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bstract

Three-dimensionally (3D) ordered macroporous active carbon has been fabricated and used as electrode substrate for the direct electrochemistry
f horse heart cytochrome c (Cyt c). The Cyt c immobilized on the surface of the ordered macroporous active carbon shows a pair of well-
efined and nearly reversible redox waves at the formal potential of −0.033 V in pH 6.8 phosphate buffer solution. The interaction between Cyt
and the 3D macroporous active carbon makes the formal potential shift negatively compared to that of Cyt c in solution. Spectrophotometric

nd electrochemical methods have been used to investigate the interaction between Cyt c and the porous active carbon. The immobilized Cyt c
aintains its biological activity, and shows a surface controlled electrode process with the electron-transfer rate constant (ks) of 17.6 s−1 and the

harge-transfer coefficient (a) of 0.52, and displays the features of a peroxidase in the electrocatalytic reduction of hydrogen peroxide (H2O2). A

otential application of the Cyt c-immobilized porous carbon electrode as a biosensor to monitor H2O2 has been investigated. The steady-state
urrent response increases linearly with H2O2 concentration from 2.0 × 10−5 to 2.4 × 10−4 mol l−1. The detection limit (3σ) for determination of
2O2 has been found to be 1.46 × 10−5 mol l−1.
2008 Published by Elsevier B.V.
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. Introduction

Due to the highly ordered porous structure, large surface area,
nd tight pore size distributions, three-dimensionally ordered
acroporous materials have been used widely in separation,

atalysis, optical information processing and microwave shield-
ng (Yablonovitch, 1987; Xia et al., 2000; Velev and Kaler,
000). These porous materials, such as mesoporous silicate
aterials (MPS), are also very suitable as hosts for large organic
olecules (Johnson et al., 1999) and proteins (Washmon-Kriel

t al., 2000; He et al., 2000). Owning to their stability, and eas-
ness to be modified with various functional groups, which can
nable the electrostatic attraction or repulsion between porous

aterials and the proteins of interest to be studied (Han et

l., 1999), some porous materials have been used as supports
or immobilizing enzymes (He et al., 2000; Han et al., 1999;
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electrochemistry

ı́az and Balkus, 1996) and applied in biosensors (He et al.,
000), biocatalytic (Dı́az and Balkus, 1996), and biomolecule
eparation systems (Han et al., 1999). For example, Han et
l. (1999) have used MPS to sequester and release proteins
f similar size but varying charge, Dı́az and Balkus (1996)
ave used MPS to immobilize Cyt c, Deere et al. (2001) have
tudied the adsorption isotherms for Cyt c onto MPS with dif-
erent pore sizes, and also the peroxidative activity profiles of
he adsorbed Cyt c, and Dimakis et al. (2002) have fabricated
table biosensors using macroporous carbon as matrix for the
mmobilization of polyelectrolyte-stabilized enzymes with high
perational stability and good sensor-to-sensor reproducibility.
ecently, Lei et al. (2001) have fabricated well-ordered 3D
acroporous active carbon by carbonizing an aqueous solution

f sucrose in the presence of sulfuric acid without use of any
urfactants.
Cyt c plays an important role in the biological respiratory
hain, whose function is to receive electrons from Cyt c reduc-
ase and deliver them to Cyt c oxidase. Thus, it is important
o study the electrochemical behavior of Cyt c. Since the first

mailto:chemzl@shnu.edu.cn
mailto:chmzhanglei@gmail.com
dx.doi.org/10.1016/j.bios.2008.01.022
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lectrochemical study of Cyt c at a gold electrode with a pro-
oter 4,4′-bipyridyl was reported in 1977 (Eddowes and Hill,

977), many other compounds have been used to promote the
lectron transfer of Cyt c on electrode surfaces (Taniguchi et
l., 1982, 1984; Barker et al., 1990; Santucci et al., 1991). To
mploy the electrostatic attractions, carboxylic acid-terminated
lkanethiols have been used as electrode modifiers and thus Cyt
was electrostatically adsorbed onto the modified layer. The Cyt
adsorbed in this way could be remained in its native form and

xhibited redox peaks (Tarlov and Bowden, 1991; Song et al.,
993; Feng et al., 1995; Jin et al., 1997).

