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a b s t r a c t

Liquid crystal cubic phase formed with monoolein has been used as immobilizing matrix to host redox
protein hemoglobin on glassy carbon electrode surface. The promoted direct electron transfer between
hemoglobin and electrode was observed and a large average kinetic electron transfer rate constant ks of
3.03(±0.02) s−1 was estimated. The electrode modified with cubic phase containing hemoglobin retains
the bioactivity of hemoglobin and shows excellent bioelectrocatalytic activity to the reduction of hydro-
gen peroxide with a small apparent Michaelis–Menten constant of 0.25(±0.03) mM. A novel reagentless
eywords:
ubic phase
onoolein
emoglobin
ioelectrocatalysis
irect electron transfer

hydrogen peroxide biosensor was constructed using the hemoglobin-containing cubic phase modified
electrode and the proposed hydrogen peroxide biosensor shows a linear range of 7.0–239 �M with a
detection limit of 3.1(±0.2) �M and good stability and reproducibility.

© 2010 Elsevier B.V. All rights reserved.
iosensor
ydrogen peroxide

. Introduction

Since the very first two reports on direct electron transfer (DET)
etween cytochrome c and gold and tin doped indium oxides
lectrodes in 1977 by Hill [1] and Kuwana [2], respectively, DET
eactions between native redox-active proteins/enzymes and elec-
rodes have attracted considerable attention in the past several
ecades [3–5]. Studies on DET process of protein–electrode system
ot only can serve as a model system to give some informa-
ion about the electron transfer mechanisms between proteins
n biological and physiological systems, but also provide a plat-
orm without redox relays (mediators) for fabricating bioelectronic
evices such as biosensors, bioreactors, biomotors, and biofuel
ells. However, it is usually difficult to achieve the direct electron
ransfer between the redox proteins/enzymes and conventional

are electrodes due to some reasons including unfavorable ori-
ntation, long distance between redox center and electrode, and
dsorption denaturation [6,7]. So, it is intriguing to develop suit-
ble matrix to immobilize redox proteins/enzymes on electrode

∗ Corresponding author at: Anhui Key Laboratory of Chemo/Biosensing, Anhui
ey Laboratory of Functional Molecular Solids, College of Chemistry and Materials
cience, Anhui Normal University, No. 1 Beijing East Road, Wuhu, Anhui Province
41000, China. Tel.: +86 553 3869302; fax: +86 553 3869302.

E-mail address: fgao@mail.ahnu.edu.cn (F. Gao).

927-7765/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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surface and, consequently, preserve the bioactivities of redox pro-
teins/enzymes to make practical bioelectronic devices mentioned
above.

A number of composite films such as nanomaterials [8–12],
room temperature ionic liquids (RTIL) [13–17], surfactants [18–20],
and clays [21–24] have been developed to incorporate redox pro-
teins. Liquid-crystalline lipid cubic phase formed by polar lipids in
aqueous media is one promising exception of model membranes,
which is optically isotropic, highly viscous, thermodynamically sta-
ble in the laboratory for several months and easily prepared. Their
internal structure consists of one congruent lipid bilayer, form-
ing a three-dimensional and well-ordered structure interwoven
by aqueous channels with a diameter about 5–6 nm. Moreover,
they are stable in the presence of excess water [25–29]. From
the bioelectrochemical point of view, these special characteristics
make lipid cubic phase more preferable to host the biocatalysts
(proteins or enzymes) on the electrode surface for electrochem-
ical measurements in aqueous solution. For example, biocatalyst
moleculars can be attached to the lipid moleculars and the high
viscosity of cubic phase easily allows to fabricate the biosensing
surface via casting biocatalyst-containing cubic phase mixture onto

electrode surface, while the water channels will allow the enzyme
substrates and products to diffuse freely through the cubic phase
system. Cubic phase have already been successfully used to accom-
modate enzyme or synthetic catalysts on electrode surface [30–38].
Monoolein (1-monooleoyl-rac-glycerol, MO) is a typical example of

dx.doi.org/10.1016/j.colsurfb.2010.09.009
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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lipid forming such a cubic phase. It is highly viscous, transparent
nd at hydration over 20% is stable in contact with water [32–38].

Heme protein hemoglobin (Hb), which consists of four subunits
f polypeptide enzymes, and a heme (iron porphyrin) group in each
ubunit acts as the active center. The electron transfer between
heme protein (e.g., myoglobin, hemoglobin) in solution and the
are electrode is either not observed or is very slow [39]. In this
ork, glassy carbon electrode covered by liquid-crystalline cubic
hase formed by monoolein is proposed as the matrix for entrap-
ing Hb and the DET between Hb and electrode is investigated.
ased on its DET behavior and the bioelectrocatalysis activity to
2O2 reduction, a third-generation biosensor for H2O2 is estab-

ished.

