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A microbial fuel cell (MFC) cathode was developed by immobilizing the enzyme, laccase, in polymer
matrix (Nafion) on carbon paper together with carbon nanoparticles and a redox mediator (2,2'-azino-
bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt). The results from characterization of the
immobilized laccase on the electrode indicate that the immobilization preserved laccase activity. Electro-
chemical measurements demonstrate that the Nafion film can facilitate electron exchange between the
electroactive domain of laccase and the electrode. The electrocatalysis capabilities of the laccase-coated
electrode were characterized by cyclic voltammogram (CV), which showed the electrode facilitated direct
and surface-controlled redox reactions in a 0.1 M citrate buffer solution (pH 5.0). Additionally, when
installed in a two-chamber MFC, the laccase-coated cathode demonstrates a strong catalytic potential
that is comparable to a Pt-catalyzed cathode.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The high cost of noble metal-electrodes such as platinum (Pt)
coated cathodes, is considered one of the limiting factors for scaled-
up applications of microbial fuel cells (MFC) [1]. Utilization of other
metal-based catalysts such as lead dioxide (PbO,) [2], pyrolyzed-
Fe(II) phthalocyanine (pyr-FePc) [3,4], and semi-conductive rutile
(TiO3) [5] have been reported; however, these metal-based cat-
alysts are generally susceptible to adverse conditions that may
occur in MFCs as a result of chemical reactions, biological activ-
ities, and changes in catholyte composition. An example of such
adverse effects is catalyst poisoning by elevated sulfide or chloride
[6].

Another type of MFC cathode catalyst relies on microorganisms
attached to the electrode surface. These microorganisms serve as
“biocatalysts” and the cathodes are commonly referred to as “bio-
cathodes” [7-9]. Despite the lag in catalytic performance when
compared to noble metal catalysts, the cost of biocatalysts and
their compatibilities with the MFC operating conditions are appeal-
ing and deserving of further investigations. The performance of
biocatalysts tends to be constrained by high cathodic activation
overpotentials [7]. The accumulation of metabolites and limited
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ions transferred through cell membranes can also hinder bacte-
rial activity. In addition, a carbon source must be present in the
catholyte to maintain microbial populations.

A high-performance and cost effective cathode catalyst is
desired to decrease the activation energy barrier and improve the
reactive kinetics at the cathodic electrode surface [10]. Enzymes
as cathode catalysts can potentially eliminate limiting factors in
biocathodes, such as decreasing efficiency due to accumulation of
metabolites, carbon source requirements, and specificity in cat-
alyzing electron transfer. These types of enzymatic cathodes have
been investigated in miniature enzymatic biofuel cells [11]. Studies
on enzymes for electron interactions mainly focused on copper-
containing oxidoreductases laccase and bilirubin oxidase, which
include fungal laccases from Coriolus hirsutus, Trametes versicolor,
Coriolopsis gallica, and Pleurotus ostreatus, tree laccase from Rhus
vernicifera, bacteria laccase from Streptomyces coelicolor and fungal
bilirubin oxidase from Myrothecium verrucaria [12-15].

Mediated electron transfer (MET) electrodes were developed by
using an enzyme coated cathode and mediator buffer to achieve
electron transfer. Barton et al. first reported carbon paper compos-
ite enzyme electrodes, using laccase of C. hirsutus and producing
5.0mA/cm? at 0.62V (vs. SHE, standard hydrogen electrode) in a
0.2M (pH 5) oxygen-saturated citrate buffer at 37°C [16]. Mano
et al. constructed a bilirubin oxidase coated cathode producing
4.5mA/cm?2 at0.57 V(vs.SHE) in an oxygenated phosphate buffered
solution (PBS, pH 7.4) at 37.5°C[12]. Gallaway et al. reported an S.
coelicolor coated electrode resulting in 1.3 mA/cm?2 at 0.43V (vs.
SHE) in 0.1 M pH 4 oxygenated citrate buffer at 40°C [17]. All
of these MET examples used a cross-linked osmium-based redox
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mediator, producing the appropriate redox potential for mediation
and resulting in a stable electrode film construction.

