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There  is  great  interest  in  studying  exoelectrogenic  microorganisms,  but existing  methods  can  require
expensive  electrochemical  equipment  and  specialized  reactors.  We  developed  a simple  system  for  con-
ducting  high  throughput  bioelectrochemical  research  using  multiple  inexpensive  microbial  electrolysis
cells  (MECs)  built  with  commercially  available  materials  and  operated  using  a  single  power  source.  MECs
were small  crimp  top  serum  bottles  (5 mL)  with  a graphite  plate  anode  (92 m2/m3)  and  a  cathode  of
stainless  steel  (SS)  mesh  (86  m2/m3),  graphite  plate,  SS  wire,  or  platinum  wire.  The  highest  volumet-
ric  current  density  (240  A/m3, applied  potential  of  0.7  V)  was  obtained  using  a SS mesh  cathode  and  a
wastewater  inoculum  (acetate  electron  donor).  Parallel  operated  MECs  (single  power  source)  did  not
lead to differences  in performance  compared  to non-parallel  operated  MECs,  which  can  allow  for  high
throughput  reactor  operation  (>1000  reactors)  using  a  single  power  supply.  The utility  of  this  method
for  cultivating  exoelectrogenic  microorganisms  was demonstrated  through  comparison  of  buffer  effects

on pure  (Geobacter  sulfurreducens  and  Geobacter  metallireducens) and  mixed  cultures.  Mixed  cultures
produced  current  densities  equal  to or higher  than  pure  cultures  in  the  different  media,  and  current  den-
sities for  all  cultures  were  higher  using  a  50  mM phosphate  buffer  than  a 30 mM  bicarbonate  buffer.  Only
the mixed  culture  was  capable  of sustained  current  generation  with  a  200  mM  phosphate  buffer.  These
results  demonstrate  the  usefulness  of  this  inexpensive  method  for conducting  in-depth  examinations  of
pure  and  mixed  exoelectrogenic  cultures.
. Introduction

Applications of bioelectrochemical systems (BESs) have
dvanced in the past decade to include producing electricity,
iogases, high value chemicals, and desalinated water (Logan
t al., 2006, 2008; Mehanna et al., 2010; Rabaey and Rozendal,
010). Although the end products of BESs differ, they share several
undamental aspects that must be improved to advance these
ystems, such as electrode materials and reactor design and a
etter understanding of microbial community interactions. New
ethods of conducting BES research are needed that reduce both

he time required for experiments and reactor cost, while allowing
or high throughput operation that can be used to screen for new
trains of exoelectrogenic bacteria and maintain pure culture
onditions.

One approach for performing high throughput research is to

se miniaturized BESs, such as multiple-well electrode arrays. Sev-
ral small-scale (mL  and �L) BESs have been designed, but most
ave been based on microbial fuel cell (MFCs) with the primary
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E-mail address: blogan@psu.edu (B.E. Logan).
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focus on screening bacteria for exoelectrogenic activity (Wang et al.,
2011). Some of these designs require expensive materials (Nafion
membranes, platinum catalysts, gold electrodes), access to state of
the art materials technology (photolithography, sputtering, poly-
mer  molding), and custom machining (Crittenden et al., 2006; Hou
et al., 2009, 2011; Kloke et al., 2010; Ringeisen et al., 2006; Zuo
et al., 2008). These designs are excellent tools for researchers with
access to the appropriate resources, yet the slow adoption of these
systems by other researchers suggests that simpler designs are
needed to enable more wide spread experimentation with exo-
electrogenic microorganisms. For example, the simple and robust
methods developed by Hungate and Balch led to a paradigm shift in
conducting anaerobic microbiology, in large part to the incorpora-
tion of a simple tube design that is now ubiquitous in microbiology
labs across the world (Balch and Wolfe, 1976; Hungate, 1950). How-
ever, in the field of BES research, there is currently no equivalent
platform or procedure that has been as widely adopted.

