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Microbial fuel cell is one of the most convenient and cost-effective technology for producing the clean energy. This
study explores the exoelectrogenic behavior of Pichia fermentans in a microbial fuel cell. Two different reactor designs
(double- and single-chambered) were tested in the presence and in the absence of a mediator (methylene blue). The
influence of extracellular polymeric substances in the electricity generation has also been studied. In a double-cham-
bered setup, maximum open circuit voltages were measured as 0.602 and 0.488 V with mediator and without mediator
cell, respectively, whereas maximum power densities were measured as 1.23 mWcmL2 and 0.407 mWcmL2, respectively.
In addition, maximum open circuit voltages were observed as 0.40 and 0.397 V in a single-chambered fuel cell with and
without mediator, respectively. The maximum power density was recorded 1.64 mWcmL2 in the presence of a mediator,
whereas the same was found as 0.643 mWcmL2 in the absence of mediator. Thus, these results indicate that P. fermentans
has the ability to produce high power density under microaerophilic conditions with mediator in a single-chambered
membrane less setup.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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Microbial fuel cell (MFC) directly converts chemical energy of
organic waste into electricity using microorganism as a biocatalyst.
In this device, microbial metabolites play significant role in the
electrochemical reactions responsible for the electron transport. It
is a promising technology that can be used for electricity genera-
tion, wastewater treatment, bioremediation of heavy metals/toxic
compounds (1). MFC is a simple, easy to operate device that can
work efficiently even at low temperatures without any external
energy input (2). MFCs are usually evaluated by their power gen-
eration capacity, columbic efficiency, stability, and longevity. So, for
scaling up the performances, MFCs can be constructed in different
designs and configurations by selecting suitable material for anode
and cathode (3). Three basic designs of MFC have been reported
including single-chambered (SC), double-chambered (DC) and
stacked (4). Among these designs DC- and SC-MFCs are generally
used for wastewater management and electricity generation. Dual-
chambered MFC comprises of two compartments: (i) an anaerobic
anode, and (ii) an aerated cathode, which can be separated by
either a proton exchange membrane or salt bridge (5). These
membrane or salt bridges facilitate the flow of protons from anodic
to cathode chamber (6). Proton exchange membrane produces
more electricity as compared to a salt bridge which subsequently
increases the cost of the instrument (7). In comparison to proton
exchange membrane, salt bridge may be an alternative for the
fabrication of simple and cost-effective MFC. Apart from design and
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fabrication, some other factors that affect the energy production
and performance ofMFC are electrolytes, microorganism, substrate,
salts, pH and temperature (8,9).

Some bacteria have the ability to transfer the electrons extra-
cellularly generated by the oxidation of organic compounds.
Therefore, the electricity generated is directly related to the
metabolic activity of the anodic bacteria (10). Several reports have
authenticated the promising results for the use of prokaryotic mi-
croorganisms (11), while there are limited studies available on
electrogenic capability of yeast. Yeast may be an ideal biocatalyst
for MFC applications due to its nonpathogenic nature, ability to
utilize a wide range of substrates, robustness, and easy handling
(12). Only a few yeasts have been used in MFCs as biocatalyst, e.g.,
Saccharomyces serfvisiae (13), Arxula adeninivorans (14) and Han-
senula anomala (11). Among various yeasts, Pichia fermentans is a
nonpathogenic, safe and fast growing organism even under
microaerophilic conditions, and widely used in beverage and food
industries for flavor, aroma and fermentation process (15,16).
Antagonistic properties of P. fermentans inhibit the growth of other
fungi and bacteria, and increase the shelf life of beverage and food
products (17). In context to the fuel cell, the antagonistic property
of P. fermentans may help in preventing the growth of other
contaminating microorganisms in the anodic chamber and hence
may also produce better output voltage in contrast to other yeast
cells.

