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Microbial fuel cells (MFCs) are bioelectrochemical devices capable of converting chemical energy to

electrical energy using bacteria as the catalysts. Mechanisms of microbial electron transfer to solid

electrode surfaces are not well defined in most electrochemically-active microorganisms, particularly

for Gram-positive bacteria. In this study, we investigated the electrochemical characteristics of the

Gram-positive, thermophilic bacterium Thermincola ferriacetica strain Z-0001. This organism was

capable of transferring electrons from acetate to the anode of an MFC to generate an electric current.

T. ferriacetica exhibited rapid recovery of current following medium exchanges, recovering to near-

maximum current output in less than three hours. The recovery of electrons from acetate was 97% in

air-cathode MFCs inoculated with T. ferriacetica. Further insights into the anode reduction by these

biofilms were gained through cyclic voltammetry (CV). A continuous steady-state current was reached

above �0.1 V vs. Ag/AgCl reference electrode in CV scans of an established T. ferriacetica biofilm. A

catalytic wave with a midpoint potential consistently near �0.28 V indicated a continuous electron-

transporting interface between the attached microbial biofilm and the electrode surface. Additionally,

no significant peaks were observed when scanning cell-free spent medium from active MFCs. These

data suggest that T. ferriacetica directly transfers electrons to an electrode through a mechanism that is

tightly associated with the biofilm that forms on the electrode. This is the first mechanistic insight into

how Gram-positive extracellular electron transfer might occur without the addition of soluble electron

shuttling mediators. These mechanistic evaluations will be essential for the improvement and

application of such biocatalysts in microbial fuel cells and other bioelectrochemical systems.
Introduction

Improving renewable energy technologies is imperative to reduce

the world’s dependence on fossil fuels. One technology that has

great potential is bioelectrochemical systems (BESs) used to

generate electricity (microbial fuel cells, MFCs), produce valu-

able chemicals and fuels, or serve as remote sensors.1,2 The

hallmark of BESs is the biocatalytic transfer of electrons to or

from an electrode.3 Although this is the key feature of a BES, the
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extracellular electron transport between a bacterial cell and an

electrode is a poorly understood process.4 MFCs are an

increasingly studied variation of a BES that uses the extracellular

electron transport capabilities of bacteria to generate electricity.

Investigations into direct electrode reduction in MFCs have

narrowly been focused on mesophilic, Gram-negative microor-

ganisms, but surprisingly few studies have been conducted on

a wider range of microbial phenotypes and physiologies. Two

underrepresented bacterial groups with immense promise for

electrocatalysis are the Gram-positive and thermophilic bacteria.

Understanding the bacterial catalysts in MFCs has become

essential to maximize power output and make these
ms as the catalysts and have the potential to be an inexpensive

ysiologies that support electrode reduction is of utmost impor-

arch on the bacteria in MFCs has been conducted on Gram-
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ophilic electrode reduction, Gram-positive bacteria frequently
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bioelectrochemical reactors a practical renewable energy

resource. While engineering design of the reactors still need to be

improved,5 the electrical conduit from the bacterial cell wall or

membrane to the anode surface arguably remains the most

nebulous component of MFC-based electricity generation. Little

is definitively known about the mechanisms of electron transfer

from the bacteria to the electrode, which is a major limiting step

in increasing currents and thus improving the practical viability

for MFCs.6

The current knowledge about extracellular electron transfer by

microorganisms in MFCs has been primarily elucidated in mes-

ophilic, Gram-negative bacteria.7 By far the two most extensively

studied mesophilic Gram-negative bacteria are Geobacter spp.

and Shewanella spp. Consequently, the prevalent theories of

extracellular electron transport have been developed based on

the experiments completed with these two genera of microor-

ganisms. Studies on Geobacter sulfurreducens have led to the

hypothesis that multiple mechanisms may be employed by the

bacterium to transfer electrons onto the anode. Two of these

mechanisms include outer membrane c-type cytochromes6,8,9 and

conductive pili called nanowires.10 Similarly, S. oneidensis has

been shown to possess nanowires11 and cytochromes,12 but it has

also been shown that electrons are indirectly transferred to the

anode through the secretion of the electron-mediating shuttle

riboflavin.13,28 The considerable attention that Gram-negative

bacteria receive on the various mechanisms of electron transport

highlights the fact that there is a conspicuous absence of data on

these mechanisms in Gram-positive bacteria.14 Despite this

absence of data, Gram-positive bacteria have been shown to be

prevalent in electricity-generating communities.15–17 Thus, it is

essential to explore mechanisms in a wide variety of microor-

ganisms with diverse physiologies and phenotypes to discover the

bacteria or cellular features that could be employed as catalysts

in an MFC.

