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Abstract: Microbial fuel cells (MFCs) with Geobacter 
sulfurreducens have been shown to produce high current 
densities; however, electron transport in G. sulfurreducens 
biofilms is not fully understood.  Here, we utilize a spatially 
resolved numerical model describing this electron transfer to 
constrain mechanisms and controls on metabolic activity. Our 
model reproduces the metabolic activity profile obtained using 
nanoSIMS under positive (+0.24V SHE) and negative (-0.1V 
SHE) anode potentials.  The simulations indicate that the 
distribution of the electric potential and pH both control cellular 
metabolism. Model simulations reproducing the experimentally 
determined activity patterns also support the presence of two 
activity modes in G. sulfurreducens biofilms, with a shift from a 
redox mid-potential of -0.07V SHE to -0.15V SHE. Our model 
provides valuable insights into the fundamental mechanisms of 
electron transfer at Micron-scale in conductive biofilms which can 
inform MFCs designs that maximize current production by 
minimizing the impact of inhibitory factors.  

Introduction 

Extracellular electron transfer (EET) in microbial systems can be 
carried out through the transport of chemical substances 
(mediated electron transfer) or by electron flow (direct electron 
transfer, DET) via physical contact using outer surface c-type 
cytochromes,[1] electrically conductive pili[2] or a matrix of 
extracellular polymeric substances.[3-5] DET is potentially much 
more efficient than mediated EET, and effective over long 
distances[6]. As such, microorganisms capable of DET have 
attracted attention in the fields of microbial physiology, microbial 
ecology, and biotechnology[7-9], where understanding the EET 
mechanisms in current generating biofilms on electrodes in 
microbial fuel cells (MFCs) and the factors controlling their 
metabolic rates is important for the optimization of practical 
applications and a better understanding of natural and/or 
industrial systems as the functioning EET components such as 
conductive filaments (e.g. pili) may enhance cellular respiratory 

activities and viability and can be exploited to  design effective in 
situ bioremediation strategies.[10] 
 
Geobacter sulfurreducens, one of the best studied model 
organisms carrying out DET, can produce high current densities 
in MFCs in which the anode serves as the terminal electron 
acceptor[11, 12]. There are two main proposed mechanisms 
underlying direct EET, a hotly debated topic for G. sulfurreducens 
(e.g. [13-15] and [16-19]): 1). Metal-like conduction and 2). Electron 
hopping. Metal-like conduction is characterized by the presence 
of free-moving valence electrons. This is usually realized by 
forming a conjugated system in which π-orbitals overlap with one 
another in a chain of molecules [20]. Measurements on individual 
pili from G. sulfurreducens showed high conductivities of 
approximately 50 mS cm−1 at pH 7 [21], with a temperature and pH 
dependent conductivity response [21, 22]. Several studies indicated 
that closely packed aromatic amino acids on pili may give rise to 
such metal-like conductivity[23, 24]. In contrast, electron hopping is 
a phenomenon where electrons are localized on a chain of redox 
active molecules, and are transferred in a multistep bucket-
brigade manner[25]. Redox proteins such as Ru-modified azurin 
and cytochromes can have long-range electron hopping over 20 
Å [26, 27], electron hopping has been observed between aromatic 
side chains of peptides [28, 29], and was suggested to be 
responsible for electron transfer through filament-associated 
multiheme c-type cytochromes [14, 30]. A recent report showed that 
G. sulfurreducens conductive filaments were assembled by 
hexaheme cytochrome OmcS, with a tight packing distance at 
3.5–6 Å over a micrometer length [31], corroborated by interatomic 
distances between adjacent porphyrins of the hexaheme 
cytochrome at 4.1 Å or less [32]. Moreover, the polymerization of 
monomeric cytochromes (e.g. OmcZ) could further reduce the 
heme-heme distance[33].  At such closely packed distance, 
multistep electron hopping along the conductive filaments thus 
are made possible (< 20 Å [26, 27]).  While Acknowledging that many 
scientists possess strikingly different perspectives on this 
particular matter[19], we refer the reader to the literature for 
arguments for metal-like conductivity[18, 21-24] and those supporting 
electron hopping[34-42].  
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The anode potential regulates metabolism, electrochemical 
respiration and anabolic activity in G. sulfurreducens biofilms.[43-

46] Understanding how G. sulfurreducens produces high current 
densities, and what ultimately is responsible for limiting this 
process motivates the development of a reactive transport model. 
Such models account for the fundamental physics and chemistry 
in natural systems and can quantitatively integrate microbiological 
insights into an environmental context[47]. For example, 
considering soluble electron shuttles, Picioreanu et al. (2010)[48] 
simulated pH dynamics and the evolution of current density in 
electroactive and fermentative biofilms on electrodes over time. 
Marcus et al. (2007)[49] and Torres et al. (2008)[50] showed that 
EET in G. sulfurreducens biofilms can be limited by biofilm 
conductivity, electron donor flux and local potential. The 
distinction between these mechanisms is important, as it affects 
potential losses and current densities in biofilms grown on 
electrodes (see Torres et al. (2010)[51] for a review of different 
extracellular electron transfer mechanisms). Korth and Harnisch 
(2019)[52] recently presented a model of direct EET that 
demonstrates that energy harvest not only depends on anode 
potential but can be determined by intracellular conditions. Thus, 
earlier studies showed that both pH[53-55] and electric potential 
dependencies[42-46, 56, 57] shape cell activity within biofilms. 
However, until recently, no robust, direct, and spatially resolved 
cell activity data was available. A recent study identified for the 
first time the stratification of active cell layers within G. 
sulfurreducens biofilms where even under ideal conditions (i.e. 
non-limiting concentrations of buffer and nutrients and anodes 
poised at favorable redox potential) the highest anabolic activity 
is found in cell layers closest to the electrode and decreases 
linearly in cell layers further from the electrode [58]. Here, we build 
on prior models of biofilm activity by using spatially resolved cell 
activity data [58] enabling the integration of the effect of 
extracellular electron transport, physiological adaptations and 
energetic and chemical feedbacks into our model. 
 
