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HIGHLIGHTS

e Biofilm conductance decreased with current production as consumption of substrate.

e Biofilm conductance increased with the area of drain electrode.

e The measurement of biofilm conductance was influenced by microbial metabolism.

e Biofilm conductance significantly decreased under non-turnover condition.
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Advancing the application of bioelectrochemical systems necessitates the comprehensive understanding of
electron transfer process in electrode-associated biofilm. While in situ electrical measurement by using the split
electrode can illustrate the electron conduction in biofilm, the accuracy and interpretation of the obtained data is
still in debate. Here, conductance of Geobacter sulfurreducens biofilm is measured by using the split electrode as
substrate concentration is changed. Biofilm conductance decreases with the current production as the con-

sumption of substrate. In addition, the measured conductance increases with the area of drain electrode (13.8 +
1.8 pS for 0.5 cm? and 29.4 + 4.2 S for 1 cm?). These results suggest the measured conductance of biofilm is
influenced by microbial metabolism. This effect will diminish when the measurement is performed by using
electrochemical impedance spectroscopy or under non-turnover condition. Our results provide the insight on the
electrochemical origin of biofilm conductance determined by the in situ electrical measurement.

1. Introduction

The ability of electrochemically active bacteria to deliver intercel-
lular metabolic electrons to extracellular solid electrode shows promise
for recovering value-added products from organic matter and waste-
water in bioelectrochemical systems (BES) [1-3]. Electron transport
from bacteria to solid electrode outside the cell, known as extracellular
electron transport (EET), serves as the fundamental working principles
of BES. Bacteria in BES always attached to the electrode and assembled
into electrochemically active biofilm (EAB). High current density greatly
depend on the EET in EAB and is essential for the application of BES [4,
5]. However, the mechanism of the electron conduction in EAB is not
fully understood as the complex process was mediated by various

electrochemical components including conductive filaments [6,7],
extracellular cytochromes [8,9], redox shuttles [10], or their combina-
tion [11-13].

Apparent conductance determined by in situ electrical measurements
on living EAB had been used to illustrate the mechanism of electron
conduction in biofilm [14]. While the observed conductance of biofilm
was significantly different under various conditions, e.g. with/without
substrate oxidation [15,16], different buffer concentration [17] and
varied electrode potentials [18,19]. Accordingly, these results had been
interpreted by the different mechanisms of electron conduction in bio-
film. For the model Geobacter sulfurreducens biofilm, the dependence of
biofilm conductance on electrode potential was interpreted by two
conflicting models: incoherent redox conductivity mediated by outer
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membrane c-type cytochromes [19,20] and intrinsic metallic-like con-
ductivity through the electron delocalized occurring on the n—x stacking
of aligned aromatic moieties in conductive e-pili [18]. These two distinct
difference models might insinuate complex electroactive matrix
involved in the electron transport in biofilm.

Electrical measurements are based on the assumption that the con-
ductivity can be calculated from the measured electron transport across
the biofilm bridging the non-conductive gap [15,21]. The measured
electron transport involved at least two processes: heterogeneous elec-
tron transfers across biofilm-electrode interface and homogeneous
electron transfer in biofilm not in direct contact the electrode surface
[22]. Extracellular respiration of electrode by G. sulfurreducens biofilm is
one of metabolism process of by G. sulfurreducens biofilm. This special
respiration allowed the exchange of electrons between the electrode and
biofilm [23]. However, it is still unknown whether the effect of this
respiration is involved in these processes of electron transport. As a
consequence, the observed conductance might be affected by the
respiration of biofilm and the mechanism of EET in biofilm elucidated
from these in situ electrical measurements might need to be revisited.

In order to get the comprehensive understanding of electron con-
duction in EAB, in situ electrical measurements on living Geobacter sul-
furreducens biofilm are performed by using the split electrode which
comprises a pair of gold electrode (source electrode and drain electrode)
with a non-conductive gap between them. Effects by the biofilm respi-
ration on the electrical measurements were investigated by varying the
electrode areas and substrate concentration. In addition, biofilm resis-
tance was determined simultaneously by using electrochemical imped-
ance spectroscopy. Comparison of these results could elucidate the
electrochemical origin of the observed conductance of G. sulfurreducens
biofilm.

