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Abstract

White-rot fungi (WRF) synthesize ligninolytic extracellular oxidative enzymes such as laccase (Lcc), which has been
described as one of the most interesting types of redox enzymes that can improve microbial fuel cell (MFC) performance.
Therefore, and in order to test that performance, WRF Trametes versicolor MUM 04.100 was immobilized in nylon sponge
and fixed in the MFC cathode chamber, while Lcc activity, bioelectricity production, and organic matter removal were moni-
tored. It was found that current density measured in the MFC supplemented with fungi was 2.1 times higher (42.81+4.91 mA/
m?) than current density obtained in the control MFC (absence of fungus in the cathode chamber, 20.31 +4.30 mA/m?).
Maximum Lcc activity (23.08 U/L) and the highest value of organic matter removal (COD) (92%) from domestic wastewa-
ter was obtained on the last cycle after biofilm maturation and glycerol pulse. This work evidences that Lcc continuously
synthesized by MUM 04.100 immobilized in the biocathode is a promising approach to enhance MFC power performance

and wastewater treatment.
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Introduction

Microbial fuel cell (MFC) technology has been receiving
much interest because it offers a solution for low potency
and decentralized energy production in zero carbon scenar-
ios. By using electrogenic (anodophilic) microorganisms
[1], MFC extracts electricity from organic wastes while
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providing their mineralization, which is a significant asset
from a pollution prevention perspective Potter, 1911) [2-5].

The MFC typically comprise an anode compartment and
a cathode compartment, separated by a proton-conducting
membrane (PEM). In the anode compartment, the electro-
genic microorganisms oxidize the organic matter, under
anaerobic conditions, releasing protons, and electrons [6,
7]. The electrons migrate through an external circuit, from
the anode compartment to the cathode, generating an elec-
tric current. The protons cross the membrane toward the
cathode. Finally, the electrons and protons combine with the
oxygen present at the cathode to form water [8, 9].

Many factors influence the performance of MFC: these
can be the nature of the materials used and the distance
between them, the substrates used, the microbial inoculum,
reactor configuration, ionic strength, internal and external
resistance, presence or absence of a proton exchange mem-
brane (PEM), and the properties of the catalysts [10, 11].
However, an important limitation in the production of energy
by MFC are the electrodes, for which bacterial adhesion,
electron transfer, and oxidation of substrates are factors that
directly depend on its performance [12, 13]. The produc-
tion of electricity by MFC technology is generally described
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according to the microbial composition of the biofilm on the
anode, which plays an important role in the decomposition
of the substrate. However, rapid microbial growth can easily
block the pores of these materials preventing diffusion of the
substrate. In contrast, studies related to the importance of
biofilm formation are still limited. MFC have great poten-
tial for expanding current knowledge on the phylogenetic
and functional diversity of complex microbial communi-
ties, when combined with molecular approaches, including
metagenomics [12—14].

Other important factor that limiting MFC optimization is
the cathode kinetics, whereas oxygen is the most practical
electron acceptor because of its availability and non-toxicity
[15]. Different approaches have been investigated to obtain
high electric power outputs. The use of noble metals such
as gold (Au), palladium (Pd), platinum (Pt), and Pt-alloy are
extensively reported by their high oxygen reduction reaction
(ORR) capability on the cathodic electrode surface. How-
ever, these metals have application limited due to the fact
associated by their high cost and low stability, excluding
commercial MFCs application [16]. An alternative by this
bottleneck, non-precious, transition metals such and inor-
ganic nanostructured materials (e.g., carbon nanomaterials
such as carbon black, activated carbon, graphite, graphene,
carbon nanotubes, carbon nanofibers, biomass-derived car-
bons) have attracted much attention in the application of
ORR [9, 10, 16, 17]. However, some cathode materials and
their chemical catalyst are considered expensive and harmful
to the environment. Sarma et al. [17] reinforce significant
advantages associated with biocathodes, mainly due to the
use of microorganisms that promote an eco-friendly envi-
ronment instead of the use of hazardous chemical catalysts.
These biocatalysts are considered as interesting candidates
to improve cathodic activity and can provide additional envi-
ronmental benefits, such as biosensors, biotransformation,
biosorption, and bioaccumulation [18].

