Journal of Power Sources 356 (2017) 566—571

Contents lists available at ScienceDirect = ——

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Current density reversibly alters metabolic spatial structure of
exoelectrogenic anode biofilms

@ CrossMark

Dan Sun * 7, Shaoan Cheng ™, Fang Zhang ¢, Bruce E. Logan ¢

2 Ocean College, Zhejiang University, Zhoushan 316021, PR China

b State Key Laboratory of Clean Energy Utilization, Department of Energy Engineering, Zhejiang University, Hangzhou 310027, PR China

€ School of Environment, State Key Joint Laboratory of Environment Simulation and Pollution Control, Tsinghua University, Beijing 100084, PR China
d Department of Civil and Environmental Engineering, The Pennsylvania State University, University Park, PA 16802, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

°A bloﬁlm with a live outer-layer and Low current & highto  High current & low to
dead inner-core was observed under low current high current
low current.

e A single and completely viable bio-
film was observed under high
current.

o Switching biofilms between currents
produced an outcome associated
with the new one.

Live outer layer and | Single and completely
dead inner core biofilm viable biofilm

ARTICLE INFO ABSTRACT

Article history: Understanding how current densities affect electrogenic biofilm activity is important for wastewater
Received 22 October 2016 treatment as current densities can substantially decrease at COD concentrations greater than those
g;cz“’ed ”l; re‘z’lgfg form suitable for discharge to the environment. We examined the biofilm’s response, in terms of viability and
Acces:eede OerNovember 2016 enzymatic activity, to different current densities using microbial electrolysis cells with a lower (0.7 V) or
Available online 9 December 2016 hlgher (0.9V) aflded .voltage to alter. current productlt?n. Viability was asses§ed using florescent dyes,

with dead cells identified on the basis of dye penetration due to a compromised cell outer-membrane
Keywords: (red), and live cells (intact membrane) fluorescing green. Biofilms operated with 0.7 V produced

: o . . . . .

Bioelectrochemical system ?.4 + 0.2 Am~4, and had an .1r1.act1ve layer near the electrode and a viable layer aF the bloﬁlr.n.—solutlon
Anode biofilm interface. The lack of cell activity near the electrode surface was confirmed by using an additional dye

Metabolic structure
Current density
Reversible effect

that fluoresces only with enzymatic activity. Adding 0.9 V increased the current by 61%, and resulted in a
single, more homogeneous and active biofilm layer. Switching biofilms between these two voltages
produced outcomes associated with the new current rather than the previous biofilm conditions. These

findings suggest that maintaining higher current densities will be needed to ensure long-term viability
electrogenic biofilms.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bioelectrochemical systems (BESs) are emerging technologies

being developed for various applications, including electricity
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reliably produce electrical current from organic matter in water
[8—12]. The initial growth of exoelectrogenic bacteria on the anode
is dependent on the electrode potential, type of substrate, substrate
concentration and current density [13—16]. Anode biofilms regu-
larly fed with high concentrations of acetate have been shown to
produce stable cycles of current generation even after a year of
operation [17]. However, few studies have examined biofilm
viability as a function of current generation over time. In applica-
tions such as wastewater treatment, the concentration of organic
matter is highly variable, and low concentrations of organic matter
results in little current production in MFCs [18]. Low current, and
thus low growth rates, could impact long-term viability of the
biofilm or the ability of exoelectrogenic bacteria to remain pre-
dominant in the biofilm compared to the growth of other bacteria
sustained by fermentation or respiration with alternate electron
acceptors.

Anode communities have been extensively studied in BESs, with
most studies showing that high current densities have a predom-
inance of Geobacter species which form a conductive biofilm
through production of electrically conductive pili [9,10,13,15], or c-
type cytochrome OmcS [19—22]. The viability of pure and mixed
culture biofilms can vary within the biofilm, producing different
structures: a live outer-layer with a dead inner-core; a dead outer-
layer with a live inner-core; and a completely viable biofilm
[16,23,24]. So far, most electroactive biofilm studies have reported
either completely viable biofilms or biofilms containing a dead
inner layer [24—31]. Current density was identified as a key factor
in the development of a dead inner layer, as biofilms grown at a
higher current density were completely viable (based on using live/
dead stains), whereas lower current densities resulted in a dead
inner layer [16]. One limitation of this deduction was that fluores-
cent dyes used to assess viability were based on membrane
integrity, not actual activity or viability [32]. Thus, cell activity was
not directly measured. In addition, the ability to re-generate active
biofilms was not examined.