2. Method and materials
2.1. Fabrication of split electrode

Split electrode was fabricated by adapting previous report [24].
Briefly, Ti and Au layer were patterned onto the surface of a clean glass
wafer and the 20 pm non-conductive gap was defined by using the
electron-beam lithography. The thicknesses of Ti and Au layers were 20
nm and 200 nm, respectively [20]. The size of G.sulfurreducens is about
1-2 pm and it was ten-fold bigger than that of Ti/Au layer [25]. The split
electrode (0.5 cm x 1 cm) comprised four separated electrodes (which
designated as A, B, C and D) and three non-conductive gaps (Fig. 1). The
electrode part was covered with Ti/Au layer while the gap part was not
covered with Ti/Au layer. Each electrode was wired with copper
conductor by soldering them together with 60:40 tin/lead, respectively.
All copper conductors were wrapped in insulated polyvinyl chloride
(PVCQ). A layer of silicone gel covered the connect joints to eliminated
the corrosion by electrolyte. Bare copper wire near the connect joints
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Fig. 1. Schematic illustration of the setup of reactor used to grow biofilm and
the geometry of split electrode.
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was also covered by the silicone gel. Before placed into reactor, the
whole electrode was thoroughly cleaned with DI water.

2.2. Growth of G. sulfurreducens biofilm

G. sulfurreducens strain PCA (ATCC 51573) was firstly grown
anaerobically in serum vial at 30 °C for approximately 3 days. The
growth medium contained (1L): KCl, 0.38 g; NH4Cl, 0.2 g; NagHPOy,
0.069 g; CaCly, 0.04 g; ZnS0O4-7H20, 0.2 g; NaHCOs3, 2 g; Wolfe’s vitamin
solution, 10 mL; modified Wolfe’s mineral solution, 10 mL, 1.64 g so-
dium acetate and 6.4 g sodium fumarate.

G. sulfurreducens biofilm was grown at 30 °C in a batch reactor with a
volume of 125 mL (Fig. 1). The reactor was made of glass and anaerobic
condition was maintained by bubbling the N2/CO2 (80%/20%) mixing
gas continually by using the tygon tube (Cole-Parmer, Vernon Hills, IL,
catalog EW-06475-14, EW-06475-16) with a 0.2-mm filter. Before
inoculum, the mix gas was bubbled for at least 24 h to remove the trace
oxygen in the reactor and medium. Then 10 mL G. sulfurreducens strain
solution was injected into the reactor. The growth medium was used as
described above but omitting the sodium fumarate. Biofilm was grown
on the split electrode with the polarized potential of +0.2 V vs. Ag/AgCl
which was controlled by using a custom-made potentiostat. The value of
+0.2 V vs. Ag/AgCl was chosen according to previous studies [20,26]. A
Ag/AgCl and graphite rod were used as the reference electrode and
counter electrode, respectively.

2.3. In situ electrical measurements of G. sulfurreducens biofilm

All the electrical measurements were performed with the Gamry
300™ potentiostat (Gamry Instruments, Warminster, PA). Cyclic vol-
tammetry (CV) of biofilm was conducted with three-electrode system, in
which split electrode attached with biofilm was used as working elec-
trode while Ag/AgCl and graphite rod was used as reference and counter
electrode. The potential scanned from —0.7 V vs. Ag/AgCl to +0.4 V vs.
Ag/AgCl at a rate of 10 mV/s. The complete substrate-depleted condi-
tion (non-turnover condition) was obtained by polarizing the working
electrode at +0.2 V vs. Ag/AgCl for 48 h after replacing the electrolyte
with fresh medium without any electron donor and acceptor. After the
current production of biofilm was below 2 pA, CVs of biofilm was per-
formed by scanning the potential from —0.7 V vs. Ag/AgCl to +0.4 V vs.
Ag/AgCl with varied scan rate of 1 mV/s to 100 mV/s.

To measure the conductance of the biofilm bridging the non-
conductive gap, electrode on the one side of the gap was used as
source electrode and the other side was used as the drain electrode. A
voltage difference (Usp, 0 mV, 25 mV, or 50 mV) was applied to the gaps.
For each voltage, a long period of 5 min was applied to allow the tran-
sient current to decay. Current (Isp) was recorded every second over the
5-min period, and the conductance of the biofilm was calculated using
the values Isp with Ugp. The impact of substrate concentration on biofilm
conductance was evaluated by the electrical measurement performed
during substrate consumption. Replacing the medium with fresh growth
medium or adding the sodium acetate directly to recover the concen-
tration of substrate. Area of source and drain electrode (Asource and
Adrain) Was varied by changing the number of connecting electrode used
as the source electrode and the drain electrode. Results performed on
gap with source electrode//drain electrode of B//C, (B)//(C + D), (A +
B)//(C), and (A + B)//(C + D) represented the ratio of Agoyrce: Adrain Of
0.5 cm?//0.5 cm?, 0.5 cm?//1.0 em?, 1.0 ecm?//0.5 ecm? and 1.0 em?//
1.0 crnz, respectively (Fig. S1).

