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1. Introduction

It is interesting and important to design the mediator-free third-
generation enzyme electrodes, featured by a direct electron transfer
between enzymes and the conjoint electrodes, for the detection of
chemical/biological molecules (Di et al., 2004; Khan et al., 1996;
Koopal et al., 1992; Os et al., 1996; Ren et al., 2005; Song et al.,
2006; Stoica et al., 2006; Tang et al., 2006; Wang, 2008; Zhao et
al., 2005). However, the direct electron communication between
the redox center of the immobilized enzymes and the electrode
is often shielded by the insulating outer protein shell (Yabuki et
al., 1989). Therefore, it is necessary to discover a specific conduct-
ing material that can connect the active center of redox enzymes
with the electrode surface, or develop a special electrode that can
directly reach into the active center of enzymes. There have been a
lot of publications reporting special materials for the modification
of electrode surface to achieve a direct electron transfer between
enzymes and the electrodes, of which nanoparticles (Bartlett et
al., 1992; Heller, 1992; Xu and Han, 2004), conducting polymers
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sor for H2O2 assay was developed on the basis of the immobilization of
n a nanocomposite film of tetrathiafulvalene–tetracyanoquinodimethane
on nanotubes (MWCNTs) modified gold electrode. The prepared
lectrode was used for the bioelectrocatalytic reduction of H2O2, with a
mM and a detection limit of 0.5 �M for amperometric sensing of H2O2.
the basis of electrochemical quartz crystal microbalance (EQCM) mea-

termine the effective enzymatic specific activity (ESA) of the immobilized
SA was found to be greater at the TTF–TCNQ/MWCNTs/Au electrode than
TCNQ/Au electrode, indicating that the TTF–TCNQ/MWCNTs film is a good
chieve the direct electron transfer between the enzyme and the electrode.

© 2008 Elsevier B.V. All rights reserved.

(Koopal et al., 1992; Razola et al., 2002), DNA (Song et al., 2006)
and organic conducting salts (Palmisano et al., 2002; Khan et al.,

1996) are good examples. However, little attention has been paid
to the quantitative measurement and description of the relation-
ship between the direct electron communication and the enzymatic
activity of the immobilized enzyme. Very recently, with the elec-
trochemical quartz crystal microbalance (EQCM) technique, Su et
al. (2008) measured the electroactivity of sodium dodecyl benzene
sulfonate (SDBS)-treated glucose oxidase (GOD) adsorbed on a mul-
tiwalled nanotubes (MWCNTs)/Au electrode as a function of the
enzymatic specific activity (ESA, defined as the enzymatic activ-
ity per unit mass of enzyme) of the adsorbed GOD, and found that
the electroactivity and the ESA of the immobilized GOD responded
oppositely to the presence of MWCNTs and SDBS, and the portion
of the adsorbed GOD showing electrochemical activity exhibited
almost no enzymatic activity.

Tetrathiafulvalene–tetracyanoquinodimethane (TTF–TCNQ), a
typical organic charge-transfer complex (CTC), has been used as
an ideal material for the modification of electrode surfaces due
to its insolubility in water, decent conductivity at room temper-
ature, and easy-shaping in its crystal sizes and form. It was utilized
to oxidize a variety of flavoproteins in the early days (Albery et
al., 1985, 1987; Cenas and Kulys, 1981; Freund and Brajter-Toth,
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1989; Hill et al., 1988) and later to immobilize a variety of redox
enzymes on electrode surfaces, including xanthine oxidase (Korell
and Spichiger, 1993), glucose oxidase (Palmisano et al., 2002; Khan
et al., 1996) and peroxidase (Korell and Spichiger, 1994), though
the exact redox mechanism of the related enzymes on the elec-
trode surfaces is still a controversy. Cenas and Kulys (1981) have
suggested a dissolved component of the organic electric salts (NMP-
CNQ) to serve as an electron mediator in the oxidation process

