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General Introduction 

 

Direct electron transfer (DET)-type bioelectrocatalysis is an ideal system in which the 

electron is transferred directly from electrodes to the substrate molecule (or vice versa) via the redox 

active site of an enzyme (Fig. 1). Since the DET-type system is constructed only with an enzyme and 

an electrode without any mediator, it is possible to miniaturize devices to extremely small size and to 

minimize the thermodynamic over potential required in electron transfer between an enzyme and a 

mediator, thereby making it very suitable for a variety of bioelectrochemical devices including 

biofuel cells and biosensors. However, interfacial electron transfer (IET) between an enzyme and a 

solid electrode often has a high kinetic barrier because the redox active sites of enzymes are usually 

deeply buried in peptides and the 

IET rate constant decreases 

exponentially with an increase in 

the distance between the electrode 

surface and the redox active site of 

the enzyme.  

Several redox enzymes are capable of direct electrochemical communication with suitable 

electrodes, although the number of DET-type enzymes is limited. There must be several factors 

governing the DET-type bioelectrocatalysis, but the factors have not yet clearly elucidated. 

Understanding the interaction between redox enzymes and electrodes is essential for improving the 

performance of DET-type bioelectrocatalysis as well as for exploring novel DET-type enzyme. In 

this thesis, the author attempted to investigate the factors of the electrode surface and enzymes 

affecting the performance of DET-type bioelectrocatalysis. The author also attempted to improve the 

performance of DET-type bioelectrocatalysis with oriented immobilization of the redox enzymes at 

functionalized electrode surfaces based on the understanding of the interaction between the redox 

enzymes and the electrodes. 

In chapter 1, the author focuses on siginificance the mesoporous structure for promoting 

the performance of DET-type bioelectrocatalysis. Peroxidase (POD) was used as a model enzyme for 

reduction of H2O2. Bare glassy carbon (GC) electrode and ketjen black modified glassy carbon 

(KB/GC) electrode were used as platforms for adsorption of POD, respectively. Electrochemical 

methods were used to inversitgated DET-type bioelectrocatalysis of POD. Furthermore, the author 

also tried to constructe an bienzyme electrode by coupling of the H2O2-generated oxidase (for 

example, glucose oxidase) and POD for substrate of H2O2-generated oxidase determination. 

In chapter 2, the author focuses on the effects of the electrostatic interaction between 

enzymes and electrodes on the performance of DET-type bioelectrocatalysis. Three types of CNTs 

with different lengths were used as platform for adsorption of bilirubin oxidase (BOD), copper efflux 

 

Fig. 1 Schematic illustration of DET-type booelectrocatalysis 

Electrode Enzyme
IET

Substrate

Product

Fig. 1 Schematic illustration  of DET-type bioelectrocatalysis



 General Introduction  

2 

oxidase (CueO) and hydrogenase (H2ase). Several factors of CNTs and enzymes affect the 

adsorption of enzymes have been investigated and discussed in the viewpoint of DET-type 

bioelectrocatalysis. 

In chapter 3, based on the understanding of the interaction between the enzyme and 

electrode, the author attempt to improve the proformance of DET-type bioelectrocatalysis by 

oriented-immobilization of redox enzymes onto functionalized electrode surfacecs. Charged surfaces 

were constructed by modification of aminobenzoic acid and p-phenylenediamine onto KB electrode 

for oriented-adsorption of BOD and H2ase. On the other hand, in consideration of the specific 

interaction between methoxy substituent and the electron-donating heme c moiety of D-fructose 

dehydrogenase (FDH), the author also attempt to construct several methoxy-substituent-functionaliz- 

ed surfaces and assess DET-type bioelectrocatalytic performance of FDH adsorbed on these 

electrodes. 
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Chapter 1  

Significances of mesoporous structure for promoting DET-type 

bioelectrocatalysis 

 

1-1 Direct electron transfer-type bioelectrocatalysis of peroxidase at mesoporous carbon 

electrodes and its application for glucose determination based on bienzyme system 

 

Abstract  

Non-catalytic direct electron transfer (DET) signal of Compound I of horseradish peroxidase (POD) 

was first detected at 0.7 V on POD/carbon nanotube mixture-modified electrodes. Excellent 

performance of DET-type bioelectrocatalysis was achieved with POD immobilized with 

glutaraldehyde on Ketjen Black (KB)-modified electrodes for H2O2 reduction with an onset potential 

of 0.65 V (vs. Ag|AgCl|sat. KCl) without any electrode surface modification. The POD-immobilized 

KB electrode was found to be suitable for detecting H2O2 with a low detection limit (0.1 M at S/N 

= 3) at −0.1 V. By co-immobilizing glucose oxidase (GOD) and POD on the KB-modified electrode, 

a bienzyme electrode was constructed to couple the oxidase reaction of GOD with the DET-type 

bioelectrocatalytic reduction of H2O2 by POD. The amperometric detection of glucose was 

performed with a high sensitivity (0.33  0.01 A cm
2 
M

1
) and a low detection limit (2 M at S/N 

= 3).  

 

1. Introduction 

 

Peroxidases (POD) are ubiquitous in the living world. The catalytic center of POD is a 

protoheme at which hydrogen peroxide (H2O2) is reduced to water in the presence of suitable 

electron donors. The ferric state of POD is oxidized to Compound I by H2O2 in a one-step 

two-electron reaction:  

POD(Fe
3+

) + H2O2  Compound I + H2O     (1) 

Compound I is re-reduced to the ferric state via Compound II as an intermediate: 

Compound I + H
+ 

+ e
 
 Compound II        (2) 

Compound II + H
+ 

+ e
 
 POD(Fe

3+
)              (3) 

The electrochemistry of horseradish POD has been extensively studied.
1
 H2O2 is not the 

exclusive electron acceptor to provide Compound I from the ferric state. Actually, the ferric form is 

easily oxidized to Compound I (as well as Compound II) by suitable electron acceptors such as 

IrCl6
2

. The three redox states are reversible and the formal potential of the reactions given by Eqs. 

(2) and (3) were spectroelectrochemically determined as 0.75 and 0.72 V (vs. Ag|AgCl at pH 7.0), 

respectively.
2
 Since the electrochemical oxidation of H2O2 frequently requires high electrode 
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potentials in the absence of catalysts, the situation leads to co-oxidation of other electroactive 

metabolites in the physiological fluids to cause positive interference. Therefore, POD is frequently 

used in biosensors for determination of H2O2 .  

Many papers have reported non-catalytic direct electron transfer (DET) of POD and 

bioelectrocatalytic reduction of H2O2.
36

 However, most non-catalytic DET signals of POD are 

assigned to the redox reaction of Fe
3+

/Fe
2+

 of the protoheme at 0.2 V (vs. Ag|AgCl) and the 

Fe
3+

/Fe
2+

 redox reaction is entirely unrelated to the catalytic redox cycle described in Eqs. (1)(3). In 

addition, the current densities of the catalytic waves of the H2O2 reduction at POD-adsorbed 

electrodes are very low, and the onset potentials are in a large variety in the literature and are usually 

much more negative than the redox potential of Compound I. Therefore, several artificial mediators 

have been proposed for the reduction of Compound I to construct mediated electron transfer- (MET-) 

type biosensors for H2O2 detection.
7,8

 MET-type POD sensors have been frequently combined with 

an H2O2-generating oxidase for determination of the first substrate of the oxidase.
915

 One of the 

issues to be considered for such MET-type POD/oxidase bienzyme-electrode reactions may be that 

the oxidized form of a mediator generated in the POD reaction frequently works as an electron 

acceptor of the oxidase in the bienzyme system (due to the dehydrogenase activity),
 13

 which results 

in negative interferences.  

Recently, catalytic waves of H2O2 reduction by POD on electrodes with positive onset 

potentials of approximately 0.5–0.6 V (vs. Ag|AgCl) were reported at carbon nanotube- (CNT-) 

modified graphite electrodes, although the mechanism remains unclear.
16,17

 It has been proposed that 

mesoporous structures with porous radii close to the radius of an enzyme
1820 

and electrostatic 

interaction between the redox center of an enzyme and an electrode surface
2126 

are important to 

improve the performance of DET-type bioelectrocatalysis. Therefore, there seems to be some 

possibility to construct mesoporous electrodes suitable for DET reaction of POD. 

On the other hand, glucose oxidase (GOD) is one of the key enzymes for determination of 

glucose. Although there are a countable number of papers claiming DET-type bioelectrocatalysis of 

GOD, a recent conclusion is that native GOD does not undergo DET reaction.
27

 Therefore, 

GOD-based biosensors should detect H2O2 generated in the oxidase reaction or the reduced mediator 

in MET-type bioelectrocatalysis of GOD using its dehydrogenase activity.  

In this work, Ketjen Black (KB) and water-soluble carbon nano tubes (CNTs) were used to 

construct mesoporous structured carbon electrodes suitable for DET-type bioelectrocatalysis of POD. 

As a result, a pair of weak but clear waves of non-catalytic DET reaction of POD embedded in CNTs 

was for the first time recorded at a POD/CNT mixture-modified electrode. In addition, great 

performance of mediator-free DET-type bioelectrocatalysis of POD was realized for two-electron 

reduction of H2O2 at KB-modified electrodes without any special electrode surface modification. 

The high catalytic efficiency and high stability of POD-immobilized KB-modified electrodes was 
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useful to reductively detect H2O2. In addition, the POD-electrode was used to detect H2O2 generated 

in the GOD reaction to construct semi-DET-type bienzyme biosensor for glucose determination, as 

shown in Scheme 1. 

 

2. Experimental 

 

2.1 Materials and reagents 

 

Ketjen Black EC300J (KB) was donated by Lion Co. (Japan). Poly(tetrafluoroethylene) 

fine powder (PTFE, 6-J) was obtained from DuPont Mitsui Fluorochemicals (Japan). 

Water-dispersed carbon nanotubes (CNTs, outer diameter: 10–15 nm, length: 14 μm) were donated 

by Nitta Corp. (Japan). Ascorbic acid (AA), uric acid (UA), glutaraldehyde (GA, 20%), glucose, and 

H2O2 were obtained from Wako Chemicals Co. (Osaka, Japan). Peroxidase from horseradish (POD, 

EC 1.11.1.7, 292 U mg
−1

) and glucose oxidase from Aspergillus sp. (GOD, EC 1.1.3.4, 163 U mg
−1

) 

were purchased from Toyobo Co. (Japan) and used without further purification. UA solution was 

prepared with 0.1 M KOH (1 M = 1 mol dm
3

), and the enzymes, substrates, AA, and GA solutions 

were prepared with a 0.1 M phosphate buffer (pH 7.0). All other chemicals used in this study were of 

analytical grade and all solutions were prepared with distilled water. 

 

2.2 Preparation of POD modified electrode and POD/GOD bienzyme-modified electrode 

 

A KB-modified glassy carbon electrode (KB/GCE) was prepared according to a previously 

described method.
28

 In brief, a 3-L KB slurry (PTFE:KB = 1:4, w/w) was dropped onto a rotating 

disk GCE surface (diameter = 3 mm) and dried at room temperature (1 L = 1 dm
3
). For enzyme 

immobilization, a 20-L enzyme solution (POD: 5 mg mL
1

) containing 5% (w/v) of GA was 

 

Scheme 1.  

Proposed DET-type bienzymatic mesoporous electrode for glucose determination  
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applied on the KB/GCE and dried at room temperature for 2 h. The electrode was washed with a 

phosphate buffer (0.1 M, pH 7.0) and used for electrochemical measurements.  

When CNTs were used as a platform for enzyme immobilization, the POD solution was 

mixed with a water soluble CNT suspension (0.3%) to form a POD/CNT mixture (POD:CNT = 1:2, 

w/w). A 20-L POD/CNT mixture was applied on a polished GCE and dried under reduced pressure 

at room temperature for 30 min. This is a new method for enzyme immobilization using CNTs 

without any reagents. CNTs would be immobilized on GCE with  stacking and also seem to 

enfold the enzyme to minimize the length between the redox center of the enzyme and a CNT. 

For the POD/GOD bienzyme-modified electrode, a 20-L enzyme solution containing 

POD, GOD, and GA was applied on a KB/GCE surface and dried for 2 h at room temperature. For 

long-term storage, the enzyme electrode was stored at 4 C in a water-saturated atmosphere.  

 

2.3 Electrochemical measurement 

 

Cyclic voltammetry and chronoamperometry were performed using an electrochemical 

analyzer ALS 701 E with a rotating disk GCE as a working electrode, a Pt wire as a counter 

electrode, and an Ag|AgCl|KCl (sat.) electrode as a reference electrode. Rotating disk voltammetry 

was performed at a rotating rate of 4000 rpm to obtain steady-state currents. All potentials were 

referenced against the reference electrode. 

 

3. Results and Discussion 

 

3.1 Non-catalytic and catalytic DET-type signals POD on mesoporous carbon electrodes 

 

Fig. 1A shows a cyclic voltammogram (CV) of a POD/CNT mixture-modified GCE in a 

0.1 M phosphate buffer solution (25  1 C, pH 7.0). A pair of small but visible surface-confined 

redox waves of POD was observed. The midpoint potential is approximately 0.7 V and very close to 

the average (0.735 V) of the two redox potentials determined spectroelectrochemically for the 

reactions of Eqs. (2) and (3).
2
 The negative shift of the midpoint potential indicates that Compound I 

is embedded in CNTs more stably than the ferric form, most probably due to electrostatic interaction 

of Compound I with negatively charged CNTs. This is the first report of a non-catalytic DET signal 

of POD. In the presence of H2O2, a steady-state catalytic wave of H2O2 reduction was observed at 

potentials more negative than 0.6 V on a rotating disk CV (Fig. 1B). As expected, no catalytic 

reduction wave was observed in the absence of POD (Fig. 1B, inset) and at a POD-immobilized 

GCE (data not shown). Therefore, the reduction wave is assigned to a DET-type bioelectrocatalytic 

reduction of H2O2 by POD embedded in CNTs. Because direct oxidation currents of H2O2 were 
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observed at potentials more positive than 0.6 V (Fig. 1B), the zero current potential (0.6 V) is 

determined by the POD-catalyzed reduction of H2O2 and the non-catalytic direct oxidation of H2O2. 

This is the reason why the zero current potential is slightly more negative than the midpoint potential 

of POD (Compound I) embedded in CNTs. 

     

 

Fig. 2A shows rotating disk CVs at a POD-immobilized KB/GCE in a 0.1 M phosphate 

buffer solution in the absence and presence of H2O2. A well-defined sigmoidal catalytic reduction 

wave was obtained with an onset potential of approximately 0.65 V. The steady-state current density 

reached a limiting value of 0.7  0.1 mA cm
2

 at 0.1 mM H2O2. The signal was very stable even at a 

high rotating rate (4000 rpm) because POD is stably immobilized in the mesoporous structure of 

KB/GCE. Since the potential window of KB/GCE was limited to ca. 0.5 V (Fig. 2B), it was 

impossible to detect a non-catalytic DET signal of POD immobilized on the KB/GCE. However, 

very fast electron transfer from KB to Compound I must occur compared with CNTs, because the 

rising portion of the catalytic wave is sharper at KB/GCE than that at CNT/GCE. The limiting 

current density is also larger at KB/GCE than that at CNT/GCE. The three dimensional meso/micro 

structures of KB on the GCE seem to be one of the most important factors in improving the 

performance of the DET-type bioelectrocatalysis of POD, as predicted in our previous studies.
1820

 

The fast catalytic reduction of H2O2 was realized at the POD-immobilized KB/GCE without any 

extra mediator or special surface modification at such high potentials.  

We used GA as a cross-linker to form a stable enzyme layer for DET-type 

 

Fig. 1  

A) Non-catalytic CV of POD/CNT mixture-modified GCE in the absence of H2O2 in 0.1 M 

phosphate buffer (pH 7) at a scan rate of 5 mV s
−1

. The redox waves are shown after the capacitive 

background signal subtraction and are multiplied by a factor of 15 for the sake of clarity.  

B) Rotating disk CVs of POD/CNT mixture-modified GCE in the absence (dotted line) and presence 

(solid line) of 0.1 mM H2O2. The inset shows rotating disk CVs at CNT-modified GCE in the absence 

and presence of 0.1 mM H2O2. 

 

A B
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bioelectrocatalysis. Such DET-type catalytic H2O2 reduction wave was obtained at POD-modified 

KB/GCE electrode in the absence of GA. However, the current decreased with time, and the 

catalytic current density was smaller than that in the presence of GA. If multi-layer POD molecules 

are formed on the electrodes when GA is used, POD molecules in the second and upper layers (if 

any) would not work as DET-type electrocatalysts.  

 

Fig. 2C shows the relationship between the limiting reduction current density (jlim) at the 

POD/KB/GCE and the H2O2 concentration (     ).The value of jlim was measured at 0 V. The jlim 

value increased almost linearly with       up to 0.5 mM and showed a Michaelis–Menten-type 

curved characteristic at increased     : 

     
        

              
  ,     (4) 

where jlim,max and KM,app represent the maximum value of jlim and the apparent  Michaelis-Menten 

constant, respectively. Using jlim,max and KM,app as adjustable parameters, the data were fitted to eq. 

 

Fig. 2  

Rotating disk CVs at (A)POD/KB/GCE and (B) KB/GCE in the absence (dotted line) and in the 

presence (solid line) of 0.1 mM H2O2 in 0.1 M phosphate buffer (pH 7) at a scan rate of 5 mV s
1

 

and a rotating rate of 4000 rpm.  

(C) Dependence of the limiting steady-state current response (jlim) on the concentration of H2O2 

(     ) at 0 V. The solid line was evaluated by a nonlinear regression analysis with Eq. (4), and 

the inset shows a linear dependence of jlim on       at low       . 

 

A B

C
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(4) through a non-linear regression analysis with Gnuplot


 5.0. The refined KM,app of POD 

immobilized on the KB/GCE was 2.4  0.6 mM. The detection limit of H2O2 with the POD/KB/GCE 

was as low as 0.1 M (S/N > 3), and the linear range was from 0.5 M to 500 M with a slope of 4.8 

 0.4 A cm
2

 M
1

. The biosensor prepared has high sensitivity and is suitable for the detection of 

extremely low concentrations of H2O2. 

 

3.2 GOD/POD bienzyme-immobilized electrode for glucose determination 

 

 

Fig. 3A shows typical rotating-disk CVs obtained at a GOD/POD-immobilized KB/GCE 

in the presence and absence of glucose. A clear catalytic reduction wave was observed at the 

bienzyme electrode in the presence of glucose. As expected, the similar reduction wave was also 

 

Fig. 3  

Rotating disk CVs at (A)GOD/POD/KB/GCE and (B)GOD/KB/GCE in the absence (dotted line) 

and in the presence (solid line) of 1 mM glucose in 0.1 M phosphate buffer (pH 7) at a scan rate of 5 

mV s
1

 and a rotating rate of 4000 rpm.  

(C)Steady-state current response at the rotating GOD/POD-immobilized KB/GCE upon the 

successive addition of glucose at 0 V. The measurement was carried out in 0.1 M phosphate buffer 

(25 C, pH 7) at a rotating rate of 4000 rpm. 

 

 

A B

C
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obtained at the GOD/POD-immobilized KB/GCE when H2O2 was added (data not shown). Such 

reduction wave was not observed in the absence of POD on the electrode even in the presence of 

glucose (Fig. 3B). These results indicate that the reduction wave at the GOD/POD-immobilized 

KB/GCE is ascribed to the reduction of H2O2 (Eqs. (1)-(3)) generated in the GOD-catalyzed 

two-electron reduction of O2 with glucose as an electron donor.  