Electrochemical Impedance Spectroscopy (EIS) conducted on the
biofilm bridging the gap with the source electrode as the working
electrode, and the drain electrode as the reference and counter elec-
trode. The applied AC potential was 10 mV rms and the frequency range
was from 100 mHz to 100,000 Hz with 10 points of data acquisition.
Zview software (Scribner Associates Inc., Southern Pines, NC, USA) was
used to analyze biofilm impedance obtained from EIS results.
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2.4. Confocal imaging of G. sulfurreducens biofilm

Images of G. sulfurreducens biofilm was obtained by using a Nikon C1
confocal microscope (Eclipse TE200, Nikon, Tokyo, Japan) with a 10 x
objective lens. The whole electrode covered with G. sulfurreducens bio-
film first stained with a live/dead BacLight Bacterial Viability Kit (Mo-
lecular Probes, Eugene, OR, USA) following the instructions of the
manufacturer. The obtained images were processed by using the NIS-
element software (Nikon, Tokyo, Japan).

3. Results
3.1. Biofilm conductance changing with current production

Current production of working electrode and conductance of biofilm
increased with inoculum time, suggested biofilm grew on the electrode
(Fig. S2A). The confocal image confirmed the biofilm growth across the
non-conductive gaps (Fig. S2B). Mature G. sulfurreducens biofilm with
the stable current production was selected to investigate its conductance
changed with the medium replacement. The stable current production
by G. sulfurreducens biofilm was 1.04 = 0.03 A/m? in first four days of
selected period and the biofilm conductance was 13.3 £+ 1.3 pS (Fig. 2) at
the selecting day. The consumption of substrate led to the decrease of
current production and the conductance decreased correspondingly
(Fig. S2A). At 6th day, the current production and conductance of bio-
film decreased to 0.67 A/m? and 10.3 + 1.1 pS, respectively. After
replacing the electrolyte with fresh substrate medium, current produc-
tion immediately increased and recover to 1.03 + 0.05 A/m? in four
days. Biofilm conductance was also getting back to 12.8 + 1.1 pSat 11th
day. Interestingly, Higher biofilm conductance (10.3 + 1.1 pS) was
observed at 6th day before the replacement of medium compared with
that after the replacement (6.1 + 1.8 pS) at 9th day, even though the
same current (0.67 A/mz) was produced by the biofilm under these two
conditions. This difference might be caused by the remove of electro-
active components in the electrolyte after replacing it with fresh me-
dium. Further experiment was used to verify this speculation. At 20th
day, substrate concentration was recovered by adding 0.2 g sodium
acetate into the electrolyte directly. Same conductance (10.6 + 1.8 puS)
of biofilm collaborated with the current production (0.67 A/m?) either
before or after adding the sodium acetate, indicating that the electro-
active components in electrolyte could affect the measurements of bio-
film conductance.
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Fig. 2. Current production of G. sulfurreducens biofilm and the biofilm
conductance changing with substrate concentration.
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3.2. Different biofilm conductance and resistance obtained with varying
electrode area

Results from electrical measurements based on direct current
method and EIS were used to calculate the biofilm conductance and the
total resistance (Ryota)) Of biofilm (Fig. S3). During these tests, there was
sufficient substrate in the medium and the change of physicochemical
property of medium was small. The biofilm structure did not change and
the obtained results can reflect the effect of electrode area on conduc-
tance measurement. Fig. 3 shows the conductance and resistance (Rpjo.
f1m) of biofilm bridging gap with varying the area of source electrode
(Asource) and drain electrode(Agrain). Increasing Agrain led to the increase
of biofilm conductance, which was 13.8 + 1.8 pS ((B)//(C)), 14.6 + 3.2
BS ((A + B)//(C)) for the Agrain of 0.5 cm? comparing to 29.4 + 4.2 puS
((B)//(C+ D)), 32.8 +1.2 puS ((A + B)//(C + D)) for Agrain 0f 1 cm?. This
difference revealed that the measurement of biofilm conductance is
significantly affected by the area of drain electrode. Interestingly, bio-
film conductance obtained with (B)//(C + D) (14.6 + 3.2 uS) was about
2-fold smaller than that obtained with (A + B)//(C) (29.4 + 4.2 pS). This
difference suggested that the measured biofilm conductance was
depended on the area of drain electrode. Biofilm resistance (Rpiofiim)
obtained from EIS coupled with equivalent circuit analysis (Fig. S4) also
changed with the area of source and drain electrode (Fig. 2). The
smallest Rpjofiim Was 63.4 £+ 1.9 kQ for biofilm with (A + B)//(C + D),
comparing with that with (B)//(C) (88.3 + 2.0 kQ), (B)//(C + D) (92.4
+ 3.1 kQ) and (A + B)//(C) (85.5 £ 2.1 kQ). This result suggested that
Rbpiofilm Obtained by EIS was depended on the smaller one between Aggyree
and Agrain-

