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1 Introduction

Oxygen plays a key role in biofilm development and in
biotechnologies based on microbial systems [1]. In the
last twenty years Microbial Fuel Cell (MFC) has been
one of the most attractive biotechnologies, since it has
been demonstrated its capability to produce electricity di-
rectly from microbial oxidation of various organic com-
pounds in wastewaters and wet wastes [2]. MFC is an
electrochemical system that utilizes natural anaerobic
degradation of organic matter in a particular way: using
oxygen as a final electron acceptor at a cathode, avoiding
the direct contact of oxygen with the other reactants con-
fined in the anode compartment. The presence of oxygen
at the anode can decrease significantly the kinetics of the
involved processes and the efficiency of the electron
transfer. It negatively influences the biofilm growth-rate,
its morphology and bacteria diversity. Therefore, the dif-
fusion of oxygen, especially in the case of membraneless
systems, is an unwanted environmental factor, which
should be diminished to negligible values if cannot be
completely avoided. Conversely, the concentration of
oxygen at the cathode needs to be maximized, as it is
often the limiting reagent for efficient MFC operation [3-
4].

Many and different configurations of MFC have been
developed through the years in order to enhance the
system performance and match the needs of various ap-
plications. Among them single chamber MFC in mem-
braneless air-cathode configuration is gaining more and
more attention, due to simple design and significant per-
formance. In a membraneless MFC, biofilm can be grown
on both of the electrodes, which allows mutual develop-
ment of effective bio-anodes and bio-cathodes and the
design of a complete MFC [5].

Since oxygen concentration is one of the main factors
determining the single chamber MFC’s performance, a se-
lective and localized measurement of oxygen content is of

primary importance for understanding the processes and
the mechanisms involved in MFC operation [6]. Never-
theless, current MFC studies rarely report oxygen concen-
tration measurements [7]. Most frequently, the presence/
absence of oxygen is just supposed.

Commercial oxygen microsensors are relatively
“cheap” in comparison to other advanced analysis tech-
niques [8] but considering the cost of the equipment to
use common microsensors, the price can be significant.
Moreover, the characteristic application in MFCs of the
existing microsensors is generally difficult due to the
complex geometry of the cells. Therefore a hand-made
microsensors with high selectivity and sensitivity has to
be developed [9].

Enzymatic molecules are reported as highly active and
selective towards a specific and unique reaction [10],
which makes them useful for many industrial applications
[11], as well as catalysts in the design of biofuel cells and
biosensors [12-14]. The enzymatic microsensors have sev-

[a] M. Grattieri, M. Bestetti
Department of Chemistry, Materials and Chemical-
Engineering, Politecnico di Milano
Piazza Leonardo Da Vinci, 32, 20133 Milan, Italy

M. Grattieri, E. Guerrini, S. P. Trasatti
Department of Chemistry, Universita degli Studi di Milano
Via Golgi 19, 20133 Milan, Italy

[c] S. Babanova, C. Santoro, P. Atanassov
Center for Emerging Energy Technologies, Department of
Chemical & Nuclear Engineering, Center for Emerging
Energy Technologies, University of New Mexico
Albuquerque, NM 87131, USA
*e-mail: plamen@unm.edu

[b

[

P. Cristiani

RSE - Ricerca sul Sistema Energetico S.p.A., Sustainable
Development and Energy Sources Department

20133 Milan, Italy

*e-mail: pierangela.cristiani@rse-web.it

=



eral important features and the most important ones are
selectivity and substrate specificity. Among the broad and
diverse list of proteins, the enzymes belonging to the
family of multi-copper oxidases (MCOs) are one of the
most extensively studied and explored enzymes in the
design of bio-electrochemical systems. This is mainly due
to their capability for direct oxygen reduction to water,
performing in nature and when incorporated in the
design of enzymatic electrodes [15-17]. Bilirubin oxidase
is an example of an MCO enzyme that oxidizes bilirubin
to biliverdin with the concomitant reduction of O, to
H,O [18]. BOx contains three different copper centers
(T1, T2 and T3), for a total of four copper atoms, classi-
fied depending on their magnetic and optical properties.
The T1 site is the primary electron acceptor from the sub-
strate or the electrode surface; the electrons are then
transferred via an intramolecular electron transfer (IET)
to the T2/T3 tri-nuclear cluster (TNC) constituted by
a EPR active type II copper ion and a pair of type III
cupric ions, responsible for the final O, reduction [19].
The capability of the BOx of exchange electrons at the
electrode surface by direct electron transfer (DET) was
repeatedly demonstrated using various carbonaceous
electrodes [20,21]. Two possible electron-transfer mecha-
nisms exist, by which MCOs can perform oxygen reduc-
tion reaction (ORR) at the electrode surface [15,16,20-
22]:

