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A laminar flow bioelectrochemical systems (BES) was designed and benchmarked using microbial anodes
dominated with Geobacter spp. The reactor architecture was based on modeled flow fields, the resulting
structure was 3D printed and used for BES manufacturing. Stratification of the substrate availability
within the reactor channels led to heterogeneous biomass distribution, with the maximum biomass
found mainly in the initial/middle channels. The anode performance was assessed for different hydraulic
retention times while coulombic efficiencies of up to 100% (including also hydrogen recycling from the
cathode) and current densities of up to 75 mA cm�2 at an anode surface to volume ratio of 1770 cm2 L�1

after 35 days were achieved. This low current density can be clearly attributed to the heterogeneous
distributions of biomass and the stratification of the microbial community structure. Further, it was
shown that time and space resolved analysis of the reactor microbiomes per channel is feasible using
flow cytometry.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microbial electrochemical technologies (MET) possess prom-
ising potential in environmental and industrial biotechnology [1].
Among the envisaged application are MET for waste water (WW)
treatment and valorization [2,3]. In primary MET microbial anodes
allow the oxidation of highly diverse substrates that can serve as
carbon sources and electron donors. These substrates are oxidized
by electrochemically active microorganisms (EAM) and the elec-
trons are transferred to the anode via extracellular electron transfer
[4,5] (EET). Thus, the metabolism of microbiomes inhering EAM
allows converting waste streams into electric energy. A number of
different reactor types for primary MET, also known as bio-
electrochemical systems (BES), do exist [6]. Yet, BES for WW
treatment are still far from full-scale application. Among others,
this can be assigned to the lack of standards and comparable reactor
systems and the hence insufficient benchmarking of components
like membranes or electrode materials and architecture [7,8]. Thus,
it is not feasible to fully compare the performance indicators be-
tween different studies, even for the same type of process, which
.
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also hampers a knowledge-driven development of components and
process engineering [9]. The core element of all BES treatingWW is
the microbial anode. At the anode, the interplay of electrode ma-
terial and architecture and microbial community inhering EAM, is
the key for successful WW treatment and electron harvest. This
interplay was shown to be highly complex and dependent on the
relationship between abiotic parameters like substrate composi-
tion and concentration, reactor and electrode design as well as the
microbiome [10e12]. This complex interplay needs to be revealed
in order to allow a future knowledge-driven engineering of BES
[13,14].

Very few BES allow performing analysis on the reactor micro-
biome, including the biofilm community within the reactors in time
or space [12,15]. Generally, in the utmost majority of studies, the BES
performance is assessed mainly on the physical-chemical level, e.g.,
current or gas production, pH, temperature and chemical oxygen
demand (COD) removal. The microbial activity, the dynamic biofilm
formation and temporal as well as local composition have been
rather a subject of selective characterization [16,17] than active
monitoring. In situ imaging provides certainly a promising option,
but is restricted to non-invasive technologies such as confocal
Raman microscopy [18] and optical coherence tomography [19] or
only provides limited information on the identification of microor-
ganisms. However, this identification is of highest importance for
iety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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long-term operation, especially for chemically complex substrates
and when the distribution of substrate is not equal within a reactor
system. This is the case for most scaled-up BES, where the necessary
mixing power for keeping the bulk substrates homogeneous in the
reactor cannot be implemented due to the high sheer stress on the
electroactive biofilms [20e22].

Therefore we introduce here an electrochemical laminar flow
reactor inspired by reactors used for abiotic electrochemistry [23]
for cultivating biofilm electrodes that is cheap and can be easily
tailored to allow the spatial analysis of microbial communities. The
laminar flow reactor was created using finite element modelling
and subsequent 3D printing. It was inoculated with enriched
electrochemically active biofilm and operated using acetate as the
sole carbon source, as this approach is very often used for studies
on, for instance, developing electrode materials or reactors
[24e26]. Variable flow rates were applied both to set a nutrient
gradient in the system, and to ascertain the acetate removal ca-
pacity and current production efficiency of the biofilm. The mi-
crobial community was monitored dynamically by flow cytometry.
It has been proved to be a fast, reliable and comparable tool and to
be of a similar resolution as a 16S rRNA gene analysis [27e31]. The
application of flow cytometry for characterization, quantification
and evaluation of microbiomes in BES has been introduced and is
used increasingly [32e35]. Besides its use in bioreactors, this
technology has also been applied to large-scale wastewater treat-
ment plants (WWTP) for long-term investigations of dynamic
community assembly, to discover perturbation-associated symp-
toms for community control [36], or for automatic online moni-
toring, where the community data obtained was used as an early-
warning tool to reflect/control drinking water process operation
[37,38]. The here presented study aimed to analyze the stratifica-
tion of themicrobial communities and the interactions between the
microorganism and the substrate. The study shall serve as a
benchmark for follow-up studies at more complex conditions. This
will allow to gain a full understanding of EAM selection and
stratificationwhen facing complex substrates and gradients thereof
needing the creation of microbial food-webs.