Recently, Zhao et al. [19] evaluated the efficiency of
biocathode MFC based on Corynebacterium vitaeruminis
LZU47-1 to the Cr (VI) reduction. The maximum power
density and Cr (VI) removal efficiency were 252.36 mW/
m? and 98.63%, respectively. Yadav et al. [20], employed
Chlorella vulgaris at the cathode chamber obtained a maxi-
mum power density of 54.48 mW/m?. Authors highlighted
that power generation in MFC depends on the oxygen con-
centration at the cathode and microalgae emerges as an
alternative to provide continuous supply of oxygen in this
chamber. To overcome this limitation, some authors devoted
their research to create a biocathode based on white-rot fungi
(WRF) immobilized in different matrices for continuous lac-
case (Lcc) synthesis [21, 22].

Laccases enzymes use oxygen as an electron acceptor
and oxidize a wide range of organic substrates. Fungal Lccs
generally have copper atoms grouped in two sites of the

tridimensional structure of the protein: one copper ion is
on T1 site (the Lcc redox center), which receives four elec-
trons from the electron donor and three copper ions on T2/
T3 site, where oxygen is reduced to water [23]. Savizi et al.
[24] conducted a study immobilizing commercial Lcc on a
surface-modified graphite electrode cathode MFC. Authors
detected a power density of 58.8 mW/m? that represented
an increase of 65% when compared to the power density
obtained with a simple graphite cathode. Trametes versicolor
in nature produces Lcc by lignin degradation with a high
redox potential (780 mV vs. NHE). According to Mani et al.
[25], T versicolor Lcc is thermodynamically favorable to
oxygen reduction at the cathode chamber.

In a recent study, Lin et al. [22] incorporated into the
ceramic MFC air cathode electrode the WRF P. eryngii.
Maximum power density obtained was 41.3 mW/m? that
represents 3.52 times that of an MFC without WRF. In addi-
tion, WRF cathode enhanced the copper (Cu*?) removal
and increased Lcc activity by 1.68-fold-462 U/L. Liu et al.
[26] planted Ganoderma lucidum on cathode chamber and
reinforced the importance of Lcc biocathode to decolor-
ise Acid Orange 7 (AO-7) and power density 223 mW/
m? generation. Kipf et al. [27] showed that the continuous
supply of Lce-containing supernatant from a 7. versicolor
culture improved MFC performance. Similarly, Lin et al.
[28] described better MFC performance when applied G.
lucidum crude extract for continuous Lcc synthesis in cath-
ode chamber. In this context, the study goal was to design
a new MFC with immobilized T. versicolor MUM 04.100
for in situ Lce synthesis and to assess the resulting power
performance using voltammetry techniques. The research
allows new insights about a cathodic chamber MFC devel-
opment of an eco-friendly, low-cost, and bio-based solution
for wastewater treatment. Thus, this proposal addresses two
Sustainable Development Goals proposed by United Nations
promoting access to sanitation according to Goal 6 and Goal
7, by affordable and clean energy minimizing the impacts of
untreated wastewater discharges.

Materials and Methods
Culture Conditions

The white-rot fungi Trametes versicolor MUM 04.100 strain
was obtained from Micoteca da Universidade do Minho, the
Portuguese Culture Collection of filamentous fungi from
University of Minho, Portugal. The organism was cultured
on tap water agar-cellulose plates (15 g/ TWA-cellulose,
Oxoid Technical Agar No. 3, supplemented with a Whatman
grade 4 filter paper strip) and transferred to a fresh medium
every month. For fungal immobilization, five 6-mm-diam-
eter plug discs were cut with a sterile condition, from the
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periphery of a 7-day-old colony, grown in TWA-cellulose
plate and inserted in one 250-mL Erlenmeyer flask contain-
ing 50 mL of liquid culture medium (LCM) composed by
malt extract 3 g/L, glycerol 10 g/L, yeast extract 3 g/L, pep-
tone 5 g/L, and 2 pieces of 1 cm® cubes of nylon sponge (NS)
(ScotchBrite 3 MSACompany, Madrid, Spain) pre-treated
as described by Rodriguez Couto et al. [29] and incubated
at 150 rpm, 30 °C for 7 days. Thereafter, free biomass was
removed from the NS supports by filtration under sterile
conditions. Scanning electron microscopy (SEM) was used
to explore the morphology of the NS support with immo-
bilized cells and the fungal mycelium colonization. Before
SEM analysis, all samples were coated with gold and plati-
num (80/20%). Figure 1(a) depicts the microphotographs
obtained by SEM for NS support. Figure 1(b) confirms the
immobilization of the MUM 04.100 in the NS supports.

