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Abstract: Aizome (Japanese indigo dyeing) is a unique dyeing method using microbial activity under
anaerobic alkaline conditions. In indigo-dye fermenting suspensions; microorganisms reduce indigo
into leuco-indigo with acetaldehyde as a reductant. In this study; we constructed a semi-microbial
biofuel cell using an indigo-dye fermenting suspension. Carbon fiber and Pt mesh were used as
the anode and cathode materials, respectively. The open-circuit voltage (OCV) was 0.6 V, and the
maximum output power was 32 pW cm ™2 (320 mW m~2). In addition, the continuous stability was
evaluated under given conditions starting with the highest power density; the power density rapidly
decreased in 0.5 h due to the degradation of the anode. Conversely, at the OCV, the anode potential
exhibited high stability for two days. However, the OCV decreased by approximately 80 mV after
2 d compared with the initial value, which was attributed to the performance degradation of the
gas-diffusion-cathode system caused by the evaporation of the dispersion solution. This is the first
study to construct a semi-microbial biofuel cell using an indigo-dye fermenting suspension.

Keywords: indigo; indigo fermentation; microbial fuel cell

1. Introduction

Microbial fuel cells (MBFCs) generate electricity using organic compounds, such
as glucose [1-4], lactate [3,5-8], acetate [3], and ethanol [9], via microbial activity [10].
Mediated electron-transfer (MET)-type MBFCs are major MBFCs. To improve the electron-
transfer process, artificial redox mediators are usually added to an anolyte of an MBFC,
e.g., 9,10-anthraquinone-2,6-disulfonic acid disodium, safranine O, resazurin, methylene
blue, and humic acid [11]. For example, the addition of 2-hydroxy-1,4-naphthoquinone can
construct MBFC using Escherichia coli [2].

Shewanella oneidensis [5-8] and Pseudomonas aeruginosa [12] can produce a redox me-
diator, which enables the construction of MET-type MBFCs without adding artificial
redox mediators. Shewanella strains and P. aeruginosa secrete a flavin mononucleotide
(FMN) [13,14] and phenazine derivatives [15], respectively. In contrast, Rhodoferax ferrire-
ducens [4] and Geobacter sulfurreducens [16,17] can construct mediatorless MBFCs, which
are called direct electron-transfer (DET)-type MBECs. R. ferrireducens and G. sulfurreducens
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are Fe(Ill)-reducing microorganisms, and they grow on Fe(1Il) as electron acceptors. G. sul-
furreducens reduce Fe(IlI) oxide via nanowire [16], which may transfer electrons directly to
the electrode.

In general, an MBFC is constructed with the aforementioned microbial anode and a
dioxygen (O,)-reducing cathode, and it works under a neutral pH condition. Multicopper
oxidases (MCOs) are frequently used as cathode catalysts to catalyze the four-electron
reduction of Oy in enzymatic biofuel cells [18]. Laccase [19,20], bilirubin oxidase [21-24],
and Cu efflux oxidase [25,26] are considered promising O,-reducing biocatalysts. Although
MCOs can realize high performance under slightly acidic conditions, they exhibit low
stability under neutral and alkaline conditions. Other electrode materials, such as carbon
and Pt electrodes, exhibit a large overvoltage for O, reduction under a neutral pH condition.

Aizome (Japanese indigo dyeing) is a unique dyeing method involving microorgan-
isms under anaerobic alkaline conditions [27,28]. The Japanese indigo plant, Polygonum
tinctorium or Persicaria tinctoria, accumulates indican (indoxyl-f-D-glucoside), from which
indigo is generated during the drying and oxidative fermentation of the leaves of the
plant. The resulting fermented leaves are called Sukumo. Sukumo is used for Aizome as
microbe and indigo sources. Insoluble indigo is reduced to water-soluble leuco-indigo
by microorganisms under anaerobic alkaline conditions. Clothing fibers are dipped in
indigo-dye fermenting suspensions to adsorb leuco-indigo. After that, the leuco-indigo
is reoxidized to indigo by exposure to the air. The clothing fibers are dyed to a deep blue
color by repeating the adsorption and oxidation cycle (Figure S1).