3.3. Biofilm conductance and resistance obtained under non-turnover
condition

After long period of starvation and polarization, current produced by
biofilm was below 2 pA and the measured conductance showed in
Fig. 4A. Varying electrode area did not significantly influence the ob-
tained biofilm conductance, which was 3.3 + 0.1 pS for (B)//(C), 3.7 +
0.3 pS for (A + B)//(C), 3.4 + 0.2 pS for (B)//(C + D) and 3.8 + 0.3 S
for (A + B)//(C + D). In addition, biofilm conductance significantly
decreased from 13.3 pS ((B)//(C)) with substrate oxidation to 3.3 pS
without substrate oxidation. These results suggested that the measure-
ment of biofilm conductance might be influenced by microbial meta-
bolism. Moreover, EIS measurement revealed the similar biofilm
resistance (Rpiofilm) €ven with different area of source/drain electrode
(360.3 £ 5.0 kQ for (B)//(C), 347.3 + 3.9 kQ for (A + B)//(C), 353.3 +
4.6 kQ for (B)//(C + D), and 350.3 + 6.1 kQ for (A + B)//(C + D)).
Under non-turnover condition, the typical non-turnover CVs in Fig. S5
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Fig. 3. Conductance and impedance of biofilm with varying ratios of the source
and drain electrode area.



P. Liu et al.

5 400
I Conductance "
777 Resistance Ja7s
at 3
a:S. 350
S 325
23r
©
- 300
hel
§ =i 275
"_E 250
o 1F
@ 225
0

200
(BY/(C+D)  (A+B)//(C) (A+B)//(C+D)
Source electrode//drain electrode

(BY/I(C)

Rbioﬁlm(kQ)
Current (uA)

Journal of Power Sources 453 (2020) 227906

60
100 mV/s

40 |

20 |-

= Anodic
e Cathodic

-0.4 -0.2

Potential (VAg/AgCI)

Fig. 4. (A) Conductance and impedance of biofilm under non-turnover condition. (B) CVs of biofilm with different scant rates under non-turnover condition, inset is
the linear relationship between the peak current and the square root of scan rates.

and Fig. 4B were obtained for biofilm. The height of reversible peaks
near —0.35 V vs. Ag/AgCl in the forward and backward scan revealed a
linear dependence on the square root of the scan rate ranging from 1
mV/s to 100 mV/s. This relationship clearly revealed the diffusion-like
behavior of electron transfer in G. sulfurreducens biofilm, which can be
mediated by the collision or inter-protein reactions of bound redox
molecules [19].

4. Discussion

The measured biofilm conductance depended on the current pro-
duction and the area of source and drain electrode, indicating in situ
electrical measurement of biofilm conductance was influenced by mi-
crobial metabolism. Fig. 5 schematically illustrate the electrochemical
origins of measured current determined by in situ electrical measure-
ment. The measured current comes from two types of electron flows
including the electron produced by microbial metabolism coupling with
the ionic transport current and the electron transport through the bio-
film bridging the gap. Under the turnover condition, electrons uptake by
drain electrode with larger area could led to 2.3-fold increase of
measured current and result in high biofilm conductance (13.8 + 1.8 pS
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and 29.4 + 4.2 yS for the Agrain 0f 0.5 and 1 cm?, respectively). However,
doubling the area of source electrode did not lead the increase in the
observed biofilm conductance (Fig. 3). This difference might be due to
the unfeasible uptake/store of electrons by bacteria with the substrate
oxidation. Under turnover condition, the current produced by biofilm
(~52.1 pA) of source electrode was far greater than the measured cur-
rent (~0.7 pA). Increasing the area of source electrode did not signifi-
cantly increase the measured biofilm conductance (Fig. 3). While the
uptake/store of electrons by biofilm was unfeasible and increasing the
area would lead a higher metabolic current on drain electrode. Then the
measured biofilm conductance increased with the area of drain elec-
trode. In addition, the uptake/store of electrons by suspend bacteria also
influenced the measurement of biofilm conductance. Reserving suspend
bacteria by adding sodium acetate after the consumption of substrate
could led to the faster recovery of biofilm conductance than replacing
the entire medium (Fig. 2).