The deficiency of data on extracellular electron transport in

Gram-positive bacteria may be because they do not have an

outer membrane. The current theory of direct electrode reduc-

tion proposes a localization of electron transport chain compo-

nents to the outer membrane of Gram-negative bacteria.7 These

electron transport proteins accumulate on the outside of the cell

envelope and can directly interface with an electrode to donate or

receive electrons. Due to their lack of outer membrane electron

transport proteins, Gram-positive bacteria are thought to only

play a supporting role in electricity generating communities.14

The necessity of incubating Gram-positive organisms such as

Brevibacillus sp.18 and Desulfitobacterium hafniense19 with soluble

electron-carrying mediators is consistent with this idea. The data

presented in this paper support a contrary hypothesis that Gram-

positive bacteria are capable of direct electrode reduction. No

mediator was added or detected in MFCs producing electricity

with a thermophilic, Gram-positive bacterium and the electro-

chemical properties of the bacterium suggest a novel mechanism

of direct electrode reduction.

In a previous study completed by this laboratory, Gram-

positive bacteria selected from marine sediment from Charleston

Harbor, South Carolina were shown to predominate an elec-

tricity-generating, thermophilic microbial community in

MFCs.16 The results of that study concluded that the most

abundant microorganisms in the selected community were
700 | Energy Environ. Sci., 2009, 2, 699–705
closely related to the Gram-positive bacterium Thermincola fer-

riacetica strain Z-0001. These results were corroborated by

a recent study that found Gram-positive bacteria to dominate

a thermophilic community enriched in an MFC with sediment

from San Francisco Bay, and an isolate of a Thermincola sp.

from this community would generate electricity.17 Finding the

same genus of thermophilic, Gram-positive microorganisms

catalyzing electrode reduction on opposite coasts of North

America is remarkable, given that the genus is only recently

described after an isolation in Southern Siberia in Russia.20 This

suggests a broader role for these organisms in the environment

than previously believed, and provides greater impetus for them

to be studied in MFCs. Additionally, both MFC studies show

that thermophilic bacteria produce higher levels of current than

mesophilic bacteria in the same reactor. MFCs operated at

elevated temperatures may also enrich for robust electrode

reducers and help prevent loss of efficiency due to fouling by

contaminating bacteria. These competitive advantages of

utilizing thermophilic bacteria in MFCs advocate further inquiry

into anode reduction mechanisms. Due to the evidence of elec-

tricity generation by Thermincola sp. in anode respiring bacterial

communities, the purpose of the present study was to charac-

terize electrochemical properties of the Gram-positive, thermo-

philic bacterium T. ferriacetica in bioelectrochemical cells and

gain insight into the method of electrode reduction employed by

this bacterium.

Experimental

Culture conditions

Thermincola ferriacetica strain Z-0001 (DSM 14005) was

obtained from the Deutsche Sammlung von Mikroorganismen

und Zellkulturen (DSMZ) and maintained in the DSMZ medium

962 at pH 7.0 with the following exclusions from the medium:

meat extract, resazurin, and sodium fumarate. The medium

contained per liter: 0.33 g NH4Cl, 0.33 g KH2PO4, 0.33 g MgCl2,

0.33 g CaCl2, 0.33 g KCl, 0.05 g yeast extract, 0.70 g NaHCO3, 10

ml of trace mineral solution, 10 ml of red vitamin solution, and 1

ml of selenite–tungstate solution (per liter: 0.5 g NaOH, 3 mg

Na2SeO3 � 5 H2O, 4 mg Na2WO4 � 2 H2O). Medium 962 was

prepared and dispensed into culture bottles under anoxic

conditions in an atmosphere of N2 : CO2 (80 : 20). Culture bottles

containing autoclaved 962 medium were supplemented with

10 mM sodium acetate and 15 mM amorphous iron (III)-

hydroxides39 as the electron donor and acceptor. Batch cultures

were incubated at 60 �C and subcultured by a 1% transfer every

4–6 days.