i) A four-electron transfer

O, +4H" +4e~ — 2H,0 1.23V vs. SHE (1)

i) Or a two-electron transfer producing hydrogen perox-
ide

0, + 2H* +2¢~ — H,0, 0.69 V vs. SHE 2)

The formation of H,O, decreases the number of elec-
trons transferred per molecule of oxygen reacted and
thus decreases the Columbic efficiency of the bioelec-
trode. In addition the produced H,O, is toxic and can
have negative impact on living cells. Consequently, for ap-
plication of BOx in the design of amperometric microbio-
sensors for MFC monitoring, reaction (1) is the most fa-
vorable since it extracts the maximum number of elec-
trons, increasing the recorded current and avoids the re-
lease of toxic products [15].

A key advantage of BOx and all MCOs is their ability
to reduce oxygen by carrying out direct electron transfer
avoiding the need of mediator utilization. In order to ach-
ieve DET, the enzyme active center should be placed in
the proximity of the electrode surface. Various strategies
have been proposed to promote DET [23]. One of them
is modification of a carbon support with 1-pyrenebutyric
acid, N-hydroxysuccinimide ester (PBSE), which provides
stable and effective enzyme immobilization and DET
[15]. The pyrene moiety of PBSE interacts with the aro-
matic-like structure of carbon materials through irreversi-
ble m—m stacking. This allows the functionalization of the

electrode surface with succinimidyl ester groups that are
highly reactive to nucleophilic substitution by primary
and secondary amines that exist on the surface of the
enzyme molecule [24,25]. PBSE-modified carbon cloth
electrode was reported to support faster and more com-
plete bio-electrochemical oxygen reduction than unmodi-
fied electrodes with only physisorbed BOx, generating
higher current densities. According to Ramasamy [25]
this effect can be related to the formation of a covalent
bond between the amino group of the enzyme and the
PBSE-tether that reduces the electron tunneling distance
between the enzyme and the electrode, facilitating DET.
Moreover it has been demonstrated that by cross-linking
the enzyme to the electrode with PBSE, four-electron
transfer mechanism of oxygen reduction reaction takes
place (Equation 1) [15].

BOx displays high activity and stability at neutral pH
and high tolerance towards different anions, such as F~
and Cl™ [26]. Therefore BOx has been used in physiologi-
cal conditions as bilirubin or DNA sensor [27,28] and as
catalyst for the ORR in biofuel cells including MFCs
[20]. Constructing enzymatic oxygen microsensor based
on the utilization of bilirubin oxidase will provide specific
oxygen reduction avoiding the influence of other electro-
chemically active species, which is very likely to be pres-
ent in wastewater or to be produced as intermediates or
final metabolic products of organics oxidation during
MFC operation.

The sensor demonstrated in this study is based on
oxygen reduction catalyzed by bilirubin oxidase (BOXx).
The developed sensor was further explored for localized
oxygen measurements, carried out in an operating MFC.
Based on the sensor’s readings an oxygen profile from
the anode surface to the cathode and through the catho-
dic biofilm was created.

