding syringe filters.  The resulting solution was ultrafiltered using an Amicon 

stirred cell concentrator. After ultrafiltration, the concentrated protein solution was dialyzed 

against 50mM ammonium bicarbonate pH7.5.  Finally the dialysates were frozen until they were 

sent to the University of Arizona’s proteomics core facility.  Tandem mass spec analysis was 

performed using a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) equipped with a 

nano electrospray ion source; the instrument was operated in data-dependent acquisition (DDA) 

mode.  Raw data was processed using Scaffold Proteome Software.  

Results:   

Laccase Activity 
It was discovered that copper sulfate was needed to obtain appreciable laccase activities 

in crude filtrates of T. versicolor, P. ostreatus, and F. oxysporum (Fig. 1).  Additionally, the 

highest laccase activities were observed four days post induction in all three fungi under shaking 

culture. The low laccase production from P. ostreatus N001 prompted us to add two strains of P. 

ostreatus for comparison in static culture (Table 1). 

In static culture laccase activities were again highest at day four (Fig. 2).  Static culture 

increased laccase production in all fungi tested with T. versicolor the most markedly affected.  P. 

ostreatus N001 had the largest gain in laccase activity from shaking (4 U/mL) to static culture 

(20 U/mL).   

When reaction size was compared, a profound difference in laccase activity was observed 

in all fungal strains excepting P. ostreatus Blue which was relatively unaffected by the change in 

culture conditions.  All other fungi nearly doubled in laccase activity when grown in 50 mL 

bioreactors (Fig. 3).   
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The inductive effects of copper sulfate and tween-20 on laccase secretion were analyzed 

alone and in combination. Both inducers performed relatively the same, but no synergistic effects 

were observed when the two different inducers were combined (Fig. 4).  The production of 

laccase from each fungus was optimized under static conditions in small volumes.   

Dry Biomass 
In the cases of abnormally low laccase production for example, P. ostreatus N001 in 

shaking culture, the fungal biomass was not statistically different (Table 1).  The only observable 

difference was the formation of a pellicle at the air-media interface by the fungi in static culture; 

fungi in shaking culture did not form pellicles, but instead formed 1cm pellets.     

Total Protein 
The total protein was calculated for all samples.  The laccase activities, dry biomasses, 

and total protein are given by species in Table 1. No statistical differences in total protein were 

observed between any of the inducers including water.   

Proteomics 
Copper sulfate had a profound impact on the composition and relative abundances of the 

proteins found in the T. versicolor secretome. Most notably laccases composed 54% of the 

proteome in the copper induced culture, versus 33% in the water induced culture (Table 2).  

Additionally, peroxidases and copper radicals decreased in relative abundance in the copper 

induced culture.  In both cultures, glucose metabolism proteins were present in similar quantities: 

18% copper induced, 24% water induced (Figs. 5 and 6).   

Discussion:  
Our results indicated that our knowledge of the mechanism of action of laccase inducers 

is incomplete.  Since tween-20 induces similar laccase activities as copper sulfate without the 
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presence of a copper ion, another mechanism must be at play. Enhanced cell wall permeability 

facilitated by tween-20 could be responsible for the high laccase activities by increasing the rate 

at which laccase is removed from the immediate vicinity of the fungus.  Since many proteins are 

regulated in a negative density dependent manner the removal of laccase could trigger additional 

laccase secretion.    

The suitability of proteomics is demonstrated to assess the potential of fungal species for 

laccase production in fuel cell electrolyte.  Our results indicate that the inducers tested did not 

stimulate overexpression of proteins, but dramatically changed the proteins expressed.  This is a 

rapid and accessible method to determine if the culture conditions used result in a mixture that 

contains laccase as the predominant biocatalyst.  In the future, electrochemical characterization 

of crude fungal extracts of particular interest will be carried out to assess these fungi for use in 

biological fuel cell systems.  Extraction, quantification, and characterization of tertiary products 

fro the fungi tested such as glucans, sterols, and terpenes should also be performed.  

Usable amounts of laccase were secreted into the electrolyte by all fungi grown in mini-

bioreactors under static conditions.  The addition of 2 mM copper sulfate in the electrolyte 

dramatically increases the laccase activity of the electrolyte, but contaminates the media with 

heavy metal. In higher concentrations, copper sulfate has been used as a fungicide for hundreds 

of years. Copper interferes with the function of non-copper containing antioxidant enzymes and 

the resulting oxidative stress placed upon the fungus causes cytotoxicity and eventually cell 

death. It was encouraging that tween-20, a naturally occurring surfactant, had similar inductive 

effect to copper sulfate.  This represents an inducer that can preserve the edibility of fungal 

biomass while elevating laccase activity in the electrolyte to usable levels in a fuel cell.  
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Additional study of potential inducers and the impact they have on other fungal proteins is 

warranted.
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Chapter 3: A Three Dimensional Electrode Design to 
Facilitate Fungal Enzyme Renewal at Cathode Surfaces 
 

ABSTRACT:  
This work describes the development of  a novel biological fuel cell design.  Enzymatic 

fuel cells suffer from short catalyst lifetime, and previous attempts at stabilization still leave 

much to be desired in terms of operational lifetime.  Carbon nanotubes and titanium dioxide 

nanoparticles were used to functionalize a spectroscopic carbon electrode to allow high laccase 

loading.    Trametes versicolor was grown in acidified yeast extract broth (pH 4.5) to produce a 

crude fungal filtrate.  This filtrate was used as the catholyte in optimization studies of electrode 

coatings.  Finally, T. versicolor was immobilized at the modified electrode surface with 0.1% 

Nafion.  The hybrid electrodes demonstrated high open circuit potentials (ca. 580mV vs SCE) 

even after 48 hours.  The hybrid design is a method of practically incorporating biological 

renewal of an enzymatic catalyst at the cathode of a biological fuel cell.    
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Introduction:  
Biological fuel cells (BFCs) are alternative energy devices able to harvest the energy 

from the bonds in chemical species.  BFCs provide a model, yet partial, solution to many of 

today’s most challenging problems including: food waste, fresh water availability, and 

sustainable power generation.  In order for a fuel cell to generate electricity from naturally 

occurring fuels such as food waste, specific and robust catalysts are needed.   

Two distinct types of biocatalysts are utilized in BFCs: enzymes and whole 

microorganisms.  Whole-cell biocatlysts can typically utilize a wider variety of substrates for 

longer amounts of time, but suffer from lower current densities than enzymatic catalysts due to 

the inherently larger size of whole cells.  Enzymes are able to provide high power densities, but 

suffer from poor stability and catalyst lifetime.   

