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Abstract Tyrosinase (TYR: EC 1.14.18.1) was covalently
modified onto the surface of a cyanuric chloride-activated
carbon felt (CF) from the mixed buffer solution of TYR and
acridine orange (AO). The resulting TYR-immobilized CF
(TYR/AO-CF) was used as a working electrode unit of an
electrochemical flow-through detector for mono- and di-
phenolic compounds (i.e., p-chlorophenol (p-CP), p-cresol,
phenol, and catechol), which detects the reduction current
of enzymatically produced o-quinones at −0.05 V (vs. Ag/
AgCl). The presence of AO (0.2 mM) in TYR solution
during the enzyme immobilization step was significantly
effective for the signal enhancements especially for p-CP,
and the cathodic peak currents of p-CP by the TYR/AO-
CF-based detector were much larger than those by the
TYR-CF-based detector prepared from TYR solution
without AO. The oxymetry with Clark-type oxygen
electrode revealed that monophenolase activity of free
TYR in 1 mM phosphate buffer (pH 7.0) was greatly
enhanced in the presence of AO (0.2 mM), whereas

diphenolase activity was not so much influenced. Further-
more, the comparison of cyclic voltammograms of TYR/AO-
CF and TYR-CF in air-saturated phosphate buffer containing
each substrate revealed that the electrochemical reduction rate
of p-chloro-o-benzoquinone at TYR/AO-CF was faster than
that at TYR-CF. In addition, the electrochemical impedance
spectroscopy revealed that the structural properties of
immobilized TYR on the CF would be influenced by AO.
Some kinds of interaction of AO with TYR would affect the
enzymatic kinetics and the structural properties of the
immobilized TYR, leading to the signal enhancement of
the TYR-CF-based flow biosensor especially for mono-
phenolic compounds.
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Introduction

Tyrosinase (TYR; polyphenol oxidase, EC 1.14.18.1) is a
binuclear copper-containing metalloprotein and possesses
two different catalytic activities (i.e., monophenolase
activity, ortho-hydroxylation of monophenols, and diphe-
nolase activity, the oxidation of o-diphenols to o-quinones)
[1–5]. On the basis of these activities, a number of TYR-
based electrochemical biosensors have been proposed so far
for the determination of mono- and di-phenolic compounds
[6–21]. In particular, the development of highly sensitive
biosensors for mono-phenolic compounds is important
research topic because the mono-phenolic compounds are
toxic contaminants in ground and surface water.

Most of amperometric TYR-based biosensors detect
cathodic current of o-quinones produced by the TYR
reaction [6–13]. In these sensors, the enzymatically pro-
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duced o-quinone compounds are electrochemically reduced
back to catechol compounds, and the regenerated catechol
compounds are re-oxidized by TYR repeatedly. As a result,
the enzymatic and the electrochemical recycling of cate-
chol/quinone couple proceeds at the TYR-modified elec-
trode surface, which results in the signal amplification.
Thus, the rate-limiting factors of the response of the
recycling-based TYR electrodes can be considered as
follows: (1) the degree of the catalytic activity of the
immobilized TYR, (2) the rate of the electrochemical
reduction of o-quinone at the electrode surface, and (3)
the rate of the mass transfer of oxygen and the diffusion of
substrate and product to the electrode surface. Therefore,
the performance characteristics of the recycling-based TYR
electrodes would be influenced by (1) the TYR immobili-
zation strategy, (2) the microenvironment of the immobi-
lized TYR and the molecular interface between TYR and
electrode, and (3) the electrochemical property of the
electrode materials.

Carbon felt (CF) is a microelectrode ensemble of
microcarbon fiber (ca. 7 μm diameter) and possesses a
random three-dimensional structure [22]. The CF has
extremely high surface area (estimated to be 0.1∼
10 m2 g−1) and shows high conductivity and high
electrolytic efficiency. In addition, high porosity (>90%)
and porous structure of the CF causes very low diffusion
barrier against solution flow. Therefore, as well as other
electroactive porous materials [10, 11, 23–25], the CF is
one of the useful candidates of the working electrode unit
of the electrochemical flow-through detector and reactor
[26, 27]. Therefore, the modification of enzymes on the CF
surface would be useful to develop highly functional
electrochemical flow biosensors [26, 28–30].