On the other hand, the extensively studied carbon mate-
ial, including the forms of paraffin-impregnated spectroscopic
raphite (Brabec et al., 1982) highly oriented pyrolytic graphite
Strauss et al., 2004; Burrows et al., 1991), glassy carbon (Liu
t al., 2006; Hagen, 1989), and carbon nanotubes (Wang et al.,
002; Zhao et al., 2005; Wu and Hu, 2005), has also been widely
sed to promote the electron-transfer reaction of Cyt c. This is
ased on the high electron conductivity, better chemical sta-
ility, and the oxygen-containing functionalities on the carbon
urface. Recently, Zhao et al. (2005) fabricated a multi-walled
arbon nanotubes (MWNT) modified glassy carbon electrode
or the direct electrochemical investigation of Cyt c, a couple
f well-defined and quasi-reversible cyclic voltammetry peaks
f Cyt c have been obtained in a phosphate buffer solution (pH
.0). This indicates that MWNT can be used as a mediator for
mproving electron transfer of Cyt c.

Elicited by the potential practicability of carbon with porous
tructure, in this report, 3D ordered macroporous active car-
on has been fabricated and used to study the electrochemical
ehavior of Cyt c. Field emission scanning electron microscope
SEM), transmission Fourier transform infrared (FT-IR) spectra
nd electrochemical technique have been employed to charac-
erize the as-prepared electrodes. The aim of the present study
s to investigate the immobilization of Cyt c on/inside the 3D
rdered macroporous active carbon and thereafter the direct elec-
ron transfer between Cyt c and carbon. And, it is also intended
o know the electroactivity of Cyt c immobilized on the surface
f the 3D ordered macroporous active carbon and its pseudo
eroxidase activity.

. Experimental

.1. Chemicals and solutions

Horse heart cytochrome c (Sigma) was prepared in 5 mmol/l
hosphate buffer solution (PBS, pH 6.8). Sucrose was pur-
hased from Sigma and used as received, H2SO4 (98%)
as obtained from Shanghai Chemical Reagents Company

Shanghai). Monodispersed colloidal particles of silica (aqueous
ispersions, 100 nm–1 �m in diameter) were obtained from Nis-
an Chemical Industries (Tarrytown, NY). All other chemicals
ere of analytical grade and used as received.

All experiments were made at room temperature (≈26 ◦C)

nless stated otherwise. The solutions were thoroughly deoxy-
enated by bubbling highly purified nitrogen and a nitrogen
tmosphere was maintained over the solutions.

3
F
c
h
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.2. Apparatus

All electrochemical experiments were performed on a CHI
60A electrochemical analyzer (USA) in a three-electrode elec-
rochemical cell using 3D ordered macroporous active carbon as
orking electrode, twisted platinum wire as auxiliary electrode,

nd a saturated calomel electrode (SCE) as reference electrode.
A JXA 840 field emission scanning electron microscope

SEM, JEOL, Japan) was used to examine the morphologies
f the 3D ordered macroporous active carbon. Transmission
ourier transform infrared (FT-IR) spectra were obtained by
sing a Nicolet 520 (Nicolet, USA) spectrophotometer in the
ange between 4000 and 400 cm−1, at a spectral resolution of
cm−1 with an average of 128 spectral scans accumulated; KBr
owder (Aldrich, USA) was used as both a diluent and for the
ackground spectra. All samples were dispersed in KBr at ratios
f between 5 and 10%; after each sample was ground together
ith the appropriate quantity of KBr carefully, the mixture of

ample and KBr was pressed into a pellet for testing.

