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A hydrogen peroxide biosensor based on Langmuir–Blodgett technique:
Direct electron transfer of hemoglobin in octadecylamine layer
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Abstract

The present paper describes the modification of hemoglobin (Hb)–octadecylamine (ODA) Langmuir–Blodgett (LB) film on a gold electrode
surface to develop a novel electrochemical biosensor for the detection of hydrogen peroxide. Atomic force microscopy (AFM) image of
Hb–ODA LB film indicated Hb molecules existed in ODA layer in a well-ordered and compact form. The immobilized Hb displayed a couple
of stable and well-defined redox peaks with an electron transfer rate constant of 4.58± 0.95 s−1 and a formal potential of−185 mV (versus
A II)
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g/AgCl) in phosphate buffer (1.0 mM, pH 5.0) contain 0.1 M KCl at a scan rate of 200 mV s−1, characteristic of Hb heme Fe(III)/Fe(
edox couple. The formal potential of Hb heme Fe(III)/Fe(II) redox couple in ODA film shifted linearly between pH 5 and 8 with a
23.8 mV pH−1, suggesting that proton took part in electrochemical reaction. The ODA could accelerate the electron transfer be
nd the electrode. This modified electrode showed an electrochemical activity to the reduction of hydrogen peroxide (H2O2) without the aid
f any electron mediator.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The fabrication of hydrogen peroxide (H2O2) biosensors
ased on redox protein immobilized on different electrodes
as gained considerable interest because H2O2 can be
xtensively applied in different fields, such as food, clinic,
harmaceutical, industry and environment[1–11]. Owing

o expensiveness and unstability of horseradish peroxidase
HRP) in solution, the more stable and cheap mimetic
nzymes such as hemoglobin (Hb)[5–7], hemin[8], hematin
9], myoglobin [10] and cytochromec [11] have been
dopted to design H2O2 biosensor.

Hb is a molecule with four electroactive iron hemes,
hich can be used as an ideal model molecule for the study
f electron transfer reactions of heme proteins and also

or biosensing and electrocatalysis[12]. However, because
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of deeply embedded electroactive groups, adsorptive
naturation on electrodes, and unfavourable orientatio
electrodes, Hb displays a rather slow electron transfer r
conventional electrodes[13,14]. Direct electron transfer c
be reinforced by immobilizing Hb onto electrode surf
incorporated into stable films such as hydrogel[15], surfac-
tant[16], cross-linking dextran[17], DNA [18], Nafion[19],
biomembrane-like films[20,21], poly (ester sulfonic acid
[22], hexagonal mesoporous silica[23], colloid gold nanopar
ticles[24,25], and zirconium dioxide nanoparticles[26].

Langmuir–Blodgett (LB) method is a convenient t
for designing artificial system (LB films) with biologic
functions and has been applied to the manufactur
immunosensors[27], enzyme sensors[28,29], biomolecula
microphotodiode [30,31], and biocatalysis membra
[32,33]. So far as we know, however, rare work has b
reported yet on immobilizing Hb by LB technique to desig
biosensor based on direct electron transfer of Hb. Gene
to form protein–lipid LB film, proteins are solved in subph
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firstly, and then amphiphilic reagents are spread on the surface
of subphase. However, before deposition of protein–lipid LB
films, macromolecular impurities, or proteins in subphase
have a strong tendency to adsorb onto electrodes and create a
passive layer that would block the electron transfer between
the heme groups and the electrode surface[6].

In this paper, to avoid protein adsorption on electrode sur-
face before deposition, Hb–ODA (Octadecylamine) film was
formed by spreading Hb solution directly onto subphase cov-
ered with a layer of ODA. The direct electrochemical be-
haviour of protein at Hb–ODA LB film modified gold elec-
trode was studied for the first time. The electrocatalytic re-
duction of H2O2 on electrode modified with Hb–ODA LB
film was also investigated using cyclic voltammetry. Results
obtained with electrode modified by Hb–ODA LB film are
presented in this paper and discussed in detail.

2. Experimental

2.1. Materials and apparatus

Hemoglobin was purchased from Sigma. Octadecylamine
was obtained from Aldrich (purity≥ 97%) without further
purification. All chemicals were of analytical-reagent grade
or better. Ultra pure water with a resistance of 18.2 M�from
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of ODA. Pressure–time (π–t) curve was recorded immedi-
ately to evaluate the equilibrium of ODA layer/Hb interaction.
When the equilibrium between Hb and ODA monolayer was
established, the pressure–area (π–A) isotherm was recorded
in NIMA 611 at a barrier speed of 20 mm min−1.