MFC Setup and Operation

The MFC setup (Fig. 2) consisted of two compart-
ments of polymethyl methacrylate with equal dimensions
(12 cmx 8 cm X 5 cm). The two chambers were separated
by a proton exchange membrane (Nafion Membrane 117,
DuPont Co., USA) and closed with silicone rubbers, rub-
ber gaskets, and stainless steel screws. The networking
volume used for each chamber was 350 mL. Carbon Toray
(QUINTECH, USA) electrodes with 48 cm? of surface area
(4 cm X 6 cm X 2 cm) were connected through copper wires,
to an external resistance of 500 Q. After the MFC perfor-
mance assessment (power curve determination at day 36),
the external resistance was changed to 1000 Q. Municipal
wastewater with an organic matter concentration, expressed
in terms of chemical oxygen demand (COD), of 762 + 100
mgO,/L, a conductivity of 790+20 pS/cm and a pH
7.0+0.2, was used as batch anolyte at room temperature
(= 22 °C). To avoid substrate limitations on bioelectricity
production, wastewater was changed whenever the current
density decreased to approximately 80%.

Fig. 1 Scanning electron micro-
scope (SEM) images of nylon
sponge (NS) support without
fungi (a) and the NS support
colonized by MUM 04.100 (b),
after 7 days of incubation at

30 °C. Bars 300 pm

UNIV. MINHO  100pm
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Two NS cubes inoculated with MUM 04.100 strain
were fixed in the lateral cathode chamber surface with 4
needles, under sterile conditions. The catholyte solution
was composed of LCM and was oxygenated using an air
pump system with a 0.22-um pore size filter coupled to it.
During the MFC operation, one pulse of glycerol (5 g/L
final concentration in LCM) was incorporated to maintain
fungal metabolism and, consequently, the synthesis of Lcc
for a prolonged fermentation time [30]. Electroactive bio-
film was considered at steady state when similar values
of power density were obtained along three cycles con-
secutively [3, 13, 21] A control assay, without the fungal
strain MUM 04.100 and consequently the absence of the
presence of Lcc in the cathode chamber, was also carried
out using the same configuration described. In this control,
the cathodic chamber was only filled with sterile LCM as
catholyte. Another assay was performed with the fungal
strain MUM 04.100 inoculated in the bulk of the cathodic
chamber (e.g., without the NS cubes).

Fig.2 Schematic representation of the microbial fuel cell (MFC): (1)
anodic chamber; (2) cathodic chamber; (3) Nafion 117 membrane; (4
and 5) electrodes; (6) Trametes versicolor MUM 04.100 immobilized

LSE1 EHT=15.0KV WD=25mm MAG=X 300. PHOTO=0
UNIV. MINHO 100pm
T W
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Analytical Methods
Bioelectrochemical Analysis

The voltage between anode and cathode electrode was
registered every 30 min with a USB-9215A BNC connec-
tor datalogger (PXI4, model PCI-6023E, National Instru-
ments™, NI) and a data acquisition software (Labview
6.0) [13]. Following Ohm’s law, current density (j) was
calculated as j=1i/A, where i is the electric current and A
is the anode surface area. Power density (P) was calcu-
lated as the product of current intensity and voltage (V)
divided by the surface area of the anode (P =iV/A).

A series of resistances between 71 kQ to 10 © were
used to determine the polarization (V as a function of
j) and power (P as a function of j) curves in the stable
phase of power generation (36" day). The internal MFC
resistance (R;,,) was estimated from the polarization curve
slope in the region dominated by ohmic losses [4, 7, 13],
which corresponds to the maximum power densities.
The open circuit voltage (OCV) was measured at infinite
resistance.