Here, the activity and metabolic structure of an electrogenic
biofilm was visualized by two different staining methods, for bio-
films grown under one voltage (low or high applied voltage) that
were switched to the other voltage to study subsequent changes in
the viability and activity of the biofilm. The current was varied by
using different applied voltages to the circuit, rather than using set
potentials or different substrate concentrations, as this approach
allowed for simple reactor operation and otherwise relatively
similar operating conditions. SYTO9 and propidium iodide (PI)
were used to infer viability based on staining color relative to
membrane integrity, as done in previous studies [16,26,29,33]. An
additional dye, fluorescein diacetate, was used to directly measure
cell activity based on the conversion of fluorescein diacetate (FDA),
a non-fluorescent esterase, into a fluorescent product (fluorescein)
as this only occurs in live cells. Thus, this second method directly
identified active cells, rather than membrane integrity. Anodic
current, metabolic spatial structure and electrochemical properties
were examined in response to the changes in applied voltages in
order to discern the changes in metabolic structure coupled to
current production.

2. Experimental
2.1. MECs construction and operation

Mini-MECs were constructed as previously described [34]. An-
odes were polished 1.5 x 1 x 0.3 cm graphite plates (4.5 cm? sur-
face area) [16] while the cathodes (1.5 x 1 cm) were made of
stainless steel mesh (Type 304, mesh size 90 x 90).

All reactors were inoculated with domestic wastewater (10% v/

v) [16]. The medium used contained (per liter) [35]: 1 g acetate, a
50 mM phosphate buffer solution (PBS, 2.45 g NaH,PO4-H,0,4.58 g
NapHPOy4), 0.31 g NH4Cl, 0.13 g KCl, 12.5 mL Wolfe's minerals [36]
and 5 mL Wolfe's vitamin solution [36] (pH 7;
conductivity = 7.5 mS cm™'). In order to examine the changes in
metabolic structure over time, one set of the reactors was started
up with an applied voltage of 0.7 V using a power supply, while the
other set operated at a higher voltage of 0.9 V, resulting in an
increased current density. After 15 cycles of stable operation, the
applied voltages were switched for half of the reactors in both sets
0.7V - 09 V,or 09V — 0.7 V) to alter current production
(Table 1). All reactors were operated in fed-batch mode at 30 °C.

MECs were connected in parallel to a power supply, with each
individual circuit containing a 10 Q resistor to determine current.
Current was calculated using Ohm's law (I = UJR), with current
densities based on the total anode area (4.5 cm?). Ag/AgCl reference
electrodes (saturated KCl solution, +197 mV vs a standard hydrogen
electrode, SHE) were used to record electrode potentials. All elec-
trode potential values were reported here versus a standard
hydrogen electrode (SHE). Twelve reactors were started up at the
same time, and individual reactors were sacrificed for biofilm ex-
amination. For each set (6 reactors), two reactors were used for
SYTO9/PI staining, two were used for FDA/PI staining, and two were
used for electrochemical tests. Reactors used for staining tests did
not contain a reference electrode in order to minimize possible
damage to the biofilm due to the close proximity of the working
and reference electrodes. Reactors with electrodes were operated
for a total of 15 or 30 cycles.

2.2. Metabolic structure of the anode biofilm

Anodes were stained using a LIVE/DEAD BacLight Bacterial
Viability Kit [Invitrogen, CA; SYTO9 and PI fluorescent dyes] to
evaluate cell viability based on membrane integrity. Cells stain red
when the membrane integrity is compromised, or green when the
cells are intact [16,26]. Biofilms were also examined using FDA to
assess enzymatic activity, as the cells fluoresce green when FDA is
taken up by cells and esterases convert it into fluorescein [37].
These dyes were dissolved in a 50 mM PBS at final concentrations of
10 mg L~! FDA and 30 mg L™! PL The anodes were operated for
3 min in the dark with these solutions to stain the cells.

After staining, samples were examined with a confocal laser
scanning microscope (CLSM) (LSM710 NLO, ZEISS) with a water
objective (LD LCI Plan-Apochromat 25 x 0.8 Imm Korr DIC). The
whole anode plate was observed by CLSM, and then images were
obtained at random locations. The three-dimensional biofilm
structure (z-stack) was reconstructed and analyzed using the
software ZEN 2009 Light Edition. Anodes were pretreated as pre-
viously described [16].

