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Abstract

The development of biocathodes is highly fascinating in microbial electrochemical
technologies research. In this study, iron-oxidizing bacterium Acidithiobacillus ferrooxidans-
based biocathodes were developed under the constant polarization of the electrochemical
reactors at —0.2 V vs. Ag/AgCl with a pH of 2. On the 15" day of the 21-day batch
experiment, A. ferrooxidans-based biocathode produced a maximum current density of
—38.61 + 13.16 A m™2 when the reactors were supplemented with 125 mM Fe** ions as an
electron donor and 9 mM citrate as an iron chelator to buffer the iron-rich medium. Oxidation
of Fe?* to Fe** by A. ferrooxidans and its electrochemical regeneration at the cathode were
mainly responsible for the high current generation. Furthermore, in the presence of iron, A.
ferrooxidans develop a multi-layer biofilm on the cathode surface, which could potentially

perform an indirect electron transfer mechanism.
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1. Introduction

Microbial fuel cell (MFC) is a promising bio-electrochemical system that converts
chemical energy to electrical energy using extracellular electron transferring microorganisms
as biocatalysts [1]. Currently, MFC and other microbial electrochemical technologies (METSs)
are still in infancy due to the low current/power outputs [2,3] and limited oxygen reduction
reaction (ORR) kinetics at the abiotic cathode [4]. Metal-based catalysts (i.e., platinum,
ruthenium, iridium, etc.) are often used to enhance the ORR at the abiotic cathode chamber
[4]; however, the kinetics of the ORR is slow and coupled with high overpotentials. Platinum-
based catalysts are also increasing the cost, which limits the operational sustainability of
MEFECs [5]. Most recently, alternative cathode reactions emerged instead of ORR using redox
shuttles as an electron transfer mediator (e.g. Fe’*/Fe**, Mn**/MnQ», Mn?*/Mn**, Co**/Co’*
etc.) [5]. Such alternative reaction at the cathode chamber along with biological catalyst (i.e.,
electrotrophic bacteria) [3] resulted in a higher cathode potential than is typically achieved
with ORR on platinum-based catalysts in MFCs [6,7]. Especially, MFC systems developed
with Acidithiobacillus ferrooxidans showed the reduction of Fe’* irons and subsequent
biological oxidation at the cathode with an improved current generation [6,8]. A. ferrooxidans
(formerly known as Thiobacillus ferrooxidans) is a chemolithoautotrophic and obligate
acidophilic bacterium that thrives at extremely low pH (1 to 3.5, optimum ~2.0). This
bacterium obtains energy by oxidizing the Fe?* to Fe’* ions and utilizing molecular oxygen as
a terminal electron acceptor. Reduced sulfur (S™%), elemental sulfur (S%), and hydrogen (H>)
can also act as electron donors in certain cases [9,10]. The energy obtained from the oxidation
of iron or sulfur is used to fix the CO> from the atmosphere by Calvin—-Benson—Bassham
cycle [9]. The iron-oxidizing potential is widely used to extract metals from ores, especially in
acid mines and A. ferrooxidans also plays a vital role in metal biogeochemical cycling in acid
environments [10].

A. ferrooxidans exhibits electrolithoautotrophy, which can use electrons from a
polarized electrode to develop biocathode even at the extreme acidic pH [11]. Fe?" ions can
act as an efficient electron donor and mediator to enhance the A. ferrooxidans-based
biocathode development and current generation [12,13]. In A. ferrooxidans, iron-based
metabolism results in a higher current density than sulfur-based metabolism [14]; however,
the impact of the Fe?* ions concentration on the current generation is unknown. Furthermore,
iron can stimulate the synthesis of the outer membrane cytochrome proteins (Cyc2) in A.
ferrooxidans [14] by activating the direct electron transfer mechanism [15]. The

electrochemical cultivation of A. ferrooxidans showed the bacterial oxidation of Fe’* and
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electrochemical regeneration at the cathode through the iron redox cycling process [13,16].
Usually, A. ferrooxidans grow slowly under the standard iron-rich cultivation method due to
the inhibitory effect of surplus Fe?* ions and the formation of Fe®* precipitates in the growth
medium [17]. Iron chelator such as citrate has been used to buffer the Fe’* rich medium to
reduce the precipitation [18] and enhance the electrochemical processing of A. ferrooxidans
[19].

A. ferrooxidans have been tested as a cathode catalyst in MFCs, where the bioanodes
enriched with exoelectrogenic microbial communities [6,8,13,20] produced a maximum
current density of 4.4 A m™. However, bio-cathodes solely developed with A. ferrooxidans
(pure culture) as a cathode bio-catalyst showed the highest current density of 5 A m™2, where
graphite felt was used as a working electrode with an 11.8 cm? projected area [11]. Therefore,
further optimization of A. ferrooxidans-based biocathodes will open doors to achieving high
current densities [11]. To meet this challenge, we have systematically optimized
bioelectrochemical experiments by investigating the impact of the mediator (Fe?* ions), iron
chelator (citrate ions), and applied potential on electrochemical processing of A. ferrooxidans
for the high current generation. As a result, highly improved biocathodes were developed
under constant polarization using a three-electrode reactor system to precisely characterize the
kinetics and intrinsic properties of the working electrode while avoiding most of the possible
interactions that occur in typical MFC. Furthermore, the growth of the biofilm on the cathode

surface (i.e., biocathode) was confirmed by confocal laser scanning microscopy (CLSM).