Fig. 3C shows a typical current–time curve at the GOD/POD-immobilized KB/GCE with 

the successive addition of a glucose solution into an air-saturated buffer solution at a detection 

potential of 0 V. The catalytic current density increased with the addition of glucose and reached a 

steady-state within 2 s. Such fast response may be attributed to two factors: 1) the excellent 

electron-transfer kinetics from the KB-modified electrode to POD (Compound I), and 2) the fast 

mass-transfer of H2O2 generated by the GOD reaction in the immobilized bi-enzyme layer. 

Considering the fact that the composition of POD and an H2O2-generated oxidase may 

affect the biosensing performance of bienzyme biosensors,
11,12

 the ratio of POD to GOD was 

examined. Fig. 4A shows the effects of the POD/GOD ratio on the relative current response to 1 mM 

glucose (ratios from 0.05 to 0.30 at a constant GOD concentration of 5 mg mL
1

) in the mixed 

enzyme/reagent solutions for immobilization. The relative response increased with the POD/GOD 

ratio and reached a maximum at a POD/GOD ratio (w/w) of 0.15. Then, it gradually decreased with 

increasing the POD/GOD ratio. Therefore, a POD/GOD ratio (w/w) of 0.15 was selected for the 

following experiments to obtain optimal sensitivity. The value was simply optimized here, but it 

would become very important in near future to describe the situation by numerical simulation based 

on the kinetics and the mass transfer of the substrate, O2, and H2O2. 

 

The effect of the detection potential was also investigated in the range from −0.2 to 0.2 V 

 

Fig. 4  

Dependence of the limiting steady-state current response on (A) the weight ratio of POD to 

GOD and (B )the electrode potential for the detection of 1 mM glucose at 0 V and at a 

rotating rate of 4000 rpm. The currents are depicted as relative values. 

A B
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on the response of the biosensor in the presence of 1 mM glucose (Fig. 4B). With decreasing the 

detection potential from 0.2 V, the reduction current gradually increased and reached a maximum at 

−0.1 V. For more negative detection potential values (such as −0.2 V), the current decreased, 

probably because of the progressive inactivation of POD.
10

 In addition, at potentials more negative 

than −0.15 V, the influence of non-catalytic direct reduction of O2 at electrodes appeared. On the 

other hand, several reduced compounds such as AA and UA will be non-catalytically oxidized at 

carbon electrodes at potentials more positive than 0 V and interfere with the amperometric detection 

of glucose. Thus, the detection potential was set at 0.1 V for the glucose-sensing bienzyme 

electrode. 

 

3.3 Glucose sensing 

 

The characteristics of the biosensor were investigated by chronoamperometric 

measurements under the optimum conditions obtained above. Fig. 5A shows a calibration curve. The 

data showed a linear dependence of the limiting catalytic current density on the glucose 

concentration (cglc) from 5 M to 1500 M and a Michaelis–Menten-type relation at increased cglc. 

The apparent Michaelis-Menten constant (KM,app) for glucose was estimated to be 3.5  0.3 mM, 

which is much lower than the true Michaelis constant reported for GOD (33 mM with O2 as an 

electron acceptor in a solution under air-saturated conditions).
29

 This is most probably because of the 

lower KM,app value (2.4  0.6 mM) of POD against H2O2 than that of GOD against glucose. The 

lowest glucose detection limit with the proposed bienzyme biosensor was estimated at 2 M (S/N > 

3) with a slope of 0.33  0.01 μA cm
2 
M

−1
.  

GOD shows highly specific catalytic activity toward glucose even in the presence of other 

carbohydrates. However, some interferences such as AA may react with POD (Compound I) as 

electron donors resulting in negative interferences.
30

 The effects of the presence of UA (0.5 mM) and 

AA (0.5 mM) as probable interfering species on glucose detection were examined. These compounds 

caused negligible decreases of less than 1% and 2%, respectively, for the reduction current of 0.5 

mM glucose. Therefore, these substances hardly interfered with the response of the biosensor due to 

low detection potential and high specificity of the enzymes.  

In addition, the stability of the proposed bienzyme biosensor was investigated with 

chronoamperometry at −0.1 V for 7200 s. Only a slight decrease (< 8%) in the current response (at 

0.5 mM glucose) was observed for the continuous measurements. For long-term storage stability, the 

prepared biosensor was stored at 4 C for two weeks. The current response to 0.5 mM glucose still 

remained above 90%. The results verify the high stability of the bienzyme biosensor. 

http://www.sciencedirect.com/science/article/pii/S0956566305000813#fig4
http://www.sciencedirect.com/science/article/pii/S0956566305000813#bib28
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The low detection limit and high stability is suitable for glucose determination in real 

samples, for example, in serum. Since the glucose concentration in human serum (cglc = 4.4–6.6 

mM
31

) is higher than the upper limit of the linear range, we supposed to detect glucose in a diluted 

serum sample. Therefore, glucose determination was performed in a phosphate buffer (pH 7) 

containing 1 mg mL
1

 bovine serum albumin (BSA) as a diluted serum mimic. The current responses 

were recorded with the successive addition of a standard glucose solution. Fig. 5B shows the 

relationship between jlim and cglc. The slope (0.31  0.03 A cm
2

 M
1

) was similar to that obtained 

for the standard glucose solution (0.33  0.01 A cm
2

 M
1

)). The result indicates that the proposed 

bienzyme biosensor works properly even in the presence of BSA (1 mg mL
1

). Therefore, the 

proposed bienzyme biosensor is applicable for clinical diagnosis. 

 

4. Conclusion 

 

Thanks to the three-dimensional structure of mesoporous materials, a non-catalytic DET 

signal of POD was detected at the POD/CNT mixture-modified electrode with a redox potential of 

approximately 0.7 V. To the best of the authors’ knowledge, this is the first case of the voltammetric 

detection of the non-catalytic wave of POD (Compound I). Great performance of DET-type 

 

Fig. 5  

(A)Dependence of the limiting steady-state current density (jlim) on the concentration of 

glucose (cglc) at −0.1 V at a rotating rate of 4000 rpm. The inset shows the linear dependence 

of jlim on cglc. 

(B) Calibration line for glucose detection in the presence of 1 mg mL
1

 BSA in 0.1 M 

phosphate buffer (pH 7.0) as a diluted serum mimic with a GOD/POD-immobilized KB/GCE 

bienzyme sensor. The slope (0.33 A cm
2

 μM
−1

) indicates the sensitivity of the bienzyme 

biosensor in 0.1 M phosphate buffer (pH 7.0) without BSA. 

A B
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bioelectrocatalysis of immobilized POD was realized at KB-modified electrodes without any surface 

modification at such positive electrode potentials up to 0.6 V. The POD-immobilized KB/GCE can 

be utilized for detecting H2O2 with a low detection limit and high sensitivity. GOD as an 

H2O2-generated oxidase was co-immobilized with POD on KB/GCE for glucose determination. The 

proposed bienzyme glucose biosensor showed high sensitivity and high stability.  

The proposed bienzyme system can be applied to the detection of several substrates by just 

replacing GOD with the corresponding oxidase, such as D-amino acid oxidase,
11

 sarcosine oxidase,
12

 

and glutamate oxidase.
14

 In addition, the reduction of H2O2 at such high electrode potentials on 

POD-immobilized mesoporous carbon electrodes can be utilized as bio-cathodes in biofuel cells in 

place of multi-copper oxidase-based bio-cathodes, since the activity of the latter bio-cathodes are 

liable to be inhibited by H2O2 and halogen ions.
32, 33

 The positive onset potential for the H2O2 

reduction at POD-immobilized electrodes is also one of the benefits as bio-cathodes in biofuel cells. 
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1-2 Mesoporous microelectrode for diffusion-controlled amperometric detection of putrescine 

based on co-immobilization of peroxidase and putrescine oxidase without a mediator

Abstract 

A mediator-less amperometric biosensor for putrescine was proposed to obtain a (pseudo) 

steady-state catalytic current. Putrescine oxidase (PuOD) and peroxidase (POD) were 

co-immobilized with glutaraldehyde on a Ketjen Black (KB)-based mesoporous electrode. A 

POD-based direct electron transfer-type bioelectrocatalytic reduction wave of H2O2 generated by the 

reaction of PuOD was observed at a PuOD/POD-immobilized and KB-modified rotating disk glassy 

carbon electrode with an onset potential of 0.60 V vs. Ag|AgCl. A PuOD/POD-immobilized and 

KB-modified microdisk electrode produced a spherical diffusion-controlled (pseudo) steady-state 

catalytic current under quiescent conditions in the presence of putrescine. The bienzyme mesoporous 

microelectrode exhibited a linear range from 17 M to 500 M with a sensitivity of 0.33  0.01 mA 

mM
1

 cm
2

 and a lower detection limit of 5 M (S/N > 3). 

 

1. Introduction 

 

Putrescine (1,4-diaminobutane), a small aliphatic diamine, is ubiquitous in a wide variety 

of living cells and plays important roles in many physiological processes.
13

 In addition, putrescine 

is often found in several food products due to the decarboxylation of amino acids by 

microorganisms.
4
 A great number of methods have been developed in pursuit of rapid, simple, and 

sensitive putrescine detection,
58

 in which redox enzyme-based amperometric biosensors continue to 

be a topic of interest. 

 Putrescine oxidase (PuOD) is a flavoenzyme catalyzing the oxidation of putrescine and the 

concomitant reduction of O2 to H2O2:
 9
  

putrescine + O2 + H2O    4-aminobutanal + H2O2 + NH3                        (1) 

Several oxidases can utilize artificial electron acceptors (or mediators) (MOx) in place of 

O2 (with their dehydrogenase activity), and second generation-type biosensors are often constructed 

based on mediated electron transfer- (MET-) type bioelectrocatalysis. In the case of PuOD, a similar 

MET-type electrode was attempted to be constructed based on the reactions shown in Eqs. (2) and 

(3).
10

 

putrescine + 2MOx + H2O    4-aminobutanal + 2MRed + NH3 + 2H
+

           (2) 

MRed  MOx + e

      (at E > the formal potential of the mediator         (3) 

However, PuOD preferentially and almost exclusively uses O2 as an electron acceptor, and 

the second generation-type biosensor showed very low performance due to low dehydrogenase 

activity. Therefore, the amperometric methods reported to date for putrescine detection are almost all 
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of the first generation type based on the direct oxidative detection of H2O2:
1113

 

H2O2  O2 + 2H
+ 

+2e


    (at E > 0.5 V)                        (4) 

However, the oxidation of H2O2 requires relatively high operation potentials, which are 

always accompanied by the co-oxidation of other electroactive metabolites in physiological fluids; 

thus, the oxidative detection of H2O2 does not seem to be practical for in vivo analysis. 

On the other hand, peroxidase (POD)-catalyzed reductive detection of H2O2 has often been 

coupled with several oxidase reactions to construct a variety of biosensors for the detection of 

biologically related compounds as the substrates of the oxidases.
1418

 POD catalyzes the reduction of 

H2O2 with several artificial mediators (MRed), and the oxidized form of the mediator (MOx) is 

reductively detected at electrodes as MET-type bioelectrocatalysis.  

H2O2 + 2MRed + 2H
+
 2H2O + 2MOx                                               (5) 

MOx  MRe     (at E < the formal potential of the mediator)       (6) 

Coupling of an oxidase reaction and the MET-type bioelectrocatalysis of H2O2 reduction 

frequently provide bienzyme-type sensors of high sensitivity. However, the system requires a 

suitable mediator, and more importantly, the coupling often causes a cross reaction in which the MOx 

can work as an electron acceptor for the oxidase reaction, leading to disturbance of the quantitative 

analysis.
 14

  

Recently, direct electron transfer- (DET-) type bioelectrocatalysis of POD at several 

suitable electrodes with an onset potential of ca. 0.65 V has been reported :
1921

 

H2O2 + 2H
+
   2H2O    (at E < the formal potential of POD)               (7) 

The DET-type POD-based bioelectrocatalytic system could be coupled with the PuOD reaction (Eq. 

(1)) for putrescine detection (Scheme 1). 

 

 Another important issue to be solved for such biosensors is that the response is liable to be 

affected by time-dependent characteristics. Rotating disk electrodes or magnetic stirring is often 

used to minimize the influence of time-dependent mass transfer and to provide steady-state currents. 

 

Scheme 1  

Proposed cascade reactions at a PuOD/POD bienzyme electrode. 
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Such methods always make the system so “fat” that they would not be convenient for in vivo 

detection. 

 On the other hand, it has been reported that microelectrodes
22 

provide steady-state 

responses under quiescent conditions even in MET-type bioelectrocatalysis under suitable 

conditions.
2325

 In the case of DET-type biosensors, one may get (pseudo) steady-state 

diffusion-controlled responses with microdisk electrodes when bioelectrocatalysis proceeds at a very 

large rate constant. From this viewpoint, a useful strategy is to develop a mesoporous microelectrode 

for DET-type biosensors; the mesoporous structure suitable for a redox enzyme improves the 

DET-type bioelectrocatalysis of the enzyme
26,27 

and the microdisk electrode provides rapid (pseudo) 

steady-state amperometric responses proportional to the substrate concentration even in a quiescent 

electrolyte solution. 

 In this work, Kejten Black (KB) was utilized to construct a mesoporous carbon platform 

for co-immobilization of POD and PuOD. Mesoporous structured carbon electrodes are essential for 

DET of redox enzymes of suitable sizes.
26,27

 DET-type bioelectrocatalytic reduction of H2O2 by POD 

(Eq. (7)) and the PuOD reaction (Eq. (1)) were coupled to detect putrescine. In addition, a bienzyme 

mesoporous microsensor was constructed to obtain spherical diffusion-controlled (pseudo) 

steady-state currents under quiescent conditions (Scheme 2). The proposed bienzyme microelectrode 

was capable of putrescine determination under quiescent conditions with a lower detection limit of 

10 M (S/N > 3). 

 

2. Experimental 

 

2.1 Materials and reagents 

 

 Ketjen Black EC300J (KB) was kindly donated by Lion Co. (Japan). Poly 

(tetrafluoroethylene) fine powder (PTFE, 6-J) was obtained from DuPont Mitsui Fluorochemicals 

(Japan). Ascorbic acid, uric acid, glutaraldehyde (20%), putrescine, and H2O2 were obtained from 

Wako Chemicals Co. (Osaka, Japan). Peroxidase from horseradish (POD, EC 1.11.1.7, 282 U mg
−1

) 

was purchased from Toyobo Co. (Japan) and used without further purification. Putrescine oxidase 

from Rhodococcus erythropolis (PuOD, EC 1.4.3.10, 9 U mg
−1

) was expressed from a plasmid 

pBADpuoRh and purified as described previously.
28

 All other chemicals used in this study were of 

analytical grade. Uric acid solution was prepared with 0.1 M KOH, and all other solutions were 

prepared with 0.1 M phosphate buffer (pH 7.0). 

 

2.2 Preparation of bienzyme rotating disk electrode 
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   KB-modified glassy carbon rotating disk electrodes (KB/GCE) were constructed as 

follows. KB (40 mg) and PTFE (10 mg) were distributed in 3.5 mL of 2-propanol and homogenized 

with an ultrasonic disruptor (Heat Systems GmbH & Co.) for 3 min in an ice bath to prepare a KB 

slurry. A 3 L aliquot of the KB slurry was applied onto a GCE surface and dried at room 

temperature for 10 min. Then, a 20 L aliquot of an enzyme/reagent mixture containing POD 

(usually 0.1 mg mL
1

), PuOD (2.5 mg mL
1

), and glutaraldehyde (5%) was dropped onto the 

KB/GCE surface and dried at 4 C for 2 h. Glutaraldehyde was used here as a cross-linker to form a 

stable enzyme layer for DET-type bioelectrocatalysis. The prepared bienzyme electrode, referred to 

as PuOD/POD/KB/GCE, was washed with fresh buffer before electrochemical measurements. 

 

2.3 Preparation of bienzyme mesoporous microelectrode 

 

Scheme 2 shows the preparation process of a bienzyme mesoporous microelectrode. A 

polished gold microdisk electrode (AuMDE) was immersed in 4 mL of aqua regia (35% HCl: 70% 

HNO3 = 3:1 v:v) for 50 min. The etched AuMDE was washed with and sonicated in distilled water. 

A 1 L aliquot of the KB slurry was applied onto the top of the etched AuMDE and dried at room 

temperature. Any KB particles outside the etched microdisk portion were carefully removed. The 

KB-modified AuMDE is referred to as KB/AuMDE. Then, a 10 L aliquot of the enzyme/reagent 

mixture containing POD, PuOD, and glutaraldehyde was dropped onto the KB/AuMDE surface and 

dried at 4 C for 2 h. The bienzyme microporous microelectrode was washed with fresh buffer 

before electrochemical measurements and is referred to as PuOD/POD/KB/AuMDE. For a long-time 

storage, the PuOD/POD/KB/AuMDE was immersed in a fresh buffer and stored at 4 C. 

 

2.4 Electrochemical measurements 

 

Cyclic voltammetry and chronoamperometry were performed using an electrochemical 

 

Scheme 2  

Illustrative drawing of (a) the structure of an Au microdisk electrode and (b–e) the process of 

the preparation of a bienzyme mesoporous microelectrode. 
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analyzer (ALS 701 E, ALS Co. Ltd., Japan) with either PuOD/POD/KB/GCE or 

PuOD/POD/KB/AuMDE as the working electrode, a Pt wire as the counter electrode, and an 

Ag|AgCl|KCl (sat.) electrode as the reference electrode. All potentials were referenced against this 

reference electrode. 

 

3. Results and discussion 

 

3.1 PuOD/POD modified KB rotating disk electrode 

 

Fig. 1A shows typical rotating-disk cyclic voltammograms (CVs) obtained at the 

PuOD/POD/KB/GCE in the presence and absence of putrescine. A well-defined reduction wave was 

observed in the presence of putrescine, whereas no clear wave was observed in the absence of 

putrescine. Such a reduction wave was also not observed in the absence of POD on the electrode 

even in the presence of putrescine (Fig. 1B). Therefore, the reduction wave at the 

PuOD/POD/KB/GCE is ascribed to a DET-type bioelectrocatalytic reduction of H2O2 (Eq. (7)) 

generated during the PuOD-catalyzed two-electron reduction of O2 with putrescine as an electron 

donor (Eq. (1)). The steady-state reduction current reached a limiting value at potentials more 

negative than ca. 0.3 V. The onset potential was ca. 0.60 V, which is close to the formal potential of 

POD (the ferric state POD/Compound I redox couple, 0.73 V at pH 7.0),
29

 but is a so-called mixed 

potential determined in this case by the POD-catalyzed reduction of H2O2 (at E < 0.7 V) and the 

non-catalytic direct oxidation of H2O2 (at E > 0.5 V, as shown in Fig. 1B).  

 

For such a co-immobilized bienzyme electrode, the ratio of POD to PuOD is an important 

 

Fig. 1  

Rotating disk CVs at (A) PuOD/POD-immobilized KB/GCE and (B) PuOD immobilized 

KB/GCE in the absence (dashed line) and in the presence (solid line) of 0.5 mM putrescine 

in 0.1 M phosphate buffer (25 C, pH 7.0, air-saturated) at v (scan rate) = 5 mV s
1

 and  = 

4000 rpm. 
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factor balancing the H2O2 generation and H2O2 reduction, and thus should be optimized.
17,18,21

 Fig. 2 

shows the effects of the POD/PuOD ratio on the relative current response to 1 mM putrescine (ratios 

from 0.01 to 0.1 at a constant PuOD amount of 2.5 mg mL
1

  20 L) in mixed enzyme/reagent 

solutions for immobilization. The relative response increased with the POD/PuOD ratio and reached 

the maximum at a POD/PuOD ratio (w/w) of 0.03. The response decreased, however, with a further 

increase in the POD/PuOD ratio. This might be due to an increase in the thickness of the enzyme 

layer, which may result in a decrease in the mass transfer of the substrate and O2.  

