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a  b  s  t  r  a  c  t

Reduced  graphene  oxide–lead  tellurium  (RGO–PbTe)  composites  were  fabricated  via sonoelectrochemi-
cal  technique.  The  crystalline  structure,  composition  and  morphology  of the  products  were  characterized
by  X-ray  powder  diffraction  (XRD),  energy  dispersive  X-ray  spectrometer  (EDS),  transmission  electron
microscopy  (TEM),  respectively.  The  results  showed  that the  PbTe  nanoparticles  (NPs)  were  uniformly
decorated  on  the RGO  sheets.  The  formation  mechanism  of RGO–PbTe  nanocomposite  was  proposed.
Ultrasonic  played  an  important  role in  the  formation  of  PbTe  NPs.  The  composites  were  further  used  as
eywords:
bTe
raphene
anocomposite
ulse sonoelectrochemistry
iosensor
ydrogen peroxide

supports  for  immobilization  of hemoglobin  (Hb)  to fabricate  a novel  electrochemical  biosensor,  which
had  good  thermal  stability,  conductivity  and  biocompatibility  and  enhanced  direct  electron  transfer.  This
biosensor  showed  excellent  electrocatalytic  activity  towards  H2O2 with  a  linear  range  from  0.5  to  30  �M
and low  detection  limit as  0.13  �M.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The direct electrochemistry of redox proteins has received con-
iderable attention in recent years. The main objective in modern
ioelectrochemistry is to facilitate direct electron transfer between
he redox centers of enzymes and electrode surface. Nanomaterials
ave been successfully used to fabricate the third-generation elec-
rochemical biosensors [1].  Among these, graphene has attracted
remendous interest due to its distinctive properties, such as
arge surface area and excellent conductivity [2,3]. Recent studies
ave demonstrated that graphene-based electrochemical biosen-
ors involving catalase [4],  cytochrome C [5,6], glucose oxidase
7,8], HRP [9,10],  Hb [11] and so on.

Some methods have been developed to incorporate metal or
etal oxide nanoparticles onto the graphene sheets, such as chem-

cal reduction [12], electrostatic assembly [13], intercalation [14],
hemical vapor deposition methods [15], sol–gel methods [16],
nd so on. Recently, we have also fabricated Pd–graphene [17]
nd PdPt–graphene [18] nanocomposites via sonoelectrochemi-

al method. These nanoparticles not only prevent the aggregation
f graphene sheets but also combine with the special two-
imensional graphene, giving rise to some unique electronic,

∗ Corresponding author. Tel.: +86 25 8359 7204; fax: +86 25 8359 7204.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.06.091
optical and catalytical properties. On the other hand, graphene
has been proven to be compatible in the construction of biosen-
sors due to their good conductivity, high stability and loading of
biomolecules [19].

Lead tellurium semiconductor nanocrystals have unique opti-
cal, electrical and chemical properties [20,21],  and can be
applied in solar cells [22,23], thermoelectric devices [24] and
bio-image [25]. However, it is difficult to homogenously dis-
perse nanostructures into other component matrix. Recently,
PbTe–polyaniline core–shell nanocomposites [26] and PbTe-
modified poly (3,4-ethylenedioxythiophene) (PEDOT) nanotubes
[27] were prepared by in situ interfacial polymerization, exhibiting
extremely large Seebeck coefficient values and enhanced thermo-
electric properties. Thin lead chalcogenide film possesses good
thermoelectric properties which were obtained by spin-coating
procedure using a polymer/precursor mixture [28]. Moreover, car-
bon materials, such as graphene, also served as another kind
of important components for the fabrication of nanocomposites
[29].