2. Materials and Methods
2.1. Microorganism and culture conditions

A. ferrooxidans ATCC 232707 was kindly offered by Dr. Violaine Bonnefoy
(Laboratory of Bacterial Chemistry, CNRS/Aix-Marseille University, France) and used
throughout the study. The bacterial strain was regularly grown in ATCC 2436 9K medium
comprised of two different solutions, in which solution 1 includes 3.0 g 1" (NH4)2SO4, 0.5 g
1! MgSO+7H,0, 0.5 g 1! K;HPOs, 0.1 g 17! KCI, 0.01 g I"! Ca(NO3); in 700 ml of
deionized water. The pH of solution 1 was customized to 5.5 with HoSO4 and autoclaved.
Solution 2 was composed of 44.22 g 17! FeSO47H,0 in 300 ml of deionized water, and the pH
was customized to 1.4 with H2SO4 and sterilized by filtration (0.2 um filters, Thermo
Scientific, Waltham, MA). Both solutions 1 and 2 were mixed under a sterile environment and
dispensed (50 ml) into 250 ml clean screw cap shake flasks. The final pH of the medium

would be ~2 while combining both solutions 1 and 2, and pH 2 is optimum for the growth of
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A. ferrooxidans [9,10]. 9K medium was inoculated with previously grown log-phase A.
ferrooxidans culture (2%), which provides the initial bacterial cell concentration of ~10° cells
ml~'. Inoculated flasks were maintained under a shaking incubator (150 RPM) at 30 °C for a
week. Similarly, log-phase cells were maintained by weekly subculture into fresh media. All
chemicals were from Sigma—Aldrich (St. Louis, MO) unless otherwise mentioned.
2.2. Bioelectrochemical experiments
2.2.1. Reactors

A three-electrode system was used for all electrochemical experiments, which
comprises the working (here, i.e., cathode), counter, and reference electrode. DURAN™
GLAS5 laboratory glass bottles (DWK Life Sciences, Germany) were used to construct the
reactors with a total capacity of 250 ml, 70 mm diameter, and 143 mm height. Reactors were
closed with 35-45 mm inner diameter plastic foam plugs, which prevent contamination, and
the electrodes can be quickly introduced into the reactor through these plugs. A rectangular
piece of carbon cloth-based gas diffusion electrode (GDE) with the macroporous surface was
used as the working electrode (i.e., cathode) with an area of 3 cm? (1 cm x 3 cm), a thickness
of 356 um, and the characteristic mass of around 0.05 g (PaxiTech SAS, Echirolles, France).
A piece of RVG4000 graphite felt having an area of about 12 cm? (3 cm X 4 cm) with a
thickness of 12 mm (Mersen, Gennevilliers, France) was used as the counter electrode
(auxiliary). Ag/AgCl (sat. KCl) electrode with 110 mm height and 12 mm diameter (Sigma-
Aldrich, Inc) was used as the reference electrode (E° = 0.197 V). The reference electrode was
washed with 70% (vol/vol) ethanol and further sterilized by UV for 30 minutes. The current
collector, such as titanium wires (1.5 mm diameter) (Goodfellow Cambridge Ltd, England),
were weaved separately through the working and counter electrode and extended through the
foam plugs passage of the reactor cap. The reactor system with the working and counter
electrode was sterilized by autoclaving. A three-electrode reactor system used in this study is
shown in Fig. S1, and the reactor setup under the laboratory environment is shown in Fig. S2.
2.2.2. electrolyte and inoculation of reactors

Electrochemical experiments were performed using ATCC 2436 9K medium as an
electrolyte in the presence (15 mM Fe?*) and absence of Fe?* ions. 9K medium was prepared
as described in section 2.1, except solution 2 was slightly modified with 15 mM Fe®" ions.
The solution 1 and 2 were adjusted to pH 2.0 using H>SO4 and sterilized separately by
autoclaving at 121 °C for 30 min and filtered through 0.2 ym Whatman® filter papers (Sigma-
Aldrich, Inc), respectively. Both solutions were mixed under aseptic conditions, and about

200 ml of 9K medium was dispensed into a sterile reactor setup that was already equipped
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with a working and counter electrode. Also, UV sterilized Ag/AgCl reference electrode was
inserted into the reactor setup through foam plugs. The log-phase A. ferrooxidans cells were
washed twice with sterile water at 1000xg for 5 minutes, and reactors were inoculated about
the initial cell concentration of =10° cells mI~!. Control experiments were performed using a
similar three-electrode reactor setup without adding the A. ferrooxidans culture (abiotic).
2.2.3. Operation and electrochemical measurements

The reactors were maintained in a thermostatic water bath at 30 °C, and the electrodes
were connected to 16 channel potentiostats equipped with EC-Lab software (MPG-2 or
VMP3, BioLogic Science Instruments, France). The electrochemical reactors were operated in
batch mode for 15 days, and some experiments were conducted for 21 days. The reactors were
polarized at 0.2 V vs. Ag/AgCl through the chronoamperometry (CA) technique. The
negative potential was used to prevent the abiotic formation of peroxide on carbon fiber and
improve the possible energy production in bacteria [21]. In addition to that, A. ferrooxidans
prefer the potential of —0.2 V to form biocathodes [12]. Current production (I) was measured
(A m) continuously with 2-minute intervals. Cyclic Voltammetry (CV) was performed (0.8
to 0.8 V vs. Ag/AgCl) at the end of the experiments with a scan rate of 5 mV s! as previously
described for electroactive biofilms [22]. Initial and intermittent CV disturbs the bacterial
biofilm development [12,23,24]; hence CV was performed at the end of the experiments. In
some CV experiments (15 mM Fe?*), O, and N> were bubbled into the electrolyte for at least
10 minutes to detect oxygen reduction. The potentials recorded vs. Ag/AgCl were normalized
to the reversible hydrogen electrode (RHE) range using the Nernst equation:

EruE) = Eag/agar + 0.059%pH + E°Ag/agc Eq. 1
where Ewrng) is the normalized potential vs. RHE, Eagagci is the recorded potential vs.
Ag/AgCl, and E°ag/agci is the potential of Ag/AgCl (sat. KCI) at 25 °C (0.197 V). All of the
potentials stated in this work are against RHE unless otherwise mentioned.
2.3. Electrochemical experiments with different concentrations of Fe** ions

9K electrolyte medium (see section 2.1) with different concentrations of FeSO4-7TH>0
such as 25, 50, 100, 125, and 150 mM were prepared with pH 2.0. Three-electrode reactor
systems were prepared, inoculated, and operated as described in section 2.2. The reactors
were polarized at —-0.2 V vs. Ag/AgCl (RE) for 15 days at 30 °C. The reactors inoculated with
a pure culture of A. ferrooxidans were treated as biotic and were noted as abiotic control
experiments without bacterial cells. Current density vs. time was recorded using the CA
method, and the CV was performed at the end of experiments as previously stated in section

2.2.3.



2.4. Electrochemical experiments with an iron chelator

Trisodium citrate dihydrate (C¢HsNa3O7-2H>O) was used to buffer the iron-rich
medium (9K) to reduce Fe®* precipitation. First, 9K medium (pH 2.0) was prepared (see
section 2.1) with 125 mM Fe?* ions and 1 mM trisodium citrate (chelator) to know the
significance of citrate on biocathode development and current generation. Secondly, 9K
medium solution 1 was further simplified [0.4 g 17! (NH4)2SO4, 0.4 g 17! MgSO4-7H20, 0.4 g
1I"! KH,PO4, CsHsNa3072H,0 (0, 1, 3, and 9 mM)] [25] and designated as 9K1, where both
solutions 1 and 2 (125 mM Fe?*) were adjusted to pH 2.0 with H»SOs. The citrate
concentrations beyond 9 mM were not tested due to the interruption of electrochemical
processes by excessive chelating reactions, which also affect the electrochemical regeneration
of Fe?* on the cathode. The reactors were prepared, inoculated, and operated as mentioned in
section 2.2. Electrochemical reactors containing 9K and 9K1 medium were polarized at —0.2
V vs. Ag/AgCl for 15 and 21 days, respectively. Current density vs. time was recorded
continuously using the CA method, and the CV was performed at the end of the experiments.
2.5. Electrochemical experiments with modified poise potential

The reactors containing 9K1 medium (125 mM Fe** and 9 mM trisodium citrate) with
pH 2.0 were polarized at 0 V vs. Ag/AgCl. Both biotic and abiotic reactors were operated for
21 days at 30 °C to assess the impact of the poised potential on the biocathode development
and current generation. Current density vs. time was recorded continuously using the CA
method, and CV analysis was performed at the end of batch experiments.
2.6. Total iron measurement and growth curve determination

Residual concentration of Fe** and Fe** ions was measured by ferrozine-based assay
[26]. After completing electrochemical experiments, the electrolyte samples were collected
and filtered through Minisart® 0.2 um filter unit (Sartorius Stedim Biotech, France) to remove
the A. ferrooxidans cells. Briefly, 0.1% ferrozine (Sigma—Aldrich, St. Louis, MO) was mixed
with an electrolyte sample. The magenta-colored complex was measured by Secomam PRIM
spectrophotometer (Kisker Biotech GmbH & Co. KG, Germany) to quantify Fe?* ions
concentration. Total iron concentration was determined by using 10% hydroxylammonium
acid to reduce all Fe** to Fe**. Fe** was then calculated from the difference between total Fe

and Fe?*. Bacterial planktonic growth was determined by bacterial cell count using a BX50



Olympus microscope at 400-fold magnification using a Neubauer-hemocytometer (0.02mm X

0.025 mm?).

2.7. Confocal laser scanning microscopy (CLSM) for biofilm analysis

The cathode biofilms were scanned by FluoView FV10i CLSM (Olympus) since it has
been widely used for studying electroactive bacteria, including mono or multi-layers of
biofilm on the electrode [12,27,28]. For CLSM scanning, the WE (cathode) were isolated
from the reactors at the end of the experiments. About 1 cm? of cathode electrode was sliced,
and biofilms were stained with SYTO®9 (BacLight viability kit, Invitrogen) for 20 minutes.
Further, SYTO®9 stained electrodes were rinsed with filter-sterilized water to remove
planktonic cells (free-living cells) and then placed on a microscopic glass slide and enclosed
with microscopic coverslips. Green fluorescent SYTO®9 tagged cells were imaged using
excitation and emission wavelength at 473 nm and 510 nm, respectively. Carbon fibers in the
electrodes were red-imaged using excitation and emission wavelength at 559 nm and 620 nm,
respectively. Image (z) stacks were produced every 1 um/slice (sampling speed 2.0 us/Pixel),
and 3D projections were created using the FV10-ASW 4.1 software (Olympus), especially to
study the multi-layers of cathode biofilm. Three to five random fields per electrode for each
experiment and at least three replicates were examined. Initially, a global map of the biofilm
was scanned under 10x (512x 512 pixels, 2.4 um/pixel), and a further 60x oil immersion
objective (1,024 x 1,024 pixels, 0.2 um/pixel) was used to elucidate the bacterial cell
attachment on the carbon fiber in a high resolution. The bio-volume (average thickness) of the
mono or multi-layer biofilms (10x map images, 512x 512 pixels, 2.4 um/pixel) was analyzed
using FV10-ASW 4.1 software (Olympus).
2.8. Statistical analysis

All biocathode experiments were performed in triplicate (n = 3) for each condition. All
primary data were presented as mean + standard deviation (SD), and the data were analyzed

using Microsoft Excel 2016, R language, and Origin Pro 8.1 software.