The model we present here adopts electron hopping as the 
underlying mechanism, consistent with the observed drop in 
redox potential with increasing distance from the anode surface 
in electroactive G. sulfurreducens biofilms [59] and – as shown 
below – is in line with the first direct measurement of spatially 
resolved anabolic activity in G. sulfurreducens biofilms during 
anode-respiring conditions [58]. Recent data collected using stable 
isotope probing coupled to nanoSIMS revealed distinct metabolic 
activity stratifications in anode-respiring G. sulfurreducens 
biofilms under two different anode redox potentials[58]. These 
unique experimental results provide significant constraints on 

reaction transport models of EET, enabling us to identify the 
controls on current production with relevance to the functioning of 
MFCs.   

Results and Discussion 

Spatial resolution on metabolic activity 
Our simulations reproduced the distinct metabolic profiles in G. 
sulfurreducens biofilms under two different anode electric 
potentials (Figure 1). The model shows that G. sulfurreducens 
were most active close to the electrode surface for both high and 
low anode electric potentials, with maximum cell-specific activity 
approximately at 30 fmol acetate cell−1 day−1 near the electrode, 
comparable to the value measured independently under similar 
experimental conditions[60]. At more positive anode electric 
potential (+0.24 V; all potentials presented in this study are with 
respect to standard hydrogen electrode, abbreviated as SHE), 
two metabolic activity peaks were observed at a distance ~2 µm 
and ~12 µm away from the anode surface, respectively. Metabolic 
activity was slightly reduced at the anode surface, whereas no 
such effect was observed for simulations under more negative 
anode potential (-0.1V). In agreement with the experimental data, 
model simulations with low anode potential yield metabolic activity 
in G. sulfurreducens biofilms approaching zero at a distance >10 
μm from the electrode, with no secondary peak in activity. The 
first 5 µm biofilms closest to the electrode surface contributed 
approximately 61% and 79% of the total current density of the G. 
sulfurreducens biofilms at high and low anode potential, 
respectively (Fig. 1B), with 83% and 98% of the current being 
produced within 10 µm of the anode and >98% and 100% of all 
production originating from within 15 µm (Fig. 1B). Our findings 
are consistent with earlier experimental studies showing 
that maximum G. sulfurreducens biofilm activity was reached with 
a biofilm thickness of ∼20 μm[61], and addition of new biomass 
fails to proportionally increase total current[58, 61, 62], likely due to 
cell lysis or consumption of cellular material in outer layers of the 
long-term, thicker biofilm[58]. 
 
These model results emerge from the integrated effect of 
microbial, chemical and physical factors, with microbial activity 
depending on pH and redox state of the local environment, 
(expressed by the factors FpH and Fө, respectively, which vary 
between 0 and 1, quantifying the extent of inhibition), the bacterial 
phenotype (reflected in midpoint potential of redox molecules 
involved in DET) and availability of reactants.    
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Figure 1. Model validation of distance dependent cell specific activity profiles using 15N measurements by nanoSIMS at high (+0.24 V) and low (-0.1 V) anode 
potentials (A). (B) shows current density integrated over biofilm thickness and the cumulative contribution at every 5 µm. Average 15N incorporation values for three 
biological replicates for the high potential condition and two biological replicates for low potential conditions.  Experimental data is binned in half-micron increments 
from the electrode surface and recast into metabolic rates using Eq.(2).  Modeling results (blue lines) are binned in a similar way for direct comparison.  Inset: a 
characteristic nanoSIMS image from a biofilm grown at +0.24 V oriented with anode on the left side, bulk media on the right. The 14N12C- image shows the extent of 
the biofilm, while 15F fractional abundance of 15N (15F = 15N12C/(14N12C+15N12C)) reveals both a major peak of isotope incorporation at the biofilm-anode interface 
and a secondary peak in activity near the biofilm surface.  The horizontal white scale bar corresponds to 5µm.

Potential losses are the dominant factor shaping the 
distribution of metabolic activity 
Reduced microbial activity with increasing distance from the 
anode surface is the dominant trend in both experimental data 
and modeling results (Figure 1), and this pattern is driven by the 
decreasing electric potential (ϕnet) (Figure 2A&B). Two factors, 
activation loss (ϕact) and ohmic resistance loss (ϕom), contribute in 
different ways to this potential loss, preventing G. sulfurreducens 
from experiencing the poised anode potential (ϕanode) throughout 
the biofilm. Activation losses incur in the charge transfer of 
electrochemical reactions[14, 63], such as the transfer of electrons 
on the conductive biofilms (Cytred ⇌ Cytox+ e-), and from the biofilm 
onto the electrode (Rxn 2). The ohmic loss results from the 
electronic resistance on biofilms and at the electrode surface. The 

combined effect of these losses is that at the anode surface, G. 
sulfurreducens cells experienced an electric potential ~0 V and ~-
0.17 V for simulations with the anode poised at +0.24 V and -0.1V, 
respectively. Activation loss dominated near the electrode surface, 
while ohmic resistance was the main loss term further away from 
the anode (> 6 µm at high, > 4 µm at low anode potential; Figure 
2). Together, these losses reduce the electric potential 
experienced by cells in a linear fashion with distance from the 
anode.  This causes the decrease in metabolic activity away from 
the electrode surface as quantified by the potential constraint (Fө) 
(Figure 2).   

 

 

Figure 2. The modeled effects of activation (ϕact) and ohmic resistance (ϕom) losses on net effective electric potential (ϕnet) through the biofilm, and the resulting 
potential constraints on metabolic activity (Fө) in red.  A and B represent model results for more positive (+0.24 V) and more negative (-0.1 V) anode potentials, 
respectively. 

A secondary metabolic peak arises from redox centers with 
different midpoint potentials 

A secondary metabolic peak at a distance > 10 µm from the 
electrode surface was consistently observed for G. 

