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The durability of enzymatic electrochemical devices depends on the durability of enzymes
and on that of mediators that shuttle electrons between enzymes and electrodes. The degradation
of 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) in the presence of laccase was
evaluated in this study. The evaluation of the ABTS-adsorbed electrode in the presence and
absence of laccase showed that the redox peak area of ABTS decreased to approximately 40% of
the initial value with laccase, whereas the retention of the peak area was approximately 90%
without laccase. The characterization of the degradation products in a mixed solution of ABTS
and laccase was then performed using Fourier transform (FT)-IR, 'H-NMR, '3C-NMR, and
electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS). The comparison of the
spectra of the products of the mixed solution of ABTS and laccase with those of the solution
containing only ABTS or laccase showed the formation of nitrosamine from FT-IR spectra and
newly appeared sp?> and sp® carbon from 3C-NMR spectra. By also considering the peaks
observed in ESI-TOF-MS spectra, a possible degradation mechanism was proposed to be
initiated by the adduct formation of the ABTS radical with water.

1. Introduction

Enzymatic reactions have been used in biosensors to detect substrates and in biofuel cells to
convert the chemical energy of fuels into electricity under moderate operating conditions. When
enzymatic reactions are coupled with electrode reactions, electron transfer between enzymes
and electrodes becomes important. Except for enzymes that can undergo direct electron transfer
(DET),(1:? redox mediators are required to shuttle electrons between enzymes and electrodes. To
fully use the potential of non-DET-type enzymes in electrochemical devices, the immobilization
of mediators or redox polymers, in which mediators are covalently linked to polymer backbones,
on the surface of electrodes becomes important. The authors have proposed the graft
polymerization of redox polymers to make a thin redox polymer layer on the surface of carbon
electrodes to achieve high-current-density biofuel cells. Electrodes were designed to use the high
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intrinsic activity of enzymes in combination with high-surface-area electrodes.*7) A numerical
model that considers the reaction and diffusion processes in electrodes supported the
effectiveness of a high-surface-area electrode with a thin redox polymer layer.®) The model also
shows that further increase in current density is possible by the increase in the effective
concentration of the mediator, which was defined as the concentration of the mediator that
effectively reacted with both the enzyme and the electrode.®) The recent rational design of
electrodes composed of nanostructured materials has enabled a high glucose-oxidizing current
density above 5 mA c¢cm2.6:10-17)

Another important point in developing enzymatic electrochemical devices is durability. In
addition to the durability of the enzymes themselves, the durability of mediators should also be
considered when mediators are used in electrochemical reactions. Particularly when free
mediators are not added to a fuel or oxidant solution, which means that the mediators are
somehow attached to the surface of electrodes, the degradation of the mediators markedly
affects the electrochemical performance of the electrodes. When 2,2’-azinobis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) was immobilized through a spacer to a polymer
grafted onto carbon black to construct an oxygen-reducing electrode (ABTS-grafted electrode)
with laccase as the enzyme, the redox peak area of ABTS decreased by approximately 40—60%
over 6 h in the presence of laccase under both N, and O,. Conversely, the redox peak area is
retained in the absence of laccase, which suggests that ABTS was not eluted from the electrode,
and thus, ABTS undergoes some degradation reaction in the presence of laccase.®)

In a previous study, the degradation of ABTS was reported in the presence of polyphenols
and laccase. The isolation and characterization of degradation products revealed that ABTS
radicals formed covalent adducts with polyphenols, and the degradation mechanism of ABTS
through the adducts was proposed.(!®!9) In this reaction, polyphenols transferred an electron to
ABTS radicals. In the ABTS-grafted electrode, an electron was transferred from an electrode to
ABTS radicals, and polyphenols were not added. Thus, the degradation mechanism without
polyphenols should exist in the ABTS-grafted electrode. However, in a previous study of an
ABTS-grafted electrode, ABTS was immobilized to the polymer, and thus, the characterization
of degradation products was difficult; the detailed mechanism in the electrochemical system
without polyphenols was thereby unclear. In this study, the degradation mechanism of ABTS in
the presence of laccase was evaluated before immobilization to the polymer using Fourier
transform (FT)-IR, 'H-NMR, BC-NMR, and electrospray ionization time-of-flight mass
spectrometry (ESI-TOF-MS).

2. Materials and Methods
2.1 Materials

The carbon black used was Ketjen black (Lion Corp., Tokyo, Japan) with a particle diameter
of approximately 30 nm. ABTS was purchased from Tokyo Chemical Industry Co., Ltd. Laccase

from Trametes versicolor and poly(tetrafluoroethylene) (PTFE) suspension (60 wt% in water)
were purchased from Sigma—Aldrich Co. Carbon paper (EC-TP1-060) was purchased from
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Toray Industries, Inc. Conductive carbon paint was purchased from Okenshoji Co., Ltd. All
other reagents were purchased from Wako Pure Chemical Industries, Ltd. and used without
further purification.