We have recently reported that the OH group on the
graphite edge of the CF is useful for the covalent modification
of enzyme onto the CF surface [29, 30]. In previous study, the
CF surface was first modified with amino-terminated
organosilane (i.e., 3-aminopropyltriethoxysilane) via the
surface OH group, and then the TYR was covalently
modified using various cross-linkers (three step protocol)
[29]. More recently, we have proposed more simple TYR
modification procedure (two-step protocol) using cyanuric
chloride (CC) as a cross-linker between the surface OH
group of CF and enzyme [30].

In this study, we found that when the TYR was
covalently modified on the CC-activated CF surface from
the mixed buffer solution of TYR and acridine orange
(AO), the peak current response for monophenolic
compound was significantly enhanced as compared with
the case without AO in the TYR solution. AO is a
polynucleic acid selective fluorescent cationic dye, which
interacts with DNA and RNA by intercalation or
electrostatic attractions, respectively [31]. However, the

interaction of AO with enzyme especially for improving
the performance of enzyme-based biosensors has not been
reported so far, at least from our best knowledge. The
main aim of this study is to find out the role of AO as a
signal enhancer of the bioelectrocatalytic activity of the
TYR-modified CF and reveal the effectiveness of AO on
the peak current responses of the TYR-immobilized CF-
based flow biosensor.

Experimental

Reagents and materials

TYR (polyphenol oxidase, EC 1.14.18.1; 5,370 unit/mg
from mushroom) was purchased from Sigma Co. (USA)
and used as received. AO, phenol, catechol, and cyanuric
chloride (CC) were obtained from Wako Pure Chemicals
(Osaka, Japan). p-Chlorophenol (p-CP) and p-cresol were
obtained from Tokyo Kasei Kogyo Co. (Japan). All of the
other chemicals were of the highest grade available and
were used without further purifications. Doubly distilled
water (Yokozawa Chemical Co., Japan) was used through-
out the experiments. Of phosphate buffer solution
(pH 7.0), 0.1 M was prepared with K2HPO4 and KH2PO4.
Substrate standard solutions were prepared daily. A CF
sheet (GF-20-3F which was prepared by pyrolysis of
polyacrylonitrile at 2,000 °C, the density is 1.4 g/cm3, the
porosity is more than 90%) was obtained from Nippon
Carbon Ltd. (Japan).

Preparation of the TYR-immobilized CF

The CF sheet was cut into 10×3×3 mm in size (weight,
ca. 12 mg), washed with distilled water under ultra-
sonication for 10 min, and dried in vacuum desiccator
for 1 h. The surface activation of the CF by CC and
further covalent modification of TYR were carried out
according to the method recently reported by us [30].
The CF was immersed into 10 mM CC solution in toluene
at room temperature for 1 h. After that, the CF was
washed with toluene under ultrasonication for 2 min to
remove weakly adsorbed CC, and then dried in vacuum
for 1 h. Then, the resulting CC-activated CF was put into
0.1 M phosphate buffer (pH 7.0) solution containing TYR
(0.25 mg/ml) and AO (0.2 mM) for 1 h at room
temperature. During this procedure, TYR is covalently
immobilized on the CF surface via CC [30]. As a control,
we prepared the TYR-immobilized CF using TYR-
containing 0.1 M phosphate buffer solution without AO.
The TYR-immobilized CF prepared from the TYR/AO
mixed solution and the TYR solution are denoted here as
TYR/AO-CF and TYR-CF, respectively.
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Evaluation of the bioelectrocatalytic activity of the TYR/
AO-CF and the TYR-CF by cyclic voltammetry (CV)

The cyclic voltammetry (CV) in the presence of each
substrate in air-saturated buffer solution was measured to
evaluate the bioelectrocatalytic activities (i.e., the activity
of immobilized TYR and the electrochemical reduction
of o-quinones). Air-saturated 0.1 M phosphate buffer
(10 ml, pH 7.0) was used as an electrolyte. The TYR/
AO-CF and/or the TYR-CF with platinum lead wire were
used as working electrode. Auxiliary electrode was
platinum wire (1 mm diameter), and reference electrode
was Ag/AgCl (BAS, RE-1B). Potential was scanned
between +0.5 and −0.3 V at 5 mV/s (starting potential
was +0.5 V). Stock solution of substrates (10 mM, 100 μl)
was added into the electrolyte (final concentration is ca.
0.1 mM), and then the solution was stirred for 20 s with
magnetic stirring bar, and after stop the stirring, the CV
was measured at room temperature.

