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In this work, direct electron transfer of cytochrome c (cyt. c)—a model for studying the electron transfer
of enzymes is achieved at hexagonal ZnO nanosheets by one-step electrodeposition. UV-vis spectra and
electrochemical data demonstrate that such ZnO nanosheets can supply a bio-compatible surface to keep
the bioactivity of cyt. c. The redox formal potential (E?’) of cyt. c is estimated to be 338.2+4.3mV (vs.
Ag|AgCl) at the nanostructured ZnO surface. This value is much more positive than those of enzymes pre-
viously obtained at other metal oxides and zeolite surfaces. Experiment data show, under the optimized
potential of 0.0V (vs. Ag|AgCl), the electrochemical determination of H,0; is free from not only anodic
interferences like ascorbic acid (AA) and dopamine (DA), but also a cathodic interference—0,. Such an

H,0, excellent selectivity enable the present H,O, biosensor determine the extracellular H,0; released from

Electrochemical biosensor
Living cells

living human hepatoma cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since determination of H,O, is of practical importance in
biological, clinical, environmental, industrial, and many other
fields, a number of strategies, such as titrimetry, spectrophotome-
try, chemiluminescence, and electrochemical methods have been
developed to detect H,O, [1-4]. Electrochemical approaches have
been gained increasing attentions for the determination of H,0,
in vivo and in vitro because of the high selectivity, sensitivity,
and capability. For rapid diagnostics of H,O5, the third-generation
biosensors have been developed, which are based on the direct
electron transfer (DET) of enzymes with a superior selectivity
and sensitivity. Thus, a burst of research activities has been paid
on modification of electrodes or proteins for creating accessible
electron transfer interfaces, subsequently constructing the third-
generation biosensors [5,6]. Cyt. cis an excellent model for studying
the electron transfer of typical metalloproteins from a structure
point of view. In the past couple of decades, numerous applica-
tions of chemically or non-chemically modified methods to direct
electron transfer of cyt. ¢ have been exploited [7-12]. Recently,
metal nanoparticles have widely employed for the direct elec-
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tron transfer of cyt. c. Natan and co-workers have realized the
reversible electrochemistry of cyt. ¢ and suggest that the size of
gold nanoparticles (AuNPs) plays an important role in protein elec-
trochemistry [13-15]. Our group has systematically investigated
the DET of cyt. c at different shapes of AuNPs and has constructed
the third-generation biosensor for H,0, [16].

It is well-known that a H,0; sensor for using in biological sys-
tem must overcome the great interferences from other coexisting
species, in particular AA and the changes in the endogenous lev-
els of O, that are associated with the formation of H,O, under
pathophysiological conditions [17,18]. Up to now, most of the
H,0, biosensors based on DET of enzymes mentioned above are
easy to avoid the anodic interferences like AA, DA, because the
redox potentials of proteins at semiconductors surfaces are almost
observed at negative potentials, as a consequence the potentials of
those H,0, biosensors are usually operated at negative potentials
[19-22]. However, the reductive potential of O, is commonly more
positive than that of H,O,, thus it is very hard to detect H,0, free
from the interference of O, at those negative potentials, regardless
that O, exists extensively in the biological system, and is asso-
ciated with the formation of H,0,. Recently, the direct electron
transfer of cyt. ¢ has been realized at WO3 nanomaterials at for-
mal potentials of —133.54+1.7mV [23], and on the basis of these
experiments, H,O, has been determined with high selectivity and
wide linear range. However, few papers are concerned with the
DET of cyt. ¢ at ZnO nanostructures, although ZnO demonstrates
a slightly lower conduction band edge and higher density of sub-
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band gap states than TiO,, resulting in significant conductivities
and electrochemical activities [24,25].

In this work, the DET of cyt. c is first realized at hexagonal ZnO
nanosheets with formal potential of 338.2 £4.3 mV vs. Ag|AgCl.
Spectroscopic and electrochemical results demonstrated that cyt. ¢
is stably adsorbed on the nanostructured ZnO film and processes its
intrinsic enzymatic activity toward H,0,. A combination of direct
electrochemistry of cyt. ¢ at ZnO nanosheets and enzymatic cat-
alytic activity of cyt. c toward H,O, pave a way for constructing a
third-generation biosensor for H,O,. Moreover, the relatively posi-
tive redox potential of cyt. c obtained at the present ZnO nanosheets
is very benefit for cathodic detection of H,0, with relatively high
selectivity. Under the optimized potential of 0.0V (vs. Ag|AgCl), the
present H, 0, biosensor is easy to avoid not only the anodic interfer-
ences, such as UA, AA, and DA, but also cathodic interference—0,.
Therefore, such a biosensor shows predominance in determining
extracellular H,0, released from human hepatoma cell line Hep
G2.

