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ORIGINAL ARTICLE

A new biocatalyst employing pyrenecarboxaldehyde as
an anodic catalyst for enhancing the performance and
stability of an enzymatic biofuel cell

Marcelinus Christwardana!, Yongjin Chung' and Yongchai Kwon

A new enzyme catalyst consisting of pyrenecarboxaldehyde (PCA) and glucose oxidase (GOx) immobilized on polyethyleneimine
(PEI) and a carbon nanotube supporter (CNT/PEI/[PCA/GOx]) is suggested, and the performance and stability of an enzymatic
biofuel cell (EBC) using the new catalyst are evaluated. Using PCA, the amount of immobilized GOx increases (3.3 U mg~1) and
the electron transfer rate constant of the CNT/PEI/[PCA/GOXx] is promoted (11.51 s—1). Also, the catalyst induces excellent EBC

performance (maximum power density (MPD) of 2.1 mW cm~2), long-lasting stability (maintenance of 93% of the initial
MPD after 4 weeks) and superior catalytic activity (flavin adenine dinucleotide redox reaction rate of 0.62 mA cm~2 and
Michaelis—Menten constant of 0.99 mm). These characteristics are ascribed to effects of (i) electron collection due to
hydrophobic interactions, (ii) electron transfer pathways due to m-conjugated bonds and (iii) enzyme stabilization due to
m-hydrogen bonds that are newly induced by the PCA/GOx composite. The existence of such positive interactions is properly
verified using X-ray photoelectron spectroscopy and enzyme activity measurements.
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INTRODUCTION

The demand for clean electrical energy is increasing as a result
of weather changes caused by the greenhouse effect and depletion
of fossil fuels.! To meet this demand, related research and
development efforts are being eagerly pursued. As one of the efforts,
enzymatic biofuel cells (EBCs) that convert bioenergy into electrical
energy are being considered.>® In particular, EBC systems employing
glucose oxidase (GOx) as a biocatalyst have emerged because
of their advantageous properties, biocompatibility,
excellent selectivity toward specific substrates and strong activity

such as

near neutral pH and room temperature.” In addition, because
EBC systems use human body-friendly fuels, such as glucose, glycerol,
water and oxygen, for electricity generation, they can be embedded
as power generators for the operation of artificial internal organs,
such as artificial hearts and brains, insulin pumps or bone
stimulators.*®

However, in spite of such promising facets of EBC systems, the
commercialization of EBCs using GOx has been limited because of
their low EBC performance and poor durability.” The disadvantages
are attributed to the low immobilization ratio of GOx molecules,
slow GOx-related reaction rate, low GOx activity and easy GOx
denaturation. Of them, low GOx immobilization has been considered
the main problem.

To increase the amount of immobilized GOx, a variety of methods
including non-covalent adsorption, encapsulation, covalent coupling,
affinity bonding, entrapment and enzyme crosslinking have
been suggested.!!> In spite of these attempts, a standard process
for GOx immobilization has not yet been developed. Furthermore,
GOx immobilization research to date has mostly focused on
only increasing the amount of immobilized GOx without serious
consideration of how to improve the electron transfer between the
immobilized GOx molecules and supporter materials. To enhance
the electron transfer, the following materials are currently being
studied: (i) electron conductors such as metal nanoparticles,
(ii) carbon mnanotubes (CNTs) as supporter materials and
(iii) conductive polymers as entrapment agents.!®!” However, because
the active sites (flavin adenine dinucleotides (FADs)) of GOx are
located deep inside shells consisting of proteins that prevent electron
transfer, the conventional immobilization methods are limited, and
it is difficult to improve the electron transfer in GOx-based
catalytic structures.'®

To achieve the facile electron transfer and immobilize large
amounts of GOx, this study suggests adopting a new material:
pyrenecarboxaldehyde (PCA). The PCA modifies surfaces of the
GOx molecules, producing PCA/GOx composites. As support
materials, grafting structures of both CNTs that exhibit superior
electron transfer capabilities and polyethyleneimine (PEI) as a
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Figure 1 Schematic illustrations showing (a) fabrication of the CNT/PEI/GOXx,
CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] structures and (b) two different
bonds formed by using the PCA/GOx composite.

conductive polymer with excellent biocompatibility are combined
(CNT/PEI). In turn, the PCA/GOx composite are directly linked
to the CNT/conductive polymer supporter.