In order to make BES research more accessible for microbiolog-
ical study, we  developed a new procedure that relies on a simple

and affordable reactor that can be assembled using commercially
available materials and a single power source capable of powering
thousands of reactors. This reactor design is based on a single-
chamber (membrane-free) microbial electrolysis cell (MEC) (Call

dx.doi.org/10.1016/j.bios.2011.05.014
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:blogan@psu.edu
dx.doi.org/10.1016/j.bios.2011.05.014
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ig. 1. Schematic (left) and photos of MEC  design (middle) and parallel operation se
mitted from the MECs shown in the photos.

nd Logan, 2008; Hu et al., 2008; Tartakovsky et al., 2009). A com-
only used electrode material for both the anode and cathode

n most MECs is carbon cloth, but this material cannot be effec-
ively used in smaller systems as the cloth can unravel and lead
o short circuiting when close electrode spacing is used. Therefore,
e examined the use of several alternative materials that could be
sed at a small scale and at close proximity, with the electrodes
eld apart by rigid connecting wires to avoid short circuiting. The
lectrodes were built to fit through the top of small reactors (serum
ottles) so that the complete reactor system could be easily assem-
led, autoclaved, and sealed gas-tight with a crimp top allowing
or pure culture tests and gas build up in the system. The use of a
ingle power source for the operation of multiple reactors was val-
dated by comparing the performance of many reactors operated
n parallel to those attached to individual power supplies. We  used
his new system to demonstrate that high phosphate buffer con-
entrations can adversely affect current generation by pure strains
f exoelectrogens but not mixed cultures.

. Materials and methods

.1. Reactor construction and setup

Single chambered MECs were constructed using 5 mL  clear glass
erum bottles (Wheaton). Anodes were isomolded graphite plates
ith a thickness of 0.32-cm (Grade GM-10; GraphiteStore.com

nc.), cut to dimensions of 1.5-cm (L) × 1-cm (W), providing a spe-
ific surface area of AAN = 92 m2/m3. All anodes were polished using
andpaper (grit type 400), sonicated to remove debris, cleaned by
oaking in 1 N HCl overnight and rinsed three times in Milli-Q water.
itanium wire (0.08 cm diameter; McMaster-Carr), cleaned with
andpaper, was cut to 5-cm lengths and bent at one end into a
-shape. After inserting the non-bent portion of the wire through

 hole drilled near the top center of the graphite plate (0.08-cm
iameter drill bit), the bent end was inserted into a second hole and
rimped to provide a tight connection of the wire to the plate. Other
aterials, including carbon cloth and carbon paper, did not yield

ecure connections when crimped with wire and therefore were

ot used due to unacceptably large contact resistances (>2 �). Any
node or cathode with a contact resistance >0.5 � was  discarded.

The cathode can limit current generation in an MEC, and there-
ore many MEC  designs use carbon cloth with platinum (Pt). Cloth
ight) using single power supply located behind reactors. Reference electrodes were

was  difficult to use in these systems due to poor electrical connec-
tions, and it was found in preliminary tests that it unraveled over
time. Stainless steel (SS) mesh has also been recently used in MECs
(Zhang et al., 2010) and therefore we tested cathodes constructed
from SS mesh (Type 304, mesh size 90 × 90; McMaster-Carr) cut to
produce the same projected area as the graphite plates, providing a
mesh wire specific surface area (based on the area of the individual
wires) of ACAT = 86 m2/m3 (Zhang et al., 2010). SS mesh electrodes
were connected to a 5-cm length of SS wire (Type 302/304, 0.08-cm
diameter; McMaster-Carr) by crimping the wire around the mesh
using a drilled hole. All SS was roughened and cleaned using sand-
paper, and rinsed with Milli-Q water. Several alternate cathode
materials were also examined to see if simpler materials could pro-
vide comparable results. These included a single wire of SS (Type
302/304, 0.08-cm diameter; McMaster-Carr) or platinum (0.25-
mm diameter; Hauser and Miller Co.), and a graphite plate prepared
as described above for the anode. Replicate reactors were included
for each cathode type, including uninoculated control reactors con-
taining SS mesh cathodes.

Electrodes were installed by pushing each respective wire
through a thick butyl rubber stopper (20-mm diameter; Chem-
glass). The stopper and electrode assembly was inserted into
the glass serum bottles by lubricating the sides of the stopper
with water, while maintaining an electrode spacing of ca. 0.5-cm
through bending the rigid wires (Fig. 1).