In this paper, we propose a semi-microbial biofuel cell using an indigo-dye fermenting
suspension. Acetaldehyde is a strong reductant, and its reducing power increases with
the pH.

CH3;COO™ +2e¢~ +3H'" = CH3CHO + H,0

In the indigo-dye fermenting suspensions, microorganisms reduce indigo to leuco-
indigo with acetaldehyde as a reductant. The formal potential of the indigo/leuco-indigo
redox couple is quite negative, although it is slightly more positive than that of the ac-
etate/acetaldehyde redox couple under strongly alkaline conditions (approximately pH
11). Since leuco-indigo is reversibly oxidized at several electrodes, the indigo/leuco-indigo
couple can function as a spontaneous redox mediator for the electrochemical oxidation of
acetaldehyde using microorganisms in the indigo-dye fermenting suspensions.

However, acetaldehyde is highly toxic to microorganisms and enzymes. Therefore, it is
difficult to utilize high concentrations of acetaldehyde in biotransformation systems, includ-
ing bioelectrochemical systems. Fortunately, acetaldehyde is continuously and gradually
generated from ethanol by NAD"-dependent alcohol dehydrogenase in the microorgan-
isms in the indigo-dye fermenting suspensions; further, ethanol behaves as a de facto
reductant during the indigo-dye fermentation and is oxidized to acetate via acetaldehyde.
Two out of the four electrons in the ethanol oxidation are utilized as bioenergy sources
for the microorganisms, whereas the remaining two electrons are used for the reduction
of indigo. Since the formal potential of the acetaldehyde/ethanol coupled is significantly
more positive than that of acetate/acetaldehyde, ethanol is not oxidized by indigo, and the
acetaldehyde intermediate acquires strong reducing activity compared with that of ethanol.

Furthermore, such alkaline conditions are convenient for suppressing the growth
of contaminated microorganisms. The indigo-dye fermenting suspension can maintain
its indigo-reducing activity for long periods even if the microbiota change [29,30]. Con-
sequently, it is unnecessary to maintain sterile conditions. Although MET-type MBFCs
usually require the addition of artificial mediators, the indigo-dye fermenting system does
not require any artificial mediator because indigo from Sukumo acts as an electron mediator.
All these situations are very suitable for constructing the bioanode for MBFCs.

Finally, we constructed a semi-microbial biofuel cell using the indigo-dye fermenting
suspension. Carbon fiber and Pt mesh were used as the anode and cathode materials,
respectively. Concerning the cathode, we selected the Pt electrode as a catalyst and con-
structed a gas-diffusion-type system to avoid O,-depletion near the electrode surface.
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The performance under the passive mode is presented, and future perspectives of the

indigo-dye fermenting MBFCs are discussed.

2. Results and Discussion
2.1. Electrochemical Performance of the Carbon Felt Electrode (CFE) Anode in the Indigo-Dye

Fermenting Suspension

In this study, the indigo-dye fermenting suspension was poured into a cylinder-type
container (Figure 1) and placed under quiescent conditions. Insoluble indigo is microbially
reduced to water-soluble leuco-indigo, which is auto-oxidized by O, near the liquid/air
interface of the container. The reoxidized indigo frequently forms floating materials called

Ai no Hana (indigo flower), together with some other insoluble materials. The catalytic

reduction of indigo may predominantly proceed at the bottom of the container, which
contains a sediment-rich suspension containing indigo-dye fermenting microorganisms.

[¢——————  Lead wire for Pt mesh cathode
<+——— PVC tube

<+—— |ead wire for CFE anode
(insulated with heat shrink tubing)

Pt mesh cathode

I'4
;'7{!
Spectra/Por 7 membrane
A P
CH,CHO  CH,COO-
= & Indigo-dye fermenting suspension

Indigo

ﬂe‘\

<«+— C(ylinder-type container

Leuco-indigo

2e-
— CFE anode

Figure 1. Proposed redox reactions and schematic of an indigo-dye fermenting suspension biofuel cell. The CFE anode

was placed at the bottom of the cylinder-type container. The Pt-mesh cathode was placed at the top of the membrane. The

projected surface area of the CFE anode and the Pt-mesh cathode was 0.8 cm?.