A B
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sulfurreducens biofilms under high anode potential [58]. Our model 
reproduced this feature of the metabolic activity profile (Figure 1), 
and the pattern arises from the potential constraint Fө (Figure 2A). 
This second peak observed in the model is caused by switch in 
the redox center mid-potential ∅ $%

&'(

)*  from -0.07 V to -0.15 V, which 
occurs at a distance of ~10 µm from the electrode where the 
effective electrical potential (ϕnet) crosses the critical potential (ϕc).  
It is noted that the switching function between different redox 
centers embedded in potential constraint Fө (Eq. 7) is based on 
actual experimental determination that there are high and low 
potential systems in G. sulfurreducens biofilms[64]. No secondary 
peak occurs in biofilms simulated at low anode potential (Figure 
2B), because ϕnet at the anode surface is already below ϕc, and 
therefore the entire biofilm is utilizing the lower potential redox 
center.  
 
pH effects on metabolic activity near the anode surface 
A feature of the metabolic activity pattern not explained by 
potential losses and redox center switching is the slight decrease 
in activity observed at the anode surface in G. sulfurreducens 
biofilms grown at +0.24 V (Figure 1).  Simulations show that due 
to the overall higher metabolic rates, G. sulfurreducens grown at 
high anode potentials experienced a stronger pH gradient than 
those at low potential, with pH values at the anode of ~6.15 and 
~6.45 at high and low anode potential, respectively (Figure S3). 
Notably, earlier work suggested that proton transport can be the 
limiting factor for the current density produced by electroactive 
biofilms[48, 65]. Korth et al. (2015)[66] also reported a model 
framework that simulated the pH gradient with depth in a 
Geobacter biofilm, which is consistent with our model predications, 
but lacks the ability to link this gradient to the observed metabolic 
stratification and did not provide spatially resolved metabolic 
activity. In our current model, we attribute the decrease of the 
simulated metabolic activity near the anode surface at high anode 
potential to this difference in pH, and this is reflected in the model 

by the decrease in FpH as pH approaches and falls below the 
threshold CpH (Figure S3A & B).  
To better understand the role of pH in shaping biofilm activity we 
numerically examined the effect of varying experimental 
conditions and biological model parameters. Lowering CpH 
eliminates the decrease in metabolic activity at the anode surface 
(see Figure S6). Conversely, increasing CpH causes a more 
intense drop in FpH that begins further out in the biofilm, leading to 
more severe growth inhibition at the anode surface and shifting 
the first metabolic activity peak farther away from the anode 
(Figure S6). We can exclude the possibility that the low metabolic 
activity was caused by the limited diffusion of substrate to the 
biofilm, as demonstrated by the high simulated acetate 
concentrations throughout the biofilm (Figure S7) and the 
previously acquired experimental data from thick G. 
sulfurreducens biofilms.[58] 
pH inhibition depends on both the pH buffering capacity and the 
level of metabolic activity. A reduced pH buffering capacity, 
modeled here by lowering the HCO3- concentration in solution, 
can significantly limit the removal of H+ and subsequently inhibit 
the metabolic activity in the inner biofilm layer, while a high 
buffering capacity can diminish the pH inhibition at anode surface 
(Figure 3A and Figure S7). Our model indicated a strong decline 
of cell activity at the electrode surface by approximately 43%, but 
relatively less impact on overall current density (Figure 3B) when 
lowering bicarbonate buffer from 100 mM to 15 mM. This result is 
qualitatively consistent with the observation that lowering the 
phosphate buffer from 100 mM to 12.5 mM resulted in a > 80% 
decrease in the current production for an anode-respiring 
bacterial community, owing to the reduced H+ transport 
capacity.[53] As a consequence, anode-respiring G. 
sulfurreducens biofilms may have an active outer-layer and an 
inactive inner layer if a low pH region develops within the inner 
layer due to poor buffering capacity of the media.

 

Figure 3. (A) The impact of bicarbonate buffering capacity on activity patterns at high anode potential for the activity peak near the electrode. (B) shows current 
density integrated over biofilm thickness and the fractional contribution at every 5 µm (inset). The shaded area represents 95% confidence interval for the 
observations

Electron conduction and storage within the G. 
sulfurreducens biofilms 
Cell-specific electron transfer rate (e− cell−1 s−1) and current (fA 
cell-1) were estimated using the modeled activity data shown in 
Figure 1. Model simulation results show maximum cell specific 

currents of approximately 200-250 fA cell-1 (1.25×106-
1.5×106 e− cell−1 s−1) and 130 fA cell-1 (0.8×106 e− cell−1 s−1) near 
the electrode at high and low anode potential, respectively (Figure 
S8A), which is on the same order of magnitude as earlier reports 
on G. sulfurreducens DL-1 (~100 fA cell-1)[67], Shewanella 
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oneidensis MR-1 (75-200 fA cell-1)[68], and S. loihica PV-4 (100-
400 fA cell-1)[69]. Furthermore, the simulated current densities (3.8 
A m-2 and 1.3 A m-2 at high and low anode potential, respectively) 
compare favorably to those observed in the experiments modeled 
here (3-4 A m-2) [58] and fall within the range of several reported 
microbial fuel cells using G. sulfurreducens[12, 70]. 
Our model simulations show redox potentials comparable to 
observations[59] (see Figure S8C). The redox gradient was the 
dominant driving force for electron transport in the system with 
low anode potential (Figure S8C), with a linear increase of Cytox 
concentrations from about 10% of the [Cyttot] at the anode surface 
to approximately 70% at the outer edge of the biofilm at low anode 
potential (Figure S8D). This redox gradient leads to the reduction 
of redox-active centers coupled to acetate oxidation (Rxn 1) by G. 
sulfurreducens cells and the oxidation of redox-active centers at 
anode surface (Eq 13). The electric field (i.e. the voltage gradient) 
can also act as driving force for electron hopping, both when the 
electro-inactive counterions are immobilized[71-73] and mobile[74-76]. 
Our model suggests that electric field can be, but not necessarily 
is, an important additional driving force for electron transport 
towards the electrode (Figure S9A). Without the electric field as 
additional driving force, the cell specific activity pattern remains 
unaffected with an effective diffusion coefficient Dcyt > 10-10 m2 s-1 
(Figure S9A&C), comparable to diffusion coefficients in dilute 
aqueous solution. At slower diffusion, the cell specific activity was 
significantly impacted due to the limited transport of Cytred (Figure 
S9B).  
These model results are supported by observations on the 
distribution of reduced cytochromes, measurements of redox 
potential and electron storage: The modeled linear increase Cytred 
from the anode towards the bulk solution is consistent with the 
observed distribution of Cytred in G. sulfurreducens biofilms.[40-42, 

