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Sandwich Biobattery with Enzymatic Cathode and Zinc Anode

D. Majdecka,? S. Draminska,? K. Stolarczyk,* M. Kizling,? P. Krysinski,? J. Golimowski,*

“Department of Chemistry, University of Warsaw, 02-093 Warsaw, Poland
bDepartment of Chemistry, Gdansk University of Technology, 80-233 Gdansk, Poland

Carbon paper covered with side-naphthylated multi-walled carbon nanotubes was used as the conducting support for the construction
of a biocathode in a hybrid biofuel cell (biobattery). Laccase Cerrena unicolor enzyme was employed as the catalyst for the 4e
reduction of oxygen and a zinc disc covered with hopeite was used as the anode. Derivatized carbon nanotubes increase the working
surface of the electrode and provide direct contact with the active sites of laccase. Biobattery characteristics under externally
applied resistance, and power-time dependencies under flow cell conditions were evaluated. The system including the sandwich
biobattery powering a dedicated two-electrode minipotentiostat with a simple sensor electrode was employed for monitoring a
model neurotransmitter—catechol. The biobattery-powered sensor yielded the oxidation currents linearly dependent on catechol
concentration in the range 0—2 mM and with a correlation coefficient of 0.998. This type of biobattery with laccase as the cathode
catalyst can be integrated with analytical devices and power them even in long-time monitoring experiments.
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Biofuel cells (BFC) and hybrid biofuel cells (biobatteries) have
several advantages over conventional fuel cells, e.g. they use enzymes—
very efficient catalysts to transform chemical energy to electrical en-
ergy. The attractiveness of biofuel cells is due to possibilities of variety
of applications of high energy density biofuels such as ethanol, glyc-
erol and carbohydrates, work at room temperatures, at pH close to
neutral and the products of reactions are environmentally-friendly.'™
Enzymes are also less expensive than metallic catalysts used in con-
ventional fuel cells and additionally are specific and selective, there-
fore do not require membrane separating electrode compartments.
The biofuel cell can work as open—type device, and can be easily
miniaturized.* Initial market opportunities for biofuel cells are likely
to be where there is a need for large amounts of energy but low power
demands. This is because biofuel cells can achieve high efficiencies
for oxidizing a given fuel, providing high energy density, but have
lower power densities due to lower catalytic activity compared to
metal catalyst based fuel cells.> An important area of applications of
the biofuel cells is powering electronic devices, e.g. clocks, timers
or toys, small medical devices such as biosensors and drug delivery
systems.”™

The number of enzyme molecules that can be directly bound to the
conductive support is rather low, due to their large size leading to small
surface concentration of catalytic active sites per electrode geometric
area. Therefore application of a three dimensional conductive matrix
is required. Carbon nanotubes increase the working surface area of the
electrode and improve conductivity of the film. Furthermore, carbon
nanotubes modified with different aryl groups provide easier access
to the enzyme active sites and allow working in the direct electron
transfer regime without any mediators. '

Falk et al.’ demonstrated a wireless and self-powered biodevices
composed of a wireless electronic unit, radio transmitter and self-
sustained carbohydrate and oxygen biosensor powered by enzymatic
fuel cell. Zhou and Wang’ reported biofuel cells for self-powered
electrochemical biosensing and logic biosensing.

Narvdez Villarrubia et al. used BFC based on carbon materials
modified with bilirubin oxidase and glucose dehydrogenase bioanode
for powering small devices.!® In a different approach, Lambert et al.
proposed BFC with cellobiose dehydrogenase as bioanode catalyst
and a bilirubin oxidase based biocathode,'* whereas Aquino Neto
et al. proposed ethanol/oxygen hybrid biofuel cell composed of hybrid
nanostructured bioanodes with immobilized alcohol dehydrogenase. '

*Electrochemical Society Active Member.
“E-mail: bilewicz@chem.uw.edu.pl

Holade et al. reported a fuel cell to supply a pacemaker in human
serum solution.'® BFC was proposed for interfacing biomolecular
information processing and electronic system.!” The bioanode was
based on PQQ-GDH and laccase was on the biocathode.