.3. Electrode preparation

.3.1. Preparation of the 3D ordered macroporous active
arbon

3D ordered macroporous carbon was fabricated according
o the reported procedure (Lei et al., 2001). Briefly, about 2 g
iO2 template was added to a solution containing 2.5 g sucrose,
.15 ml H2SO4 (98%) and 10 ml distilled water. The mixture
as firstly heated at 100 ◦C for 6 h, then followed by heating

t 150 ◦C for another 6 h. Complete carbonization was accom-
lished by heating the above composite in a tube oven in vacuo
t 850 ◦C for 2 h. The residual surface carbon was removed
rom the composite and the SiO2 template was then etched away
y overnight dissolution in 10% aqueous HF solution to leave
ehind a highly ordered macroporous active carbon. Elemen-
al analysis (C, 97.1, Si, 0.12%) indicates that this treatment
emoves almost all the SiO2 template and thus high-quality
acroporous active carbon is obtained. The structure of the

btained 3D macroporous active carbon has been characterized
y scanning electron microscopy (Fig. 1). As can be seen, a reg-
lar hexagonal structure is clearly observed, and the next lower
ayer can also be seen in the high magnification image (inset of
ig. 1). The small dark areas within each pore are the intercon-
ected necks formed during the sintering and correspond to the
oints of contact of the starting SiO2 spheres.

.3.2. Fabrication of 3D ordered macroporous carbon
lectrode

Firstly, a piece of 3D ordered macroporous carbon was care-
ully cut into a round disk with diameter of 2.8 mm and thickness
f 3.2 mm, the disk was then squeezed into polytetrafluoroethy-
ene (PTFE) thin film tube, and a copper rod was put into the
TFE thin film tube from the opposite and contacted with the

D ordered macroporous carbon with silver conducting paint.
inally, the copper rod and the affixed 3D ordered macroporous
arbon was tightly sealed by the outer PTFE thin film tube by
eating under infrared light for a few minutes.
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bonds in the –COO− groups as a consequence of the dissociation
of the carboxylic acid functionalities. Bands at 1052.3, 837.1 and
673.5 cm−1 possibly indicate the O–H bending vibrations of the
hydroxyl groups. And, the curve b in Fig. 3 shows the spec-
ig. 1. SEM images of the ordered structure of the macroporous active carbon.
nset: SEM image of the macroporous active carbon with higher magnification.

To further activate the 3D ordered macroporous carbon and
ave more oxygen-containing functionalities, especially of car-
oxylic oxygen groups, on the surface of the porous active
arbon, the 3D ordered macroporous carbon electrode (MPCE)
as pre-anodized by polarizing it in 0.15 mol l−1 H2SO4 at 1.8 V

or 5 min. It is known that the chemical and electrochemical
reatment of carbon electrodes in oxidizing reagents can gen-
rate oxygen-containing functional groups, such as carbonyl,
uinoid, carboxylate and hydroxyl radical species on the surface
f carbon, and the phenolic oxygen and carboxylic oxygen are
he important ones as derived from the XPS results (Cabaniss
t al., 1985). These functional groups can accelerate or elec-
rocatalyse irreversible oxidation of some organic compounds
Mattson and Mark, 1971).

. Results and discussion

.1. Characterization of the activated MPCE

Fig. 2A shows the cyclic voltammograms (CV) of the acti-
ated MPCE in 0.1 mol l−1 PBS (pH 6.8). It can be seen from this
gure that MPCE exhibits a pair of redox peaks at the poten-

ials of −0.067 and −0.105 V, respectively. This is due to the
eduction and re-oxidation of carboxylic acid groups, which
as been verified by FT-IR spectra (Fig. 3). The curve a in
ig. 3 shows the spectrum of the oxidized MPCE, the bands
entered at 2944.2, 2708.8 and 2556.4 cm−1 are assigned to the

–H stretch of the hydroxyl groups in the carboxylic groups.
he strong and sharp band at 1715.8 cm−1 is characteristic of
arboxylic carbonyl groups. The bands centered at 1379.6 and
195.4 cm−1 may be assigned to the stretching modes of C–O