3. Results and Discussion
3.1. Current generation in the absence and presence of Fe?* mediator

Initial biocathode experiments were conducted in the absence and presence of a redox
mediator (Fe?*). In the absence of Fe?* ions, A. ferrooxidans produced a maximum current

density of =0.41 + 0.20 A m~ on the 14" day of the chronoamperometric measurement (Fig.
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la). A slow increase of current density due to the gradual development of biofilm on the
electrode [11], where the applied potential (—0.2 V) was the only source of electrons for their
growth (electrolithoautotrphy). In contrast, adding a 15 mM concentration of Fe** ions as a
mediator/electron donor resulted in exponential current generation within a day of experiment
start-up. The maximum current density of —=3.35 + 0.33 A m~2 was recorded during the 4" day
of the CA measurement. The sudden onset of the current generation is mainly due to the
development of biocathodes where the electrolyte was amended with Fe?* ions as an electron
donor. The current generation became stable after 10 days of the bio-electrochemical process,
and the current density sustained around —2.26 + 0.03 A m™ until the end of the batch
experiment (Fig. 1a). Abiotic control experiments (without any bacterium) show negligible
current density for similar experimental conditions (Fig. 1b and Table. S1).

Fig.1c and 1d show the CV curves of biotic and abiotic systems, respectively. The
biotic system offers a sizeable integral area of CV curves when compared to the abiotic
system in the presence of an iron source (15mM). Both (biotic and abiotic) systems show a
comparatively smaller area CV loop without an iron source. In the 15mM iron source, the
biotic system shows two firm reduction peaks at 0.42 V and —0.08 V vs. RHE. The prominent
reduction peak starts at 0.78 V as the onset potential and reaches the maximum current at 0.42
V, which strongly indicates the reduction of Fe** to Fe**. The onset potential (0.78 V) is close
to the redox potential of the Fe**/Fe** pair (0.77 V), which agrees with the previously reported
experimental models for electrochemical processing of A. ferrooxidans [29,30]. The
oxidization of Fe?* to Fe** ions was observed in the biotic reactors amended with 15 mM with
an onset potential around 0.78 V. Biotic reactors had shown a second reduction peak with an
onsite potential around —0.03 V. It centered at —0.08 V, which possibly reduction of Fe** iron
to elemental form (Fe** + 3e = Fe) [31]. In addition, the outer-membrane cytochrome c
(Cyc2) might be responsible for the reduction peak at —0.08 V since such reduction was not
observed in the abiotic system (Fig. 1c). The overall CV analysis shows the substantial
oxidation/reduction in the iron amended reactors, which confirm the existence of Fe**/Fe**
redox couple in the biocathode system. In the absence of iron, A. ferrooxidans utilize the
cathode electrons to perform ORR mediated by Fe species excreted by bacterial cells with a
potential around 0.45V vs. SCE [11]. In this study, iron was used as a mediator (15 mM), and
the CV analysis with and without oxygen experiments showed no apparent shift for the onset
potential of the ORR. However, the presence of a pseudo-reversible signal around 0.75V,
which corresponds to the Fe**/Fe** redox couple (Fig. S3). Also, there is not much difference

between the CVs obtained with and without oxygen suggest the limited effect of oxygen on
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the electrochemical reaction occurring at the cathode (Fig. S3). Thus, our results would
substantiate a mediated electron transfer between the electrode and A. ferrooxidans cells [13].
In addition, in the presence of iron in the electrolyte (9K growth medium), there is no direct
biological catalysis of the oxygen reduction at the electrode, despite molecular oxygen being
utilized as the terminal electron acceptor by A. ferrooxidans.

CLSM z-stacks images of Fig. le and 1f show that biofilm was developed on the
electrode by A. ferrooxidans in the absence and presence of Fe** with an average thickness of
2 um and 5 um, respectively. Especially, A. ferrooxidans had developed a monolayer biofilm
on the carbon fibers in the absence of Fe?*ions (Fig. 1g). Furthermore, in the presence of a 15
mM iron source, the same bacterium had formed multi-layer biofilm (Fig. 1h), which was
identified through z-stack image analysis. Multilayer biofilm formation was critically
confirmed by reconstructing the 3D image (z) stacks obtained every 1 um/slice using CLSM.
However, A. ferrooxidans monolayer biofilms [32] and its direct electron transfer mechanism
through Cyc2 membrane protein have been reported in the literature to date [12,29]. Our
results demonstrate that this bacterium can also develop multi-layer biofilms on the electrode
surface in the presence of Fe’ ions as an electron transfer mediator that notably increases the
reduction current.