 

The catalytic reduction wave was obtained at the present bienzyme rotating disk electrode 

without any extra mediator at very high potentials. As shown in Scheme 1, the process at such a 

bienzyme rotating disk electrode can be given as follows: 1) the mass transfer of substrates 

(putrescine and O2) from the bulk solution to the electrode surface; 2) the H2O2 generation by the 

catalytic reaction of PuOD; 3) the mass transfer of H2O2 at the electrode surface; 4) the H2O2 

reduction by the catalytic reaction of POD; and 5) the interfacial electron transfer from POD to the 

electrode. The processes are complicated, but here, a simple model of a Koutecký-Levich-type 

equation is used to analyze the rotation rate () dependence of the limiting steady-state catalytic 

current density (jlim). 

 
 

    
 

 

    
 

 

  
                          (8) 

where jcat and jm represent the catalytic reaction-controlled current density and the 

mass-transfer-controlled current density, respectively. Ideal conditions for determination of 

putrescine should include the mass transfer of putrescine and H2O2 generation by the catalytic 

reaction of PuOD alone as the possible rate-determining processes, and then jcat and jm are, 

 

Fig. 2  

Dependence of the limiting steady-state current response on the weight ratio of POD to 

PuOD for the detection of 1 mM putrescine at 0 V and at a rotating rate of 4000 rpm. The 

currents are depicted as relative values. 
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respectively, given by: 

                                  (9) 

             
                                (10) 

where ns is the number of electrons of putrescine (ns = 2), F is the Faraday constant, k is the catalytic 

constant, s is the surface concentration of PuOD, cs is the bulk concentration of putrescine, Ds is the 

diffusion coefficient of putrescine, and  is the kinematic viscosity of water. Fig. 3 shows Levich 

plots of the catalytic reaction at the bienzyme rotating disk electrode under air-saturated and 

O2-saturated conditions. Only a slight increase in the current density was observed after a fivefold 

increase in O2, indicating that the mass transfer of O2 is not the primary factor controlling the 

catalytic current density. By fitting Eqs. (8) and (10) to the data, Ds values were evaluated as 5.4  

0.3  10
6

 cm
2
 s

1
 under air-saturated conditions and 5.7  0.6  10

6
 cm

2
 s

1
 under O2-saturated 

conditions. The curved characteristics in Fig. 3 indicate that the catalytic current density is 

predominantly controlled by the enzyme kinetics (Eq. (9)) at increased , but is controlled by the 

mass transfer of putrescine (Eq. (10)) at low mass transfer rates (i.e., at low ). The former situation 

is not convenient for the analytical purpose, since the amperometric signal is sensitive to the 

variation in kE. In contrast, the latter situation is very convenient and ideal for the determination of 

putrescine. 

 

3.2 PuOD/POD modified mesoporous microdisk electrode  

 

 

Fig. 3  

Levich plots of  dependence of the limiting steady-state reduction current densities at the 

PuOD/POD/KB/GCE in the presence of 0.5 mM putrescine under air-saturated condition 

(open circles) and O2-saturated condition (closed circles). The broken curves were evaluated 

by a nonlinear regression analysis with Eq. (8) and the dotted lines represent the  

dependence of the mass transfer-controlled current density (Eq. 10) with the adjusted value of 

Ds (5.4  0.3  10
6

 cm
2
 s
1

 under air-saturated conditions and 5.7  0.6  10
6

 cm
2
 s
1

 under 

O2-saturated conditions.  
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 Fig. 4 A compares non-Faradaic waves of bare AuMDE and KB/AuMDE. The drastic 

increase in the charging current indicates the successful modification of KB on such a microdisk 

electrode. Fig. 4B shows CVs of PuOD/POD/KB/AuMDE in the presence and absence of 0.5 mM 

putrescine under quiescent conditions. A clear steady-state wave was observed for the reduction of 

H2O2 generated in the PuOD reaction even under quiescent conditions, and the shape of the catalytic 

wave is very similar to that at the rotating PuOD/POD/KB/GCE (Fig. 1). The results suggest that 

spherical diffusion controlled-bioelectrocatalytic reaction occurs at PuOD/POD/KB/AuMDE.  

 

 

Fig. 5 shows the time dependence of the currents in potential step chronoamperometry 

from 0.5 V to 0 V at several values of the total bulk concentrations of putrescine (cput). The charging 

current disappeared within 5 s after the potential step and the Faradaic response almost reached a 

steady state after 30 s under quiescent conditions. As shown in the inset of Fig. 5, the (pseudo) 

steady-state limiting current (at 50 s) increased linearly with cput at low values of cput. When we 

consider that the steady-state current is controlled by the spherical steady-state mass transfer of an 

analyte (putrescine in this case) to the microdisk electrode, the current is given by:
30 

                            (11) 

where r is the radius of the microdisk electrode. From the slope of the linear dependence in the inset 

of Fig. 5, the Ds value was evaluated as 7.8  0.4  10
6

 cm
2
 s
1

, which is close to that obtained by 

rotating disk voltammetry with Eqs. (8) and (10) for the PuOD/POD/KB/GCE. This verifies that the 

steady-state current at the PuOD/POD/KB/AuMDE is predominantly controlled by the spherical 

steady-state mass transfer of putrescine, and that the present bienzyme-modified microdisk electrode 

 

Fig. 4  

(A) Non-Faradaic waves of AuMDE before (dashed line) and after (solid line) modified with 

KB. All measurements were carried out in air-saturated phosphate buffer (0.1 M, pH 7.0, 25 C) 

at v = 5 mV s
1

 under quiescent conditions;  

(B) CVs of PuOD/POD/KB/AuMDE in the absence (dotted line) and in the presence (solid line) 

of 0.5 mM putrescine in 0.1 M phosphate buffer (25 C, pH 7.0, air-saturated) at v = 5 mV s
1

 

under quiescent conditions. 
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can be used successfully for the amperometric determination of putrescine in quiescent solutions. 

 

3.3 Putrescine sensing 

 

 

Fig. 6 shows the calibration curve of the proposed microdisk electrode. The data showed a 

linear dependence of the limiting catalytic current (ilim) on the putrescine concentration (cput) from 17 

M to 500 M and showed a curved characteristic due to the contribution of the enzyme kinetic 

factor. The detection limit of putrescine with the POD/PuOD/KB/AuMDE was 5 M (S/N > 3), and 

the linear range was from 17 M to 500 M with a slope of 0.33  0.01 mA mM
1

 cm
2

 (R
2
 = 0.996). 

 

Fig. 6  

Dependence of the limiting steady-state current density (jlim) on the concentration of 

putrescine (cput) at 0 V under quiescent condition. The broken lines is a linear regression 

curve; current density (mA cm
−2

) = 0.33  0.01 (mA cm
−2

 mM
−1

) × [putrescine] (mM) + 6  

3(A cm
−2

), R
2
 = 0.996. 
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Fig. 5 

Potential step chronoamperograms at the PuOD/POD/KB/AuMDE from 0.5 V to 0 V in a 

quiescent phosphate buffer (pH 7.0, 25 C) at cput from 50 M to 300 M. The inset shows 

the dependence of ilim on cput. 
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The response showed a high reproducibility in the linear range due to the diffusion-controlled 

characteristics. However, the relative standard deviation increased with increasing cput, which seems 

to be due to the variation in the enzyme activity at each microdisk electrode (strictly speaking, the 

variation in kE).  

The constructed bienzyme mesoporous microdisk electrode is very suitable for in vivo 

putrescine detection with high selectivity under unstirred conditions. However, the response and 

sensitivity are low in the present situation due to small amounts of adsorbed enzymes on the 

microdisk electrode. In this viewpoint, in the future, one useful method to improve the response and 

sensitivity is to construct a microelectrode array.
31

 

 

4. Conclusions 

 

 In summary, an amperometric biosensor was developed in this work for detection of 

putrescine by co-immobilization of POD and PuOD on a mesoporous carbon-modified microdisk 

electrode. A mesoporous carbon material, KB, is suitable as a platform for DET-type 

bioelectrocatalysis of POD for two-electron reduction of H2O2 even at very positive potentials. On 

the other hand, an H2O2-generating oxidase, PuOD, has very high substrate specificity and can only 

use O2 as the electron acceptor. A cascade reaction was proposed to link the H2O2-generating 

reaction and the catalytic H2O2 reduction, and to determine the putrescine concentration. The 

microdisk electrode was constructed to realize a diffusion-controlled bioelectrocatalysis and to 

obtain a rapid pseudo-steady-state response even in an unstirred solution. 

 To the best of our knowledge, this is the first case of the amperometric detection of 

putrescine with such a bienzyme mesoporous microdisk electrode without any redox mediator. This 

concept can be applied to the detection of substrates of other H2O2-generating oxidases by just 

replacing PuOD with the corresponding H2O2-generating oxidase. 
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Chapter 2 

Electrostatic interaction between electrode surfaces and enzymes 

affecting the DET-type bioelectrocatalysis 

 

2-1 Factors affecting the interaction between carbon nanotubes and redox enzymes in direct 

electron transfer-type bioelectrocatalysis 

 

Abstract 

The effects of three types of water-soluble carbon nanotubes (CNTs) of different lengths on the 

direct electron transfer (DET)-type bioelectrocatalysis of redox enzymes were investigated. Bilirubin 

oxidase (BOD), copper efflux oxidase (CueO), and a membrane-bound NiFe hydrogenase (H2ase) 

were used as model redox enzymes for four-electron dioxygen (O2) reduction (in the case of BOD 

and CueO) and two-electron dihydrogen (H2) oxidation (in the case of H2ase). As a result, 

diffusion-controlled O2 reduction in an O2-saturated neutral buffer was realized by BOD on CNTs of 

a length of 1 m, but the catalytic current densities decreased as the length of CNTs increased. 

However, almost opposite trends were obtained when CueO and H2ase were utilized as the 

biocatalysts. Factors of the CNTs and the enzymes affecting the characteristics of the DET-type 

bioelectrocatalysis of the three enzymes were investigated and discussed. Finally, the electrostatic 

interaction between an enzyme (especially the portion near the redox active center) and CNTs is 

proposed as one of the most important factors governing the performance of DET-type 

bioelectrocatalysis. 

 

1. Introduction 

 

Direct electron transfer (DET)-type bioelectrocatalysis is an ideal system in which the 

electron is transferred directly from electrodes to the substrate molecule (or vice versa) via the redox 

active site of an enzyme.
1,2

 Since the DET-type system is constructed only with an enzyme and an 

electrode without any mediator, it is possible to miniaturize devices to extremely small sizes and to 

minimize the thermodynamic overpotential required in the electron transfer between an enzyme and 

a mediator, thereby making it very suitable for a variety of bioelectrochemical devices including 

biofuel cells
3-10

 and biosensors
11-13

. However, the redox active sites of enzymes are usually deeply 

buried in peptides, and the interfacial electron transfer rate constant decreases exponentially with an 

increase in the distance between the electrode surface and the redox active site of the enzymes.
2
 

Therefore, the interfacial electron transfer between an enzyme and a solid electrode often has a high 

kinetic barrier.  

Several redox enzymes are capable of direct electrochemical communication with 
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nanostructural materials, although the number of DET-type enzymes is small.
14-20

 Carbon nanotubes 

(CNTs) are nanowires constituted from one or more layers of seamlessly rolled graphene 

(single-walled and multi-walled CNTs, respectively) with large specific surface areas (in a precise 

sense, with large values for surface-to-weight ratio), and are expected to be great platforms for the 

immobilization of redox enzymes and DET-type bioelectrocatalysis ever since they were discovered 

in the 1990s.
19-22 

CNTs often improve the performance of DET-type bioelectrocatalysis.
23,24

 This fact 

is often accredited to their large specific surface areas, which are responsible for the increased 

amounts of adsorbed enzymes. However, non-faradaic current will also be proportional to the 

surface area, and the faradaic vs. non-faradaic current ratio should not increase with an increase in 

the surface area. Rather, the faradaic vs. non-faradaic current ratio may decrease because of the mass 

transfer barrier to the nanospace. Actually, some enzymes show poorer catalytic activity when 

immobilized on CNTs with larger surface areas than those adsorbed onto CNTs with a smaller 

surface area.
25

 On the other hand, when CNTs are modified onto a solid electrode surface, 

hydrophobic interactions between CNTs may converge to form three-dimensional nanostructures 

with different pore sizes.
26

 Furthermore, the carboxy group (COOH) on the surface of CNTs may 

be dissociated to provide a negatively charged surface. To the best of the authors’ knowledge, both 

the pore size
27,28

 and the surface charge of the electrode
10,29-32

 may affect DET-type 

bioelectrocatalysis. 

In this work, three kinds of multi-walled CNTs of different lengths (referred to as CNT1, 

CNT2, and CNT3) were utilized as platforms for the adsorption of bilirubin oxidase (BOD), copper 

efflux oxidase (CueO), and a membrane-bound NiFe hydrogenase (H2ase), respectively. All three 

enzymes are reported as DET-type enzymes at suitable electrodes.
15-17

 Both BOD and CueO belong 

to the family of multicopper oxidases that contain four copper atoms in the active site and catalyze a 

four-electron reduction of dioxygen (O2).
33

 One of the four copper atoms (known as the “blue” type I 

(T1) copper atom) is responsible for accepting electrons directly from an electrode and then donating 

the electrons to the other three copper atoms (in the T2/T3 cluster) wherein O2 is reduced to 

water.
15,16

 On the other hand, H2ase contains Ni and Fe atoms in the catalytic center for the 

bidirectional reaction of H2 oxidation and evolution and a series of FeS clusters for the electron 

transfer directly from or to an electrode.
34

 We investigated and discussed several factors of the CNTs 

and the enzymes affecting the interaction between the CNTs and the redox enzymes in the DET-type 

bioelectrocatalysis. 

 

2. Experimental  

 

2.1 Materials, enzymes, and reagents 

 



 Chapter 2, 2-1  

32 

Three types of water-dispersed multi-walled CNTs (0.1%, w/w) (an average length of 

CNT1 (L) = 1 m), CNT2 (L = 3 m), and CNT3 (L = 10 m)) were obtained from Nitta Corp. 

(Japan) (Fig. 1). BOD (EC 1.3.3.5) from Myrothecium verrucaria was donated by Amano Enzyme 

Inc. (Japan) and used without further purification. CueO from Escherichia coli was expressed and 

purified as previously described.
35

 O2-sensitive hydrogenase (H2ase, EC 1.12.2.1) from 

Desulfovibrio vulgaris Miyazaki F was purified according to the literature.
36

 All other chemicals 

were of analytical grade, unless otherwise specified, and all solutions were prepared with distilled 

water. 

 

 

2.2 Preparation of enzyme–CNT-modified electrodes 

 

A glassy carbon disk electrode (GCE; diameter, 3 mm) was utilized as a working electrode 

and was polished and washed before modification. A 10 L aliquot of a water-dispersed CNT 

suspension was applied onto the GCE surface and dried at 60 C for 10 min. This operation was 

repeated six times and the final amount of CNTs was about 60 g without any binder. The prepared 

CNT-modified GCE is referred to as CNT/GCE and was cooled down to room temperature. A 30 L 

aliquot of a BOD solution (10 mg mL
1

) was dropped onto the CNT/GCEs and dried at 4 C for 2 h. 

The BOD-adsorbed CNT/GCE was referred to as BOD/CNT/GCE and washed with a fresh buffer 

solution before electrochemical measurements were carried out. CueO/CNT/GCEs and 

H2ase/CNT/GCEs were similarly prepared.  

 

2.3 Electrochemical measurements 

 

All electrochemical measurements were performed using an electrochemical analyzer 

(ALS 701E, ALS Co. Ltd., Japan) with the prepared CNT/GCE as a working electrode, a Pt wire as a 

counter electrode, and an Ag|AgCl|sat. KCl electrode as a reference electrode. All potentials were 

referred against the reference electrode in this study. 

 

Fig. 1  

SEM images of the three types of CNTs; CNT1, CNT2, and CNT3 from left to right. The narrows 

indicate individual CNTs. 

CNT1 CNT2 CNT3
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2.4 Zeta potential measurements 

 

Scanning electron microscopy (SEM) was performed using a Hitachi S-4300 instrument. 

Average zeta potentials (ζ) of the three kinds of CNTs were measured at 25 °C using a Zeta-potential 

and Particle size Analyzer (ELS-Z2, Otsuka Electronics Co. Ltd., Japan). It should be noted that all 

dispersions were sonicated before measurements in order to work with fully dispersed CNT samples. 

 

3. Results and discussions 

 

3.1 Four-electron reduction of O2 at BOD/CNT/GCEs and CueO/CNT/GCEs 

 

Fig. 2A shows rotating disk linear scan voltammograms (LSVs) of the three kinds of 

BOD/CNT/GCEs under an O2-saturated phosphate buffer (0.1 M, pH 7.0, and 25 C) at a rotating 

rate () of 4000 rpm and a scan rate () of 5 mV s
1

. Well-defined reduction waves were observed 

with an onset potential of ~0.55 V for all of the BOD/CNT/GCEs examined. No obvious catalytic 

reduction current was detected in the absence of BOD. These catalytic waves are ascribed to the 

DET-type bioelectrocatalytic reduction of O2 by BOD on the electrodes.
25,30

 

 

However, the limiting catalytic current densities (at 0.1 V) were dependent on the CNTs 

used; the density reached as high as 8.6  0.3 mA cm
2

 for BOD/CNT1/GCE and 6.3  0.5 mA cm
2

 

 

Fig. 2  

(A) LSVs of O2 reduction for BOD/CNT1/GCE (solid line), BOD/CNT2/GCE (dashed-dotted 

line), and BOD/CNT3/GCE (broken line). The dotted line represents an LSV on a CNT1/GCE 

without BOD.  

(B) Levich plots of  dependence of the steady-state reduction current densities (0.1 V) of O2 for 

the BOD/CNT1/KB/GCE (circle), BOD/CNT2/GCE (square) and BOD/CNT3/GCE (triangle). 

(C) Normalized LSVs of O2 reduction for BOD/CNT1/GCE (solid line), BOD/CNT2/GCE 

(dashed-dotted line), and BOD/CNT3/GCE (broken line). All measurements were carried out in 

O2-saturated phosphate buffer (0.1 M, pH 7.0, 25 C).  
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for BOD/CNT2/GCE, while only 1.6  0.4 mA cm
2

 was achieved for BOD/CNT3/GCE. The total 

amount of CNTs used was almost the same for the three electrodes. Fig. 2B shows Levich plots of 

the catalytic reduction of O2 for the three kinds of BOD/CNT/GCEs. The plot for BOD/CNT1/GCE 

was almost linear. Note here that, according to the Levich equation,
37

 the diffusion-controlled current 

density under O2-saturated conditions at 25 C and at  = 4000 rpm is expected to be 8.1 mA cm
2

 

with a diffusion coefficient of 1.7 × 10
−5

 cm
2
 s
−1

.
25

 The detected O2 reduction current density for 

BOD/CNT1/GCE was close to, or somewhat larger than, the theoretical value. Therefore, it can be 

concluded that BOD/CNT1/GCE can almost realize a diffusion-controlled O2 reduction in the 

O2-saturated pH 7.0 buffer. Furthermore, compared to BOD/CNT2/GCE and BOD/CNT3/GCE, 

BOD/CNT1/GCE provided a much sharper sigmoidal curve (Fig. 2C), indicating a significantly 

better performance in the interfacial electron transfer kinetics for CNT1/GCE than those for 

CNT2/GCE and CNT3/GCE. 