After crimp sealing the vials shut using aluminum caps, reac-
tors were vacuumed empty and filled three times with anaerobic
gas (CO2/N2 (20/80) or N2 (100%) as noted), and autoclaved. Refer-
ence electrodes (Ag/AgCl; +200 mV  vs. standard hydrogen electrode
(SHE); BASi) were used in some mixed culture experiments to
record anode and cathode potentials by inserting the electrode
(0.57-cm diameter) through a hole cut in the butyl stopper using a
0.79-cm diameter cork punch and positioning the tip between the
anode and cathode. All electrode potential values are reported vs.
SHE.

MECs were operated using a programmable power supply
(model 3645A; Circuit Specialists Inc.). For reactor operation in par-
allel, two  separate sets of 20 test leads were soldered together at

one end, with one set connected to the positive terminal of the
power supply and the second set connected to the negative ter-
minal. Each test lead attached to the positive terminal had a 10 �
resistor connected in series for recording the voltage produced by
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ach reactor. A multimeter (model 2700; Keithley Instruments Inc.)
as used to record the voltage at 20 min  intervals, with the current

alculated using Ohm’s law (I = V/R). Volumetric current density (IV;
/m3) was found by dividing the current by the liquid volume and
urrent density per area (IA; A/m2) was normalized by the anode
urface area. To operate the reactors, the test leads attached to the
ositive terminal were connected to the anodes and the test leads
ttached to the negative terminal were connected to the cathodes
Fig. 1). To ensure there were no effects of operating the reactors
n parallel, identical reactors were also operated using individual
ower supplies.

.2. Microorganisms and media

Domestic wastewater from the primary clarifier at the Penn-
ylvania State University wastewater treatment plant served as
he inoculum for the mixed culture MECs. Geobacter sulfurreducens
nd Geobacter metallireducens were obtained from frozen labo-
atory stocks. Both Geobacter sp. were pre-cultured as described
reviously (Call et al., 2009b)  in a bicarbonate buffered medium
BCM-30) with sodium acetate (1 g/L) as the electron donor and
erric citrate (20 mM)  as the electron acceptor. MEC  tests were con-
ucted using 1 g/L sodium acetate and either 50 mM phosphate
uffer (PBM-50), 200 mM phosphate buffer (PBM-200), or BCM-
0 lacking ferric citrate. Prior to MEC  inoculation, 5 mL  of sterile,
naerobic medium was added to each reactor. Both Geobacter sp.
ere added during late stationary phase growth by directly inject-

ng 0.5 mL  of cells plus growth medium into the MECs. For the mixed
ulture, wastewater (10%) was added. All cultures were started in
ECs using BCM-30 and operated in duplicate.
MEC  media were prepared in advance and stored in 125 mL

ealed serum bottles as sterile, anaerobic stocks. Each medium con-
ained a base composition of (per L): 0.25 g NH4Cl, 0.1 g KCl, 10 mL
itamins, and 10 mL  minerals (Balch et al., 1979). The media dif-
ered in the buffer used in conjunction with the base composition,
ith BCM-30 containing 0.6 g NaH2PO4, 2.5 g/L NaHCO3 (pH = 7;

onductivity � = 4.5 mS/cm), PBM-50 containing 2.5 g NaH2PO4,
.6 g Na2HPO4 (pH = 7; � = 7.5 mS/cm), and PBM-200 containing
0 g NaH2PO4, 18.4 g Na2HPO4 (pH = 7; � = 20 mS/cm). The BCM-
0 medium was  sparged and maintained under a CO2/N2 (20/80)
tmosphere, whereas 100% N2 gas was used for both PBM-50 and
BM-200 media.

.3. Reactor operation

During startup, all reactors were operated at EAP = 0.7 V as this
as been shown to be a suitable voltage for producing high cur-
ent densities, while avoiding the potential for water electrolysis
Call et al., 2009b; Rozendal et al., 2006). Reactors were operated in
ed-batch mode, with medium replacement after current dropped
elow 0.01 mA.  Medium was replaced by piercing the butyl stop-
er with a needle and syringe, withdrawing the liquid contents,
nd refilling with sterile, anaerobic medium. This procedure avoids
he need to remove the crimp top, and if performed under sterile
onditions in a laminar flow hood eliminates possible reactor con-
amination. Between each cycle, reactor headspace was vacuumed
nd filled three times with either CO2/N2 (20/80) (BCM-30) or 100%
2 (PBM-50 and PBM-200) in order to remove residual gases pro-
uced during the previous cycle. For the varied applied whole cell
oltage scans, reactors were supplied fresh medium, operated for

 h at EAP = 0.7 V, and then the applied voltage was changed from
.2 V to 1.2 V at 0.2 V intervals every 10 min.
After multiple cycles, the mixed and pure culture reactors
ere analyzed for headspace composition. Headspace analysis was

onducted by taking 200 �L samples using an airtight syringe
Hamilton) and injecting into two separate gas chromatographs
Fig. 2. Current densities recorded for different cathodes over the course of multiple
fed-batch cycles using a mixed culture. All reactors were operated in duplicate at
EAP = 0.7 V (BCM-30) (SS: stainless steel, Pt: platinum, and graphite: graphite plate).