Single-chamber fuel cells

Single-chamber microbial fuel cells were constructed essentially

as described previously by Mathis et al.16 and Milliken and May19

with an 1000-U external resistor. The 25 ml capacity anode

compartment contained a solid graphite block electrode (6.7 cm2

surface area). The graphite anode was connected to a marine-

grade wire using conductive silver epoxy (Chemtronics). The fuel

cells were assembled with a cation exchange membrane

(Nafion117) clamped to a carbon–platinum (10%) cloth cathode

(1.7 cm2 surface area) and autoclaved for 50 min and placed in an
This journal is ª The Royal Society of Chemistry 2009
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anaerobic Coy chamber for at least 24 h. Upon inoculation of

culture and medium, the medium would soak through the

membrane to the cathode as the two were tightly clamped

together. The single-chamber fuel cells were inoculated with

either a 5% (v/v) culture transfer from T. ferriacetica grown on

sodium acetate and insoluble iron-hydroxides, 100% culture

transfer, or by transferring 5–10 ml of iron-hydroxide-free spent

medium from one T. ferriacetica MFC into the anode

compartment of an uninoculated single-chamber MFC con-

taining 10–15 ml of fresh medium. All microbial fuel cells were

incubated at 60 �C with replacement of spent medium with 20 ml

fresh medium and 10 mM sodium acetate every 3–5 days unless

otherwise noted. Voltage measurements were taken every 60 min

as previously described by Mathis et al.,16 unless otherwise noted.
Electron recovery and analysis

The Coulombic efficiency (Ec) was calculated as Ec¼ (Cex/Cth)�
100, where Cex is the total amount of Coulombs derived exper-

imentally by integrating the area under the curve of a voltage vs.

time plot, calculated as C¼ (S (V*t))/R, where V is the measured

voltage, t is the time in seconds, and R is the external resistance

measured in ohms (U). Cth is the theoretical amount of

Coulombs that can be derived from acetate and was calculated as

Cth ¼ F*b*m, where F is Faraday’s constant (96,485 C mol�1

electrons), b is the number of moles of electrons produced per

mol of acetate (b¼ 8), and m is the moles of acetate consumed by

the microorganism. These calculations were made as described

by Oh and Logan.40 The microorganisms in MFC were starved

for acetate through at least two exchanges before each

Coulombic efficiency experiment in an attempt to eliminate

acetate stored in the bacterial cell that could interfere with the

electron recovery data. Acetate concentrations were below

detection limits (less than 50 mM) and the voltage was less than 4

mV before substrate addition. Measurements below this voltage

and acetate concentration indicated completion of the electron

recovery analysis. Fuel cells for these experiments were also

maintained without the 0.005% (w/v) of yeast extract ordinarily

present in the medium to ensure no other carbon and energy

source was supplied. Acetate concentrations were determined

with a gas chromatograph (GC) equipped with a flame ionization

detector and a 30 m � 0.53 mm � 1 mm HP-FFAP capillary

column. Samples were filtered through a 0.2 mm syringe and

acidified using 10% formic acid before analysis.41 The GC

method had a starting temperature of 60 �C for 1 min, increased

to 120 �C at 20 �C min�1, and then increased to 220 �C for 2 min

at 6.13 �C min�1. The injector and detector temperatures were set

at 230 �C. Helium was used as the carrier gas.
Scanning electron microscopy

Anodes from MFCs were sacrificed and fixed in 2% gluter-

aldehyde in 0.1 M sodium cacodylate buffer with a 2% osmium

tetraoxide postfix wash and then chemically dehydrated with

a series of graded ethanol washes (25, 50, 75, 95, 100%). Samples

were then sputter coated with a SC7640 (Polaron) sputter coater

and viewed using a JEM-5410LV scanning electron microscope

(JEOL).
This journal is ª The Royal Society of Chemistry 2009
Electrochemical analyses

The polarization and power density curves were created to

analyze voltage and power density as a function of current

densities. This analysis is valuable for comparison with other

MFC studies as well as to evaluate potential losses associated

with operating MFCs.24 The curves were calculated using

a variable resistor decade box to change the external resistance

and a multimeter to measure the voltage over increasing resis-

tances (100–100,000 U). The current and power calculations were

then normalized to the surface area of the anode (6.7 cm2). The

MFC was allowed to equilibrate to each change in resistance for

3 min before recording the voltage.