To immobilize the GOx molecules, in this study, we propose
three main bonding mechanisms. First, active sites (FADs) of the
GOx molecules are surrounded by hydrophobic pockets that are
physically entrapped with pyrene groups of the PCA via hydrophobic
interactions (an electron collection effect).!® Second, aldehyde
groups belonging to FAD and PCA are chemically bonded to the free
amine groups of the CNT/PEI supporter via a Schiff base formation
reaction to form C=N bonds, forming m-conjugated -electron
transfer pathways (an electron transfer pathway effect). Third, pyrene
groups attached to the GOx form z-hydrogen bonds with the free
amine groups of PEL. Owing to the mn-hydrogen and C=N bonds,
the GOx molecules are not denaturized and the corresponding
enzyme structures show long-lasting stability and excellent catalytic
activity.

To verify effects of using PCA, different types of enzyme catalytic
structures (GOx, PCA/GOx, CNT/PEI/GOx, CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx]) are prepared, and their chemical
structures are analyzed using ultraviolet-visible spectroscopy
and X-ray photoelectron spectroscopy (XPS). To evaluate the
electrochemical performances and stability of the structures, cyclic
voltammogram (CV) and EBC polarization curves are measured.

MATERIALS AND METHODS

Materials

Multiwall carbon nanotubes (MWCNTs) (with a purity higher than 90%) were
obtained from NanoLab (Brington, MA, USA). PCA, GOx (from Aspergillus
niger type X-S, 150 000 U g~! solid), horseradish peroxidase (146 U mg~!
solid), o-dianisidine and PEI solution were purchased from Sigma-Aldrich
(Milwaukee, WI, USA).

Fabrication of the enzyme-based catalysts

The CNT/PEI/GOx catalyst was fabricated by alternating deposition using PEI
(positive charge) and GOx (negative charge) on the CNTs. Initially, 25 mg of
the MWCNTSs were dissolved in 5 ml of PEI (2.5% w w ™! in deionized water),
then the mixture was sonicated for 1 h and centrifuged at 14 000 r.p.m. for
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Figure 2 Schematic illustrations showing electrostatic attractions between
the PCA/GOx composite and CNT/PEI and the bonding mechanism of the
CNT/PEI/[PCA/GOX] structure.

7 min. The excess PEI was removed using deionized water. Then, the CNT/PEI
mixture was immersed in a GOx solution (5mgml~! in 0.01 M phosphate-
buffered saline (PBS) (pH 7.4)) for 1 h to complete the CNT/PEI/GOx catalyst.
To fabricate the CNT/PCA/GOx catalyst, PCA/GOx was initially synthesized.
The PCA/GOx composite that was mixed with 5 mg of GOx and 2 mg of PCA
was dissolved in 1 ml of ethanol and then mixed for 2 h. In turn, the PCA/GOx
composite was immersed in 5 mg of CNT for 2 h. The mixture was centrifuged
at 14 000 r.p.m. for 7 min, and its supernatant was filtered and removed,
completing the fabrication of the catalyst. To fabricate the CNT/PEI/PCA/GOx
catalyst, the PCA/GOx composite was mixed with CNT/PEI for 2 h. Then,
the CNT/PEI/PCA/GOx catalyst was centrifuged at 14 000 r.p.m. for 7 min.
All catalysts were stored in a 0.01m PBS (pH 7.4) solution at 4 °C when
not in use.

Chemical characterization of the enzyme-based catalysts

To confirm the bonding mechanism, the chemical structures of the GOx/PCA
composites and the corresponding catalytic structures were measured using
XPS (Perkin-Elmer PHI 5800 ESCA; Waltham, MA, USA). The XPS system was
operated with an Al K monochromatic X-ray source. The binding energy scan
range was 280 to 290 eV.

Electrochemical characterization of the enzyme-based catalysts

A computer-connected  potentiostat  (Bio-Logic ~ SP-240;  Bio-Logic,
Seyssinet-Pariset, France) was used for the electrochemical measurements.
For measuring the CVs, Pt wire and Ag/AgCl (soaked in 3.0 m KCl) served as
the counter and reference electrodes, respectively, while the catalysts were
loaded on glass carbon electrodes to act as the working electrode. To load the
catalysts, catalytic powder was mixed with 1 ml of H,0O, and then 10 pm of the
catalytic ink was dropped on the glass carbon electrode. The catalytic
ink-loaded working electrode was then dried for 45 min. After drying, a
5wt% Nafion solution was coated on the working electrode to complete
the configuration of the working electrode. For the electrolyte, 1M PBS
(pH 7.4) was used, while N, and air were fed to create specific atmospheres,
such as a N, state and air state.