Figure 2 shows the cyclic voltammograms of an indigo-dye fermenting suspension at
the CFE placed at the bottom of the cylinder-type container under quiescent conditions
without deaeration with an inert gas (e.g., nitrogen or argon). The solid and dotted lines
represent the cyclic voltammograms at room temperature (ca. 25 °C) and 0 °C, respectively.
At 0 °C, there was practically no microbial catalytic activity; thus, the cyclic voltammetry
(CV) curve at 0 °C is considered as a background wave encompassing the non-catalytic
redox wave. The anodic broad wave around —0.5 V was assigned to the oxidation of leuco-
indigo, and the small peak around —0.7 V was assigned to the reduction of indigo (that
may be adsorbed on the CFE). The result was in good agreement with the redox potential
of the indigo/leuco-indigo couple that was reported to be —0.65 V (at pH = 10.7) [27]. The
positive shift of the onset potential of the leuco-indigo oxidation may be ascribed to the
slow kinetics of leuco-indigo at the CFE. Since the O, reduction wave was not observed, we
can conclude that the bottom of the container remained anaerobic, even when the container
was maintained under atmospheric conditions.
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Figure 2. Cyclic voltammograms at the CFE in the indigo-dye fermenting suspension. The scan rate
was 20 mV s~ L. Measurements were conducted at room temperature (ca. 25 °C) (solid line) and 0 °C
(dotted line) under quiescent and atmospheric conditions.

At room temperature, the catalytic oxidation wave was observed from —0.45 V.
The wave was ascribed to the microbially catalyzed acetaldehyde oxidation with the
indigo/leuco-indigo couple as a redox mediator. Comparing the results at room tem-
perature and 0 °C, we can determine that the steady-state catalytic oxidation current
density reached approximately 1.5 mA cm~2 at —0.2 V. The measured pH of the indigo-dye
fermenting suspension was 10.7.

Conversely, the reduction current observed at —0.71 V was ascribed to the acetalde-
hyde reduction, due to the microbially catalyzed reduction of acetaldehyde with the
indigo/leuco-indigo couple as a redox mediator. At pH 10.7, the redox potentials of the
aldehyde/ethanol couple and the indigo/leuco-indigo couple were —0.61 and —0.65 V, re-
spectively. Although the acetaldehyde reduction with leuco-indigo was trending downhill
from the thermodynamic viewpoint, the small potential difference (ca. ~40 mV) resulted in
a slow catalytic reaction.

2.2. Gas-Diffusion-Type O, Reduction with the Pt-Mesh Cathode

In this study, we selected Pt as the O;-reducing catalyst since the indigo-dye ferment-
ing suspension is highly alkaline. Under such highly alkaline conditions, O,-reducing
biocathodes utilizing MCO as a catalyst do not work well owing to the loss in the enzyme
activity. As preliminary experiments, the performances of the Pt and carbon electrodes
for O reduction were evaluated using a rotating ring-disk electrode (RRDE). Figure S2
shows the O, reduction voltammograms of Pt and glassy carbon (GC) rotating electrodes
at pH 10, 11, and 12, at 4000 rpm. The results are normalized by the limiting current at
—0.8 V. Since the onset potential of the Pt electrode is more than 0.3 V higher than that of
the GC electrode under highly alkaline conditions, we utilized Pt to construct a cathode
with a low overpotential. Figure 3 shows the CV curves of the Pt mesh under quiescent
and atmospheric conditions. The Pt mesh was placed at the gas-liquid interface (solid line)
or immersed in the solution (dotted line) by adjusting the height of the tube, as shown in
Figure 1. The lower part of the tube was covered with a dialysis membrane to avoid the
influence of contaminants in the indigo-dye fermenting suspension, and the Pt mesh was
placed on the dialysis membrane. The top views of the Pt-mesh cathodes are shown in
Figure S3. The CV curves shown in Figure 3 are for the O; reduction current. When the
Pt mesh was immersed in the solution, the O, reduction current curve exhibited a peak
shape. This indicates the diffusion-controlled supply of O, owing to the low solubility
of the dissolved O,. Contrarily, when the Pt mesh was placed at the gas-liquid interface
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to construct a gas-diffusion-type electrode system, a considerably large and steady-state
current density for the oxygen reduction reaction was realized without O, depletion.