(SRI Instruments) for measuring H2, O2, N2, CH4, and CO2 as
described previously (Call et al., 2009b). Soluble chemical oxy-
gen demand (COD) of the mixed culture reactors was  performed
at the beginning and end of the cycle by pre-filtering samples
using a 0.2 �m filter and following a standard method (TNTplus
COD Reagent; HACH Company). COD was  used for calculating the
coulombic efficiency (CE) by dividing the coulombs recorded as cur-
rent by the coulombs of substrate consumed during a cycle (Logan
et al., 2008).

3. Results

3.1. Cathode material evaluation

After several batch cycles at EAP = 0.7 V (BCM-30), current densi-
ties of mixed culture MECs using SS mesh and graphite plates were
considerably higher (ca. 120 A/m3) than MECs using either SS wire
(ca. 55 A/m3) or Pt wire (ca. 35 A/m3) (Fig. 2). The current density
of reactors using Pt wire exhibited the most variation, and a black
precipitate formed on the Pt surface.

Further examination of cathodes was  performed by using a
range of applied whole cell voltages (Fig. 3), which indicated better
current production for SS mesh; therefore this material was used
in all further experiments.

3.2. Method validation

Mixed culture MECs using SS mesh cathodes were compared
in parallel (all reactors attached to the same power supply) and
non-parallel operation (reactors attached to individual power
supplies). Similar current densities were observed under both
operation modes, with current densities of IV = 116 ± 2 A/m3

recorded for parallel operation and values of IV = 107 ± 2 A/m3

observed for non-parallel operation (Fig. 4A). There were minor
differences in recorded anode potentials (parallel: −0.23 V and non-
parallel: −0.22 V) and cathode potentials (parallel: −0.92 V and
non-parallel: −0.91 V), with <0.01 V standard deviation for all mea-
surements (Fig. 4B).

Coulombic efficiencies were similar for reactors operated in
parallel (CE = 92 ± 1%) and individually (CE = 90 ± 0%). Gas pressure

accumulated to ca. +0.22 ± 0.05 bar at the end of each cycle. The
headspace contained methane, carbon dioxide, and nitrogen, and
no hydrogen. Low hydrogen gas recovery is common in some
membrane-free MECs, as methanogens can readily convert hydro-
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Fig. 3. Current densities at different applied whole cell voltages (mixed cultures in
BCM-30, with reactors tested in duplicate. Ctrl indicates uninoculated reactor with
a  SS mesh cathode).

Fig. 4. (A) Current densities recorded for mixed culture reactors using SS mesh
c
p
s

g
2
M
2
i
i

Fig. 5. Current densities recorded for pure and mixed cultures using varied buffers.
All reactors were operated sequentially as shown in the figure (BCM-30: 30 mM

reactors reached ca. 0.5 bar, and the reactors withstood this pres-
athodes operated in parallel (‖) or non-parallel (∦) modes. (B) Anode and cathode
otentials recorded during the same cycles from (A). Vertical dotted lines indicate
tart of second cycle. All reactors were operated in duplicate at EAP = 0.7 V (BCM-30).

en into methane (Call and Logan, 2008; Clauwaert and Verstraete,
009; Lee and Rittmann, 2009). Typically hydrogen produced in
ECs is collected in gas bags (Call and Logan, 2008; Zhang et al.,
010) reducing the partial pressure present in the headspace and
mproving hydrogen recoveries. Since hydrogen was  not collected
n this study and it was  allowed to accumulate inside the MEC,
bicarbonate buffer, PBM-50: 50 mM phosphate buffer, PBM-200: 200 mM phosphate
buffer, MC:  mixed culture, GS: G. sulfurreducens, and GM: G. metallireducens). All
reactors were operated in duplicate at EAP = 0.7 V.

complete conversion of hydrogen to methane by methanogens
occurred.