F
M

ig. 2. (A) Consecutive CVs of the activated MPCE in 0.1 mol l−1 PBS (pH
.8) at 0.1 V s−1 and (B) variation of peak potential vs. the logarithm of scan
ate. Inset of A: CV of MPCE in 0.1 mol l−1 PBS (pH 6.8) at 0.02 V s−1.
ig. 3. FT-IR spectra of oxidized (curve a) and reduced (curve b) forms of
PCE.
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rum of the reduced MPCE. As can be seen, the band centered at
356.7 cm−1 is assigned to the O–H stretch of hydroxyl groups.
he two bands at 2937.5 and 2836.6 cm−1 are characteristic of

he stretching modes of C–H bonds in methylene. The bands at
450.6 and 1422.8 cm−1 are assigned to the O–H bending vibra-
ions of the hydroxyl groups. The next two bands at 1115.6 and
027.6 cm−1 are attributed to the stretching vibrations of C–O
onds. These results show that the electroactive component on
he surface of MPCE may be the carboxylic acid functionalities,
hich can be reduced to hydroxyl groups with a four-electron

eduction process.
To further investigate the mechanism of the four-electron

eduction of carboxylic acid groups, the effect of scan rate on the
oltammetric behavior of MPCE was studied in detail. Fig. 2B
hows the relationship between peak potential (Ep) and the log-
rithm of scan rates (υ) for MPCE in 0.1 mol l−1 PBS (pH 6.8)
t different scan rates. As can be seen, with increasing scan rate
he oxidation wave shifts to more positive potential, while the
eduction wave shifts to more negative potential. The anodic and
atholic peak potentials were linearly dependent on log υ when
> 2.0 V s−1, which was in agreement with the Laviron theory

Laviron, 1979): a graph of Ep = f(log υ) yields two straight lines
ith a slope equal to −2.3RT/αnF for the cathodic peak, and
.3RT/(1 − α)nF for the anodic peak (Fig. 2B), so that a value
f 0.49 can be determined for the charge-transfer coefficient (α)
rom the slope of the straight lines based on the equation:

og
ka

kc
= log

[
α

(1 − α)

]
or

ka

kc
= α

1 − α
(1)

here ka (0.083) is the slope of the line derived from
p,a = f(log υ); kc (0.087) is the slope of the line derived from
p,c = f(log υ); α is the charge-transfer coefficient. The apparent
lectron-transfer rate constant (ks) for electron transfer between
he electrode and the surface deposited layer can also be esti-

ated to be (5.1 ± 0.2) s−1 according to the following equation
υ > 2.0 V s−1):

og ks = α log(1 − α) + (1 − α) log α

− log

(
RT

nFυ

)
− α(1 − α)nF �Ep

2.3 RT
(2)

hen υ → 0, both the cathodic and anodic peaks tend towards
he “reversible peaks”, which are symmetrical with respect to the
otential axis, and shows a nearly symmetrical shape (inset of
ig. 2A), the width (88.1 mV) at mid-height δ0.5, which becomes

ndependent of α, tends towards 90.6/na mV (Laviron, 1979),
o that na = 1.03 ≈ 1, indicating that the rate determining step
r.d.s.) in the whole electrode process was a one-electron reduc-
ion process (Baizer and Lund, 1983).

MPCE shows a rather stable CV response in PBS (pH 6.8),
s illustrated in Fig. 2A. It can be seen that the cathodic peak
otential shows a slightly positive shift during the first five scans,
nd then keeps unchanged for further potential-scanning, while

he anodic peak potential keeps almost unchanged for the con-
inuous scans. The redox peak current shows a slight decrease
uring the first five cycles, and then keeps stable after five cycles.
fter 10 continuous scans, the electrode was rinsed successively

c

o
m
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ith water and ethanol, and stored in the air at room temperature
or 1 day. The electrode was then treated again by cyclic scan-
ing under the same conditions. The peak potentials and current
esponses remained unchanged, indicating that MPCE was very
table.

.2. Immobilization and electrochemical behavior of Cyt c
t MPCE

To investigate the potential use of the 3D ordered macro-
orous active carbon in practice, the immobilization and
lectrochemical characteristics of Cyt c at MPCE have been
nvestigated in detail.