. Experimental

.1. Materials and chemicals

Monoolein (1-monooleoyl-rac-glycerol, 99%) was obtained
rom Sigma Chemical Co., hemoglobin (Hb) (Bovine blood,

W = 67,000) was purchased from J&K Chemical Ltd. and used
s received. Hydrogen peroxide (H2O2, 30% w/w) solution was
btained from Shanghai Chemical Reagent Company (Shanghai,
hina). The dilute H2O2 solution was prepared daily. A 0.1 M phos-
hate buffer solution (pH 7.0) was used as supporting electrolyte
nd prepared by mixing the stock solutions of 0.1 M Na2HPO4
nd KH2PO4. All other chemicals were of analytical grade and
sed without further purification. All solutions were prepared with
ouble-distilled water.

.2. Apparatus

All the electrochemical experiments were carried out on
HI660C potentiostat (CHI, Shanghai) with a conventional three-
lectrode cell. A glass carbon electrode or modified electrode
as used as the working electrode, an Ag/AgCl as the reference

lectrode, and a platinum wire as the counter electrode. The
xperimental solutions were bubbled with highly pure nitrogen
or 30 min to deoxygenate and kept under nitrogen atmosphere
uring the electrochemistry measurements. The electrochemi-
al measurements were performed at room temperature and
epeated minimum three times. Small angle X-ray diffraction (XRD)
xperiments were performed using a Shimadzu XRD-6000 X-ray
iffractometer equipped with Cu K� radiation (� = 0.154060 nm)
ith a scanning rate of 0.02◦ s−1 and 2� ranges from 0.2◦ to 5◦. A
H3-C pH meter (Shanghai, China) was used to adjust the desired
H value.

.3. Preparation of monoolein cubic phase

The cubic phase was prepared by mixing monoolein (about
0 mg) and an appropriate amount of pure water or hemoglobin
olution (2 mg/�L)in a centrifuge tube. The centrifuge tube was
ightly sealed, followed by centrifugation for about 1 h at 4500 g for
he contents to equilibrate. The ratio of the components was chosen
ccording to the phase diagram for the monoolein–water system
nd it corresponds to a diamond type of cubic phase [25,32,40–42].
fter centrifugation, a transparent, highly viscous and optically

sotropic cubic phase was obtained. The cubic phase displays san-
uine due to the color of hemoglobin.
.4. Preparation of the Hb-cubic phase modified GC electrode

Prior to use, glassy carbon electrode (GC,∅= 3 mm) was polished
n a polishing cloth with 0.3 and 0.05 �m alumina slurry, respec-
ively. The electrode was carefully rinsed with double-distilled
degree

Fig. 1. Small-angle X-ray diffraction patterns of the MO–Hb–H2O cubic phase sys-
tem.

water and sonicated in ethanol and water for 2 min, respectively,
and then let it dry at room temperature. The cubic phase was spread
on the electrode surface using a spatula and the layer thickness
was adjusted to 0.3 mm. In order to determine the exact amount
of cubic phase on the electrode, the GC electrode was weighed
before and after casting, and the amount was 5 mg. The electrode
modified with cubic phase was immersed in the PBS which was
deoxygenated and was kept in this solution for 20 min before each
experiment to equilibrate the gas concentration between the cubic
phase and solution.

3. Result and discussion

3.1. Characterization of MO cubic phase

The phase behavior of MO cubic phase is well documented in
literatures. MO forms reverse-type (i.e., water in oil) cubic phase
structures in water. The formed phase are reversed isotropic and
two types of liquid crystals (i.e., lamellar and cubic) are present.
Two parts, corresponding to the biocontinuous structures of Ia3d
and Pn3m symmetry, exist in the cubic phase domain of MO. Among
these two structures, Pn3m structure exists only at high concentra-
tion of water (at high hydration level) and thus is stable in excess
water, which is an important advantage for elaborating sensors of
molecules present in water. At 20 ◦C, 44% water can be incorporated
into the monoolein cubic phase, which allows an easy introduction
of water-soluble moleculars such as protein/enzyme into liquid
crystal matrix [25,30,32,40,41].