There are few studies on the application of enzymes on MFC
anodes [18] and cathodes [19,20]. Schaetzle et al. demonstrated
that MFC performance was improved by coating a cathode with lac-
case [20]; however, the laccase was coated on an existing coating
of Pt, essentially making a hybrid or modified Pt cathode. Dis-
tinctively, our study investigated an enzyme serving as the sole
cathodic catalyst in an MFC. Laccase was selected as the enzyme
catalyst for cathode, considering its capability of catalyzing the
four-electron reduction of O, to H,O coupled to the one-electron
oxidation of different substrates. A modified laccase electrode was
prepared by using Nafion polymer as the binding material. Perfor-
mance of the modified-laccase was evaluated in terms of enzymatic
and electrochemical activities. Finally, we evaluated the enzyme
coated electrode in MFC performance by comparing to a Pt-coated
cathode.

2. Materials and methods
2.1. Electrode preparation

The anodes consisted of non-wet-proof carbon cloth (type A,
E-TEK) and had a surface area of 10 cm?. For Pt-coated cathodes,
a commercial Pt catalyst (10 wt% Pt/C, E-TEK) was mixed with 5%
Nafion solution to form a paste (7 wL of binder/mg of Pt/C cata-
lyst). The paste was applied to one side of a carbon paper cathode
(10 cm?, 30 wt%, type B, E-TEK), and dried at room temperature
(~25°C) for 24 h. The Pt content on the surface of cathode was
0.5mg/cm? based on the calculation, which was consistent with
other MFC studies.

The laccase-modified cathodes were prepared by using lac-
case from Trametes versicolor (Sigma-Aldrich) without further
purifications (8.6 U/mg). The redox mediator was 2,2'-azino-bis(3-
ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS)
purchased from Fluka. To prepare the enzyme-coated cathode,
1.5 mg of laccase was dissolved in 300 L of phosphate buffer (pH
7.0) containing 3.0 mg of carbon nanoparticles (diameter <50 nm).
An aliquot of 50 nL was mixed with 5.0 uL of Nafion in 0.2M
phosphate buffer. The Nafion solution served as an insoluble solid
polymer electrolyte and a binder to hold laccase on the electrode
surface. The volume of the solution was fixed at 100 L with the
addition of phosphate buffer and the concentration of ABTS was
1.45 mM. An aliquot of 50 wL was spread on the surface of the car-
bon paper and the cathode was dried at room temperature (~25 °C),
then rinsed with DI water. All prepared electrodes were stored at
4°C before use.

2.2. MFC setup

The two-chambered MFC consisted of two glass bottles (Corning
Inc.; 300 mL capacity). Anode and cathode chambers were joined
by a glass bridge containing a proton exchange membrane (PEM;
Nafion TM 117, Dupont Co.) held by a clamp between the flattened
ends of the two glass tubes (inner diameter 2 cm) fitted with rubber
gaskets. The electrodes were attached using copper wire with all
exposed metal surfaces sealed with a nonconductive epoxy (Dexter
Corp., NJ, USA). The anode and cathode chamber were filled with
200 mL of medium and PBS solution, respectively, and operated
at room temperature (~25°C). The catholyte was sparged with air
using an aquarium membrane pump.

For start-up of the MFC, the MFCs were inoculated with the
river water from Laramie River (Laramie, Wyoming). The anodic
medium consisted of (per liter of deionized water): CH3COONa
1g, Na,HPO, 4.0896¢g (28.9 mM), NaH,PO,4 2.544¢g (21.2mM),

NH4C1 0.31 g (5.8 mM), KCI 0.13 g (1.7 mM), trace metals solution
12.5mL, vitamin solution 12.5 mL [21]. The solution in the cathode
chamber was phosphate buffer solution (PBS; Na;HPOy, 2.75 g/L;
NaH,PO4-H,0, 4.22 g/L). Air was purged into the cathode compart-
ment in order to supply the oxygen needed for the electrochemical
reaction.

2.3. Enzymatic activity measurements

Laccase activity was determined by the oxidation of ABTS to
ABTS*, characterized by an increase in the optical density of the
reaction solution with time. A solution of 1.45mM ABTS in 0.1 M
citrate-phosphate buffer (pH 5.3) was used as the substrate [22].
The enzyme activity unit (U) was defined as the amount of enzyme
required to oxidize 1.0 mmol ABTS/min at 25 °C. The color change
was monitored by measuring the absorbance at 415 nm [23].