of glucose oxidase, but Albery et al. (1985) and Hill et al. (1988)
proposed that a heterogeneous electron transfer could directly
take place between enzymes and the conjoint electrodes. Freund
and Brajter-Toth (1989) have suggested that the electrochemical
kinetics of TTF–TCNQ electrodes can be controlled by manipu-
lating their surface structure, and in certain cases, the electrode
can behave like arrays of ultramicroelectrodes. Furthermore, Khan
et al. (1996) suggested that variation of CTC components, meth-
ods of CTC preparation and electrode fabrication, experimental
conditions, and especially applied potentials, greatly affected the
oxidation mechanism of enzymes, and they developed a novel
approach to make a stable metal-like CTC on a flexible and elec-
trochemical inert polymer film for the direct oxidation of glucose
oxidase.

Much attention has also been paid to carbon nanotubes (CNTs)
for the development of biosensors in the past decades, among
which the application of nanocomposite materials through the
integration of CNTs with various bio-macromolecules, conductive
polymers, or other metal-nanoparticles is the most remarkable
one. By this means, the carbon nanocomposite materials are
endowed with unique features for the immobilization of enzymes
on the surface of various sensors. Many nanocomposite materials
have been developed and applied to construct biosensors, such
as MWCNTs/chitosan (Qian and Yang, 2006; Zhou et al., 2007),
polyaniline/MWCNTs (Luo et al., 2006), sol–gel-derived ceramic-
MWCNTs nanocomposite (Chen and Dong, 2007), Au–Pt alloy
nanoparticles/MWCNTs (Kang et al., 2007). However, to our knowl-
edge, the CTC/CNTs nanocomposite film is not examined as an
enzyme-immobilization matrix to date.

In this study, a new TTF–TCNQ/MWCNTs nanocomposite film
is proposed to immobilize horseradish peroxidase (HRP), and a
third-generation H2O2 biosensor with good performance is thus
fabricated. Also, the EQCM method is proposed to determine the
effective ESA of the immobilized HRP.

2. Experimental
2.1. Chemicals

HRP (E.C.1.11.1.7, 250 U mg−1) was purchased from Sinopharm
Chemical Reagent Co., Ltd. TTF and TCNQ were purchased from
Aldrich and used without further purification. A 30% H2O2 solu-
tion was purchased from Shanghai Taopu Chemical Factory, and
a fresh solution of H2O2 was prepared daily. Acetonitrile (ACN,
guaranteed reagent) was purchased from Jiangsu Hanbon Sci. &
Tech. Co. Ltd. N,N-dimethylformamide (DMF, AR) and tetrahydro-
furan (THF, AR), 4-Amino-antipyrine (AR) and phenol (AR) were
obtained from Shanghai Shangpu Chemicals Factory. MWCNTs
(∼20 nm in diameter) were purchased from Shenzhen NanoPort
Ltd., China. Gelatin (Gel) was purchased from Sigma. Phosphate
buffer solution (PBS) (50.0 mM K2HPO4–KH2PO4 + 0.100 M K2SO4)
was used as the supporting electrolyte, and its pH value was
adjusted to 7.0 (monitored with a PHS-3C pH meter, Leici, China),
unless otherwise specified. All other chemicals were of analytical
grade. All solutions were prepared using double-distilled water.
All experiments were performed at room temperature round at
20 ◦C.
ctronics 24 (2008) 222–227 223

2.2. Apparatus

All electrochemical experiments were performed on a CHI660A
electrochemical workstation (CH Instruments Co., USA) controlled
by the CHI660A software. A research QCM (Maxtek Inc., USA) with
a crystal measurement card (5.1–10 MHz) controlled by the Max-
tek software, was used to record the resonant frequency (f0) and
the motional resistance (R1) data of the resonating quartz crys-
tals, and the readout was comparable with those obtained from an
HP4395A impedance analyzer (Zhou et al., 2000). AT-cut piezoelec-
tric quartz crystals (PQCs) with a nominal frequency of 9 MHz and
Au electrodes of a 0.6-cm diameter were used. The electrode on one
side of PQC was exposed to the solution and served as the working
electrode (WE), while that on the other side faced air. A platinum
foil served as the counter electrode. A KCl-saturated calomel elec-
trode (SCE) served as the reference electrode, and all potentials
here were reported versus it. Scanning electron microscopy (SEM)
pictures were collected on a JSM 6360-LV scanning electron micro-
scope (JEOL, Japan). The UV–vis absorption spectra were collected
on a TU-1221 UV–vis recording spectrophotometer (Beijing Puxi
General Instruments Co., China).