To measure the polarization curves from the EBC single cell, a potentiostat
was also connected with a frequency response analyzer. By coupling the
frequency response analyzer with the potentiostat, the power output was
analyzed as a product of the current and potential. For the cathode,
100 cm® min~! O, gas was fed to the electrode, while a 0.2 M glucose solution
was circulated as fuel for the anode electrode.
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Figure 3 Cls peaks of the (a) GOx and (b) PCA/GOx structures measured
using XPS. C=C (sp?), C-C (sp®), C-N, C=N, C-0 and C=0 were identified
from the Cls peak analysis.

RESULTS AND DISCUSSION

Chemical structures of the catalysts including PCA and PEI

The effects of PCA on three catalytic structures including CNT,
PEI and GOx were initially investigated. Figure la shows schematic
illustrations of the three structures: CNT/PEI/GOx, CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx]. In CNT/PEI/GOx, CNT physically
interacted with PEI and GOx, whereas in CNT/[PCA/GOx], PCA
was attached to GOx (PCA/GOx composite) to form n—r interactions
with CNT. In CNT/PEI/[PCA/GOx], the PCA/GOx composite
interacted with CNT/PEI to form C=N and n-hydrogen bonds.

More specifically, when PCA was attached to GOx molecules to
form the PCA/GOx composite, two kinds of bonds between PCA and
GOx were expected: (i) pyrene— C=N-GOx bonds between the
aldehyde groups of PCA and amine groups of lysine residue on
the GOx surface to form a Schiff base formation reaction and
(ii) hydrophobic bonds between the pyrene groups belonging to the
hydrophobic areas of PCA and hydrophobic sites near the FADs
within GOx to form hydrophobic interaction bonds.?’ The possible
bonds are illustrated in Figure 1b.

The reaction mechanisms of the CNT/PEI/GOx, CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx] structures are explained as follows: in
CNT/[PCA/GOx], the pyrene groups of the PCA/GOx composite
formed m—n interactions with CNT, producing m—n stacking.?!??
In contrast, in CNT/PEI/[PCA/GOx], the PCA/GOx composite is
preferentially immobilized because the (—) charged pyrene rings of the
PCA/GOx composite are electrostatically attracted to the (+) charged
CNT/PEL The aldehyde groups of the PCA/GOx composite are then
attached to the amine groups of PEI on CNTs to produce C=N
bonds. Because the C=N bonds have a high bonding energy
(615 kJ mol ~ 1), the bonding energy of CNT/PEI/[PCA/GOx] was also
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Figure 4 Cls peaks of the (a) CNT/PEI/GOx, (b) CNT/[PCA/GOx] and
(c) CNT/PEIPCA/GOX] structures measured using XPS. C=C (sp?),
C-C (sp3), C-N, C=N, C-0 and C=0 were identified from the Cls peak
analysis.

high.?*> Moreover, owing to hydrophobic sites near the FAD, electrons
generated/consumed by the FAD redox reaction were captured by the
pyrene groups of PCA and transferred easily to the CNTs due to
n-conjugated electron transfer pathways (FAD—pyrene—C = N-PEI). In
addition, the free pyrene groups of PCA that were attached on
the surface of GOx interacted with the amine groups of PEI to form
n-hydrogen bonds, and PEI could also be physically entrapped in
the PCA/GOx composite. The new m-hydrogen bonds and physical
entrapment played a critical role in preventing denaturation of the
PCA/GOx composite from the CNT/PEL. The possible reaction
mechanisms are illustrated in Figure 2.

Unlike the other structures, in CNT/PEI/GOx, dipole interactions
between the (+) and (-) charges of PEI and GOx were a major
bonding resource.?* Since the dipole interactions are weaker bonding
than ©—n interactions and C=N double bonds, the dipole bonding
energy may have been weaker than that of the other bonds.
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Figure 5 Cyclic voltammograms of the (a) CNT/GOx and CNT/[PCA/GOx] and
(b) CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] structures. For the
tests, 1.0 m PBS (pH 7.4) was used as the electrolyte for the N, state, and
the potential scan rate was 100 mVs~1.

To further investigate how well PCA captured GOx molecules to
reduce their denaturation, the amount of immobilized GOx was
measured using a colorimetric method with a ultraviolet-visible
spectrophotometer. The detailed procedure for measuring the activity
is explained in the Supplementary Information. According to the
data (Supplementary Figure S1), the amount of GOx immobilized in
CNT/PEI/[PCA/GOx] was highest, demonstrating that this structure
was most effective for increasing the amount of immobilized GOx
(Supplementary Figure Sla). From quantitative calculations, % of
GOx immobilized in the CNT/PEI/GOx, CNT/[PCA/GOx]| and
CNT/PEI/[PCA/GOx] was 66%, 54% and 42%, respectively (Supple-
mentary Figure S1b and Supplementary Table S1).