2. Experimental
2.1. Reagents

Horse heart cytochrome ¢ (MW 13 000) was purchased from
Sigma and used without further purification. Phobol 12-myristate
13-acetate (PMA) was obtained from Wako Pure Chemical Indus-
tries (Osaka, Japan). Human hepatoma cell line Hep G2 was
obtained from Japanese Cancer Research Resources Bank (Tokyo,
Japan). The cells were maintained in a culture medium consist-
ing of Delbecco’s modified minimum essential medium (DMEM;
Wako Pure Chemicals, Japan) and subcultured every five days.
Ascorbic acid was purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). Uric acid, 99% (Alfa Aesar) was used without fur-
ther purification. Other reagents were of analytical grade and used
as received. ITO-coated glass plates with a square resistance of
~10 2 cm~2 were purchased from Shenzhen Nanbo Display Tech-
nology Co. Ltd. (Shenzhen, China). All the solutions were prepared
with Milli-Q water. Except the interference test of O, (under O,
saturated solution), all the experiments were deaerated with high
purity nitrogen before experiments. All electrochemical experi-
ments were carried out at room temperature.

2.2. Apparatus

CHI 660 electrochemical work stations (CH Instruments) were
employed in all electrochemical measurements which were carried
out with a conventional two-compartment three-electrode electro-
chemical cell. The reference electrode was a KCl-saturated Ag|AgCl
electrode, while the auxiliary electrode was a platinum wire. SEM
images were taken by a Quanta 200 FEG (FEI Company). UV-vis
absorption spectrum was collected by an Agilent 8453 UV-vis-
near-infrared spectrophotometer (Agilent Instruments).

2.3. Preparation of cyt. ¢ modified ZnO Film

ZnO nanosheets film was fabricated by electrodeposition (our
previous work [26] for details). Prior to the modification of cyt. c,
the ZnO film was annealed for 1 hat 773 Kin oven. Then, immersing
the ZnO film into PBS (pH 7.2) of cyt. ¢ (0.2 mM) for about 0.5-3 h at
3°C in refrigerator. Hereafter, cyt. c modified nano ZnO electrode
will be referred as ZnO/cyt. c.

2.4. Real sample analysis

The Hep G2 cells were centrifuged to obtain a cell-packed pel-
let (1.0-1.5 x 10° cells cm~2) for the electrochemical experiments.
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Fig. 1. (A) SEM images of electrodeposited ZnO nanosheets film. (B) UV-vis absorp-
tion spectrum of the ZnO nanosheets film. Inset: the spectrum for the ZnO
nanosheets replotted as (ahv)? vs. hv.

For the detection of extracellular H,O,, the geometric surface area
of nanostructured ZnO film was fabricated to be 500 pm in width
and 2 mm in length. Real sample measurements were performed in
PBS containing (100 mM) glucose mounted onto a heated Faraday
stage (37°C). The device was viewed under a microscope. Under
the microscope, the working electrode was located ~100 p.m from
the liver cells.

3. Results and discussion

3.1. Characterization of ZnO nanosheets film and cyt. c adsorbed
onto the ZnO film

The electrodeposited ZnO nanosheets film was prepared
as described in Section 2 and was characterized by scan-
ning electron microscopy (SEM). As shown in Fig. 1, most
of the ZnO nanosheets are rather regular hexagons, and the
contrast on a whole sheet is homogenous. Many nanosheets
have regular edges with an angle of 120°, which corre-
sponds to the angles between the {01-10} planes of the
wurzite ZnO crystal structure [27,28]. The ZnO nanosheets
are typically 50-80 nm in thickness and several micrometers in
dimension.