2. Materials and methods

2.1. Reactor design and manufacturing

The reactors were designed using the CAD interface of COMSOL
Multiphysics (Comsol Multiphysics GmbH, G€ottingen, Germany) (SI
Figure S1 A and B). The CAD geometries were exported and sliced
using the program Ultimaker CURA (Ultimaker 2þ, Geldermalsen,
The Netherlands) for 3D printing of the flow channels, with highest
quality settings and 100% infill, using 2.75 mm Ø poly-lactic-acid
(PLA) filament (Innofil PLA, BASF 3D Printing Solutions BV,
Emmen, The Netherlands).

Graphite plates (CP-2200®, CP Handels-GmbH Wachtberg, Ger-
many) were cut into 200 � 135 � 2 mm pieces and were used as
electrodes. To prepare the anodic and cathodic chambers, one sur-
face of each graphite plate was first covered with epoxy resin ad-
hesive (Cat. Nr: 886598- 62, Conrad Electronic SE, Hirschau,
Germany) for air and liquid tight insulation. The opposing surface of
the plate was carefully glued to one of the 3D printed flow channel
assemblies, creating a continuous set of flow channels at the surface
of the graphite plate with an effective geometric electrode surface
area of 170 cm2 distributed through 16 channels. Pictures with a
scale for the dimension of the final built flow channel reactors can be
found in SI Figure S1. A reference electrode with 5 mm diameter and
100 mm length (Ag/AgCl sat. KCl, SE11, Xylem Analytics, Meinsberg,
Germany) was placed inside channel 9 (C9), using silicone for insu-
lation. The anode potential was kept atþ200mVversus the potential
2

of the reference electrode. Both the anode and cathode chambers
were carefully assembled by sandwiching a cation exchange mem-
brane (FKE-50, Lot-No: M21471301, FuMA-Tech, Ingbert, Germany).
The membrane was glued to both sides with epoxy glue (Loctite
Hysol 3430, Henkel, Düsseldorf, Germany). Each chamber possessed
inlet and outlet using tygon tubing (internal diameter: 1.6 mm, wall
thickness: 0.8 mm, Cat. Nr: 9205536, Th. Geyer, Renningen, Ger-
many). For quality control after assembly, each reactor was tested to
confirm no liquid communication between the anode and cathode
chambers and liquid tightness before inoculation.

In order to provide a uniform potential distribution across the
plates, each plate was connected using four connections, which
were spaced equally along the two long sides. The assembling
process and the reactor are displayed in SI Figure S2.

2.2. Experimental setup and operation

Three independent reactors were studied and terminated at
different times. The reactors were operated under nearly anaerobic
conditions and therefore difficult to samplemicroorganisms online,
hence our strategy was to sacrifice the reactors for microbial
sampling as detailed below. All experiments were carried out at
35 �C. Two modes of reactor operation were used: an initial 7-day
batch mode followed by a 28-day continuous mode.

To prepare the inoculum, steady-state anodic biofilms were
harvested from a potentiostatically controlled bioelectrochemical
fed-batch reactor with a reproducible maximum current density of
600 mA cm�2 dominated by Geobacter spp. [32]. (as described
elsewhere [39]). The biofilms were suspended in artificial waste-
water supplemented with sodium acetate as the only carbon source
(10 mM) and vitamin and trace metal solutions [40]. The optical
density was adjusted to OD600 ¼ 0.02 (Ultrospec 1100pro, Amer-
sham Biosciences, Buckinghamshire, UK). This mixture served as
inoculum solution and was further purgedwith nitrogen for 30min
before being pumped into the anode chamber of each reactor
(96 mL per reactor). At this time, one inoculum sample was fixed
(see below) and stored for further measurements by flow cytom-
etry [41].