2.3. Fabrication of the sensor

Briefly, the MWCNTs were spread and dried on a gold elec-
trode to provide a matrix for the later growth of the TTF–TCNQ
CTC crystals, followed by HRP adsorption, gelatin coating and then
glutaraldehyde cross-linking. The detailed process for the sensor
fabrication is described as follows. In the first step, the gold elec-
trode surface was treated generally by washing with H2SO4 + H2O2
(v/v, 3:1) for 1 min and then with double-distilled water. The gold
electrode was subject to potential cycling (0–1.5 V, 50 mV s−1) in
0.200 M HClO4 for sufficient cycles to obtain reproducible cyclic
voltammograms. The gold electrode was washed with double-
distilled water and dried under an infrared light. In the second step,
a certain amount of the MWCNTs solution dispersed by DMF was
spread on the gold electrode, and dried at room temperature, then
washed with double-distilled water. After drying it again at room
temperature, a stable MWCNTs/Au electrode was achieved. In the
third step, the TTF–TCNQ crystals were in situ grown by a two-step
procedure. Firstly, 2.00 �L of a TCNQ solution (2.00 g L−1 in THF)
was cast on the MWCNTs/Au layer and dried for a few minutes,
then 2.00 �L of a TTF solution (2.00 g L−1 in ACN) was slowly spread
over the last TCNQ cast. The complete casting procedure (both TCNQ

and TTF steps) was repeated different times in order to get various
amounts of TTF–TCNQ modifications. After the CTC’s crystalliza-
tion had been completed, the electrode was gently washed with
ACN and then with diethyl ether to scour the unreacted species off.
The mass of TTF–TCNQ (�m in mg) on the electrode was measured
by the “dry” frequency shift in air, as depicted by the Sauerbrey
equation (Buttry and Ward, 1992).

�m = 4.417 × 108�f0dA

f 2
0g

(1)

where A in cm2 is the piezoelectrically active electrode area
exposed to the solution, f0g in Hz is the nominal frequency of
the AT-cut PQC, and �f0d (�f0d = f0d1 − f0d2, f0d2 and f0d1 are the
“dry” resonant frequencies in air after and before the modification,
respectively) in Hz is the frequency response.

The HRP immobilization proceeded in two steps. In the first
step, an excess amount of HRP solution (20.0 g L−1 HRP in water)
was spread over the TTF–TCNQ/MWCNTs/Au electrode and kept in
4 ◦C refrigeratory for 1 h. The excess HRP solution was then gently
removed with filter paper, and the HRP-immobilized electrode was



Bioele
224 Z. Cao et al. / Biosensors and

dried at room temperature, and the amount of the immobilized HRP
was measured by the related “dry” frequency shift too. In the second
step, 5.00 �L of gelatin (5% gelatin in water, incubated for 30 min
at 37 ◦C before use) was spread uniformly over the surface of the
HRP-immobilized electrode, which was kept at room temperature
for drying. The gelatin-cast film was then dipped into a glutaralde-
hyde solution (5% in water) for 60 s, then thoroughly washed with
plenty of double-distilled water, and dried at room temperature
for several hours. When not in use, the sensor was stored as a dry
film in a closed glass bottle at 4 ◦C. The Gel/TTF–TCNQ/MWCNTs/Au
electrode was similarly prepared but without steps of the enzyme
modification and the glutaraldehyde cross-linking. Amperometric
sensing experiments of the enzyme electrode were accomplished
in stirred solutions.