Biochemical Oxygen Demand (BOD) and Chemical Oxygen
Demand (COD)

The biochemical oxygen demand (BOD) was determined
using the dilution method with a 5-day incubation period
at 20 °C. The chemical oxygen demand (COD) was deter-
mined through the digestion method, using dichromate
in acidic medium and titration with ammonium ferrous
sulfate.

Fig.3 Variation of electrical 60

Enzymatic Assays

The laccase activity (EC 1.10.3.2) was assessed from the
syringaldazine oxidation by measuring the increase of the
absorbance at 525 nm [30]. The same reaction mixtures with
boiled supernatant samples were used as a blank. Enzyme
activity was expressed as one unit (U) per L, where U is the
quantity of the enzyme responsible for changing the absorb-
ance in 0.01 per minute.

Statistical Analysis

The data were analyzed for normality of distribution using
the Shapiro—Wilk test and homoscedasticity of variances
using the Levene test. As the results were normal and homo-
scedastic, the differences between the means of the treat-
ments were evaluated by means of analysis of T test, with a
significance level of p <0.05 [31].

Results and Discussion

Current Density in Time and Laccase Activity
by MUM 04.100

The present study assessed the bioelectricity production
in a MFC with MUM 04.100 strain inoculated in NS sup-
ports in the cathode chamber. Current density measurements
are depicted in Fig. 3. As observed, the assay with MUM
04.100, inoculated in the cathode, took a long time to reach
a significant current peak (9 days). This fact is related to the
need of first growing the electroactive biofilm on the elec-
trode surface and then promoting its acclimatization with 3
additions of new wastewater until maximum stable current

current density along time in
the microbial fuel cell (MFC)
with Trametes versicolor MUM 50 A
04.100 immobilized in the

cathode chamber (black line)

and in the control assay without 40 4
the presence of the fungus (gray
line); vertical lines represent the
period when wastewater was
replaced in the anodic chamber

j/ mAm?

MUM 04.100 assay
Control assay

Time/d
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densities were obtained, around 11.8 + 1.58 mA/m? (until
the 16™ day). After this acclimation time, 3 more cycles
(between the days 16 and 36) with addition of wastewater
were performed and the maximum current densities achieved
were 13.33+0.84 mA/m?. In a MFC, each cycle corresponds
to a replica, since it is difficult to reproduce identical results
in different MFCs, for which the acclimatization conditions
may influence the results differently. Nevertheless, and after
the polarization and power curves carried out at day 36, the
external resistance was increased from 500 to 1000 Q. This
adjustment resulted in a rise of current production to a maxi-
mum of 50.63 mA/m* (12.30 mW/m?) around day 44. After
this period, three more current peaks were obtained after
changing the anolyte solution with fresh wastewater. The
current peaks achieved average values of 42.81+4.91 mA/
m?, which corresponded to an average power density of
8.91 +2.10 mW/m?. These values are slightly lower to the
ones found in literature for a single-chamber MFC with a
fungal cathode (13.38 mW/m?), but they are still within the
same range [32].

Regarding the control assay, a similar MFC operated in
the same conditions (same anolyte and catholyte solutions),
but without the fungal presence in the cathode chamber, the
current densities were lower when compared with previous
ones. Indeed, maximum current densities where approxi-
mately 20.31 +4.30 mA/m?. This control assay showed that
the Lcc enzyme, synthesized by the fungus on the cathode
compartment, enhanced the current density.

Furthermore, the set of experiments indicated a posi-
tive effect on MUM 04.100 Lcc synthesis after the glyc-
erol pulse (Fig. 4), in line with previous studies [33, 34].
The maximum Lcc activity was detected for the pH range

between 5.0 and 6.5. This agrees with a previous Lcc
experiment, where an electricity increment was reported
for a pH 5.5-6.0 [21].