UV-vis absorption spectrum of the nanostructured ZnO film was
showninFig. 1(B). For a direct bandgap semiconductor like ZnO, the
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Fig. 2. UV-vis absorption spectra of (a) cyt. ¢ adsorbed on the nanostructured ZnO
film and (b) 0.2 mM cyt. ¢ solution.

absorbance in the vicinity of the onset is given by:

C(hv — ERulky'/2
0= —F"—— (1)
hv

where « is the absorption coefficient, Cis a constant, hv is the pho-
ton energy, and E2UI is the bulk bandgap [28]. The inset in Fig. 2
demonstrates the absorbance spectrum for the ZnO nanosheets
replotted according to Eq. (1). The intercept at x-axis yields a
bandgap of 3.11 eV. The UV-vis absorption spectrum shows consid-
erable absorption below the band gap. This observation is possible
that the impurities in the ZnO nanostructures, size and shape
distribution of the ZnO nanoparticles, and the surface defects
may broaden the absorption edge of the present ZnO nanosheets
[29,30].

For further investigation on the electrochemistry and electrocat-
alytic activity of cyt. c confined on the nanostructured ZnO surface,
it is desirable to clarify whether cyt. c is denatured after immobi-
lized on the ZnO nanostructures. The Soret band of heme protein
is usually an indicator of the microenvironment where heme cen-
ter locates. The peak will be diminished if the protein is denatured
[31,32]. Fig. 2 depicts UV-vis absorption spectra of cyt. ¢ confined
on the optical transparent ZnO nanosheets surface (a) and 0.2 mM
cyt. cin solution (b). The band for cyt. c adsorbed on the nanostruc-
tured ZnO film is located at 408 nm, just a 2-nm blue shift compared
with that of native cyt. c solution (410 nm). This spectrum suggests

40 ¢
(A)

a0

20¢

10 ¢

I/ pA

00 |

that there is no obvious denaturation for cyt. c adsorbed on the ZnO
nanosheets.

3.2. Direct electrochemistry of cyt. c at the ZnO nanosheets film

Fig. 3(A) shows typical cyclic voltammograms (CVs) of the
nanostructured ZnO film (a), and ZnO/cyt. c electrode (b) in 25 mM
PBS (pH 7.2) containing no protein. Only charge current was
observed at the ZnO nanosheets surface (a), while a pair of redox
peaks of cyt. ¢ with a peak width at half peak height (AE;/5)
of AE,=102.4+2.1mV (average times n=4) was observed. The
formal potential (EY =(Epa+Epc)/2) of cyt. ¢ confined on ZnO
film is estimated to be 338.2 +£4.3mV (n=4) vs. Ag|AgCl, which
is much more positive than those obtained at TiO,, WO3, SnO,,
Si0, NbyOs5, and NaY zeolite surfaces [33-38]. Both the anodic
and the cathodic peak currents (Ip? and I,€) vary linearly with
potential scan rate (v) (Fig. 3(B)), which is the characteristic of
thin-layer electrochemistry [33]. In addition, the CVs remained
essentially unchanged on consecutive potential scanning up to
1000 cycles at sweep rate of 20mVs~!, indicating that cyt. c
was stably immobilized on the nanostructured ZnO film. Accord-
ing to Laviron’s procedure, the relevant kinetic parameters of the
electrode reaction, i.e. the rate constant of the electrochemical
process (ks) and cathodic transfer coefficients («), were esti-
mated: ks=4.62+0.07s!, o=0.48 £0.03 at the nanostructured
ZnO surface. It reveals that the DET of cyt. c is strikingly enhanced
at the nanostructured ZnO surface. ZnO/cyt. ¢ nanocomposites
show quasi-reversible electrochemistry with formal potential of
338.2mV (vs. Ag|AgCl) and ks value of 4.62s~1. ks of electron
transfer for cyt. ¢ at the ZnO nanosheets is greater than those
obtained at SnO,, SiO,, Nb,Os, and NaY zeolite electrodes, although
which is smaller than those at TiO, and WOs3 surfaces [33-38].
By integration of the anodic peaks in CV, the charges and thus
the average surface concentration of electroactive species could
be calculated. The average surface concentration of electroactive
cyt. ¢ adsorbed on the nanostructured ZnO film was estimated
to be (7.42+0.21) x 10~12 molcm~2. Taking account of the size
(2.6nm x 3.2 nm x 3.0nm) [39] of cyt. c molecule, cyt. c molecules
may be adsorbed on the ZnO nanosheets in a monolayer.