Evaluation of the catalytic activity of free TYR
by Clark-type oxygen electrode

To evaluate the effect of AO on the catalytic activities of
free TYR in solution, we measured the oxygen consump-
tion rate during the TYR-catalyzed reaction by using Clark-
type oxygen electrode (TOA/DKK, Japan) at room temper-
ature. For the assay of the catalytic activity of free TYR, we
prepared 30 ml of TYR solution (10 μg/ml) and TYR-AO
mixed solution (10 μg/ml TYR and 0.2 mM AO) by
dissolving TYR and/or AO in 1 mM phosphate buffer
(pH 7.0). The oxygen electrode was immersed in the TYR
or TYR/AO solutions placed in 50 ml glass beaker.
Throughout the measurement, the potential of −0.7 V (vs.
inner reference of the oxygen electrode) was applied to the
working electrode under stirring of the solution at constant
rate (400 rpm) with magnetic stirring bar. After the
background baseline current had reached to the steady-
state value (ca. 1.1±0.2 μA), aliquot (180 μL) of the
substrate standard solution (0.1 M) was added into the TYR
solution (final concentration is ca. 0.6 mM), and the
current–time curves were recorded at room temperature.

The electrochemical impedance spectroscopy (EIS)
for the evaluation of the interfacial properties of the TYR/
AO-CF and the TYR-CF

In order to obtain the interfacial property of TYR/AO-CF
and TYR-CF surfaces, the electrochemical impedance
spectroscopy (EIS) was carried out with electrochemical
analyzer (ALS 6112a) at room temperature. Deoxygenized
0.1 M phosphate buffer solution (15 ml, pH 7.0) containing
1 mM K4[Fe(CN)6]/K3[Fe(CN)6] as electroactive redox

probe was used as an electrolyte. Prior to the measurement,
the dissolved oxygen in the buffer was removed by
bubbling dry nitrogen gas through the solution at least for
15 min. The EIS measurements were carried out with a
conventional one-compartment three-electrode system de-
scribed above. For the EIS measurement, applied potential
was set at formal potential of the redox system (i.e., 0.2 V
vs. Ag/AgCl at pH 7.0 in phosphate buffer). The frequency
was from 0.01 Hz to 10 kHz.

Amperometric flow injection measurements

Flow injection analysis (FIA) system is composed of a
double-plunger pump (DMX 2000T, SNK) with a six-way
injection valve (SVM-6M2, SNK, 200 μL injection loop)
and the CF-based electrochemical flow-through detector
[28–30] connected to the electrochemical analyzer (ALS
611B, USA). All FIA experiments were carried out at room
temperature. Air-saturated 0.1 M phosphate buffer (pH 7.0)
was used as a carrier solution. Prior to the amperometric
measurements, the carrier solution was flowed at constant
flow rate of 3.0 ml/min for 1,000 s under the applied
potential of −0.05 V vs. Ag/AgCl to remove weakly
adsorbed TYR and AO from the CF surface and to reduce
the charging background currents. After the background
current had reached to steady-state value at −0.05 V vs. Ag/
AgCl, 200 μL of substrates standard solution (catechol, p-CP,
p-cresol, and phenol) was injected at regular time intervals,
and the cathodic peak currents based on the electrochemical
reduction of o-quinone species produced by TYR reaction
were measured. Although more cathodic potential is effec-
tive for the electrochemical reduction of o-quinones, it
induces the electrochemical reduction of the dissolved
oxygen in carrier at the same time. Thus, we selected this
potential (−0.05 V vs. Ag/AgCl) to avoid increase in the
background current and decrease in the oxygen concentration
at the vicinity of the CF surface [6, 7, 29, 30]. To reveal the
effect of the presence of AO in sample and carrier solutions,
0.2 mM AO was dissolved in the sample and carrier
solutions, and the peak current responses for p-CP and
catechol were measured in similar way.

Results and discussion

Comparison of the bioelectrocatalytic activities of the TYR/
AO-CF and the TYR-CF evaluated by cyclic voltammetry

In order to compare the bioelectrocatalytic behavior of the
TYR/AO-CF and the TYR-CF, first we measured cyclic
voltammograms (CVs) in air-saturated 0.1 M phosphate
buffer (pH 7.0) containing each substrate. Figure 1 com-
pares CVs for 0.1 mM substrates (p-CP, p-cresol, phenol,
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and catechol) recorded at 5 mV/s at the TYR/AO-CF (a)
and at the TYR-CF (b). Table 1 summarizes the electro-
chemical parameters of the CVs. For every substrate, both
TYR/AO-CF (a) and TYR-CF (b) exhibited larger cathodic

currents than anodic currents, which are typical shapes of
catalytic wave, due to the repetitive reduction of o-quinone
species produced by the TYR-catalyzed oxidation. Thus, the
magnitude of this cathodic current can be the parameter to
evaluate the bioelectrocatalytic activity of TYR-modified CF.
The TYR/AO-CF (a) exhibited enhanced reduction currents
(catalytic currents) for every substrate in comparison with the
TYR-CF (b). These results indicate that the presence of AO
in the TYR immobilization step was effective to enhance the
bioelectrocatalytic activity of the TYR-modified CF.