Biocomputing and bioanalytical applications of enzymatic system
were described by Privman et al. who reported a biochemical threshold
filtering mechanism. '8

The BFC as a power supply in wireless sensor network (WSN)
was reported by Gellett et al.?

Recently, we compared the efficiencies of a biofuel cell and biobat-
tery. We developed a biofuel cell consisting of a biocathode covered
with single-walled carbon nanotubes (SWCNTSs) to connect laccase
with the conducting support and bioanode covered with bioconjugates
of SWCNTs with glucose oxidase and catalase. The biofuel cell gave
power density of ca. 60 WW cm~2 at 20 k2 external resistance and
open circuit potential was 0.5 V. Additionally we constructed a flow
biobattery consisting of a GCE cathode covered with biphenylated
SWCNTs, laccase and a zinc anode covered with a hopeite. The max-
imum power density was 0.6 mW cm™2 at 20 k2 and the open circuit
potential for biobattery was ca. 1.6 V. This biobattery showed a rel-
atively high power and potential, hence, we thought it suitable for
powering more demanding devices.?

In the present paper we employ the biobattery to power a hand-
held, custom-built minipotentiostat for controlling the potential of a
catechol sensor, measuring the current and displaying it to the user.
Catechol which is generated intensively in industrial processes, can
be often found in the environment. Due to its reactivity and ability to
accumulate in living organisms, the development of simple, efficient
and quick analytical methods is vital for waste water analysis as well
as medical applications.!*>* Moreover, catechol can be considered
as a precursor of catecholamine-related neurotransmitters that are se-
creted in the brain by neurons and relay messages to the target cells.
The optimal level of precursors and neurotransmitters, e.g. dopamine
which originate from catechol plays a significant role in the func-
tioning of the human body. Unsettled level of catecholamines causes
neurological diseases such as Parkinson’s disease or Schizophrenia.
Therefore, the determination of catechol as the precursor of cate-
cholamines involved in the brain-body integration is of importance
in monitoring the attention span, learning, memory and variety of
motivated behavior.?*? Huang et al. described a sensor for cate-
chol based on glassy carbon electrode modified with composite of
silver nanoparticles, dopamine and graphene. They observed linear
response in the catechol concentration range between 0.5 to 240 uM
levels of catechol, and the limit of detection was 0.1 WM. The studies
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showed enhanced catalytic efficiencies toward catechol oxidation.?*
Electrode materials for the electrochemical monitoring of catechol
and dopamine were reviewed by Jackowska and Krysinski.?” Njagy et
al. developed a novel implantable enzyme-based carbon fiber biosen-
sor which was fabricated by using tyrosinase immobilized on matrix
composed of biopolymer, chitosan and ceria-based metal oxides de-
posited onto carbon fiber microelectrode.”® Ahammad et al.”’ used
glassy carbon electrode modified with poly(thionine) as a simple and
sensitive electrochemical method for the detection of hydroquinone
and catechol. Wang et al.® proposed a biosensor constructed by the
electrodeposition of Au-clusters on poly (3-amino-5-mercapto-1,2,4-
triazole) (p-TA) film on glassy carbon electrode used for dopamine,
ascorbate, uric acid and nitrite detection.

The aim of our study was to integrate a biobattery as the source
of power with a simple amperometric catechol sensor based on the
oxidation of catechol on glassy carbon electrode by means of a custom-
built, hand-held minipotentiostat to polarize a sensor electrode to the
pre-determined potential and display the current being measured. The
biobattery consists of a biocathode with laccase — the enzyme catalyz-
ing 4-electron reduction of oxygen to water and adsorbed on naphthy-
lated multi-walled carbon nanotubes (NAPH-MWCNTSs) covering a
carbon paper substrate (CP). Zinc disk covered with a layer of hopeite
(Zn/Zn3(POy,)) served as the anode. The biobattery was employed
under stationary or flow conditions.