To verify such explanations of the bonding mechanisms, chemical
structures of the GOx/PCA composite included catalysts were
estimated using XPS, and the results are presented in Figures 3 and
4. As shown in Figure 3, GOx molecules were mostly occupied by C-C
(sp*) bonds, although small amounts of C=C (sp?) and C-N (C=N)
bonds were also observed. In contrast, in the GOx/PCA composite, the
peaks for the C=C (sp?) and C-N (C=N) bonds rapidly increased
because the newly employed PCA was attached to the amine groups of
lysine residues of the GOx surface to form C=N bonds. After
attachment, main chemical structure of the GOx/PCA composite
was changed from C-C (sp®) bonds to C=C (sp?) bonds. In turn,
because of the formation of the C=C bonds, (i) n—r interactions
formed between the C=C bonds and the CNTs of CNT/[PCA/GOx]
and (ii) 7-hydrogen interactions formed between the C =C bonds and
the CNT/PEI groups of CNT/PEI/[PCA/GOx].
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Meanwhile, small amounts of C=0 bonds were observed in the
GOx/PCA composite, which were not observed in the GOx molecule.
The presence of C=0 bonds are a clear evidence of the hydrophobic
interactions because the hydrophobic bonds are supposed to be
configured by the C=0 bonds. Such hydrophobic interactions were
observed even in CNT/[PCA/GOx].

Taken together, effects of PCA, as evaluated using XPS measure-
ments, could be summarized in the following two ways: first, most of
the PCA were participated in the formation of ‘pyrene—C=N-GOx’
bonds on the surface of GOx due to Schiff base formation reactions,
and second, the remaining PCA induced ‘O =C—pyrene-GOx’
bonds near the FAD groups due to hydrophobic interactions. The
hydrophobic interactions were confirmed from observations of the
pyrene rings and aldehyde groups on the surface of GOx.

The XPS Cls peaks of each catalyst are represented in Figure 4.
For CNT/PEI/GOx, the peak of the C-C (sp3 ) bonds was highest, while
a peak for the C-N (C=N) bonds was also observed.
When compared with the GOx peak, this result meant that the peak
of the C=C (spz) bonds was considerably reduced, while that
of the C-N(C=N) bonds increased. It is attributed to weak
physical absorption (dipole interactions) between PEI and GOx.
Owing to the weak interactions, the amount of GOx that could
be immobilized was limited, and instead, PEI mostly occupied surface
of the structure.

The CNT/[PCA/GOx] contained many C=C (sp?) bonds, even
more than the GOx/PCA composite. This result was ascribed to the
C=C (sp?) bonds of the CNTs. Another important fact was that the
amount of C=0 bonds increased due to the remaining nonreacted
aldehyde groups within the GOx/PCA composite.

Unlike CNT/PEI/GOx and CNT/[PCA/GOx], the amount of C-C
(sp*) bonds in CNT/PEI/[PCA/GOx] was relatively high, even though
PEI was present. Additionally, the amounts of the C-C (sp?), C-C (sp®)
and C-N bonds were very similar to those of the GOx/PCA composite,
indicating that the surface of CNT/PEI/[PCA/GOx] was mostly
occupied by the GOx/PCA composite. Hence, the free aldehyde
groups of PCA chemically reacted with the free amine groups of
PEI (hydrophobic interactions), and the chemical bonding promoted
immobilization of the GOx molecules. These explanations are well
matched with the enzyme activity measurements (Supplementary
Figure S1).

Electrochemical characterizations of catalysts including PCA and
PEI

It was critical to estimate the role of PCA by measuring catalytic
activity of the redox reaction of FAD within GOx: ((GOx (FAD)+2H*
+2e~ © GOx (FADH,)). Therefore, the CV curves of CNT/GOx and
CNT/[PCA/GOx] were measured and compared (Figure 5a). There
were two main noticeable results. First, the FAD redox reaction peak
of CNT/[PCA/GOx] was far higher than that of CNT/GOx, indicating
that PCA had an important role in promoting the FAD redox reaction.
Second, the envelope current of CNT/[PCA/GOx] was significantly
higher than that of CNT/GOx, indicating that PCA also affected the
increase in active surface area.