2.2 Evaluation of ABTS-adsorbed electrode

The fabrication of carbon electrodes followed the procedure reported previously.3—>) Carbon
inks were prepared from unmodified carbon black, a suspension of PTFE, and isopropyl alcohol.
The weight ratio of carbon black to PTFE was fixed at 3:1 in the dry state. The electrode was
prepared by painting the carbon ink onto the carbon paper. After the carbon electrode had dried
under ambient conditions for one night, the electrode was hot-pressed at 0.25 MPa and 130 °C.
The electrode was cut to a circle of 0.66 cm diameter and attached to the rotating disk electrode
(RDE) surface using conductive carbon paint. The fabricated electrodes were used as the
working electrodes. A Pt line and Ag/AgCl (saturated KCI) were used as the counter and
reference electrodes, respectively. Cyclic voltammetry (CV) was performed using a Hokuto
Denko Dynamic Electrode HR-301 and Automatic Polarization System HZ-3000. The buffer
solution used was 0.1 M acetate buffer containing 0.1 M NaNOjs at pH of 4.0. All solutions had
N, or O, bubbled through them for at least 15 min.

The adsorption of ABTS was performed by rotating the electrode in the buffer solution
containing 1 mM ABTS at 500 rpm for approximately 1 h. The electrode was washed by rotating
in the buffer solution without ABTS at 500 rpm until the change in redox peak area became
negligible. Then, CV was measured once every hour in the presence and absence of 1.0 mg mL™!
laccase in the buffer solution at 30 °C.

2.3 Characterization of degradation products

A mixed solution of 100 mg of laccase and 100 mg of ABTS in 10 mL of reverse osmosis
(RO) water was stirred for 24 h. The resultant solution was filtered using Amicon Ultra
centrifugal membrane filters with a molecular weight cutoff of 30 kDa (Merck Millipore,
Germany) to remove laccase from the solution. The filtered solution was then vacuum-dried at
room temperature for 24 h. The resultant products were characterized by FT-IR, 'H-NMR,
3C-NMR, and ESI-TOF-MS.

3. Results and Discussion

The degradation of ABTS was first evaluated on the ABTS-adsorbed electrode in the
presence and absence of laccase. Cyclic voltammograms (CVs) of the ABTS-adsorbed electrode
in the presence and absence of laccase under N, are shown in Figs. 1(a) and 1(b), respectively.
The retention of the redox peak area of ABTS under N, was calculated from the figures and is
shown in Fig. 1(c). In the absence of laccase, the redox peak area is retained, which suggests that
the elution of ABTS from the electrode was low, although ABTS was physically adsorbed
without immobilizing to the polymer. The addition of laccase decreased the peak area. Because
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Fig. 1. CVs of ABTS-adsorbed electrode in (a) presence and (b) absence of laccase under N,. (c) Retention of
redox peak area of ABTS-adsorbed electrode in presence and absence of laccase under Nj.

the evaluation was performed without immobilizing ABTS to the polymer, the effect of the
functional groups of the polymer on the degradation of ABTS was excluded. This result suggests
that ABTS was degraded in the presence of laccase. It should be noted that the measurements
were performed under N, in this study and the oxygen reduction current was not observed. The
effect of the degradation of ABTS on the oxygen reduction current is important for the
construction of oxygen reduction electrodes, and thus will be a topic of future studies.

Then, the degradation mechanism of ABTS in the presence of laccase was discussed. To
characterize the degradation products, ABTS and laccase were mixed in a solution under N,
or O, for 24 h. After filtering laccase, the products in the filtrate were analyzed by FT-IR,
'H-NMR, 3C-NMR, and ESI-TOF-MS. Figure 2 shows the FT-IR, 'H-NMR, and '3C-NMR
spectra of the products. The spectra obtained for the products obtained from a solution
containing only ABTS or laccase that is treated in the same manner as the mixed solution of
ABTS and laccase are also included in Fig. 2. When the spectra of the products of the mixed
solution of ABTS and laccase (ii and iii) were compared with those of the solution containing
only ABTS (i) or laccase (iv), a peak at approximately 1400 cm™! appeared in the FT-IR spectra
[Fig. 2(a)] and peaks at approximately 160 and 60 ppm appeared in the 3C-NMR spectra [Fig.
2(c)]. The "H-NMR spectra [Fig. 2(b)] did not change with the addition of laccase to the ABTS
solution. The peak that appeared in the FT-IR spectra is ascribed to the N=0 stretching vibration
of nitrosamine (-N-N=0), and the peaks that appeared in the 3C-NMR spectra at approximately
160 and 60 ppm correspond to sp? and sp> carbon, respectively.