77, 78]  The increasing Cytred concentration towards the bulk-biofilm 
interface inevitably leads to a decreasing redox potential ϕOx/Red 
(𝜙.//123 = 𝜙.//123)* + 16789

:
ln = [?@AB%]

[?@AD'(]
E  farther away from the 

anode surface (Figure S8D). Indeed, an earlier study directly 
observed that redox potential decreases significantly with 
increasing distance from the anode surface[59]. In addition, earlier 
redox titration studies showed that G. sulfurreducens biofilms or 
cytochromes were predominantly reduced at lower potentials,[39, 

43, 79] agreeing with our simulation result overall (Figure S8E). 
However, those studies suggest that cytochrome would be 
substantially oxidized above +0.1V. The difference between the 
experimental observations and our simulations are likely 
attributed to the experimental procedure in which the cytochrome 
sample was purified[80, 81] or that G. sulfurreducens cells were 
starved and no acetate was provided prior and during the 
electrochemical titration[39, 43]. Finally, electron stored in reduced 
Cytred can be recovered as current when the electric potential is 
sufficient to transport electrons toward electrode.[41, 82] Assuming 
each Cytred holds one electron, under our modeled conditions the 
stored electrons in Cytred at steady state are estimated to be 
~1.84-1.99×10-18 mol e- cell-1 and 0.8-3.4×10-18 mol e- cell-1 at high 
and low anode potential setting respectively, with more stored 
electrons in Cytred at the biofilm surface. Assuming minimum 
maintenance requirement at 1.9×10-2 mol e- gdw-1 h-1 [83] and 
biomass density ρ at 9.5×10-14 gdw cell-1 (Table 1), then the stored 
electrons in Cytred at steady state would be sufficient to support 
such a basic rate for approximately 7 min and 11 min at high and 
low anode potential setting, respectively, even when electrode is 

disconnected. This is similar to reported value (8 min) from 
Esteve-Núñez et al. (2008)[84]. 
 
Sensitivity analysis 
Ten model parameters that are poorly constrained were 
considered in a sensitivity analysis. This included the critical 
switching potential (ϕc), the cell-specific rate constant (kcell), the 
activation constant (kact), the electron transport rate constant (kD), 
the electric field driven rate constant (kEF), the electrode discharge 
constant (kanode), the abundance of redox-active molecules 
([Cyttot]), the density of conductive network connections (Nnw,cell), 
biofilm conductivity (σ), and the redox-active cell surface area 
(Aact). To further explore the effect on the metabolic activity 
profiles, we varied the critical switching potential ϕc from -0.15 V 
to +0.05 V (Figure S2). As expected, increasing ϕc shifted the 
second activity peak towards the anode surface because ϕnet 
crosses the critical threshold more rapidly (Figure S3). Eventually 
only one activity peak remained at critical potentials of -0.05 V and 
above, when ϕnet < ϕc even at the anode surface. Furthermore, the 
critical potential can increase the pH dependency, which exerts 
its effect primarily at the anode surface (Figure S4, and discussed 
below). It is noted that lowering biofilm resistance by increasing 
conductivity (σ) would shift the secondary metabolic peak further 
away from the electrode for the same ϕc (Fig. 4H and Fig. S12A, 
for ϕc = -0.15 V). Simply manipulating the value of ϕc does not lead 
to activity patterns consistent with observational data. This is due 
to the fact that lowering biofilm resistance also increases cell 
activity, as a result of reduced potential loss (Fig. S12C) and 
increased usable electric potential (ϕnet) (Fig. S12B). In addition, 
pH also further decreases near the electrode as a result of 
increased cell activity (Fig. S12D). 
Our results show that kcell influenced the magnitude and location 
of both first and second metabolic peak, while kact primarily 
influenced the location of first and second metabolic peak, kanode 
mainly affected the magnitude of both first and second metabolic 
peak, kD and kEF showed negligible impact (Figure 4A-E). 
Although the relative magnitude of impact on potential losses and 
pH was limited (Figure S10), a reduction in kcell and kanode led to 
lower metabolic rates and diminished the first metabolic peak 
(Figure 4A&E) as a result of slightly increased pH (Figure S10D). 
Noticeably, the model results became less sensitive to kanode at 
high values. For instance, increasing kanode from 2.8×10-8 m s-1 to 
1.12×10-7 m s-1 had little impact on the metabolic pattern (Figure 
4E). It is noted that kanode at 10-8 m s-1 corresponds to a electrode 
interfacial discharge rate constant kint at ~14 s-1. This is closely in 
agreement with the value (kint= 13 ± 1 s-1) reported from Bonanni 
et al. (2012)[82] and with other reported values [85, 86] as well for the 
typical heterogeneous oxidation rate of cytochromes at electrodes. 
This kint at ~10 s-1 indicates a very fast and reversible kinetic 
process for the interfacial ET at the electrode[82].  
In contrast, electrochemical properties of the G. sulfurreducens 
biofilm had a substantially greater impact on the metabolic activity 
(Figure 4F-H). Simulations show that [Cyttot] significantly 
influenced the magnitude and location of both first and second 
metabolic peak, while Nnw,cell, σ, and Aact primarily influenced the 
location of first and second metabolic peak. Increasing [Cyttot], 
Nnw,cell, σ and Aact increased the metabolic activity (Figure 4F-H), 
but also decreased the activity near the electrode by substantially 
lowering pH (Figure S10D). The abundance of redox-active 
molecules ([Cyttot]) and the density of conductive network 
connections (Nnw,cell) together represent the capacity of 
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extracellular electron transport network. In fact, Nnw,cell is directly 
related to [Cyttot], with Nnw,cell = [Cyttot]Vbioknw/Ngeo, where Vbio is the 
volume of biofilm dependent on biofilm thickness (Lbio) and 
electrode surface area (Aanode), and knw is the converting factor 
associated with conductive biofilm, and Ngeo is the total number of 
G. sulfurreducens cells.  
 
