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In this communication we discuss, by means of the metal reducing
bacterium Geobacter sulfurreducens, a strategy to use cyclic vol-
tammetry for the study of anodic bioelectrocatalytic electron
transfer in microbial fuel cells.

Although the mechanisms of bioelectrocatalytic substrate oxidation
processes in microbial fuel cells and, especially, of anodic electron
transfer are of utmost importance for the performance of microbial
fuel cells,! little is known, so far, of the nature of the underlying
mechanisms. For this reason, research activities in this field have
considerably intensified over the past years. Different concepts and
mechanisms for electron transfer from the biocatalyst to the fuel cell
anode have been proposed.? Thus, it can be distinguished between
direct electron transfer (DET) and mediated electron transfer (MET)
mechanisms. Examples of DET are, the electron transfer via
membrane bound cytochromes (e.g., from Geobacter sp.,* Rhodo-
ferax ferrireducens)* or via conductive bacterial pili (“nanowires”), as
recently proposed for Shewanella oneidensis MR-1.°> MET, on the
other hand, has been reported to occur either by primary metabolites
(e.g., hydrogen, formate)®® or by secondary metabolites, such as
phenazine derivates® or quinones® or flavines, as has just been
discovered for Shewanella oneidensis MR-1."*

Many of these proposed transfer mechanisms are of a putative
nature and are controversially discussed. Often, the involved redox
species are barely identified or understood. Some of the greatest
challenges in their study are (i) the complexity of the microbial
metabolism, (i) the often extremely low concentrations of the
involved redox species and (iii) the complex (electro)chemical nature
of bacterial cultures and even of microbial cell membranes, which
may contain several redox active species that do not necessarily
contribute to the bioelectrocatalytic current flow.

Cyclic voltammetry is a standard tool in electrochemistry' and has
regularly been exploited to study and to characterize the electron
transfer interactions between microorganisms or microbial biofilms
and microbial fuel cell anodes.”*** In most of these publications the
microorganisms have been studied either in their bioelectrocatalyti-
cally active state or in the inactive state. In this communication, we
demonstrate that by applying cyclic voltammetry at different stages
of microbial growth and metabolic activity, valuable information on
the anodic electron transfer processes in microbial fuel cells can be
gained. We also show that due to the complexity of the underlying
processes, the simplified assumptions and models of anodic electron
transfer are difficult to prove.
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The experiments described in this communication are based on
Geobacter sulfurreducens biofilm modified graphite electrodes,
obtained when graphite electrodes are immersed in the inoculated
medium and are poised at a constant anodic potential (here +0.3 V,
vs. Ag/AgCl, sat. KCI), in order to form an electrochemically active
bacterial biofilm."® Fig. 1 illustrates such biofilm formation and
bioelectrocatalytic current generation by means of a chronoampero-
metric experiment. The figure shows that 168 h after inoculation with
G. sulfurreducens, the electrode reached a first activity maximum,
followed by a decrease in the current, caused by substrate exhaustion.
After replenishment of the bacterial medium at 210 h the current
generation commenced again, reaching a maximum current density
of about 75 nA cm2, 265 h after inoculation.

By recording cyclic voltammograms at different stages of biofilm
formation and substrate availability (and thus different stages of
current generation), valuable information on the electron transfer
mechanism can be gained. Fig. 2A shows a typical cyclic voltam-
mogram of a G. sulfurreducens biofilm modified electrode recorded at
the first maximum of the bioelectrocatalytic activity (see Fig. 1). The
figure shows a typical sigmoidal shape based on, at first glance, one
single underlying redox centre. Yet, the first derivative of this
voltammetric curve (Fig. 2B) reveals that the oxidative as well as
reductive potential sweep possess two inflection points, reflected by
two maxima in the derivative curve. This behaviour has also recently
been reported for artificially immobilized G. sulfurreducens cells.””

A more detailed view on the electrochemical features of the biofilm
are obtained at substrate depletion (in this experiment 190 h after
inoculation; see Fig. 1). Under these non-catalytic conditions, the
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Fig. 1 Chronoamperometric plot of the formation and the bio-
electrocatalytic activity of a G. sulfurreducens biofilm at a graphite elec-
trode; semi-batch experiment, substrate: 10 mM L' acetate.
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Fig. 2 (A) Cyclic voltammogram of a metabolizing G. sulfurreducens
biofilm. The voltammogram was recorded at maximum biofilm activity
168 h after the start of the chronoamperometric experiment (see Fig. 1).
The scan rate was 5 mV s'. (B) First derivatives of the voltammetric
curve over the potential.

voltammetric behaviour strongly depends on the scan rate of the
voltammetric experiment. As illustrated in Fig. 3A, for scan rates
above 20 mV s~! the voltammogram shows one major redox system,
at a formal potential of —0.331 V. The shape of the voltammogram
appears typical for bacteria, whose electrochemical activity is ascribed
to outer membrane cytochromes.”®' At lower scan rates (see
Fig. 3B), the simplicity of the voltammogram gives way to more
complex behaviour. Now, four major redox systems can be distin-
guished, indicated as systems 1-4. Besides the two less evolved redox
systems, at —0.515 V (Eg;) and +0.059 V (Eg4), the major redox
system in Fig. 3A is split into two systems, with formal potentials of
—0.376 V and —0.295 V (E;, and E¢3). Both systems possess a fine
structure, Le., they may consist of further redox processes. None of
the redox peaks are obtained in the sterile culture medium or at
a blank (biofilm-less) graphite electrode in the inoculated medium.
Additionally, all peaks remain present when the medium is
exchanged to a fresh, sterile medium, which demonstrates that all
redox signals are caused by biofilm based redox compounds. A
comparison of Fig. 2B and 3B reveals that both redox processes
associated with the formal potentials E;, and Ep5 contribute to the
bioelectrocatalytic anodic electron transfer (see Fig. 2), whereas,
systems 1 and 4 appear electrocatalytically inactive. From the liter-
ature, it can be derived that electron transfer from G. sulfurreducens to
a solid electron acceptor is accomplished by outer membrane
cytochromes, like OmceB, OmcE and OmcS.?*? For OmcB, a formal
potential of —190 mV vs. SHE (corresponding to —387 mV vs. Ag/
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Fig. 3 Cyclic voltammograms of a G. sulfurreducens biofilm. The vol-

tammograms were recorded in a substrate depleted culture medium (see
Fig. 1). Scan rate: (A) 50 mV s7', (B) 1 mV s~