3.3. Culture comparison

The utility of this method for comparative analysis of reactor
conditions such as solution chemistry was explored by examining
the effect of two different buffers on two known exoelectrogens (G.
sulfurreducens and G. metallireducens) compared to a wastewater
derived mixed culture. After recording stable current production
for five fed-batch cycles (EAP = 0.7 V, BCM-30), the solutions in
the MECs were changed. Improvements in current production
were noted for all cultures with the higher conductivity 50 mM
phosphate buffer (PBM-50) with the mixed culture producing the
highest current of IV = 238 ± 15 A/m3 (averaged over two  cycles)
(Fig. 5). Increased current production was expected due to the
increased solution conductivity of 7.5 mS/cm for the PBM-50 com-
pared 4.5 mS/cm for the BCM-30.

After operating two cycles under these conditions, the buffer
concentration was further increased to 200 mM (PBM-200), which
resulted in appreciable drops in current for both pure cultures,
but with steady current production of IV = 238 ± 20 A/m3 for the
mixed culture. G. metallireducens typically is cultivated in freshwa-
ter media (Lovley et al., 1993). The high increase in ionic strength
using PBM-200 likely was responsible for the sharp drop in current
for this bacterium despite the expected increase in performance
due to the increased solution conductivity. G. sulfurreducens is
capable of growth in medium containing up to one half the salt
concentration of seawater (Caccavo et al., 1994), but here it showed
poor current production with the high concentration of phosphate
buffer for reasons not well understood. Following two  cycles of
operation with PBM-200, the medium was switched back to BCM-
30 for two additional cycles. These final two  cycles were consistent
with the initial cycles using this medium, indicating good repro-
ducibility and a lack of impact on culture viability despite changes
in the buffer.

At the end of each cycle, the gas pressure accumulated in the
headspace of G. metallireducens (a non-H2 oxidizing exoelectrogen)
sure without damage or apparent leaking, indicating the robustness
of this design. The headspace of the pure culture reactors contained
primarily hydrogen, along with smaller amounts of nitrogen and
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Table  1
Summary of current densities from previous membrane-free MECs at similar applied voltages.

Anode EAP (V) Buffer V (mL) IV (A/m3) IA (A/m2) Source

Carbon cloth 0.6 PBM-320 300 43 9.3 Hu et al. (2008)
Graphite plate 0.7 PBM-50 5 240 2.6 This study
Graphite brush 0.7 PBM-50 28 250 – Call and Logan (2008)
Carbon cloth 0.7 BCM-30 18 160 6.7 Call et al. (2009b)
Carbon  cloth 0.7 PBM-50 120 98 3.9 Ye et al. (2010)
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Graphite granules 0.8 PBM-50 256 

a: data not available from source.

arbon dioxide and no methane. Although the maximum allowable
ressure for these reactors has not been tested, similarly designed
ressurized tubes used for culturing methanogens were shown to
old up ca. 4 bar of pressure even with multiple needle penetrations
Balch and Wolfe, 1976).

. Discussion

A method for conducting high throughput BES research was
eveloped by using a simple MEC  reactor design with two elec-
rodes immersed in serum bottles, and operating all reactors in
arallel on a single power source. This technique was shown to be
seful for examining materials (electrodes and catalysts) and the
lectromicrobiology (exoelectrogen performance) of BESs. Cath-
de screening indicated that the highest current densities could be
btained using SS mesh cathodes, with maximum volumetric cur-
ent densities of 240 A/m3 (2.6 A/m2-anode) obtained with a mixed
ulture in PBM-50. This current density is comparable or better
han previous results obtained using other single-chamber systems
Table 1) (Call et al., 2009b; Clauwaert and Verstraete, 2009; Hu
t al., 2008; Ye et al., 2010), but the design used here is simpler, more
ffordable and did not require the use of precious metals. The reac-
ors in this study are similar to a previously described design, but
hat MEC  included a separator between the carbon cloth electrodes
nd separate power supplies were used for each reactor, producing
a. 43 A/m3 in a highly conductive medium (∼320 mM  phosphate
uffer) at EAP = 0.6 V (Hu et al., 2008) (Table 1). The design of our
ini-reactors has several improvements compared to that system,