3.2. Effect of Fe** ion concentration on current generation and cathodic biofilm
development

Fig. 2a shows the significant increase in reduction current while increasing the initial
concentration of the Fe?* ions in the 9K medium. The maximum current about —3.86 + 1.89,
—7.85 +4.13, —15.55 + 5.46, —=24.37 + 2.58, and —19.42 + 8.87 A m~2 were recorded from the
biotic reactors with 25, 50, 100, 125, and 150 mM of Fe?* ions, respectively (Table. S1). Like
15 mM Fe?*, 25 mM Fe?* ions containing reactors also suddenly reached the maximum
current density due to bacteria’s rapid consumption of available Fe?* ions and subsequent
biofilm development. After getting the maximum current, electrochemical reactors with 25,
50, 100, 125, and 150 mM of Fe?* ions had shown the sustained current densities of —3.31 +
0.18, —6.80 £ 0.07, —13.84 £ 0.58, —17.10 + 3.72, —18.24 + 0.62 A m™, respectively. Beyond
150 mM, Fe?*ion concentrations were not tested since 100 mM of soluble iron is optimum for
A. ferrooxidans cell growth per mole of Fe**ions [16].

Residual Fe?* ion concentrations were measured to determine the Fe?* oxidation
potential (Fe** to Fe**) of bacteria during the electrochemical growth, which indicates a
substantial decrease in Fe®* ion concentration. In contrast, in the abiotic systems, Fe?*

concentration was approximately stable (Table S2). It is likely that the first layer of the
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biofilm directly oxidizes the cathode via Cyc2, while the upper layers may oxidize Fe** to
promote their growth. Fe** could also be electrochemically reduced at the cathode surface and
thus contribute to current production, probably with slower reaction rates concerning their
diffusion kinetics [33,34]. Therefore, high current densities are mainly due to the bacterial
oxidation of Fe>" ions. In contrast, abiotic reactors had shown very low current densities with
a similar trend (increasing from 25 to 150 mM) (Fig. 2b and Table S1). The abiotic current
increases with time since the soluble Fe?>* and Fe®* ions can be electrochemically oxidized or
reduced on the electrode surface, especially oxidation at the anode and reduction at the
cathode, even in the absence of bacteria [16].

In contrast, abiotic oxidation of Fe** was also evidenced by residual iron
measurements (Table S2). Various factors may influence the abiotic oxido-reduction of iron,
such as oxygen and modification of the electrode surface. Abiotic reactions were prolonged
that reflects as low current generation than biotic experiments, in general. Fig. 2¢ shows the
CV curves of the biotic system with different initial concentrations of Fe?* ions. The
electrochemical regeneration of Fe** was observed below 0.7 V vs. RHE in general. High iron
concentration biocathodes (100, 125, and 150 mM) show a large integral area of CV curves
compared to the low iron concentration systems (25 and 50 mM) in the presence of bacteria.
Biocathodes developed with 25 and 50 mM of iron source show strong reduction peaks at
0.44 V and 0.40 V with onset potential about 0.79 V and 0.76 V, respectively, which confirms
the reduction of Fe** to Fe**. Strong oxidization with an onset potential of 0.77 V indicates
the oxidation of Fe* to Fe** ions. Therefore, 25 and 50 mM of soluble iron (Fe** and Fe’*)
system had shown electrochemical redox reaction at the electrode surface. In contrast, 100,
125 and 150 mM Fe?* ions had large reduction peak separation centered at 0.40, 0.36 and 0.29
V, respectively. These reduction peaks also had an onset potential around 0.76 V, confirming
the reduction of Fe** to Fe?*. In addition, the reduction current greatly increased, and the
oxidation current decreased (Fig. 2c), proving that the Fe’* concentration increased and Fe**
concentration decreased due to bacterial oxidation of Fe**. The residual iron measurements
also confirm this Fe?*/Fe** fluctuation (Table S2). Besides, mid-point potentials of Fe’*/Fe**
had a variation with the standard potentials (0.77 V) [33], and it is prevalent in acidophilic
bacteria that grow at extremely low pH [35].

Fig. 2 (d, e, f, g, and h), which shows CLSM images of the A. ferrooxidans biofilms
developed on the cathode with 25, 50, 100, 125, and 150 mM Fe>* ions, revealed the
metabolically active biofilms with an average thickness of 6, 10, 17, 20, and 19 ym

respectively. Furthermore, 3D projection z-stack image analysis exhibits the multiple layers of
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active cells, which obtain most of the energy from the oxidation of Fe?* ions and the
consumption of electrons from the poised potential (-0.2 V). Active biofilms populated the
carbon fibers, possibly performing the indirect electron transfer reaction (Fig. 2i, j, k, 1, and
m). With an increase in average thickness of biofilm, reduction reaction by A. ferrooxidans
also significantly increased. Our results demonstrate that the high current density is directly
proportional to biofilm growth (Fig. S4), which is also a major influencing factor for the
oxidation/reduction of iron according to the residual iron measurement (Table S2). The CV
and biofilm analysis strongly support the existence of an indirect electron transfer between the
electrode and bacteria, which is mediated by the Fe?*/Fe’* redox couple [13]. A dark orange
color iron precipitates were observed at the bottom of the reactors were amended with 100,
125, and 150 mM of the iron source. Also, electrodes were covered with a red-orange layer,
which might be the deposition of iron oxides/hydroxides. Usually, precipitation of iron
complicates the growth of A. ferrooxidans [17] and electrochemical reduction of Fe** to Fe**
on the electrode [19].
3.3. Effect of iron chelator (citrate) concentration on current generation and cathodic
biofilm development