To further evaluate effects of the PCA/GOx composites on the
catalytic activity of the FAD redox reaction, CV curves of CNT/PEI/
GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were measured
(Figure 5b). According to the figure, the FAD redox reaction peak
of CNT/PEI/[PCA/GOx] was highest. From a quantitative analysis
of the FAD redox reaction peaks, oxidative peak current densities
(the difference between the peak current density and envelope current
density (the upper peak differences of the CV curves, AJ,)) of



CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were
0.1, 0.28 and 0.62 mA cm™2, demonstrating that the FAD reaction
increased by ~3-6-fold because of the use of PCA. Additionally,
because envelope currents of the structures were almost similar, it was
speculated that the enhanced FAD reaction was due to improvements
in the electron transfer.

The CV data of Figure 5 can be compared with the activity
measurements of Supplementary Fig. SI to estimate utilization of
the GOx molecules in the catalytic structures. According to the
GOx activity measurements, the amounts of GOx immobilized in
CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were
2.1, 2.7 and 3.3Umg”! (Supplementary Table S1), respectively,
meaning that 1.6-fold more GOx molecules were immobilized
on CNT/PEI/[PCA/GOx] than CNT/PEI/GOx. However, the
difference in the FAD reaction rates between the two structures, as
indicated by AIP, was ~ 6-fold (the AIP values of CNT/PEI/GOx and
CNT/PEI/[PCA/GOx] were 0.1 and 0.62mAcm™2 respectively).
It implied that although the amount of GOx immobilized on
CNT/PEI/[PCA/GOx] did not rapidly increase compared with
CNT/PEI/GOx, the electron transfer (FAD reaction rate) increased
four times because of the surface modification of GOx by PCA. Such
an increase in the electron transfer of CNT/PEI/[PCA/GOx]| was
attributed to the (i) electron collection effect of the pyrene rings near
the FAD groups and (ii) electron transfer pathway effect due to the
n-conjugated C=N bonds.

Next, the catalytic activities of the structures incorporated with PCA
(CNT/PEI/[PCA/GOx] and CNT/[PCA/GOx]) were compared.
According to the enzyme activity comparison, CNT/PEI/[PCA/GOx]
showed 1.3-fold more activity than CNT/[PCA/GOx], while the
difference in the FAD reaction rate was almost 2-fold between the
two structures. These results imply that changes in the chemical
structure from PCA/GOx to PEI/[PCA/GOx] induced approximately
twice better electron transfer (FAD reaction rate).

Indeed, the above results indicate that CNT/PEI/[PCA/GOx]
exhibited advantageous properties, such as excellent catalytic activity
and large amounts of immobilized GOx, and these properties were
attributed to the electron collection and electron transfer pathway
effects. Namely, the pyrene ring groups of PCA were well attached
to the hydrophobic sites near the FADs. Then, the hydrophobic
interactions captured the electrons produced/consumed from the
FADs. Simultaneously, the C=N bonds produced between the
aldehyde groups of PCA and amine groups of PEI or GOx formed
n-conjugated electron transfer pathways. These interactions promoted
further electron transfer.

To further investigate the electron transfer pathway effect due to
PCA (m-conjugated electron transfer pathways induced by C=N
bonds between the aldehyde groups of PCA and amine groups
of PEI or GOx), the catalytic activities of CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx] were compared with those of
CNT/[pyrene/GOx] and CNT/PEI/[pyrene/GOx] after measuring their
CV curves (Supplementary Figures S2a and b). Here, ‘pyrene’ is a
simple pyrene that does not contain aldehyde groups. According to
Supplementary Figures S2a and b, the catalytic activities of the FAD
redox reactions of CNT/[pyrene/GOx] and CNT/PEI/[Pyrene/GOx]
were 0.14 and 0.59 times lower than those of CNT/[PCA/GOx] and
CNT/PEI/[PCA/GOx], respectively, proving that the C=N bonds
promoted the FAD redox reactions due to the formation of the
n-conjugated electron transfer pathways.

In CNT/PEI/[PCA/GOx], the FAD redox reaction peak potential
was more positively shifted than that of CNT/PEI/GOx and
CNT/[PCA/GOx]. In our hypothesis, this shift was due to
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deprotonation during the Schiff base formation reaction (the reaction
between the aldehyde groups of PCA and amine groups of PEI).
Namely, the imine groups produced by the reaction released H* into
the environment and pH values of the catalytic structures
decreased.?>?> To prove this phenomenon, we measured local pH of
the three catalysts and confirmed that the local pH of CNT/PEI/[PCA/
GOx] shifted negatively (the local pH values of CNT/PEI/GOx,
CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were 7.52, 7.88 and
7.05, respectively). These data are also included in the Suppleme-
ntary Information (Supplementary Figure S3).