Herein, RGO–PbTe nanocomposite was synthesized by sono-
electrochemical technique for the immobilization of Hb, and
further integrated the RGO–PbTe–Hb bioconjugate to fabricate a

biosensor for the determination of H2O2. The morphology, compo-
sition and structure of the composite were also well investigated,
and the electrochemical behavior of the RGO–PbTe–Hb bioconju-
gate was  discussed.

dx.doi.org/10.1016/j.snb.2012.06.091
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jjzhu@nju.edu.cn
dx.doi.org/10.1016/j.snb.2012.06.091
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. Experimental

.1. Reagents and apparatus

Bovine hemoglobin (Hb, MW.  64500), Nafion 117 (5%, w/v,
n alcoholic solution) and Polyvinylpyrrolidone (PVP, K-30, Mw

0000) were purchased from Sigma–Aldrich. Graphite powder
99.95%, 325 mesh), lead nitrate (Pb(NO3)2), tellurium oxide (TeO2),
nd nitrilotriacetic acid (NTA) were purchased from Chinese Shang-
ai Regent Co. Hydrazine hydrate, concentrated H2SO4, sodium
ydroxide (NaOH), phosphorus oxide (P2O5) and hydrogen perox-

de (H2O2) were obtained from Nanjing Chemical Reagents Factory
Nanjing, China). All reagents were analytical grade and directly
sed without further purification. All solutions were prepared with
illipore water. Phosphate buffer solution (PBS, pH 7.0, 0.1 mol  L−1)
as used in all electrochemical studies unless otherwise

tated.
A sonoelectrochemical device described previously [30–33] was

mployed to synthesize RGO–PbTe nanocomposite. In brief, a tita-
ium horn (VC-750, 20 kHz, Sonics & Materials) acted both as
he cathode and the ultrasound emitter with an effective area of
.23 cm2 at the bottom. A platinum sheet (1.0 cm × 1.0 cm)  was
sed as counter electrode. Electrochemical measurements were
erformed using a CHI 660D electrochemical workstation. Cyclic
oltammograms (CVs) and amperometric current–time curve (i–t)
ere obtained in a conventional three-electrode cell. A modified
C electrode was used as the working electrode, a Pt sheet as the
ounter electrode, and saturated calomel electrode (SCE) as the ref-
rence electrode. The electrolyte solution was deoxygenated with
itrogen and kept under nitrogen atmosphere during electrochem-

cal experiments.
The phase composition of samples was determined by X-

ay powder diffraction (XRD) performed on a Shimadzu XD-3A
iffractometer with Cu K� radiation (� = 0.15418 nm). The mor-
hology and composition were measured by transmission electron
icroscopy (TEM) on JEOL-2100 microscope equipped with an

nergy dispersive X-ray spectrometer (EDS) at 200 kV accelerating
oltage. The UV–visible (UV–vis) absorption spectra were obtained
n a photospectrometer (UV-3600, Shimadzu Co.).

.2. Synthesis of RGO–PbTe nanocomposite

Firstly, graphite oxide (GO) was synthesized from natural
raphite powder by modified Hummers method [34]. Then, 0.1 g
VP was added into 100 mL  of 0.5 g L−1 GO solution and stirred
or 30 min. The resulting dispersion was mixed with 0.5 mL  80%
ydrazine hydrate and the reduction reaction was performed at
0 ◦C for 24 h under constant stirring. Successively, the black
omogeneous reduced graphene oxide (RGO) aqueous disper-
ion (0.5 g L−1) was purified by dialysis with a semipermeable
embrane (Mw = 8000 Da) against deionized water for 36 h to

emove the residual hydrazine. RGO–PbTe nanocomposite was
repared via sonoelectrochemical route as previously reported
35]. In a typical synthesis, 0.3 mL  of NTA solution (0.2 mol  L−1),

 mL  of Na2TeO3 solution (0.005 mol  L−1), obtained by reaction of
eO2 powder and NaOH, 0.1 g PVP and 0.5 mL  of RGO solution
0.5 g L−1) were added into 50 mL  of Pb(NO3)2 solution (0.2 mol  L−1)
n sequence under stirring. Then, the pH was adjusted to 8.5

ith NaOH solution (0.1 mol  L−1). The RGO–PbTe composite was
roduced in a sonoreactor with a current pulse (20 mA,  0.5 s)

mmediately following a ultrasonic pulse (25 W,  0.3 s) and 0.2 s

f silence. Finally, products were obtained after 1800 cycles
f above pulse-repetition, followed by centrifugation (9000 rpm,
0 min), washing and dispersion in deionized water for several
imes.
ors B 173 (2012) 239– 243