2 Experimental

2.1 Sensor Construction

A sheet of carbon cloth (Fuel Cell Earth) (Figure 1A)
was used as a source for the bundle of carbon cloth fibers
(CC) (Figure 1B) (average diameter for a bundle of
fibers <100 pm; 10 pm single fiber diameter). The bundle
(ohmic resistance between 6 and 10 Q) was used as sup-
port for the construction of the enzymatic oxygen micro-
sensor that at the end, as specified below, itself composed
of only one fiber. In order to electrically connect and
make the sensor more robust, the bundle of carbon cloth
fibers was linked with a nickel wire (200 um diameter)
using a bi-component (A - monomer; B — hardener)
silver conductive epoxy resin (H22 EPO-TEK) with
a mixing ratio of 100A : 4.5B w/w. The volume resistivity
of the paste is reported as <0.005 Qcm. Curing of the
conductive epoxy resin was performed at 80°C for 50 mi-
nutes. The obtained device (ohmic resistance between 15
and 30 Q) was placed inside of a micropipette tip (200 uL.
Yellow Universal Pipette Tip, Figure 1C) leaving only



Teflon case

Ni wire
Silver
Conductive
Paste
Non-

Conductive \ Plastic Tip
E Past
poxy Paste -

Fig. 1.

Sensor construction. A) Carbon cloth sheet; B) SEM image of selected CC fibers bundle; C) schematic description of the

device; D) SEM frontal view of a detail of the sensor tip before the lapping procedure.

one carbon fiber out of the tip at a certain extent. A bi-
component nonconductive epoxy resin (3 M Scotch-Weld
Epoxy Adhesive DP100 Clear) with a curing time of
8 hours at 25°C was used to insulate the fiber and leave
only the tip uncovered (Figure 1D). The tip was then
lapped with abrasive paper, thus the sensor exposed to
the electrolyte was the end part of the single carbon fiber
with a diameter of 10 um (7.85x 107" cm?). Only this por-
tion was further subjected to enzyme immobilization.

Bilirubin oxidase enzyme used in the present work was
purchased from Amano Enzyme Inc. with a specific activ-
ity of 2.53 U/mg of protein. The enzyme was immobilized
onto the carbon fiber surface via 1-pyrenebutyric acid, N-
hydroxysuccinimide ester (PBSE, Sigma Aldrich).To ac-
complish that, the tip of the sensor was immersed in
0.01 M PBSE solution in dimethyl sulfoxide (DMSO) and
left for 1 hour. The sensor was then washed, placed in
2 mgmL™" solution of BOx, dissolved in 0.1 M phosphate
buffer and kept at 4°C for 16-18 hours to obtain enzyme
attachment. After enzyme immobilization the biosensor
was ready for calibration or further steps such as silica en-
capsulation.

To increase sensor stability and introduce diffusional
barrier, the tip of the sensor was encapsulated using
Chemical Vapor Deposition technique (CVD) as previ-
ously reported by Gupta et al. [29]. The silicate matrix

was obtained by hydrolysis of tetramethyl orthosilicate
(TMOS) as alkoxide precursor, followed by condensation
to yield a polymeric oxo-bridged SiO, network. Encapsu-
lated sensors were prepared by positioning the wet sensor
after the enzyme immobilization in a closed petri dish
with two small containers having 200 uL. of tetramethyl
orthosilicate (TMOS) and 200 puL of water, respectively,
for five minutes at 30°C. Only the liquid on the sensor
surface is transformed into a silica gel. The additional
water container serves to capture the excess of TMOS
Vapors.

2.2 Electrochemical Tests

A three-electrode setup was used for all electrochemical
experiments, where the sensor was connected as working
electrode (WE), a platinum wire was the counter elec-
trode (CE) and a Ag|AgCl (3 M) electrode (3 mm diam-
eter) was the reference electrode (+215mV vs. SHE)
(RE).

The electrochemical response of the device with and
without immobilized BOx was studied by cyclic voltam-
metry at three different aeration conditions under con-
trolled flow: air-saturated solution ([O, in solution]=
6.91 mgL™"), 60 sec purging oxygen (purity 96%, [O, in
solution] =20 mgL™") and 30 min purging nitrogen (purity



90%, [O, in solution] =0.66 mgL™"). The cyclic voltam-
metry was recorded from 0.7V to - 0.4V vs. Ag|AgCl
(3M) (0915 to —0.185V vs. SHE) at 100 mVsec™ in
a 0.1 M phosphate buffer (PB) with 0.1 M KCI. Based on
the performed CVs a potential of —0.4V vs. Ag|AgCl
(3 M) was selected for sensor calibration and operation.