ncluding a reduced electrode spacing (0.5 cm here vs. 2 cm)  (Cheng
t al., 2006), the lack of a separator which can improve proton dif-
usion from the anode to the cathode (Liu and Logan, 2004), and
he use of a non-precious metal cathode (SS mesh here vs. Pt on

 carbon cathode) (Call et al., 2009a; Zhang et al., 2010). These
hanges produced a five-fold increase in volumetric current den-
ity in a medium with lower conductivity (PBM-50), but at a slightly
arger applied voltage (0.7 V here vs. 0.6 V). Operating the reactors
n parallel here rather than using individual power supplies for
ach reactor further reduces operating costs and allows for easy
nclusion of replicate reactors.

The effect of solution chemistry on current production of G. sul-
urreducens and G. metallireducens was examined here using this
ew method. Consistent with previous work comparing these two
ultures with a mixed culture in MECs, G. sulfurreducens generated
he highest current density using identical medium (BCM-30, 1 g/L
odium acetate) (Call et al., 2009b).  Changing the BCM-30 medium
n this study to a phosphate buffer with a higher conductivity (PBM-
0) led to an increase in current production for all cultures, but the
se of a very high concentration of phosphate buffer (PBM-200)
roduced an appreciable decrease in current for both pure cul-
ures. The mixed culture produced the same current density in both
hosphate buffer solutions. Most BES comparative culture stud-
es have been conducted with a single medium (Call et al., 2009b;
shii et al., 2008; Nevin et al., 2008; Watson and Logan, 2010), yet
hese results suggest that the choice of medium and ionic strength

ay adversely affect current generation by some microorganisms.
223 – Clauwaert and Verstraete (2009)

The method developed here allows for a more thorough analysis of
culture performance with different media and microorganisms.

When this method is used for the examination of mixed or
pure cultures, it is important to consider hydrogen utilization by
exoelectrogens and other microbes. When exoelectrogens oxidize
a substrate at the anode, such as acetate, the current results in
hydrogen evolution at the cathode. This produced hydrogen can be
consumed by exoelectrogens for the generation of current (hydro-
gen recycling) (Call et al., 2009b; Lee et al., 2009) or used for the
reduction of carbon dioxide to produce methane (methanogenesis)
or acetate (acetogenesis) (Parameswaran et al., 2011). It is possible
to sparge the reactors with other gases (such as N2 or a N2:CO2 mix-
ture) to remove any gases produced in the system. Providing gas
lines to a large number small reactors would be difficult, although
a multiple line gas manifold placed next to a series of bottles could
be used to minimize space. These different metabolisms possible
should be taken into account when considering the use of any
single-chamber MEC  as electron recycling through hydrogen oxi-
dation or acetogenesis can result in elevated coulombic efficiencies.
Alternatively, single-chamber methods provide a unique approach
for the enrichment of biocathodes (Rabaey and Rozendal, 2010)
or the investigation of interspecies interactions among competing
metabolisms.

5. Conclusions

The results of this work show that many of the challenges of
developing miniaturized high throughput methods can be over-
come using small-scale membrane-free MECs. First, small electrode
spacing and the lack of separators used in this design reduced
factors such as pH gradients and proton diffusion resistance that
contribute to high internal resistance (Cheng et al., 2006; Liu and
Logan, 2004). Several previous miniaturized designs have noted
limitations in current production due to high internal resistance,
which is often the primary factor limiting current generation, not
the exoelectrogenic microorganisms (Qian and Morse, 2010; Zuo
et al., 2008). Second, the design is based on inexpensive and com-
mercially available materials, with each MEC  described here costing
ca. $1.50. The cost and time required for manufacturer of some
other miniaturized designs, in particular multiple-well array archi-
tectures, can be prohibitive for researchers entering the field of BESs
or for those lacking access to the appropriate resources. Third, this
method allows for high throughput research on a scale greater than
previously described. Based on the maximum current limitation of
the power supply used in this study (3 A), roughly 6000 reactors
could be operated in parallel using a single power supply assum-
ing current production comparable to that observed at EAP = 0.7 V
(ca. 0.0005 A per reactor). Previous small scale designs have ranged
from a single reactor to 24 individual wells in a multiple electrode

array (Wang et al., 2011). Therefore, this simplified and robust
method will provide both new and established researchers with
a powerful tool for conducting small-scale based BES research at a
large scale.
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