AgCl) has been reported.® This potential most likely corresponds to
redox system 2 (—376 mV, vs. Ag/AgCl), found in our experiments.
The presence of a second involved species at more positive potential
now indicates a parallel, competing path, possibly via a similar
membrane associated species.

The anodic electron transfer of G. sulfurreducens is considered to be
an archetype for direct electron transfer.* From an electrochemical
point of view, one would (for redox systems 2 and 3) expect typical
thin film behaviour, manifested as e.g., a linear relationship of the
peak current with the scan rate (i~v) in cyclic voltammetry. Yet, how
much the electrochemistry of living bacterial cells (and bacterial
biofilms) may differ from that of isolated and immobilized redox
enzymes or other “simple” redox compounds is illustrated in Fig. 4.
These experimental results show a scan rate dependence of the peak
currents of i~** (reduction peak) i~*" (oxidation peak) as derived
from the slope of the double logarithmic plot of the peak currents
versus scan rate (not shown). This dependence strongly indicates
diffusion control, a result that cannot be explained by the current
knowledge of DET. It can be speculated that the electron hopping
between the heme centres of the bacterial outer membrane cyto-
chromes, or electron transfer between electrochemically linked redox
enzymes show diffusion characteristics in cyclic voltammetry.

At increasing bioelectrocatalytic activity, as is found after replen-
ishment of the medium (see Fig. 1), the electrocatalytic curve (Fig. 5)
did not reveal any fine structure. Here, the electrocatalytic wave
possessed only a single inflexion point (and thus, only one single
maximum in first the derivative AI/AE), at a potential of —0.335 'V,
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Fig. 4 Absolute values of the peak currents of a G. sulfurreducens bio-
film electrode as a function of the scan rate. The voltammograms were
recorded in a substrate depleted culture. (A) Oxidation peak, (B) reduc-
tion peak.
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Fig. 5 Cyclic voltammogram of a metabolizing G. sulfurreducens bio-
film. The voltammogram was recorded at a scan rate of 5 mV s~' 268 h
after the start of the chronoamperometric experiment (see Fig. 1). Inset:
first derivatives of the voltammetric curve over the potential.

corresponding to the arithmetic mean of systems 2 and 3 (Fig. 2 and
Fig. 3). Yet, after subsequent substrate exhaustion, again a cyclic
voltammogram equivalent to that shown in Fig. 3B was obtained,
which showed that both redox systems, 2 and 3, were still present as
separate features. It can be assumed, that at high catalytic activity
these features may be resolved only at extremely small scan rates.
The height of the bioelectrocatalytic current strongly correlates
with the peak currents measured under substrate depletion. For
example, the increase of the bioelectrocatalytic performance from
30 pA cm~2 at 168 h by a factor of 2.5 to 76 pA cm~2 at 265 h (see
chronoamperometric curve, Fig. 1) was accompanied by a propor-
tional increase (factor 2.5) of the peak currents measured by cyclic
voltammetry at the subsequent periods of substrate depletion (at 190
h and 320 h, respectively). This finding indicates that the increase of
the electrocatalytic biofilm activity is either caused by a growing cell
density at the electrode surface, or by an increase in the number of
membrane bound electron transfer proteins in the individual cells.

In summary, we demonstrate the principle suitability of cyclic
voltammetry to study biofilm based anodic electron transfer
processes in microbial fuel cells. The experiments underline the
advantages of performing voltammetric experiments at different
stages of biofilm growth and activity. We also demonstrate that the
complexity of microbial and bioelectrochemical processes make
evaluation and interpretation of the voltammetric results a chal-
lenging endeavour. The results show that data gained by a purely
electrochemical study needs to be combined with data from, e.g.,
molecular biology and metabolomics, in order to gain a better
understanding of the mechanisms of cell-electrode interactions at the
molecular level.

Experimental

G. sulfurreducens strain ATCC 51573 was purchased from DSMZ.
All incubations were performed at 30 °C. Growth medium con-
tained (per L): 0.1 g of KCl, 0.15 g of NH4CI, 0.6 g of Na,HPO,,
0.82 g of Na acetate, 2.5 g of NaHCO;, 10 mL of trace element
solution, 10 mL of vitamin solution and 1 mL of selenite-tungstate
solution. The medium was adjusted to pH 6.8 and flushed with
N,-CO> (80 : 20).

All electrochemical experiments were carried out under potentio-
static control utilizing a three electrode arrangement, consisting of the
working electrode, a Ag/AgCl reference electrode (sat. KCl, Sensor-
technik Meinsberg, Germany, 0.195 V vs. SHE) and a counter
electrode (platinum wire or a carbon rod electrode). The experiments
were conducted with PGSTAT 30 Autolab systems (Ecochemie,
Netherlands). Sealed and thermostated vessels (100 mL) served as
electrochemical cells which hosted the fermentation medium and the
electrodes. All experiments were performed under strictly anoxic
conditions.
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