Only hydrophilic gold surface was used to transfer
Hb–ODA LB film from air–water interface to electrode sur-
face. The Hb–ODA LB film on substrate surface was ob-
tained under surface pressure of 35 mN m−1 using verti-
cal withdrawal method. The withdrawal speed was kept at
4 mm min−1. Prior to use, the modified electrode was thor-
oughly rinsed with pure water. The modified electrode was
stored in 0.01 M phosphate buffer (pH 7.0) at 4◦C when not
in use.

2.3. Atomic force microscopy (AFM) measurement

Samples used in AFM measurement were prepared by
depositing Hb–ODA LB film onto an Au(1 1 1)-coated sili-
con flakes. Before deposition, the surface of Au(1 1 1) was
treated with piranha solution (1:3 H2O2:H2SO4) for 5 min,
rinsed thoroughly with distilled water and dried in flowing
nitrogen. After deposition, the sample was rinsed with dis-
tilled water and dried in flowing nitrogen. Then AFM images
were obtained.
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W alue,
n ultra pure water system (UP 900D, Hana Tech. Co., K
as used to prepare buffer, subphase, Hb solution, and
olutions used in this experiment.

Hb–ODA LB films were formed in a NIMA Langmuir
lodgett Trough (Model 611 with a trough surface are
0 cm× 30 cm and a trough volume of 450 cm3). The sur

ace pressure was measured by using a Wilhelmy ba
quipped with a strip of chromatography paper suspend

he air–water interface. AFM measurements were perfo
ith a MultimodeTM scanning probe microscope (Digital
trument, USA) operating in contact model. Electroch
cal experiments were carried out with a Potentiostat 2
Perkin-Elmer, USA) and a three-electrode system. PQC
lectrode modified with Hb–ODA LB film was used as wo

ng electrode, with Ag/AgCl as reference electrode an
latinum wire as counter electrode.

.2. Preparation of the modified electrodes

A 9 MHz AT-cut piezoelectric quartz crystal (PQ
Seiko, Japan) with gold electrodes (5.0 mm in diamete
oth sides was firstly cleaned with a piranha solution
2O2:H2SO4) for 5 min, and then rinsed with distilled wat
fter that, it was dried in flowing nitrogen.
A total of 1.0 M KCl and 0.001 M phosphate buffer (

.0) solution was used as subphase to form Hb–ODA
lm. After 21.6�g ODA (0.54 mg ml−1, in chloroform) was
pread onto subphase’s interface for at least 10 min, 100�l Hb
olution (0.4 mg ml−1, pH 7.0 phosphate buffer) was spre
arefully onto the subphase’s interface covered with a
.4. Electrochemical measurement

The electrochemical behavior of Au electrode cove
ith a layer of Hb–ODA LB film was studied in 100 ml pho
hate buffer (0.01 M, pH 5.0) containing 0.1 M KCl af
eaeration with pure Ar for 30 min. An Ar environment w

hen kept in the cell by blowing Ar continuously during m
urements. Cyclic voltammetry (CV) was employed to re
nd monitor the signals. All experiments were performe
oom temperature (21± 1◦C) controlled by air-condition.

. Results and discussion

.1. Preparation of Au electrode modified with Hb–ODA
B film

Fig. 1 shows the scheme of Hb–ODA LB film formin
n air–water interface. After 21.6�g ODA was sprea
nto the surface of subphase containing 1.0 M KCl
hosphate buffer (1.0 mM, pH 7.0) for at least 10 m
00�l Hb solution was carefully spread onto the subpha

nterface covered with a layer of ODA. An increase
urface pressure was observed immediately (Fig. 2, cur
hich indicated that Hb molecules entered ODA layer. T
ehaviour was attributed to the modification of interfa
lm by incorporating Hb molecules into the ODA membr
t air–water interface. The equilibrium time of Hb molecu
as estimated as 2.5 h according to experimental re
hen surface pressure reached quasi-equilibrium v
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Fig. 1. Scheme of Hb–ODA LB film forming on air–water interface and deposition.

pressure–area (π–A) isotherm was recorded at a barrier speed
of 20 mm min−1 and presented inFig. 2(curve b). Compared
with π–A isotherm of pure ODA film (curve c), the surface
film area increased under a given surface pressure, indicating
that Hb molecules existed in ODA monolayer. Although it is
difficult to estimate the exact surface pressure, the phase tran-
sition of Hb–ODA complex film from liquid-expanded (LE)
state to liquid-condensed (LC) state was observed (Fig. 2,
curve b), whereas no phase transition existed in pure ODA
film (Fig. 2, curve c). The phase transition surface pressure
of Hb–ODA complex layer was estimated at 30 mN m−1. To
obtain a compact and ordered Hb–ODA LB film on Au elec-
trode surface, the surface pressure of 35 mN m−1 was chose
to deposit the Hb–ODA LB film from air–water interface to
PQC gold electrode surface by vertical withdrawal method
under. The withdrawal speed was 2 mm min−1.