As described in the “Introduction” section, the bioelec-
trocatalytic response of the present recycling-based TYR
electrode originated from the bioelectrocatalytic cycle
driven by the TYR-catalyzed oxidation of phenolic com-
pounds producing o-quinones and the electrochemical
reduction of o-quinones. Therefore, the rate of the electro-
chemical reduction of o-quinone species is also an
important parameter influencing the response characteristics
of the redox-recycling-based TYR electrodes [20, 21].
Especially, in the case of p-CP response, the TYR/AO-CF
showed cathodic and anodic peaks at 136 and 208 mV,
respectively (5 mV/s vs. Ag/AgCl), while the TYR-CF
showed cathodic and anodic peaks at 69 and 208 mV,
respectively. As a result, the TYR/AO-CF and the TYR-CF
have the peak-to-peak separation (ΔE) of 72 and 139 mV,
respectively. These results suggest that electron transfer rate
of the electrochemical reduction of p-chloro-o-benzoqui-
none at the TYR/AO-CF is faster than that at the TYR-CF.

Since AO does not possess any functional group for the
covalent bonding via CC, it can be safe to assume that the
interactions of AO with TYR and/or CF surface not only
enhance the catalytic activity of the adsorbed TYR but also
facilitate the electron transfer of p-chloro-o-benzoquinone
at the TYR/AO-CF surface.

Effect of AO on monophenolase and diphenolase activity
of free TYR in solution phase

As described in the “Introduction” section, one of the rate-
limiting factors of this sensor is the degree of the catalytic
activity of the immobilized TYR. Therefore, it would be
reasonable to assume that the interaction of AO with TYR
would cause the change of the catalytic activity of TYR
itself. Figure 2 shows the proposed catalytic cycle of
monophenolase and diphenolase activities of TYR [2].
TYR has three forms (i.e., met, oxy, and deoxy) of the
active sites. According to this scheme, in both mono-
phenolase and diphenolase cycles, the molecular oxygen is
introduced to the active copper center of TYR when the
oxy-form is produced from the deoxy-form. Thus, the assay
of the oxygen consumption rate can be used for the study of
the TYR reaction kinetics [32]. Therefore, to evaluate the
effect of AO on the catalytic activities of TYR, we
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Fig. 1 Cyclic voltammograms (CVs) of the (a) TYR/AO-CF and (b)
TYR-CF in air-saturated 0.1 M phosphate buffer (pH 7.0) containing
0.1 mM TYR substrates (p-CP, p-cresol, phenol, and catechol).
Potential scan rate is 5 mV/s. Starting potential is +0.5 V

Table 1 Electrochemical parameters of CVs with the shape of
catalytic wave

CF Substrate Ec Ea ΔE Ic Ia

mV μA

TYR/AO-CF p-chlorophenol 136 208 72 −488 104

p-cresol 38 173 135 −537 84

phenol 55 245 190 −421 35

catechol 55 253 198 −666 66

TYR-CF p-chlorophenol 69 208 139 −208 98

p-cresol 11 169 158 −236 83

phenol 5 239 234 −136 34

catechol 57 239 182 −389 58

Ec cathodic peak potential, Ea anodic peak potential, Ic cathodic peak
current, Ia anodic peak current
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compared the O2 consumption rate using Clark-type oxygen
electrode in TYR solution with and without 0.2 mM AO.

Figure 3 shows the results of the oxymetry, i.e., the
relationship between the residual O2 (percent) and the
reaction time after the addition of the substrates. In general,

the oxygenation reaction based on monophenolase activity
(Kdiphenaolase=10

3 s−1) is much slower than the oxidase
reaction based on diphenolase activity (Kmonophenaolase=
107 s−1) [33] because only small portions of the active site
of TYR can catalyze the ortho-hydroxylation reaction of
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the presence (closed circles) and
absence (open circles) of
0.2 mM AO in 1 mM phosphate
buffer (pH 7.0) containing TYR
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Temperature is room
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monophenolic compounds in resting state [34, 35]. In
fact, in the absence of AO, the oxygen consumption rates
in the oxygenation reaction of monophenolic compounds
such as p-CP (a), p-cresol (b), and phenol (c) were much
smaller than that of catechol (d). However, the oxygen
consumption rates in the oxidation of monophenolic
compounds were significantly increased in the presence
of AO. In addition, the lag period of monophenolase
activity seemed to be shortened in the presence of AO. In
contrast, in the case of catechol (d), the rate of oxygen
consumption was not so much influenced by AO. These
results clearly indicate that the monophenolase activity of
TYR in solution phase was greatly enhanced in the
presence of 0.2 mM AO. Therefore, at least from this
result, it can be safe to assume that AO can interact with
TYR and alter the catalytic activity of TYR.