To start the 7-day batches, the anodic chambers of all three
reactors were filled with inoculum solution, and the cathodic
chambers were filled with the same medium free of carbon source
and microorganisms. The inlet and outlet tubes were closed using
airtight plugs. The reactors were controlled using a multichannel
potentiostat (MPG-2, Bio-Logic SAS, Claix, France). The electro-
chemical parameters like potential of working electrode (that is the
anode) and counter electrode (that is the cathode), current, and
total charge were recorded with intervals of 10 min.

After three reactors achieved a reproducible plateau of current
production within the batch cultivation, the continuous mode was
started. During this time, a growth of electroactive biofilms took
place where the dominance of Geobacter spp. can be further ex-
pected [10,32]. It has been reported that the doubling times of
Geobacter spp. ranged from 6 h to 24 h, depending on the different
applied potentials [42] or electron acceptors [43]. Therefore, in this
study, an initial hydraulic retention time (HRT) of 24 h was applied,
first from days 8e15. Following, the HRT was decreased from days
16e20 with HRT ¼ 17 h, days 21e28 with HRT ¼ 14 h, and days
29e35with HRT¼ 12 h. On day 20, reactor 1was stopped for biofilm
harvest: the anode chamber was carefully separated from the cath-
ode chamber, and the biofilm formed in each channel was carefully
scratched off into an individual Eppendorf tube, and was resus-
pended to 2 mL of phosphate buffered saline (PBS, composition can
be found in SI Table S1). The biomass production in each channel (SI
Figure S3) was estimated via OD600 measurement after re-
suspension. All samples (16 biofilm samples þ 1 outlet sample per
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reactor) were fixed and stored at �20 �C until flow cytometric
measurement. On day 28 reactor 2 and on day 35 reactor 3 were
stopped for biofilm harvest using the procedure described above. For
the duration of the continuous operation mode, both acetate con-
centration and pH of the outlet solution were measured daily. Ace-
tate was quantified by HPLC using a HiPlex H-column 300 � 7.7 mm
(Agilent Technologies, Inc. CA, USA) with a SecurityGuard Cartridge
Carbo-H 4 � 3.0 mm pre-column (Phenomenex, USA) and refractive
index detector (RID-10A, Shimadzu Europa GmbH, Duisburg, Ger-
many). The chromatograms were obtained isocratically for 30 min,
where the mobile phase was 0.01 N sulfuric acid and the flow rate
was 0.5 mL min�1. The column oven temperature was set to 50 �C.
Prior to HPLC analysis the samples were centrifuged in a micro-
centrifuge (MiniSpin, Eppendorf AG, Wesseling-Berzdorf, Germany)
for 5 min with 8000�g at room temperature (RT) and subsequently
filtered with 0.2 mm nylon filters. The pH was measured using a
portable pH meter (LAQUAtwin pH Meter, HORIBA Europe GmbH,
Oberursel, Germany).

2.3. Calculations

Current densities were calculated by dividing the recorded
current by the anodic geometric surface area [44]:

j¼ i=S (1)

While j is current density [A m�2], i is current [A], and S is the
anodic geometric surface area for each reactor [m2] that is 170 cm2.

Coulombic efficiencies were determined by comparison of the
total produced amount of electrons (total charge, Qp) per the
theoretical maximum number of electrons (Qth) which is calculated
from acetate consumption within a certain time interval [39],
assuming a theoretical maximum yield of 8 mol of electrons per
mole of acetate [45].

CE¼ Qp
Qth

� 100 (2)

Qth¼ F � z� c� Vi

M
(3)

While CE is coulombic efficiency, Qp is the produced amount of
electrons, Qth is the theoretical amount of electrons calculated from
acetate consumption, F is Faraday’s constant [96485 C mol�1], z is
the number of electrons produced per mol of acetate (z ¼ 8), c is
the acetate concentration [g L�1], Vi is the medium volume for a
given time interval [L], and M is the molecular weight of acetate.