Cyclic voltammetry (CV) was performed using an electro-

chemical analyzer (CH Instruments 660a). CV experiments were

run in a dual chamber MFC setup similar to the above descrip-

tion with a graphite block anode as the working electrode and

a carbon–Pt cloth cathode as the counter electrode. A second

chamber was clamped to the MFC configuration in order to

place an Ag/AgCl reference electrode (3 M KCl, CH Instru-

ments) submerged in 3 M KCl. T. ferriacetica was grown in these

modified MFC reactors (without the 3 M KCl catholyte until the

start of CV experiments) and were exchanged every 3–5 days with

media excluding insoluble iron exactly as described above.

Electrochemical potential sweeps measuring the current

produced by T. ferriacetica cells were completed at 60 �C on the

biofilms from at least 50 day old MFCs. CV was also performed

on MFCs immediately after medium exchanges. In this case,

spent medium was extracted from the MFC and either stored for

subsequent CV analysis or discarded. Sterile 962 medium heated

to 60 �C was then gently rinsed over the anode to remove any

loosely associated compounds from the electrode. This medium

was extracted and discarded. Finally, 20 ml of heated sterile 962

media were injected along with 10 mM sodium acetate into the

MFC, which was then analyzed by cyclic voltammetry. Addi-

tionally, cell-free spent medium was examined in the same elec-

trochemical cell design, except with sterile electrodes. In these

experiments, the spent medium was extracted from an electricity-

generating MFC and then centrifuged for 10 min at 5040 � g to

remove planktonic bacteria. The supernatant was withdrawn and

used as inoculum for CV analyses to determine if soluble medi-

ating compounds were present in the spent medium. Sterile

medium without vitamins was also analyzed in the same MFC

configuration to elucidate any background peaks that may be

present from components of the MFC (graphite, conductive

epoxy, wiring). The potential range of all scans (all potentials will

be reported versus Ag/AgCl reference electrode) was�800 mV to

200 mV. All CV experiments were conducted at 60 �C. Scan rate

was 1 mV s�1. All reported scans are representative of at least 3

full sweeps done in at least triplicate.

Results

Electricity generation

Thermincola ferriacetica strain Z-0001 was capable of sustained

electricity generation in semi-batch MFCs (Fig. 1). The current

density observed in an MFC inoculated with T. ferriacetica was

steady around 400 mA m�2, depending upon the age of the fuel

cell. This current could be maintained by repeated exchanges of
Energy Environ. Sci., 2009, 2, 699–705 | 701
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Fig. 1 Sustainable current generation by T. ferriacetica in a thermo-

philic MFC 33 days after initial inoculation. Each star represents an

exchange of the medium. This level of current could be maintained for

over 3 months. Inset shows time it took in hours to reestablish maximum

current after a medium exchange.
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the medium with the addition of acetate for over 3 months.

T. ferriacetica MFCs were minimally affected by these medium

exchanges, reestablishing current to near maximum in less than

three hours following an exchange of the medium (Fig. 1 inset).

Reinoculating 20 ml of spent medium from current generating

MFCs into freshly exchanged MFCs did not recover the current,

nor did the addition of 10 mM riboflavin to MFCs at any stage of

the batch experiment have any effect on the measured current

(data not shown). Moreover, once an electrode reducing biofilm

was established, eliminating yeast extract and vitamins from the

medium had no effect on the current. The characteristically rapid

current recovery shown in Fig. 1 and the apparent absence of

soluble mediators in the medium is typical of microorganisms

known to directly transfer electrons to an electrode.21

The maximum power density and open circuit potential

calculated from a power density and polarization curve were 146

mW m�2 (4.9 W m�3) and 460 mV, respectively (Fig. 2). The point

of maximum power was measured at an external resistance of 400

U, and the slope of the linear portion of the polarization curve

was 424 U. These two measurements designate an approximation
Fig. 2 Polarization (-) and power density (B) curve. The voltage was

measured at each external resistance (100–100,000 U) after three minutes

of equilibration time.

702 | Energy Environ. Sci., 2009, 2, 699–705
of the internal resistance of the MFC reactor used in these

experiments. This internal resistance is quite high compared to

other improved reactor designs,22,23 and could be a major factor

limiting the maximum power density with this organism. In

addition, the external resistance should be set equal to the

internal resistance,24 but the MFCs operated in this study were

initiated with 1000 U external resistors. Further investigations

into increasing power densities with T. ferriacetica in MFCs will

need to take reactor design and internal resistance into careful

consideration.