The adsorbed behavior of cyt. ¢ was also confirmed by electro-
chemical impedance spectroscopy (EIS) (Supplementary material,
Fig. S1). The charge transfer resistance (Rc;) of Fe(CN)g3~/4~ redox
couple is about 602 at ZnO nanosheets film, but it increases to
18.4 k2 after cyt. c was immobilized on ZnO nanosheets. These data
suggested that cyt. ¢ adsorbed onto the nanostructured ZnO sur-
face might inhibit the electrochemical communication between the

1 1
0.1 0.2 0.3 04 0.5 08
E/V vs. Ag/AgCI

0 04 08
v/Vsi

Fig. 3. (A) CVs obtained at (a) bare ZnO nanodisks film and (b) ZnO/cyt. ¢ film in 25 mM PBS (pH 7.2). Potential scan rate: 100 mVs~'. (B) Relationship between anodic and

cathodic peak currents of ZnO/cyt. c film and scan rate.
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electron transfer indicator—Fe(CN)g3~/4- and the nanostructured
ZnO electrode, resulting in the great increase of R¢; of Fe(CN)g3—/4~
redox couple.

3.3. Analytical performance of the H,0, biosensor

Cyt. calmost processes the enzymatic activity after immobilized
on the ZnO nanosheets surface, which also facilitate the electron
transfer of cyt. citself. The interaction of H, O, and cyt. c was studied
using cyclic voltammetry. CVs of ZnO/cyt. c electrode in the absence
(curvea),inthe presence of O, (curve b)and in the presence of H, 0,
(curve c) were obtained (Supplementary material, Fig. S2). CV of
ZnO/cyt. ¢ has almost no change in the presence of O,, however
the addition of H,0, to 25 mM PBS (pH 7.2) obviously increases
the cathodic currents of ZnO/cyt. c electrode, indicating the good
electrocatalytical activity of the cyt. c confined on ZnO nanosheets
for the reduction of H,0,, free from the interference of O,. These
results formed a strong basis for constructing the third-generation
biosensor of H,O, because the heme has been well documented as
the active site for the catalysis to the reduction of H,O5.

The sensitivity of electrochemical biosensors is strongly depen-
dent on the applied potential. The present H,O, biosensor is no
exception. As depicted in Fig. 4(A), the cathodic current inten-
sity of H,0O, increased with the negative shift of the operating
potentials. This sensitivity-potential profile gives the experimental
basis for choosing the suitable operating potential for the measure-
ment of H,0,. On the other hand, the selectivity of electrochemical
biosensors is also potential-dependent. As well-known, the coex-
isting biological compounds, such as AA, DA, and O, may result in
difficulties for electrochemical determinations of H,0,. Fig. 4(B)
demonstrates four kinds of potential interferences under differ-
ent applied potentials. Similar to the H,O, biosensors previously
reported, at the negative potentials, e.g., —0.1 and —0.05V, the
present H,0, biosensor is free from the anodic interferences like
AA, DA, NO,—, but 13.9 and 9.8% cathodic response currents of
0.2mM O, were observed relative to 0.1 mM H,0,. At the posi-
tive potentials, e.g., +0.05 and +0.1V, 4.0 and 6.7% anodic currents
of 0.1 mM AA were obtained relative to 0.1 mM H,O0,. Fortunately,
at the applied potential of 0.0V, both the anodic and the cathodic
potential interferences were negligible. We also tried UA, mandelic
acid, NO3~, and SO32~ as interferential reagent. Likewise, the inter-
ferences were negligible (data not show). Therefore, for fulfill both
the selectivity and the sensitivity of the present biosensor, 0.0 V (vs.
Ag|AgCl) was selected as the optimized potential.

At the applied potential of 0.0V (vs. Ag|AgCl), amperometric
response of ZnO/cyt. ¢ has been measured during the increase of
H,0, concentration and the corresponding current-time response
is shown in Fig. 5. The solution was stirred with a magnetic stir-
rer at 200 rpm to make sure that the solution is mixed uniformly.
Well-defined steady-state current response was obtained in 4 s at
this applied potential, and the currents increased stepwise with
additions of H,0,. The sensitivity of the present H,0O, biosen-
sor is 2.0+0.1 wuAcm~2mM-~!. The calibration curve is depicted
in the inset of Fig. 5. For the comparison, the control experiment
was also carried out. No obvious current was observed at bare
ZnO nanosheets film at 0.0V with the addition of H,O, (data not

Table 1
Analytical properties of H,0, biosensors based on ZnO-protein nanocomposites.
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Fig. 4. (A) Calibration curves of the H,O, biosensor obtained at different applied
potentials: —0.1, —0.05, 0.0, 0.05, 0.1V vs. Ag/AgCl. (B) The selectivity profile
obtained at different applied potentials: —0.1, —0.05, 0.0, 0.05, 0.1V vs. Ag/AgCl.

shown). In contrast with other H,0, biosensors reported so far
(Table 1) [40-42], besides higher selectivity, ZnO/cyt. c electrode
shows wider linear detection range, lower detection limit, and
shorter response time.