Two major mechanisms for electron transport have been re-
ported: (i) direct electron transfer and (ii) indirect electron transfer
(18). Physical contact between the microbial cell and the anode is a
major factor in direct electron transfer. In direct electron transfer,
microorganisms contain membrane bound electron transport
All rights reserved.
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protein to transport the electrons from cytoplasm to its surround-
ing environment. These electrons are further received by anode. In
contrast, indirect electron transfer is followed by many different
mechanisms such as artificial redox mediators (exogenous) and
primary and secondary metabolites. These mediators act as a
vehicle for the transportation of electron to the anode (19,20). In
MFC, microorganisms develop a biofilm on the anode surface by
secreting extracellular polymeric substances (EPS). These EPS
constituted of protein, polysaccharides, and extracellular DNA,
which are involved in electron transfer (21). Thus, the study was
designed to explore the exoelectrogenic properties of P. fermentans
as a biocatalyst in fuel cell with and without exogenous mediator,
methylene blue (MB), in a DC and SC membrane less bioreactors.

MATERIALS AND METHODS

Microorganism and inoculum preparation P. fermentans was procured
from the Microbial Type Culture collection (MTCC 189) Chandigarh, India, and was
cultured aerobically in yeast extract peptone dextrose (YEPD) agar. Actively growing
culture (4e6 h) in YEPD broth at 28�C was used as an inoculum in the MFC.

Dual-chambered setup Dual-chambered MFC (Fig. 1A) was fabricated using
glass flasks (working volume 150 mL) and operated in the presence (1.5 mM MB) or
absence of mediator. Carbon fibers (100 cm length, 7 mm diameter) were used as
anode and stainless steel wire (100 cm length, 0.05 mm diameter) as cathode. The
electrodes were sterilized with 98% absolute ethanol, UV radiation and then
rinsed by autoclaved distilled water, dried in aseptic conditions. YEPD broth
medium was used as anolyte, while saline solution (0.01 % NaCl) was used as
catholyte. Salt bridge (Tygon tubes inner diameter 3.2 mm containing 8 % NaCl
and 3.5 % agar) was used to connect cathode and anode compartment for proton
exchange. The salt bridge was sterilized with absolute alcohol, UV radiation and
rinsed by autoclaved distilled water. Sterilized anode chamber was inoculated
with 10 % (v/v) inoculum size and the MFCs were operated at room temperature
(30 � 2�C) for one month.

Single-chambered membrane less setup Single-chambered membrane
less MFC (Fig. 1B) (working volume 100 mL YEPD broth) operated with mediator or
without mediator. Carbon fibers anode and stainless steel wire cathode were placed
vertically at a distance of 3 cm. The glass bottle was covered with rubber stopper. All
other applicable parameters were same as DC setup. All experiments were
performed in duplicates. Control experiment was done with both of the setups.

Electrochemical calculation Open circuit voltage (OCV) was recorded by a
digital multimeter. The OCV and output voltage against external resistors ranging
from 820 kU to 100 U for all the cells were recorded regularly. Polarization curves
were obtained by changing the external resistance from 820 kU to 100 U at various
time intervals.

Current I was calculated from Ohm’s law V ¼ IR, V as a cell voltage and R as the
resistance. Similarly, power P is derived as the multiplication of V and I. Current and
power densities (j and p, respectively) are calculated by the ratio of current and
surface area of anode (carbon fibre) and power and surface area of anode, respec-
tively. Internal resistance (Rint) is a major factor in the power density calculation
which was calculated by Rint¼ R (E/V-1) where R is external load, E is voltage of open
circuit (voltage without any resistance) and output voltage with resistors (22). Cell
potential (electromotive force, EMF) was recorded using Ag/AgCl reference
electrode.
FIG. 1. Schematic representation of reactor design. (A) Double-chambered and (B)
single-chambered.
Cytotoxicity of MB To evaluate the toxicity level of MB against P. fermentans
disc agar diffusion test was carried out. Sterile filter paper disks (5 mm) were soaked
with variable concentrations, 1.5 mM, 3 mM or 6 mM of the MB. These discs were
placed on yeast extract agar plates containing P. fermentans and incubated at 28�C
for 48 h (23).