2.4. Flow cytometric measurement and data analysis

2.4.1. Cell fixation
The samples were centrifuged (3200�g, 10 min, 4 �C). Then the

cell pellets were re-suspended in 4 mL of 2% paraformaldehyde
(PFA) in PBS for 30 min at RT and centrifuged (as before). After
removing the supernatant, the cell pellets were re-suspended in
4 mL of 70% ethanol in Milli-Q water and stored at �20 �C until
staining [30]. Details of PFA and PBS compositions and Milli-Q
water are given in SI Table S1.

2.4.2. Cell staining
Fixed samples were diluted into 1 mL of PBS and ultra-sonicated

(ultrasonic bath, Merck Eurolab, Darmstadt, Germany, 35 kHz at RT)
for 5 min before centrifugation (as before). Then the cell pellets
were re-suspended in 1mL of PBS, ultra-sonicated again for 10min,
and adjusted to OD700 ¼ 0.035 within 1 mL PBS before centrifu-
gation (as before). Finally, the cell pellets were re-suspended in
3

0.5 mL of stock A (permeabilization buffer, 20 min, at RT), centri-
fuged (as before), then re-suspended in 1 mL of stock B (DAPI
staining solution, overnight, dark, at RT) until flow cytometric
measurement [30]. The compositions of stock A and stock B are
presented in SI Table S1.

2.4.3. Flow cytometry measurement
Stained samples were measured with a prototype of a CyFlow-

Space (Partec, G€orlitz, Germany), which is equipped with a 355-
nm laser (50 mW, Genesis CX355-150-STM-OPSLaser-Diode Sys-
tem, Coherent, CA, USA). The laser was used to induce the forward
scatter (FSC, bandpass filter 355 nm ± 5 nm) and side scatter (SSC,
bandpass filter 355 nm ± 5 nm, trigger) signals and to excite the
DAPI fluorescence (bandpass filter 455 nm C). Sheath buffer was
0.22 mm filtered Milli-Q water. UV beads [0.5 and 1.0 mm, both
Fluoresbrite BB Carboxylate microspheres, (360/407), lot-no:
552744 and 659681, PolyScience, Niles, Illinois, USA] were used
for instrument calibration on the logarithmic scale and were added
to each sample for daily stability measurement. A biological stan-
dard [Escherichia coli K12, stationary phase of growth curve (16 h
cultivation time in LB medium), fixed and stained as described
before] was measured as a biological adjustment before and after
sample measurement. DAPI-stained samples were measured
cytometrically as logarithmically scaled 2D-dot plots according to
DAPI fluorescence (DNA content) and FSC (cell size related) infor-
mation. For every 2D-dot plot, 250,000 cells were measured within
a master gate, which excluded instrumental noise and beads at a
flow rate of 0.5 mL s�1 with the event speed below 1000 events s�1.
Detailed instrument operation can be found in Ref. [36].

2.4.4. Statistical data analysis
Cytometric data analysis and gate-template creation (SI

Figure S4) was done using FlowJo V10 (FlowJo, LLC, Oregon, USA). In
total, the gate-template included 20 gates, covering all sub-
communities that appeared in 52 samples. All 52 cytometric 2D-
plots can be accessed at the FlowRepository (https://
flowrepository.org/experiments/2790) with Repository ID FR-
FCM-Z2N6. The flowCyBar tool [31] (https://bioconductor.org/
packages/release/bioc/html/flowCyBar.html) was used to visualize
the cytometric community dynamics by using gate information of
all samples.

2.5. Modelling using finite element method

2.5.1. Geometry and mesh
The finite element method (FEM) numerical solving program,

COMSOL Multiphysics (Comsol Multiphysics GmbH, G€ottingen,
Germany), was used to sequentially solve Navier-Stokes (NS) and
transport of diluted species (TDS) partial differential equations
(PDEs) in order to estimate the velocity fields inside the reactor
channels, and the convection, diffusion and reaction of the sub-
strate acetate, respectively. The geometry of the setup is repre-
sented in SI Figure S5 for one electrochemical half-cell.