Hemoglobin-doped MO cubic phase was characterized with
small-angle X-ray diffraction. One very strong diffraction peak
at 2� angle of 1.26◦ and two very weak peaks located at 1.64◦

and 1.81◦ are recorded in Fig. 1. According to Bragg equation
(2d sin � = n �, n = 1), the Bragg reflections of the MO–Hb–H2O
system were indexed as (1 1 0), (2 0 0) and (2 1 1), and the corre-
sponding Miller indices were 70.1, 53.8, and 49.1 Å, respectively.
These X-ray diffraction data indicates that the cubic phase was the
primitive cubic lattice of space group Pn3m [42–45], and the intro-
duction of Hb does not change either the structure of the matrix or
the lattice parameters values.
3.2. Direct electrochemistry of Hb immobilized in the lipid cubic
phase

The cyclic voltammograms (CVs) of bare GC (a), MO/GC (b) and
Hb–MO/GC (c) electrodes recorded in deoxygenated 0.1 M PBS (pH
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ig. 2. Cyclic voltammograms of bare GC (a), MO/GC (b) and Hb–MO/GC (c) elec-
rodes recorded in deoxygenated 0.1 M PBS (pH 7.0) with a scan rate of 200 mV/s.

.0) with a scan rate of 200 mV/s are shown in Fig. 2. At the MO
ubic phase modified electrode (Fig. 2b), a pair of small redox
eaks with an oxidation wave at 0.05 V and a reduction wave at
0.15 V are observed, which ascribes to the MO cubic phase layer
nd is a good agreement with previous literature [32]. When Hb
s present in cubic phase (Fig. 2c), a well-defined and nearly sym-

etric redox peaks are observed. The cathodic and anodic peak
otentials are −0.264 V and −0.344 V, respectively. The formal
otential, E0 ′ (defined as the average of anodic peak potential, Epa

nd cathodic peak potential, Epc) is −0.304 V (vs. Ag/AgCl) with a
eak-to-peak separation (�Ep) of ca. 80 mV, which is consistent
ith the reported values for the FeIII/FeII redox center of the heme

roup in Hb [9,16,46–48]. The results indicate that in cubic phase,
he direct electron transfer between Hb and GC electrode is greatly
nhanced.

The CVs of Hb–MO/GC electrode in deoxygenated PBS at differ-
nt scan rates from 50 to 1000 mV s−1 are collected. As shown in
ig. 3, the anodic and cathodic peak potentials show little change
nd currents for the direct transfer reaction of Hb are linear with
he increasing of scan rate (see inset in Fig. 3), indicating that Hb
mmobilized in cubic phase undergoes a reversible and surface-
ontrolled electrochemical reaction process.

The interfacial electron transfer rate (ks) of the Hb–MO/GC elec-
rode can be estimated using the equation derived by Laviron for
iffusionless cyclic voltammograms [49,50].

og ks = ˛ log(1 − ˛) + (1 − ˛) log ˛ − log
(

RT

nFv

)
− ˛(1 − ˛)

nF�Ep

2.3RT

The symbols R, T, and F have their usual meanings, n is the elec-
ron transfer number for Hb. Since the peak-to-peak separation
�Ep) was less than 200/n mV (as shown in Fig. 3), the electron
ransfer coefficient ˛ is taken as 0.5. The average kinetic elec-
ron transfer rate constant ks is estimated to be 3.03(±0.02) s−1,
hich is larger than the value of 1.90 s−1 obtained for Hb/mesoTiO2
odified electrode [51], 0.90 s−1 for polymer-Hb-MWNTs modified

−1
lectrode [52], and 1.984 s for gold colloid-silk fibroin modi-
ed electrode [48], indicating that the electron transfer rate of Hb
ntrapped in the cubic phase is fast. We attribute this enhanced
lectron transfer to the special structure of Hb–MO cubic phase
ystem.
Fig. 3. Cyclic voltammograms of the Hb–MO/GC modified electrode in deoxy-
genated 0.1 M PBS (pH 7.0) at different scan rates. Scan rates (from inner to outer):
50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 mV s−1. Inset: the plot of current
against scan rate.

3.2.1. Influence of solution pH on the DET of Hb
The features of CVs of Hb–MO/GC electrode show a strong

dependence on the pH of the electrolytic solution as shown in
Fig. 4A. A couple of stable and well-defined redox peaks were
obtained for entrapped Hb in PBS with different pH values ranging
from 5.0 to 9.0. All changes in voltammetric peak potentials and
currents with pH were reversible, that is, the same voltammogram
can be obtained if the electrode is transferred from a solution with a
different pH value back to its original solution. As shown in Fig. 4A,
with pH increasing from 5.0 to 9.0, both the oxidation and reduc-
tion peaks potentials shift negatively. The formal potential showed
linearly response to the solution pH (shown in Fig. 4B), suggesting
the redox reaction was companied with protonated process. The
slope was about −48.1 mV/pH, which is close to the expected value
of 59 mV/pH calculated using the Nernst equation at 25 ◦C [53], and
also in agreement with the reported values −45.2 [48], −51 [54],
and −52 mV/pH [55]. Therefore, these values indicate that the pro-
ton diffusion in electron transfer reaction is fast, and also confirm
single proton (H+) and single electron (e−) participate in the elec-
tron transfer process of Hb. The electron process can be described
as following.