EPS production P. fermentans was grown in 100 mL sterilized YEPD broth
and incubated for 12 days at 28�C. The aliquots were taken out at different time
intervals (day 1, 2, 3, 9 and 12) to estimate EPS. Twentymilliliters of cell culture and a
control was centrifuged simultaneously at 8000 rpm for 15 min. The supernatant
was used for EPS estimation but in control experiment did not get any precipitation
(EPS) to process further. Carbohydrate in EPS was estimated by phenol/sulfuric acid
method (24). Glucose was used as a standard.

Fourier transform infrared spectroscopy Major functional groups of the
EPS were detected by Fourier transform infrared (FTIR) spectroscopy. The sample
was prepared by making a dry film on a glass slide using a drop of EPS solution.

RESULTS

Evaluation of MFC performance A gradual increase in the
open cell voltage of all four types of reactors: (i) DC, (ii) DC with
mediator (DCM), (iii) SC, and (iv) SC with mediator (SCM). OCV of
the control setups were gradually decreased from 0.47 to 0.30 V
within 2 days and further the value reduced to zero.

The absence of zones of inhibition around the samples sug-
gested MB is non-toxic for cell, thus the presence of MB will not
inhibit the yeast growth. The influence of MB on the P. fermentans
cell performancewas investigated in the form of current generation
and power density.

Double-chambered MFC OCV is one of the important
parameter to evaluate MFC performance. OCV response was
recorded in both the reactors, DC and DCM was quite promising,
which strengthen the exoelectrogenic potential of P. fermentans for
various bioelectrochemical applications under microaerophilic
conditions. MB positively influenced the cell performance by
significantly enhancing the OCV and power density. EMF of the cell
recorded against Ag/AgCl reference electrode was 0.902 V and
0.642 V for DCM and DC, respectively. Anode potential of DC setup
was 0.343 V and 0.294 for mediatorless and mediated cell,
respectively. Maximum OCV 0.60 V (day 15) and 0.488 V (day 24)
was recorded for DCM and DC-MFC, respectively (Fig. 2). Day wise
profiles of power density vs. current density were obtained by
changing the external resistance (R) from 820 kU to 100 U.
Maximum power density 1.23 mW cm�2 was recorded at 33 kU in
DCM-MFC on day 17, which declined thereafter, whereas DC-MFC
showed a maximum power density 0.407 mWcm�2 on day 25
(Fig. 3A, C). Output voltage of cell increased with different
FIG. 2. Open circuit voltage during operation of fuel cell with P. fermentans as biocat-
alyst in single- and double-chambered: mediated and mediator less setups.
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external resistance, current density decreased simultaneously.
Maximum current density was recorded as 7.27 mAcm�2 and
18.18 mAcm�2 on day 25 and day 17 in DC and DCM setup,
respectively (Fig. 3B, D).

Single-chambered setup Almost similar maximum OCVs of
w0.4 V (during 22e24 day) was recorded for both the cell setups
(SCM and SC), while EMF of the cells (vs. Ag/AgCl reference elec-
trode) was w0.5 V. Anode potential of the mediated and media-
torless cell was 0.320 V and 0.206 V, respectively. As the OCV of
both of the cells was very close but the power density and the
current density of the reactors had significant difference. A
maximum power density 1.64 mWcm�2 in SCM (day 25) and
0.643 mWcm�2 (day 21) in SC setup was observed across 10 kU
(Fig. 4A, C). Current density 34.09 mA cm�2and 40.90 mA cm�2 was
achieved in SC and SCM, respectively (Fig. 4B, D). The lower OCV
was compensated by large value of power density and current
density. These values were dependent on the external resistance
because output voltage increased with the increase in external
load and current density decrease with the increase in output
voltage. A gradual increase in external resistance also improved
current generation. For current generation, external resistance
acts as a limiting factor because all the other parameters have a
slight influence. At the initial stage, there was no significant
difference in power generation as sufficient electrons and protons
were not generated till second day of experiment, while and after
2e3 days when a little up-shift of polarization curve was
observed (Figs. 3A, C and 4A, C).