2.3. Electrochemical analysis

Linear sweep voltammetry (LSV), first derivative LSV, and non-
turnover cyclic voltammetry (CV) were used to examine the bio-
film electrochemical characteristics as previously described [16,38].
Before tests, the liquid in the reactor was removed, and the empty

Table 1
Operation mode of each testing system.

Testing systems Operation mode

So.7v 15 cycles under 0.7 V
So.ov 15 cycles under 0.9 V
S0.7vV 09V 15 cycles under 0.7 V, and then 15 cycles under 0.9 V

S0.9v—0.7V 15 cycles under 0.9 V, and then 15 cycles under 0.7 V
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reactor was flushed with N5, and then refilled with fresh medium
for LSV tests, or 50 mM PBS for non-turnover CV tests. For LSV tests,
the reactors were set at open circuit conditions for 1 h, and then
scanned from —0.50 to +0.30 V at a rate of 1 mV s~ . For CV tests,
the reactors were rinsed with 50 mM PBS for 10 min (twice),
refilled with 50 mM PBS, set at open circuit conditions for 1 h, and
then scanned between —0.50 to +0.30 V at a rate of 1 mV s L

3. Results and discussion
3.1. Current generation

Within 15 batch cycles, the MECs operated under a low applied
voltage (0.7 V) produced a stable current of 2.4 + 0.2 A m~2, while
the other set of reactors operated at the higher applied voltage
(0.9 V) produced a 61% greater current density of 3.8 + 0.2 A m~2
(Fig. 1a). Following this period, the applied voltage on these two
sets of reactors were switched and operated for another 15 cycles.
After this change, the reactors switched from 0.7 to 0.9 V
(So.7v—0.9v) increased current to 3.7 + 0.3 A m~2, while the other set
of reactors switched from 0.9 V to the lower voltage of 0.7 V
(So.9v—0.7v) showed a decrease in current to 2.3 + 0.3 A m~2. Both
these current densities and anode potentials (—0.18 + 0.01 V at
0.7V, and —-0.12 + 0.02 V at 0.9 V) were the same as those originally
obtained at these two applied voltages (Fig. 1a, and Supplementary
Material Fig. S1). This showed that the biofilms could reversibly
respond to a new applied voltage, and thus produce the same
current density, when operational conditions were changed.

The maximum current densities that could be produced by the
anodes was evaluated using LSV (Fig. 1b). Two types of curves
resulted from the four different test conditions. All LSVs had typical
sigmoidal shapes (Fig. 1b), which is generally thought to be the
substrate limited behavior as previously reported in previous CV
studies of Geobacter and biofilms dominated by Geobacter
[23,39,40]. The highest current density was obtained from the
reactor initially operated at 0.9 V (6.3 + 0.2 A m~2), which was
nearly identical to that of the reactor switched to 0.9 V from 0.7 V.
The other two curves that were similar to each other were from the
operated at an applied voltage of 0.7 V for the first 15 batches, or
after being switched to 0.7 V (originally operated at 0.9 V), with a
maximum current density of 5.2 + 0.1 A m~2. These LSV results
further confirmed that the electrochemical activity of anode bio-
films was determined primarily in response to acclimation to a
specific added voltage, rather than its previous operating
conditions.

3.2. Metabolic structure of anode biofilm

To test whether changes in current densities would alter the
anode metabolic structure, anode viability and activity was exam-
ined using fluorescent stains after 15 cycles at a set voltage. Our
results showed that the apparent biofilm viability reversibly varied
as a function of applied voltage (Fig. 2, and Fig. S2). At 0.7 V, we
observed a two-layer biofilm structure, with a live outer-layer on
top at the biofilm-solution interface, and a dead (membrane
compromised) inner-core layer near the electrode surface (Fig. 2a).
However, at 0.9 V, there was only a single and completely viable
biofilm (Fig. 2b). Additional experiments conducted at a lower
applied voltage of 0.5 V also showed a two-layer structure, with a
thicker inactive layer and a lower current (1.06 + 0.06 A m2;
Fig. S2). This stratified biofilm structure, showing a live outer-layer
and dead inner layer, indicated that the cell growth on the outer
layer of thick biofilms was not limited by electrical conductivity, but
the cell respiration on the inner layer might be limited by the
substrate diffusion to the cells or proton accumulation (low pH)
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Fig. 1. (a) Current densities recorded for each cycle obtained for mini-MECs operated
with the switching applied voltages (0.7 — 0.9V, or 0.9 — 0.7 V). (b) LSVs (1 mV s~ 1)
of reactors with the applied voltages 0.7 V and 0.9 V, and with the switching applied
voltages (0.7 — 0.9 V, or 0.9 — 0.7 V).