Fig. 3A shows rotating disk LSVs of the catalytic O2 reduction for the three kinds of 

CueO/CNT/GCEs under O2-saturated phosphate buffer (0.1 M, pH 7.0, and 25 C). As shown in Fig. 

3A, clear reduction waves were observed for all of the CueO/CNT/GCEs with an onset potential of 

~0.35 V. The waves are ascribed to the DET-type bioelectrocatalytic reduction of O2 by CueO. 

However, in contrast to BOD/CNT/GCE, the catalytic current density for CueO/CNT1/GCE was 

much smaller than those for CueO/CNT2/GCE and CueO/CNT3/GCE. In addition, the sharper 

sigmoidal curve (Fig. 3B) of CueO/CNT3/GCE indicated a better interfacial electron transfer kinetic 

performance for CNT3/GCE than for CNT2/GCE and CNT1/GCE. The effects of CNTs on the 

DET-type catalysis of CueO seem to show an opposite trend compared to those for BOD. 

 

 

3.2 Two-electron oxidation of H2 at H2ase/CNT/GCEs 

 

 

Fig. 3  

Rotating disk LSVs (A) and normalized LSVs (B) of O2 reduction for CueO/CNT1/GCE (solid 

line), CueO/CNT2/GCE (dashed–dotted line), and CueO/CNT3/GCE (broken line). The dotted 

line represents an LSV for CNT1/GCE without CueO. All measurements were carried out in 

O2-saturated phosphate buffer (0.1 M, pH 7.0, and 25 C) at  = 4000 rpm and  = 5 mV s
1

.  
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Fig. 4 shows rotating disk cyclic voltammograms (CVs) obtained for the three kinds of 

H2ase/CNT/GCEs in an H2-saturated buffer solution (pH 7.0 and 25 C). Clear oxidation and 

reduction waves were observed for H2ase/CNT3/GCE with a zero-current potential of 0.61 V. The 

oxidation and reduction waves correspond to the reversible and bidirectional oxidation of H2 and 

reduction of H
+
 catalyzed by H2ase, and the zero-current potential corresponds to the formal 

potential of the H
+
/H2 redox couple at pH 7.0 and 25 C (0.610 V).

9,10
 The H2 oxidation current 

decreased at electrode potentials more positive than 0.4 V, which was ascribed to a reversible 

oxidative-inactivation of H2ase. Similar catalytic waves were observed for H2ase/CNT2/GCE, 

although the current density was much smaller than for H2ase/CNT3/GCE (Fig. 4C). 

In contrast, such a bidirectional catalytic reaction, as well as reversible inactivation, was 

not observed for H2ase/CNT1/GCE, as shown in Fig. 4A. The effects of CNTs on the DET-type 

catalysis of H2ase showed an opposite trend compared to those for BOD. The H2 oxidation current 

density increased with increasing the CNT length, as shown in Fig. 4D, which compares the 

background-current-corrected maximum current densities of the catalytic H2 oxidation (at an 

electrode potential of 0.4 V). 

 

 

Fig. 4  

Rotating disk CVs of (A) H2ase/CNT1/GCE, (B) H2ase/CNT2/GCE, and (C) H2ase/CNT3/GCE. 

The dotted lines in A–C represent CVs for the corresponding CNT/GCEs without H2ase.  

(D) Comparison of the background-current-corrected current density at 0.4 V of the H2 

oxidation for the H2ase/CNT/GCEs. All measurements were carried out in H2-saturated 

phosphate buffer (0.1 M, pH 7.0, and 25 C) at  = 4000 rpm and  = 5 mV s
1

.  
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3.3 Factors affecting the adsorption of redox enzymes 

 

 Table 1 summarizes several characteristics of the three types of CNTs as well as the 

catalytic performances of BOD, CueO, and H2ase with these CNTs. As described above, BOD has a 

preference for shorter CNTs whereas CueO and H2ase have a preference for longer CNTs. The size 

of the three-dimensional nanostructures was a very important factor governing the performance of 

the DET-type communication between an enzyme and the electrode.
27,28

 CNTs of different L would 

provide different sizes of three-dimensional nanostructures. However, the sizes of the three enzymes 

are similar to each other: the diameter of BOD and CueO are 5–6 nm
38,39

 and that of H2ase is ~7 

nm
36

. Therefore, the parameter L does not seem to be a primary factor for causing the difference in 

the DET-type performance of the enzymes.  

In an intuitive consideration, ζ seems to reflect the averaged density of the carboxy group 

on the surface of CNTs since ζ is strongly related to the surface charge. However, the catalytic 

current density does not seem to depend on ζ. The isoelectric points (pI) of BOD and CueO are 

calculated to be 4.1 and 6.1 (http://web.expasy.org/compute_pi/), respectively, indicating that both 

BOD and CueO have a negative net charge under neutral conditions. Therefore, the net charge of the 

enzyme also does not seem to be a significant factor for causing the difference in the DET-type 

bioelectrocatalytic performance of BOD and CueO.  

 

Table 1 Summaries of CNT characteristics and the catalytic performances of the redox enzymes 

adsorbed onto the CNTs 

 Characters of CNTs jsteady-state/ mA cm
2

*** 

L / m Ar* ζ / mV** BOD CueO H2ase 

CNT1 1 1 42 1 8.6  0.3 1.4  0.5 0 

CNT2 3 0.5 49 1 6.3  0.5 6.8  0.4 0.3  0.1 

CNT3 10 0.3 14  7 1.6  0.4 5.0  0.2 1.0  0.1 

*The relative electroactive surface area (Ar) was roughly evaluated from the charging current at 

0.4 V.  

**The zeta potential (ζ) of CNTs in the solution. 

***The steady-state catalytic current densities (jsteady-state) were obtained from 

background-current-corrected catalytic current densities for different CNT/GCEs with an 

electrode potential of 0.1 V (BOD), 0 V (CueO), and 0.4 V (H2ase). All measurements were 

carried out in O2-saturated (in the case of BOD and CueO) or H2-saturated (in the case of 

H2ase) phosphate buffer (0.1 M, pH 7.0, and 25 C) and at  = 4000 rpm.  

 

http://web.expasy.org/compute_pi/
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 The relative electroactive surface area (Ar) of the CNTs was roughly estimated from the 

non-faradic charging current at a potential of 0.4 V where faradic processes were minimal.
40

 The 

surface area itself does not seem to be a primary factor causing the difference in the performance of 

the DET-type bioelectrocatalysis, as described above. However, by considering the fact that Ar 

increases with a decrease in L, we can expect that the open-end part increases with a decrease in L. 

The density of the carboxy group at the open end is expected to be larger than at a side surface. A 

part of the carboxy groups is dissociated to provide a highly negatively charged surface. 

On the other hand, in the case of BOD, the region close to the T1 copper site (where 

electrons are transferred from the electrodes) is positively charged under neutral conditions (Fig. 5, 

left).
10,30

 Thus, the attractive electrostatic interaction between the positively charged T1 region and 

the negatively charged CNT surface may induce a productive orientation for the DET-type 

bioelectrocatalysis. The surface concentration of BOD molecules with convenient orientations for 

the DET-type bioelectrocatalysis must increase with the number of the carboxy groups on the CNTs 

(especially at the open-end part). This scenario can explain the L (or Ar) dependence of the current 

density for the DET-type bioelectrocatalysis of BOD. 

 

In contrast, the region near the T1 site of CueO is negatively charged under neutral 

conditions (Fig. 5, middle).
30

 Thus, in the case of CNT1, the high density of the carboxy groups 

 

Fig. 5  

Three-dimensional structures (top) and the surface electrostatic potential distributions (bottom) of 

BOD (left, PDB code: 3ABG), CueO (middle, PDB code: 1KV7), and H2ase (right, PDB code: 

1H2A). The color of blue and red represent positive and negative surface electrostatic potential 

regions, respectively, which were generated using PyMOL at pH 7 (25 C). 



 Chapter 2, 2-1  

38 

seems to cause strong repulsive electrostatic interactions with the T1 site of CueO. This situation 

leads to a poor performance of the DET-type bioelectrocatalysis for shorter CNTs. For 

CueO/CNT2/GCE and CueO/CNT3/GCE, the catalytic wave rose sharply with the electrode 

potential and the onset potential shifted to the positive side compared with CueO/CNT1/GCE (Fig. 

3). CueO/CNT2/GCE and CueO/CNT3/GCE provided much sharper sigmoidal curves than 

CueO/CNT2/GCE (Fig. 3), indicating better performance in the DET-type bioelectrocatalysis. All 

these characteristics seem to be due to a decrease in the carboxy group density on CNTs (especially 

at the side surfaces). The limiting current density for CueO/CNT3/GCE was somewhat smaller than 

that for CueO/CNT2/GCE. This may be ascribed to the increased hydrophobicity of CNT3, leading 

to a decrease in the total amount of adsorbed CueO.  

Thus, we can propose here that the electrostatic interaction between the CNT/GCE surface 

and the region near the active (redox) center of an enzyme is one of the main factors controlling the 

orientation of the enzyme on the electrode for the DET-type bioelectrocatalysis.  

Further experimental evidence was obtained in favor of the electrostatic repulsion between 

CueO and CNT1. We attempted to reduce the electrostatic repulsion by the addition of Ca
2+

. Fig. 6 A 

shows the effects of Ca(NO3)2 on the rotating disk catalytic reduction waves for CueO/CNT/GCE in 

an acetate buffer (0.1 M and pH 5.0). Acetate buffer was used instead of phosphate buffer to prevent 

precipitation of CaHPO4. The limiting catalytic current density increased and the curve became 

sharper with the addition of Ca
2+

. It can be considered that Ca
2+

 ions bridge the negatively charged 

T1 site of CueO with the negatively charged CNT surface. 

 

In the case of H2ase, the region near the distal FeS cluster (where electrons are directly 

 

Fig. 6  

(A) Rotating disk LSVs of O2 reduction for CueO/CNT1/GCE at 0 M (dotted line), 0.1 M 

(broken line), and 0.5 M (solid line) Ca(NO3)2. (B) Rotating disk CVs of H2 oxidation for 

H2ase/CNT1/GCE at 0 M (dotted line) and 0.1 M (solid line) Ca(NO3)2. All measurements were 

carried out in O2- (or H2-) saturated acetate buffer (0.1 M, pH 5.0, 25 C) at  = 4000 rpm and 

 = 5 mV s
1

. 
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shuttled to an electrode) is negatively charged under neutral conditions (Fig. 5, right).
10

 Therefore, 

the repulsive electrostatic interaction between the negatively charged distal FeS cluster area and the 

negatively charged CNT surface leads to inconvenient orientations of H2ase that cause poor 

characteristics in the interfacial electron transfer, especially in the case of CNT1. By the addition of 

Ca
2+

 into the electrolyte, an increase in the catalytic current density as well as the reversible 

inactivation was observed. The results indicate great improvement of heterogeneous electron transfer 

kinetics between H2ase and CNT1 (Fig. 6B). The improvement should be ascribed to the reduced 

electrostatic repulsion between H2ase and CNT1, as discussed above in the case of CueO. All of 

these results support our proposal quite well.  

  

4. Conclusions 

 

 We constructed nanostructured carbon electrodes with water-soluble CNTs of different 

lengths without any binder, and examined the effects of three types of CNTs of different lengths on 

the performance of the DET-type bioelectrocatalysis of three kinds of redox enzymes. In the case of 

BOD, the O2 reduction current increased with decreasing the CNT length and almost 

diffusion-controlled bioelectrocatalytic reduction of O2 was realized with CNTs of an average length 

(L) of 1 m at pH 7.0, 25 °C, and a rotating rate of 4000 rpm. In contrast, the almost opposite 

tendency was obtained when CueO was utilized as a biocatalyst despite both BOD and CueO having 

similar sizes and a net negative charge in neutral solutions. On the other hand, the region near the T1 

copper atom in BOD is positively charged, while that in CueO is negatively charged in neutral 

solutions. Furthermore, the CNT surface will be negatively charged in neutral solutions due to the 

dissociation of the carboxy group on the CNT surface, and the number of the carboxy groups 

increases with the decrease of L. Therefore, the electrostatic interaction between the CNT and the 

region near the redox active site of an enzyme is proposed to be one of the most important factors 

controlling the adsorption of the enzyme for DET-type bioelectrocatalysis. This assumption was 

reinforced using H2ase as the model enzyme. 
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Chapter 3 

Oriented immobilization of enzymes at functionalized electrode surface 

 

3-1 Enhanced direct electron transfer-type bioelectrocatalysis of bilirubin oxidase on 

negatively charged aromatic compound-modified carbon electrode 

 

Abstract 

Effects of chemical modification of mesoporous Ketjen Black (KB) electrodes on direct electron 

transfer (DET)-type bioelectrocatalytic reduction of dioxygen by bilirubin oxidase (BOD) were 

investigated under air-saturated neutral conditions. Several amines were electrochemically oxidized 

at KB-modified electrode to generate nitrogen-carbon bond. The modification with negatively 

charged aromatic amines such as 4-aminobenzoic acid (4-ABA) drastically increased the catalytic 

current density compared with that by positively charged and non-charged aromatic compounds and 

negatively charged non-aromatic compound. Considering the basic amino acid residues around the 

type I site of BOD, it can be concluded that weakly negative charge on electrode surface induces a 

favorable orientation of BOD for the DET-type catalysis via the electrostatic interaction, while the 

- interaction is also essential for effective orientation of BOD on the electrode surface. The 

4-ABA-modification leads to an increase in the heterogeneous electron transfer rate constant and a 

decrease in the randomness of the orientation as well as a slight increase in the surface concentration 

of BOD.  

 

1. Introduction 

 

Direct electron transfer (DET)-type bioelectrocatalysis has attracted increasing attention in 

the past decades due to its advantages such as simple construction, the absence of energy loss 

concerning mediators, and the absence of the problem on the stability of mediators.
1-5

 Unfortunately, 

most of enzymes have been found to be difficult or limited to directly communicate with electrodes, 

because the active center of enzymes is often embedded deeply in the polypeptides. Therefore, some 

novel materials and methods have been developed to improve the activity of the DET-type 

bioelectrocatalysis. Good performance of DET-type reaction can be achieved by using 

nano-materials, such as carbon nano-materials,
6,7

 Fe3O4magnetic nanoparticle,
8
 and Au 

nanoparticle,
9 thanks to increased specific surface areas and high conductivity. 

On the other hand, the electron-transfer rate is governed by the potential difference, the 

reorganization energy, and most importantly the distance between the active center of enzymes and 

the electrode surface, as described in Marcus theory.
10

 Therefore, it is important to control the 

orientation of enzymes on the electrode surface to shorten the distance from the active center of 
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enzymes to the electrode surface. Several immobilization methods of enzymes on the electrode 

surface have been reported to control the orientation of enzymes for DET-type bioelectrocatalysis via 

covalent amide bond and Au-S bond.
11-13

 

Recently, modification of electrodes with substrate or ‘substrate-like linker’ with 

structurally similar to natural substrate has been reported to induce a favorable orientation of the 

enzyme for the DET-type bioelectrocatalysis.
14-20

 The linker is expected to be inserted into the active 

center ‘pocket’ of the enzyme and improves the coverage, the orientation, and the stability of the 

enzyme on the electrode. More recently, the characteristics of the electrode surface, such as 

positively/negatively charged property, hydrophilic or hydrophobic property, are considered to affect 

the orientation of enzymes.
21,22

 

Bilirubin oxidase (BOD) is in a family of multi-copper oxidase (MCO) and our group has 

first found that BOD can work as a good DET-type bioelectrocatalyst for four-electron reduction of 

dioxygen in neutral solution.
23,24

 The active site of BOD contains four copper atoms which can be 

divided into three types according to their spectroscopic and magnetic properties:
 
type I (T1), type II 

(T2), and type III (T3) coppers.
25,26

 The T1 copper oxidizes bilirubin to biliverdin and transfers the 

electron to the trinuclear center composed of one T2 copper and two T3 copper atoms where O2 is 

reduced to H2O. In a DET-type reaction, the T1 site accepts electron from electrodes.
27,28

 Recently, 

higher DET-type bioelectrocatalytic activity of BOD on electrodes modified with several compounds 

have been reported.
14,28-31

 Although the accurate information about the interaction between BOD and 

the modified electrode surface remains still unclear, DET-type BOD-based biocathodes have been 

developed for biofuel cells in the past decades.
4,13,14,32-37

 

In this work, we focus on effects of chemical modification of carbon electrode surface on 

the DET-type bioelectrocatalytic activity of BOD. Several amines were linked to Ketjen Black (KB) 

through an electrochemically generated nitrogen-carbon bond. The modification provides 

charged/non-charged characteristics and aromatic/aliphatic characteristics on the KB surface. We 

may show that the electrostatic interaction between the active site of BOD and negatively charged 

aromatic compounds on the modified surface leads to a favorable orientation of BOD. 

 

2. Experimental 

 

2.1 Materials and regents  

 

Ketjen Black EC300J (KB) was kindly donated from Lion Co. (Japan). Poly 

(tetrafluoroethylene) fine powder (PTFE, 6-J) was obtained from DuPont Mitsui Fluorochemicals 

(Japan). 4-Aminobenzoic acid (4-ABA), 2-aminobenzoic acid (2-ABA), 4-aminophthalic acid 

(4-APA), 4-aminobenzenesulfonic acid (4-ABS), 3-aminobenzenesulfonic acid (3-ABS), 
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2-aminobenzenesulfonic acid (2-ABS), p-phenylenediamine (p-PDA), methyl 4-aminobenzoate 

(MABA), and 6-aminohexanoic acid (6-AHA) were purchased from Tokyo Chemical Industry Co. 

(Japan). Bilirubin oxidase (BOD; EC 1.3.3.5) from Myrothecium verrucaria was donated from 

Amano Enzyme Inc. (Japan) (3.04 unit mg
1

) and used without further purification. Copper efflux 

oxidase (CueO) from Escherichiacoli was prepared as described previously (187 unit mg
1

).
38,39

 All 

other chemicals used in this study were of analytical grade, and all solutions were prepared with 

distilled water. 

 

2.2 Electrochemical measurements 

 

All of electrochemical measurements were performed on an electrochemical analyzer ALS 

701E with a rotating disk glassy carbon electrode (GCE, 3 mm in diameter, BAS) as a working 

electrode, a Pt wire as a counter electrode, and an Ag|AgCl|sat. KCl electrode as a reference 

electrode, respectively. All potentials are referred to the reference electrode in this work. The 

bioelectrocatalytic activity of BOD for the dioxygen reduction was evaluated by linear scan and 

cyclic rotating disk voltammetry at a scan rate (v) of 20 mV s
1 

at 25 C in 0.1 M air-saturated 

phosphate buffer (pH 7.0) at a rotating rate () of 2000 rpm to get steady-state voltammograms (1 M 

= 1 mol dm
–3

). 

 

2.3 Electrochemical modification of carbon electrodes with amines 

 

GCE was polished with alumina slurry (3m and 0.5m, in turn), sonicated, and washed 

with distilled water. The GCEs were chemically modified with several amines according to the 

literature.
40

 In brief, amine was dissolved in 0.1 M KCl at a final concentration of 5 mM. In 

preliminary experiments, the amine solution was electrolyzed by 5-cycle potential scan in the 

potential range from 0.5 to 1.4 V at v =20 mV s
1

. A large oxidation peak of the amino group of 

4-ABA was observed at around 0.95 V in the first cycle, but the current decreased drastically in the 

subsequent scans (Fig. 1 A). The oxidation of the amine on carbon electrodes generates a 

nitrogen-carbon bond and the carbon electrodes were chemically modified with the amine.
 40

 In the 

following, one-step electrochemical oxidation was done at 0.8 V for 40 s to simplify the procedure. 