The activity of immobilized enzyme was measured in a reactor
at30°Cinabatchregime. The immobilized enzyme was suspended
in the buffer (pH 7.0) and placed into the reactor at 30°C. The
preheated ABTS solution was added (1.45 mM end substrate con-
centration) and samples were collected from the reactor at 5 min
intervals. After absorbance (415nm) was measured, the sample
was returned to the reactor.

2.4. Electrochemical activity measurements

The cathode potential was measured by applying a constant
current in potentiometry tests (chronopotentiometry) using a
three-electrode single-chamber electrochemical cell containing a
working electrode (cathode electrode with 0.64 cm? surface area),
a platinum wire counter electrode, and an Ag/AgCl reference elec-
trode (EE009 no-leak electrode, Cypress Systems).

Cyclic voltammograms (at sweep rates varying from 1 to
1000mV/s) of the Pt modified and laccase-modified electrodes
were produced using a conventional three-electrode system con-
nected to a Gamry Ref 600 Potentiostat (Gamry Instruments,
Warminster, PA) with Gamry Framework (Gamry Software, Gamry
Instruments, Warminster, PA) and a one-compartment electro-
chemical cell (10mL). An Ag|AgCI|KCl salt (201 mV vs. NHE)
reference electrode and a Pt counter electrode were used in these
measurements.

2.5. MFC performance

Electrical potentials across the resistor were measured using a
multimeter and data were automatically recorded by a data acquisi-
tion system. Area power density (P4, W/m?) and volumetric power
density (Py, W/m3) were calculated using the following equations,

U

Pa=— (1)
U

PV= V (2)

where [ is the current (A), U is the voltage (V), A is the cross sur-
face area of the anode or cathode (m?2), and V is the non-packing
volume of the anodic compartment (i.e., the volume of the liquid
medium) (m3). The volumetric power density indicates how much
power is generated from unit volume of wastewater. The Coulom-
bic efficiencies (CE) (%) were calculated by using the formula below:

CE(%) = MM x 100 (3)
'~ RFb ASV

where U; is the output voltage of MFC at time t;, R is external resis-
tance, F is Faraday’s constant (96 485 C/(mol e~ ), b is the number of
moles of electrons produced per mol of chemical oxygen demand
(COD, 4 mol e~/mol COD), AS is the removal of COD concentration
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Fig. 1. Activities of immobilized laccase of various laccase catalysis electrodes using
ABTS, carbon-nanoparticle, and ABTS +carbon-nanoparticle, respectively, as the
surface-modified components. Average values were shown and error bars present
the value range.

(g/L), Vis the liquid volume (L), and M is the molecular weight of
oxygen (32 g/moL). The maximum power density was determined
by adding fresh substrate to the MFC and establishing constant
power, changing the external resistance over a range of 50-5000 €2,
and recording the voltage (typically 5-10 min for each resistance).
The power was then calculated for each resistance as a function of
the current. Samples of the anode solutions were taken every 12 h
for measurements of total organic carbon (TOC) concentrations.

3. Results and discussion
3.1. Enzymatic activity of immobilized laccase

In this study, carbon nanoparticles were used in the prepara-
tion of Pt/C cathode in order to enlarge the activation area of the
electrode [1]. We employed carbon nanoparticles to improve the
enzyme loading on the carbon paper electrode. To determine the
enzymatic activity of the immobilized laccase, the oxidation of
ABTS to ABTS* was measured. The slope of the initial linear region
of the absorbance versus time curve is proportional to the activity
of laccase [24]. The changes in the UV absorbance spectrum dur-
ing the reaction of ABTS and modified electrode were followed to
identify the enzymatic activity of the immobilized laccase (Fig. 1).
An increase in absorbance at 415 nm was observed (e.g. from 0
to 3.417 within 60min for the Nafion/nanoparticle/C electrode)
(Fig. 1), such an absorbance change has previously been attributed
to ABTS oxidation [24]. It has been reported that enzyme activity
may be markedly reduced as a result of covalent immobilization
[25]. Results from this study indicate that the laccase immobi-
lized on the Nafion/nanoparticle/C electrode retained its functional
activity, which also suggest that the Nafion polymer could be used
as an alternative binding agent for enzyme immobilization to elec-
trodes.