It should be pointed that the MFC, including the same
anodic and cathodic conditions and without the immobili-
zation of MUM 04.100 in the NS cubes, revealed a decon-
trolled growth leading to an unfeasible MFC operation—no
current density was observed during the experiment (data
not shown). This fact indicates that the immobilization of
the fungus controls its growth and stimulates the excretion of
the Lcc. Urra et al. [35] emphasize that the immobilization
of cells is an effective resource that allows for a continu-
ous production of enzymes during secondary metabolism,
which is restricted to physiological and morphological
conditions of the fungus. The uncontrolled growth of the
mycelium can reduce the efficiency of the process after a
short period of time. These results are in agreement with
Rubenwolf et al. [36] observations. According to their
results, the feasibility of decoupling the electrode lifetime
from the Lcc lifetime is a prerequisite for the achievement
of a self-regenerating enzymatic MFC, in which enzyme-
producing microorganisms are integrated into the electrode
to continuously resupply fresh enzymes. As an alternative
to the cathode inoculation with enzyme-producing micro-
organisms. Sané et al. [37] used its crude culture super-
natant to supply unpurified Lcc enzymes. According to
these authors, this operational strategy decreased time and
costs needed for purifying enzymes. Nevertheless, many
studies describe that the best performance to improve Lcc
production is the microorganism’s immobilization on dif-
ferent supports, since the system ensures a higher rate of
oxygen transfer, reducing excessive mycelial growth [38].

Fig.4 Laccase (Lcc) activity 25 7.0
in a Trametes versicolor MUM
04.100 strain culture immobi- L 6.5
lized in a cathodic chamber -
20 4 Glycerol pulsel
- 6.0
el T~ 5.5
i .................................... g
= : 508
<
<10 A
! L 45
4.0
5 -
—&—Lcc - & pH 3.5
0 T T T T T T 3.0
0 10 20 30 40 50 60 70 80
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Fig.5 Polarization curves of the microbial fuel cell (MFC) with
Trametes versicolor MUM 04.100 immobilized and in the control,
assay performed for 36 days

Microbial Fuel Cell Performance

The OCV values of the MFC, measured during the stable
phase of current production, were 0.339 V and 0.342 V, for
the fungal MFC and control MFC, respectively (Fig. 5). The
obtained polarization curves showed the relation among
voltage and current density, between 71 k and 10 Q. The
shape of the polarization curves confirmed the occurrence
of ohmic losses probably generated by membrane resistance,
wastewater electrolyte resistance and bacterial metabolism
[4, 13,39-41]. Initial slopes, usually present in polarization
curves due to activation losses, were observed in all assays.
However, they were more pronounced in the MUM 04.100
MEFC. This fact confirms that more time is needed by this
MFC to obtain a mature electroactive biofilm (more than
6 days were necessary to obtain a current density similar
to the one observed in control MFC). A sudden decrease in
the voltage at the end of the polarization curve was observed
in the MUM 04.100 MFC, probably due to mass transfer
limitations near the electrode surface. The R;,, values deter-
mined in the region dominated by ohmic losses (maximum
power densities in polarization curve) were 77 and 110 Q,
for the MUM 04.100 MFC and for the control MFC, respec-
tively. These values were lower than expected, because the
distance between the cell electrodes and the membrane was
rather high (>2 cm). A possible explanation might be the
cathodic solution used in the present work. MFCs operated
with pH buffers revealed an increase of proton transfer and
a Ry, decrease due to proton concentration polarization [41].

The maximum power density in the present work was
obtained for the MFC with fungi and was 3.40 mW/m?
(Fig. 6). This value corresponded to a current density of
18.35 mA/m? and was the result of the application of an
external resistor equal to 2100 Q. In this MFC, power

40
— m - control assay

—— MUM 04.100 assay

P/mwWm?

0.0

0 5 10 15 20 25 30
j/imA m?2

Fig.6 Power density curves of the microbial fuel cell (MFC) with
Trametes versicolor MUM 04.100 immobilized and in the control,
assay performed for 36 days

disturbance was observed in the polarization curve at higher
current densities. This phenomenon is not well understood,
but biofilm acclimation with lower resistance (500 Q) can be
considered as the main cause [40, 41]. This can be overcome
by controlling anode potential and thus stabilize the biofilm
development. Furthermore, the mass of anode biofilm, the
number of EPS, as well as the internal resistance, increase
with the increase of the external resistance [41]. After this
performance assay, we changed the resistor for a higher
resistance (1000 Q) in both MFC. We did not change it to
the resistance where the maximum power density (2200 Q)
was observed, in order to avoid an increase of the internal
resistance. Effectively, the current density increased to val-
ues higher than the observed in performance assays.