The modified electrode was washed with distilled water to remove physically absorbed amines. The 

expected structure of the covalently bound amines is given in Fig. 1B. For example, the modification 

with 4-ABA povides negatively charged aromatic platform, since the carboxy group is dissociated 

under neutral pH and the amino group is oxidized and covalently linked to the electrode. The 

chemical modification of the amines were electrochemically checked with [Fe(CN)6]
3–/4– 

and 

[Ru(NH3)6]
2+/3+ 

as redox probes (Fig. 1C and Fig 1 D).
40 

As shown in Fig. 1, [Fe(CN)6]
3–/4– 

redox 
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was inhibited at negatively charged 4-ABA/GCE, while [Ru(NH3)6]
2+/3+ 

redox was inhibited at 

positively charged p-PDA/GCE.  

KB-modified GCE (KB/GCE) was prepared according to the literature.
14

 Briefly, KB and 

PTFE (4:1, w:w) were distributed in 2-propanol and homogenized by ultrasonic disruptor (Heat 

Systems GmbH & Co.) for 3 min in an ice bath to prepare KB slurry. One L of the KB slurry was 

dropped on a GCE surface and dried at room temperature (about 25C) for 10 min to make a 

KB/GCE (1 L = 1 dm
–3

). The oxidation peak of 4-ABA at KB/GCE was observed at around 0.85 V 

(data not shown). The KB/GCEs were chemically modified with the amines in a manner identical 

 

with that in the case of GCE described above. In the following, the chemically modified KB/GCE is 

called amine/KB/GCE. The surface area of the modified electrode was roughly estimated from the 

charging current at a potential where faradic processes are minimal.
41

 The surface area of KB/GCE 

was calculated as 6.9 cm
2
, which is about 100 times larger than bare GCE (0.07 cm

2
). The chemical 

modification of KB/GCE described here caused practically no change in the surface area. 

 

 

Fig. 1  

(A) Cyclic voltammograms of 4-ABA at GCE at v = 20 mV s
1

 in 0.1 M KCl.  

(B) The expected structures of the covalently bound amines that are electrochemically oxidized 

on carbon electrodes. The original amines are 4-aminobenzoic acid (4-ABA, left) and 

p-phenylenediamine (p-PDA, right). 

(C) Cyclic voltammograms of Fe(CN)6
3/4 

(10 mM) on (solid line ) bare GCE and (dashedline) 

4-ABA/GCE in air-saturated phosphate buffer (pH 7). 

(D) Cyclic voltammograms of Ru(NH3)6
2+/3+ 

(5 mM) on (solid line) bare GCE, (dashed line) 

p-PDA/GCE in air-saturated phosphate buffer(pH 4.5). 

COO

NH

NH
3

NH

 +
A

DC
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2.4 Adsorption of BOD on KB/GCEs and amine/KB/GCEs 

 

BOD solution was prepared by dissolving the enzyme into 0.1 M phosphate buffer (pH 

7.0) at a concentration of 10 mg mL
1

. Ten L of the BOD solution was dropped on KB/GCEs or 

amine/KB/GCEs and dried at room temperature for 1.5 h. The electrode was washed with distilled 

water and used for electrochemical experiments. In the following, the electrodes are called 

BOD/KB/GCE and BOD/amine/KB/GCE, respectively. For long time storage, 

BOD/amine/KB/GCEs were kept in water-saturated atmosphere at 4 C. 

 

3. Results and discussion 

 

3.1 Effects of the chemical modification of KB/GCE with amines on the bioelectrocatalytic activity of 

BOD 

 

Fig. 2  shows rotating disk cyclic voltammograms at several BOD/amine/KB/GCEs at  

= 2000 rpm under air-staturated conditions. Well-difined sigmoidal catalytic waves were observed at 

all of the BOD/amine/KB/GCEs examined. Such catalytic waves were not obeserved in the absence 

of BOD or dioxygen (data not shown). Thus, the catalytic current is ascribed to the DET-type 

bioelectrocatalytic reduction of dioxygen by BOD on the electrode. 

As comparison, the broken line in Fig. 2 indicates the rotaing disk voltammetric response 

at a BOD/KB/GCE without amine-modification. As judged from Fig. 2, BOD/4-ABA/KB/GCE 

(panel D) gave much larger density of the limitting current (1.2  0.1 mA cm
–2 

at 0V) compared with 

the other electrodes modified with p-PDA, MABA, and 6-AHA. In addition, the onset potential of 

the catalytic wave at the BOD/4-ABA/KB/GCE was about 0.58 V, which is more positive than that 

at BOD/KB/GCE without amine-modification (0.52 V). Two pair of peaks at around 0.1 and 0.3 V 

are surface-confined redox species (most probably quinone species) generated as by-products during 

the oxidation of 4-ABA, as judged from voltammogram in the absence of BOD (data not shown). 

Since the redox waves do not change after adsorption of BOD, the by-products on the electrode 

surface do not affect the BOD activity. Therefore, we can conclude that the aromatic carboxy group 

generated on the carbon electrode (Fig. 1 B) enhances the BOD activity.  

Improvement of the DET-type bioelectrocatalytic activity of BOD has been reported at 

negatively charged SAM modified Au,
30

 pyrolytic graphite edge (PGE),
28

 and carbon nanotubes 

(CNTs),
29,31

 while the reason has not been given in the literature. 4-ABA modification generates a 

negatively charged aromatic platform due to the dissociation of the carboxy group. The surface of 

PGE and CNT is also negatively charged. On the other hand, p-PDA and MABA give (partially) 

positively charged and neutral aromatic platforms, respectively, and these amines were not effective 
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to improve the DET-type bioelectrocatalytic activity of BOD (Fig. 2). Therefore, the negative charge 

is essential to improve the catalytic activity of BOD. 

 

6-AHA-modification to give negative but non-aromatic propety was not effective to 

improve the bioelectrocatalytic activity of BOD. Therefore, the - interaction with BOD seems to 

also be improtant to lead BOD to an orientation convient for the DET-type bioelectrocatalysis.
13,28

 

Finally, we conclude a hypothesis that the negative charged aromatic characteristics are the key 

factor to improve the catalytic activity.  

In order to confirm our conclusions, we examined the characteristics of the other 

KB/GCEs modified with negatively charged aromatic amines (2-ABA, 4-APA, 4-ABS, 3-ABS and 

2-ABS). The limiting current density at these electrodes is depicted in Fig. 3. All of negatively 

charged aromatic amines provide nice platforms for BOD as in the case of 4-ABA. The result 

supports our conclusion. 

 

Fig. 2  

Rotating disk cyclic voltammograms of catalytic dioxygen reduction at (A) 

BOD/6-AHA/KB/GCE, (B) BOD/MABA/KB/GCE, (C) BOD/p-PDA/KB/GCE, and (D) 

BOD/4-ABA/KB/GCE at  = 2000 rpm and v = 20 mV s
–1

 in air-saturated phosphate buffer (pH 

7). Dashed lines represent a rotating disk cyclic voltammogram at BOD/KB/GCE taken under the 

same conditions for comparison.
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3.2 Kinetic analysis of the improved performance of BOD/4-ABA/KB/GCE 

The behavior of BOD on 4-ABA/KB/GCE was kinetically examined by rotating disk 

voltammetry with KB/GCE as a reference platform. As shown in Fig. 4 (A), the limiting current 

density increased with an increase in  both at BOD/4-ABA/KB/GCE and BOD/KB/GCE, but 

BOD/4-ABA/KB/GCE yielded larger current density than BOD/KB/GCE at increased . The 

observed density of the steady-state catalytic limiting current (jlim) at rotating disk electrode can be 

given by Koutecký-Levich equation as: 

 

limcat,limd,lim

111

jjj
      (1) 

 
2/1

O

6/13/2

OOlimd, 222
62.0  cFDnj     (2) 

 ΓFknj catElimcat,       (3) 

Where jd,lim
 
and jcat,lim 

are the diffusion-limiting current density and the catalytic limiting 

current density, respectively. Other symbols mean, respectively: 
2On , the number of electrons of 

dioxygen (= 4); F, Faraday constant; 
2OD , the diffusion constant of dioxygen (2.0  10

5
 cm s

1
);

 42
 

ν, the kinematic viscosity of buffer (0.908  10
6

 m
2
 s
1 

in 25 C);
 42

 
2Oc , the bulk concentration of 

dioxygen (0.25 mM in air-saturated solution at 25 C); kcat, the catalytic constant (250 s
–1

);
23

 En , 

the number of electrons of enzyme in one catalytic turnover (= 
2On  

in this case); and , the surface 

concentration of the effective enzyme immobilized on the electrode. 

 

Fig. 3  

The background current-corrected limiting current density of the O2 reduction at several 

BOD-adsorbed KB/GCEs (0.3 V). (A) unmodified KB, (B)-(J) KB modified with (B) 4-ABA, 

(C) 4-APA, (D) 2-ABA, (E) 4-ABS, (F) 3-ABS, (G) 2-ABS, (H) p-PDA, (I) MABA, (J) 6-AHA. 
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Koutecký-Levich plots (
-1

limj vs. ω
-1/2 

plots) for BOD/4-ABA/KB/GCE and BOD/KB/GCE 

are given in Fig.4 (B). The slopes of the linear fit are 16.5  0.3 mA
1

 cm
2
 s

1/2 
for 

BOD/4-ABA/KB/GCE and 15.7  0.1 mA
1

 cm
2
 s

1/2
 for BOD/KB/GCE, and are almost identical 

with each other, as expected by Eq. (2) (the theoretical value being 10.6 mA
1

 cm
2
 s
1/2

). Note here 

that we performed non-linear regression of the non-linear jlim vs. ω
1/2

 relation using Excel
®
 to avoid 

the change in the weight of the data in reciprocal plots. The catalytic contribution jcat,lim 
was 

evaluated as 3.0  0.3 mA cm
2

 for BOD/4-ABA/KB/GCE, which is more than 4.6 times larger than 

that of BOD/KB/GCE (0.640  0.003 mA cm
-2

). Based on Eq. (3), kcat was evaluated as (7.7  0.8) 

10
9 

mol cm
2 

s
1 

for BOD/4-ABA/KB/GCE, while (1.66  0.01)  10
9 

mol cm
2 

s
1 

for 

BOD/KB/GCE. The data suggest that slight increase in  by the 4-ABA modification. 

Next, the interfacial electron transfer rate constant was also evaluated from the steady-state 

currentdensity (j) vs. the electrode potential (E) in linear-scan rotating disk linear scan voltammetry. 

We use a steady-state model without the concentration polarization of the substrate by considering 

the randum orientation.
[43]

 For the model, the j/jcat,lim vs. E relationship is given by thefollowing 

equation(Appendix):  
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 (4) 

where nE is the number of the electron in the rate determining step of the interfacial electron transfer 

(= 1 in this case as the number of the electron for the T1site in BOD); R, the gas constant; T, the 

absolute temperature; k0,max, the standard rate constant at the distance of the closest approach in the 

best orientation of enzyme; d, the distance between the closest and farthest approach of enzyme; , 

the transfer coefficient; , the coefficient in the long range electron transfer; E'E , the formal 

 

Fig. 4  

(A): Amperometric i-t curves of catalytic reduction of dioxygen at (a) BOD/KB/GCE and (b) 

BOD/4-ABA-KB/GCE at  = 0, 500, 1000, 2000, 3000, 4000, 5000 and 6000 rpm and at 0 V in 

air-saturated phosphate buffer (pH 7); 

(B): Koutecký-Levich plot of the data given in (A). 

 

A B



 Chapter 3, 3-1  

52 

potential of the redox center of enzyme for electrochemical communication with electrode. 

Using k0,max, d, and kcat as adjustable parameters, Eq. (3) was fitted to the rotating disk 

voltammogram using a non-linear regression analysis by Excel


 (Fig.5). The value of jcat,lim (and 

then kcat ) may be set to be identical with that obtained in the above Koutecký-Levich analysis. 

However, strictly speaking, the rotating disk voltammogram at  = 2000 rpm in Fig. 5 is not 

completely controlled by enzyme kinetics, but is affected in part by the steady-state mass transfer of 

dioxygen to the electrode (see Eq. (1)). This is the reason why we set kcat as an adjustable parameter. 

 was assumed to be 0.3. 

The experimental voltammograms are well reproduced as shown by the broken lines in Fig. 

5. The evaluated values of kcat are (8.4  0.8)  10
9 

mol cm
–2

 s
–1 

and (7.6   0.1)  10
9 

mol cm
–2

 

s
–1 

for BOD/4-ABA/KB/GC and BOD/KB/GC, respectively. These values are slightly larger than 

those obtained in the above Koutecký-Levich analysis. The discrepancy between the values obtained 

by two methods is due to the situation that the voltammogram in Fig. 5 is not completely in kinetic 

control.  

 

On the other hand, the evaluated values of k0,maxis 6.0  10
3
 s
1 

for BOD/4-ABA/KB/GC 

and is three times larger than that of BOD/KB/GC (2.0  10
3
 s
1

). Therefore, the negatively charged 

aromatic platform is convenient in the heterogeneous electron transfer between the electrochemically 

active site of BOD and the electrode. Finally, the d is evaluated as 3.6  0.3 for 

BOD/4-ABA/KB/GC electrode, while 12  1 for BOD/KB/GC electrode. By using the reported 

value of  for proteins (approximately 1.4 Å
1

),
 [44]

 d can be calculated as 2.6  0.2Å and 8.2  

0.8Å for BOD/4-ABA/KB/GCE and BOD/KB/GCE, respectively. Considering the size of BOD (4~6 

 

Fig. 5  

Background current-corrected rotating disk linear sweep voltammograms of catalytic reduction 

of O2 at (open circles) BOD/KB/GCE and (closed circles) BOD/4-ABA/KB/GCE and at v = 20 

mV s
–1

 in air-saturated phosphate buffer (pH 7). The lines represent the best fitted curves 

obtained by non-linear least square method. 
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nm), the T1 site of the most of the adsorbed BOD faces to the negatively charged aromatic part on 

4-ABA/KB/GCE, as shown in Fig. 4S (A). On the other hand, BOD at KB/GCE seems to be 

randomly oriented on the electrode. The increase in k0,max and decrease in d are responsible for the 

positive shift of the onset potential (Fig. 2 (D)). 

 

3.3 Interaction between BOD and negatively charged surface 

 

BOD contains 572 amino residues with a molar mass of 64 kDa, the number of the acidic 

and basic amino acid residues being 65(Asp 35, Glu 30) and 60 (Arg 29, Lys 13, His 18), 

respectively.
 45

 The isoelectric point (pI) of BOD is calculated to be 4.1 on an ExPASy-Compute 

pI/Mw tool (http://web.expasy.org/compute_pi/), indicating that BOD seems to have totally negative 

net charge when dissolved in neutral phosphate buffer. The distribution of amino acid residues on 

BOD surface is given in Fig. 6. As shown in Fig. 6, the T1 region of BOD is surrounded by the basic 

amino acid residues. The residues seem to be positively charged under neutral conditions. Thus, 

 

Fig. 6  

Presumable orientation of (top) BOD and (bottom) CueO on (left) negatively charged or (right) 

positively charged surfaces. Red color represent the acidic amino acid residues (Glu and Asp), 

and blue color represents the basic amino acid residues (Lys, Arg and His). Yellow spheres 

represent T1, T2, and T3 copper, respectively. The signs + and  located in the enzymes indicate 

the charge of amino acid residues around the T1 site under neutral conditions. Arrows indicate 

the tentative electron transfer route from electrode to the T1 sites. 

BOD
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T1

T1

T1

T2/T3
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when electrode surface is negatively charged, the attractive electrostatic interaction between the T1 

region and the electrode surface induces a favorable orientation of BOD for the DET-type 

bioelectrocatalytic reaction with the T1 site facing to the electrode surface.  

  

Copper efflux oxidase (CueO) is also in a family of multi-copper oxidase, but the T1 site is 

surrounded by the acidic amino acid residues (Fig. 6 bottom). Therefore, based on the our model of 

the interaction, we can expect that the chemical modification of 4-ABA will not so effective for 

CueO under neutral conditions due to the repulsive electrostatic interaction between negatively 

charged electrode surface and the negatively charged T1 region. This expectation was experimentally 

verified: any improvement in the bioelectrocatalytic activity was not observed and the onset 

potential shifted to the negative direction resulting in an increase in the overpotential (Fig. 7A). In 

contrast, we tried to generate positive charge on the electrode to induce the attractive electrostatic 

interaction between the T1 site of CueO and the electrode by modifying the KB/GCE with 

o-phenylenediamine (pKb = 9.523). Slight but clear improvement was observed as shown in Fig. 7B. 

 

The stability of the DET-type bioelectrocatalytic activity was investigated by time 

dependence of the catalytic current of BOD adsorbed on the amine/KB/GCE after storage at 4 C. 

The catalytic activity remained more than 60% when BOD/4-ABA/KB/GC electrodes was stored for 

4 d, while that was less than 40% when BOD/KB/GC electrode was stored for only 3 d (Fig. 8). This 

implies that the KB surface modified with 4-ABA not only improves the catalytic performance of 

BOD for the dioxygen reduction but also provides a stable state for BOD on the electrode surface.  

 

Fig. 7  

Rotating disk cyclic voltammogram (A) CueO/4-ABA-KB/GCE and  (B)   

CueO/o-PDA-KB/GCE in air-saturated phosphate buffer (pH 7) at = 2000 rpm and v = 20 mV 

s
1

. Dashed lines represent a rotating disk cyclic voltammogram at CueO/KB/GCE taken under 

the same conditions for comparison. 

A B
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4. Conclusion 

 

In summary, in this paper we have reported that negatively charged aromatic 

characteristics are a key factor to enhance the DET-type bioelectrocatalytic activity of BOD towards 

the dioxygen reduction. Here, we consider that the negative charge on the electrode surface is 

essential for a favorable orientation of BOD by attractive electrostatic interaction, since the T1 site 

of BOD are surrounded mainly by the basic amino acids which will be positively charged under 

neutral conditions. The aromatic structure is also essential for an effective orientation of BOD on the 

electrode surface with - interaction. The situation leads to an increase in the heterogeneous 

electron transfer rate constant and a decrease in the randomness of the orientation as well as a slight 

increase in the surface concentration of BOD.  

 

5. Appendix 

 

The steady-state current density ( j ) caused by the DET-type bioelectrocatalysis is written 

as Eq. (A.1)
46,23,

 

fbfcat

limcat,

1 kkkk

j
j


                   (A.1) 

 

Fig. 8  

The long-term stability of BOD/4-ABA/KB/GCE (closed circles) and BOD/KB/GCE (open 

circles). The activity was measured from the steady-state limiting catalytic current at 0 V and 60 s 

after the potential step at  = 2000 rpm in air-saturated phosphate buffer (pH 7). 
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where kf, kb are the forward and reverse rate constants for the electrode reaction, 

respectively, kcat is the catalytic constant for the DET reaction, and jcat,lim is the current density under 

kinetically-controlled limiting current conditions (without substrate concentration polarization). The 

electrode reaction is expressed as the Butler-Volmer equations as follows, 

  f0E
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0f '
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exp ekEE
RT

Fn
kk 












         (A.2) 
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         (A.3) 

where k0 is the standard rate constant for the electrode reaction of one of the redox centers of the 

enzyme. 