Regardless of the catalyst used, direct electron transfer (DET) is required for practical 

consideration.  DET is the phenomena of electron tunneling between the active site of an enzyme 

(free or in a microbial membrane) and the fuel cell electrode without the need for a mediator. 

Due to the interference of microbial cell walls with efficient DET, most efforts have focused on 

improving the DET kinetics of isolated enzymes rather than whole cells.  DET was first 

demonstrated in the 1960s using laccase from the fungus Trametes versicolor adsorbed to carbon 

black electrodes103.   

Laccase is a multicopper oxidase able to oxidize many polycyclic aromatic hyrocarbons 

(PAHs) while reducing atmospheric oxygen to H2O without a hydroxyl intermediate.  Pure 

laccase enzyme can be very expensive, but recently Sane et al. (2013) showed that crude fungal 

supernatant from T. versicolor can be used without a significant decrease in electrochemical 

performance.  Numerous groups have shown that this crude supernatant almost exclusively 
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contains laccase as the electrochemically active species.  Laccase cathodes have enormous 

potential in biological fuel cell systems, but the current operational lifetimes of hours to days 

currently hinder their effectiveness.   

Sane et al. (2013) also introduced the idea of using crude filtrate from Trametes 

versicolor to renew active laccase at the cathode with extremely low cost.  The group grew T. 

versicolor in an electrolyte of their own design with CuSO4 as a laccase inducer.  The fungus 

grew successfully, but slowly and secreted small amounts of laccase into the electrolyte.  The 

media was separated from the fungal cells, and the resulting solution was referred to as crude 

fungal supernatant. This crude supernatant performed better than the electrolyte spiked with pure 

laccase from T. versicolor.  Additionally the authors demonstrated the capacity for periodic 

renewal of the laccase containing supernatant to prolong the cathode lifetime for the duration of 

the 120-day experiment.  

It has been reported that nanoscale coatings that optimize the ratio of surface area and 

conductivity can provide an ideal environment for the stabilization of biocatalysts in high titers at 

the electrode surface. Common nanomaterials used in the construction of these specialized 

electrodes include titanium and carbon23.  When used in a fuel cell, titanium is often used in the 

anatase oxide form. Unfortunately TiO2 is a poor conductor of electricity, and electrons are 

unable to tunnel from the current collector through the layer of TiO2
111

.  To offset this effect, 

carbon nanotubes (CNTs) were incorporated into the coating to provide a nanoscale wire 

between the REDOX center of the enzyme and the macroscale current collector. Additionally, 

Sane et al. (2013) demonstrated that laccase reversibly adsorbs and desorbs to CNTs in less than 

48 hours.  This means that active laccase can adsorb to the CNT electrode, reduce oxygen, and 

then desorb before losing activity.   
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This thesis proposes a novel cathode that employs a laccase producing fungus at the 

electrode surface to prolong the lifetime of the enzymatic cathode.  The new design is referred to 

as a hybrid cathode because it relies upon living fungus for power generation, but an enzymatic 

catalyst, completely dissociated from the fungus, carries out the electron transfer reactions at the 

electrode.  The design combines the longevity of a microbial biocatalyst with the high power 

density of an enzymatic catalyst.  This study seeks to identify the electrode characteristics that 

influence the generation of power from the enzymatic catalyst laccase.   

Materials and Methods:  
Unless otherwise stated all materials were of reagent grade, and were purchased from 

Sigma Aldrich USA.  Laccase was purchased from MyBioSource (L3030862). Carbon 

nanotubes (95 wt%, OD: 10-20 nm, ID: 5-10 nm, L: 10-30 mm) were provided by Dr. Mike 

Foley. Spectroscopic carbon rods were purchased from Ted Pella Inc..  PTFE heat shrink tubing 

was purchased from McMaster Carr Inc.. Difco yeast extract was purchased from Fisher 

Scientific. 

T. versicolor Culture Conditions: 
T. versicolor was donated by the Pryor lab.  Cultures were maintained on 100  mm X 

15mm petri dishes containing glucose yeast extract agar (GYEA) composed of 10 g/L glucose, 

10 g/L yeast extract, 15 g/L agar. Inoculum was created by dispensing 10 mL of pH 4.5 AGYEB, 

acidified glucose yeas extract broth, (10 g/L glucose, 10 g/L yeast extract, 20 mM succinic acid) 

was dispensed onto a 7-day-old culture to create pre-inoculum.  The mycelium was dislodged 

from the plate using a 10 mL wide-bore pipette and the resulting slurry was added to 190 mL of 

AGYEB in a sterile 500 mL reagent bottle.  The reagent bottles were kept shaking at 250 rpm 

and 27 C for 7 days.  The resulting inoculum was used at 1% volume-to-volume ratio to 
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inoculate all experimental cultures.    Experimental cultures were shaken at 250 rpm and 27 C for 

72 hours when 1 mM CuSO4 was added aseptically to induce laccase secretion.  After 96 hours 

of growth cultures were prefiltered through cheesecloth, and cell free filtrate was collected using 

0.45 um milipore filters.   

Laccase Activity 
Laccase was produced by T. versicolor as stated previously; three biological replicates 

were combined into one working solution and crude filtrate was diluted to 20 U/mL with sterile 

AGYEB for use in electrochemical measurements.  Laccase activity was determined 

spectrophotometrically using a Bio Tek Synergy II microplate reader with microinjector.  One 

hundred uL of sample, standard, or blank was pipetted into the corresponding well. ABTS was 

injected into each well of the plate at 2 mM concentration and absorbance was read every 30 s 

after injection for 10 minutes. At 10 minutes data reduction was performed according to the 

standard fluorimetric protein quantification parameters in the Gen5 software.   

TiO2 Nanoparticle Synthesis: 
Tetramethylammonium hydroxide was added to titanium isopropoxide in a 1:1 ratio, then 

3 parts milipure water was added, and the mixture was stirred at 95 C for 2 hours.  After two 

hours the solution was peptized at 70 C for 48 hours.  The resulting solution was passed through 

a 0.2 um filter and 1 mL aliquots were placed in the rotovap to determine the final concentration 

of nanoparticles.  The stock solution was diluted to 20-weight % using milipure water and the 

resulting working solution stored at 2 C .   

Dip Coating 
The tops of the working electrodes were passivated using PTFE heat shrink tubing.   

Surface area was normalized to 10 cm2 after modification with PTFE.  Dip coating solutions of 
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0.9 weight percent were created with varying amounts of TiO2 and CNT and cured at 120 C for 

three minutes.  This process was repeated three times; a constant pull rate of 2 mm/s was used 

for all coatings. The electrodes were then dip coated in 0.1% Nafion under sterile conditions at 

the same pull rate.   