0.2

j/ mAcm

-1.0 1 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

E/V vs. Ag|AgCl|sat. KCl

Figure 3. Cyclic voltammograms of the Pt-mesh electrode. The scan rate was 20 mV s~!. Mea-
surements were conducted at room temperature (ca. 25 °C) under quiescent and atmospheric
conditions. The Pt mesh was placed at the gas-liquid interface (solid line) and immersed in the
solution (dotted line).

2.3. Construction of Indigo-Dye Fermenting Suspension Biofuel Cell

A semi-microbial biofuel cell was constructed by combining the CFE bioanode and the
gas-diffusion-type Pt-mesh cathode in the indigo-dye fermenting suspension. The biofuel
cell was operated under quiescent and atmospheric conditions at room temperature. The
cell voltage, anode potential, and cathode potential were measured at the (quasi) steady
state and at given resistances. The resistances were decreased stepwise. The potentials
were recorded approximately 15 s after the change in the resistance.

In Figure 4, Panel A shows the anode (open circles) and cathode potentials (open
triangles) as functions of the current density and Panel B shows the cell voltage (open
squares) and the power density (filled diamonds) as functions of the current density. The
open-circuit voltage (OCV) was 0.58 V, and the maximum power density was 32 uW cm 2
(320 mW m~2) when the cell voltage was 0.25 V. Considering the current-voltage charac-
teristics of panel A, it can be concluded that the cathode performance is concentrated in the
rate-limiting process. In addition, the measured cell voltage was almost equal to the sum
of the measured potentials of the anode and the cathode. The video of the light-emitting
diode (LED) powered using the indigo-dye fermenting suspension biofuel cell is shown in
Video S1.

2.4. Stability for the Indigo-Dye Fermenting Suspension Biofuel Cell

The stability of the biofuel cell was evaluated in a continuous operation. Panels A
and B (Figure 5) show the time dependence of the anode potential (panel A, solid line),
cathode potential (panel A, dotted line), cell voltage (panel B, broken line), and power
density (panel B, solid line) during the continuous operation at a resistance of 2000 (3. We
selected this resistance since the biofuel cell exhibited the highest power density in the
initial state. The power density decreased rapidly in 0.5 h and became very small (less than
2 uW cm’z) after 3.0 h. From the results of Figure 5, Panel A, we can conclude that the
cause of the decline is the degradation in the performance of the anode. Concerning the
cathode side, the potential shifted toward the positive side. This is because the current
density decreased with the performance degradation of the anode.
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Figure 4. (A) Polarization curves of the indigo-dye fermenting suspension biofuel cell. The measured
potentials of the anode (open circles) and the cathode (open triangles) are plotted as a function of the
current density. (B) The cell voltage (open squares) and the power density (filled diamonds) of the
indigo-dye fermenting suspension biofuel cell are plotted as a function of the current density.

Conversely, a stability test with OCV measurements was also conducted. Panels A
and B (Figure 6) show the time dependence of the anode potential (panel A, solid line),
cathode potential (panel A, dotted line), and cell voltage (panel B, broken line) during
the continuous operation at a resistance of 10 k(). The cell voltage decreased gradually,
and after 48 h, it decreased by approximately 80 mV compared to the initial potential. For
the long-term measurement (48 h), the state change of the gas-liquid interface, due to the
evaporation, degraded the cathode performance. The spike-shaped noise at 22 h is due to
the fine adjustment of the cylinder position to compensate for the decrease in the water
level caused by the evaporation.
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Figure 5. Continuous monitoring of the stability of the indigo-dye fermenting suspension biofuel
cell under the operating conditions. (A) The measured potentials of the anode (solid line) and the
cathode (dotted line) are plotted as a function of time. (B) The cell voltage (dashed line) and the
power density (solid line) are plotted as a function of time. The measurements were performed in the
indigo-dye fermenting suspension at room temperature under quiescent and atmospheric conditions.
The load resistance was 2000 Q).