It has been reported that appropriate reducing reagents
such as dithiothreitol (DTT) and ascorbic acid accelerate
the transformation of met-form of TYR to deoxy-form of
TYR (see Fig. 2), which leads to the enhancement of the
monophenolase activity and shortening the lag period [35,
36]. However, in our case, differing from DTT and ascorbic
acid, AO is not redox active. Thus, it would be safe to
assume that some kinds of interactions between AO and
TYR might cause the structural change of TYR, which
leads to the enhancement of the monophenolase activity.
As shown in Fig. 2, in the monophenolase cycle, the
monophenol compounds bind to the axial position of one
of the coppers of the oxy-site and undergo a trigonal
bipyramidal rearrangement toward the equatorial plane
which orients its ortho-position for hydroxylation. This
generates a coordinated o-diphenolate, which is oxidized
to the quinone, resulting in a deoxy site ready for further
dioxygen binding [1]. Thus, it would be possible to
speculate that AO can accelerate the rearrangement at the
copper site for simple electron transfer for phenol
compounds. However, the details of the mechanism of
this AO-induced activation of monophenolase activity and
the interaction between AO and TYR are unfortunately
not clear in this stage. Further study from the different
points of view would be required to reveal these
phenomena, and these studies are now under progress,
and the results would be reported in another paper.

Comparison of the interfacial properties of the TYR/AO-CF
and the TYR-CF evaluated by electrochemical impedance
spectroscopy

In general, the activity of immobilized enzyme is signifi-
cantly affected by the conformation and the structure of
enzyme on the matrix surface. The formation of the
chemical bonding or various interactions between the
enzyme and matrix surface (e.g., electrostatic, hydrophobic,

and van der Waals interactions) sometimes cause the
conformational and the structural changes of the enzyme,
which may lead to the change of the enzymatic activity [37,
38]. As can be seen in Fig. 3d, AO does not influence so
much to the catalytic activity of free TYR for catechol
oxidation (diphenolase activity) in solution phase. However,
as can be seen in Fig. 1a, b, the bioelectrocatalytic activity of
the TYR/AO-CF for catechol oxidation was enhanced clearly
in comparison with the TYR-CF. In addition, the oxygen
consumption rate due to the catechol oxidation by the TYR/
AO-CF (which is measured with oxygen electrode equipped
with TYR/AO-CF) was about twice by the TYR-CF (data
not shown), indicating that the diphenolase activity of the
TYR/AO-CF was larger than that of the TYR-CF. These
facts suggest the possibility that the interaction of AO with
TYR affects the structural properties of the immobilized
TYR layer, such as density, defects, conformation, and
orientation, which would result in the difference in the
activity of immobilized TYR.

EIS using small redox couples (e.g., Fe(CN)6
4−/3−) is a

powerful tool for studying the interfacial properties of the
surface-modified electrodes [39, 40]. Figure 4 shows the
Nyquist plots of EIS for TYR/AO-CF (curve a) and TYR-
CF (curve b). The electron transfer resistance (RCT) at the
electrode surface, which can be estimated by the Nyquist
diameter, is an important parameter. The estimated RCT of
the TYR/AO-CF (curve a≈35 Ω) was smaller than that of
the TYR-CF (curve b≈60 Ω). Based on the assumption that
(1) the electro-active species (in this case, Fe(CN)6

4−/3−)

(a)
(b)

Fig. 4 Nyquist plots of electrochemical impedance spectroscopy (EIS)
for (a) TYR/AO-CF and (b) TYR-CF. Electrolyte is deoxygenized
0.1 M phosphate buffer containing 1 mM Fe(CN)6

4−/3− (pH 7.0).
Applied potential was set at formal potential of the redox system (i.e.,
0.2 V vs. Ag/AgCl). The frequency is from 0.01 Hz to 10 kHz
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could directly diffuse to the bare spots on the CF through
pores and defects of the immobilized TYR layer and (2) the
electro-active species could permeate through the immobi-
lized TYR layer and react at the CF surface, the difference
in the RCT between the TYR/AO-CF and the TYR-CF
would be attributed to the difference in the covered area of
the TYR layer and/or the structural properties of the TYR
layer on the CF surface.