The base meshing of the geometry was done using the default
“Fine” setting. This created a static polyhedral mesh with adequate
size and number for the chosen physics NS. The mesh near the re-
action surface (the bottom of the channels, where biofilms grow)
was amended so that 16 planar boundary layers were constructed,
with a stretching factor for the height dimension of each layer of 1.2.
The mesh is composed of 910658 elements with an average element
quality of 0.7404 and minimum element quality of 0.04372. A visual
example of the mesh can be seen in SI Figure S5 B.

2.5.2. Modelling and boundary conditions
The NS flow equations were modeled assuming the liquid phase

https://flowrepository.org/experiments/2790
https://flowrepository.org/experiments/2790
https://bioconductor.org/packages/release/bioc/html/flowCyBar.html
https://bioconductor.org/packages/release/bioc/html/flowCyBar.html
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as water (r ¼ 1000 kg m�3, m ¼ 0.001 Pa s, T ¼ 293.15 K). All the
walls and internal surfaces (channel walls, electrode plates and
membrane) were attributed to the boundary condition “no-slip”,
which assumes Newtonian behavior of the liquid and velocity of
the liquid at these surfaces to be 0 m s�1.

The liquid flow in the system was modeled with an inlet (the
side “inlet”wall of channel 1), with a boundary condition of laminar
inflow, set to a volumetric flow rate which is the maximum flow
rate used experimentally for each reactor before the destructive
sampling, and an outlet, the “outlet” sidewall after channel 16, with
the boundary condition of pressure-driven outflow, together with
suppression of backflow. For easing the computational task, a first
steady-state study was computed for solving NS flow alone for each
flow rate. The resulting velocity fields inside the reactor (SI
Figure S5 A is exemplary for reactor 2) were subsequently used to
compute the steady-state solute convection, diffusion and reaction
of acetate inside the anode chambers. Diffusivity for acetate was
used as 1.089 � 10- 9 m2 s�1 accordingly [46] and an initial con-
centration of 10 mM acetate was assumed. Acetate consumption
was simulated to only occur at the bottom surface of the channels,
using Monod-type kinetics for Geobacter sulfurreducens [47] with
Ks ¼ 0.03 � 10�3 mol L�1, and mmax ¼ 0.15 h�1. Here two types of
simulations were made: a first approach, where total biomass (x)
was considered as distributed homogeneously at the surface of
every channel per reactor (SI Figure S5), and a second approach (SI
Figure S6), where biomass per channel from the experimentally
determined OD600 of each reactor was applied (SI Figure S7). To
predict the here observed inhomogeneous biomass distribution a
complex model beyond the applied Monod-type kinetics would
have been needed that is not available.
3. Results & discussion

3.1. Physical-chemical benchmarking of the reactors

An initial modelling was performed in order to predict the
growth and acetate consumption of Geobacter spp. inside the
laminar flow BES. The expectations were that this microorganism
dominates the electrode surface and consumes the acetate along
channels of the reactor, leaving the further downstream channels
limited in growth due to substrate depletion. The resulting ab-initio
model confirmed these expectations, and the results are shown in
SI Figure S5 B. From the SI Figure S5 B it is clear that under the
assumed conditions (see above), the concentration of acetate inside
Fig. 1. Electrochemical performance of three reactors overtime, with green colors represen
(light green), HRT ¼ 14 h from days 21-28 (middle green), HRT ¼ 12 h from days 29-35 (dark
dots, secondary axis) and the coulombic efficiency CE (blue bars, secondary axis) are shown i
blue dots are the pH in the cathode.
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the channels is gradually decreasing from the inlet channels to the
outlet channels. Acetate is almost completely consumed leaving on
average a residual 1 mM of acetate in the outlet. Further to the
gradient in the flow direction, a concentration gradient is formed
inside each channel from top to bottom. This is due to the con-
sumption of acetate at the bottom of the reactor (that is at the
anode) by a homogenous biofilm.