2.4. Estimation of the ESA values

According to the conventional enzymatic activity concept, 1 U
of HRP activity (1 U) is defined as the enzymatic consumption of
1 �mol H2O2 in 60 s. The effective ESA here is defined as the enzy-
matic activity in U per unit mass of enzyme (U mg−1),
ESA = nH2O2

mHRP
(2)

where nH2O2 (in �mol) is the consumed molar quantity of H2O2 in
the 60-s enzymatic reaction, mHRP (in mg) is the mass of HRP.

For the immobilized HRP, the EQCM method was proposed to
determine its effective ESA here, in which the enzymatically con-
sumed H2O2 and mass of immobilized HRP were quantified from
chronocoulometry and QCM frequency, respectively. Briefly, the
mass of the immobilized HRP (mHRP in mg) was quantified from the
dry frequency shift (�f0d) due to HRP load according to the Sauer-
brey equation (Eq. (1)). The amount of consumed H2O2 (nH2O2 in
�mol) was obtained from the cathodic charge (Q in �C, 0 V) on the
enzyme electrode in the 60-s electrocatalytic reduction of H2O2 at
saturated concentration. So the effective ESA of the immobilized
HRP here (ESAQ) can be expressed as,

ESAQ =
Qf 2

0g

4.417 × 108 × zFA �f0d

(3)

where ESAQ is the ESA (U mg−1) based on EQCM measurements,
F is the Faraday constant (96485.33 C mol−1), z is the number of

Fig. 1. Cyclic voltammograms for Gel/TTF–TCNQ/MWCNTs/Au (curves a–c), Gel/HRP/MW
e, HRP: 18.6 �g, TTF–TCNQ: 16.6 �g), and Gel/HRP/TTF–TCNQ/MWCNTs/Au (curves f, HR
absence (solid curves) and presence of 0.500 (broken curves) or 1.00 (dashed curves) mM
ctronics 24 (2008) 222–227

electrons transferred in the related process, �f0d, A, and f0g are of
the same meanings as in Eq. (1).

Conventional UV–vis spectrophotometry was also used to mea-
sure the enzymatic activity of the immobilized HRP on the modified
electrode (Decker, 1977; Su et al., 2008). The detailed process is
given as follows. The enzyme electrode was inserted into a 3 mL
stirred PBS (pH 7.0) solution containing 2.5 mM 4-amino-antipyrine
and 170 mM phenol, 2 mM H2O2, and every 60 s the reaction was
stopped by taking the electrode out of the reaction solution, and
a stable increase in absorbance at 510 nm due to the oxidation of
4-amino-antipyrine by H2O2 through HRP catalysis was recorded.
Therefore, the ESAUV can be expressed as,

ESAUV =
3 × E510f 2

0g

6.58 × 4.417 × 108A �f0d

(4)

where ESAUV is the ESA (U mg−1) from conventional UV–vis spec-
trophotometry, E510 is the increase in absorbance at 510 nm in 60 s,
3 is the whole reaction volume (in mL), 6.58 means that 1 U of enzy-
matic activity can elevate 6.58 in absorbance in 60 s, �f0d, A, and
f0g are of the same meanings as in Eq. (1).
3. Results and discussion

3.1. Electrochemical behaviors of TTF–TCNQ/MWCNTs/Au
electrode in pH 7.0 PBS

The electrochemistry of TTF–TCNQ crystals grown on conven-
tional electrodes has been studied previously (Bartlett and Tong,
1997; Freund et al., 1990; Jaeger and Bard, 1979, 1980). In this work,
the electrochemical behavior of the Gel/TTF–TCNQ/MWCNTs/Au
electrode was characterized by cyclic voltammetry in PBS (pH 7.0).
As shown in Fig. 1, the modified electrode exhibited a stable poten-
tial region from −0.2 to 0.4 V (curve a). A potential beyond the stable
region in the positive direction led to the oxidation of TTF–TCNQ
itself, as shown in Fig. 1 (curve b), which started at about 0.4 V
and damaged the TTF–TCNQ crystals by forming TTF2+ and TCNQ
(s). Then by reversing the scanning potential, a cathodic peak was
observed at −0.03 V, corresponding to the conversion of TCNQ (s)
to insoluble KTCNQ (s). An oxidation peak newly occurred at 0.24 V
when the scanning potential was positively scanned again, indicat-
ing the oxidation of the KTCNQ (s). Even the positive potential limit
was negatively shifted to 0.35 V, the Gel/TTF–TCNQ/MWCNTs/Au