It has been reported that 1-anilino-8-naphthalene sulfo-
nate (ANS) binds to some proteins through the electrostatic
interaction between the negatively charged sulfonate group
of ANS and the cationic groups of the proteins, and that the
ANS acts as a conformational tightening agent of protein
[41]. In addition, it is generally known that the structure
and the conformational flexibility of proteins are changed
by ligand interactions [42, 43]. In the case of glucose
oxidase, monovalent cations (such as K+, Na+, and Cs+)
bind to negatively charged group of GOx and stabilize the
enzyme against urea-induced and thermal denaturations
[44]. Furthermore, this cation-stabilized GOx has more
compact structure based on the change of tertiary structure
[44]. The isoelectric point (Ip) of TYR is 4.7 [45], and AO
has a positive charge at neutral pH condition. Considering
the above phenomena and our results, it would be
reasonable to speculate that the electrostatic interaction
between AO and the anionic groups of TYR may contribute
to the difference of the structural properties of the
immobilized TYR. Based on the assumption that the partial
denaturation could be induced by the chemical modification
of TYR onto the CC-activated CF surface, the AO-bound
TYR shows the resistance to partial denaturation, resulting
in the enhanced diphenolase activity as well as the mono-
phenolase activity. Namely, the difference in the structural
properties of the immobilized TYR on the CF surface
between the TYR/AO-CF and the TYR-CF may also likely
reflect the difference in the catalytic activity of the
immobilized TYR.

From these results, it can be considered that the
following three kinds of functions of AO would influence
the bioelectrocatalytic activity of the TYR-modified CF: (1)
the activation of monophenolase activity, (2) the facilitation
of the electrochemical reduction of o-quinone, and (3) the
stabilizing effect against the surface- or chemical
modification-induced partial denaturation. However, among
them, the activation of the enzymatic activity (phenolase
activity) seems to be a primary factor for the signal
enhancement of monophenolic compounds by this system.

Comparison of the peak current responses of the TYR/AO-
CF- and the TYR-CF-based flow biosensors

Next, we studied the peak current response characteristic
of the TYR-immobilized CF-based flow biosensor. We

measured the cathodic peak current responses of three
monophenolic compounds (i.e., p-chlorophenol, p-cresol,
and phenol) and catechol, and compared the responses of
the TYR/AO-CF- and the TYR-CF-based flow biosensors.

In order to obtain highly sensitive peak current
responses, first we optimized the AO concentration and
applied potential using p-CP as a model substrate. Figure 5a
shows the effect of AO concentration in TYR solution
during the enzyme immobilization step upon the cathodic
peak current response of p-CP (10 μM). Peak current
responses were increased with increasing of AO concen-
tration and seemed to reach plateau at around 0.2 mM. This
result clearly indicates that AO is essential to enhance the
bioelectrocatalytic activity of TYR-modified CF. Based on
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Fig. 5 (a) Effect of AO concentration in TYR solutions during the
enzyme immobilization step upon the peak current responses to
10 μM p-CP. Applied potential is −0.05 V vs. Ag/AgCl. Carrier
solution is air-saturated 0.1 M phosphate buffer (pH 7.0). Carrier
flow rate is 3.0 ml/min. Measurements were performed at room
temperature. (b) Effect of applied potential on the peak current
responses to 10 μM p-CP. The measurement conditions (except for
the applied potential) are same in (a)
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this result, 0.2 mM was selected as an optimum AO
concentration for most of the experiments.

Figure 5b shows the effect of applied potential upon the
peak current of 10 μM p-CP. Cathodic peak current
appeared at +0.15 V and increased with changing the
potential from +0.15 to −0.05 V, and the maximum value
was observed at −0.05 vs. Ag/AgCl. Gradual decrease in
peak current in more negative potential region (from −0.1
to −0.2 V) would be attributed to the increased back-
ground current, which is probably due to the reduction of
dissolved oxygen in carrier. Thus, we selected −0.05 V vs.
Ag/AgCl as an optimum applied potential of the TYR-CF-
based flow biosensor.