Internal resistance analysis The internal resistance (Rint)
values for mediator containing reactors were almost similar up to
10 kU, which increased at higher external resistance. In SC, at the
maximum resistance (180 kU), Rint gradually decreased from
314 kU to 57 kU from day 1 to day 25. In contrast, Rint of SCM
increased from 50 kU to 72 kU at the maximum external resistance
(180 kU) (Fig. 5A and B). In DC setup, internal resistance of DC
FIG. 3. Polarization curves of double-chambered setup; Current density vs power density (A)
power density (C) and current density vs output voltage (D) in mediated setup.
decreased from 182 kU to 112 kU from day 1 to day 25. Lowest
Rint value, 81 kU was recorded in DC on day 17. On the other
hand, in DCM internal resistance increased from day 1 to day 25
from 115 kU to 175 kU at 180 kU external load, while the lowest
impedence (52 kU) was recorded on day 21 (Fig. 5C and D).

Current discharge is basically a property of any battery through
which represents the discharging rate of a cell. In this study, current
discharge maximum observed in SCM which was 23 mA at 10 KU
and lowest value of current dischargewith timewas 0.8 mA at 180 K
in SC (Fig. 6). At 180 KU discharging was almost similar in all the
setup.

EPS production Efficient EPS production was observed by
P. fermentans along with its growth. However, a gradual decrease in
EPS production after 9 days was recorded. The biofilm developed
alongwith the surface of anode as well as at the top of medium. EPS
productionwaswell correlatedwith yeast growth. In the beginning,
cells grow rapidly and biomass accumulation occurred, thus from
day 1 to day 3 cell biomass, EPS and carbohydrate content in EPS
was continuously increased (Fig. 7).

FTIR analysis of EPS Infrared (IR) spectrum of EPS confirms
the presence of polysaccharide-protein matrix. During initial
days, EPS production was minimum, which was also reflected in
the IR spectrum as it did not show any significant peak for
specific groups; however some emerging peaks at 1500 cm�1

and 3500e3700 cm�1 were noticed (Fig. 8). Two significant
broad peaks ranged between 880 and 890 cm�1and
744e748 cm�1 are assigned to CeH out-of-plane. During 3e6
days, functional groups representing primary amide (1691 cm�1,
1644 cm�1, C¼O, eCONH2) and secondary amide (1515 cm�1

was associated with ring vibration in the phenols of the
tyrosine side-chains in and carbonyl stretch C ¼ O of esters at
1741 cm�1 were observed (25). Beside this, it was also observed
at 2360 cm�1 which corresponds to CO2 (C¼C¼C, C¼C¼O,
C^C). Dong et al. (26) observed almost similar IR pattern in the
and current density vs output voltage (B) in mediator less setup, and current density vs



FIG. 4. Polarization curves of single-chambered setup; Current density vs. power density (A), current density vs output voltage (B) in mediator less setup and current density (C) and
current density vs output voltage (D) in mediated setup.
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EPS obtained from granulation of aerobic sludge. Li et al. (27) well
reported the redox potential of bacterial EPS, which showed
almost similar characteristic peaks regarding the presence of
amide groups. Presence of tyrosine in EPS indicates its
involvement in redox reactions (28).

A peak at 3618 cm�1 shows OeH hydroxyl groups in EPS. The
region 3200e3000 cm�1 shows CeH stretch, whereas the bands in
the region of 3000e2800 cm�1 indicates symmetric and anti-
symmetric CeH stretching modes in the methyl (CH3) and
FIG. 5. Internal resistance of fuel cell at different exte
methylene (CH2) functional groups. The region 1200e800 cm�1 is
reported for polysaccharide; this region is dominated by ring vi-
brations overlapped with stretching vibrations of (CeOH) side
groups and (CeOeC) glycosidic band vibration (29).

DISCUSSION

Reactor designs significantly influenced the performance of fuel
cells. Maximum current density and power density were
rnal loads: SC (A), SCM (B), DC (C) and DCM (D).