The microbial recovery of electrons from a particular

substrate, known in electrochemical systems as the Coulombic

efficiency, is an indicator of complete or incomplete oxidation of

substrate as well as the efficiency of the biocatalyst to transfer

electrons to the electrode.21,25,26 In each electron recovery

experiment with T. ferriacetica, the electric current was allowed

to dissipate to baseline levels before the addition of acetate

(2 mM), which was measured before and after substrate addition,

and at the end of the experiment. The Coulombic efficiency was

97%.
Spatial orientation on the anode

In order to assess biofilm coverage on an electrode, anodes from

MFCs were sacrificed after three and six months of incubation.

The biofilm of the three-month old fuel cell had developed

primarily in and around the crevices of the graphite block,

leaving portions of the electrode surface uncolonized (Fig. 3A).

Higher magnification (Fig. 3B, uncolonized anode Fig. 3C)

revealed appendages or extracellular structures that the micro-

organisms formed on the anode. Although the extracellular

material appears to be some kind of matrix and could include

biopolymers important to electron transfer, the nature and role

of this material cannot be concluded from these images alone.

The 3-month-old anodic biofilm coverage was divergent from
Fig. 3 Scanning electron microscopy images of T. ferriacetica on the

anode of an MFC sacrificed at three months [(A), 1500�; (B), 5000�], an

uninoculated graphite block [(C), 1500�], and a MFC sacrificed at 6

months [(D), 1000�]. Size bars: (A), 10 mm; (B), 5 mm; (C), 10 mm; (D),

10 mm.

This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b823237g


Pu
bl

is
he

d 
on

 3
1 

M
ar

ch
 2

00
9.

 D
ow

nl
oa

de
d 

on
 1

2/
09

/2
01

6 
22

:1
2:

54
. 

View Article Online
what was observed in the 6-month-old fuel cell, which had an

anode heavily coated with multiple layers of biomass (Fig. 3D).

This increase in bacteria growing on the anode is correlated with

bacteria that couple their growth to electrode reduction. It is

clear from these images and the low number of planktonic cells

observed by light microscopy (not shown) that T. ferriacetica

developed an affinity for establishing a biofilm on the anode’s

surface.
Fig. 5 Cyclic voltammogram of T. ferriacetica MFCs less than 30 min

after an exchange of the medium. Inset picture is the first derivative

clearly delineating midpoint potential of redox components. Scan rates

were 1 mV s�1.
Voltammetric evaluation of T. ferriacetica

Cyclic voltammetry (CV) was performed on T. ferriacetica-

inoculated MFCs operating in semi-batch mode. A MFC with an

established biofilm (generating current for at least 50 days)

produced a catalytic current with an onset potential near�0.42 V

and displayed a maximum steady-state current above �0.1 V

(Fig. 4, green line). The midpoint potential of the catalytic

current was �0.28 V, which can easily be visualized by a plot of

the first derivative (Fig. 4 inset). In addition to the major peak

seen from the catalytic wave, two more possible peaks around

�0.35 V and �0.42 V were evident from analyzing the first

derivative. These peaks appeared to be outside of the formal

potential range of the major species responsible for electron

transport, but may still play a role in electrode reduction. The

catalytic current was significantly higher and more distinct than

any signal seen from sterile medium that did not contain vitamins

(Fig. 4, red line) or from cell-free spent medium harvested at

maximum current (Fig. 4, blue line). This absence of a significant

redox peak in spent medium coupled with the catalytic wave seen

with biofilms is indicative of biofilm-associated direct electrode

reduction.

In order to further ascertain biofilm-associated electron

transfer capabilities, CV was performed on MFCs immediately

after exchanging the spent medium with sterile fresh medium

(Fig. 5). The MFCs were first rinsed gently with sterile medium,

which was subsequently removed before supplying 20 mL of

fresh sterile medium to conduct the experiment. Close to 30 min

after the electrode was washed with the fresh medium, a midpoint
Fig. 4 Cyclic voltammograms of T. ferriacetica biofilms (green line),

sterile medium (red line), and spent medium from MFC (blue line). Inset

picture is of the first derivative of the biofilm-associated catalytic wave

represented by the green line. Scan rates were 1 mV s�1.