F pread-
i ith
2 A
l buffer
(

3.2. AFM image of HB–ODA LB film

Atomic force microscopy was employed in this research to
observe the structure of Hb–ODA LB film on Au(1 1 1) sur-
face. The Au(1 1 1) surface covered with a layer of Hb–ODA
LB film was prepared in the same way on PQC electrode.
Fig. 3 shows typical contact mode AFM images of bare
Au(1 1 1) and Au(1 1 1) covered with a layer of Hb–ODA LB
film. Obviously, image of Au(1 1 1) surface with Hb–ODA
LB film (Fig. 3B) was different from that of bare Au(1 1 1)
surface (Fig. 3A). The compact and ordered structure of
Hb–ODA LB film was observed, which was formed by aggre-
gates of Hb molecules during compressing process. The im-
age gave the evidence of Hb in Hb–ODA LB film on Au(1 1 1)
surface.

3.3. Direct electrochemistry

Neither Au electrode covered with a monolayer of ODA
LB film nor Hb molecules adsorbed directly on Au surface
showed any electrochemical response in phosphate buffer
(1.0 mM, pH 5.0) contain 0.1 M KCl (Fig. 4). However, when
Au electrode was covered with a monolayer of Hb–ODA
LB film, the cyclic voltammogram (scan rate 200 mV s−1)
displayed a pair of well-defined redox peaks (Fig. 4). It is
o by
H c-
t the
h ture
a peak
p
− o-
t and
c .
T ur of
H ODA
p nge
b

ig. 2. Time-dependent variations of the surface pressure after s
ng 100�l Hb solution (0.4 mg ml−1) on air–water interface covered w
1.6�g ODA layer (curve a). Pressure–area (π–A) isotherms of the Hb–OD

ayer (curve b) and pure ODA layer (curve c). Subphase, phosphate
1.0 mM, pH 7.0) containing 1.0 M KCl; barriers speed, 20 mm min−1.
bvious that the redox peaks of Au electrode modified
b–ODA LB film was attributed to the redox of the ele

roactive centres of Hb molecules in ODA layer. Thus
eme groups in Hb molecules still remained their struc
nd electrochemical activity. The anodic and cathodic
otentials of Hb–ODA film on Au electrode were−168 and
202 mV (versus Ag/AgCl), respectively. The formal p

ential (E′
0), taken by the average value of the anodic

athodic peak potentials, was−185 mV (versus Ag/AgCl)
he comparison between the electrochemical behavio
b in presence and absence of ODA suggested that
layed an important role of facilitating the electron excha
etween the Hb and Au electrode.
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Fig. 3. Typical AFM images of Au(1 1 1) surface (A) and Au(1 1 1) surface covered with a layer of Hb–ODA monolayer deposited at surface pressure of
35 mN m−1 (B). The height scale is 20 nm.

The cyclic voltammograms of the Au electrode covered
with Hb–ODA LB film showed a nearly equal height of re-
duction and oxidation peaks at the same scan rate (Fig. 5).
With an increasing scan rate ranging from 50 to 900 mV s−1,
the anodic and cathodic peak potentials of the Hb showed
a small shift and the redox peak currents increased linearly
(Fig. 5, inset), indicating a surface-controlled electrode pro-
cess. Supposing the charge transfer coefficient was between
0.3 and 0.7, the electron transfer rate constant,ks, could be
estimated with the formulaks =mnFv/RTwhen the peak-to-
peak separation was less than 200 mV[34], wherem is a
parameter related to the peak-to-peak separation. According
to the peak-to-peak separations of the cyclic voltammograms
of the Au electrode covered with Hb–ODA LB film at 200,
300, 400, 500, 600, 700, 800 and 900 mV s−1, the average
ks value was 4.58± 0.95 s−1. This value is larger than that
of Hb immobilized in the didodecyldimethylammonium bro-
mide film[35], suggesting a reasonable fast electron transfer
between the immobilized Hb and the Au electrode due to the
presence of ODA layer.

ms.