The value of k0 will depend on the distance (d) between the redox center in the enzyme and 

electrode and changes from k0,min (at d = dmax) to k0,max (at d = dmin). Here, we assume the exponential 

distribution of k0, f(k0). The both ends of the distribution are constrained by:  

 dkk  expmax,0min,0
            (A.4) 

In this model, the enzyme redox center homogeneously distributes in d, that is, the 

probability of d is 1/d between dmin and dmax= dmin+ d. Therefore, the probability of k0 is written as 

follows 
[43]
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            (A.5) 

 When the randomly adsorbed enzymes have the distributed values of 0k , j is 

written as follows. 
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where j(k0) is the current density caused by the enzyme having the standard rate constant 

of 0k . Substitution of Eq. (A.1) to (A.5) into Eq. (A.6) provides the following equation.  
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The integration in Eq. (A.6) gives the following equation: 
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Therefore, the DET reaction with randomly adsorbed enzyme has varied conformation 

provides the current as follows. 
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(A.9) 

 

When the adsorbed enzyme has unique conformation, that is, when d0, the current 

converges to eq. (A.1). 
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Chapter 3-2 

Dual gas-diffusion membrane- and mediatorless dihydrogen/air-breathing biofuel cell 

operating at room temperature 

 

Abstract  

A membraneless direct electron transfer (DET)-type dihydrogen (H2)/air-breathing biofuel cell 

without any mediator was constructed wherein bilirubin oxidase from Myrothecium verrucaria 

(BOD) and membrane-bound [NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F (MBH) 

were used as biocatalysts for the cathode and the anode, respectively, and Ketjen black-modified 

water proof carbon paper (KB/WPCC) was used as an electrode material. The KB/WPCC surface 

was modified with 2-aminobenzoic acid and p-phenylenediamine, respectively, to face the positively 

charged electron-accepting site of BOD and the negatively charged electron-donating site of MBH to 

the electrode surface. A gas-diffusion system was employed for the electrodes to realize high-speed 

substrate supply. As result, great improvement in the current density of O2 reduction with BOD and 

H2 reduction with MBH were realized at negatively and postively charged surfaces, repectively. Gas 

diffusion system also supressed the oxidative inactivation of MBH at high electrode potentials. 

Finally, based on the impoved bioanode and biocathode, a dual gas-diffusion membrane- and 

mediatorless H2/air-breathing biofuel cell was constructed. The maximum power density reached 6.1 

mW cm
−2

 (at 0.72 V), and the open circuit voltage was 1.12 V using 1 atm of H2 gas as a fuel at 

room temperature and under passive and quiescent conditions.  

 

1. Introduction  

 

Enzymatic biofuel cells (EBFCs) are devices for converting chemical energy into electrical 

energy that utilize enzymes as electrocatalysts for the oxidation of fuels at the anode and the 

reduction of dioxygen (O2) or hydrogen peroxide at the cathode.
14

 In principle, a variety of 

compounds, such as sugar,
513

 alcohol,
1417

 formate
18,19

 and dihydrogen (H2),
2031

 can be utilized as 

fuels of EBFCs. Thanks to substrate specificity and high catalytic efficiency under mild conditions 

(e.g., room temperature, around neutral pH), EBFCs are expected to be one of the next-generation 

energy conversion systems, comparable to conventional fuel cells, such as polymer electrolyte fuel 

cell;
32

 however, the low power densities of EBFCs hinder technological applications.
14

 The main 

factor limiting the performance of EBFCs has been reported to be relatively slow interfacial electron 

transfer between the enzyme and electrode.
14

 

The first step to construct an EBFC is the immobilization of a redox enzyme onto a solid 

electrode for bioelectrocatalysis that couples the enzymatic and electrode processes;
14

 however, for 

mediatorless direct electron transfer (DET)-type bioelectrocatalysis, the electrochemical 
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communication between the enzyme and electrode is mainly limited due to the long-distance 

electron transfer from the active center of the enzyme to the electrode surface, and when enzymes 

are adsorbed in random orientation on electrode surface, the apparent interfacial electron-transfer 

kinetics decrease.
14,33

 In addition, details of the interaction between the enzyme and electrode 

remain to be elucidated, unlike the well understood interaction between the enzyme and its natural 

substrate.
14

 Although some suitable redox mediators may assist electron transfer,
34,35

 several 

drawbacks arise:
14,10,34,35

 (a) the toxicity of the mediator, (b) leakage of the mediator, and (c) cell 

voltage loss to set up the driving force in the electron transfer between the enzyme and mediator. 

Therefore, multiple studies, such as creating novel electrode materials,
3642

 functionalizing electrode 

surface,
9,4351

 and protein engineering,
5254

 to improve DET-type bioelectrocatalysis have been 

reported. 

H2/O2 biofuel cells wherein H2 is oxidized by hydrogenase at the bioanode and O2 is 

typically reduced by multi-copper oxidases (MCOs) at the biocathode are known as clean and highly 

efficient energy conversion devices that have attracted increasing attention for establishing a 

“hydrogen economy”.
2031

 

Bilirubin oxidase from Myrothecium verrucaria (BOD, EC 1.3.3.5) is a member of the 

MCOs, which catalyzes a four-electron reduction of O2 to water under mild conditions with low 

overpotentials. The active site of BOD contains four copper atoms, which can be divided into three 

classes according to their spectroscopic and magnetic properties:
56,57

 type I (T1), type II (T2), and 

type III (T3) coppers. T2/T3 is responsible forO2 reduction, and T1 is the electron-accepting site 

from a donor or electrode.
58,59

 In our previous study, enhanced DET-type bioelectrocatalysis using 

BOD was accomplished at a negatively charged surface, constructed by modifying 4-aminobenzoic 

acid on a carbon electrode.
49

 The electrostatic and – interactions between BOD and the modified 

electrode surface are responsible for the improvement in DET-type bioelectrocatalysis.
49

 

Hydrogenase catalyzes the reversible reaction of H2 oxidation and proton (H
+
) reduction 

and can be classified according to the metal ion composition of their active sites into [NiFe], [FeFe], 

and [Fe] hydrogenases.
6065

 Among them, [NiFe] hydrogenases are the most widely 

investigated.
62,6671

 Membrane-bound [NiFe] hydrogenase from Desulfovibrio Vulgaris Miyazaki F 

(MBH) comprises a heterodimer with a total molecular mass of 91 kDa (: 62.5 kDa and : 28.8 

kDa).
67

 The larger subunit hosts the [NiFe] center while the smaller subunit contains three ion–sulfur 

(FeS) clusters called the proximal, medial, and distal clusters, relative to the [NiFe] center.
67 

The 

distal FeS cluster has been reported to be responsible for the electronic communication between the 

enzyme and electrode.
67,71

 From this viewpoint, it appears to be important for MBH to face the distal 

FeS toward the electrode surface to improve the performance of DET-type bioelectrocatalysis.
67

 

There are multiple reports focusing on the improvements of the DET-type bioelectrocatalytic 

performance of several [NiFe] hydrogenases with modified electrodes,
7275

 but not for MBH to the 
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best of our knowledge. 

Other important issues for H2/O2 biofuel cells are the low-saturated concentrations of the 

gases in solution, the gas supply system, and risk of explosion.
29,31,76

 Rotating disk electrodes (RDE) 

or stir bars are usually utilized to minimize the concentration depression near the electrode surface. 

These methods require external power to drive the RDEs or stir bars. More importantly, it may result 

in a biofuel cell that is too “fat” to improve the power density (power at a unit of surface area or 

volume). Recent findings have reported that MCOs
9,29,31,7779

 and several MBHs
76

 could efficiently 

operate in a gas-diffusion system. In addition, a gas-diffusion system is useful for suppressing the 

oxidative inactivation that occurs at positive electrode potentials and competitively with the catalytic 

cycle, and is another important issue in hydrogenase applications.
76

 On the other hand, to avoid the 

risk of explosion, the compartmentalization of fuel cells
20,21,23,25,27,31

 and operation at low 

concentrations of H2and/or O2 
22,24,26,2830

 are frequently explored. The former requires sophisticated 

cell construction and the latter results in low power density. 

In this study, we attempt to construct a safe H2/air-breathing biofuel cell operating at room 

temperature with a high power density using BOD and MBH on the functionalized mesoporous 

carbon electrodes. This is the first attempt to fabricate a membrane- and mediatorless 

H2/air-breathing biofuel at room temperature. 

 

2. Experimental 

 

2.1 Biocatalysts, materials, and reagents  

 

BOD (EC 1.3.3.5) from Myrothecium verrucaria was donated by Amano Enzyme Inc. 

(Japan) (3.04 unit mg
−1

) and used without further purification. O2-sensitive MBH from Desulfovibrio 

vulgaris Miyazaki F was purified according to the literature.
80

 Ketjen black EC300J (KB) was kindly 

donated by Lion Co. (Japan). Waterproof carbon cloth (WPCC; EC-CC1-060T) was purchased from 

Toyo Co. (Japan), and polytetrafluoroethylene fine power (PTFE, 6-J) was obtained from DuPont 

Mitsui Fluorochemicals (Japan). 4-Aminobenzoic acid (4-ABA), 4-aminobenzenesulfonic acid 

(4-ABS), methyl-4-aminobenzoate (MABA), 2-aminobenzoic acid (2-ABA), and 

p-phenylenediamine chloride (p-PDA) were purchased from Tokyo Chemical Industry Co. (Japan). 

All other chemicals used in this study were of analytical grade unless otherwise specified, and all 

solutions were prepared with distilled water. 

 

2.2 Electrochemical measurement 

 

Cyclic voltammetry and chronoamperometry were performed using an electrochemical 
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analyzer ALS 701 E with a glassy carbon (GC) electrode as a working electrode, Pt wire as a counter 

electrode, and an Ag|AgCl|KCl (sat.) electrode as a reference electrode. For a gas-diffusion-type 

bioelectrode, WPCC and Pt mesh were used as a working electrode and a counter electrode, 

respectively. All potentials were referenced against the reference electrode. 

 

2.3 Preparation of functionalized biocathodes 

 

The gas-diffusion-type biocathode was prepared according to a previously reported 

method.
31

 In brief, 40 mg of KB powder was mixed with PTFE and homogenized in 3.5-mL 

2-propanol for 3 min in ice to prepare a KB slurry (L = dm
3
). The slurry (approximately 100 mL) 

was applied to one side of a WPCC sheet and dried at room temperature to prepare the KB-modified 

WPCC electrode (KB/WPCC, 0.95 cm
2
). The functionalization of the KB/WPCC electrode was 

conducted by one-step electrochemical oxidation at 0.8 V in a 2-ABA solution (5 mM, 0.1 M KCl) 

for 40 s (M= mol dm
−3

) wherein the amino group of 2-ABA was oxidized at the carbon electrode to 

form a N–C bond to immobilize 2-ABA.
49,81

 The electrode was washed with distilled water and 

dried at room temperature. The 2-ABA-modified electrode is called 2-ABA/KB/WPCC. A 300-L 

BOD solution (20 mg mL
−1

, pH 7 phosphate buffer) was applied on the 2-ABA/KB/WPCC surface 

and dried for 2 h under reduced pressure at room temperature. The electrode is called 

BOD/2-ABA/KB/WPCC. As a control, BOD was adsorbed on pristine KB/WPCC, and the electrode 

is called BOD/KB/WPCC. 

 

2.4 Adsorption of MBH on functionalized carbon surface 

 

KB-modified GC electrode (KB/GCE) was prepared according to a previously described 

method.
49

 In brief, 3 L of a KB slurry (PTFE:KB=1:4, w/w) was dropped on a rotating disk GCE 

surface (diameter: 3 mm) and dried at room temperature. Amine-functionalized KB/GCE 

(amine/KB/GCE) was prepared by one-step electrochemical oxidation at 0.8 V in an aniline 

derivative solution (5 mM, 0.1 M KCl) for 40 s and washed with distilled water.
49,81

 Subsequently, a 

10-L MBH solution (0.02 mM, pH 7.4 Tris-HCl) was applied on the KB/GCE or amine/KB/GCE 

and dried at room temperature for 2 h. The electrode was washed with a McIlvaine buffer (pH 5) and 

used for electrochemical measurements. 

For the gas-diffusion system, KB/WPCC and p-PDA/KB/WPCC were prepared with the 

methods similar to those described above. A 250-L MBH solution (0.02 mM, pH 7.4 Tris-HCl) was 

applied on KB/WPCC or p-PDA/KB/WPCC surface and dried for 2 h under reduced pressure at 

room temperature. 
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2.5 DET-type biofuel cell 

 

A DET-type membraneless one-compartment biofuel cell was constructed combining the 

gas-diffusion biocathode and bioanode, as shown in Fig.1. The projected surface area of the cathode 

and anode was adjusted to be 0.95 cm
2
 by covering the electrodes with a cell vessel, and the total 

volume of the electrolysis solution in the vessel was 2.0 mL. Titanium mesh was used as a current 

collector. The cathode and anode of the cell were connected through a variable resistor (Type 2786 

Decade Resistance Box, Yokogawa Hokushin Electric, Japan). The cell voltage and potentials of the 

cathode and anode were measured with an electrometer (HE-106, Hokuto Denko, Japan) at the given 

values of resistance in the range from 100 k to 10 Ω.
5,6,9

 The current and power densities were 

calculated based on the projected surface area of the electrodes. Measurements were performed in 

1.5 M citrate buffer (pH 5.0) at room temperature (25  2 °C). 

 

3. Results and discussion 

 

3.1 Optimization of gas-diffusion biocathode with a negatively charged surface 

 

Fig. 2(A) shows cyclic voltammograms (CVs) of O2 reduction at a scan rate (v) of 5 mV 

s
−1

 with BOD/2-ABA/KB/WPCC (solid line) and BOD/KB/WPCC (dash line) in a quiescent citrate 

buffer (pH 5, 1.5 M) under an atmosphere of air or argon (dotted line) (25  2 °C). The O2 was 

passively supplied from the air to the electrode. The ratio of PTFE:KB was set to be 1:1according to 

a previously described method.
31

 The onset potential was approximately 0.6 V at both 

BOD-adsorbed electrodes. As shown in Fig. 2(A), compared to BOD/KB/WPCC, a much sharper 

sigmoidal curve was observed at BOD/2-ABA/KB/WPCC. This means kinetic improvement in 

DET-type bioelectrocatalysis using BOD at the negatively charged 2-ABA-modified KB 

 

Fig. 1  

Schematic illustration of a gas-diffusion type H2/air-breathing biofuel cell. 
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surface.
9,31,49

 The electron-accepting site (T1) in BOD is located in the positively charged region of 

the protein surface.
82

 Thus, it can be considered that the electrostatic interaction between the 

positively charged T1 of BOD and the negatively charged electrode surface produced by the carboxy 

substituent of 2-ABA induces a productive orientation for DET-type bioelectrocatalysis. In addition, 

the – interaction between BOD and the benzene ring of 2-ABA may assist the productive 

orientation
49

 that improves the kinetic performance in the interfacial electron transfer. 

Fig. 3 (B) shows chronoamperograms (CAs) of BOD/KB/WPCC and 

BOD/2-ABA/KB/WPCC at 0 V. A steady-state catalytic current density was recorded as 7.0  0.3 

mA cm
−2

 at BOD/KB/WPCC. At BOD/2-ABA/KB/WPCC, the catalytic current density reached 

about 30 mA cm
−2 

until about 5 s, but decreased quickly down to 8.0  0.1 mA cm
−2

 at 60 s. Since 

similar behavior was observed in repeated experiments with the same electrode (data not shown), the 

current decrease after 5 s at BOD/2-ABA/KB/WPCC is not ascribed to a decrease in the enzyme 

activity but to some change in the bio-three-phase circumstance around the electrode surface during 

the bioelectrocatalysis at high current densities.
31,77

 

 

In order to check the effect of time on the current density, CAs were measured at 0.4 V. As 

shown in the inset of Fig. 2 (B), relatively stable steady-state catalytic current was recorded at both 

of the electrodes and the current density at 20 s was 8.9  0.8 and 5.3  0.3 mA cm
−2 

at 

BOD/2-ABA/KB/WPCC and BOD/KB/WPCC, respectively. The data verify the significance of the 

2-ABAmodification at moderate current densities. 

 

Fig. 2  

(A) CVs of BOD/KB/WPCC (broken line) and BOD/2-ABA/KB/WPCC (solid line) at v = 5 mV 

s
1

.  

(B) CAs of BOD/KB/WPCC (broken line) and BOD/2-ABA/KB/WPCC (solid line) at 0 V. The 

inset shows the CAs at 0.4 V. Measurements were carried out in 1.5 M citrate buffer (pH 5.0) at 

room temperature (25  2C) under quiescent and air atmospheric conditions. The ratio of 

PTFE to KB was 1:1. The dotted line in panel A shows the CV of BOD/KB/WPCC under 

argon atmospheric conditions.  

A B
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On the other hand, the hydrophobic property of the electrode surface is an important factor 

for improving the performance of gas-diffusion biocathodes.
31,77

 Although the optimum ratio of 

PTFE to KB was reported to be 2:3 for copper efflux oxidase
77

 and 1:1 for BOD
31

 in a gas-diffusion 

system, we re-optimized the ratio of PTFE to KB for BOD/2-ABA/KB/WPCC. 

 

CVs of the O2 reduction were recorded with BOD/2-ABA/KB/WPCC and 

BOD/KB/WPCC at various weight ratios of PTFE to KB in a range from 1:4 to 1:1 (Fig. 3). The 

ratio of 3:7 was found to be better for BOD/2-ABA/KB/WPCC. The effects of the ratio of PTFE to 

KB were also examined by chronoamperometry. The result is summarized in Fig. 3(C). At 

 

Fig. 3  

CVs of the catalytic O2 reduction at (A) BOD/2-ABA/KB/WPCC and (B) BOD/KB/WPCC at 

ratios of PTFE to KB of (dotted line ) 1:4,  (solid line)3:7, (broken line) 2:3 and 

(dashed-dotted line) 1:1. Measurements were carried out in 1.5 M citrate buffer (pH 5.0) 

at room temperature (25 2C) under quiescent and air atmospheric conditions at v= 5 

mV s
1

. 

(C) Effects of the ratio of PTFE to KB on the catalytic current densities at 

BOD/2-ABA/KB/WPCC (filled bar) and BOD/KB/WPCC (unfilled bar).The current 

densities were obtained at 0.4 V after 20 s. Measurements were carried out in 1.5 M 

citrate buffer (pH 5.0) at room temperature (25  2C) under quiescent and air 

atmospheric conditions.  

(D) Photographs to show the contact angle of the enzyme solution on KB/WPCC (1) 

and 2-ABA/KB/WPCC (2). The ratio of PTFE to KB was 1:1 in this experiment. 

D

1:4              3:7               2:3                1:1            

A

C

B
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BOD/2-ABA/KB/WPCC, the best ratio was 3:7 and the catalytic current density reached 11.2  0.7 

mA cm
2

 at 0.4 V, while the best ratio at BOD/KB/WPCC was 5:5, in accordance with a previous 

report.
31

 We hypothesize that modification with 2-ABA increased the hydrophobicity of the 

KB-modified electrode surface. The hydrophobic properties of KB/WPCC and 2-ABA/KB/WPCC 

surfaces were roughly estimated by measuring the contact angles of the enzyme solution on the 

electrode surface. As shown in Fig. 3 (D), a larger contact angle was observed on the 

2-ABA-modified KB/WPCC surface compared to a pristine KB/WPCC surface. These results 

support our hypothesis. In this study, we set the weight ratio of PTFE to KB as 3:7 for the 

gas-diffusion system used in further studies. 