2.3. Preparation of RGO–PbTe–Hb bioconjugates modified
electrodes

For the fabrication of RGO–PbTe–Hb bioconjugates, 10 mg mL−1

of RGO–PbTe composite was  dispersed in 200 �L of PBS (pH
7.0) containing 1 mg  of Hb and shaken at room temperature
overnight, followed by centrifugation and washing. The GCE with
3 mm in diameter was polished with 1.0, 0.3 and 0.05 �m �-
alumina powder, and sonicated in ethanol and water successively.
The obtained RGO–PbTe–Hb bioconjugates were re-suspended in
0.5 mL  of water, and 10 �L of this suspension was dropped onto the
electrode and dried in a silica gel desiccator. After 120 min, 10 �L of
0.5% (w/v) Nafion ethanol solution was dropped on the electrode
surface and left at ambient conditions to evaporate the ethanol.
Finally, the electrode was left to dry at 4 ◦C overnight. The RGO,
RGO–PbTe and RGO–Hb modified electrodes were prepared in the
same way except that RGO, RGO–PbTe or RGO–Hb was  used instead
of the bioconjugates. The modified electrode was stored under the
same conditions when not used.

3. Results and discussion

3.1. Characterization of RGO–PbTe composite

Fig. 1A is the TEM image of the RGO–PbTe composite. The PbTe
nanoparticles with the size of 10–20 nm are well separated and
uniformly distributed on the graphene sheets, which indicates that
they are firmly attached to graphene sheets. For comparison, PbTe
was synthesized by the same method in the absence of graphene.
Obvious agglomeration of PbTe nanoparticles can be observed in
Fig. 1B. It indicated that PbTe nanoparticles could be effectively
synthesized by sonoelectrochemical method, and RGO sheets may
be responsible for dispersion of the nanoparticles under sonication.
The presence of Pb and Te in the RGO–PbTe composites was also
confirmed by EDS analysis as shown in Fig. 1C. The positions of
energy peaks assigned to Pb and Te are consistent with that of PbTe.
The EDS of PbTe and RGO were supplemented in Fig. S1.  The peak
assigned to C and Cu in the EDS analysis could be attributed to
the mesh used for the TEM measurement. The result indicates that
PbTe has been successfully deposited on the graphene sheets. XRD
patterns of the pure RGO (curve a), PbTe (curve b) and RGO–PbTe
(curve c) are given in Fig. 1D. The peak at 2� = 27.5◦ of RGO–PbTe
indicates that PbTe is crystalline state.

3.2. Spectroscopic analysis and electrochemical impedance
spectroscopy (EIS)

UV–vis spectroscopy is sensitive for the characteristic of pro-
teins and the Soret absorption is at ca. 410 nm.  Fig. 2A shows
the UV–vis spectra of Hb, RGO–PbTe, RGO–PbTe–Hb, respec-
tively. A characteristic Soret absorption band of RGO–PbTe–Hb
was observed at ca.406 nm in PBS (curve b), the same as that of
native state of Hb (curve a), while no absorption of RGO–PbTe
was observed (curve c). This result suggests that Hb entrapped in
RGO–PbTe composite kept its secondary structure and retains its
biological activity.