Hbheme(FeIII) + H+ + e− = Hbheme(FeII)

The results indicate that the MO cubic phase can provide a suit-
able microenvironment for the immobilized Hb.

3.2.2. Electrocatalytic activity of Hb–MO/GC to the reduction of
H2O2

The electrocatalytic activity to the reduction H2O2 by the
Hb–MO/GC electrode was investigated and characterized by cyclic
voltammetry in deoxygenated 0.1 M PBS of pH 7.0 at a scan rate
of 200 mV s−1. As shown in Fig. 5, in the absence of H2O2, a pair
of quasi-reversible and well-defined anodic and cathodic peaks

was observed due to the direct electron transfer reaction between
entrapped Hb and electrode. Once the addition of H2O2, a signifi-
cant increase in the reduction peak at about −0.40 V was observed,
while the oxidation peak current decreased simultaneously. More-
over, the reduction current increased gradually with the increasing
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response plateau is observed, showing the typical character-
istics of Michaelis–Menten kinetic mechanism. The apparent
Michaelis–Menten constant (Kapp

M ) is a characteristic of the film on
the electrode, not of the enzyme, and usually differs substaintially

4000 800 1200
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/ 
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A

ig. 4. CVs of a Hb–MO/GC electrode obtained in 0.1 M PBS with different pH values
from right to left: 5.0, 6.0, 7.0, 8.0, 9.0) at a scan rate of 200 mV s−1 (A). The relation-
hip between the formal potentials and solution pH values (B). Error bars represent
he range calculated using three different electrodes.

f H2O2 concentration. These results demonstrate a typical elec-
rocatalytic reduction process of H2O2. The mechanism can be
xpressed as follows.

bheme(FeIII) + H+ + e− = Hbheme(FeII)

Hbheme(FeII) + H2O2 → 2Hbheme(FeIII) + 2H2O

Fig. 6 displays the amperometric response of Hb–MO/GC mod-
fied electrode to H2O2 with successive additions of H2O2 at an
pplied potential of −0.40 V to a continuous stirring deoxygenated
BS solution. Upon the addition of H2O2, the reduction current
ncreased steeply within 15 s to reach a stable value and the

eduction current increased linearly with H2O2 concentration. The
esponse time for amperometric measurements was somewhat
onger than some reported values, which maybe due to the dif-
erent microenvironments of Hb present in the MO cubic phase,
ut this value is still comparable to that of 10 s reported for
E / V vs. Ag/AgCl

Fig. 5. Cyclic voltammograms of Hb–MO/GC in 0.1 M deoxygenated PBS (pH 7.0)
containing H2O2 (from inner to outer): 0mM, 1.0, 2.0, 3.0, 4.0 mM.

Hb/Au–Zrp/Chitosan [47] and Hb/CMC-TiO2-NT electrodes [56],
and 15 s reported for hemoglobin immobilized on colloidal gold-
hydroxyapatite nanocomposite [57], and this value is also better
than 20 s for sol–gel-derived amperometric biosensor for H2O2
[58], 30 s for graphite-based H2O2 biosensor [59], and 20 s for H2O2
biosensor with montmorillonite-modified bovine serum albumin
(BSA)–glutaraldehyde as matrix [60]. The calibration curve for H2O2
detection is shown in the inset A of Fig. 6 and the linear response
ranges from 7 × 10−6 to 2.39 × 10−4 M with a correlation coeffi-
cient of 0.9992 (n = 21). The detection limit was estimated to be
3.1(±0.2) �M at a signal-to-noise ratio of 3. The sensitivity of the
electrode was found to be 294 nA/mM. The comparative results
of some analytical parameters for different H2O2 biosensors were
listed in Table 1. As shown in Table 1, the analytical parameters
for the present H2O2 biosensor are comparable or better than the
results reported for different H2O2 biosensors.