Quantification of the biomass inside each reactor (SI Figure S7)
showed a heterogeneous biofilm distribution. The maximum
biomass concentrations were found in channels 2 to 10 (depending
on the moment in time when the reactors were stopped). This can
be assigned to several reasons: i) the reactors were accidently
exposed to the atmospheric oxygen near the inlets and outlets (due
to an accidental failure of the gluing), inhibiting the growth of the
EAM, ii) the nutrient-gradient dependent stratification led to the
heterogeneous microbial distribution with the most robust and
abundant microorganisms dominating the initial/middle channels,
iii) the flow rate may selectively intercept certain microbial com-
munities and lead to the heterogeneous microbial community
distribution. Therefore, experimentally obtained OD600 data were
used as an input parameter to model the steady-state acetate
consumption. This allowed to obtain the acetate concentration
profiles inside the reactors at the time of sampling (SI Figure S6).
Furthermore, this biomass sampling shows that not all available
anode area was covered with EAM biofilm, explaining the observed
low current density (see next section).
3.2. Electrochemical performance

The three laminar flow BES were inoculated and operated
identically, first in batch conditions for 7 days. In this time, the
current gradually increased and reached a plateau (Fig. 1), indi-
cating biofilm formation on the anode. Then the current decreased
due to the depletion of the electron donor acetate. Before the cur-
rent reached zero, the continuous mode was started. The three
reactors were operated at increasing flow rates (HRT ¼ 24 h from
days 8e15, HRT ¼ 17 h from days 16e20, all marked in light green).
The current density reached steady-state between 41 and
57 mA cm�2 for all three reactors, with acetate removal efficiency
averaging 94.4 ± 9.6%. Then reactor 1 was stopped and sampled for
biofilm collection. Reactor 2 and 3 were further operated with
higher flow rates (marked with middle green, HRT ¼ 14 h). The
sharp decrease in current density was due to a fortuitous error of
the lack of trace element solution in the feed medium of the anode.
ting the decreasing HRT: HRT ¼ 24 h from days 8-15 and HRT ¼ 17 h from days 16-20
green). The current density (red curves, primary axis), acetate removal efficiency (grey

n the first row. The pH is shown in the second row, red dots are the pH in the anode and



Y. Guo, L.F.M. Rosa, S. Müller et al. Environmental Science and Ecotechnology 4 (2020) 100062
After replacing the medium with trace elements, the current
recovered immediately and remained in the range of
46e56 mA cm�2, with acetate removal efficiency up to 80e100%.
Following, reactor 2 was stopped and sampled for biofilm collec-
tion, while reactor 3 was fed at the highest flow rate (marked with
dark green, lowest HRT¼ 12 h). The current density kept increasing
up to 75 mA cm�2. Reactor 3 was stopped for biofilm collection on
day 35. At this time, acetate was almost totally degraded (removal
efficiency was 90%). Overall, with an acetate concentration of
10 mM, the current density ranged between 41 and 75 mA cm�2,
depending on the variable HRT. Higher current densities have been
reported in the literature, with peak current density at graphite of
up to 250 mA cm�2 [39] and 600 mA cm�2 [32], respectively, by using
the same concentration of acetate in the medium. The main dif-
ferences in current density values can be attributed to i) a ca. 27
times higher surface-area-to-volume ratio in our system
(1770 cm2 L�1) than reported (64.5 cm2 L�1) [32], ii) the hetero-
geneous biofilm distribution in laminar flow systems, compared to
Fig. 2. Changes in the cytometric community structure of biofilms were visualized by usin
html). The abundance of cells per each gate (x-axis) per channel (y-axis) is indicated by a
for high cell abundance per gate (see color key). Gates with cell numbers varying in similar
G18 þ G4 þ G6 þ G14 þ G1 þ G9 þ G7 þ G13 þ G3), and Group B (G2 þ G8 þ G12 þ G15

5

the evenly biofilm-covered graphite rods. As mentioned, the
maximum biomass was found in channels 2 to 10, and the other
channels of available anode area were only covered with less
biomass, and hence also fewer EAM. Generally, the CE was even
most of the time exceeding 100%, indicating a possible diffusion
inflow of hydrogen from the counter-electrode chamber [48]. The
pH was stable all time at 5.6e6.5 in anode chamber and 7.7e10.3 in
cathode chamber.
3.3. Analysis of the microbial community

Daily biofilm sampling of each channel was not possible due
to construction limitations of the reactors. Intermittent sam-
pling of the three reactors at different point of operation gave
complementary understanding on the activity of microbial
communities in response to time and variations in flow rate/
nutrient gradient. The gained samples were cytometrically
analyzed. The virtual cells per sample were clustered in diverse
g the flowCybar tool (https://bioconductor.org/packages/release/bioc/html/flowCyBar.
color gradient, where dark blue corresponds to low cell abundance per gate, and red
directions were clustered, and can be visualized as Group A (G5 þ G19 þ G11 þ G10 þ
þ G16 þ G17 þ G20). The relative cell abundance per gate is shown in SI Figure S8.

https://bioconductor.org/packages/release/bioc/html/flowCyBar.html
https://bioconductor.org/packages/release/bioc/html/flowCyBar.html


Table 1
Biomass per reactor (indicated byOD600 as suspended in 1mL of PBS) of Group A and
B in each reactor, and the produced charge (Qp) of each reactor.