The effect of increasing or decreasing Nnw,cell on the ohmic 
resistance can be counterbalanced by decreasing or increasing 
conductivity (σ), as evident from Eq. 11. Moreover, our model 
simulations showed that increasing biofilm conductivity four-fold 
to 0.06 S m-1 diminished the ohmic resistance loss (Figure S10A) 
in the G. sulfurreducens biofilms, while activation loss (Figure 
S10B) substantially increased and pH was significantly lowered 
(Figure S11D) near the electrode, thus making the electric 
potential more positive (Figure S10C). This is in line with an earlier 
study showing that biofilms with a relatively high conductivity (≥ 
0.05 S m-1 [50] or ~ 0.1 S m−1 [51]) had negligible potential losses, 
with only proton transport being a limiting factor.[50] 
Close examination of the anodic current density suggests that 
increasing those model parameters aforementioned, except the 
electron conduction rate constant (kD) and electric field transport 
constant (kEF), lead to an increase of current density at the anode 
(Figure 4). Earlier studies found that current density of G. 
sulfurreducens is correlated with biomass density (cells per unit 
anode surface area) on the anode[60]. Under conditions were 
growth efficiency remains relatively constant (see Figs. S1&S4), 
higher cell-specific activity implies higher biomass density 

assuming constant biofilm thickness. Four-fold changes in the 
abundance of redox-active molecules ([Cyttot]), the density of 
conductive network connections (Nnw,cell), biofilm conductivity (σ) 
led to an increase of current density by 43%, 29% and 25%, 
respectively, showing the importance of the electrochemical 
properties of the G. sulfurreducens biofilms for metabolic rates 
(Figure 4). Our simulation results suggest anodic current density 
can be increased even though the cell metabolism at the anode 
surface is limited by the accumulation of protons (Figure 4 and 
Figure S11).  
Analyzing model parameter sensitivities also allowed us to assess 
the controversy over the stratification of cell activity in G. 
sulfurreducens biofilms, with reports of peak activities near[70, 78, 

87-89] and away from the anode surface[61, 90]. Anode-respiring G. 
sulfurreducens biofilms may show a stratified biofilm structure 
with a live outer-layer and dead inner layer if a low pH region 
develops within the inner layer. As indicated by the metabolic 
activity profiles in Figure 4, the location of the peak cell-specific 
activity depends on the distinct electrochemical properties of the 
biofilm, which in turn affects current densities (Figure 4). It is 
possible that these electrochemical properties and metabolic 
activity can be regulated and optimized under different 
environment conditions.[91-95] As a consequence, different 
incubation conditions can lead to biofilms that have different 
abilities to control potential losses and H+ transport yielding 
observations that differ in active cell layer stratification in G. 
sulfurreducens biofilms. [61, 70, 78, 87-90]. 
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Figure 4. Sensitivity analysis of model parameters and their impact on cell specific activity and current density (inset): (A) cell-specific rate constant; (B) activation 
constant; (C) electron transport rate constant; (D) electric field driven rate constant; (E) electrode discharge constant; (F) the abundance of redox-active molecules; 
(G) the density of conductive network connections; (H) conductive biofilm conductivity; (I) redox-active cell surface area. Shaded area represents 95% confidence 
interval for observations.

Conclusion 

Here we report on a model representation of a G. sulfurreducens 
biofilm that is able to reproduce high-resolution activity 
measurements of biofilms grown under more positive (+0.24 V) 
and more negative (-0.1 V) anode potentials.[58] Three major 
features of the metabolic activity patterns in the experimental data 
are captured in our model: 1) the maximum activity occurs near 
the anode surface in both high and low potential simulations, 2) 
at high potential a second activity peak occurs ~10 µm from 
electrode surface, and 3) a slight decrease in metabolic activity 
occurs right at the surface of the high potential anode. Central to 
these model results are potential losses and the accumulation of 
protons that in concert regulate the observed metabolic 
stratifications. Potential losses cause cells to experience lower 
effective potential than the value at which the anode is poised. 
These effects become more significant the further cells are from 
the anode surface causing the maximum metabolic activity to 
occur near the anode in both high and low potential simulations. 
Shifting between two redox-active systems allows G. 
sulfurreducens cells to respond to the decreasing external electric 
potential, leading to the secondary metabolic peak at ~12 µm from 
the electrode. No such secondary peak appears when the anode 
is poised at low potential because under these conditions the low 
potential redox-active system is the only one operative throughout 
the entire biofilm.  At high anode potential our model reveals that 
H+ accumulation close to the electrode limited G. sulfurreducens 
metabolism, leading to a slight decrease in metabolic activity at 
the electrode surface. This effect is not observed at low anodic 
potentials because the pH does not fall to values low enough to 
inhibit metabolic activity. Our model simulations also demonstrate 
how the redox gradients and electric fields that developed within 
G. sulfurreducens biofilms drive extracellular electron transfer 
through the biofilms to the electrode.  
This model synthesizes existing knowledge and establishes a 
quantitative framework of the extracellular electron transfer in 
anode-respiring G. sulfurreducens biofilms that can further guide 
experimental studies on kinetic and electrochemical properties of 
G. sulfurreducens biofilms under different growth conditions. We 
have identified experimentally tunable parameters such as media 
buffering capacity that can lead to markedly different metabolic 
activity patterns, which can serve as valuable future experimental 
tests of the validity our modeling framework. Additionally, biofilms 
grown with mutant strains of G. sulfurreducens lacking the low 
potential redox-active system CbcL could test our prediction that 
the second activity peak is due to a switch in redox centers[64], 
providing a connection between genetically encoded metabolic 
proteins and cellular activity in biofilms. This approach of 
combining spatially resolved metabolic modeling with high 
resolution quantitative activity imaging provides much greater 
ability to constrain models, as compared to those only considering 
bulk processes such as the concentration of chemical species in 
the media and total current density.   
 