CNTs/Au (curves d, HRP: 5.30 �g, MWCNTs: 7.4 �g), Gel/HRP/TTF–TCNQ/Au (curves
P: 21.4 �g, MWCNTs: 5.80 �g, TTF–TCNQ: 18.1 �g) in 50.0 mM PBS of pH 7.0 in the

H2O2. Scan rate: 20 mV s−1.
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Table 1
The mass and ESA of HRP immobilized on matrices of TTF–TCNQ, MWCNTs,
TTF–TCNQ/MWCNTs

TTF–TCNQ:
16.6 �g

MWCNTs:
7.4 �g

TTF–TCNQ/MWCNTs:
18.1 �g/5.8 �g

Mass of HRP (�g) 18.6 5.3 21.4
Q (mC, 0 V for 60 s) 1.24 ± 0.04 0.0138 ± 0.008 2.16 ± 0.07
ESAQ (U mg−1) 0.34 ± 0.01 0.013 ± 0.008 0.52 ± 0.02
ESAUV (U mg−1) 2.1 ± 0.08 2.8 ± 0.07 2.6 ± 0.09

All ESA measurements of the enzyme electrodes were repeated three times and the
results are expressed as mean ± S.D.

electrode after the over-oxidation damage of the TTF–TCNQ crys-
tals still exhibited a cathodic peak at about −0.03 V and an anodic
peak at 0.24 V with equivalent heights, as shown in Fig. 1 (curve c).
The two current peaks can be assigned to the KTCNQ/TCNQ redox
couple with the following electrode reaction (Jaeger and Bard, 1979,
1980),

KTCNQ(s) � TCNQ + K+ + e− (5)

3.2. Cyclic voltammograms of various modified electrodes in the
absence or presence of H2O2

The electrochemical performances of Gel/HRP/MWCNTs/Au
(sensor I), Gel/HRP/TTF–TCNQ/Au (sensor II) and Gel/HRP/TTF–
TCNQ/MWCNTs/Au (sensor III) for detecting H2O2 were investi-
gated by cyclic voltammetry in PBS (pH 7.0), and the results are
shown in Fig. 1 (curves d, e and f for sensors I, II and III, respectively).
In the absence of H2O2, much greater non-Faradaic background cur-

rents were observed for sensor III, indicating an enhanced surface
area of this electrode.

In the presence of H2O2, the increase of the reduction cur-
rent on sensor I was insignificant, but evident reduction currents
that are positively correlated with the concentration of H2O2 were
observed on sensors II and III. The reduction currents were signif-
icantly higher on sensor III than those on sensor II at an identical
concentration of H2O2. The findings should suggest that the pres-
ence of TTF–TCNQ crystals and especially the synergetic effects
of MWCNTs and TTF–TCNQ crystals largely promoted the HRP-
catalyzed reduction of H2O2. We calculated the ESA values of HRP
on these sensors by the EQCM technique (ESAQ) and the conven-
tional UV–vis spectrophotometry (ESAUV), and the results are given
in Table 1. One can see that the amount of HRP immobilized on the
TTF–TCNQ/MWCNTs nanocomposite film was slightly increased in
comparison with that on the TTF–TCNQ electrode, and the val-
ues of ESAUV for the three sensors showed little difference. In
contrast, the ESAQ of immobilized HRP was much higher on the
TTF–TCNQ/Au electrode, especially on the TTF–TCNQ/MWCNTs/Au
electrode, compared with the MWCNTs/Au electrode, indicating
that the TTF–TCNQ is a better vehicle for electron transfer between