To immobilize Cyt c on the surface of MPCE, MPCE was
mmersed into 5 mM PBS pH 6.8 containing 0.5 mM Cyt c
nd kept in a refrigerator for 16 h. During this period the Cyt
was spontaneously adsorbed on the surface of MPCE. Then,

he immersed MPCE was rinsed with water to get ride of the
on-firmly adsorbed Cyt c molecules. Thus, the Cyt c modified
PCE (Cyt c/MPCE) was obtained.
To confirm the immobilization and the electroactivity of Cyt c

n the surface of MPCE, the Cyt c/MPCE was put in 5 mM PBS
pH 6.8) for cyclically potential-scanning (Fig. 4). It can be seen
rom Fig. 4A (curve a) that a pair of redox peaks appear with
he formal potential of −0.033 V for the redox reaction of Cyt c,
hich is negatively shifted compared to that of Cyt c in solution

E◦′ = 0.017 V) (Hawkridge and Kuwana, 1973), indicating
he presence of interaction between Cyt c and the 3D ordered

acroporous active carbon. This interaction may occur from
he electrostatic interaction between positively charged Cyt c
pI = 10.5) (Jiang et al., 2004) and negatively charged carboxylic
roups on the surface of MPCE and the intercalation interaction
f Cyt c with the 3D porous active carbon itself. This indicates
hat MPCE can capture Cyt c from solution via adsorption and
ntercalation. However, one cannot observe the redox peaks of

PCE itself in Fig. 4; this can be assumed that the presence of
yt c on carbon surface restrains the electrochemical activity
f carbon material, which needs to be further investigated.

The interaction between the positively charged Cyt c and the
egatively charged MPCE can also be confirmed by spectral
haracterization. Fig. 5 shows the FT-IR absorption spectra of
ative Cyt c (dotted line) and that of Cyt c after being inter-
cted with 3D porous active carbon (solid line). As can be seen
rom Fig. 5 that, after being immobilized by 3D porous car-
on, the absorption peaks of Cyt c observed at 1647.9, 1556.6,
462.4 and 1407.0 cm−1 are shifted to 1657.6, 1545.5, 1448.6
nd 1402.8 cm−1, respectively. This result indicates the presence
f the electrostatic and/or the intercalation interaction between
ositively charged Cyt c and negatively charged 3D porous car-
on; these interactions had influenced the electron states and
he spectroscopic properties of Cyt c to some extent. It can be
ssumed that these interactions enhanced the adsorption/binding
nd therefore the immobilization of Cyt c on the 3D porous

arbon surface.

To further investigate the characteristics of Cyt c adsorbed
n the surface of MPCE, the effect of scan rates on the voltam-
etric behavior of Cyt c was studied in detail. Fig. 4 shows the
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ig. 4. (A) and (B) CVs of Cyt c/MPCE at different scan rates in 0.1 mol l−1

BS (pH 6.8). Scan rates from (a) to (r) are 0.2, 0.4, 0.6, 0.8, 1.0, 1.0, 1.5, 2.0,
.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0 V s−1, respectively.

Vs of Cyt c/MPCE in 5 mM PBS (pH 6.8) at different scan

ates. It can be seen that the redox peak current increases lin-
arly with scan rates, which indicates that the redox process is
onfined to the surface of MPCE, confirming that the immobi-

ig. 5. FT-IR absorption spectra of native Cyt c (dotted line) and that of Cyt c
mmobilized on/inside the surface of 3D porous active carbon (solid line).
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mperometric response to H2O2 with successive additions of 20 �mol l−1 H2O2

t an operating potential of −0.08 V and a stirring speed of 600 rpm. The etched
oints represent the mean coefficient of variation of five measurements.

ized state of Cyt c is stable. On the other hand, it can be seen
hat, with increasing of scan rates, the oxidation peak shifts to

ore positive potentials, while the reduction peak shifts to more
egative potentials. The anodic and cathodic peak potentials are
inearly dependent on log υ when υ > 1 V s−1, according to the
aviron theory (Laviron, 1979) and the relationship between Ep
nd log υ, α and ks can be estimated as 0.52 and 17.6 s−1 based
n Eqs. (1) and (2), respectively. The ks value is higher than some
f the previously reported ks values (0.7–14 s−1) (Collinson et
l., 1992; Tarlov and Bowden, 1991; Ju et al., 2002; Huang et
l., 1996), which indicates that the Cyt c immobilized on MPCE
urface shows good reversibility of the electron-transfer process.