The sensors were calibrated by chronoamperometry in
three different aeration conditions: air-saturated solution
([0, in PB]=6.91 mgL™" and ([O, in WW]=3.74 mgL™),
1 min purging nitrogen (purity 90%, [O, in PB]=
547mgL™" and ([O, in WW]=3.38 mgL™) and 30 min
purging nitrogen ([O, in PB]=0.66 mgL™" and ([O, in
WW]=0.63 mgL™"). The oxygen concentration in the cal-
ibration solutions was determined by a commercial DO
probe (HQ440d, Hanch). Chronoamperometry is the
most common technique used for the operation of am-
perometric sensors. It annihilates the influence of the ca-
pacitive current on the sensor reading and thus the per-
formed measurement. The chronoamperometry was per-
formed after 30seconds of equilibration time with
120 seconds of current recording at —0.4 V vs. the Ag|
AgCl (3M) (—0.185V vs. SHE). The current value was
recorded every second and the steady state current ob-
served at the end of the measurement was taken as the
sensor reading. Calibration curves were obtained for both
encapsulated and not encapsulated sensors in triplicate.
The best performing sensor in terms of sensitivity and lin-
earity of the response was chosen for monitoring a MFC
system. The chosen sensor was further calibrated in
wastewater using the same, previously described proce-
dure in order to investigate an eventual matrix effect.
The lifetime of the sensors was also studied. One and the
same sensor was calibrated in wastewater at day one right
after it has been prepared and then at different days (for
example days 1, 3, 4, 5, 8 and 14). The sensor was kept at
4°C between measurements.

2.3 MFC Setup

A membraneless single chamber MFC with gas-diffusion
air-cathode, having a volume of 130 mL was used in this
study. AISI 304L stainless steel anode [30] and activated
carbon (AC) based cathode [31] were used as electrodes
in the MFC. The electrolyte was urban wastewater
coming from the treatment plant of Albuquerque (NM,
USA). The wastewater was used as murky as received,
without any pretreatment step. During MFC operation,
sodium acetate (Sigma Aldrich) was added to the electro-
lyte as substrate (carbon source) for bacteria.

The MFC was polarized with a constant resistance (R)
of 100 Q and the cell voltage (V) across the resistance
was monitored. V was recorded every 25 minutes, using
a multichannel data logger (Personal DAQ/56). The cur-
rent was calculated based on Ohm’s law /=V/R and
power generation (P) was calculated using the formula
P=VxlL

Pt wire

Bio-sensor

Luggin + Ag|AgCl

cathode

304 SS anode

304 SS anode

A B

Fig.2. Schematic analysis-setups. A) Approaching the anode,
B) approaching the cathode.

2.4 Determination of Oxygen Profiles in MFC

In order to reduce eventual interference in the sensor re-
sponse, profiles of oxygen concentration in proximity of
both anode and cathode surfaces (Figures 2 A and 2B, re-
spectively) were determined under open circuit condi-
tions of the MFC. Preliminary experiments (not reported
here) demonstrated that the presence of a current flow
could considerably increase the noise of the amperomet-
Tic sensor response.

The microsensor along with Ag|AgCl (3 M) reference
and Pt-wire counter electrodes were inserted from the
upper cap of the MFC and moved down from the level of
the solution towards the anode (Figure 2 A). For the cath-
ode monitoring, the microsensor was bent to reach the
cathode surface and it was moved from the anode to-
wards the cathode creating oxygen profile between the
two MFC electrodes (Figure 2B). The position and move-
ment of the oxygen microsensor was controlled by a com-
puter-controlled stage (NLE Series Precision Linear
Stage, Newmark Systems Inc.) having a maximum spatial
resolution of 100 nm.

3 Results and Discussion
3.1 Electrochemical Performance

The electrochemical performance of the BOx-based mi-
crosensor was examined via cyclic voltammetry (CV), car-
ried out at 100 mVs™" in 0.1 M phosphate buffer +0.1 M
KCI solution (pH 7.5) (Figure 3). The potential window
of the cyclic voltammetry was selected between 0.7 and
—0.4V vs. Ag|AgCl (3M) (0.915 to —0.185V vs. SHE)
in order to avoid enzyme denaturation and ensure
enzyme function. Control electrode, containing only
carbon fiber and no enzyme showed almost flat response
over the investigated potential window. After the enzyme
immobilization, increased capacitance as well as current
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output was observed. The highest difference in the sensor
response as a result of different oxygen content in the
electrolyte was recorded at —0.4V vs. Ag|AgCl 3M)
(—0.185V vs. SHE). Therefore potential of —0.4V vs.
Ag|AgCl (3 M) was consequently chosen as a proper po-
tential for the subsequent chronoamperometry analyses.