Experimental

Materials and chemicals.— Catechol, potassium chloride (KCl),
citric acid (C¢HgO7), disodium hydrogen phosphate (Na,HPOj),
ethanol (C,HsOH) were purchased from POCh. Laccase Cerrena
unicolor was obtained from the Department of Biochemistry (Maria
Curie-Sktodowska University, Poland). Multi-walled carbon nan-
otubes (MWCNTSs Cheap Tubes) were purchased from CheapTubes.
com USA, Rue de la Vacherie, Belgium.

Modification procedures of the CNTs have been described
elsewhere.’ Carbon paper (CP) was Toray Teflon Treated (TPG-H-
030 Fuel Cell Store).

Laccase Cerrena unicolor C-139 was obtained from the cul-
ture collection of the Regensburg University and deposited in the
fungal collection of the Department of Biochemistry (Maria Curie-
Sklodowska University, Poland) under the strain number 139.3!:3
Water was distilled and passed through Milli-Q purification system.

Thermogravimetric analyses (TGA) were done using Universal
V4.3A TA Instrument. The measurements were carried out in argon
atmosphere at a heating rate of 10 deg/min.

Electrochemical instrumentation and procedures.— The biobat-
tery works under stationary or flow conditions. Carbon paper (CP)
was modified with MWCNTs or naphthylated MWCNTSs under re-
duced pressure. The modified and unmodified MWCNTs suspension
was obtained by adding 8 mg nanotubes to 12 ml ethanol (4 ml of
suspension for 3 CP electrodes). Electrode area was 3.14 cm? (Fig.
1A). Laccase (156 U/mg) was physically adsorbed on modified CP
from 9 ml of Mcllvaine buffer solution. After one day of laccase ad-
sorption, the electrode was washed thoroughly with water and used as
a biocathode in biobattery. In this arrangement, the zinc disk covered
with zinc phosphate was used as the anode. Biobattery was composed

Figure 1. (A) Carbon Paper (CP) before and after modification, (B) Cathode
contact in the biobattery (C) Construction of the biobattery designed for a flow
system.
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Figure 2. Scheme of circuitry composed of power source (biobattery with
supercapacitor) and dedicated, custom-built minipotentiostat containing a DC-
DC step-up converter which multiplies the initial potential of a single biobattery
(Vinp) to 4 V output potential (Vout), the latter supplies 2-electrode potentiostat
electronics.

of three elements: cathode, anode and reaction compartment in be-
tween (Fig. 1C). Cathode contact of biobattery was made from glassy
carbon material (Fig. 1B). Mcllvaine buffer solution pH 5.3 as the
suitable laccase environment was prepared by mixing of 0.1 M citric
acid and 0.2 M disodium phosphate. Open circuit voltage (OCV) was
measured in all experiments. Voltages between anode and cathode
were measured under varying loads in the range from 10 M2 to 1 .
To minimize the power loss caused by dioxygen depletion during the
testing of the cathode, measurements under each load were restricted
to 5 seconds and were held under flow conditions.

Electrochemical experiments were performed using a hand-held
minipotentiostat in a two-electrode configuration and, for comparison
purposes, using a ECO Chemie Autolab Potentiostat in the same con-
figuration. The hand-held minipotentiostat was custom-built by dr. S.
Kalinowski (Warmia and Mazury University in Olsztyn, Department
of Chemistry, Poland).