Comparisons of various modified electrodes were conducted
measuring the oxidation of ABTS to further elucidate the effects
of the presence of carbon nanoparticles and ABTS in the poly-
mer film on enzymatic activity. As observed in Fig. 1, ABTS (which
was used as the electron mediator) and carbon nanoparticles
enhanced the enzymatic activity of the immobilized laccase. For
the nanoparticles, this enhancement is attributed to facilitated lac-
case immobilization from solution due to the increased surface area
of the modified electrode.

Attempts to compare the specific activities of immobilized
laccase and free laccase were unsuccessful. The functional mass
of laccase is difficult to quantify in the immobilized constructs,
because after the laccase was immobilized, the enzyme configu-
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Fig. 2. Cyclic voltammograms of unmodified carbon paper electrode and
CNTs +ABTs modified carbon paper electrodes with and without the laccase costing
in 0.1 M citrate buffer solution, pH 4.0, under N, purging. Scan rate: 50mV/s. The
geometrical surface area was 10 cm?.

ration would have been altered. In addition, the surface exposure
of laccase and its functional moieties were close to impossible to
determine and quantify. Therefore, we were not able to compare
the activities between the native and immobilized states. However,
the catalytic efficiency of laccase in facilitating electron transfer
from cathode to terminal electron acceptor of oxygen was the focus
of the study, rather than a comparison of the enzymatic activities
in the immobilized and free phases.

3.2. Electrochemical activity of laccase modified electrode

Fig. 2 shows the cyclic voltammogram (CV) obtained for an
unmodified carbon paper electrode, from which no electrochem-
ical activity was observed. Fig. 2 also shows the CVs obtained for
treated carbon paper electrodes with and without laccase immo-
bilization. The control electrode without immobilized laccase was
only modified with carbon nanoparticles and ABTS, with Nafion as
the binding material. In the absence of laccase, no significant elec-
trochemical activity was detected. In contrast, asymmetric anodic
and cathodic peak shapes were observed in the CV of the lac-
case modified electrode in potentials ranging between —50 and
+150 mV. The oxidation peak current was higher than the reduc-
tion peak. The substantial shift of currents demonstrates that active
catalysis of the enzyme-coated cathode, indicating that active lac-
case was adsorbed to the carbon paper electrode with Nafion as the
binding material. Since laccase is a multicenter enzyme, intermedi-
ateredox states are expected. We assume that the pair of anodic and
cathodic redox peaks in the potentials between —50 and +150 mV
can be attributed to the process of direct electrical transfer between
the T2/T3 redox copper center of the laccase and the carbon paper.

Fig. 3 shows the CVs of a laccase-modified electrode in 0.1 M
citrate buffer solution (pH 4.0) at different scan rates. With
increasing scan rates, the anodic peak potential and the cathodic
peak potential of laccase did not shift (estimated at 70mV vs.
Ag/AgCl). Both the cathodic and anodic peaks currents were lin-
early proportional to the scan rate in the scan range from 50
to 120 mV/s (linear regression equations: pa-y=0.0175x+1.1029,
r2=0.9999; pc-y=-0.0194x —0.4628, r2=0.9972), suggesting a
surface-controlled electrode redox process of laccase [26,27].

The results thus far suggest the observed electrochemical activ-
ity is due to the laccase immobilized on the carbon paper surface.
Laccaseis a family of enzymes that catalyze the four-electron reduc-
tion of O, to H,0 coupled to the one-electron oxidation of different
substrates. In nature these electrons are supplied by several phe-
nols, amines, and lignins, as well as inorganic ions [28,29]. In a
MFC, electrons were replenished to the cathode from the anode,
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Fig. 3. Cyclic voltammogram of laccase-modified carbon paper electrodes in N,-
saturated 100 mM pH 4.0 citrate buffer, at various scan rates.

which accepts electrons from anode-respiring and other bacteria
with cross-membrane electron transfer capabilities.

3.3. Power generation in the MFC using a Pt catalyst cathode

Power was generated in the MFC with a Pt-catalyzed cathode
and glucose (1000 mg/L) as the substrate (Fig. 4). During five cycles
of continuous electricity generation, the maximum voltage output
varied between 410 and 438 mV each time the MFC glucose concen-
tration was replenished. The maximum power densities achieved in
the MFC ranged from 168.1 to 191.8 mW/m? (anode). Chronopoten-
tiometry with a constant current of 400 LA was used to assess the
performance of the Pt catalyst cathode. The cathode potential was
approximately —192mV for a current density of 40 wA/cm? (data
not shown). This potential is consistent with the result reported in
an MFC study by Chen et al. [30].