Figure 3 shows the ESI-TOF-MS spectra of the product from the mixed solution of ABTS and
laccase under O,. Other than the starting material (ABTS) at m/z = 515, peaks at m/z = 289, 274,
259, and 244 were observed. The peak at 259 was also reported in a previous study when
characterizing the degradation products of ABTS in the presence of polyphenols and
laccase.(13:19)

On the basis of these results, the degradation mechanism of ABTS is proposed, as shown in
Fig. 4. The FT-IR spectra suggested the presence of nitrosamine [product (3)]. The peak at
approximately 160 ppm in '3C-NMR can be ascribed to any of c(a) of product (2), c(b) of product
(4), c(c) of product (5), and c(e) of product (8), whereas the peak at approximately 60 ppm can be
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Fig. 2. (a) FT-IR, (b) IH-NMR, and (c) 13C-NMR spectra of products of solution containing (i) only ABTS, (ii)
ABTS and laccase under N,, (iii) ABTS and laccase under O,, and (iv) only laccase.
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Fig. 3. ESI-TOF-MS spectra of products of mixed solution of ABTS and laccase under O,.

ascribed to c(d) of product (6). If product (7), which is formed by the decomposition route to
form product (8), is sufficiently stable, 'TH-NMR spectra should show a peak at approximately
5.4 ppm of H(a). However, the peak corresponding to H(e) did not appear in Fig. 2(b). In a
previous study, products (2) and (7) were reported to be unstable and to easily undergo hydrolysis
and oxidation to form product (8).0% This rapid conversion to product (8) is considered to lead to
the absence of the peak corresponding to H(a). The instability of products (2) and (7) reported in
a previous study suggests that the peaks obtained in ESI-TOF-MAS can be ascribed to product
(3) for m/z = 289, product (4) for m/z = 274, product (5) and/or product (8) for m/z = 259, and
product (6) for m/z = 244.
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Fig. 4. Proposed degradation mechanism of ABTS in electrochemical system with laccase.

The formation of products (5) and (8) from ABTS was identified in the presence of
polyphenols after purification by reversed-phase chromatography and by characterization using
UV-vis, mass spectrometry, and "H-NMR.(® In the degradation mechanism with polyphenols,
the degradation reaction is initiated from the formation of polyphenol-derived adducts with
ABTS radicals. The initially formed adducts are unstable and degraded to form product (5) or (8)
and other covalent adducts with polyphenols.(!?) Although polyphenols were not used in this
study, the same degradation products (5) and (8) were observed, which suggests that the
formation of the adduct with water (the second step in Fig. 4) in the electrochemical system
initiates the degradation of ABTS. Considering that the presence of laccase degrades ABTS, as
shown in Fig. 1 and in a previous study,® the ABTS radical generated by the reaction between
ABTS and laccase (the first step in Fig. 4) forms an adduct with water. Because the laccase used
in the study that showed the degradation of ABTS in the presence of polyphenols was from
Aspergillus oryzea provided by Novozymes (51003) and was different from ours, the degradation
mechanism of ABTS proposed in this study may not be limited to laccase from Trametes
versicolor. However, further studies are necessary to discuss whether the degradation
mechanism can be applied to other laccases.

These results indicate that the degradation of ABTS occurred in the electrochemical system
with laccase. Thus, to develop stable enzymatic electrochemical devices using non-DET-type
enzymes, it is important to select or molecularly design a mediator that is sufficiently stable
under operating conditions based on the understanding of the degradation mechanism of the
mediator.
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4. Conclusions

In this study, we clarified the degradation mechanism of ABTS in the presence of laccase.
The evaluation of the ABTS-adsorbed electrode in the presence and absence of laccase showed
that the addition of laccase decreased the redox peak area of ABTS. The degradation products in
a mixed solution of ABTS and laccase were then characterized using FT-IR, 'H-NMR,
BC-NMR, and ESI-TOF-MS. The comparison of the spectra of the products of the mixed
solution of ABTS and laccase with those of the solution containing only ABTS or laccase
showed the formation of nitrosamine from FT-IR spectra and newly appeared sp? and sp? carbon
from BC-NMR spectra. By also considering the peaks observed in ESI-TOF-MS spectra, a
possible degradation mechanism was proposed to be initiated by the adduct formation of the
ABTS radical with water.
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