Fig. 2 shows the general scheme of such minipotentiostat. As it was
supposed to be powered by a single biobattery (1.6 V), the minipo-
tentiostat power supply part contains a DC-DC step-up converter,
generating 4 V DC voltage required to power most of the electron-
ics of this potentiostat, including the current measuring device, LCD
display and potential control. This scheme in Fig. 2 contains also a
supercapacitor permanently coupled in parallel to the biobattery as
a power back-up, and a switch closing/opening the circuitry. In its
“open” state it allows the biobattery to recharge itself and the superca-
pacitor between the measurements. When closed, both the biobattery
and supercapacitor power the minipotentiostat for time span sufficient
for amperometric detection of the analyte (catechol).

Chronoamperometric (CA) experiments for the catechol sensing
were carried out in 0.1 M KCI aqueous supporting electrolyte using
this minipotentiostat (or ECO Chemie Autolab as comparison) in a
two electrode mode with glassy carbon (GC) electrode as working
electrode of 0.008 cm? and silver chloride Ag/AgCl (KCl sat.) elec-
trode as reference. The potential used for recording the CA oxidation
current of catechol was set to +570 mV, hence 150 mV more positive
than the voltammetric catechol oxidation peak.

Synthesis and characterization of modified MWCNTs.— 100 mg
of pristine Multiwalled CNTs (CheapTubes) was placed in a round-
bottom flask. To this flask 2.5 ml o-dichlorobenzene, 2.5 ml acetoni-
trile, 0.45 g 2-naphthylamine and 0.4 ml of amyl nitrite were added.
The obtained mixture was sonicated for 5 h at 60-65°C. The reaction
scheme is shown in Figure 3.

1.Chlorobenzene,
acetonitrile

2. iso -Amyl nitrite

3. Sonication 60-70°C

CheapTubes Naphthylated MWCNT +
higher naphthylated

products

Figure 3. Scheme of synthesis of modified MWCNTs.
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Figure 4. TGA of Naphthylated MWCNTs (CheapTubes).

Solid naphthylated MWCNTSs were collected by filtration, then
resuspended in dimethylformamide (DMF), sonicated briefly and cen-
trifuged. This operation was repeated until the supernatant remained
colorless. Then DMF was replaced by toluene and the purification pro-
cedure was repeated as above. Finally the solid material was washed
with chloroform and dried under reduced pressure at 60°C.

The purification procedure yielded material in which wall-
naphthylated component predominates.>*** In our recent paper,**
numerous CNTs derivatives prepared using reactions considered as
occurring at the ends and/or on the walls of nanotubes were re-
viewed. Considerable differences of electrochemical properties sug-
gested some excessive wall over end modifications of CNTSs).

The naphthylation (functionalization) degree of MWCNTSs was
determined by thermogravimetric experiments. The results are shown
in Fig. 4. The TGA for Cheap Tubes product below 200°C shows
removal of only traces of solvents, so this mass decrease was not
taken into account. The mass loss (16%; 16 mg, 0.125 mole) found
in the range of 200-600°C corresponds to the removal of naphthyl
residues. Considering the molecular mass of naphthalene (128) and
carbon atomic mass, the modification degree equals ~0.018 moles of
naphthalene residues per 1 mol of carbon atoms).

Results and Discussion

Electrochemical studies.— To check the activity of laccase, elec-
trochemical experiments were performed. Figure 5 shows voltammo-
grams for two different biocathodes. One of them was composed of
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TableI. Catalytic current (mean value for 5 cathodes) measured at
0.2V atelectrodes covered with MWCNTs and MWCNTS modified
with adsorbed laccase in deoxygenated (Ipkg) and saturated with
dioxygen (Ic5¢) Mcllvaine buffer solution (pH 5.3).