When a stable power output was generated in the MFC with a Pt
catalyzed cathode, the cathode was switched to a laccase-modified
cathode. The MFC using the laccase-modified cathode produced
stable voltage around 7 h after the addition of the glucose as sub-
strate. The maximum voltage was 402 mV for the first cycles, which
is 40 mV lower than that obtained with the MFC with Pt cathode
(Fig. 5). The maximum power density was 160 mW/m? (anode).

The TOC removal for anodic electrolyte solution in the MFC was
in the range of 71-79%, either using the Pt/C cathode or the lac-
case modified cathode. However, the Coulombic efficiencies, which
were calculated based on the total substrate concentration, were
13.7% for the MFC with Pt-coated cathode and 14.8% for the MFC
with the laccase modified cathode.
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Fig.4. Voltage outputs in the MFC using Pt catalyst cathode (with 1000 mg/L glucose
as the fuel). The arrows show fuel replenishing events.
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Fig. 5. Comparison of voltage-time curves in the MFCs using Pt and laccase as
cathode catalysts.

3.4. Stability of laccase modified cathode

The long-term stability of the laccase-modified electrodes was
examined by monitoring the change in the slope of UV absorbance
of the ABTS solution, before and after it had reacted with the stored
laccase-modified electrode. The electrodes were stored at 4 °C in
0.1 M PBS pH 7.0, and intermittently warmed to room temperature
and tested for enzymatic activity. Decreased laccase activity was
observed with increased storage times (Fig. 6), where after 15 days
of storage in PBS solution, the slope of absorbance decreased by 50%,
indicating loss of enzymatic activity of the immobilized laccase.
There are reports that mineral-adsorbed enzymes are more stable
than free enzymes during storage at ambient temperatures [31].
Compared to the free enzyme system in those studies, which had
90% loss of activity after 20 days of storage, the immobilized laccase
in our study possessed a reasonable stability (50% activity loss in
15 days).

Continuous electricity generation by the MFC using a laccase-
modified cathode is shown in Fig. 7. The maximum voltage outputs
obtained in both the second (Vimax=210mV) and the third cycle
(Vmax =200 mV) of MFC operations were substantially lower than
that from first cycle (Vimax =402 mV). This was probably caused by
the aging of immobilized laccase during the operation of MFC. The
long-term stability of the laccase-modified electrode, when it was
used as a cathode in the MFC, performed better than the one in stor-
age, of which enzymatic activity depleted completely after 30 days
(Fig. 6). It is apparent that the laccase-modified cathode retained
activity even after 800 h of MFC operation, suggesting that potential
release of immobilized enzyme into the electrolyte was minimal
during the system operation. The losing activity of the laccase-
modified electrode, which was not used in an MFC, was most likely
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Fig. 6. Enzymatic activity of immobilized laccase of a laccase-modified electrode
before and after its storage in 0.1 M PBS with pH 7.0.
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Fig. 7. Voltage outputs in the MFC using laccase-modified cathode (with 1000 mg/L
glucose as the fuel).

attributed to the low temperature storage (4 °C). Factors contribut-
ing to the deactivation of laccase remains to be determined.

4. Conclusions

An MFC cathode was developed by immobilizing laccase on car-
bon paper that was modified with carbon nanoparticles and ABTS,
using Nafion polymer as the binding material. The electrocatalytic
capabilities of the laccase-coated electrode were characterized
by cyclic voltammetry (CV), which showed the electrode facil-
itated direct and surface-controlled redox reactions in a 0.1 M
citrate buffer solution (pH 5.0). Additionally, the enzymatic cathode
achieved a comparable performance in an MFC, when compared
to the Pt catalyzed cathode in terms of electricity production.
Additional improvements for enzymatic electrodes, for example,
should focus on increasing the efficiency of enzyme immobi-
lization, retaining enzymatic activity in physiological conditions
(i.e. pH 7 and chloride concentrations near 100 mM), as well
as improving the stability of immobilized enzyme on the sur-
face.
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