Experimental Section 

Experimental data 

The experimental data used in this study are described in Chadwick et al. 
(2019). In brief, the anabolic activity of G. sulfurreducens biofilms was 
measured by 15N fractional abundance using nanoSIMS.[58] G. 
sulfurreducens biofilms were incubated with 15NH4+ as the nitrogen in an 
anaerobic chamber with graphite electrodes (3 cm2) serving as the 
electron acceptor. The electrode was poised at anode electric potentials 
of -0.1 V or +0.24 V vs. standard hydrogen electrode. Acetate (20 mM) 
was provided as the electron donor. After incubation for 6h (the duration 
of one doubling time), the intact G. sulfurreducens biofilms on the electrode 
were chemically fixed, embedded in resin, and thin sectioned. While these 
biofilms may be young compared to how long some set-ups are run, this 
was chosen specifically to try to understand what limits the exponential 
increase in current density during biofilm development. The timeframe 
captured in those experiments, and in our models, covers the major 
transition in biofilm current density increase from exponential to stationary 
phase.  When exactly this transition occurs will vary based on reactor 
design or bacterial strain, but for any set-up there is always some 
maximum density that is reached.  By modeling these experimental results 
we are able to comment on the factors that cause this cessation in 
exponential current density increase, which is one of the most important 
questions for engineering these systems. The most important feature of 
these experiments and results is the how the metabolic activity declines 
over increasing spatial distance from anode surface. To that end, our 
model is translatable to mature or mixed culture biofilms, as long as the 
fundamental mechanisms remain valid. Spatial patterns of anabolic activity 
(cellular 15N incorporation) in the electrode-attached biofilm were then 
measured on a CAMECA nanoSIMS 50L instrument. Using cellular 15N 
enrichment data, the growth rate (μ in d-1) of G. sulfurreducens was 
calculated as 

𝜇 =
GHIJKG

!"#$%&'!$%(
!&%)*&'!$%(

L

9#$+,)
        Eq (1) 

where Tincub is the length of the incubation (d), Flabel is the labeling strength 
of the nitrogen source provided (15NH4/(14NH4+15NH4) = 0.06), Ffinal is the 
15N fractional abundance measured in the biofilm using nanoSIMS, 
and Fnat = 0.0036 is the natural 15N fractional abundance. The observed N 
assimilation is related to modeled metabolic rates through the growth yield 
(YAc in grams dry weight per mol Ac oxidized), and cell-specific metabolic 
rates (Robs in fmol-Ac cell-1 d-1) were calculated as 

𝑅NOP = 𝜇 ∙ R
S-+

         Eq (2) 

where ρ is biomass density (Table 1). Following King et al. (2009),[96] YAc 
was calculated as a function of acetate uptake (UAc, see Eq 4)  

𝑌UV = max =0, 𝑎 ]-+GV
O	_]

E       Eq (3) 

where the constants a, b and c are set to 5 grams dry weight (gdw) mol-
Ac-1, 2 mM-Ac gdw-1 h-1, and 1 mM-Ac gdw-1 h-1, respectively (Figure S1B). 
For the experimental conditions, this resulted in a growth yield YAc of 4.32 
gdw mol-Ac-1, consistent with values reported in earlier experimental 
studies (ranging from 1 to 11 gdw mol-Ac-1).[83, 97] 

Model Description 
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The model describes acetate oxidation, with the produced electrons being 
transported to the anode via electron conduction. The rate of acetate 
oxidation is set to depend on both the acetate concentration, the 
availability of the extracellular electron acceptor, pH and the redox 
potential in the biofilm.  

Metabolic Reactions 

We model the EET in G. sulfurreducens biofilms with by representing three 
central processes: acetate uptake and oxidation with electron transfer to 
reduced redox-active molecules Cytred(Fe2+), electron transport in 
conductive biofilm, and finally electron off-loading onto the anode. 

Acetate uptake  

The uptake of acetate (UAc in mM-Ac gdw-1 h-1) can be described as a 
function of acetate availability[96] using  

𝑈UV = 𝑣bc/
[UV]

d.,-+	_[UV]
	       Eq (4) 

where vmax and Km,Ac are set to 20 mM-Ac gdw-1 h-1 and 10 µM, respectively, 
reflecting the relationships established in King et al. 2009 (Figure S1A). 

Electron transfer to Cytred by acetate oxidation 

Eight electrons are produced per mol Ac oxidized, in which a fraction (fc) 
goes to catabolic reactions that produce CO2, and the remainder is used 
in anabolic reactions (fa, with fa + fc = 1) that produce biomass, which is 
represented by CH1.8O0.5N0.2.[66] With that, the fraction of carbon that goes 
to biomass synthesis (fa) from acetate oxidation is  

𝑓c =
S-+

fg.i	[j	bNk'0]×f
         Eq (5) 

where the factor of 2 represents 2 mol carbon goes to biomass 
(CH1.8O0.5N0.2) per mol acetate oxidized. 

The electron transfer from acetate oxidation to reduced redox-active 
molecules Cytred(Fe2+) and CO2 is given as 

𝐶𝐻o𝐶𝑂𝑂G + 𝑓c
).f
).qfq

𝑁𝐻g_ + =4𝑓V − 𝑓c
).g
).qfq

E𝐻f𝑂 + 8𝑓V𝐶𝑦𝑡N/x:212y) 	→ =2𝑓V +

𝑓c
).)q
).qfq

E𝐻𝐶𝑂oG +
}%

).qfq
𝐶𝐻K.~𝑂).q𝑁).f + =9𝑓V − 𝑓c

).f�q
).qfq

E𝐻_ + 8𝑓V𝐶𝑦𝑡�23x:232y 
          Rxn (1) 

For convenience, we refer to Cytox(Fe3+) and Cytred(Fe2+) as Cytox and Cytred, 
respectively. We estimate the metabolic rate Rgeo as a function of the 
availability of acetate and oxidized redox molecule Cytox, as well as 
external constraints including an electric potential dependency (Fө) and a 
pH dependency (FpH):  

𝑅j2N = 𝑘V2kk𝐵j2N
[UV]

d.,-+_[UV]
[𝐶𝑦𝑡N/] ∙ 𝐹� ∙ 𝐹��     Eq (6) 

where kcell is the cell-specific rate constant, Bgeo is the cell density, Km,Ac is 
the half-saturation constant for acetate. The electric potential dependency 
(Fө) is formulated as a function of the electric potential in the biofilm, ϕnet 
(see Eq 10),[49, 50, 98] leading to[50] 