For microbe containing coatings, functionalized electrodes were placed on 1 mm X 3 mm 

round carbon supports and fungi were allowed to colonize for two days.  The electrodes were 

then dip coated in 0.1% Nafion under sterile conditions at 2 mm/s pull rate.   

Linear Sweep Voltammetry 
All electrochemical measurements were carried out on a biologic VSP potentiostat with a 

saturated columel reference electrode and a 100 X 19 mm carbon counter electrode.  

Functionalized 0.32 cm X 10 cm spectroscopic carbon rods were used as working electrodes. 

The catholyte was stirred for 10 minutes under air before open circuit potential was determined 

and linear sweep voltammetry began. Catholytes were either sterile AGYEB (media), crude T. 

versiolor filtrate (crude), or sterile AGYEB spiked with purified T. versicolor laccase (pure).   

Results:  
Crude filtrate from T. versicolor contained 36 U/mL.  The percent yield of the TiO2 

synthesis was 28.4%. Particles were spherical in shape, and between 22 nm and 45 nm in 

diameter.   

Dip Coating 
The average coating weights and thickness are shown in Table 1.  A positive correlation 

was observed between the CNT content of the coating and the current density the working 

electrode in all cases excepting 0.9% CNT:0% TiO2.  Transmission electron micrographs of 
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0.7% CNT:0.2% TiO2:0.1% Nafion coating with and without Trametes versicolor are shown in 

Figs. 7 and 8 respectively.   

Linear Sweep Voltammetry 
Current-voltage plots are shown in Figs. 9-14; open circuit potentials and current density 

at 500 mV vs. SCE are shown by experiment in Table 4.  The low open circuit potential (82 mV) 

of the pure laccase in AGYEB made it apparent that the bare spectroscopic rods were not 

suitable as electrodes without increasing the real surface area available for catalyst loading.     

When fungus colonized the bare carbon rod, the OCP of the crude filtrate and the pure 

laccase in AGYEB were lowered 24% and 27% respectively while the OCP of the media only 

electrolyte increased slightly to 45 mV vs. SCE compared to 3 mV without the fungus. A 

positive correlation was observed between OCP and the CNT loading in the three-dimensional 

coating except in the case of 0.9% CNT (Table 4).  It is possible that the hydrophobic nature of 

CNTs combined with the high surface area of the electrode coating prevented wetting, and 

therefore enzyme adsorption.   

When the optimized coating was colonized by T. versicolor the OCP of the crude laccase 

electrolyte was raised 50 mV vs. SCE over 48 hours, while the pure laccase electrolyte was 

raised 22 mV (Figs. 13 and 14).  The OCP of the media-only electrolyte was raised from 66 mV 

vs. SCE at 0 hours to 565 mV at 48 hours.  Current generated at 500 mV vs. SCE was near 50 

uA/cm2 for all treatments after 48 hours.   

Discussion:  
It was apparent that increasing the ratio of the real to projected area raised the open 

circuit potential and the current generated at 500 mV vs. SCE.  Immobilizing a laccase producing 
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fungus at the cathode of a biological fuel cell provided laccase enzyme to the cathode surface 

resulting in oxygen reduction to water.  The lowering of OCP in crude- and pure-laccase 

electrolytes is likely due to the insulating nature of fungal mycelia and the close proximity of the 

fungus to the current collecting carbon rod.  The raise in OCP of the media-only electrolyte when 

the fungus colonized the bare electrode could be due to the secretion of laccase onto the 

electrode, or to other interfering secretion products.   

The results from the optimized coating colonized by T. versicolor suggest that this 

experiment should be carried out at steady state indefinitely to assess the lifetime of the fungus in 

the coating.  Much work needs to be done to characterize the effect of immobilization on 

filamentous fungi, as imposing mass transport limitations and preventing apical growth are not 

minor concerns for fungal biologists.  Specifically, nutritional requirements and any causes of 

fungal death must be identified.  However, incorporating an enzyme-secreting organism at the 

electrode surface provides a novel solution to the short lifetimes of enzymes on electrode 

surfaces 

Previous biological fuel cell designs have used genetically modified organisms to display 

electrochemically active proteins on the cell surface, but the use of genetic modification requires 

additional regulation for field deployment.  The three-dimensional coating presented here allows 

the use of wild type organisms in self-powered biosensors. In this case the immobilized fungus 

would metabolize naturally occurring compounds, and secrete laccase to power a small 

transmitter.  When the laccase was inhibited or inactivated, the absence of power would 

eliminate the transmitter signal and provide the sensing feedback.  To increase the performance 

on the cell oxygen concentration could be increased. Kakarla et al (2014) have reported 

immobilization of photosynthetic organisms at the cathode surface for in situ oxygen 
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generation115.  To accomplish this in the hybrid system, a photosynthetic organism tolerant of the 

electrolyte, could be incorporated into the Nafion membrane.   
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Tables: 
Table 1 - Laccase activities, dry biomasses, and total protein contents from T. versicolor, F. 
oxysporum, and P. ostreatus 
 

Age	
DPI	 Condition	 Inducer	

RXN	
Size	

Laccase	
Activity	
(U/mL)	 SD	

Biomass	
(mg/mL)	 SD	

Total	Protein	
(ug/mL)	 SD	

0	 Shaking		 Water	 200mL	 0.20	 0.05	 4.55	 1.76	 8.76	 1.54	
2	 Shaking		 Water	 200mL	 2.92	 0.11	 7.23	 0.60	 20.31	 5.51	
4	 Shaking		 Water	 200mL	 3.08	 0.10	 9.30	 0.77	 40.17	 4.60	
6	 Shaking		 Water	 200mL	 3.49	 0.15	 11.07	 1.56	 45.17	 3.03	
0	 Shaking		 CuSO4	 200mL	 0.31	 0.02	 4.85	 1.20	 9.41	 0.65	
2	 Shaking		 CuSO4	 200mL	 4.74	 0.33	 5.76	 0.52	 22.97	 4.13	
4	 Shaking		 CuSO4	 200mL	 4.52	 0.30	 9.00	 1.55	 40.66	 1.10	
6	 Shaking		 CuSO4	 200mL	 4.17	 0.17	 10.52	 0.86	 45.54	 4.37	
0	 Static	 Water	 200mL	 0.38	 0.15	 5.63	 0.56	 6.55	 0.43	
2	 Static	 Water	 200mL	 4.59	 0.65	 6.40	 0.92	 19.77	 3.50	
4	 Static	 Water	 200mL	 7.53	 0.84	 8.21	 0.86	 36.46	 0.92	
6	 Static	 Water	 200mL	 5.88	 0.62	 10.29	 1.01	 46.12	 6.95	
0	 Static	 CuSO4	 200mL	 0.64	 0.22	 4.67	 1.65	 6.40	 2.74	
2	 Static	 CuSO4	 200mL	 18.19	 1.06	 7.32	 1.06	 21.01	 5.49	
4	 Static	 CuSO4	 200mL	 20.96	 1.46	 8.10	 0.89	 40.59	 2.82	
6	 Static	 CuSO4	 200mL	 17.51	 0.92	 10.34	 1.44	 47.97	 3.16	
4	 Static	 Water	 20mL	 6.78	 0.39	 11.67	 0.93	 39.87	 1.24	
4	 Static	 CuSO4	 20mL	 75.25	 0.91	 11.17	 1.03	 44.78	 3.28	