The rate-determining step of all the catalytic structures was also
evaluated. For that purpose, relations between the peak current
densities and potential scan rates of the structures were measured
under various scan rate conditions (Supplementary Figures S4a—f).
From the experiments, the FAD redox peaks linearly increased with
the potential scan rate, confirming that all the catalytic structures
were controlled by surface reactions. Moreover, the AE, values of
CNT/PE/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were
30, 15, and 18 mV at a scan rate of 100 mV s~!, whereas the
IpalIpc ratio was close to one, demonstrating that the structures were
within the quasireversible reaction region.?®

The electron transfer rate constant (k) of the catalytic structures
was measured because k; was proportional to the reaction
rate, followed by the EBC performance. For measuring the ki,
Laviron’s formula was used,?*?728 and the results are represented
in Supplementary Figure S5. The k; values of CNT/PEI/GOx,
CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] were 10.35+0.32,
11.04+0.41 and 11.51+1.38 s~ 1, respectively. This trend supports
the other chemical characterization results from ultraviolet-visible
spectroscopy and XPS.

Based on the above data, the glucose oxidation reactivity of the
catalytic structures (the reaction rate of the glucose oxidation reaction)
was evaluated because the glucose oxidation reactivity is one of the
major factors for determining catalytic activity and EBC performance.
To achieve this, effects under two ambient conditions (air state and N,
state) on the catalytic activity of the structures were initially investi-
gated without glucose (Supplementary Figure S6), and then effects of
the ambient conditions on the glucose oxidation reactivity of the
catalytic structures were measured (Supplementary Figures S7 and S8).
According to Supplementary Figures S6a—c, in the air state, the CV
curves were downshifted. This downshift was attributed to the
reduction of O, (Oy+2H+2e™ - H,0,).2>30 Supplementary Figures
S7a—c represent the CV curves of the catalytic structures measured in
N, state with 10 mm glucose. In Supplementary Figure S7, the CV
curves remained unchanged irrespective of the glucose concentration.
This result indicates that electrons generated by the glucose oxidation
reactions (Glucose - 2H*+2e™+ gluconolactone) did not affect the
redox reaction of FAD (GOx (FAD)+2H'+2e < GOx (FADH,))
without a mediator, while a mediator should be considered for
transferring electrons between glucose and FAD.!

Supplementary Figures S8a—c present CV curves showing effect of
O, on the glucose oxidation reactivity of the catalytic structures.
During the tests, 0.1-10 mm glucose was fed in air state (with O;).
Before the addition of glucose, the overall CV pattern was downshifted
compared with that in Supplementary Figure S8 with provision for O,
because of the peak overlap due to concurrency of the reduction
reactions of O, (increase in the cathodic current) and redox reaction
of FAD (redox reaction peaks observed at —0.47 V vs Ag/AgCl).2*
Subsequently, with the increase in the glucose concentration, the
overall CV pattern was upshifted, indicating that the cathodic current
was reduced (the reduction reaction of O, decreased). This result was
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Figure 6 (a) The relationship between glucose concentration and difference
in the reduction peak currents of the CNT/PEI/GOx, CNT/[PCA/GOx] and
CNT/PEINIPCA/GOxX] structures and (b) their Lineweaver—Burk plots. For the
CV tests, 1.0 m PBS (pH 7.4) was used as the electrolyte for the air state,
0-10.0 mm glucose was supplied and the potential scan rate was
100 mVs—1,

ascribed to the mediating role of O, (GOx (FADH,)+0O, - GOx
(FAD)+H,0,), and hence the downshifted CV pattern occurred
before provision for glucose could be upshifted with a gradual increase
in the glucose concentration.

The apparent Michaelis—Menten constant (Kj;,), maximum current
density (Jymax) and glucose sensitivity were also measured using
Michaelis-Menten and Lineweaver—Burk plots (Figures 6a and b).
The glucose sensitivities of CNT/PEI/GOx, CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx] were 12, 15 and 19pAmm™'cm™2
respectively, while their K, and [y, values were 1.11, 1.06
and 0.99mm and 0.011, 0.013 and 0.017 mA cm™2, respectively.
These results were compatible with the other data. Affordability for
the FAD redox reaction of the catalytic structures (two-electron and
two-proton redox reaction) was also measured using the correlations
redox peak potentials of FAD and electrolyte
pH (Supplementary Figures S9a—c). The redox peak potentials of
CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx] linearly
decreased with slopes of 59, 56 and 51 mV pH ™! for the anode and
59, 58 and 50 mV pH™! for the cathode, respectively, when the
pH increased from 3.0 to 9.0. These slopes were compatible with
the theoretical slopes (=58.6 mV pH™!) for the two-electron and
two-proton redox reactions, indicating that the FADs of these catalyst

between the
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Figure 7 Polarization curves of (a) EBCs using CNT/PEI/GOx, CNT/[PCA/GOx]
and CNT/PEI/[PCA/GOx] as the anodic catalysts and Pt/C as the cathodic
catalyst and (b) EBCs using CNT/PEI/[PCA/GOx] as the anodic catalyst and
CNT/PEI/PCA/Lac as the cathodic catalyst. In the tests, a 0.2m glucose
solution was provided and circulated from an external bottle to the anode
chamber of EBC at a rate of 0.1 mImin~L. For the cathodic reaction,
100 cm3 min—1 O, gas was supplied.