This journal is ª The Royal Society of Chemistry 2009
catalytic current was observed at �0.28 V; which was similar to

the midpoint potential of the catalytic wave in Fig. 4. In addition

to the major catalytic wave, two peaks similar to those seen at

peak current (Fig. 4) were again evident from the first derivative

(Fig. 5 inset). Thus, a persistence of the catalytic current was

observed after an exchange of the medium. This is in accordance

with the data presented in Fig. 4, suggesting that the dominant

redox active compound is associated with the biofilm and not

available in the spent medium.
Discussion

Thermincola ferriacetica was capable of generating an electric

current at thermophilic temperatures in an air-cathode microbial

fuel cell. This microorganism produced a current without the

addition of electron-shuttling mediators and the data presented

here suggest that current was produced without a soluble medi-

ator secreted by the bacteria. This is the first characterization of

the electrochemical properties and electron transporting capa-

bilities of a thermophilic, Gram-positive bacterium.

Mathis et al.16 with their mixed thermophilic cultures and

Wrighton et al.17 with mixed thermophilic cultures and isolates of

Thermincola sp. demonstrated electrode reduction without add-

ing mediators. However, neither group examined the electro-

chemical properties of these thermophiles or determined if the

mediation was consistent with direct electrode reduction or

through the production of soluble mediators. Here, when MFCs

were washed with fresh medium and substrate, the recovery of

current was rapid (Fig. 1 inset). This is divergent from what is

seen in MFCs operating with bacteria that produce and excrete

their own soluble electron-mediating compounds. An example of

this lag in current-recovery time is the Gram-negative bacterium

Shewanella oneidensis that produces flavins to aid in current

production.13 The time it takes for S. oneidensis pure cultures to

regenerate the current to maximum levels after a medium

exchange is approximately 72 h. This is presumably to accumu-

late increasing concentration of mediators (flavins). Further-

more, replacing the spent medium from S. oneidensis back into
Energy Environ. Sci., 2009, 2, 699–705 | 703
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the freshly exchanged MFC or the addition of riboflavin can

restore the current in this mediated reactor. T. ferriacetica-

inoculated MFCs, on the other hand, can reestablish the

maximum current within a few hours, and the replacement of

spent medium or addition of riboflavin does not hasten current

regeneration by T. ferriacetica. Thus, the current recovery data

from T. ferriacetica MFCs resemble that of previously reported

pure culture MFCs exhibiting direct electron transfer with

Gram-negative organisms such as Geobacter sulfurreducens21,27

instead of resembling the slow current regeneration seen with

microorganisms that excrete soluble mediators like flavins13,28 or

phenazines29 for electron transfer. Additional correlations

related to direct electron transfer is apparent when comparing

the Coulombic efficiencies of different microorganisms. G. sul-

furreducens is the most commonly studied electrically active

bacterium known to directly reduce an anode, and it has

a Coulombic efficiency of near 100%.30 Conversely, the flavin-

mediated anode reducing bacterium S. oneidensis commonly has

a Coulombic efficiency below 60%.31 The Coulombic efficiency of

T. ferriacetica determined in this study was very high (97%),

indicating nearly all electrons were diverted to electrode reduc-

tion and not to the production of reduced organic compounds.

This distinction of high Coulombic efficiency is important when

considering electron transfer mechanisms and the capabilities of

these microorganisms to be effective biocatalysts.32 Overall, the

current recovery data and the Coulombic efficiency for T. fer-

riacetica are consistent with data presented on direct electron

transfer as seen in G. sulfurreducens and not characteristic of

mediated electron transfer displayed by S. oneidensis.

Another interesting observation was the presence of thick

biofilms on the electrode containing an intricate connective

structure. Previous studies have shown that pili production in

electricity generating communities may play a conductive role in

electron transport.10,33 These conductive nanowire pili are

a potential mechanism of direct electron transfer in G. sulfurre-

ducens10 and S. oneidensis,11 and could be a factor contributing to

current production by T. ferriacetica. However, it is undeter-

mined whether this is the case or if the extracellular matrix is

simply a feature of adherence in this Gram-positive biofilm.

Despite these speculations, it is clear that T. ferriacetica estab-

lishes contact with the electrode while increasing biofilm

coverage on the electrode over time.