Electrochemical impedance spectroscopy (EIS) was applied to
monitoring whole procedure in the fabrication of modified elec-
trode. Fig. 2B exhibits the impedance spectroscopy of different
modified electrodes in the presence of equimolar Fe (CN)6

3−/4−.
The semicircle diameter in the impedance spectrum equals

the electron-transfer resistance, Ret. This resistance controls the
electron-transfer kinetics of the redox probe at the electrode inter-
face. As observed in the curve (a) of Fig. 2B, the diameter of Nyquist
circle shows the relatively facile charge transfer at bare electrode.
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Fig. 1. TEM images of RGO–PbTe (A) and PbTe (B), EDS of the RGO–Pb

fter RGO–PbTe was coated on the electrode, a substantial decrease
n the diameter of the semicircle was observed (curve c). Compared
o RGO (curve b), RGO–PbTe exhibited a better electron-transfer
roperty between the EIS probe and the electrode. When Hb was

ncorporated into RGO–PbTe nanocomposite film, the increased Ret

as found (see curve d), which indicated that Hb was successfully
mmobilized on the composite film.

.3. Direct electrochemistry of Hb–PbTe–RGO bioconjugates

The electrochemical behavior of the RGO–PbTe–Hb modified
lectrode was studied in 0.1 M PBS (pH 7.0) at 100 mV  s−1. Fig. 3
hows the cyclic voltammograms obtained from different modi-
ed electrodes. No any current peaks can be observed at the RGO
odified electrode (curve a), indicating the nonelectroactive prop-
rty in the surveyed potential window. After combining with Hb
curve b), a pair of small but stable and well-defined redox peaks
ppears, showing the electron transfer between Hb and the under-
ying electrode. The anodic and cathodic peak potentials are located

Fig. 3. Cyclic voltammograms of (a) RGO/GCE, (b) RGO–Hb/GCE, and (c)
RGO–PbTe–Hb/GCE at a scan rate of 100 mV s−1.

ig. 2. (A) UV–vis spectra of (a) Hb, (b) RGO–PbTe–Hb, and (c) RGO–PbTe in 0.1 M pH 7.0 PBS. (B) Nyquist plots of modified GCE recorded in solution containing 0.1 M KCl
nd  10 mM Fe(CN)6

3−/Fe(CN)6
4−: (a) bare GCE, (b) RGO/GCE, (c) RGO–PbTe/GCE, and (d) RGO–PbTe–Hb/GCE.
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ig. 4. (A) Cyclic voltammograms of the RGO–PbTe–Hb at a scan rate of 100 mV  s−1

lots  of the electrocatalytic current (i) vs. H2O2 concentration. Inset: linear plots of

t −0.28 and −0.37 V (vs. SCE) respectively. In Fig. 3 (curve c), the
lectrode modified with the RGO–PbTe–Hb composite shows a pair
f enhanced redox peaks, which indicates that Hb is successfully
mmobilized on the RGO–PbTe composite, and the heme groups in
b molecules still retain their structure and activity. This may  be
scribed to synergistic effects of the good conductivity, the huge
urface area and the catalytic effect of RGO–PbTe. The RGO–PbTe
erved as a suitable supporting component of biosensor, which
romoted the electron transfer.

The dependence of the peak currents (ip) on the scan rate was
tudied. As shown in Fig. S2,  the cathodic and anodic peak currents
ncrease linearly with the scan rate range from 10 to 250 mV  s−1.
hus, the Hb adsorbed on the surface undergoes a surface con-
rolled electron transfer. According to Faraday’s law (Q = nFA� ),
here Q is the total amount of charge, n is the number of electron

ransferred, F is the Faraday’s constant, and A is the electron area,
he average � values of electroactive Hb can be estimated to be
.41 × 10−11 mol  cm−2, which is larger than the theoretical mono-

ayer coverage of Hb (1.89 × 10−11 mol  cm−2) [36]. This indicates
hat a multilayer of proteins participated in the electron transfer
rocess in the composite.