 

3.2 DET-type bioelectrocatalysis of MBH at amine-modified electrode 

 

Fig. 4 shows rotating disk CVs of H2 oxidation (in the potential region from −0.45 to +0.2 

V) and H
+
 reduction(in the potential region from −0.5 to −0.7 V) catalyzed by MBH on 

p-PDA/KB/GCE, KB/GCE and 4-ABS/KB/GCE. No catalytic current was observed in the absence 

of MBH. The zero-current potential in the catalytic waves was −0.49V, which corresponds to the 

formal potential of the H2/2H
+
 redox couple at pH 5.0 due to the reversible and bi-directional 

catalytic properties of MBH.
60

 

 

Interestingly, the H
+
-reduction and H2-oxidation currents increased with modification 

using p-PDA on KB/GCE, but decreased with modification using 4-ABS, as compared to 

unmodified KB/GCE. p-PDA/KB/GCE is expected to produce a positively charged surface, while 

4-ABS/KB/GCE produces a negatively charged surface, according to our previous study.
49,81

 On the 

 

Fig. 4  

Rotating disk CVs at (A) MBH/p-PDA/KB/GCE, (B) MBH/4-ABS/KB/GC. All measurements 

were carried out in an H2-saturated McIlvaine buffer (pH 5.0, 40 C) at  = 2000 rpm and v = 20 

mV s
1

. The dotted lines and broken lines show the CV of MBH/KB/WPCC and 

KB/WPCC taken under the same condition. 
 

 

A B
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other hand, as shown in Fig. 5, the distal FeS cluster (that works as the electron-donating site for the 

H2 oxidation and the electron-accepting site for the H
+
 reduction) is located in the negatively 

charged region of the protein surface. Therefore, the attractive electrostatic interaction between the 

negatively charged FeS cluster region and the positively charged electrode surface seems to induce 

MBH to face the distal FeS to the electrode surface. In contrast, at a negatively charged electrode 

surface produced by modification with 4-ABS, a repulsive electrostatic interaction occurs with the 

distal FeS cluster region and leads to orientations detrimental for DET-type bioelectrocatalysis of 

MBH.
49

  

 

Further experimental evidence was obtained in favor of the electrostatic interaction 

between MBH and modified electrode surfaces. The steady-stateH2-oxidation current was measured 

at 0.3 V with MBH-adsorbed electrodes that were modified with several aniline derivatives. The 

results are summarized in Fig. 6A. Modification with non-charged MABA caused practically no 

change in the current density compared to pristine KB/GCE. Modification with 4-ABA slightly 

decreased the current density due to the electrostatic repulsion between the partially deprotonated 

carboxy substituent of 4-ABA and the distal FeS cluster region.  

We also tried to weaken the electrostatic attractive interaction between the positively 

charged p-PDA/KB/GCE and the distal FeS cluster region by increasing the ionic strength (and then 

by screening the ionic atmosphere). As shown in Fig. 6B, the catalytic density decreased to the level 

of MBH/KB/GCE when MBH was adsorbed on p-PDA/KB/GCE in the presence of 1 M KCl. All 

these results support our hypothesis.  

 

Fig. 5  

Three-dimensional structures and the surface electrostatic potential distributions of MBH 

( PDB code: 1H2A). The colour of blue and red represent positive and negative surface 

electrostatic potential regions were generated using PyMOL in pH 7 (25 C), respectively.  
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The catalytic turnover of MBH is sufficiently fast and the saturated concentration of H2 is 

low. Therefore, the mass transport of H2 strongly influences the bioelectrocatalytic density.
69

 In order 

to adequately assess the effect of p-PDA modification on the catalytic activity of MBH, rotating disk 

voltammetry was carried out. The observed density of steady-state limiting catalytic current density 

(j) at a rotating disk electrode can be given by Koutecký–Levich equation as 

catd

111

jjj
 ,       (1) 

2/16/13/2

d 62.0  cnFDj  ,                              (2) 

ecatEcat )/( ΓFknnj  ,                (3)

 where jd and jcat are the diffusion-limiting and catalytic limiting current densities, respectively. 

Additionally, n is the number of electrons for H2 (= 2); F is Faraday’s constant; D is the diffusion 

constant of H2 in a buffer; ν is the kinematic viscosity of the buffer (0.0066 cm
2
 s
1

 in 40 °C);
83

 c is 

the bulk concentration of H2 (0.74 mM in H2-saturated solution at 40 °C and 1 atm);
84

 kcat is the 

catalytic rate constant; nE is the number of electrons of for enzyme in the electron-donating FeS site 

(=1 in this case); and Γe is the surface concentration of effective enzymes oriented conveniently for 

DET-type bioelectrocatalysis on the electrode. The steady-state limiting current of H2oxidation was 

measured at various values of the rotating speed () with MBH/p-PDA/KB/GCE and 

MBH/KB/GCE (Fig. 7A). The Levich plot is shown in Fig. 7B. The data were analyzed by Gnuplot


 

 

Fig. 6  

(A) Comparison of the limiting current density of the H2 oxidation (at 0.3 V) at pristine 

and modified KB/GCEs. The abbreviated name of the amines used for the modification 

are given in the below.  

(B) CVs at MBH/p-PDA/KB/GCEs prepared in the absence (black solid line) and 

presence (gray solid line) of 1 M KCl. CV at MBH/KB/GCE (broken line) is shown here 

as a comparison. All measurements were carried out in an H2-saturated McIlvaine (pH 

5.0, 40 C) at  = 2000 rpm and v = 20 mV s
1

. 
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5.0 based on Eq. (1). The refined values of jcat are 20  2 mA cm
2

 at p-PDA-KB/GCE and 8.4  0.4 

mA cm
2

 at unmodified KB/GCE with a D of (7  1)  10
5

 cm
2
 s
1

. The kcatΓe are calculated as (1.0 

 0.1)  10
7

 mol cm
2

 s
1

 for MBH/p-PDA/KB/GCE, which is 2.5 times larger than that of 

MBH/KB/GCE ((4.3  0.2)  10
8

 mol cm
2

 s
1

). Thus, we conclude that modification with p-PDA 

to produce a positive charge on the KB electrode surface increases Γe of MBH. 

 

Similar analysis was also carried out for H
+
 reduction at 0.7 V (data not shown); however, 

H
+
 reduction was almost independent of . The limited current densities reached 5.8  0.4 mA 

cm
2

 at MBH/p-PDA/KB/GCE and are about 1.5 times larger than that at MBH/KB/GCE (3.8  0.3 

mA cm
2

). The activity ratio is close but somewhat smaller than that ofH2 oxidation. At increased 

current densities of H
+
 reduction, the dissociation kinetics of the weak acid (as a buffer component) 

may affect the overall kinetics (and decrease the current density).
8587

 In addition, the H
+
-reduction 

catalytic activity of MBH may be inhibited by H2 generated near the electrode surface.
60, 8890

 

On the other hand, as shown in Fig. 4, the H2-oxidation current at the MBH-adsorbed 

electrodes decrease to zero at potentials over −0.2 V. This is ascribed to oxidative inactivation 

(formation of Ni-B) of MBH at high potentials.
31,65

 In this study, a gas-diffusion system was 

employed to protect from oxidative inactivation according to the method described in our previous 

papers,
31,76

 Fig. 8 shows CVs of MBH/p-PDA/KB/WPCC and MBH/KB/WPCC in the gas-diffusion 

system. Note here that the ratio of PTFE to KB was set as 3:7 according to optimization of the 

p-PDA/KB/WPCC-based gas-diffusion system as described above. Clear H2-oxidation waves were 

observed at both MBH-adsorbed electrodes. The current density (at 0.2 V) for H2 oxidation reached 

 

Fig.7  

(A) As of MBH/p-PDA/KB/GCE (red line) and MBH/KB/GCE (black line) for the H2 oxidation 

at 0.3 V and 40 C,  = 500, 1000, 1500, 2000, 2500, 3000, 4000, 5000, 6000 rpm in turn.   

(B) Levich plots of  dependence of the steady-state H2 oxidation current densities at the 

MBH/p-PDA/KB/GCE (closed circle) and MBH/KB/GCE (open circle). The lines were 

evaluated by a nonlinear regression analysis with Eq. (1). 
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15.8 mA cm
2

 at MBH/p-PDA/KB/WPCC and 5.8 mA cm
2

 at MBH/KB/WPCC. These values are 

much larger than those at the corresponding GCEs (MBH/p-PDA/KB/GCE and MBH/KB/GCE), 

respectively. In addition, the effects of oxidative inhibition at high potentials were successfully 

suppressed.
76

 These results support the conclusion that H2 gas is passively supplied at high speeds to 

the electrodes from the gas phase. 

 

 

3.3 DET-type H2/air biofuel cell 

 

Finally, a dual gas-diffusion-type H2/air-breathing biofuel cell was fabricated by 

combining BOD/2-ABA/KB/WPCC as a biocathode and MBH/p-PDA/KB/WPCC as a bioanode, as 

shown in Fig. 1. In most H2/O2 biofuel cells in the literature, pure O2 and H2 gasses are separately 

pumped to the biocathode and bioanode, respectively,
20,21,23,25,27,31

 and the cells are operated at high 

temperatures
25, 28,29,31 

to improve their performance; however, such situations risk explosion and are 

not convenient for practical applications. Therefore, in this study, only H2 gas was supplied to the 

bioanode, while the biocathode was open to air at room temperature (25  2 °C). The biofuel cell 

was operated in a 1.5 M citrate buffer (pH 5.0) under passive and quiescent conditions. The cell 

voltage, cathode potential, and anode potential were measured at (quasi)-steady state and at given 

values of resistance. The values were decreased stepwise and the potentials were recorded about 15 s 

after the change in the resistance. 

Fig. 9(A) summarizes the results. The open circuit voltage was 1.12  0.03V, close to the 

standard driving force of an ideal H2/O2 cell (1.23 V at 25 °C).
20,31

 The current density increased 

with a decrease in the voltage, and the maximum current density reached about 11  1 mA cm
2

; 

 

Fig. 8  

CVs of MBH/p-PDA/KB/WPCC (solid line), MBH/KB/WPCC (broken line) and KB/WPCC 

(dotted line) at v = 10 mV s
1

. Measurements were carried out in 1.5 M citrate buffer (pH 

5.0) at room temperature (25  2 C) under quiescent and H2-atmospheric conditions. The 

ratio of PTFE to KB was 3:7.  
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however, the current density decreases suddenly after reaching the maximum. The decrease may be 

caused by oxidative inactivation of MBH due to fast H2-comsumption near the electrode surface at 

increased current densities and at positive potentials.
31

 The power density is given in Fig. 9 (B) and 

the maximum power density reached 6.1  0.4 mW cm
2

 at a 0.72 V cell voltage, much higher than 

that of other H2 biofuel cells in the literature.
2030

 

 

4. Conclusions 

 

To the best of our knowledge, this is the first report of a membrane- and mediatorless dual 

gas-diffusion-type H2/air-breathing biofuel cell. The orientation of BOD and MBH was successfully 

controlled by the electrostatic attractive-interaction between the enzymes and electrodes. Aniline 

derivatives were utilized to control the surface charge in which the amino group of the aniline 

derivatives was electrochemically oxidized at the carbon electrodes to form N-C bonds to 

immobilize the derivatives. For BOD with positively charged electron-accepting sites (T1), 2-ABA 

was modified on KB-modified electrodes and the deprotonated carboxy group of 2-ABA is 

responsible for the negative charge on the electrode surface. In contrast, for MBH with negatively 

charged electron-donating sites (distal FeS), p-PDA was modified on KB-modified electrodes and 

the protonated amino group of p-PDA is responsible for the positive charge of the electrode surface 

at pH 5.0. 

 

Fig.9  

(A) Polarization curves of the biofuel cell. The cell voltage (closed square) and the cathode 

(closed circle) and anode potentials (open circle) (vs. AgAgClKCl (sat.)) are plotted as 

functions of the current density (j). The measurements were performed in 1.5 M citrate buffer 

(pH 5.0) under quiescent conditions. H2 gas (1 atm) was supplied to the outside of the bioanode, 

while the biocathode was opened to air atmosphere (in a passive mode) at room temperature (25 

 2 C).  

(B) The power density (P) as a function of the current density (j) of the biofuel cell.  
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A gas-diffusion system was employed using KB/WPCC and the hydrophobicity required 

for gas permeation through the electrode was controlled by adjusting the ratio of PTFE:KB. The 

combination of BOD/2-ABA/KB/WPCC as a biocathode and MBH/p-PDA/KB/WPCC as a 

bioanode realizes a dual gas-diffusion membrane- and mediatorless H2/air-breathing biofuel cell. 

The maximum power density reached 6.1 mW cm
2

 at a 0.72 V cell voltage at room temperature (25 

 2°C) and under quiescent conditions. The performance is comparable to that of a dual 

gas-diffusion type virtual biofuel cell at 40 °C with pure H2 and O2 gases (8.4 mW cm
2

),
31

 and is 

better than those of real biofuel cells in the literature (0.56 mW cm
2

 at 25 °C with 78% H2 + 22% 

air under bubbling,
26

 0.72 mW cm
2

 at 45 °C with pure H2 and air under gas-diffusion,
29

 1.5 mW 

cm
2

 at 60 °C with pure H2 and O2 gases and with a membrane as separator
27

). The air-breathing 

BOD biocathode with improved performance can be utilized for a variety of biofuel cells with fuels 

other than H2. 
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Chapter 3-3  

Interaction between D-fructose dehydrogenase and methoxy-substituent-functionalized carbon 

surface to increase productive orientations 

 

Abstract  

D-Fructose dehydrogenase (FDH) from Gluconobacter japonicus NBRC3260 catalyzes the 

two-electron oxidation of D-fructose to 5-keto-D-fructose, and it is widely used in biofuel cells and 

biosensors. In this study, methoxy-substituent-functionalized carbon electrodes are constructed by 

electrochemical oxidation of methoxy-aniline derivatives on Ketjen Black (KB)-modified electrodes 

to improve the immobilization and bioelectrocatalysis of FDH. It is proposed that the specific 

interaction between FDH, especially the heme c moiety, and methoxy substituent(s) of amines on 

carbon electrode increases the proportion of the productively oriented FDH molecules to the total 

FDHs. Consequently, the limiting catalytic current density of the D-fructose oxidation increases to as 

much as 23 ± 2 mA cm
2

 in FDH/2,4-dimethoxyaniline/KB/glassy carbon electrode, for example.  

 

1. Introduction 

 

Immobilization of a redox enzyme onto a solid electrode for direct electron transfer 

(DET)-type enzymatic bioelectrocatalysis, wherein the redox enzyme acts as an electrocatalyst and 

communicates with the electrode without a mediator, is the first step to construct mediator-free 

biosensors and biofuel cells.
1,2

 However, the electrochemical communication between the enzyme 

and electrode is limited due to the long-distance electron transfer from the active center of the 

enzyme to the electrode surface; also, the details of their interaction are still unclear, unlike the 

well-understood interaction between the enzyme and its natural substrate.
1–3

 Furthermore, when the 

enzyme is adsorbed with a random orientation on the electrode surface, the apparent interfacial 

electron transfer-kinetics decreases.
4
 Functionalization of the electrode surface, through, for example, 

modification with some specific compounds (including the natural substrate of the enzyme), can 

induce a favorable orientation of the enzyme due to the specific interaction (for example, 

electrostatic interaction,
5–9

 supermolecular interaction
10–15

 and enzyme–substrate interaction
16–18

) 

between the enzyme and the specific modifier.
5–20

 However, there is no report on the use of 

D-fructose dehydrogenase (FDH; EC 1.1.99.11). In this study, we focus our attention on the specific 

affinity between FDH and some quinones.
[21]

  

FDH from Gluconobacter japonicus NCBR 3260 (formerly Gluconobacter industrius), 

which catalyzes the two-electron oxidation of D-fructose to 5-keto-D-fructose, is a flavohemoprotein 

with a molecular mass of ca. 140 kDa, comprising subunits I (67 kDa), II (51 kDa), and III (20 

kDa)).
22,23 

Subunits I and II have covalently bound flavin adenine dinucleotide (FAD) and three 
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heme c moieties, respectively, though the function of subunit III is still unclear. FDH shows strict 

substrate specificity to D-fructose, and it is applied to diagnostic and food analysis.
24–26

 Besides, the 

dioxygen-insensitive property of FDH is useful for constructing membrane-less D-fructose/dioxygen 

biofuel cells.
17,27–30

 An important issue here is to construct an FDH-modified electrode that possesses 

good electrocatalytic activity and stability for technological applications.  

Several approaches, such as the use of a mediator
31,32

 and a conductive polymer
33

, have 

been reported to improve the electrocatalytic performance of FDH for mediated electron transfer 

(MET)-type bioelectrocatalysis. In addition, high catalytic current density was also realized in 

DET-type bioelectrocatalysis without mediator at some porous materials
17,27,34–36

 and self-assembled 

monolayer-modified Au-nanoparticles
37

. Two electrons in a D-fructose molecule are transferred to 

the FAD catalytic center of FDH and then successively to the heme c moieties. One of the heme c 

moieties works as an electron donating site to external electron acceptors in MET-type 

bioelectrocatalysis (as well as homogeneous enzyme reactions) and to electrodes in DET-type 

bioelectrocatalysis,
21,38,39

 although non-catalytic Faradaic signal of FDH is not clearly 

identified.
21,34,38,39

  

Ubiquinones (2,3-dimethoxy-5-methyl-6-poly prenyl-1,4-benzoquinones) were identified 

as the physiological electron acceptors of FDH.
23,40

 Interestingly, some quinones with methoxy 

substituents, like 2,3-dimethoxy-5-methyl-1,4-benzoquinone and 2,3-dimethoxy-5-farnesyl-1,4-benz 

-oquinone, showed high affinity to FDH and functioned as good soluble electron acceptors of the 

reduced FDH (or good mediators between FDH and electrodes) compared with other quinones 

without methoxy substituent.
21

 Some specific interaction between methoxy substituent and the 

electron-donating heme c moiety of FDH is expected to occur,
21,38,39

 although no direct evidence was 

provided owing to unidentified crystal structure.  

In this study, we consider that the expected attractive interactions between methoxy 

substituent and the electron-donating heme c moiety may increase the number of FDH molecules 

with the productive orientation on electrodes and increase the current density of the DET-type 

bioelectrocatalysis of FDH as in a mode depicted in Fig. 1. We attempt to construct several 

methoxy-substituent-functionalized surfaces by the electrochemical oxidation of methoxy aniline 

derivatives at carbon electrodes and assess DET-type bioelectrocatalytic performance of FDH 

adsorbed on the electrodes.  
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2. Experimental 

 

2.1. Materials and regents 

 

Ketjen Black EC300J (KB) was kindly donated by Lion Co. (Japan). 

Polytetrafluoroethylene fine powder (PTFE, 6-J) was obtained from DuPont Mitsui Fluorochemicals 

(Japan). p-Anisidine (4-methoxyaniline), 2,4-dimethoxyaniline, 3,4-dimethoxyaniline, methyl 

4-aminobenzoate, 4-aminobenzoic acid, 4-aminophenol, and p-phenylenediamine 

(1,4-diaminobenzene) were purchased from Tokyo Chemical Industry Co. (Japan). The expression 

and purification of FDH were conducted as described in the literature.
21

 All other chemicals used in 

this study were of analytical grade, and all solutions were prepared with distilled water. 

 

2.2. Electrochemical measurements 

 

All electrochemical measurements were performed using an electrochemical analyzer ALS 

701E with a rotating disk glassy carbon electrode (GCE) (3 mm diameter, BAS) as a working 

electrode, a Pt wire as a counter electrode, and an Ag|AgCl|sat. KCl electrode as a reference 

 

Fig. 1  

Proposed scheme of the interaction between FDH and methoxy-substituent-functionalized carbon 

electrode surface. The electron from D-fructose is transfer to the heme c moiety via FAD and then 

to electrode in DET-type bioelectrocatalysis. Methoxy-substituent seems to play an important role 

to induce the productive orientation of FDH with facing the heme c moiety to electrode. The 

expected structure of the covalently bound p-anisidine that is electrochemically oxidized on 

carbon electrode is also given.  
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electrode. All potentials were referred against the reference electrode in this study. The 

bioelectrocatalytic activity of FDH for fructose oxidation was evaluated from the steady-state 

currents measured by cyclic voltammetry and chronoamperometry at 25  1 °C in a pH 5.0 

McIlvaine buffer (McB) at a rotation rate () of 2000 rpm. 