4	 Static	
Tween	
20	 20mL	 71.59	 0.66	 12.11	 1.01	 46.53	 3.39	

4	 Static	 Both	 20mL	 76.05	 0.62	 11.58	 1.81	 44.84	 3.42	
0	 Shaking		 Water	 200mL	 0.22	 0.03	 5.81	 0.72	 7.16	 2.75	
2	 Shaking		 Water	 200mL	 3.02	 0.32	 8.22	 0.46	 17.48	 0.86	
4	 Shaking		 Water	 200mL	 3.32	 0.43	 8.17	 0.83	 43.72	 2.88	
6	 Shaking		 Water	 200mL	 3.34	 0.27	 11.83	 1.54	 45.67	 5.15	
0	 Shaking		 CuSO4	 200mL	 0.27	 0.02	 6.44	 0.85	 9.09	 1.40	
2	 Shaking		 CuSO4	 200mL	 4.89	 0.36	 6.74	 1.52	 18.99	 2.65	
4	 Shaking		 CuSO4	 200mL	 4.72	 0.34	 8.78	 1.44	 43.22	 1.12	
6	 Shaking		 CuSO4	 200mL	 5.12	 0.30	 10.70	 1.86	 44.79	 4.42	
0	 Static	 Water	 200mL	 0.62	 0.17	 4.92	 1.70	 8.04	 0.70	
2	 Static	 Water	 200mL	 4.61	 0.45	 7.87	 1.05	 19.00	 4.30	
4	 Static	 Water	 200mL	 5.97	 0.76	 8.43	 0.71	 42.93	 5.39	
6	 Static	 Water	 200mL	 5.57	 0.70	 10.03	 0.50	 41.94	 3.29	
0	 Static	 CuSO4	 200mL	 0.65	 0.22	 4.92	 0.11	 8.55	 2.37	
2	 Static	 CuSO4	 200mL	 17.54	 0.14	 7.25	 1.38	 20.36	 5.17	
4	 Static	 CuSO4	 200mL	 19.59	 0.47	 8.00	 0.84	 37.50	 1.81	
6	 Static	 CuSO4	 200mL	 18.10	 0.37	 10.28	 0.57	 48.29	 4.53	
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Age	
DPI	 Condition	 Inducer	

RXN	
Size	

Laccase	
Activity	
(U/mL)	 SD	

Biomass	
(mg/mL)	 SD	

Total	Protein	
(ug/mL)	 SD	

4	 Static	 Water	 20mL	 6.12	 0.37	 11.55	 1.92	 39.84	 1.18	
4	 Static	 CuSO4	 20mL	 76.99	 0.06	 10.54	 0.96	 40.80	 2.13	

4	 Static	
Tween	
20	 20mL	 70.63	 1.09	 10.69	 1.47	 42.50	 2.02	

4	 Static	 Both	 20mL	 75.58	 0.96	 10.36	 1.35	 44.09	 5.02	
0	 Static	 Water	 200mL	 0.23	 0.06	 4.97	 0.38	 6.74	 2.17	
2	 Static	 Water	 200mL	 2.82	 0.17	 7.86	 1.03	 20.80	 5.68	
4	 Static	 Water	 200mL	 3.48	 0.23	 8.57	 1.66	 40.49	 1.51	
6	 Static	 Water	 200mL	 3.66	 0.16	 11.04	 1.30	 43.31	 6.44	
0	 Static	 CuSO4	 200mL	 0.68	 0.17	 5.30	 1.85	 7.82	 2.13	
2	 Static	 CuSO4	 200mL	 60.01	 1.52	 6.29	 0.58	 22.76	 5.61	
4	 Static	 CuSO4	 200mL	 64.86	 1.78	 8.79	 1.59	 39.05	 3.32	
6	 Static	 CuSO4	 200mL	 60.76	 0.92	 11.81	 1.09	 47.80	 2.74	
4	 Static	 Water	 20mL	 6.84	 0.08	 11.30	 1.84	 39.70	 1.08	
4	 Static	 CuSO4	 20mL	 72.91	 0.55	 11.02	 1.00	 45.27	 5.34	

4	 Static	
Tween	
20	 20mL	 65.77	 1.47	 10.97	 0.46	 45.75	 4.28	

4	 Static	 Both	 20mL	 68.91	 0.36	 10.93	 1.29	 46.31	 3.86	
0	 Static	 Water	 200mL	 0.49	 0.15	 4.84	 1.38	 7.86	 1.39	
2	 Static	 Water	 200mL	 3.79	 0.29	 7.51	 0.43	 25.06	 3.52	
4	 Static	 Water	 200mL	 3.19	 0.59	 8.07	 0.70	 45.34	 2.35	
6	 Static	 Water	 200mL	 3.68	 0.32	 11.98	 0.50	 43.34	 2.16	
0	 Static	 CuSO4	 200mL	 0.52	 0.14	 4.66	 1.73	 9.43	 0.68	
2	 Static	 CuSO4	 200mL	 62.49	 1.06	 7.76	 0.86	 20.37	 5.40	
4	 Static	 CuSO4	 200mL	 63.46	 0.93	 8.11	 1.32	 39.44	 4.66	
6	 Static	 CuSO4	 200mL	 61.02	 1.43	 10.61	 0.62	 39.45	 0.49	
4	 Static	 Water	 20mL	 6.74	 0.12	 9.99	 0.72	 39.12	 0.13	
4	 Static	 CuSO4	 20mL	 74.57	 0.89	 11.12	 1.60	 45.02	 6.93	