The surface coverage (Γ ) of Cyt c on the surface of
PCE can be determined by integrating the oxidation or

eduction peaks of the CV according to Q = nFAΓ , where Q
(1.4 ± 0.1) × 10−7) is the charge involved in the reaction, n
s the number of electron transferred, F is the Faraday’s con-
tant, and A is the electrode area (herein, the geometric area
f MPCE is used). This procedure generated the surface cover-
ge of (2.3 ± 0.2) × 10−11 mol cm−2, which is about 16 times
he theoretical monolayer coverage of 1.4 × 10−12 mol cm−2

Dickerson et al., 1971). Obviously, this is because that Cyt c is
mmobilized not only on electrode surface but also inside the 3D
orous carbon surface due to the electrostatic and intercalation
nteractions, and thus the real area involved in immobilizing Cyt
is much higher than that of the electrode geometric area, which

s employed for the estimation of surface coverage.

.3. Electrocatalysis of the immobilized Cyt c

Previous results (Lei et al., 1999; Ju et al., 2002) showed that

he Cyt c “modified” electrodes could display an electrochemical
esponse to hydrogen peroxide (H2O2). Here, the electrocat-
lytic activity of Cyt c immobilized on/inside the surface of
PCE to H2O2 has also been observed (Fig. 6). As can be seen,
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hen H2O2 was added to solution, the voltammetric behavior
f the Cyt c-immobilized MPCE changes obviously, with an
ncrease in the reduction peak current and the disappearance
f the oxidation peak (curve c), and the reduction peak current
ncreases with the increasing concentration of H2O2 in solution
curve d). However, no obviously direct reduction of H2O2 was
bserved at MPCE in the potential range studied (curve a). The
isappearance of the oxidation peak shows that the oxidation
ate of Cyt c by H2O2 is very fast, indicating the pseudo perox-
dase activity of the Cyt c immobilized on/inside the surface of

PCE.
A typical steady-state current response of H2O2 is shown in

ig. 6 (inset). As can be seen, the base line of Cyt c/MPCE
pproaches the steady state at nearly the beginning of a run and
he background current is 0.51 �A in the sensing system. After
dding 20 �mol l−1 H2O2 in the testing solution, the current
esponse changes from 0.51 to −1.25 �A, and finally reaches
quilibrium with a response time of less than 10 s. The response
as linear within the H2O2 concentration from 2.0 × 10−5 to
.4 × 10−4 mol l−1. For the regression plot of ip,a versus H2O2
oncentration, the slope is 0.045 �A/�mol l−1, the y-intercept
s −0.55 �A and the coefficient of correlation (r2) is 0.999.
he detection limit (3σ) for H2O2 is found to be 1.46 × 10−5

ol l−1.

.4. Reproducibility and stability

To characterize the reproducibility of Cyt c/MPCE, repeti-
ive measurements were carried out in 5.0 × 10−5 mol l−1 H2O2
olution. The results of 11 successive measurements show a rel-
tive standard deviation of 3.6%. Also, the modified electrode
hows high stability. When the electrode was stored in PBS
H 6.8 at 4 ◦C in a refrigerator, during the first day the sig-
al decreased by about 2.7% of its initial value, in the next 2
eeks by about 11%, and by about 14% within 1 month.

. Conclusions

Ordered 3D macroporous active carbon has been fabricated
nd used as electrode substrate for immobilization and the direct
lectrochemistry of Cyt c. The morphologies and properties of
he Cyt c/MPCE have been characterized using SEM, FT-IR,
nd electrochemical techniques. The 3D active carbon electrode
eads to good redox behavior of Cyt c due to the interac-
ion between the positively charged Cyt c and the negatively
harged 3D active carbon, which results in the adsorption and
ntercalation and therefore the immobilization of Cyt c on the
lectrode surface. The Cyt c “modified” macroporous active car-
on electrode displays the good features of a peroxidase in the
lectrocatalytic reduction of hydrogen peroxide, and thus can be
sed as a biosensor for detecting hydrogen peroxide with good
eproducibility and stability.
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