MWCNTs used for
carbon paper
modification® Tokg[WA] LalnAl  JealA]- Tokg[LA]
MWCNTs -35+15 -97+1 —62+2
NAPH - MWCNTs  —83 +0.5 —254+4 —171+£45

*Experiments were repeated 3 times.

carbon paper disk covered with unmodified multiwalled carbon nan-
otubes and adsorbed laccase (Fig. SA) and the other (Fig. 5B) was
made of CP covered with naphthylated MWCNTSs and adsorbed lac-
case. The electrochemical experiments in the absence and presence of
oxygen were performed. When the buffer solution was saturated with
oxygen, catalytic curves of oxygen reduction for both biocathodes
were observed which proved the activity of the adsorbed laccase. The
catalytic waves of 4e direct reduction of oxygen to water appeared at
the potential 0.6 V (vs. Ag, AgCl/1 M KCl,, reference electrode). No
mediators were needed. Naphthylated multiwalled carbon nanotubes
give significantly larger currents of oxygen reduction than unmodified
MWCNTs or naphthylated SWCNTs. Naphthyl groups are hydropho-
bic and possess conjugated double bonds. They are able to get closer
to the hydrophobic pocket of the enzyme and provide more efficient
direct electron transfer. For the cathode covered with naphthylated
MWCNTs, the reduction current at 0.2 V was —254 LA (Table I).

Flow biobattery.— After covering of the CP electrode with carbon
nanotubes, laccase was adsorbed on the cathode and the biobattery
with zinc anode was assembled. Zinc anode has a fixed highly nega-
tive and stable potential. We confirmed the stability of this potential
inserting a reference electrode in the biobattery circuit, as shown in our
recent work.? Itis, therefore, useful for testing various biocathodes and
showing the influence of nanotubes modification on the current and
power in biobatteries. Different external resistances were loaded to
the circuit to evaluate the biodevice characteristics. Figure 6A allows
to compare power-current dependencies for biobattery with cathodes
based on CP covered with naphthylated and unmodified MWCNTs
and adsorbed laccase Cerrena unicolor under flow conditions. Power
plots obtained in the absence of enzyme and in argon saturated solution
are also shown. Figure 6B presents the voltage-current dependencies
for the same electrodes. The open circuit potential of the cell with

450 -
300 -0,

150
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=150 4

-300

-450 4

-600 T T T
0.0 0.2 0.4 0.6 0.8

E vs.SCE (V)

Figure 5. (A) Cyclic curves of carbon paper covered with MWCNTs and (B) modified naphthylated MWCNTSs and adsorbed laccase. Experiments were conducted
in oxygen (red line) or Ar (black line) in McIlvaine buffer solution (pH 5.3), scan rate was 5 mV s~ 1.
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Figure 6. Power (A) and polarization (B) curves for the biobattery and battery under flow conditions in oxygen'->3 and Argon* saturated 0.2 M Mcllvaine buffer
solution, pH 5.3. Cathode based on!* NAPH-MWCNTs and laccase,> NAPH-MWCNTs without laccase,> MWCNTSs with laccase.
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Figure 7. (A) I-t dependencies for the two-electrode sensor in 0.1 M KCI solution containing different catechol concentrations. GC electrode area: 0.008 cm?.
(B) Calibration curves for catechol in 0.1 M KCl solution obtained using (l) Autolab potentiostat and (o) hand-held minipotentiostat.

CP cathode covered with MWCNTSs and laccase was 1.6 V and the
maximum power was 1.2 & 0.1 mW. The open circuit potential of
the cell with CP cathode covered with NAPH-MWCNTs and laccase
was 1.6 V and the maximum power was 3.1 £ 0.2 mW. The arylated
nanotubes were shown to improve the performance of the cathode in
the biobattery. Such powering unit is, therefore, promising as a source
of energy for common sensing devices. For the three biobatteries con-
nected in series, the open circuit potential was 5.1 V and power was
10 & 1 mW, hence three times larger than those of the single cell
without changes in the stability under working conditions (Fig. 1S).

Catechol sensor— Chronoamperometry experiments were per-
formed using either Potentiostat Autolab or our hand-held, custom-
built minipotentiostat powered by the biobattery. Suitable constant
potential of +570 mV (explained earlier) was selected. In Figure 7A
the amperometric curves following each addition of 40 w1 of 100 mM
solution of catechol are shown. Experiments were repeated five times.
After each addition of catechol, the solution was vigorously stirred on
magnetic stirrer before measurement (no stirring during the measure-
ment).