4	 Static	
Tween	
20	 20mL	 65.18	 0.66	 12.11	 0.87	 44.43	 4.10	

4	 Static	 Both	 20mL	 66.95	 0.53	 10.74	 1.34	 46.92	 4.41	
0	 Static	 Water	 200mL	 0.33	 0.12	 5.21	 1.15	 8.26	 2.88	
2	 Static	 Water	 200mL	 3.11	 0.65	 6.54	 1.62	 21.09	 4.63	
4	 Static	 Water	 200mL	 4.13	 0.61	 9.97	 0.55	 43.90	 3.50	
6	 Static	 Water	 200mL	 3.53	 0.60	 11.63	 1.47	 44.85	 5.00	
0	 Static	 CuSO4	 200mL	 0.44	 0.13	 4.72	 1.06	 5.56	 0.73	
2	 Static	 CuSO4	 200mL	 32.28	 2.49	 6.61	 1.37	 21.51	 6.48	
4	 Static	 CuSO4	 200mL	 72.66	 6.91	 8.95	 1.25	 43.45	 2.42	
6	 Static	 CuSO4	 200mL	 47.63	 1.90	 12.05	 0.98	 43.13	 6.05	
4	 Static	 Water	 20mL	 6.18	 0.09	 10.07	 0.34	 39.59	 1.89	
4	 Static	 CuSO4	 20mL	 64.51	 0.60	 11.96	 0.97	 41.36	 1.03	

4	 Static	
Tween	
20	 20mL	 61.33	 0.57	 10.01	 0.84	 45.06	 4.81	
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Age	
DPI	 Condition	 Inducer	

RXN	
Size	

Laccase	
Activity	
(U/mL)	 SD	

Biomass	
(mg/mL)	 SD	

Total	Protein	
(ug/mL)	 SD	

4	 Static	 Both	 20mL	 66.42	 0.75	 11.60	 0.56	 46.39	 2.94	
0	 Static	 Water	 200mL	 5.37	 0.14	 5.50	 0.97	 7.33	 2.05	
2	 Static	 Water	 200mL	 8.60	 0.47	 6.98	 1.44	 22.30	 4.98	
4	 Static	 Water	 200mL	 10.42	 0.58	 8.87	 0.16	 43.30	 2.36	
6	 Static	 Water	 200mL	 14.38	 1.76	 12.16	 0.74	 46.33	 4.32	
0	 Static	 CuSO4	 200mL	 6.38	 0.14	 5.48	 0.86	 5.90	 1.04	
2	 Static	 CuSO4	 200mL	 8.84	 2.03	 6.12	 1.03	 20.02	 4.84	
4	 Static	 CuSO4	 200mL	 12.64	 0.64	 10.22	 0.49	 42.69	 5.91	
6	 Static	 CuSO4	 200mL	 13.27	 1.32	 10.74	 0.69	 46.86	 4.83	
4	 Static	 Water	 20mL	 11.73	 0.38	 10.52	 0.51	 40.51	 1.07	
4	 Static	 CuSO4	 20mL	 14.17	 0.91	 11.24	 1.60	 43.62	 3.08	

4	 Static	
Tween	
20	 20mL	 13.07	 0.42	 10.55	 1.35	 40.48	 2.08	

4	 Static	 Both	 20mL	 13.00	 1.74	 10.68	 1.46	 44.37	 3.35	
0	 Shaking		 Water	 200mL	 3.94	 0.77	 5.22	 1.82	 7.84	 1.82	
2	 Shaking		 Water	 200mL	 3.06	 0.52	 5.81	 0.34	 21.22	 6.20	
4	 Shaking		 Water	 200mL	 3.49	 0.27	 9.31	 1.81	 41.64	 2.52	
6	 Shaking		 Water	 200mL	 3.55	 0.29	 10.49	 1.20	 48.01	 2.16	
0	 Shaking		 CuSO4	 200mL	 0.57	 0.07	 5.15	 1.43	 7.24	 0.98	
2	 Shaking		 CuSO4	 200mL	 17.48	 1.28	 7.12	 1.32	 24.67	 2.53	
4	 Shaking		 CuSO4	 200mL	 22.17	 0.95	 8.04	 0.70	 37.73	 1.74	
6	 Shaking		 CuSO4	 200mL	 20.70	 1.07	 11.28	 1.06	 43.35	 2.11	
0	 Static	 Water	 200mL	 0.44	 0.07	 5.24	 0.36	 7.90	 2.25	
2	 Static	 Water	 200mL	 4.01	 0.79	 6.37	 1.42	 21.42	 4.77	
4	 Static	 Water	 200mL	 5.16	 0.23	 9.42	 1.95	 41.44	 5.27	
6	 Static	 Water	 200mL	 4.76	 1.03	 10.17	 0.86	 47.23	 5.09	
0	 Static	 CuSO4	 200mL	 0.64	 0.15	 5.40	 0.72	 8.77	 1.74	
2	 Static	 CuSO4	 200mL	 5.16	 0.72	 5.95	 0.55	 20.68	 3.01	
4	 Static	 CuSO4	 200mL	 26.74	 1.40	 8.91	 1.47	 44.35	 0.23	
6	 Static	 CuSO4	 200mL	 27.70	 1.18	 11.20	 1.33	 42.10	 4.89	
4	 Static	 Water	 20mL	 8.82	 0.02	 11.04	 1.24	 41.48	 0.67	
4	 Static	 CuSO4	 20mL	 89.75	 0.36	 11.16	 1.96	 48.73	 3.09	

4	 Static	
Tween	
20	 20mL	 85.46	 1.06	 11.22	 1.54	 43.19	 7.41	

4	 Static	 Both	 20mL	 87.81	 1.40	 10.30	 1.39	 43.85	 4.67	
0	 Shaking		 Water	 200mL	 7.33	 0.16	 6.31	 0.69	 6.57	 1.20	
2	 Shaking		 Water	 200mL	 8.18	 0.12	 6.96	 0.98	 19.88	 5.80	
4	 Shaking		 Water	 200mL	 9.23	 0.12	 9.58	 0.74	 40.48	 5.45	
6	 Shaking		 Water	 200mL	 13.12	 0.24	 11.33	 2.00	 47.71	 2.30	
0	 Shaking		 CuSO4	 200mL	 9.05	 0.23	 6.52	 0.45	 7.15	 0.82	
2	 Shaking		 CuSO4	 200mL	 9.08	 0.25	 6.42	 1.17	 17.74	 3.30	
4	 Shaking		 CuSO4	 200mL	 9.26	 0.16	 8.70	 0.98	 40.90	 4.03	
6	 Shaking		 CuSO4	 200mL	 10.94	 0.14	 11.34	 0.73	 42.00	 2.07	
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Age	
DPI	 Condition	 Inducer	