The most compelling evidence that T. ferriacetica employs

a direct electron transfer mechanism instead of soluble electron-

shuttling mediators is the cyclic voltammetry data. These data

revealed a redox-active component around �0.28 V only when

a biofilm was present. A rate limiting current was reached at

a potential above �0.1 V, indicating that a continuous connec-

tion of electrical current was established between the biofilm and

the electrode above this potential. The establishment of

a continuous, steady state current observed in CV scans is

remarkable since this has not been reported for a Gram-positive

bacterium.

Reinforcing the hypothesis of direct electron transport in the

absence of a soluble mediator, the cell-free spent medium had no

distinct voltammetric profile. No peaks were detected that could

be responsible for the level of current seen from the biofilm, and

no peaks were seen in the range of the biofilm-associated cata-

lytic wave. Only minor inflections, most likely due to
704 | Energy Environ. Sci., 2009, 2, 699–705
a background signal, were seen outside of the range of the

catalytic current. Due to the absence of oxidation or reduction

peaks in the CV scans of cell-free spent medium (Fig. 4), it is

possible to conclude that no electron shuttle was added exoge-

nously (i.e. iron or vitamins in the growth medium) or produced

in significant quantities by the bacterium itself. The lack of redox

active compounds in the spent medium of MFCs is further

evidence of direct electrode reduction capabilities by T. ferria-

cetica.

As well as not detecting a redox active compound in the cell-

free spent medium, the biofilms of T. ferriacetica could not be

gently washed of their electron transporting capacities. CV of an

operating MFC immediately after a medium exchange showed

that T. ferriacetica maintained its catalytic capabilities despite

washing away the medium surrounding the cells (Fig. 5). The

redox peak at the same potential as the catalytic wave seen at

maximum current production indicates that the conduit of

electron transport was not washed away during medium

exchanges, but remained intact with the biofilm. Thus, the data

for a direct electron transfer mechanism is strengthened because

biofilms of T. ferriacetica retain their electrode-reducing capa-

bility after the washing away of potential mediating compounds.

Including the primary signal at �0.28 V, the first derivative of

all CVs revealed one or two more features (�0.35 V and�0.42 V)

associated with current generation. Similarly, multiple redox

peaks have been reported for G. sulfurreducens, which directly

transfers electrons to an electrode.34 This characteristic has been

attributed to the possibility of two components on the electron

transport chain (for example two different cytochromes) trans-

ferring electrons to the electrode.35 Another explanation may be

one protein or contact point capable of transferring electrons at

two different formal potentials (via different catalytic protein or

cofactor centers). The data presented for T. ferriacetica are

similarly consistent with the idea of more than one redox active

biological component of this Gram-positive thermophile being

capable of electron exchange with an electrode, and are highly

suggestive of some form of direct electron transport to an elec-

trode in association with the CV feature with a midpoint around

�0.28 V. However, different approaches will be needed to further

elucidate the role of the redox active component(s) involved in

electron transfer by T. ferriacetica.
Conclusions

The CVs presented in this study are the first to be applied to

a thermophilic Gram-positive microorganism. The slow scan

rates used represent steady-state conditions and characterize the

enzymatic activity of the microorganisms that cannot be

adequately analyzed at increased scan rates.34,35 Park et al.

reported a CV for Clostridium butyricum EG3, a mesophilic

Gram-positive fermentative bacterium, but we are not able to

compare it with our electrochemical data due to the high scan

rate used in that study.36 Thus, it is unknown how Gram-positive

bacteria transfer electrons extracellularly without the presence of

an electron-shuttling mediator, yet it is hypothesized that such

a mechanism exists.37 The experiments completed using CV in

this study provide the initial framework describing external

electron transport by T. ferriacetica, components of which may

be targeted for future improvement and specialization of MFCs
This journal is ª The Royal Society of Chemistry 2009
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and other BESs. Thermincola ferriacetica, is a logical choice for

future investigations into thermophilic, Gram-positive electrode

reduction because it has been physiologically characterized after

an isolation on Kunashir Island in the Sea of Okhotsk,38 and is

closely related to electrochemically active microorganisms found

in marine sediments on the east and west coasts of North

America.16,17 The ubiquity of the genus indicates that it could be

used as a microbial catalyst in BESs around the globe. It is our

hope that this electrochemical characterization of T. ferriacetica

will generate interest in Gram-positive extracellular electron

transfer so that different mechanisms can be discovered and

manipulated to enhance the performance of MFCs. We predict

that these discoveries will lead to increased power production

from MFCs or more product yield from BESs and thus push

these technologies closer to viable applications.
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