Fig. 2. SEM photographs of se
ctronics 24 (2008) 222–227 225

HRP and the electrode than the MWCNTs under our experimental
conditions. We may assume that the good electrocatalytic reduc-
tion of H2O2 at 0 V be ascribed to the presence of TTF–TCNQ crystals,
which can bridge the activity center of HRP to the electrode and
result in the direct electron transfer between HRP and the electrode
(Freund and Brajter-Toth, 1989; Khan et al., 1996), as described in
Eqs. (6)–(8) (Gorton et al., 1992),

HRP(Red) + H2O2 → HRP(Compound I) + 2H2O (6)

HRP(Compound I) + e− + H+ → HRP(Compound II) (7)

HRP(Compound II) + e− + H+ → HRP(Red) (8)

where HRP (red) is the ferric form of HRP, HRP (compound I) is the
oxidized product of HRP, and HRP (compound II) is the intermediate
form of HRP.

The values of ESAQ measured by the EQCM technique are lower
than values of ESAUV by conventional UV–vis spectrophotometry,
indicating that only part of immobilized HRP could directly com-
municate electrons with the electrode. The MWCNTs, as a matrix
of the growth of TTF–TCNQ crystals, might improve the dispersion
of and increase the number of TTF–TCNQ crystals, and enhance the
direct electron communication between the immobilized HRP and
the electrode for the catalytic reduction of H2O2.

SEM pictures for several surfaces are shown in Fig. 2. The MWC-
NTs were well distributed on the Au electrode, and the TTF–TCNQ
crystals on the bare Au electrode were vimineous, and the vimi-
neous CTC crystals appeared to become smaller in diameter on the
MWCNTs/Au surface, implying that the modification of MWCNTs on
the Au electrode can be in favor of the growth of small-sized tress-
like TTF–TCNQ crystals and thus increase the electrode-surface

area.

3.3. Effects of experimental conditions

The effect of the amount of loaded TTF–TCNQ was exam-
ined (Fig. 3). The amount of immobilized HRP was positively
correlated with the amount of the loaded TTF–TCNQ, and the
H2O2-reduction current was also increased with the increase of the
loaded TTF–TCNQ. However, when the load of TTF–TCNQ was over
43.8 �g, the current response increased slightly, though more HRP
molecules were immobilized. It seems that an over-loading of the
TTF–TCNQ crystals brought about a difficulty for enzyme’s active
center to communicate with the electrode, and was also unfavor-
able for the diffusion of the substrate. So it is unnecessary to further
increase the amount of loaded TTF–TCNQ beyond 43.8 �g, for the
construction of the sensor.

The effect of the amount of loaded MWCNTs was also exam-
ined (Fig. 4), the H2O2-reduction current was enhanced with the
increase of the amount of loaded MWCNTs. While the amount of
loaded MWCNTs was over 10.6 �g, the current response exhib-
ited a decreasing decline instead. We think that too much loading

veral electrode surfaces.
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Fig. 3. Effect of the load of TTF–TCNQ on the current response for H2O2 reduc-
tion at Gel/HRP/TTF–TCNQ/MWCNTs/Au electrodes. TTF–TCNQ: 0 �g (a), 8.40 �g (b),
15.8 �g (c), 28.9 �g (d), 43.8 �g (e), and 58.7 �g (f). MWCNTs: 10.6 �g. Polarization
potential: 0 V. Insert shows plot of the load of immobilized HRP versus the load of
TTF–TCNQ.

of the MWCNTs may induce thicker MWCNTs stacks on the elec-
trode, which was probably profitless for the growth of CTC crystals
but increased the electrode resistance (versus Au), resulting in an
adverse effect on the sensor’s response. So the amount of loaded
MWCNTs should be controlled no more than 10.6 �g here.