RXN	
Size	

Laccase	
Activity	
(U/mL)	 SD	

Biomass	
(mg/mL)	 SD	

Total	Protein	
(ug/mL)	 SD	

0	 Static	 Water	 200mL	 0.31	 0.09	 5.54	 0.94	 6.58	 0.12	
2	 Static	 Water	 200mL	 4.56	 0.16	 6.89	 1.34	 19.60	 4.38	
4	 Static	 Water	 200mL	 5.20	 0.08	 9.20	 1.60	 42.80	 4.16	
6	 Static	 Water	 200mL	 5.00	 0.16	 10.31	 0.94	 45.36	 4.45	
0	 Static	 CuSO4	 200mL	 0.67	 0.02	 4.35	 1.16	 7.93	 1.03	
2	 Static	 CuSO4	 200mL	 5.30	 0.24	 7.58	 1.82	 20.92	 6.16	
4	 Static	 CuSO4	 200mL	 26.29	 0.22	 8.55	 1.03	 42.89	 0.98	
6	 Static	 CuSO4	 200mL	 27.50	 0.14	 12.17	 1.15	 40.87	 1.47	
4	 Static	 Water	 20mL	 8.17	 0.02	 10.90	 0.86	 40.27	 1.29	
4	 Static	 CuSO4	 20mL	 88.17	 0.10	 10.67	 1.26	 45.91	 2.24	

4	 Static	
Tween	
20	 20mL	 86.43	 0.15	 10.14	 0.68	 41.47	 1.62	

4	 Static	 Both	 20mL	 87.71	 0.36	 11.42	 0.70	 47.14	 4.41	
0	 Shaking		 Water	 200mL	 0.31	 0.11	 5.48	 0.90	 8.64	 3.05	
2	 Shaking		 Water	 200mL	 2.86	 0.27	 6.63	 1.33	 19.79	 2.97	
4	 Shaking		 Water	 200mL	 3.34	 0.49	 8.80	 0.41	 35.19	 0.99	
6	 Shaking		 Water	 200mL	 2.00	 0.13	 11.00	 1.06	 42.90	 2.28	
0	 Shaking		 CuSO4	 200mL	 0.32	 0.08	 5.24	 1.66	 5.50	 0.61	
2	 Shaking		 CuSO4	 200mL	 9.24	 0.34	 7.39	 1.14	 20.30	 4.79	
4	 Shaking		 CuSO4	 200mL	 18.76	 2.36	 8.66	 0.57	 38.67	 3.78	
6	 Shaking		 CuSO4	 200mL	 15.74	 1.48	 9.95	 1.24	 49.29	 1.96	
0	 Static	 Water	 200mL	 0.28	 0.11	 4.07	 1.21	 7.36	 2.43	
2	 Static	 Water	 200mL	 4.00	 1.23	 6.59	 1.62	 23.32	 3.11	
4	 Static	 Water	 200mL	 6.33	 0.98	 7.94	 0.53	 42.38	 4.89	
6	 Static	 Water	 200mL	 4.54	 0.86	 10.41	 1.08	 47.61	 4.59	
0	 Static	 CuSO4	 200mL	 0.32	 0.12	 5.77	 0.74	 7.28	 1.86	
2	 Static	 CuSO4	 200mL	 31.67	 1.84	 7.78	 0.52	 20.74	 5.22	
4	 Static	 CuSO4	 200mL	 35.27	 1.55	 8.41	 1.13	 41.42	 6.33	
6	 Static	 CuSO4	 200mL	 32.84	 1.56	 11.02	 1.15	 48.78	 1.24	
4	 Static	 Water	 20mL	 8.27	 0.13	 11.38	 1.05	 39.25	 0.82	
4	 Static	 CuSO4	 20mL	 88.65	 0.69	 10.63	 0.63	 46.68	 5.40	

4	 Static	
Tween	
20	 20mL	 79.17	 1.77	 10.46	 1.21	 44.54	 1.79	

4	 Static	 Both	 20mL	 85.93	 0.89	 11.45	 1.49	 43.41	 3.69	
0	 Shaking		 Water	 200mL	 0.30	 0.02	 5.69	 1.89	 7.73	 0.30	
2	 Shaking		 Water	 200mL	 3.00	 0.07	 6.72	 1.57	 24.19	 1.40	
4	 Shaking		 Water	 200mL	 3.16	 0.02	 8.04	 0.55	 41.76	 5.17	
6	 Shaking		 Water	 200mL	 2.09	 0.03	 10.42	 0.47	 46.02	 5.55	
0	 Shaking		 CuSO4	 200mL	 0.34	 0.04	 6.11	 0.41	 8.59	 0.78	
2	 Shaking		 CuSO4	 200mL	 9.26	 0.21	 6.80	 1.41	 21.79	 2.63	
4	 Shaking		 CuSO4	 200mL	 20.43	 0.26	 9.65	 1.60	 38.63	 3.91	
6	 Shaking		 CuSO4	 200mL	 15.87	 0.53	 11.07	 1.04	 42.88	 4.70	
0	 Static	 Water	 200mL	 0.35	 0.02	 4.89	 0.26	 7.45	 1.89	
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Age	
DPI	 Condition	 Inducer	

RXN	
Size	

Laccase	
Activity	
(U/mL)	 SD	

Biomass	
(mg/mL)	 SD	

Total	Protein	
(ug/mL)	 SD	

2	 Static	 Water	 200mL	 4.51	 0.33	 6.85	 1.15	 21.51	 1.52	
4	 Static	 Water	 200mL	 6.44	 0.13	 9.07	 1.70	 38.86	 5.61	
6	 Static	 Water	 200mL	 4.95	 0.09	 11.13	 0.69	 47.63	 4.88	
0	 Static	 CuSO4	 200mL	 0.33	 0.00	 5.33	 1.33	 8.50	 1.80	
2	 Static	 CuSO4	 200mL	 31.67	 0.36	 7.66	 1.15	 19.26	 4.60	
4	 Static	 CuSO4	 200mL	 36.01	 0.54	 8.77	 0.44	 41.10	 0.72	
6	 Static	 CuSO4	 200mL	 32.42	 0.31	 11.52	 1.74	 45.93	 3.42	
4	 Static	 Water	 20mL	 7.95	 0.01	 11.79	 1.32	 39.59	 1.26	
4	 Static	 CuSO4	 20mL	 88.39	 0.30	 11.43	 1.67	 44.92	 4.39	

4	 Static	
Tween	
20	 20mL	 79.93	 0.72	 12.03	 1.59	 42.44	 3.09	

4	 Static	 Both	 20mL	 85.33	 0.24	 12.08	 1.02	 47.21	 3.60	
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Table 2 - Proteins identified from T. versicolor cultures using MS/MS  
 

Water	Induction	

Identified	
Proteins	(8)	