structures participated in the desirable two-electron and two-proton
32

redox reactions.
Performances and stability of the EBCs using the catalysts including
PCA and PEI

We investigated the performances and stability of the EBCs
using CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx]
as anodic catalysts by measuring their polarization
Additionally, we evaluated the effects of enzyme catalyst and
glucose fuel on the EBC performance. To inspect whether the
results were reproducible, polarization curves were measured three

curves.

times using three samples per catalyst. Figure 7 presents performances
of the EBCs. According to Figure 7a, maximum power density (MPD)
of the EBC with CNT/PEI/[PCA/GOx| was better than that
of the EBCs with other structures (the MPDs of the EBCs
using CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/PEI/[PCA/GOx]
were 1.13+0.054, 1.34+0.093 2.19+0.199 mW cm ™2,
respectively). This result agreed well with J,, of Figure 6.
Namely, the J,.c ratios of CNT/PEI/GOx, CNT/[PCA/GOx] and
CNT/PEI/[PCA/GOx] were approximately the same as the MPD ratios
of the corresponding EBCs. Because power density is proportional
to current density, this correlation indicates that the MPD (Figure 7)

and
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Table 1 Catalytic activities data of CNT/PEI/(GOx-PCA) and other GOx-based catalysts in biosensors and biofuel cells

Electrolyte and fuel Anode structure ks (s~1) K (mm) MPD (mW cm=2) Ref.
Glucose in 1 m PBS (pH 7.4) CNTIPEI/GOx]» 11.3 1.11 Hyun et al.2”
Glucose in 1 m PBS (pH 7.4) TPA/[GOX/PEI/CNT] 5.81 0.66 Chung et al.2®
Glucose in 1 m PBS (pH 7.4) TPA/[GOX/PEI/CNT] 9.86 — 0.98 Chung et al.30
Glucose in 0.1 m PBS (pH 6.9) Nafion-GOx-CNT 1.53 — Cai and Chen33
Glucose in 0.1 m PBS (pH 7.5) GOX/CNT-chitosan 7.73 8.2 — Liu et al.34
Glucose in 0.2 m PBS (pH 6.5) bGOx/FcMe2-C3-LPEI/Ac-MWCNT e 29.6 — Milton et al.3°
Glucose in PBS (pH 7) MWCNT/BSA-GOx-DHB-GA — 130.1 — Yu et al.,36
Glucose in 0.01 m PBS (pH 7) GOx/epHOG — 2.52 — Wang et al.3”
Glucose in PBS (pH 7.4) GOx CEC/CNT — — 0.18 Dudzik et al.38
Glucose in PBS (pH 7.2) GOx/silica sol-gel/CNT — — 0.12 Lim et al.3°
Glucose in 0.1 m PBS (pH 7) GOx/copolymer — — 0.15 Kuwahara et al.40
Glucose in 1 m PBS (pH 7.4) CNT/PEI/(GOx-PCA) 11.51 0.99 2.19 This work

Abbreviations: CNT, carbon nanotube; Gox, glucose oxidase; K, Michaelis-Menten constant; MPD, maximum power density; PBS, phosphate-buffered saline; PCA, pyrenecarboxaldehyde;

PEI, polyethyleneimine.

and Jpn.x (Figure 6) data are reasonable. Furthermore, our
EBC performance was better than that of other similar EBCs, as
shown in Table 1.