In the control experiment, the maximum power density
obtained was 2.54 mW/m?, equivalent to a current density of
15.87 mA/m? (external resistor=2100 Q). The lower values
reflect the relatively high oxygen reduction overpotential in
the biocathode in the absence of a mediator, in this case
being the Lcc [42]. Only when comparing the maximum
power densities and current densities between the immobi-
lized fungi MFC and the control, it was possible to observe
that the Lcc produced by MUM 04.100 enhanced power den-
sities. These results are in agreement with previous current
densities observed by Simdes et al. [21].

Furthermore, fungal Lcc biocathodes enhancement
(Table 1) have been considered, by several recent investiga-
tions, as an alternative to common MFCs where the abiotic
cathodic chamber is filled with a buffer solution.

As observed, the recovered power densities from MFCs
using Lcc to catalyze the O, reduction into H,O are still
much lower when compared to the ones obtained using nitri-
fication/denitrification microbial consortiums in the cathode,
suggesting further research of this type of biocathode. In
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Table 1 P.OWW density of recent MEFC configuration Biocathode Anode inoculum Power density Reference
n?vestlgatlon.s on .lacca.se (Lce) (Lce) (mW/m?)
biocathodes in microbial fuel
cells (MFC) H-type Commercial Shewanella oneidensis 38+1.7 [43]
Trametes versicolor
Two chamber Phlebia floridensis Pichia fermentans 33.19 [44]
Phlebia brevispora 12.90
Two chamber Galactomyces reessii Microbial community 59 [45]
Two chamber Pleurotus ostreatus Real wastewater 180.5 [21]
Single chamber Ganoderma lucidum Anaerobic sludge from 13.38 [32]
an oil-cracking
Two chamber Trametes versicolor Real wastewater 12.30 Present study

MUM 04.100

addition, in nitrifying/denitrifying biocathodes, apart from
the bioenergy production, it is possible to obtain an ammo-
nia—nitrogen removal from wastewater, thus reducing the
need for post treatments [46]. However, in those biocath-
odes, the fraction of nitrogen released as N,O represents a
significant environmental threat due to its high global warm-
ing potential.

Therefore, in the search for a high-performing and envi-
ronmentally friendly cathode, MFCs with biocathodes
catalyzed by the in situ production of Lcc by T. versicolor
look like a good strategy. In addition, and looking into the
low-power density observed, this indicates that the present
MEC configuration can be improved by, for example, reduc-
ing the space between both electrodes, and controlling both
anolyte and catholyte solution pH, leading to an increase
of Lcc production in the cathodic chamber [21, 45]. MFC
with the fungus-based biocathodes had longer stable per-
formance than a MFC with only commercial Lcc, due to
continuous secretion of the enzyme as reported by Wu et al.
[47]. Another important point favoring the use of fungus-
based biocathodes is the COD remotion in less time. In our
study, efficient COD remotion, current density, and BOD
were statistic different as compared by control (p >0.05).
This information can provide the possibility to use industrial
wastewaters, for example, from pulp and paper industry or
agricultural waste containing lignocellulosic material for
fungus growth. In addition, the insertion of the Lcc into the
cathode compartment of the MFCs has been the subject of
several studies [21, 48]. According to Christwardana et al.
[49], Lcc is an important catalyst in the oxygen reduction
reaction for the cathode electrode, but it has low durabil-
ity in the system. In this sense, the present study utilizes
an innovative approach, since the organism that synthesizes
the enzyme is in situ and, in this way, the production of
the enzyme occurs continuously, reducing the need to add
a new enzymatic solution at the cathode. Such an approach
could, for example, address the need for continuous sup-
plementation of the air-breathing Lcc cathode proposed by
Kipf et al. [27].

@ Springer

Conclusion

Our findings indicate that Trametes versicolor MUM 04.100
Lcc biocathode induces a better MFC performance. Lcc was
continuously synthesized in situ and consequently improved
the reduction of O, to H,0. The current density detected for
this strain was 42.81 +4.91 mA/m?. This performance cor-
responds to the maximum Lcc activity (23.08 U/L) which
occurred after the glycerol pulse. The current density obtained
in the control (absence of fungus in the cathode chamber)
was lower, 10.3 mA/m?. This work provides an effective and
promising approach to enhance the MFC performance. MFC
biocathodic chamber is a sustainable promising cost-effective
approach to improve energy performance.
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