UniProt	
Accession	
Number	

Molecular	
Weight	

Spectral	
Counts	

%	
Spectral	
Counts	

Laccase	 Q5IR80	[3]	 56	kDa	 63	 33	
Glucose	
Oxidase	 P79076	 69	kDa	 46	 24	

Manganese	
Peroxidase	 O14406	(+1)	 38	kDa	 42	 22	
Unknown	 A0A060SCQ2	 107	kDa	 23	 12	
Glycosidase	 R7S905	 89	kDa	 16	 8	

All	 N/A	 N/A	 190	 100	
	
Copper	Induction	

Identified	
Proteins	(15)	

UniProt	
Accession	
Number	

Molecular	
Weight	

Spectral	
Counts	

%	
Spectral	
Counts	

Laccase	 Q5IR80	(+1)	 56	kDa	 136	 54	
Glucose	
Oxidase	 P79076	 69	kDa	 41	 16	

Manganese	
Peroxidase	 O14406	(+1)	 38	kDa	 35	 14	
Unknown	 R7S9H1	 64	kDa	 29	 11	
Glycosidase	 R7S905	 89	kDa	 6	 2	
Eliminase	 A0A060SB04	 81	kDa	 4	 2	
Protease	 A0A060SRQ0	 52	kDa	 3	 1	

All	 N/A	 N/A	 254	 100	
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Table 3 - Electrode coating weights and thicknesses 
 

Coating	Composition Average	Coating	
Weight 

Average	Coating	
Thickness 

0.9%	TiO2	 3.36	mg 0.672	μm 

0.7%	TiO2:0.2%	CNT 2.42	mg 0.484	μm 

0.45%	TiO2:0.45%	CNT 3.73	mg 0.746	μm 

0.2%	TiO2:0.7%	CNT 3.30	mg 0.66	μm 

0.9%	CNT	 2.06	mg 0.412	μm 

H20 ~0.1	mg 0.0	μm 
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Table 4 - Open circuit potentials and current densities at 500 mV vs. SCE from all tested 
electrodes 
 

Treatment	
OCP	(mV	vs	

SCE)	
Current	Density	at	500mV	

(uA/cm2)	
	
No	Coating	-	No	Fungus	
Media	 3	 0	
Crude	 103	 0	
Pure	 107	 0	

	
No	Coating	-	With	Fungus	
Media	 45	 0	
Crude	 75	 0	
Pure	 82	 0	

	
With	Coating	-	No	Fungus	
Media	 69	 0	
Pure	 585	 -73	
Crude	

	 	0%CNT:0.9%			
TiO2	 128	 0	
0.2%CNT:0.7%	
TiO2	 133	 0	
0.45%CNT:0.45
%	TiO2	 189	 0	
0.7%CNT:0.2%	
TiO2	 584	 -61	
0.9%CNT:0%	 117	 0	
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Treatment	
OCP	(mV	vs	

SCE)	
Current	Density	at	500mV	

(uA/cm2)	
TiO2	
H2O	 52	 0	

 

With	Coating	-	With	Fungus	
0hrs	

	 	Media	 66	 0	
Crude	 520	 -41	
Pure	 553	 -9	

48hrs	
	 	Media	 565	 -52	

Crude	 570	 -56	
Pure	 575	 -59	
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Figures: 
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Figure 1 - Effect of shaking culture on laccase activities of crude filtrates from
 T. versicolor, F. oxysporum

, and P. 

ostreatus - Laccase activity of crude filtrates over the course of six days post induction.  Fungi w
ere inoculated w

ith 10m
L of 

m
ycelial slurry, incubated for three day shaking at 250rpm

.  A
fter three days of grow

th 200uL 1M
 C

uSO
4 , or an equivalent 

volue of sterile w
ater w

as added.  Laccase activities w
ere m

easured every tw
o days starting fifteen m

inutes after the first 
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Figure 2: Laccase activity of crude filtrates over the course of six days post induction.  Fungi w
ere inoculated w

ith 10m
L of 

m
ycelial slurry, incubated for three days on the shaker at 0rpm

.  A
fter three days of grow

th, 200uL 1M
 C

uSO
4 , or an 

equivalent volum
e of sterile w

ater w
as added.  Laccase activities w

ere m
easured every tw

o days starting fifteen m
inutes after 

the first induction. 
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Figure 3 - Laccase activity of crude filtrates in different reaction vessels.  After three days of 
growth in either a 500mL media bottle or a 50mL mini-bioreactor, 200uL 1M CuSO4, or an 
equivalent volume of sterile water was added.  Laccase activities were measured four days later.   
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Figure 4: Laccase activity of crude filtrates in different reaction vessels.  After three days of 
growth in a 50mL mini-bioreactor, 200uL 1M CuSO4, tween-20, a combination of both, or sterile 
water was added.  Laccase activities were measured four days later. 
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Figure 5: relative spectral counts from the T. versicolor proteome after water induction.     

Figure 6: relative spectral counts from the T. versicolor proteome after CuSO4 
induction. 
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Figure 7 - Coating with fungus.  Lighter matrix is fungal mycelia, the larger, darker lines 
are carbon fibers.   

Figure 8 - Coating without fungus.  
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Figure 9 - Linear sweep voltammograms were performed with 150mL of AGYEB electrolyte 

(1% glucose, 1% yeast extract, 20mM succinic acid pH4.5) in a 200mL H-cell in the standard 

three-electrode configuration.  The Media electrolyte was sterile AGYEB; the Pure Laccase 

electrolyte was sterile AGYEB spiked with 20U/mL lyophilized laccase powder; the Crude 

Filtrate electrolyte was the secretion products of T. versicolor after one week of growth in 

AGYEB diluted to 20U/mL laccase activity with sterile AGYEB. The reference electrode was a 

saturated columel reference electrode; the counter electrode was an unmodified 0.32cmX10cm 

spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm spectroscopic carbon 

rod that was partially passivized with PTFE to reduce noise; the active area of the electrode was 

10.05cm2. All experiments were performed at 1atm and 25C in air.  Linear sweep voltammetry 

was performed at quasi-steady state conditions starting 20mV positive of the open circuit 

potential, and scanning at a rate of 3mV/s in the negative direction.  
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Figure	9	-	Current-Voltage	Plot	of	Bare	Carbon	Electrodes	in	Different	
Electrolytes	Without	T.	versicolor		

Pure	 Crude	 Media	
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Figure 10 - Linear sweep voltammograms were performed with 150mL of AGYEB electrolyte 

(1% glucose, 1% yeast extract, 20mM succinic acid pH4.5) in a 200mL H-cell in the standard 

three-electrode configuration.  The Media electrolyte was sterile AGYEB; the Pure Laccase 

electrolyte was sterile AGYEB spiked with 20U/mL lyophilized laccase powder; the Crude 