𝐹� =
K

2

'!45$*('5 67
8*9

:; <

8= _K

        Eq (7) 

where ∅ 67
8*9

);  is the mid-potential of the redox-active center. The pH 
dependency (FpH) is expressed as  

𝐹�� =
f

f_2'>?@A'B@AC
        Eq (8) 

where g = 20 and CpH is varied in the simulation with a default value of 
6.15. Eq (8) represents the pH impact on cell metabolism of G. 
sulfurreducens, which grow optimally at near-neutral pH[58]. Torres et al. 
(2009) showed that anode-respiring bacteria could be completely inhibited 
at pH values less than 6,[53] agreeing with the 99% decrease of metabolic 
rate at pH 5.9 reflected in Eq (8). This observation is further corroborated 
by findings of Franks et al. (2009) that indicate severe inhibition of G. 
sulfurreducens growth and 50% drop in current production by changing 
bulk pH from 6.9 to 6.15, and is consistent with the observed decrease in 
growth of G. sulfurreducens from 0.21 ± 0.1 h-1 to nearly zero (0.04 ± 0.02 
h-1) on the soluble electron acceptor fumarate when the pH decreased 
from 7 to 6.[54] See supplemental A11 for further discussion. 

Electron conduction in G. sulfurreducens biofilms  

Early studies indicated metallic-like conductive EET in G. sulfurreducens[12, 

18, 99-101], where electrons are delocalized along a chain of molecules and 
are free to move throughout the material.[102] In contrast, electron hopping 
allows the electron transport between localized sites on a network of 
redox-active molecules (e.g. hemes) via tunneling or overcoming potential 
barriers, [14, 34, 41, 103-105]  similar to electron conduction in other known 
organic molecules.[102, 106] This mechanism, which is explored here, is 
supported by experimental findings that reveal small spatial distances (a 
few Å) between those subunits[31] and the presence of heme redox 
gradient[41]. The electron hopping process in the presence of redox 
gradients (here the concentration gradient of Cytred) is commonly modeled 
as analogous to a random walk (second term on the right-hand side of Eq 
(9)), and the observed exponential dependence of the current on the 
electric potential gradient[71, 73] is represented by last term in Eq (9). Thus, 
electron conduction via electron hopping driven by redox gradient and 
electric field[73, 107] results in: 

�[?@AD*9]
�A

= 		8𝑓V𝑅j2N + ∇ ∙ x𝓓𝒄𝒚𝒕∇[𝐶𝑦𝑡�23]y + ∇ ∙

�𝑘�:[𝐶𝑦𝑡N/][𝐶𝑦𝑡�23] Jexp J
�:�𝑬
1>%E9

L − exp J− (KG�):�𝑬
1>%E9

LL�   Eq (9) 

where the first term on the right-hand side represents the loading of 
electrons onto Cytox at the location of acetate oxidation. Dcyt = kD[Cyttot]δ is 
an effective diffusion coefficient, kD is the electron transfer rate constant, 
[Cyttot] is the total concentration (= [Cytox] + [Cytred]), δ is the spatial 
distance between adjacent redox-active molecules, E is the local electric 
field, and β is the charge transfer coefficient (see Table 1). The electric 
potential in the biofilm (ϕnet) is described by 

𝜙�2A = 	𝜙c�N32 − 𝜙Nb − 𝜙cVA      Eq (10) 

where ϕanode is the poised anode potential, ϕom and ϕact are the ohmic and 
activation voltage losses, respectively.  ϕom is expressed as [108] 

𝜙Nb = 1$F�
�$F

= 3
�U$F

~}+1>*G�>*G:

?@A(G(�)#G�$F
      Eq (11) 

where I is the current produced by acetate oxidation (I = 8fcRgeoNgeoF), Ngeo 
is the number of G. sulfurreducens cells, Rnw is the electrical resistance 
(Ω) which can be further described as d/(σAnw), σ is the biofilm conductivity, 
d is the distance from the anode surface, Anw is the cross-section area of 
a single connecting filament, Nnw is the total conductive connections and 
can be described as a function of total redox-active molecule concentration 
[Cyttot], the volume of G. sulfurreducens biofilm Vbio by directly applying 
Nnw = [Cyttot]Vbioknw, where knw is the converting factor associated with 
conductive biofilm. ϕact is described using Butler-Volmer equation by[108] 

𝐼	 = 	𝑁��𝐹𝐴cVA𝑘cVA[𝐶𝑦𝑡ANA] Jexp J
(KG�):
1>%E9

𝜙cVAL − exp J
G�:
1>%E9

𝜙cVALL  Eq (12) 

where Aact is the redox molecule surface area per cell in m2 and kact is the redox 
molecule electron transport rate constant (m s-1). Note that the modeled ohmic 
loss and activation loss depend on the value of Nnwσ and NnwAactkact, respectively, 
where Nnw is the product of cell-specific connection numbers (Nnw,cell) and the 
cell density (Ngeo). Although the number of conductive filaments in the G. 
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sulfurreducens biofilms was not quantified in the experiments modeled here, 
TEM images of the conductive network produced by G. sulfurreducens [32, 109-

111] suggest numerous conductive connections per cell. We set the number of 
conductive network connections Nnw,cell to 49 in our base model, in the range 
considered by Storck et al. (2016)[108], and explored a wider range.  
 

At the anode, electrons are transferred from Cytred to the electrode: 

Cytred|anode à Cytox|anode + e-|anodeàcathode     Rxn (2) 

The flux of electrons to the anode can be described using the Butler–
Volmer equation [82] 

𝐽V = 𝑘c�N32 �[𝐶𝑦𝑡�23] exp �
�:

1>%E9
J𝜙c�N32 − 𝜙 67

8*9

); L� −

[𝐶𝑦𝑡N/] exp�
G(KG�):
1>%E9

J𝜙c�N32 − 𝜙 67
8*9

); L��      Eq (13) 

where kanode = kint×δ, is electron off-loading constant that varies with the 
imposed electrode potential, and kint is the rate constant of the discharge 
at the electrode [82]. The difference in kanode at more postive (+0.24V) and 
more negative potential (-0.1V) reflects the observation that when biofilms 
grown at low potential were switched to high potential for the short duration 
of the isotope labeling experiment, the activity pattern appeared to retain 
that of a low potential biofilm, suggesting that some features of the biofilm 
matrix or cell metabolic systems were different between the two conditions 
(Figure 5F in reference [58]). Notably, the value of kanode did not affect the 
shape of the metabolic profile in the low potential simulations, but was 
necessary to match the maximum observed in the cell activity in the 
experimental data.  