Biocathode performance was improved while adding an iron chelator into 9K medium
with 125 mM Fe?*. 1 mM of citrate addition to 9K medium with pH 2.0 had shown the
maximum current production of —19.32 + 3.16 A m™2 within 10 days of the electrochemical
process (Fig. S5a). CV analysis exhibits a reduction curve with an onset potential at 0.81 V
and reaches the maximum reduction current at 0.19 V, confirming the reduction of Fe’* to
Fe?* ions (Fig. S5b). A reduction peak that appears below 0.385 V might be due to the Fe**-
citrate to Fe**-citrate reduction or Cyc1, which is mainly responsible for the downhill electron
transfer in A. ferrooxidans [36,37]. The electrochemical reactors amended with citrate had
shown low current generation than the reactors without citrate (Fig. 2a); however, the average
thickness of biofilm (26 #m) had slightly increased than in the absence of citrate experiment
(20 um). Interestingly, the residual Fe’* and Fe** ions concentration had also increased in 125
mM with 1 mM citrate than a citrate-free system in the biotic and abiotic condition (Table
S2). Therefore, a consecutive electrochemical experiment with 9K1 medium (a more
simplified form of 9K medium) was performed to understand the effect of the citrate
concentration on the biocathode development and current production.

Fig. 3a shows a substantial increase in the current production while increasing the
citrate concentration in the 9K1 medium with 125 mM Fe?*. In the biotic condition, reactors

with 0, 1, 3, and 9 mM of citrate concentration had shown the maximum current densities of
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—24.09 + 3.38, —27.84 + 3.21, =29.79 + 1.98, and —38.61 = 13.16 A m™, respectively. 9 mM
citrate experiment had shown the maximum current during the 15.65 days of the 21-day batch
experiment and sustained about —35.60 + 1.08 A m~2 until the end of the batch process. Thus,
the current generation was steadily increased, which confirms the importance of citrate in the
electrochemical processing of A. ferroxxidans. The abiotic reactors produced the lowest
current densities simultaneously (Fig. 3b and Table S1).

Interestingly, the residual Fe®* ion concentration was increased, and Fe** ion
concentration decreased while increasing the citrate addition to the 9K1 medium (Table S2).
In the absence of citrate (0 mM), the bacteria generally consume all the Fe?* in the medium.
In the presence of 9 mM citrate, the residual Fe?* concentration had increased eightfold over
the 0 mM citrate condition (Table S2). A slight increase in Fe?* concentration was also
observed in the abiotic reactor systems, which confirms the effect of citrate to stabilize the
solubility of iron in the growth medium. In general, iron precipitation was gradually decreased
in both biotic and abiotic systems while increasing the citrate concentration in the 9K1
medium (data not shown). Citrate addition slows the auto-oxidation of iron due to the
chelation of Fe** ions by citrate, which solubilizes the insoluble form of Fe** precipitates into
soluble Fe** ions [19]. Then it can be easily electrochemically reduced to Fe** at the cathode
[13,16,34]. Our study shows that the solubilization of Fe*" is a dominant process than
precipitation while adding citrate as a chelator to stabilize the electrochemical process.
Therefore, the residual iron concentration (Fe** and Fe**) is relatively higher in citrate
amended iron-rich medium than citrate-free medium. Moreover, citrate is non-toxic to A.
ferrooxidans and does not interfere with bacterial iron oxidation [18].

CV analysis of biocathodes shows the possible electrochemical reactions occurring in
the presence of citrate as a chelator (Fig. 3c¢). Biocathodes with 0, 1, 3, and 9 mM of citrate
had shown an onset potential around 0.78 V, reached the maximum reduction current density
at 0.0, 0.08, 0.17, and 0.03 V, respectively. This onset potential is directly related to the
reduction of Fe** to Fe?* [33]. Biocathode with 9 mM citrate had shown a slight hump at 0.355
V during the reverse scan of CV, which might be linked to Fe**-citrate/Fe**-citrate redox
couple (0.37 V) [38]. Hence, electrochemical regeneration of Fe?* at the surface of the
electrode shows the importance of citrate. The CLSM image analysis also substantiates the
positive effect of citrate on the growth of A. ferrooxidans biofilm on the cathode surface (Fig.
3d, e, f, and g). Multilayer of biofilm was identified on the cathode with an average thickness
of 17, 22, 25, and 30 ym from the 0, 1, 3, and 9 mM of citrate amended rectors, respectively.

The growth of bacteria on the carbon fibers provides clear evidence for biocathode
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development (Fig. 3h, i, j, and k). The average thickness of biofilms and reduction current
densities had increased while increasing the citrate addition. Therefore, increased solubility of

Fe* plays a significant role in the enhanced current production by A. ferrooxidans.