One of the main problems of enzymatic biosensors and
biological systems in general is their low stability. This
constrain can be overcome with encapsulation of the
enzyme in silica matrix [32]. Silica encapsulation is
a simple, fast and effective method for entrapment of bio-
logical specimens. This encapsulation process involves
low-temperature hydrolysis of appropriate monomeric
precursors. The polymeric framework grows around the
biomolecule, creating a cage and thus protecting the
enzyme from aggregation and unfolding. These silica ma-
trixes are chemically inert, hydrophilic, and inexpensive
to synthesize. Their porous nature provides an efficient
design that restricts movement of the enzyme but allows
free access of the analytes [33]. In addition to the in-
creased stability, the silica matrix creates a diffusional
barrier, which ensures operation of the sensor at mass
transport controlled mode and therefore has a linear re-
sponse from the concentration of an analyte [34].

In order to test the effect of the silica layer on the per-
formance of the developed enzymatic oxygen sensor,
a comparison between encapsulated and not encapsulated
sensors was also performed. Chronoamperometry meas-
urements of the sensor response at various oxygen con-
centrations were carried out in 0.1 M phosphate buffer +
0.1 KCI solution at the chosen potential of —0.4 V vs. Ag|
AgCl(3M) (—0.185V vs. SHE). These measurements
were executed with two sensor types: type I: not encapsu-
lated and type II: encapsulated with silica-layer enzyme.
Each measurement was carried out in triplicate (Figure-
s4A and 4B).

Both sensor types showed a good linear current re-
sponse as a function of oxygen concentration with a coeffi-
cient of determination R*>0.97. The sensitivity of type I
sensor was higher since the electrode was directly ex-
posed to the electrolyte. At the same time, the reproduci-
bility of the sensor response was lower in comparison to
the encapsulated sensor (type II), especially at small
oxygen concentrations, which we expect to have in MFCs.
Therefore, the encapsulated sensor was selected for fur-
ther implementation in determining MFC’s oxygen pro-
file due to its higher response reproducibility.

The next step was calibration of the type II (encapsu-
lated) sensor in wastewater (WW) solution in order to
avoid eventual matrix effect (Figure 4 C).

The sensor showed linear response in both PB and
WW. The response in terms of current intensity and sensi-
tivity was lower in the latter. There are two possible rea-
sons for the decreased sensor performance: i) the conduc-
tivity of the wastewater is significantly lower than the
phosphate buffer, which introduces ohmic losses and thus
leads to decreased current densities; ii)although BOx is
one of the enzymes from the family of MCOs that shows
good resistance towards halogens, the complicated
chemistry of the wastewater (used as received) creates
a matrix effect that can modify the enzyme performances
and behavior. Therefore, the MFCs analyses were per-
formed after calibration of the sensor in WW solution.
The presence of sludge in the murky solution did not
affect the sensor linearity.

In order to study the sensor lifetime, the calibration
procedure was repeated at different days (Figure 4D). In
terms of linearity and reproducibility the sensor perfor-
mance was maintained for 8 days for the encapsulated
biosensor. After that time, the response was no longer
linear and became totally flat (Figure 4D — Day 14). It is
interesting to remark that the enzyme showed only slight
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gradual deactivation over time. The deactivation of the
enzyme was faster for not encapsulated sensors: after 2—
3 days unacceptable responses were obtained (data not
shown). This phenomenon most likely was a consequence
of the direct contact of the enzyme with pollutants in the
wastewater that decreased significantly the enzymatic ac-
tivity. Silica encapsulation stabilized the enzyme and
quadrupled the sensor’s life.