Figure 6 shows typical peak current responses of p-CP
obtained by (a) the TYR/AO-CF- and (b) the TYR-CF-
based flow biosensors. It is clear that the TYR/AO-CF-
based flow biosensor exhibited larger responses than the
TYR-CF-based biosensor. In addition, the TYR/AO-CF-
based biosensor showed apparent responses toward 10 nM
p-CP (inset graph of panel a), while the TYR-CF-based

biosensor did not show clear response toward same
concentration of p-CP (data not shown). However, there
was no significant difference in the background current
(baseline) and the signal noise level between the TYR/AO-
CF- and the TYR-CF-based biosensors. In both biosensors,
RSD (n=3) for the measurements of same concentration of
standard samples was relatively good, and the RSD values
were in the range from 0.33 to 3.7.

Next, we studied the effect of AO in sample and carrier
solutions on the cathodic peak current response of p-CP.
Figure 7 shows relative peak responses obtained by the
TYR-CF and the TYR/AO-CF with and without 0.2 mM
AO in sample and carrier solutions. In the case of the TYR-
CF-based biosensor (bar a and b), the peak current response
of p-CP (30 μM) obtained by using AO-containing sample
and carrier (bar b) was about two times as large as that
obtained without AO (bar a). On the other hand, in the case
of the TYR/AO-CF (bar c and d), the response with AO-
containing sample and carrier was about 1.3 times as large
(bar d) as that without AO (bar c). These results suggest
that AO in sample and carrier was also effective for the
signal enhancement of p-CP. In other words, AO is still
effective to already immobilized TYR. However, by the
comparison of the responses of the TYR/AO-CF (bar c and
d) and the TYR-CF (bar a and b), it is clear that the
presence of AO in TYR solution during the enzyme
immobilization step is much effective as compared with
the presence of AO in sample and carrier solutions during
the measurements.

Figure 8 shows the calibration curves for (a) p-CP, (b) p-
cresol, (c) phenol, and (d) catechol obtained by (closed
squares) TYR/AO-CF- and (open squares) TYR-CF-based
flow biosensors. Tables 2 and 3 summarize the performance
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characteristics (i.e., the sensitivity, the lower detection limit,
apparent Km, Imax, and the linear range of the calibration
curve) of the TYR/AO-CF- and the TYR-CF-based biosen-
sors, respectively. Judging from the shape of the calibration
curves, the signal enhancement effect by AO seems to be
more remarkable for monophenolic compounds as compared
with catechol. For example, the sensitivities (i.e., the slope of
the linear portion of the calibration curve) of p-CP, p-cresol,
and phenol by the TYR/AO-CF-based biosensor were about
12, 5, and 8 times as high as those by the TYR-CF-based
biosensor, respectively, while the sensitivity of catechol by

the TYR/AO-CF-based biosensor was only 2.3 times as high
as that by the TYR-CF-based biosensor. As a result, the lower
detection limits of p-CP, p-cresol, and phenol by the TYR/
AO-CF-based biosensor decreased about one order of
magnitude as compared with the TYR-CF-based biosensor,
and the lower detection limit of p-CP and p-cresol decreased
to nanomolar level. In addition, the Imax values of mono-
phenolic compounds by the TYR/AO-CF-based biosensor
were about three to four times as large as those by the TYR-
CF-based biosensor, while the Imax value of catechol by the
TYR/AO-CF-based biosensor was almost the same as that by
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Fig. 8 Calibration curves of (a)
p-CP, (b) p-cresol, (c) phenol,
and (d) catechol obtained by the
(closed squares)
TYR/AO-CF- and (open
squares) TYR-CF-based flow
biosensors. Experimental
conditions are same in Fig. 6

Analytes TYR/AO-CF

Sensitivitya Detection limitb Km Imax Linear range Linearity
μA/μM nM μM μA M R2

p-chlorophenol 11.8 2.6 5.9 149 2.6×10−9–3×10−6 0.9996

p-cresol 11.2 2.7 7.5 75 2.7×10−9–1×10−6 0.9993

Phenol 1.6 18.7 37.9 68 1.9×10−8–1×10−5 0.9976

Catechol 13.2 2.3 8.0 125 2.3×10−9–3×10−6 0.9893

Table 2 Performance
characteristics of the
TYR/AO-CF-based flow
biosensors

a Slope of the linear portion of
calibration curve
b Noise level, 10 nA (S/N=3)
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the TYR-CF-based sensor. Furthermore, the Km values of all
substrates obtained by the TYR/AO-CF-based biosensor were
smaller than those by the TYR-CF-based biosensor. These
results indicate that the presence of AO in TYR solution
during the enzyme immobilization step is considerably useful
to enhance the cathodic peak current response of mono-
phenolic compounds, especially p-CP.