The working potential for H2O2 sensing was examined in
the CTC-stabilized range. We found that the negative-going
of the working potential increased the steady-state current
(Fig. 1S in the Supplementary Data), where the increasing rate
for 1.00 mM H2O2 was notably larger than that for 5.00 �M H2O2,
which is a typical potential-current behavior when direct electron
transfer occurs between the electrode and the interfaced redox pro-
teins (Khan et al., 1992, 1996). In this work, 0 V was selected after an
overall consideration of the detection sensitivity and film stability.

Fig. 4. Effect of the load of MWCNTs on the current response for H2O2 reduction at
Gel/HRP/TTF–TCNQ/MWCNTs/Au electrodes. MWCNTs: 0 �g (a), 0.50 �g (b), 1.1 �g
(c), 4.2 �g (d), 10.6 �g (e), 16.9 �g (f), and 23.2 �g (g). TTF–TCNQ: 43.8 �g. Polariza-
tion potential: 0 V.
Fig. 5. The chronoamperometric responses to H2O2 additions obtained in 50.0 mM
PBS (pH 7.0) at a Gel/HRP/TTF–TCNQ/MWCNTs/Au electrode (TTF–TCNQ: 43.8 �g,
MWCNTs: 10.6 �g). Potential applied: 0 V. Inset shows the calibration curve.

The pH value of the buffer solution could affect the behavior
of H2O2 sensor (Fig. 2S in the Supplementary Data). The steady-
state current was monotonously increased from 7.8 to 5.7, being
consistent with a previous report (Song et al., 2006). Since many
HRP-based H2O2 sensors were developed for assay under normal
physiological circumstances, we suggest a PBS buffer solution with
pH value of 7.0 here.

3.4. Amperometric response and enzymatic kinetic parameter

The calibration curve under optimal conditions is shown in
Fig. 5. The current response of the enzyme electrode increased
linearly with the increase of H2O2 concentration from 5.0 �M to
1.05 mM, with a slope of 0.383 A cm2 M−1 (0.295 cm2 electrode area
here) and a linearity correlation coefficient of 0.995, as well as a
detection limit of 0.5 �M (3�), which is lower than some other
reported results (Di et al., 2005; Jia et al., 2002; Xiao et al., 2000.). In
addition, the sensor reached 95% of the steady-state current within
6 s, which allowed the convenient quantification of H2O2.

The Lineweaver–Burk form of the Michaelis–Menten equation
is 1/iss = 1/imax + Kapp

m /(cimax), where iss is the steady-state cur-
rent after the addition of substrate, imax is the maximum current
under saturated substrate conditions, and c in �M is the con-

centration of substrate (H2O2), the Kapp

m is the Michaelis–Menten
constant. By drawing a plot of 1/iss versus 1/c, we obtained a lin-
early regressed slope value of 6.46 �M �A−1 and an intercept value
of 0.00160 �A−1, with a linearity correlation coefficient of 0.999.
Thus, the value of Kapp

m is calculated to be 4.04 mM.

3.5. Reproducibility and stability

The repeatability of one enzyme electrode was examined in the
presence of 0.500 mM H2O2 in 50.0 mM PBS (pH 7.0). The relative
standard deviation was 3.1% for eight successive assays. The storage
stability of one enzyme electrode was studied over a period of 20
days. By storing it as a dry film in the refrigerator at 4 ◦C and mea-
suring once a day, the biosensor performed well in 15 days, since
the response current for 0.500 mM H2O2 decreased by about 5%, as
shown in Fig. 3S in the Supplementary Data.

4. Conclusions

In summary, we have developed and characterized a new
third-generation H2O2 biosensor based on its reduction reaction
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catalyzed by HRP immobilized on a gold electrode coated with a
new nanocomposite film of TTF–TCNQ/MWCNTs. The adsorption of
MWCNTs on the electrode surface improved the growth of tress-like
TTF–TCNQ crystals for the direct electron communication between
the active center of HRP and the electrode. The fabricated H2O2
biosensor exhibited good performance for H2O2 assay at 0 V. A sim-
ple and novel EQCM method has been proposed to evaluate the ESA
of the immobilized HRP. It is expected that other similar CTC-based
nanocomposites find wide biosensing applications in the future.
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