3.2 MFCs Analysis

Membraneless single chamber microbial fuel cell
equipped with an activated carbon (AC) based gas-diffu-
sion air-cathode and a stainless steel anode was inoculat-
ed with fresh urban wastewater at the beginning of the
test. Sodium acetate was added to the electrolyte as
a fuel source (3 gL™!) for bacteria. The MFC was polar-
ized with a constant resistance of 100 Q and the corre-
sponding cell voltage was recorded and recalculated in
terms of power. The power generated form the MFC over
time is shown in Figure 5.

The MFC was unproductive for five days, as power
values close to zero were observed. At day 6, the cell
started to produce power, reaching 0.01 mW, which drop-

ped to zero at day 7. At the end of day 9, the 3 gL'
sodium acetate concentration was re-established by addi-
tion of acetate in the solution. Three days later (day 12),
the power production started again and constantly in-
creased until day 18 (0.08 mW), when the experiment was
terminated.

3.2.1 Oxygen Profiles Towards the Anode Surface

Profiles of oxygen concentration in the proximity of the
anode were determined under MFC open circuit condi-
tions. The microsensor was inserted into the MFC and
moved down from the level of the solution to the anode
surface (Figure 2 A). The position of the oxygen micro-
sensor was controlled by a computer-controlled stage
with a maximum spatial resolution of 100 nm. The oxygen
profiles approaching the anode surface were measured at
different time intervals: after day 1, 3, 8 and 15 of MFC
operation (Figure 6 A).

At the startup of the MFC operation (day 1), the
oxygen concentration was approximately constant along
the entire path, with the exception of the first millimeters
close to the solution surface where the concentration of
oxygen was higher. After 3 days, the concentration was
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still constant but at a slightly lower value. The oxygen
consumption during these first days is associated with the
microbial aerobic processes taking place in the anodic
chamber of the MFC during the startup process with no
power production. As a result of oxygen consumption,
anaerobic conditions establish inside the bulk solution,
from the solution surface towards the proximity of the
anode [35]. The lower oxygen concentration detected in
the MFC at day 8 shows that oxygen was progressively
consumed over this period. The MFC started to produce
power at day 6, and when all the acetate was consumed,
it fell dramatically to zero. A very low oxygen concentra-
tion at 10 mm from the solution surface was detected at
day 15, consistent with the highest power production.
These results remark that the absence of oxygen in the
region close to the anode of the MFC plays a key role in
the cell productivity and that the designed herein enzy-
matic microsensor can be successfully explored to study
the changes in oxygen content as a function of the dis-
tance from the anode surface.

3.2.2 Oxygen Profiles Towards the Cathode Surface

For the cathode analyses, the microsensor was moved
from the anode towards the cathode (Figure 2B). The
oxygen profiles measured approaching the cathode sur-
face are shown in Figure 6 C at two different days (8 and
15).

The oxygen content at 4.5 mm far away from the cath-
ode surface was almost equal to that measured close to
the anode at the same days of MFC operation. Moving
the sensor closer to the cathode surface, the oxygen con-
centration tended to increase with a different slope,
higher at day 15. At day 8, oxygen continuously increased
towards the electrode surface, reaching 1.2 mgL™ in the
proximity of the cathode. The curve at day 15 exhibits
a practically flat profile from 2.5 mm to the cathode sur-
face, where the oxygen content was 0.6 mgL~". This con-
centration was half of value observed for day 8.

The results confirm that the biofilm developed at the
cathode surface (figure 6 D) acts as barrier for oxygen dif-
fusion, as previously hypothesized [5,7,36] and further
demonstrates that the power production was strictly con-
nected to the oxygen consumption in the MFC. Based on
the oxygen-profile measurements it can be proposed that
the cathode biofilm has a thickness around 3 mm.

4 Conclusion

An enzymatic microsensor based on bilirubin oxidase was
built up, calibrated and utilized to measure oxygen con-
tent in a membraneless MFC.

Three relevant points demonstrate the effectiveness of
the microsensor:

a. The sensor has linear response for oxygen concen-
tration;

b. It is not poisoned by wastewater;

c. The encapsulation step with TMOS provided a diffu-
sional barrier improving reproducibility and stability of
the sensor.

The utilization of low-cost materials, the shape of the
sensor suitable for different MFC configurations and its
extreme selectivity permit its application to several bio-
electrochemical systems, not limited to MFCs.
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