3.4. Planktonic lifestyle and impact of applied potential on the current generation by A.
ferrooxidans

A. ferrooxidans was further studied under electrochemical cultivation to understand
the growth of bacteria in the planktonic state (free-living), Fe**/Fe* redox reaction, and the
current production pattern (Fig. 4). The planktonic bacterial growth was gradually increased.
At the same time, the initial Fe** concentration was decreased due to the bacterial oxidation of
Fe?*. The bacterial growth curve had reached the stationary phase on the 15" day of the
process. The current generation also stabilized, suggesting that a planktonic lifestyle could
promote the current output in A. ferrooxidans. The reduction current continued even near
depletion of Fe?* in the reactors, wherein the negative poised potential (0.2 V) only acts as
an energy source for the bacterial growth and current production, which substantiates the
importance of negative poised potential for the development of A. ferrooxidans-based
biocathodes [12]. A further experiment was conducted with the potential of O V while
maintaining the same reactor condition (125 mM Fe’*and 9 mM citrate) to know the impact of
—0.2 V vs. Ag/AgCl on the current generation. The reactors polarized at 0 V had shown a
maximum current density of —22.63 + 2.85 A m™ on the 15" day (Fig. S6a), which was
significantly lesser than the original condition with poised potential (-0.2 V vs. Ag/AgCl)
(Table S1). The electrochemical regeneration of Fe?* from Fe®* is more or less similar, with
an onset potential at 0.79 V (Fig. S6b). However, the biofilm’s average thickness (20 gm) is
lesser than the poised potential condition (—0.2 V). As a result, the applied potential,
especially negative potential, plays a vital role in developing biocathodes and generating the
reduction current by A. ferrooxidans.
3.5 Possible electron transfer mechanisms in A. ferrooxidans

A. ferrooxidans can develop a mono and multi-layer biofilm in the absence and
presence of iron, respectively. In addition, CV analysis also substantiates the oxidation-
reduction occurring at the cathode. These remarks suggest a mediated electron transfer
between the electrode and the bacteria. In the citrate-free experiments, the working electrodes
were entirely covered with a red-orange layer of iron oxide/hydroxide deposition, which

confirms the critical role of iron as a mediator for electron transfer. In the absence of iron, the
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bacteria can perform the direct extracellular electron transfer involving a c-type cytochrome
(Cyc2) [15,29], which allows electron uptake from the cathode for growth (electroautotrophy)
[11]. Cytochrome-based direct electron transfer has already been proved in A. ferrooxidans
[14,39,40]; however, indirect electron transfer mediated by redox shuttles remains unknown.
CV analysis confirms the high concentration of Fe** ions (due to the bacterial oxidation), also
provides solid evidence for the electrochemical reduction of Fe** to Fe?* on the electrode with
an onset potential around 0.77 V, wherein the cathode potential is close to the reduction
potential of Fe** into Fe?*. Our results corroborate those of Izadi et al. [13], where similar
electrochemical experiments were conducted with iron-oxidizing bacteria and suggested a
predominantly Fe?*-mediated electron transfer mechanism. Electrochemical and bioenergetic
studies on A. ferrooxidans also strongly suggest an indirect electron transfer mechanism
between the electrode and bacterial Cyc2, where Fe?*/Fe** redox shuttle is the mediator
[6,8,13,29,34,36]. Our systematic biofilm analysis, CVs, and residual iron measurements also
support the presence of an indirect electron transfer in A. ferrooxidans. Therefore, A.
ferrooxidans might have both direct and indirect electron transfer mechanisms, as shown in
Fig. 5, however, which needs further validation using Cyc2 mutant strains. This indirect
electron transfer process can be executed by either planktonic or sessile (electrode attached)
bacteria. Presumably, both mechanisms can co-exist if permitted by the reactor conditions,
wherein soluble iron is likely acting as a redox shuttle [13].

Overall, the redox potentials discussed in this study (0 to 1 V) correspond to Fe** to
Fe’*-mediated downhill electron transfer that usually occurs in A. ferrooxidans [33].
Therefore, the high generation is mainly due to the Fe**/Fe** redox shuttle, as shown in Fig. 5.
The reduction current generated here is higher than the previously reported A. ferrooxidans-
based biocathodes and pure culture studies of electrotrophic microorganisms in general
(Table 1). Due to differences between the bacterial strains and operating conditions, the
current production is significantly varied from one biocathode to another. However, sustained
current densities obtained from this study were highly promising than other electrotrophic

biocathodes.

4. Conclusions

Efficient biocathodes were developed with A. ferrooxidans, which produced a
maximum current density of —38.61 + 13.16 A m™2. The high current generation is due to
oxidation of Fe?* to Fe** by A. ferrooxidans and subsequent electrochemical reduction of Fe**

to Fe’* at the cathode, highlighting the importance of alternative cathode reactions with
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mediators instead of routine ORR. The formation of multi-layer biofilm on the electrode was
critically confirmed by CLSM analysis. Also, biofilm formation and increased solubility of
Fe** are major influencing factors for the oxidation/reduction of iron at the cathode. Aside
from the expected direct electron transfer, CV analysis and multi-layer biofilm formation
strongly suggest the existence of an indirect electron transfer mechanism in A. ferrooxidans.
Current densities obtained from this study were highly promising compared to the previously
established pure culture-based biocathode studies. A. ferrooxidans-based biocathodes will be
further studied with bioanodes in full-scale MFC systems to improve bioelectricity
production.
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Table 1 Comparison of the current generation by a pure culture of electrotrophic

microorganisms in biocathode-based bioelectrochemical systems.

Maximum Applied Cathode
Microorganism Current Potential area References
(Am™) V) (em?)