3.4. Effect of solution pH on direct electron transfer of
Hb

The direct electrochemistry of Hb immobilized on Au
electrode by incorporated with ODA LB film showed a de-
pendence on solution pH (Fig. 6). An increase of solution
pH from 5.0 to 8.0 caused a linear negative shift in both ca-
thodic and anodic peak potentials. The slope values of ox-
idation potential, reduction potential and formal potential
were−9.5, −38.4 and−23.8 mV pH−1, respectively. This
behaviour was quite different from the reported dependence
of these potentials on pH[6,35]. In these papers, the formal
potentials were−55.7 mV pH−1 [6] and−56 mV pH−1 [35],
respectively. It might be attributed to the hydrophobic envi-
ronment of Hb incorporated with ODA LB film on Au elec-
trode. It’s difficult for hydroxonium ion to penetrate through
this hydrophobic environment, entering Hb–ODA film and

F de
i 200,
3 te
o
Fig. 4. Cyclic voltammograms of electrodes modified with different fil
ig. 5. Cyclic voltammograms of Hb–ODA LB film modified gold electro
n phosphate buffer (1.0 mM, pH 5.0) contain 0.1 M KCl at 50, 100,
00, 400, 500, 600, 700, 800 and 900 mV s−1. Inset: Influence of scan ra
n oxidation and reduction peak current.
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Fig. 6. Influence of pH on oxidation peak, reduction peak and formal po-
tentials for Hb–ODA Lb film at 200 mV s−1.

combining with Hb molecules during the redox process of
Hb molecules, which would influence the dependence of the
electrochemistry on solution pH to same extent. The pH inde-
pendence region from 3.0 to 5.0 was observed in experiment.
This phenomenon was also observed by Brunori and Taylor
[36,37].

3.5. Electrocatalysis of Hb–ODA LB film to reduction of
H2O2

With the addition of H2O2 to the electrochemical
cell using a Hb–ODA LB film modified Au electrode as
working electrode, an obvious increase of the cathodic
peak was observed (Fig. 7), which was characteristic of an
electrochemically catalytic reaction. On the other hand, no
electrochemical signal corresponding to H2O2 on electrode
modified with ODA LB film alone or with Hb adsorbed on it

F ,
p
s e
b

directly could be observed in the potential range of interest.
Moreover, with the increase of H2O2 concentration, the
cathodic peak current increased. According to experimental
results, it was reasonable to think that the catalytic peak
came from the interaction between Hb and H2O2. This
result showed that Hb–ODA LB film can act as an effective
catalyst to the reduction of H2O2. The catalytic current was
linearly proportional to H2O2 concentration from 1× 10−6

to 5× 10−5 M with a correlation coefficient of 0.9982
(n= 12) (Fig. 7, inset). The detection limit was estimated to
be 0.4× 10−6 M, defined from a signal-to-noise ratio of 3.

The stability of the Hb–ODA LB film modified electrode
was investigated by cyclic voltammetry measurements in the
presence of 3�M H2O2. The electrode was tested every day.
When not in use, it was stored in a 0.01 M phosphate buffer
(pH 7.0) at 4◦C. The sensor retained 85% of its original
response after 7 days. This phenomenon may be attributed to
the leakage of Hb from Hb–ODA LB film and the deactivation
of Hb in Hb–ODA LB film.

The reproducibility of this sensor was investigated at a
H2O2 concentration of 3�M. The relative standard deviation
(R.S.D.) was 4.8% (n= 5). For the reproducibility of four
electrodes made from the same batch, the R.S.D. was 6.7%
at 3�M of H2O2.
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ig. 7. Cyclic voltammograms at 200 mV s−1 in phosphate buffer (1.0 mM
H 5.0) contain 0.1 M KCl: (a) no H2O2; (b) 3�M H2O2; (c) 6�M H2O2. In-
et: Plot of the peak currents against the concentration of H2O2 in phosphat
uffer (1.0 mM, pH 5.0) contain 0.1 M KCl. Scan rate: 200 mV s−1.
. Conclusion

In this paper, we reported a new method of making
rogen peroxide biosensor by LB technique. This me
rovides simple and convenient experimental schem

orm Hb–ODA LB film on air–water interface with we
rdered and compact structure. Hemoglobin can be e

ively immobilized on gold electrode surface by incor
ated with ODA layer. Electrode modified with this Hb–OD
B film proposes high electrochemical activity and sh

fast direct electron transfer of Hb. Redox peak
ents increased linearly with the increase of scan rate
icating a surface-controlled electrode process. The

ron transfer rate constant was 4.58± 0.95 s−1. The slope
alues of oxidation potential, reduction potential and
al potential with pH were quite different from the
orted dependence of them on pH. We thought that attrib

o the difficulty of hydroxonium ion entering Hb–OD
lm with hydrophobic environment and combining w
b molecules during the redox process of Hb molecu
his modified electrode shows an electrochemical act

o the reduction of H2O2 without the aid of any electro
ediator.
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