.4. The determination of hydrogen peroxide

Fig. 4A depicts the cyclic voltammograms obtained at a GCE
odified with RGO–PbTe–Hb in PBS (pH 7.0) containing var-

ed concentrations of H2O2. The reduction peak at approximately
0.35 V is greatly enhanced, while the anodic peak decreases, sug-
esting an electrocatalytic reduction of H2O2 occurred. Moreover,
he reduction current increases dramatically with the increasing
oncentration of H2O2, while oxidation current becomes gradual
isappearance. The calibration curve in Fig. 4B shows that the
eduction peak current increases linearly with the concentration of
2O2 in the range from 0.5 to 30 �M.  The linear regression equation

s y = 0.0045x + 0.1011 �A, with a correlation coefficient of 0.9986.
he sensitivity of the biosensor is 0.1 �A �M−1, From the slope of
.0045 �A �M−1, the detection limit is estimated to be 0.13 �M
rom 3 times the standard deviation of the blank [37], which is

uch lower than other graphene-based biosensor for H2O2 [4,9].
When the concentration of H2O2 is higher than 50 �M,  a CV

esponse plateau is observed, showing a typical Michaelis–Menten
inetic mechanism. The apparent Michaelis–Menten constant
Kapp

M ) is calculated by Lineweaver–Burk equation 1/Iss = 1/Imax +
app
M /Imaxc to evaluate the catalytic activity of intercalated pro-
ein and compare this sensor with others [38]. Here Iss is the

teady-state current, c the concentration of substrate, and Imax the
aximum current measured under the saturated substrate con-

ition. The Kapp
M value for the RGO–PbTe–Hb modified electrode is

etermined to be 3.23 �M,  which is much lower than that of 1.9 mM
 M pH 7.0 PBS solutions with (a) 0, (b) 5.0, (c) 10.0, (d) 30.0, (e) 50.0 �M H2O2. (B)
2O2 concentration.

for Hb in the SP Sephadex membrane on the pyrolytic graphite disk
electrode [39], 0.898 mM for Hb immobilized on a carbon paste
electrode by a silica sol–gel film [40], 2.87 mM for Hb encapsu-
lated in mesoporous silicas [41], 71.49 �M for Hb intercalated into
AuNPs-C@SiO2 [42], and 0.31 mM for Hb immobilized on zirconium
dioxide nanoparticles [43].

The amperometric response of the biosensor was  also inves-
tigated. The reduction current responsed to the addition of H2O2
quickly reached a steady value within 5 s at an applied potential of
−0.4 V. The results showed a rapid response time, but poor linear
relationship was observed in the range from 0.5 to 30 �M.

The RGO–PbTe nanocomposites not only possess the advan-
tages of graphene [12], such as no toxic, good thermal stability,
conductivity and biocompatibility, but also the adsorption affin-
ity of PbTe for the incorporation of Hb into RGO–PbTe, resulting in
the increased electron transfer rate between Hb and electrode to
produce higher enzymatic activity to H2O2 reduction. In addition,
the graphene would stabilize and disperse the PbTe nanoparti-
cles through its two-dimensional structure to prevent aggregation.
Additional experiments were carried out to test the stability. The
electrode was stored in phosphate buffer solution at pH 7.0 in
the refrigerator at 4 ◦C for two weeks and no obvious change was
observed. The biosensor retained 96% of its original response after
a month when it was investigated by CVs in the presence of 50 �M
H2O2.

4. Conclusions

In this paper, RGO–PbTe composite was synthesized by sono-
electrochemical technique. Due to the high electro-conductivity
and good biocompatibility, it was successfully used as a novel
component for the fabrication of electrochemical biosensor, which
facilitated the direct electron transfer from the biomolecules to
the electrode surface. The CV measurements indicated that the
reduction current increased with the concentration of H2O2. Based
on the enhanced electrocatalytic CV response, a H2O2 sensor has
been developed, which exhibited good linearity in the concentra-
tion ranges of from 0.5 to 30 �M with a detection limit of 0.13 �M
(S/N = 3). The apparent Michaelis–Menten constant Kapp

M was  esti-
mated to be 3.23 �M that illustrated the excellent biological activity
of the immobilized Hb. In addition, the biosensor displayed high
sensitivity, good reproducibility and long-term stability.
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