The anode showed stability for 48 h and has possibility to show stability for longer
time. The microbiota in the indigo fermentation change slightly in the long term; however,
their indigo-reducing activity is maintained for 6-8 months [29,30]. This implies that the
MBEC using the indigo-dye fermenting suspension maintains its activity for longer periods.
Moreover, there is a possibility that the activity is maintained for extended periods because
the MFBC does not consume indigo, unlike the indigo-dyeing process. The stable activity
which is derived from diversity of indigo-reducing microorganisms [29,30] is an advantage
of the MBFC using the indigo-dye fermenting suspension. The clear mechanism of the
electron transfer is also an advantage of this MBFC compared to the other MBFCs with
mixed communities.
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Figure 6. Continuous monitoring of the stability of the indigo-dye fermenting suspension biofuel
cell with OCV measurements. (A) The measured potentials of the anode (solid line) and the cathode
(dotted line) are plotted as a function of time. (B) The cell voltage (dashed line) is plotted as a
function of time. The measurements were performed in the indigo-dye fermenting suspension at
room temperature under quiescent and atmospheric conditions. The load resistance was 10 k().

2.5. Challenges in Achieving High-Performance Biofuel Cells

To increase the power output of the indigo-dye fermenting suspension biofuel cells, it
is necessary to improve the performance of both the anode and the cathode. For the anode,
increasing the temperature is one of the methods to improve its performance. Figure S4
shows the CV curves measured at high temperatures of up to 58 °C. As the temperature
increased, the catalytic current density also increased. In addition, activating the anode
electrode by modifying the CFE with other carbon materials or by chemical modification to
improve the electrode response to leuco-indigo may also help to increase the power output.
The use of a buckypaper made of carbon nanotubes may also be effective as a solution to
enhance power output. The material have already been reported [31,32]. Contrarily, for
the cathode, it is necessary to construct a gas-diffusion-type system that is stable in the
long term. One of the possible methods for improving stability linked to evaporation is
constructing a membrane electrode assembly (MEA), which integrates a water-repellent
protective layer, Pt-mesh cathode, and cellophane membrane in that order. The candidates
of the protective layer are PTFE or Nafion membranes [33,34]. Since the membrane allows
gas to pass through but completely prevents liquid leakage, it is possible to design the MEA
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to be placed on the side of the indigo-dye fermenting tank or to be used as a floating-type
electrode on the surface of suspension [34]. In this cell design, the effect of evaporation
can be neglected, so it is thought that the stability of a gas-diffusion-type cathode will be
improved. Furthermore, the replacement of expensive Pt with less expensive catalysts is
another necessary route for improving the technology.

3. Materials and Methods
3.1. Preparation of the Indigo-Dye Fermenting Suspension

A fresh indigo-dye fermenting suspension was prepared following the same method
employed in our previous studies [27,28]. Twenty grams of Sukumo was mixed with 20 mL
of hot water. Thereafter, 75 mL of the second lye (described below) was added, and the
volume was made up to 200 mL using hot water. Subsequently, the solution was adjusted
to pH 11 using slacked lime. Japanese Sake (1 mL) was added, and the resulting solution
was incubated at 28 °C for 2 d. After incubation, wheat bran (0.2 g) mixed with hot water
(5 mL) was added to the solution. Thereafter, the suspension was adjusted to pH 11 using
slacked lime. The resulting suspension was incubated at 28 °C for 2 d. Fifty milliliters of
the first lye (described below) and hot water (50 mL) were added to the suspension. The
suspension was adjusted to pH 11 using slacked lime during incubation. After incubation
at 28 °C for several days, the suspension, which exhibited indigo-dyeing activity, was used
to prepare the semi-microbial fuel cell.

3.2. Preparation of Lye

The ash of oak and sawtooth oak (1 kg) was soaked in 5 L of hot water, mixed, and
stored overnight. The resulting supernatant was obtained as the first lye. After the removal
of the supernatant, the remaining ash was soaked in 10 L of hot water, mixed, and stored
again overnight. The resulting supernatant was obtained as the second lye.