FIG. 6. Profile of Current discharge with time at different external resistance 10 KU, 33 KU and 180 KU in all four setup: SC (A), SCM (B), DC (C) and DCM (D).
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statistically significantly higher (P < 0.05) in SC reactor designs.
Earlier studies demonstrated that the endogenous mediator plays
important role in the electron transfer from NADH and FADH2 to
the cellular membrane. These mediators diffuses in the thick
cellular membrane and deliver these electrons to external electron
acceptor such as oxygen (19). It was further reported that a
maximum possible number of proton and electrons taken-up by
endogenous mediators were 20 mol and 2 electrons for each NADH
molecule. This completes the process of electron transfer in yeast
cells attached to the anode surface byweak electrostatic interaction
(30). This mechanism could be a reason of lower power and current
density in DC and SC.

Addition of MB increased the cell performance, which revealed
that MB acted as exogenous mediator for electron transport in
these setups. The present observations are in consent with earlier
studies that artificial mediators (MB,methyl orange,methyl red and
neutral red) significantly promoted the electron generation thus
FIG. 7. Cell biomass and EPS content at different time interval.
improved the current generation by transferring the electron to
anode surface (23,31). Christwardana et al. (30) reported that MB
enters inside the cellular membrane and reduces to capture the
24 mol of electron and protons from glycolysis. These electrons are
further delivered to the surface of anode whereas reduced MB
converted into oxidized form.

Internal resistance negatively affects the current generation. Rint
can be reduced by increasing the surface area of anode, cathode,
proton exchange membrane, pH and ionic strength of electrolyte
(32). In the case of SCM and DCM, internal resistance did not show
significant difference up to 10 kU external load, while it increased at
higher external load. At the lower external loads the Rint was
significantly lower in the mediator containing reactors (Rint ranging
from 10 to 30 U) as compared tomediator less reactors (Rint ranging
from 10 to 70 U) during different days. This observation confirmed
that mediators also play an important role in current generation
and internal resistance. Earlier, similar observations were also re-
ported with different exogenous mediators including MB and
neutral red (33). P. fermentans produced EPS but did not form a
dense biofilm on carbon fiber anode, which may limit direct elec-
tron transfer. However, its endogenous EPS and artificial mediator
boosted the electron transfer via the indirect mechanism (19).
Studies suggested that the combination of the two strategies, the
attachment of yeast cells to the anode through amine or hydrogen
bonds to improve the electron transfer directly and the use of a
dissolved mediator to harvest electrons from floating cells, can be
attempted to maximize a synergistic effect (34). This was facilitated
by the surface modification of electrode with amine-based com-
pounds and may induce physical entrapment, weak electrostatic
interactions, and chemical bonding with yeast.

EPS comprises of polysaccharides, a variety of proteins, gly-
coproteins, glycolipids, and extracellular DNA. This EPS plays
some important roles in microbial cell to cell communication,
protection from external stress (such as toxic compounds, tem-
perature) and extracellular electron transfer (35). Electron



FIG. 8. FTIR spectra of EPS at different time interval.
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hopping was proposed to be the most likely molecular mecha-
nism for electrochemical electron transfer through EPS (36).
Carbohydrate in EPS performs specific functions in microbial
community and biofilm formation (37). Read and Costerton (38)
reported that EPS production is an advantageous feature of mi-
crobes because it provides the strength of adhesive bond and also
produce a protective glycocalyx. It also acts as mediator for
transfer of electrons from yeast to anode as it might be involved
in redox reactions (27), even when the cells are not actively
producing the EPS. Once produced, it does not completely exert
and may be involved in electron transfer.

Conclusion Power and current generation at moderate
temperature under microaerophilic condition was well demon-
strated by P. fermentans in different fuel cell setup. Endogenous
EPS showed the presence of saccharides, protein having several
functional groups like CeOH, COC, NH2 and C¼O, which
strengthened the electron transfer property of P. fermentans. In
DC design, the power density and current density were signifi-
cantly higher in the presence of exogenous mediator (MB). This
indicated towards the active role of MB to intensify the process.
Overall, reactor designs also influenced power generation as the
proposed SC membrane-less design showed better output as
compared to the DC. This setup provides easy, economic and
efficient design for various fuel cell applications. The results
further point towards the potential of P. fermentans for its use
in development of yeast based fuel cell.
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