Filtrate electrolyte was the secretion products of T. versicolor after one week of growth in 

AGYEB diluted to 20U/mL laccase activity with sterile AGYEB. The reference electrode was a 

saturated columel reference electrode; the counter electrode was an unmodified 0.32cmX10cm 

spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm spectroscopic carbon 

rod that was partially passivized with PTFE to reduce noise; the active area of the electrode was 

10.05cm2.  Following passivation, electrodes were colonized by T. versicolor for two days. All 

experiments were performed at 1atm and 25C in air.  Linear sweep voltammetry was performed 

at quasi-steady state conditions starting 20mV positive of the open circuit potential, and scanning 
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Figure	10	-	Current-Voltage	Plot	of	Bare	Carbon	Electrodes	Colonized	by	T.	
versicolor	in	Different	Electrolytes		

Pure	Laccase	 Crude	Filtrate	 Sterile	Media	
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at a rate of 3mV/s in the negative direction.  
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Figure 11 - Linear sweep voltammograms were performed with 150mL of Crude Filtrate 

electrolyte, the secretion products of T. versicolor after one week of growth in AGYEB (1% 

glucose, 1% yeast extract, 20mM succinic acid pH4.5) diluted to 20U/mL laccase activity with 

sterile AGYEB in a 200mL H-cell in the standard three-electrode configuration. The reference 

electrode was a saturated columel reference electrode; the counter electrode was an unmodified 

0.32cmX10cm spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm 

spectroscopic carbon rod that was partially passivized with PTFE to reduce noise; the active area 

of the electrode was 10.05cm2.  Working electrodes were then dip coated into different ratios of 

carbon nanotubes and titanium dioxide nanoparticles, allowed to dry completely, then dipped 

into 0.1% Nafion for stability and proton conduction. All experiments were performed at 1atm 

and 25C in air.  Linear sweep voltammetry was performed at quasi-steady state conditions 

starting 20mV positive of the open circuit potential, and scanning at a rate of 3mV/s in the 

negative direction.  
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Figure	11	-	Current-Voltage	Plot	of	Func<onalized	carbon	Electrodes	Without	T.	
versicolor	in	Crude	T.versicolor	Filtrate		

0.7%CNT:0.2%	TiO2	 0.45%CNT:0.45%	TiO2	 0.2%CNT:0.7%	TiO2	

0%CNT:0.9%	TiO2	 0.9%CNT:0%	TiO2	 H2O	
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Figure 12 - Linear sweep voltammograms were performed with 150 mL of AGYEB electrolyte 

(1% glucose, 1% yeast extract, 20 mM succinic acid pH 4.5) in a 200mL H-cell in the standard 

three-electrode configuration.  The Media electrolyte was sterile AGYEB; the Pure Laccase 

electrolyte was sterile AGYEB spiked with 20U/mL lyophilized laccase powder; the Crude 

Filtrate electrolyte was the secretion products of T. versicolor after one week of growth in 

AGYEB diluted to 20U/mL laccase activity with sterile AGYEB. The reference electrode was a 

saturated columel reference electrode; the counter electrode was an unmodified 0.32cmX10cm 

spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm spectroscopic carbon 

rod that was partially passivized with PTFE and then coated with 0.7%CNT:0.2% TiO2 and 0.1% 

Nafion; the active area of the electrode was 10.05cm2.  All experiments were performed at 1atm 

and 25C in air.  Linear sweep voltammetry was performed at quasi-steady state conditions 

starting 20mV positive of the open circuit potential, and scanning at a rate of 3mV/s in the 

negative direction.  
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Figure	12	-	Current-Voltage	Plot	of	Op>mized	Carbon	Electrodes	in	Different	
Electrolytes	Without	T.	versicolor		

Pure	 Crude	 Media	
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Figure 13 - Linear sweep voltammograms were performed with 150mL of AGYEB electrolyte 

(1% glucose, 1% yeast extract, 20mM succinic acid pH4.5) in a 200mL H-cell in the standard 

three-electrode configuration.  The Media electrolyte was sterile AGYEB; the Pure Laccase 

electrolyte was sterile AGYEB spiked with 20U/mL lyophilized laccase powder; the Crude 

Filtrate electrolyte was the secretion products of T. versicolor after one week of growth in 

AGYEB diluted to 20U/mL laccase activity with sterile AGYEB. The reference electrode was a 

saturated columel reference electrode; the counter electrode was an unmodified 0.32cmX10cm 

spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm spectroscopic carbon 

rod that was partially passivized with PTFE, coated with 0.7%CNT:0.2% TiO2, then colonized 

by T. versicolor for two days, and finally dipped into 0.1% Nafion; the active area of the 

electrode was 10.05cm2.  All experiments were performed at 1atm and 25C in air.  Linear sweep 

voltammetry was performed at quasi-steady state conditions starting 20mV positive of the open 

circuit potential, and scanning at a rate of 3mV/s in the negative direction.  
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Figure	13	-	Current-Voltage	Plot	of	Op?mized	Carbon	Electrodes	Colonized	by	T.	
versicolor	in	Different	Electrolytes	AFer	0	Hours	

Pure	 Crude	 Media	
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Figure 14 - Linear sweep voltammograms were performed with 150mL of AGYEB electrolyte 

(1% glucose, 1% yeast extract, 20mM succinic acid pH4.5) in a 200mL H-cell in the standard 

three-electrode configuration.  The Media electrolyte was sterile AGYEB; the Pure Laccase 

electrolyte was sterile AGYEB spiked with 20U/mL lyophilized laccase powder; the Crude 

Filtrate electrolyte was the secretion products of T. versicolor after one week of growth in 

AGYEB diluted to 20U/mL laccase activity with sterile AGYEB. The reference electrode was a 

saturated columel reference electrode; the counter electrode was an unmodified 0.32cmX10cm 

spectroscopic carbon rod, and the working electrode was a 0.32cmX10cm spectroscopic carbon 

rod that was partially passivized with PTFE, coated with 0.7%CNT:0.2% TiO2, then colonized 

by T. versicolor for two days, and finally dipped into 0.1% Nafion; the active area of the 

electrode was 10.05cm2.  All experiments were performed at 1atm and 25C in air.  Linear sweep 
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Figure	14	-	Current-Voltage	Plot	of	Op?mized	Carbon	Electrodes	Colonized	by	T.	
versicolor	in	Different	Electrolytes	AFer	48	Hours	

Pure	 Crude	 Media	
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voltammetry was performed at quasi-steady state conditions starting 20mV positive of the open 

circuit potential, and scanning at a rate of 3mV/s in the negative direction.  