Shift of redox pair mid-potential as a function of external potential 

Experimental studies have shown that redox-active molecule mid-potential 
in G. sulfurreducens outer membrane can be regulated by the anode 
electric potential, [45, 46]  and are also observed in G. sulfurreducens 
biofilms[43, 44, 112, 113]  or mixed bioanode community [56] with at least two 
different types of redox-active molecule pairs with mid-potentials near -
0.07 V and -0.15 V, respectively. It has been noted that the low mid-

potential redox centers (-0.15 V) are required for cells to function under 
low electrode potential, while the redox centers poised at -0.07 V only 
operate at high electrode potential.[45, 46] In our model, this is represented 
by a switch function that shifts the mid-potential from -0.07 V to -0.15 V at 
a critical potential ϕc. In order to mimic the response of the change of 
external potential we implement the redox pair mid-potential as a 
continuous function (see Figure S2): 

𝜙 67
8*9

); = /
2H(∅$*('∅+)_K

+ 𝑧	       Eq (14) 

where constants x, y, and z are set to 0.08 V, -90 [1/V], and -0.15 V, 
respectively. ϕc is the critical shifting potential for mid-potential of redox-
active center with a default value of -0.15 V. 

Model implementation 

Reflecting the observations of Chadwick et al. (2019), which showed that 
the variation in 15N uptake is predominantly in the direction perpendicular 
to the electrode surface, a one-dimensional dynamic model was 
implemented in COMSOL Multiphysics 5.4 (COMSOL Inc., Burlington, MA, 
USA). Batch simulations exploring the parameter space were executed 
using MATLAB 2018 (MathWorks, Natick, MA, USA), and simulations were 
run to steady state. Matching the observational data, the thickness of the 
biofilm was set to 20 µm and 15 µm for simulations under high (+0.24 V) 
and low (-0.1 V) anode potentials, respectively, with a 1.8 mm bulk-liquid 
environment beyond the biofilm surface. The concentration fields of 
acetate, HCO3-, CO2(aq), CO32-, H+, and OH- were simulated subject to 
diffusive transport and reaction, with aqueous diffusion coefficients listed 
in Table 1. Acid-base reactions govern the dynamic carbonate system and 
the speciation of cell surface-associated immobile carboxy (R-COOH), 
phosphate (R-PO4H2) and amino groups (R-NH2) are simulated using the 
kinetic implementation described previously [114]. The concentrations at the 
outer domain boundary were set to fixed concentrations reflecting 
environmental conditions (Table 1 and S1), which were also used as initial 
conditions. No flux conditions were imposed at the anode surface, where 
Cytred was converted to Cytox at a rate set by Jc, representing the off-
loading of electrons to electrode. 

Table 1. Key model parameter and description 

Symbol Units Value (baseline value) Description Reference 

Cell growth and Kinetics 

kcell m3 cell-1 d-1 10-14 -10-16 (6×10-15) Cell-specific acetate consumption rate constant Estimated from [6] 

μ d-1 varied Cell growth rate Calculated using Eq (1) 

ρ gdw cell-1 9.5×10-14 Biomass density Estimated from[115] 

YAc gdw mol-Ac-1 4.32 Growth yield Calculated using Eq (3) 

UAc mM-Ac gdw-1 h-1  Uptake of acetate Calculated using Eq (4) 

vmax mM-Ac gdw-1 h-1 20 Maximum uptake rate of acetate 
[96] 

Km,Ac µM 10 Half-saturation concentration of acetate 

Electron conduction 

Cyttot mM 1-100 (10) Total redox-active molecules (Cyttot = Cytox + Cytred) Estimated from[66, 116] 
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Dcyt m2 s-1 10-5-10-10 (7×10-7) Effective diffusion coefficient Estimated from[116-118] 

kD m4 mol s-1 10-5-105 (100) Electron transfer rate constant Estimated from Dcyt = kD[Cyttot]δ 

δ nm 0.7 Spatial distance between adjacent redox-active molecules [119] 

σ S m-1 10-4-10-2 (1.5×10-3) Biofilm conductivity [12, 21, 35, 120] 

Anw m2 1.26×10-17 Cross-section area of a single pilus Calculated from dnw 

dnw nm 4 Diameter of a single pilus [31, 32] 

Aact m2 10-14-10-13 Redox active surface area Estimated from [108] 

β - 0.5 Charge transfer coefficient [108] 

ϕanode V -0.1, +0.24 Poised low, high anode potential [58] 

ϕox/red0’ V -0.07, -0.15 Redox-active center mid-potential [44, 56] 

Nnw,cell - 1-200 (49) Number of connections per cell Estimated from [32, 108-111] 

Fixed concentration were imposed for all chemical species at the outer domain boundary except for CO2, CO32-, Cytred, R-COOH, R-NH2, R-PO4H2. No flux conditions 
were imposed at the bulk-biofilm interface and anode surface for CO2, CO32-, Cytred. Fixed concentration were imposed for all chemical species at the anode surface 
except for Cytred, for which a flux Jc to Cytox (Eq. 13) was imposed to represent the electron discharge onto electrode. Boundary conditions are set to: 20 mM acetate, 
23.8 mM HCO3-, pH = 6.8.
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Direct extracellular electron transfer from Gebacter sulfurreducens biofilms to terminal electrode is carried out via a chain of redox 
active molecules (e.g. cytochromes). The proposed model provides a theoretical framework describing this direct electron transfer 
process and is experimentally validated using stable isotope (15N) probing with nanoSIMS. Symbols in this figure: ϕ-electric potential, 
Ac-acetate, Cytox and Cytred are oxidized and reduced cytochromes, respectively. 
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