Reactor Biomass Qp (C)

Group A 1 (0e20 days) 1.6 6585.2
2 (0e28 days) 2.1 9736.8
3 (0e35 days) 6.1 18354.1

Group B 1 (0e20 days) 5.8 6585.2
2 (0e28 days) 6.4 9736.8
3 (0e35 days) 21.0 18354.1
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subcommunities according to their inherent cell information of
light scattering and DNA content [49]. Whenever a new sub-
community became apparent, a gate was set (one subcommu-
nity per gate (G)). The final gate-template with 20 gates (SI
Figure S4) was created and applied to each sample in order to
mirror the community structure changes and to extract indi-
vidual cell abundances per gate [27]. Based on the extracted cell
abundance per gate and sample, Fig. 2 gave a barcode of spatial-
temporal changes in community structure. The cell abundance
changes of each gate are indicated by a color gradient, where
dark blue corresponds to low cell abundance per gate, and red to
high cell abundance per gate. Gates that vary in similar di-
rections were ordered according to the similarity as calculated in
the heatmap, using values normalized by method “mean” (using
the flowCybar tool in Fig. 2), and can be visualized as two
groups: Group A (G5 þ G19 þ G11 þ G10 þ G18 þ
G4 þ G6 þ G14 þ G1 þ G9 þ G7 þ G13 þ G3) and Group B
(G2 þ G8 þ G12 þ G15 þ G16 þ G17 þ G20).

Overall, the flow cytometric analysis of the reactors, inoculated
with a Geobacter spp. [32]. dominating culture as shown in the first
row of barcode (Fig. 2), yielded a categorizing of two dynamic and
distinct groups that formed inside the reactors during the time of
BES operation. Six gates out of the 20 whose average value exceeds
the threshold value are regarded as the dominant subcommunities
(SI Figure S8), where two gates are from Group A [G4
(5.6 ± 4.4%) þ G1 (9.7 ± 7.5%)], and four gates are from Group B [G2
(27.2 ± 7.7%) þ G8 (13.0 ± 5.1%) þ G12 (9.0 ± 3.7%) þ G15
(5.9 ± 2.8%)]. The threshold is 4.7%, by determining the average cell
abundance of all gates in all samples.

Most cells belonging to Group Awere of relative smaller cell size
and lower DNA content than cells of Group B (SI Figure S4). They
also showed a lower cell abundance, averaging 34.3 ± 17.9% in all
samples. They mainly grew up near the inlets and outlets (Fig. 3),
where the reactors were accidently exposed to the atmospheric
oxygen. In the middle channels, these cells in Group A were out-
competed by cells of Group B, which were predominant at those
positions. Hence Group A cells might be more tolerant to the
accidental exposure to oxygen, and they were active in growth
when Group B declined.

Whole subcommunities of Group B strongly dominated almost all
channels (Fig. 3, including inoculum and outlet samples) with high
cell abundance on average of 65.7 ± 17.9%, regardless of whether the
flow rate was low or high depending on the reactor operation.
Thereof, Group B as a robust and vigorous group of subcommunities
can survive in a wide range of acetate availabilities and flow rates,
and assuredly contributed the most to the biomass value (SI
Figure S7). It can be deduced that those gates in Group B contain very
likely the “most” electroactive bacteria e.g.Geobacter spp. [35], which
was dominant in the inoculum (Fig. 2 and SI Figure S9). They are
known to degrade acetate up to 10 mM concentration [50], and are
Fig. 3. Relative cell abundance distribution of Groups A and B in three reactors. The cell abun
in each group. Group A and Group B are marked in grey and red, respectively. The cell abu
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effective EAM. Geobacter spp. have also been reported to survive in
low oxygen subsurface environments, and can be poised to rapidly
take advantage of the development of anoxic conditions [51]. This
could explain the lower cell abundances in the inlets and outlets, but
the dominance in the middle channels.