[16]. The whole live biofilm structure under 0.9 V indicated that
maintaining a high anodic current density would create a high
electrochemical pressure condition for biofilm growth, which may
be necessary to inhibit accumulation of dead cells.

Anode potentials became more positive at the higher applied
voltage (Fig. S1). These changes in potential could also have affected
the biofilm growth and current generation. However, higher anode
potentials do not necessarily produce more active biofilms, and
setting electrode potentials will also impact current densities
[13,15]. Although the bacteria can gain more energy from higher
anode potentials, the use of higher anode potentials do not
necessarily improve current generation or biofilm electrochemical
activity. Most research has shown that a higher current will be
obtained at a lower anode potential [13,15], while the opposite
results were shown in some other studies [41,42]. Moreover, in
different studies where the researchers have set the same anode
potential (+300 mV vs Ag/AgCl) they found differences in meta-
bolic structure or viability [25,43]. For example, Renslow et al.
observed a similar two-layer biofilm structure [43], while Reguera
et al. showed a whole live biofilm [25]. Thus, our focus in this work
is on the dynamic change (electron generation rate) in the elec-
trochemical and biological response of an active biofilm, rather
than just the absolute value of the anode potential. Additional
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Fig. 2. The 3D metabolic-structure images (bottom surface/inner layer, upper surface/outer layer) of anode biofilms were obtained by using CLSM. The data labeled in the Z axis
(green characters) is the scanning range in the thickness direction. Biofilms were viability staining by using a LIVE/DEAD BacLight Bacterial Viability Kit (a—d) or using two
fluorescent dyes of FDA and PI (e, f). Live cells were imaged as green, while dead cells were imaged here as red. Biofilm operated with an applied voltage of 0.7 V (a and e), and
biofilm operated with an applied voltage of 0.9 V (b and f), and biofilms operated with the switched applied voltages (0.7 — 0.9 V, ¢; 0.9 — 0.7 V, d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

studies could help to further elucidate any specific relationship
between specific anode potentials on these biofilms. In addition to
the metabolic structure of biofilm, the amount of biomass also
might be one of factors that impact current generation. However, as
we recently showed using the same type of MFC, the thickness of
the live biofilm is more important than the biofilm thickness as
current reaches a maximum and then declines as the biofilm be-
comes thicker due to an inactive biofilm layer near the electrode
surface [44].

Switching the applied voltages of the two sets of reactors altered

the biofilm appearance to match that associated with the previous
outcomes based on the magnitude of the applied voltage. Changing
the reactors from a low to high applied voltage 15 cycles increased
the current (Sg7v—o9v) and resulted in the disappearance of the
dead biofilm layer for the next 15 cycles, resulting in a completely
viable biofilm at the end of the 30 cycles (Fig. 2c). When the voltage
was decreased from 0.9 to 0.7 V after 15 cycles, the current
decreased, and a two-layer biofilm structure emerged over the next
15 cycles that had a dead (membrane compromised) layer near the
electrode surface after a total of 30 cycles, likely as a result of the
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accumulation of dead cells in the inner layer of the original biofilm
(Fig. 2d). The absence of dead biofilm at the electrode surface could
be due to two factors: loss or replacement of the dead biofilm; or
re-growth of the cells near the electrode that were originally
classified as dead. Of these two possible explanations, the biofilm
replacement appears most likely. When the reactors set at a voltage
of 0.7 V were changed to a 0.9 V applied voltage, 6—7 batch cycles
were needed before current was restored to the same levels
observed for other set of reactors that were operated at this 0.9 V
(Fig. 1a). Although we did not quantify biofilm losses, we observed
biofilm sloughing based on the presence of small red flakes in the
solution and on the bottom of the reactor for the Sg7v_ggv test
conditions, but not for the other three systems. This suggests loss of
the original biofilm and formation of new active biofilm in its place
in Sp.7v—o0.9v, as the anodes remained covered by biofilm, consistent
with previous tests [16]. The non-turnover CV results also sup-
ported this hypothesis as discussed below.