The result that measured current included electron produced by
microbial metabolism would led the overestimation of biofilm conduc-
tance and the inaccuracy of electron conduction mechanism obtained by
in situ electrochemical gating measurement. When electrochemical
gating measurement was conducted without the counter electrode to
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Fig. 5. Schematic illustration of the electrical conductance measurement by using the split electrode.
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accept the electron produced by microbial metabolism (Fig. S6A), the
obtained biofilm conductance increased with the electrode potential
[18]. Accordingly, the metallic-like mechanism of electron conduction
was proposed to character electron transfer in G. sulfurreducens biofilm
[18]. However, conducting electrochemical gating measurement with
biopotentiostat can allow metabolic electron flow to the counter elec-
trode (Fig. S6B) and a maximum conductance of biofilm was obtained at
the potential of —0.4 V vs. Ag/AgCl. As a result, electron transfer in
G. sulfurreducens biofilm was considered as redox-type electron con-
duction [19,20]. The non-turnover CVs of biofilm with different scan
rates also revealed the redox-type electron transfer in biofilm (Fig. 4B).
Furthermore, the redox-type conduction mechanism was supported by
results obtained from spectroelectrochemical measurement including
surface-enhanced Raman spectroscopy [27] and UV/Vis spectroscopy
[28].

The effect of microbial metabolism on the measurement of biofilm
conductance can be eliminated by omitting substrate completely. Under
non-turnover condition, the observed biofilm conductance would inde-
pendent on the electrode area (Fig. 4A). However, the inhibition of
microbial activity might have an effect on the biofilm structure and
impede electron transfer in biofilm. These effects could lead to the un-
derestimation of biofilm conductance [16]. Alternatively, EIS mea-
surement was proposed to determine the biofilm resistance. When
coupling with equivalent circuit fitting, EIS measurement could distin-
guish the conductive impedance from the total impedance. Small dif-
ference (~8%) of obtained Rpjofiim for biofilm with different area of
source or drain electrodes was obtained under turnover condition
(Fig. 3), indicating EIS measurement was not influenced by microbial
metabolism. But significantly decrease (~26%) of Ry;ofilm Was obtained
for (A + B)//(C + D) (Fig. 3). This difference indicated that Rpjofiim
obtained by EIS measurement depended on reactions occurring on the
source and drain electrode simultaneously. Further in situ electro-
chemical on conductive biofilm should pay attention to electrode dis-
tance/area dependence [24].

Significant difference of Ryjofiim under turnover (88.3 + 2.0 kQ for
(B)//(C)) and non-turnover conditions (360.3 + 5.0 kQ) was observed
by EIS measurement. In addition, biofilm conductance obtained by using
direct current method under turnover condition (13.3 pS) was much
bigger than that under non-turnover conditions (3.3 puS). These differ-
ences indicated microbial activity influenced the electron transfer in
biofilm. The cytochrome mediating electron transfer in biofilm depend
on the reduced and oxidized of cytochrome, which altered with the
varying metabolic activity of G. sulfurreducens [17,29]. Although
conductive e-pili mediated electron transfer in G. sulfurreducens biofilm,
it was previously supposed to work coordinately with the cytochromes
as electron mediator to delivery electron in biofilm [11,30]. Moreover,
the cytochrome (OmcZ) stacked structure of e-pili also could support the
loss of biofilm conductance as the decrease of microbial metabolic ac-
tivity [7]. Furthermore, the ability of electron delivery by cytochro-
me/nanowire was influenced by local microenvironments (i.e. pH and
ORP) in biofilm which would change as the remove of substrate
completely [31-33]. This affect also would lead the significant decrease
of biofilm conductance under non-turnover condition.

5. Conclusion

In conclusion, conductance of G. sulfurreducens biofilm determined
by using split electrode was significantly influenced by biofilm respi-
ration. Under turnover condition, As the uptake of electron by biofilm,
higher conductance was obtained by with the Agyain 0f 1 cm? (29.4 £ 4.2
pS) than that of 0.5 cm? (13.8 + 1.8 uS). Using EIS measurement or
removing the substrate completely can eliminate the influence of
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microbial metabolism on the determination of biofilm conductance.
Significant decrease of biofilm conductance and Rpjofiim Was observed
under non-turnover condition (3.4 puS and 360.3 kQ) compared with that
under turnover condition (13.3 pS and 88.3 kQ2). This difference implied
significance of cytochrome delivering electrode transfer in
G. sulfurreducens biofilm. Our result suggested that the interpretations
made in earlier experimental and theoretical studies should be revisited,
particularly paying attention to the effect by the microbial respiration.
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