A. ferrooxidans -2.0¢ +0.2 ¢ [13]
A. ferrooxidans =5¢ +0.0 11.8 [11]
A. ferrooxidans ATCC 232707 -1.2 -0.34 3 [12]
A. ferrooxidans ATCC 232707 b +0.4 3.14 [29]
A. ferrooxidans DSM 14882 —-0.505 +0.045 11.85 [41]
Acidithiobacillus thiooxidans DSM ~0.023 ~05 11.85 [41]
14887

Bacillus sp. -0.04 -0.3 20 [42]
Clostridium ljungdahlii DSM 13528 -1 -0.9 15 [43]
Clostridium pasteurianum DSM 525 -0.004 -0.5 11.85 [41]
Cupriavidus metallidurans DSM 2839 -0.002 -0.5 11.85 [41]
Cupriavidus necator DSM 13513 -0.001 -0.5 11.85 [41]
Desulfosporosinus orientis DSM 765 -0.041 -0.5 11.85 [41]
Desulfovibrio piger DSM 749 -0.016 -0.5 11.85 [41]
Marinobacter sp. -0.04 -0.3 20 [42]
Methanobacterium palustre ATCC 1077 -0.07¢4 -0.7 14 [44]
Methanobacterium-like archaeon IM1 -0.097¢ -0.4 13 [45]
Methanococcus maripaludis MM901 -0.286¢ -0.7 8 [46]
ermaotophitas Al 0390 13 ’ 47
Pseudoalteromonas sp. -0.8 -0.6 20 [42]
Rhodopseudomonas palustris TIE-1 —-0.005 -0.220 81 [48]
Roseobacter sp. -0.035 -0.3 20 [42]
S. acidovorans DSM 3132 -0.572 -0.69 36 [49]
S. aerivorans DSM 13326 -0.026 -0.69 36 [49]
S. malonica DSM 5090 -0.703 -0.69 36 [49]
S. ovata DSM 2662 -2.45 —0.69 225 [50]
S. ovata DSM 2663 —0.782 -0.69 36 [49]
S. ovata DSM 3300 —0.191 -0.69 36 [49]
Sporomusa ovata DSM 2662 -0.475¢ -0.6 47 [51]
Sulfurimonas denitrificans DSM 1251 —-0.021 -0.5 11.85 [41]
fﬁ;%c;lkalivibrio nitratireducens DSM ~0.62 03 6 [27]
Thiobacillus denitrificans DSM 12475 -0.023 -0.5 11.85 [41]
A. ferrooxidans ATCC 232707 -38.61 -0.2 3 This study

aSustained current density; ®= —6 to =7 uA m; °CV based current density; YAverage current density; °Not
mentioned.
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Figure legends

Fig. 1 Current formation from the biocathodes developed with a pure culture of A.
ferrooxidans. (a) Biotic and (b) abiotic current density patterns in the absence and presence of
Fe?* ions in the 9K medium and the data are shown as the mean + SD (n = 3). (c) Biotic and
(d) abiotic CVs in the absence and presence of 15 mM Fe?* ions. (e & f) CLSM 3D projection
(Z-stack) micrographs of the biofilms in the absence and presence of 15 mM Fe®* ions,
respectively. The top layer of the biofilm and related projections are shown in the x (bottom)
and y (right) axis. (g & h) CLSM micrographs of the biofilm on the single carbon fiber

(yellow arrow) in the absence and presence of 15 mM Fe?*ions, respectively.

Fig. 2 Effect of Fe?* ion concentration on biocathode development with A. ferrooxidans and
current generation. (a) Biotic and (b) abiotic current density patterns with the different initial
concentrations of Fe?* ions (25, 50, 100, 125, and 150 mM) in the 9K medium and the data
are shown as the mean + SD (n = 3). (¢) CVs were recorded from the biocathodes with
different concentrations of Fe?* ions. (d, e, f, g & h) CLSM 3D projection (Z-stack)
micrographs of the cathode biofilms obtained from biotic reactors supplemented with 25, 50,
100, 125, and 150 mM Fe?* ions, respectively. The top layer of the biofilm and related
projections are shown in the x (bottom) and y (right) axis. (i, j, k, | & m) CLSM micrographs
of the biofilm on the single carbon fiber (yellow arrow) in the presence of 25, 50, 100, 125,

and 150 mM Fe?* ions, respectively.

Fig. 3 Effect of iron chelator (citrate) concentration on biocathode development with A.
ferrooxidans and current generation. (a) Biotic and (b) abiotic current density recorded from
the reactors with 9K1 electrolyte medium plus 125 mM Fe?* ions and different concentrations
of citrate (0, 1, 3, and 9 mM and the data are shown as the mean + SD (n = 3). (c) CVs were
recorded from the biocathodes with different concentrations of citrate. (d, e, f & g) CLSM
images (Z-stack) of the cathodic biofilms obtained from the biotic reactors supplemented with
0, 1, 3, and 9 mM citrate, respectively (scale bar, 200 um). The top layer of the biofilm and
related projections are shown in the x (bottom) and y (right) axis. (h, i, ] & k) CLSM
micrographs of the biofilm on the single carbon fiber (yellow arrow) in the presence of 125

mM Fe?* medium supplemented with 0, 1, 3, and 9 mM citrate, respectively.
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Fig. 4 The growth curve, iron oxidation/reduction, and current production by A. ferrooxidans
vs. time. 9K1 medium consist of 125 mM Fe**and 9 mM citrate along with poised potential
—-0.2 V vs. Ag/AgCl for 21 days at 30 °C. Fe?*, Fe**, current density, and bacterial cell count
were determined from the samples drawn from the reactors at the three-day interval. The data

are shown as the mean + SD (n = 3).

Fig. 5 Schematic representation of the possible electron transfer mechanisms involved in A.
ferrooxidans during electrochemical cultivation. A. ferrooxidans develop mono and multi-
layer biofilm in the absence and presence of iron and could possibly perform direct and

indirect electron transfer mechanisms, respectively.
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