 

2.3. Electrochemical modification of carbon electrodes with amines 

 

KB-modified glassy carbon electrode (KB/GCE) was prepared as described in the 

literature.
13

 Briefly, 3 L of a KB slurry (KB:PTFE = 4:1, in 2-propanol) were dropped on a GCE 

surface and dried at room temperature (about 25 °C) for 10 min to produce KB/GCE (L = dm
3
). The 

KB/GCEs were electrochemically modified with several amines according to a previously described 

method.
9
 In preliminary experiments, p-anisidine solution was electrolyzed through a five-cycle 

potential scan in the potential range from 0.3 to 0.7 V at a scan rate (v) of 20 mV s
−1

. A large 

oxidation peak of the p-anisidine amino group was observed at around 0.4 V in the first cycle, but 

the current drastically decreased in the subsequent scan. The electrochemical oxidation of 

p-anisidine on carbon electrodes is expected to produce a methoxy-substituent-functionalized surface 

through a nitrogen–carbon bond (Fig. 1).
9,41

 Following, a single-step electrochemical oxidation was 

induced at 0.4 V for 120 s to simplify the procedure. The modified electrode was washed with 

distilled water to remove physically absorbed amine. The p-anisidine-modified KB/GCE was called 

p-anisidine/KB/GCE. Similar naming was applied to the other amine-modified electrodes. 

 

2.4. FDH adsorption on KB/GCEs and amine/KB/GCEs 

 

FDH solution was dropped on KB/GCEs and amine/KB/GCEs and dried at 4 °C for 12 h, 

as previously described.
34

 The electrode was washed with distilled water and used for 

electrochemical experiments. Then, the electrodes were called FDH/KB/GCE and 

FDH/amine/KB/GCEs, respectively. For long-term storage, the FDH-adsorbed electrodes were kept 

in a water-saturated atmosphere at 4 °C. 

 

2.5. Determining the fructose oxidation activity of FDH adsorbed on electrodes 

 

The enzyme activity of FDH adsorbed on electrodes was measured with [Fe(CN)6]
3−

 as an 

electron acceptor, based on the previously reported method.
22

 Briefly, the FDH-adsorbing electrode 

was washed with deionized water and immersed into a reaction mixture (250 L fructose solution 

0.4 M + 250 L K3Fe(CN)6 0.04 M + 500 L McB (pH 4.5)) for 5 min at 25 °C (M = mol dm
3

). 

Furthermore, 500 L Dupanol solution (3 g L
−1 

sodium dodecyl sulfate and 5 g L
1

 Fe2(SO4)3) were 
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added to the reaction mixture to stop the enzyme reaction and the mixture was incubated at 25 C for 

20 min. The mixture was diluted to 5.00 mL with deionized water. The absorbance of the reaction 

solution was measured at 660 nm with a spectrometer (UV-2550, Shimadzu, Kyoto, Japan). 

 

3. Results and discussion 

 

3.1. DET-type bioelectrocatalysis of FDH on amine-modified electrode surfaces 

 

Fig. 2 shows the rotating-disk cyclic voltammograms of FDH/KB/GCE and 

FDH/p-anisidine/KB/GCE at  = 2000 rpm in McB (pH 5) containing 0.2 M D-fructose. 

Well-defined sigmoidal catalytic waves are observed in both cases. Such catalytic waves are not 

observed in the absence of D-fructose (Fig. 2, A and B). The Faradaic waves are ascribed to the 

D-fructose oxidation due to the DET-type bioelectrocatalysis with FDH on the electrode surface.
27,34

 

Note here that the rotating-disk electrode was used in this study to diminish the influence of the mass 

transfer of D-fructose from the bulk solution to the electrode surface. At  > 1000 rpm, the catalytic 

current becomes independent of  in both FDH/KB/GCE and FDH/p-anisidine/KB/GCE (Fig 2, A 

and B), indicating that the catalytic limiting current density at least at 2000 rpm is completely 

controlled by enzyme kinetics. The steady-state catalytic current density at FDH/KB/GCE is 7 ± 1 

mA cm
−2

 at 0.5 V, and it is consistent with previous results.
27,34

 Interestingly, at 

FDH/p-anisidine/KB/GCE, the catalytic current density reaches 17 ± 1 mA cm
−2

 at 0.5 V. In 

addition, the bioelectrocatalytic current increases with the electric charge for the electrochemical 

modification, but reach a saturated value (data not shown). 

Fig. 2C is chronoamperograms (CAs) at 0.5 V with FDH/p-anisidine/KB/GCE and 

FDH/KB/GCE. Steady-state oxidation currents are obtained for at least 400 s at both electrodes. In 

conclusion, the p-anisidine-modified electrode surface provides a suitable platform for FDH to 

produce catalytic currents at a high density and with high stability.  

However, a pair of small redox peaks were observed around 0.25 V at FDH/p-anisidine/KB/GCE 

in the absence of D-fructose (Fig. 2A). The redox wave was observed even in the absence of FDH 

and also after washing of the electrode with water. Therefore, the redox wave is safely assigned to a 

surface-confined redox species (for example, 4,4'-dimethoxyhydrazobenzene)
42

 generated as a 

by-product during the oxidation of p-anisidine. Similar redox waves were also observed on other 

amine-modified electrodes.
9
 The onset potential of the catalytic wave at FDH/p-anisidine/KB/GCE 

in the presence of D-fructose (Fig. 2A) is ca. −0.1 V and is close to the formal potential of the heme 

c moiety of FDH,
21,34,39

 but far negative than the redox potential of the surface-confined by-product. 

In addition the surface-confined wave was not affected by the addition of D-fructose. Therefore, the 

catalytic wave is safely assigned to DET-type bioelectrocatalysis of FDH, and the surface-confined 

http://www.sciencedirect.com/science/article/pii/S1388248116300479#bb0050
http://www.sciencedirect.com/science/article/pii/S1388248116300479#f0010
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by-product does not participate in MET-type bioelectrocatalysis of FDH on the electrode, most 

probably due to restricted movement of the surface-confined by-product. In order to verify our 

conclusion, Fe(CN)6
3/4

 was used as a soluble mediator to observe MET-type bioelectrocatalysis. 

Fe(CN)6
3/4

-mediated bioelectrocatalytic wave is simply overlapped on the DET-type wave in the 

potential range more positive than the redox potential of [Fe(CN)6]
3/4

 (ca. 0.23 V) that is close to 

the redox potential of the surface confined bi-product) without any change in the onset 

characteristics in the DET-type bioelectrocatalysis (Fig. 2B). All these results support our 

consideration.   

 

 

Fig. 2  

CVs of (A) FDH/KB/GCE and (B) FDH/p-anisidine-KB/GCE in pH 5 McB in the absence 

(gray dash line) and presence of 0.2 M D-fructose under convective conditions at  = 1000 rpm 

(black dash line) and 2000 rpm (black solid line). 

(C) CAs of FDH/KB/GCE (dashed line) and FDH/p-anisidine/KB/GCE (solid line) at 0.5 V 

under the same conditions as in A and B .   

(D) CVs of FDH/KB/GCE in pH 5 McB in the absence (black dash line) and presence of 0.2 M 

D-fructose and [Fe(CN)6]
3/4

 as a free mediator in solution (DET + MET reaction). A cyclic 

voltammogram of FDH/KB/GCE (dotted line) in pH 5 McB containing 0.2 M D-fructose and 

but without [Fe(CN)6]
3/4

 are shown as a comparison (DET reaction).  

 

A B

C D
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As a comparison, other amines with structures similar to p-anisidine (4-aminophenol, 

4-aminobenzoic acid, p-phenylenediamine and methyl 4-aminobenenzoate) were also modified on 

KB as platforms for FDH. The steady-state catalytic current densities of FDH/amine/KB/GCEs at 

0.5 V in McB (pH 5) containing 0.2 M D-fructose are compared with that of FDH/KB/GCE (Fig. 3).  

 At methoxy substituent-containing amine-modified electrodes, such as 

FDH/3,4-dimethoxyaniline/KB/GCE and FDH/2,4-dimethoxyaniline/KB/GCE, the steady-state 

current densities reach 16 ± 1 and 23 ± 2 mA cm
−2

, respectively. However, when amines without 

methoxy substituent are modified, no obvious change is observed compared with FDH/KB/GCE. 

Therefore, we conclude that the methoxy substituent of the aromatic amines plays an important role 

in increasing the catalytic current density of FDH. Note here that there is no redox wave around the 

onset potential of DET-type bioelectrocatalysis at the amine-modified electrodes and the onset 

potential is almost independent of the modification. This means that the aromatic moieties with 

methoxy substituent are not electrochemical active and do not work as redox mediators in 

bioelectrocatalysis of fructose oxidation. Therefore, the aromatic moieties with methoxy substituent 

on the carbon electrodes seem to play a role not to improve the kinetic property but to increase the 

number of FDH molecules with the productive orientation convenient for DET-type 

bioelectrocatalysis due to the attractive interaction between the methoxy group and the electron 

donating heme c site in FDH (Fig. 1).   

 

 

Fig. 3  

Background-corrected current density of the catalytic fructose oxidation reaction of FDH in (A) 

pristine KB/GCE, (B) 2,4-dimethoxyaniline/KB/GCE, (C) p-anisidine/KB/GCE, (D) 

3,4-dimethoxyaniline/KB/GCE, (E) 4-aminophenol/KB/GCE, (F) 4-aminobenzoic acid/KB/GCE, 

(G) p-phenylenediamine/KB/GCE, and (H) methyl 4-aminobenzoate/KB/GCE at 0.5 V in 

rotating-disk linear sweep voltammetry at  = 2000 rpm and v = 20 mV s
−1 

in pH 5 McB 

containing 0.2 M D-fructose.  
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3.2. The state of immobilized FDH based on kinetic analysis 

 

We attempt to assess the total activity of FDH adsorbed on the electrodes. The D-fructose 

oxidation activity of FDH, which is adsorbed on the electrodes, was spectrophotometrically 

evaluated, as described in Section 2.5. Interestingly, although FDH exhibits different limiting current 

densities at different electrodes, it shows almost the same level of D-fructose oxidation activity (Fig. 

4). Indeed, the activity reflects the kct value of the FDH adsorbed on the electrodes, where kc is the 

catalytic rate constant for the soluble electron acceptor ([Fe(CN)6]
3

) and t is the total surface 

concentration of FDH. Therefore, the amine-modification employed here do not seem to affect the 

kct value of FDH; the difference in the limiting current densities on different electrodes is 

attributable not to kct but to some other factor(s) (DET-type catalytic activity kcat and/or the 

orientation factor  as described below) involved in the electrochemical communication between 

FDH and the electrode. 

 

Therefore, we perform a kinetic analysis of the catalytic wave on a steady-state model 

without the concentration polarization of the substrate to consider random orientation :
9
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(1)

 

where nE is the number of electrons in the rate-determining step of the interfacial electron transfer 

 

Fig. 4 

Relative activity of FDH adsorbed on (A) pristine KB surface, (B) 2,4-dimethoxyaniline/KB 

surface, (C) p-anisidine/KB surface, and (D) 3,4-dimethoxyaniline-KB surface for D-fructose 

oxidation. 
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(the number of the electrons for heme c in FDH = 1 in this case), F is the Faraday constant, R is the 

gas constant, T is the absolute temperature, 
max

0k  is the standard rate constant near the best 

orientation position of the enzyme, d is the distance between the closest and the farthest position of 

the enzymes (that can communicate with electrode) in several orientations,  is the transfer 

coefficient,  is the coefficient in the long-range electron transfer, E'E  is the formal potential of 

the redox center of the enzyme for electrochemical communication with the electrode, and lim

catj  is 

the limiting current density given by 

 

tcatES

lim

cat )/( ΓFknnj 
       (2) 

where nS is the number of electrons in the substrate (nS = 2 in this case), nE is the number of 

 

Fig. 5  

Background current-corrected rotating disk linear sweep voltammograms at (A) 

FDH/p-phenylenediamine-KB/GCE, (B) FDH/p-anisidine-KB/GCE, (C) 

FDH/3,4-dimethoxyaniline-KB/GCE and (D) FDH/2,4-dimethoxyaniline-KB/GCE in pH 5 McB 

containing 0.2 M D-fructose at  = 2000 rpm and v = 20 mV s
1

. Dashed lines represent a 

rotating disk cyclic voltammogram at FDH/KB/GCE taken under the same conditions for 

comparison. The closed and open circles represent the best fitted curves obtained by non-linear 

least square method.  
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electrons in the enzyme (nE = 1 in this case),  is the surface concentration proportion of the 

productively oriented enzymes (that is the enzymes that can communicate with the electrode) to the 

total adsorbed enzymes. The parameter kcat in Eqs. (1) and (2) is the catalytic rate constant in the 

DET reaction. Moreover, kcat is different from the solution activity (kc) that depends on the electron 

acceptor but might be in a correlation with kc. Considering 
max

0

cat

k

k
, d, and kcatt as adjustable 

parameters, Eq. (1) is fitted to the rotating-disk voltammograms using nonlinear regression with 

Excel


 2007. The experimental data are well reproduced by Eq. (1), as indicated by the example 

results shown in Fig. 6.  

 

 

 

The refined data are summarized in Table 1. The parameters 
max
0

cat

k

k
 and d are almost 

independent of the amine modification of the electrode. In contrast, kcatt significantly depends on 

amine-modification and it shows a clear linear correlation with the catalytic current density (j) 

obtained by rotating disk voltammetry at 0.5 V, as shown in Fig. 6. Since the values of kcatt ( kct) 

are almost independent of the amine modification, as evidenced by the results in Fig. 6, the present 

data indicate that the limiting current densities are mainly controlled by the orientation parameter . 

It can be reasonably accepted, therefore, that only FDH adsorbed in productive (or convenient) 

orientations, with heme c facing the electrode, can communicate with the electrode to produce the 

catalytic current. 
43 

Note here that d values at the four kinds of electrodes may assume values 

within a rather narrow range from 0.81.5 Å, if we assume a tentative value of  = 1.4 Å
1

.
44

 The d 

values are much shorter than the diameter of FDH (70 Å) evaluated by atomic force microscopy
43 

and are almost independent of the amine modification. These results indicate that FDH molecules 

that can productively communicate with the electrode are those with specific patterns of orientations. 

In conclusion, we propose that methoxy-substituent-functionalized surface increases the proportion 

of the productively oriented FDH molecules to the total FDH molecules on carbon electrodes, thus, 

Table 1. Kinetic parameters of DET-type bioelectrocatalytic oxidation of fructose for several 

FDH-adsorbed electrodes 

Electrodes kcat / k0
max

 kcatt/mol
 
cm

−2 
s
−1

  d 

FDH/KB/GCE 2.2 ± 0.1 (5.4 ± 0.5)  10
−8

 2.1  0.1 

FDH/p-phenylenediamine/KB/GCE 2.0  0.6 (6  1)  10
−8

 1.7  0.1 

FDH/p-anisidine/KB/GCE 2.3 ± 0.3 (1.8 ± 0.1 )  10
−7

 2.0  0.2 

FDH/2,4-dimethoxyaniline/KB/GCE 2.4 ± 0.1 (1.6 ± 0.1 )  10
−7

 1.2  0.5 

FDH/3,4-dimethoxyaniline/KB/GCE 2.1 ± 0.1 (2.7  0.2)  10
−7

 1.6  0.2 
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increasing the density of the limiting catalytic current.  

 

 

4. Conclusion 

 

 In summary, the use of a methoxy-substituent-functionalized KB electrode increases the 

bioelectrocatalytic current density of FDH for fructose oxidation compared to a pristine KB 

electrode and other KB electrodes modified with aromatic compounds without a methoxy substituent. 

We propose here that the specific interaction between FDH and the methoxy group, which is also 

observed in the bimolecular rate constant between FDH and some quinones with a methoxy group in 

solution,
21

 improves the orientation for a DET-type catalytic reaction. The highest current density of 

FDH for fructose oxidation is 23 ± 2 mA cm
−2

 in pH 5 McB containing 0.2 M D-fructose. This value 

is much higher than those reported under similar conditions.
27,3437

 Therefore, this electrode that 

exhibits high current density with acceptable stability could function as a bioanode in biofuel cells.  
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Conclusions 

 

In this thesis, the author investigated the factors of electrodes and enzymes affect the 

performance of DET-type bioelectrocatalysis. Futhermore, based on the understanding the 

interaction between enzymes and electrodes, improved performance of DET-type bioelecatalysis 

have been realiazed by adsorption of enzymes at functionalized electrode surface. 

In chapter 1, non-catalytic direct electron transfer (DET) signal of Compound I of 

horseradish peroxidase (POD) was first detected at 0.7 V on POD/carbon nanotube mixture-modified 

electrodes. Excellent performance of DET-type bioelectrocatalysis was achieved with POD 

immobilized with glutaraldehyde onto KB/GC electrodes for H2O2 reduction with an onset potential 

of 0.65 V (vs. Ag|AgCl|sat. KCl) without any electrode surface modification. These results indicated 

that the mesoporous structures play an important role for promoting the DET-type bioelectrocatalysis 

of POD. Furthermore, by coupling of the H2O2-generated oxidase (for example, glucose oxidase) 

with POD at such mesoporous electrode, bienzyme system has been successfully developed for 

detection of a variety of substrates of H2O2-generating oxidases. The developed DET-type bienzyme 

system can be applied in a variety of analytes detection by just changing the corresponding 

H2O2-generated oxidase.  

In chapter 2, the author has found that electrostatic interaction between the enzymes and 

electrode surfaces affect the performance of DET-type bioelectrocatalysis. In the case of BOD, the 

O2 reduction current increased with decreasing the CNT length and almost diffusion-controlled 

bioelectrocatalytic reduction of O2 was realized with CNTs of an average length (L) of 1 m at pH 

7.0, 25 °C, and a rotating rate of 4000 rpm. In contrast, the almost opposite tendency was obtained 

when CueO was utilized as a biocatalyst despite both BOD and CueO having similar sizes and a net 

negative charge in neutral solutions. Several factors affect the performance of DET-type 

bioelectrocatalysis have been investigated and discussed, and the electrostatic interaction between 

the enzyme, especially the portion near the redox active center, and the electrode is one of the most 

important factors controlling the orientation of the redox enzyme for DET-type bioelectrocatalysis.. 

This assumption was reinforced using hydrogenase (H2ase) as a model enzyme. 

In chapter 3, improved DET-type bioelectrocatalysis of BOD has been realized at 

4-aminobenzoic acid modified KB electrode, while H2se at p-phenylenediamine modified KB 

electrode, thanks to the electrostatic interaction between the enzymes (BOD or H2ase) and the 

charged electrodes. The developed BOD-based biocathode and H2ase-based bioanode have been 

used to constructe a dual gas-diffusion membrane- and mediatorless H2/air-breathing gas-diffusion 

H2/air biofuel cell operatin under room temperature and quiescent condition with a very high power 

density (Pmax=6.1 mW cm
2

). On the other hand, methoxy-functionalized carbon surface was 

developed to increase the productive orientation of D-fructose dehydrogenase (FDH) for efficient 
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DET-type bioelectrocatalysis, due to the specific interaction between FDH, especially the heme c 

moiety, and methoxy substituent on the electrode surface. The developed FDH-based bioanode with 

very high current density (23 ± 2 mA cm
2

 in FDH/2,4-dimethoxyaniline/KB/GCE, for example) is 

expected to be applied in biofuel cell. 
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