Figure 7b presents polarization curves showing effects of
PEI/PCA composite, enzyme catalyst and glucose fuel on the
EBC performance. For evaluating the enzyme catalyst effect, the
polarization curve of EBC using CNT/[PEI/PCA] catalysts without
GOx and laccase molecules was compared with that of the EBC
using CNT/PEI/[PCA/GOx] (anode) and CNT/PEI/[PCA/Laccase]
(cathode) catalysts without glucose. According to their MPDs, the
latter was better than the former by a factor of three (MPDs of the
former and latter were 0.158+0.01 and 0.465+0.048 mW cm ™2,
respectively), indicating that the catalytic structures with enzyme
molecules improved EBC performance. Meanwhile, for evaluating
the glucose effects, the polarization curves of EBCs using enzyme
catalysts were measured at both with glucose and without glucose
states. MPD of the EBC with glucose was 1.4-fold more than that of
the EBC without glucose (MPDs of the former and latter were
0.465+ 0.048 and 0.654 +0.025 mW cm ™2, respectively), indicating
that glucose played a key role in enhancing EBC performance.
Although both the enzyme catalyst and glucose affected the EBC
performance, the enzyme catalyst played a more dominant role than
the glucose fuel, showing that utilization and optimization of enzyme
catalysts was more effective for enhancing the EBC performance.

The stabilities of the CNT/PEI/[PCA/GOx], CNT/[PCA/GOx]
and CNT/PEI/GOx catalysts were estimated by regularly measuring
their catalytic activities (FAD redox reaction peaks) and their MPDs
(with Pt/C as the cathode and Nafion 117 as the MEA) for 4 weeks
(Figure 8). In terms of catalytic activity, the catalytic activities of
the enzyme structures including PCA (CNT/PEI/PCA/GOx and
CNT/PCA/GOx) were well maintained compared with those of
CNT/PEI/GOx. After 4 weeks, the catalytic activities of CNT/PEI/
PCA/GOx, CNT/PCA/GOx and CNT/PEI/GOx were 95%, 90% and
87% (anode) and 95%, 91% and 87% (cathode) of their initial values,
respectively (Figures 8a and b). In addition, MPDs of the EBCs
using the above catalysts were 93, 90 and 87% of their initial value
(Figure 8c).

Table 1 shows comparison data between our CNT/PEI/[PCA/GOx]
catalyst and other state-of-the-art GOx-based catalysts regarding their
(i) biosensor and/or EBC performances and (ii) catalytic activities.
From the comparison, the electrochemical performance and catalytic
activity of the CNT/PEI/[PCA/GOx] were higher than other structures
reported previously.
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Figure 8 Stability measurements of CNT/PEI/GOx, CNT/[PCA/GOx] and CNT/
PEI/IPCA/GOx] structures estimated using regular measurements of their
(@) FAD oxidation reaction peaks, (b) FAD reduction reaction peaks and
(c) maximum power densities for 4 weeks.

Taken together, it was concluded that using PCA, particularly in the
form of PCA/GOx composite, was very useful for improving
performance and stability of the EBC, as well as the catalytic activity
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of the enzyme catalysts due to concurrence of hydrophobic interac-
tions, n-hydrogen bonds and m-conjugated electron transfer pathways
that were newly caused by the PCA/GOx composite.

CONCLUSION

In this study, a novel enzyme catalyst using PCA (CNT/PEI/[PCA/GOx])
was developed, and its role as catalyst was verified by measuring
its performance and stability within EBC. When PCA was included
in the catalyst structure, the amount of immobilized GOx increased
(3.3Umg™!), and the electron transfer rate constant between
PCA/GOx and CNT/PEI was enhanced (11.51s™1). As a result, the
EBC with CNT/PEI/[PCA/GOx] led to the best catalytic activity, EBC
performance and catalytic stability due to effects of (i) electron
collection via hydrophobic interactions, (ii) electron transfer pathways
from m-conjugated bonds and (iii) enzyme stabilization due to
n-hydrogen bonds. Regarding the hydrophobic interactions, physical
entrapments between hydrophobic pockets near active sites of
GOx and PCA were formed by hydrophobic interaction. Electrons
produced in the active sites were captured without denaturation and
transferred to the CNT/PEI supporter. Regarding the m-conjugated
electron transfer pathways, interactions between the aldehyde groups
of PCA and the amine groups of CNT/PEI supporter formed C=N
bonds that were rigidly attached to the GOx, resulting in 7t-conjugated
electron transfer pathways. Regarding the n-hydrogen bonds, the free
pyrene groups of PCA attached on the surface of GOx interacted with
the amine groups of PEI to form n-hydrogen bonds, which played a
role in preventing denaturation of the PCA/GOx composite from
CNT/PEL The three attributes were analyzed using XPS and enzyme
activity measurements. Based on the characterizations, the CNT/PEI/
[PCA/GOx] structure yielded a high EBC MPD (2.1 mW cm~2) and
long-lasting stability (maintaining 93% of the initial MPD after
4 weeks). We believe that our findings regarding three aspects of the
new bonding mechanisms within the CNT/PEI/[PCA/GOx] structure
will contribute to a protocol for establishing baseline processes of
GOx-based biocatalysts.
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