When looking at the absolute biomass production in each reactor
(SI Figure S7), in total more biomass was found at higher flow rates
respectively at higher acetate availability. But the distribution of
biomass was heterogeneous, most biomass was formed in the initial/
middle channels (e.g. C2-10). This is accompanied by acetate strati-
fication along the channels, with higher acetate availability at the
beginning. The initial channel near the inlet had somewhat lower
biomass formation, as it may have been inhibited by oxygen expo-
sure. Much lower biomass was found near the outlet due to acetate
depletion as well as accidental oxygen exposure.

Groups A and B were derived from the biofilms formed on the
anode surface. In order to reveal the microorganisms represented by
which group are the most relevant for current production, a corre-
lation analysis was performed. Therefore, the total charge of a reactor
(x-axis) was related to the relative biomass of the Group (y-axis).

In Table 1, the summed biomass of Group A and Group B in each
reactor over time is shown. Both subsets presented a good correla-
tion between biomass and total charge (Fig. 4), confirming that the
biomass of the groups is intrinsically linked with electroactivity.
Group B shows the highest slope of 1.4� 10�3 OD600 C�1 (R2 ¼ 0.95),
which indicates that the biomass formation of the microbial cells
represented by this group is most effective. This correlation certainly
has to be taken with care, as only three reactors are included and
need to be set on a broader foundation. Further, Group B as the most
abundant subcommunities dominated in and contributed to the high
biomass in all channels.
4. Conclusion

Laminar flow electrochemical reactors for studying BES were
established using 3D printing. The reactors were benchmarked
using the archetype EAM Geobacter spp. and it was shown that:
dance of each group is obtained by summing the cell abundances of all subcommunities
ndance distribution in absolute biomass of each channel can be found in SI Figure S7.



Fig. 4. (a). The correlation between the produced charge (Qp) and biomass of Group A.
(b). The correlation between the produced charge (Qp) and biomass of Group B. Data
are from Table 1.
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i) Modeled substrate distribution and consumption using
Monod-type kinetics indicates that the concentration gra-
dients of the substrate acetate, found in flow direction as
well as in the channel height could be linked to the experi-
mental biomass heterogeneity effectively measured, with
flow cytometry.

ii) The maximum current density of 75 mA cm�2 achieved at
coulombic efficiencies of up to 100% can be assigned to the
much higher anode surface area to volume ratio (here
1770 cm2 L�1), as well as the heterogeneous biomass
coverage of the anode surface area.

iii) Stratification of electroactive microbial community struc-
tures and heterogeneous distributions of biomass were
driven not only by substrate gradient but also by accidental
oxygen exposure. The most robust and abundant electro-
active organisms dominated all channels and contributed
mostly to the current production, but biomass was formed
mainly in the initial/middle channels.

The application of flow cytometry measurements in this study
offered better insights into microbial community composition and
structure changes inside the laminar flow reactor. The use of
established bioinformatic tools to obtain and evaluate community
data disclosed how microorganisms were stratified in the reactor
channels. This information provides guidance for new designs of
reactors where a more efficient operation is aimed. In follow-up
studies different channel arrangements can be used, where only
the initial/middle part of the reactor base needs to harbor current
collector electrodes, while other parts (e.g. near the inlet and outlet)
can be replaced with plastic to reduce the cost and limit the growth
of electroactives to a “sweet-spot” zone where they will be more
useful for the aimed process. In this case, also the membrane area
and cathode chamber would be reduced. Therefore, areas of low
biomass associated with current production would be minimized,
and the resulting simple channels would be better for fermentative
organisms. Additionally, understanding the stratification of micro-
organisms using a more complex substrate, for instance as we
currently do for WW from the dairy industry [35], will offer possi-
bilities to select and observe a wider range of electrochemically
active and associated microorganisms for the degradation of com-
plex organic matter, and allow engineering BES. Further, laminar
flow reactors can be a promising option for microbial electrosyn-
thesis as they will allow to carry out cascade reactions, coupling
several synthesis steps in-line as already done for enzymatic elec-
trosynthesis [52].
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