The calibration curves for Potentiostat Autolab and minipotentio-
stat were almost the same and the correlation coefficient was at least
0.998 when current was probed 30 seconds after potential application
(Fig. 7B.) The current was measured in concentration range from 0 to
3.5 mM of catechol and showed linearity in the range from 0 to 2 mM.

The relative standard deviation of the biosensor response to 2 mM
catechol was 9% for 3 measurements. The system consisting of a sin-
gle sandwich biobattery (shown in Fig. 8) was used for powering the
sensor and generating data shown in Fig. 7.

Figure 8. Enzymatic biobattery integrated with minipotentiostat and biosen-
SOr.
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Figure 9. Potential-time dependence of a single biobattery with supercapaci-
tor, powering the minipotentiostat (as a load) being switched on and off every
60 s — a time span sufficient for sensor readout.

Enzymatic biobattery powering the sensing unit.— In Figure 9 the
potential-time dependence for a single cell biobattery powering the
minipotentiostat is shown. The integrated system was switched on
and off every 60 seconds, a time sufficient to make the readout of
the current measured. Following the discharging of the biobattery, the
potential is regenerated in 60s to 1.55 V and after 120s it achieves the
initial value equal to the open circuit potential.

Conclusions

The biobattery with Zn/Zn;(PO,), anode was constructed and two
nanostructured electrodes were tested as the biocathodes. The cath-
ode composed of carbon paper covered with covalently naphthylated
MWCNTs and laccase allowed to obtain significantly higher power
densities compared to a similar cathode but with unmodified MWC-
NTs. We ascribe it to improved electrical connection between the
electrode and the active centers of laccase. The naphthylated residues
connected to MWCNTs seem to be crucial for the efficiency of direct
electron transfer to the enzyme molecules so that no mediators are
needed. The parameters of the biobatteries: power and open circuit
potential were evaluated. The power of the biobattery with naphthy-
lated MWCNTs on the cathode exceeded 3.1 & 0.2 mW. The open
circuit potential measured for all systems containing arylated MWC-
NTs and unmodified MWCNTs on CP substrate and adsorbed laccase
was ca. 1.6 V.

The system including biobattery, a home-made minipotentiostat
and a small GC electrode based neurotransmitter sensor was tested in
the chronoamperometric determination of 0 to 2 mM catechol. The
single cell biobattery is suitable for powering small sensing devices
and does not need mediators for on the biocathode side. Slow oxidation
of Zn anode is not favorable if the device is designed for using in the
living organism; however, the open circuit potentials for such a hybrid
cell are more than twice as large as the values obtained for the best
of full biofuel cells reported so far (with enzymatic both cathode and
anode) The biobattery is, therefore, currently a reasonable solution as
an external powering unit and work on the improvement of the full
biofuel cell is continued in our laboratory.

Several aspects of device must be refined in further research. Most
important, is finding an efficient enzymatic anode to avoid using
Zn. Fructose dehydrogenase is an example of enzyme working at
the anode in a mediatorless regime as we demonstrated in a recent
communication.® At present, the system lifetime, shorter than that
of common batteries, is limited primarily by the inability of the en-
zymes to regenerate sufficiently fast. Additionally, the enzymes are
prone to denaturation under constant load conditions. Our device,
therefore, is designed to work under pulsed conditions. The amount
of modifying material and its real surface can be made larger e.g. by

F559

pressing MWCNT with enzyme, as demonstrated by Agnes et al.>
Where needed, the charge pump and DC-DC converter can be used to
adjust the voltage to values required by the powered device as shown
by Katz et al.!®37 Moreover, the cost of materials used in series pro-
duction (carbon nanotubes, enzyme) is still decreasing, therefore this
direction for powering small devices is really promising.
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