3.3. Preparation of the Semi-Microbial Fuel Cell

The indigo-dye fermenting suspension (100 mL) was poured gently into a cylinder-
type container in which CFE (ca. 0.8 cm?, B0050, Toray, Japan, containing 17% of binder,
basis weight = 50 g m~2) was already placed at the bottom. The CFE was sandwiched
between Ti-mesh (Nilaco corp., Tokyo, Japan) and wrapped with 0.50 mm diameter Ti-wire
(Nilaco corp., Tokyo, Japan). The Ti-wire was protected by heat shrink tubing and pulled
out to the top of the cell as a lead wire. Thereafter, the container was stored overnight
without deaeration. A polyvinyl chloride (PVC) tube (inner diameter: 13 mm) attached to
a Spectra/Por 7 membrane (Repligen, Waltham, MA, USA) at the bottom was placed on
the surface of the indigo-dye fermenting suspension. A Pt mesh (ca. 0.8 cm?, PT-358080,
80 mesh, Nilaco corp., Tokyo, Japan) was placed at the top of the membrane (Figure 1).

3.4. Evaluation of the Pt Electrode under an Alkaline Condition

Electrochemical measurements were performed using an ALS1205C voltammetric
analyzer with a RRDE (BAS, Japan) at a rotating speed of 1000 rpm and a scan rate of
10 mV s~1, without bubbling, at room temperature in a 20 mM NaHCO3;-NayCO3 buffer
(pH 10), 20 mM Na,HPO4-NaOH buffer (pH 11), or 20 mM Na,HPO4—NaOH buffer (pH
12). The RRDE had a GC disk electrode (diameter: 4 mm) and a Pt ring-disk electrode
(7 mm o.d. and 5 mm i.d.). A Pt wire and a handmade Ag | AgCl|sat. KCl electrode were
used as the counter and reference electrodes, respectively.

3.5. Evaluation of the CFE Anode and Pt-Mesh Cathode

Electrochemical measurements were performed using an ALS1205C voltammetric
analyzer at room temperature (ca. 25 °C). To evaluate the anode, the CFE at the bottom
of the container holding the indigo-dye fermenting suspension was used as the working
electrode. To evaluate the cathode performance, the Pt-mesh cathode in the indigo-dye
fermenting suspension was used as the working electrode and placed at the gas-liquid
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interface or an immersed position. The reference electrode was a handmade Ag| AgCl | sat.
KCl electrode. The counter electrode was a 15 cm Pt wire (Nilaco corp., Tokyo, Japan),
which was inserted vertically against the container. CV was conducted at a scan rate of
20 mV s~! under quiescent and atmospheric conditions.

3.6. Indigo-Dye Fermenting Suspension Biofuel Cell

The anode and cathode of the MBFC were connected through a resistor (Yokogawa
Hokushin Electric, Tokyo, Japan). The cell potentials were measured with electrometers
HE-106A (Hokuto Denko, Tokyo, Japan) at given values of the resistance in the range from
100 k2 to 5 Q.

4. Conclusions

In this study, an indigo-dye fermenting suspension biofuel cell was constructed using
a CFE electrode as a bioanode for acetaldehyde oxidation and a Pt-mesh electrode as
a gas-diffusion-type cathode for O, reduction. An anaerobic atmosphere was created
by placing the bioanode electrode at the bottom of the cylindrical container holding the
indigo-dye fermenting suspension. The biofuel cell was evaluated under quiescent and
atmospheric conditions at room temperature. The OCV was 0.6 V, and the maximum
output power was 32 pW cm~2 (320 mW m~2). In addition, the continuous stability was
evaluated under given conditions starting with the highest power density; the power
density decreased rapidly in 0.5 h with the degradation of the anode. Conversely, at
the OCV, the anode potential exhibited high stability for two days. However, the OCV
decreased by approximately 80 mV after 2 d compared to the initial value, owing to the
performance degradation of the gas-diffusion-cathode system caused by the evaporation
of the dispersion solution.
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biofuel cell.
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