To further interrogate the activities of the biofilm in response to
the different voltages, cell activity was examined using the FDA dye
to probe for enzymatic activity within the biofilm. The results ob-
tained with FDA/PI matched those obtained with the live/dead
staining procedure, with two-layer metabolic structure observed
with an applied voltage of 0.7 V (Fig. 2e), and a single active biofilm
obtained at 0.9 V (Fig. 2f). One disadvantage of the FDA stain,
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Fig. 3. (a) Non-turnover CV (1 mV s™!) of the reactors with the applied voltages 0.7 V
and 0.9 V, and with the switching applied voltages (0.7 — 0.9 V, or 0.9 — 0.7 V). (b)
First derivative analysis of LSV curves from Fig. 1b.

however, was production of fluorescein by suspended bacteria that
resulted in a high background fluorescence (Fig. 2e and f and
Fig. S3). This relatively high background could have been reduced
by decreasing the incubation time (<5 min) [37], but a low expo-
sure time was difficult to achieve due to the time needed to scan the
biofilm (5—11 min). The results with the FDA dye, even with this
high background in fluorescence, were sufficient to confirm the
two-layer structure observed with the live-dead stains.

3.3. Electrochemical properties of anode biofilm

Non-turnover CV tests with no acetate in 50 mM PBS (unlike LSV
tests where acetate was present) were performed to evaluate the
presence of redox active components (mediators) within the bio-
films. Our previous study showed that under the same condition,
the peak current densities measured in non-turnover CVs increased
with the total biomass rather than live biomass in the biofilm [16],
since dead cells still have redox active components to transfer
electrons, but not generate electrons. For reactors operated only an
applied voltage of 0.9 V for the first 15 cycles, or those switched
from 0.7 to 0.9 V for cycles 16 through 30, the CVs were nearly
identical. This suggests that there was no net increase in biomass
(due to sloughing off of old biomass and growth of new biomass in
the last 15 cycles, so that the effective growth time was only the last
15 cycles) for reactors switched to 0.9 V (So7v—0.9v) compared to
that obtained after 15 batch cycles for biofilms that were always at
0.9 V (Sp.9v), consistent with the biofilm replacement observed as
discussed above. However, the CVs for the reactors only operated at
0.7 V were different from those switched from 0.9 to 0.7 V. The
reactors switched to 0.7 V showed a much higher peak current that
those always operated at 0.7 V, suggesting more abundant redox
active species or biomass in that biofilm (Fig. 3a). This is because
the reversible transformation from the whole live structure (0.9 V)
to a bi-layer metabolic structure (0.7 V) resulted in dead cells in the
inner layer of the original biofilm. Thus the redox active compo-
nents within the biofilm in Sg gy, ¢.7v continuously built up during
the following 15 cycles at 0.7 V (The growth time of Sg gy ¢.7v are
15 cycles at 0.9 V and then 15 cycles at 0.7 V), leading to a higher CV
peak current than those that were started up at 0.7 V for 15 cycles.

The peak current densities were different in non-turnover CVs
tests and in LSVs tests, but the similar curve shapes were obtained
from four different biofilms in both tests (Fig. 3). One main oxi-
dization peak of ca. —0.12 V was observed in non-turnover CVs
(Fig. 3a), while similar midpoint potentials of about -0.24
to —0.22 V (Fig. 3b) were achieved in the first derivative LSVs. This
indicated that the same redox proteins might be involved in the
extracellular electron transfer for four different conditions.

4. Conclusions

Our results demonstrated that the metabolic activity of anode
biofilms will change in response to the current. When the current
was increased from 2.3 to 3.8 A m~2 by changing the applied
voltage from 0.7 to 0.9 V, the two-layer structure changed to a
uniformly viable and active biofilm. Conversely, when the current
was decreased, the biofilm developed an inactive (non-viable) layer
of biofilms on the electrode surface. If MECs or MFCs are used for
wastewater treatment, the current densities can sharply decrease
at lower COD concentrations. The implications of exposure to these
lower CODs and current densities could result in development of
non-viable cells near the electrode. However, it was also seen that
the biofilms activity can be restored at higher current densities. The
time scales over which biofilm viability might change, and ways to
quickly restore biofilm viability, should be examined to improve
reactor performance.
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