For the stability test, response current for HO, was recorded 2
times daily and the current response was found to be constant for
at least 1 month, which holds relatively longer stability than that
obtained at other H, O, biosensors. In addition, we have found that
the deviation of the current responses of over 5 sensors prepared
with the same method did not exceed 4.7%.

3.4. Detection of extracelluar H,0, released from human
hepatoma cells

Fig. 6 demonstrates amperometric responses obtained at (a)
ZnO nanosheets film and (b) ZnO/cyt. c electrode located near the
human hepatoma cells Hep G2 in 25 mM PBS (pH 7.2) containing
100 mM glucose at the applied potential of 0.0V vs. Ag|AgCl after
the injection of (A) 3 mM phobol 12-myristate 13-acetate (PMA)

Nanocomposites Applied potential (mV vs. SCE)

Detection limit (M) Linear range (.M) Reference

Cyt. c-ZnO nanosheets —45 (0mV vs. Ag|AgCl)

HRP-Chit-ZnO nanoflowers -200
Mb-nanoporous ZnO films ~-300
Nafion/HRP/C-ZnO ~—400

0.8 1-1000 The present work
2 10-1800 [35]
2 4.8-200 [36]
0.2 10-400 [37]
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Fig. 5. Typical amperometric responses of the ZnO/cyt. c to successive additions
of 100 WM H,0, at applied potentials of 0.0V (vs. Ag|AgCl) in 25 mM PBS (pH 7.2).
Inset: calibration plot of steady-state currents against concentrations of H, 0.

and (B) 500U mL-! catalase. The cathodic current increased grad-
ually at ZnO/cyt. ¢ surface (curve b) with the addition of PMA,
which was reported to induce H, 0, production from the cells [43],
and reduction current of ~1.8 nA was observed in 50s, while no
response was obtained at bare ZnO nanosheets film with the same
addition of PMA (curve a). Interestingly, after injected 500 U mL~!
catalase solution, a selective scavenger of H,0,, into the solution,
the current shown in curve (b) decreased rapidly and went down to
the almost background. Therefore, we can conclude that the gen-
erated increase of cathodic current at ZnO/cyt. c electrode located
near the cells is ascribed to the enzymatic reduction of H, O, which
is effectively mediated by the cyt. ¢ confined on the electrode.
This observation substantially demonstrates the present developed
third-generation H, 0, biosensor with nanostructured ZnO surface
provides a model for reliable and durable determination of extra-
cellular H,0, and could be potentially useful for physiological and
pathological investigations.

2 nA

50s
A: PMA

B: catalase

Fig. 6. Amperometric responses obtained at (a) ZnO nanosheets film and (b)
ZnO/cyt. celectrode in 25 mM PBS (pH 7.2) containing 100 mM glucose at the applied
potential of 0.0 V (vs. Ag|AgCl) with the addition of (A) 3 mM PMA and (B) 500 U mL~!
catalase.

4. Conclusions

Direct and quasi-reversible electron transfer of cyt. c was devel-
oped at low-cost electrodeposited ZnO nanosheets with a formal
potential of 338.2 mV (vs. Ag|AgCl). Cyt. cretained its intrinsic activ-
ity toward H,0, after being confined on the nanostructured ZnO
film. The enhanced electron transfer of cyt. ¢ with positive redox
formal potential, associated with the inherent catalytic activity
of heme toward H,0, prompted us to develop a H,O, biosen-
sor with high selectivity, free from the interferences of AA, DA,
NO,~, and O,. The remarkable analytical characteristics, together
with the intrinsic biocompatibility of ZnO nanostructures suffi-
ciently gave a basis for the detection of extracellular H,O, released
from human hepatoma cells. The present investigation provided a
methodology to realize direct electron transfer between proteins
and nanostructured semiconductors and on the basis of this plat-
form to develop third-generation biosensors, as well as established
a novel approach for the determination of extracellular H,O5, in
which could be gained more understanding of the role that H,0,
and ROS plays in pathology and physiology.
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