TYR has broad specificity toward various mono- and di-
phenolic compounds, and substrate selectivity of TYR is
usually the following trends: catechol≫p-cresol>p-CP>
phenol [6, 11, 18]. In this study, we used the sensitivity
as an indication of the selectivity toward various phenolic
compounds because the sensitivity reflects the bioelectro-
catalytic activity of the present TYR-modified CF-based
flow detector. In fact, the trend in the sensitivity by the
TYR-CF-based biosensor was catechol≫p-cresol≫p-CP>
phenol. However, in the case of the TYR/AO-CF-based
biosensor, the sensitivities of p-CP and p-cresol were
greatly enhanced, while the sensitivity of catechol was not
so much changed. As a result, the TYR/AO-CF-based
biosensor showed almost the same sensitivities toward p-
CP, p-cresol, and catechol. This means that AO is useful to
not only enhance the sensitivity but also alter the selectivity
of the TYR-immobilized CF-based biosensor. The change
in the selectivity pattern (p-cresol>catechol) was observed
when TYR was incorporated into hydrophobic graphite-
epoxy resin matrix [7]. The sensitivity of p-CP by our
system seemed to be superior to other TYR-based bio-
sensors using graphite-epoxy resin matrix [7], TYR-
modified reticulated vitreous carbon [10], poly-L-lysine-
coated porous stainless steel [11], cation-exchanger film-
coated graphite electrode [19], and covalently modified
TYR on amino-functionalized CF [29].

The operational stability of the TYR/AO-CF-based
biosensor was checked by consecutive ten injections of
1 μM p-CP. Relative standard deviation (RSD) was 1.74
(n=10). In some cases, the oxidation products and the
polymerized products from o-quinones cause the inactiva-
tion of TYR and/or an electrode fouling, resulting in less
operational stability [6, 7, 12, 19, 29]. However, the
resulting TYR/AO-CF-based flow biosensor exhibited
excellent operational stability at least for the measure-
ments of 1 μM concentration level of p-CP.

The reproducibility of the peak current responses
obtained from different TYR/AO-CF constructed in the
same manner is an essential aspect to be evaluated in order
to assess the practical usefulness of the developed amper-
ometric biosensor. Three electrodes were fabricated in the
same manner, and amperometric measurements for calibra-
tion curves of p-CP were carried out with each electrode.
The RSD value for the sensitivity (the slope of the linear
part of the calibration curve) of the three TYR/AO-CF
electrodes for p-CP measurement was 3.1%, indicating that
the fabrication procedure of the TYR/AO-CF electrodes
was reliable, and that reproducible electrochemical peak
responses can be achieved with different TYR/AO-CF
electrodes constructed in the same manner.

Conclusions

In this study, we found that the presence of AO in TYR
solution during the enzyme immobilization step is signif-
icantly effective to enhance the peak current response of the
TYR-immobilized CF-based flow biosensor especially for
monophenolic compounds, which detect cathodic current of
electrochemical reduction of o-quinone species produced
by the TYR-catalyzed reaction. For the responses of
monophenolic compounds (especially p-CP), the following
three kinds of functions of AO would synergistically lead to
the signal enhancements: (1) the activation of mono-
phenolase activity, (2) the facilitation of the electrochemical
reduction of o-quinone, and (3) the stabilizing effect against
the surface- or chemical modification-induced partial
denaturation. Among them, the activation of the enzymatic
activity (phenolase activity) seems to be a primary factor
for the signal enhancement of monophenolic compounds by
this system. On the other hand, for catechol response, the
stabilizing effect against the partial denaturation would be
the primary reason of the signal enhancement. Because of
the broad selectivity toward various mono- and di-phenolic
compounds, the TYR-modified CF-based flow biosensors
must be useful for continuous monitoring of highly toxic
phenol compounds and clinically important catecholamines.
Further studies on the interaction between AO and TYR are
now in progress.

Analytes TYR-CF

Sensitivitya Detection limitb Km Imax Linear range Linearity
μA/μM nM μM μA M R2

p-chlorophenol 0.99 30 31.3 34 3.0×10−8–1×10−5 0.9722

p-cresol 2.1 14 8.9 27 1.4×10−8–3×10−6 0.9955

Phenol 0.2 143 93.3 23 1.4×10−7–3×10−5 0.9951

Catechol 5.7 5.3 17.1 122 5.3×10−9–1×10−5 0.9994

Table 3 Performance
characteristics of the
TYR-CF-based flow biosensors

a Slope of the linear portion of
calibration curve
b Noise level, 10 nA (S/N=3)
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