When the concentration of H2O2 increases gradually, a
T / s

Fig. 6. Amperometric response of Hb–MO/GC electrode upon successive additions
of H2O2 in 0.1 M deoxygenated PBS (pH 7.0) at −0.40 V. Inset A: the corresponding
calibration plot. Inset B: the plot of 1/Iss against 1/c. Error bars represent the range
calculated using three different electrodes.
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Table 1
Comparison of analytical parameters for different hydrogen peroxide sensors based
on the EDT of Hb.

Electrode Linear range
(�M)

Detection
limit (�M)

Reference

Hb/MO 7.0–239 3.1 This work
Hb/CMC-TiO2-NT 4–64 4.637 [56]
Hb/graphene/chitosan 6.5–230 0.51 [46]
Hb/Au–Zrp/chitosan 15–480 7.4 [47]
Hb/PAA 20–250 0.2 [61]
Hb/IL 1–52 7 [62]
Hb/HMS 0.4–6 0.018 [63]
Hb/PC 10–100 3.9 [64]
Hb/ZrO2/DMSO 1.5–30.2 0.14 [65]
Hb/NGC-SF 600–1700 100 [48]
Hb/PTFE 1.26–10.08 – [66]
Hb/TATP 19.58–117.48 22.61 [67]

CMC, carboxymethyl cellulose; Zrp, �-zirconium phosphate; PAA, poly-allylamine;
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[
[37] E. Nazaruk, K. Sadowska, K. Madrak, J.F. Biernat, J. Rogalsko, R. Bilewicz, Elec-
L, ionic liquid; HMS, hexagonal mesoporous silica; PC, phosphatidylcholine; DMSO,
imethyl sulfoxide; NGC-SF, nanostructured gold colloid-silk fibroin; PTFE, polyte-
rafluoroethylene; TATP, triacetone triperoxide.

rom the enzyme constant, measured in a homogenous solution.
he apparent Michaelis–Menten constant can be obtained from the
lectrochemical version of Lineweaver–Burk equation [68]:

1
Iss

= 1
Imax

+ Kapp
M

Imaxc

Here, Iss is the steady-state current after the addition of sub-
trate, which can be obtained from the amperometric experiments,
max is the maximum current under saturated substract condi-
ion and c is the bulk concentration of the substrate. From the
lope of the plot of 1/Iss against 1/c as shown in the inset B of
ig. 6, the apparent Michaelis–Menten constant is calculated to
e 0.25(±0.03) mM. This value is much smaller than that reported
or the Hb immobilized onto the surface of carbon nanotube
f 41 mM [69], Hb immobilized on Au–Zrp of 0.65 mM [47], SP
ephadex membrane of 1.9 mM [70]. The low value of the appar-
nt Michaelis–Menten constant indicates that Hb entrapped into
he cubic phase retains its high bioactivity and has a much better
ffinity to H2O2.

.2.3. Stability and reproducibility of the H2O2 biosensor
The storage stability of the electrode was investigated by mon-

toring its response to 100 �M H2O2. A ca. 6.8% decrease of initial
urrent was observed after the storage of two weeks. The opera-
ional stability of the electrode was also examined by successive
ssays of 100 �M H2O2 using one same Hb–MO/GC electrode. The
lectrode was regenerated by immersing in pH 7.0 phosphate
uffer after each of the measurements. The reproducible current
ith a R.S.D. value of 3.7% was obtained for 13 successive assays.

he reproducibility between five Hb–MO/GC electrodes fabricated
ndependently with the same way was also investigated. The five
lectrodes were used for the measurements of 100 �M H2O2 and
how a satisfactory R.S.D. of 3.1%. The good stability and repro-
ucibility may be attributed to the stable entrapment of Hb in cubic
hase.

.2.4. Interference determination of foreign substances
The effect of common interference substance, such as ascorbic

cid, uric acid, glucose, and some amino acids on H2O2 deter-

ination was also investigated. The results showed that these

ubstances did not show significant interfering to the determina-
ion of H2O2. These results indicate that the Hb–MO/GC electrode
ossess potential application for H2O2 biosensor.

[

[

iointerfaces 82 (2011) 359–364 363

4. Conclusions

In the present work, the monoolein-based cubic phase matrix
was successfully used for the immobilization of Hb on the elec-
trode surface. The entrapped Hb in cubic phase retains its high
bioactivity and shows good affinity to H2O2 due to the unique
properties of reverse biocontinuous cubic phase, which provides
a suitable microenviroment for stabilization of the protein struc-
ture. The results in the present work demonstrate that use of cubic
phase as matrix for proteins/enzymes entrapment is an attractive
alternative to other immobilization methods and the preparation
of proteins/enzymes-containing cubic phase is extremely simple,
which is important for practical application.
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